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Foreword

Epoxides have fascinated me since my days as an undergraduate at the Massachu-
setts Institute of Technology. I vividly remember taking a course in organic chem-
istry, watching an inspiring (if unconventional) professor, Barry Sharpless, per-
form a demonstration in which a cage that contained a collection of gypsy moths
was opened, allowing them to respond to the presence of a nearby sample of
(+)-disparlure (an epoxide-containing sex pheromone for the gypsy moth). The
result was memorable, and it was in fact this class that led to my decision to
pursue a career in organic chemistry.

Of course, (+)-disparlure is only one of the many natural products that contain
either an epoxide or an aziridine. Important and intriguing biologically active com-
pounds such as the mitomycins, azinomycins, and epothilones also bear these
functional groups.

Interest in epoxides and aziridines has been amplified because, not only are they
significant synthetic endpoints, but they are also tremendously useful synthetic
intermediates. Due to the strain associated with the three-membered ring, they are
“spring-loaded” for reactions with nucleophiles, allowing a wide array of powerful
functionalizations to be achieved. Thus, ring-openings of aziridines and epoxides
have been applied industrially to produce a variety of bulk chemicals, including
polyethylenimine, ethylene glycol, and epoxy resins. Furthermore, aziridines and
epoxides serve as versatile intermediates in natural product and pharmaceutical
synthesis. Reactions with a broad range of nucleophiles proceed cleanly with ex-
cellent regioselectivity and/or stereoselectivity, furnishing products that bear use-
ful amino and hydroxyl groups.

Discovering effective new methods for the synthesis of aziridines and epoxides,
as well as developing novel transformations of these heterocycles, has been an
extremely active area of research in recent years. The publication of this book,
Aziridines and Epoxides in Organic Synthesis, is therefore timely, since there have
been no monographs on this topic in quite some time. Prof. Andre Yudin has
brought together a set of insightful reviews by leading researchers that nicely illus-
trate a rich diversity of chemistry. The twelve chapters cover a broad spectrum,
including methods for the synthesis of aziridines and epoxides, functionalization
reactions, applications in natural product synthesis, and biosynthesis studies. I
anticipate that this highly readable book will be the “go to” resource for those
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Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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VI | Foreword

interested in learning about the state-of-the-art in this important field. Equally
significantly, the monograph will no doubt inspire further exciting developments
in this area.

Gregory C. Fu, Cambridge, MA
October 2005
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Preface

Aziridines and epoxides are among the most versatile intermediates in organic
synthesis. In addition, a number of biologically significant molecules contain these
strained three-membered rings within their structures. The synthetic community
has been fascinated with prospects of selective synthesis and transformations of
aziridines and epoxides. Recent years have witnessed a number of important ad-
vances in this area and I felt that a book that summarizes these achievements
would be a valuable addition to the chemistry literature. I was very glad to receive
enthusiastic support from my colleagues from around the World. Roughly divided
into equal number of chapters dedicated to epoxides and aziridines, this volume
will serve as a useful resource. The synthesis part covers additions to aldehydes
and imines, olefin transformations, cyclizations, and metal catalysis. The applica-
tions encompass chemistry of vinyl aziridines and epoxides, aziridinecarboxylates
and phosphonates, metalated epoxides and aziridines, asymmetric ring opening
chemistry, complex target-oriented synthesis, and click chemistry. Another im-
portant area discussed in this book is the biosynthesis of aziridines and epox-
ides.

This project has turned into a wonderful compilation of outstanding manu-
scripts and I am very grateful to the authors who contributed to it. Last, but not
least, I want to express my gratitude to Dr. Evgenii Blyumin, Iain Watson, and Lily
Yu for their valuable editorial comments at the revision stages.

Andrei K. Yudin
Toronto, November 2005
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]
Asymmetric Synthesis of Epoxides and Aziridines from
Aldehydes and Imines

Varinder K. Aggarwal, D. Michael Badine, and Vijayalakshmi A. Moorthie

1.1
Introduction

Epoxides and aziridines are strained three-membered heterocycles. Their synthetic
utility lies in the fact that they can be ring-opened with a broad range of nucleo-
philes with high or often complete stereoselectivity and regioselectivity and that
1,2-difunctional ring-opened products represent common motifs in many organic
molecules of interest. As a result of their importance in synthesis, the preparation
of epoxides and aziridines has been of considerable interest and many methods
have been developed to date. Most use alkenes as precursors, these subsequently
being oxidized. An alternative and complementary approach utilizes aldehydes
and imines. Advantages with this approach are: i) that potentially hazardous oxi-
dizing agents are not required, and i) that both C-X and C-C bonds are formed,
rather than just C-X bonds (Scheme 1.1).

oxidizing
X R® X 2 agent R2
1J @< ——— . VAN — /:/
R LG C-XandC-C R 2C-Xbonds R!
bond formed formed
X=0O,N

Scheme 1.1

This review summarizes the best asymmetric methods for preparing epoxides
and aziridines from aldehydes (or ketones) and imines.

1.2
Asymmetric Epoxidation of Carbonyl Compounds

There have been two general approaches to the direct asymmetric epoxidation of
carbonyl-containing compounds (Scheme 1.2): ylide-mediated epoxidation for the
construction of aryl and vinyl epoxides, and a-halo enolate epoxidation (Darzens
reaction) for the construction of epoxy esters, acids, amides, and sulfones.
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1.2.1
Aryl, Vinyl, and Alkyl Epoxides

1.2.1.1 Stoichiometric Ylide-mediated Epoxidation

Solladié-Cavallo’s group used Eliel’s oxathiane 1 (derived from pulegone) in asym-
metric epoxidation (Scheme 1.3) [1]. This sulfide was initially benzylated to form a
single diastereomer of the sulfonium salt 2. Epoxidation was then carried out at
low temperature with the aid of sodium hydride to furnish diaryl epoxides 3 with
high enantioselectivities, and with recovery of the chiral sulfide 1.

Using a phosphazene (EtP;) base, they also synthesized aryl-vinyl epoxides 6a-c
(Table 1.1) [2]. The use of this base resulted in rapid ylide formation and efficient
epoxidation reactions, although it is an expensive reagent. There is potential for
cyclopropanation of the alkene when sulfur ylides are treated with o,B-unsaturated
aldehydes, but the major products were the epoxides, and high selectivities could
be achieved (Entries 1-4). Additionally, heteroaromatic aryl-epoxides could be pre-
pared with high selectivities by this procedure (Entries 5 and 6) [3]. Although high
selectivities have been achieved, it should be noted that only one of the two en-
antiomers of 1 is readily available.

The Aggarwal group has used chiral sulfide 7, derived from camphorsulfonyl
chloride, in asymmetric epoxidation [4]. Firstly, they preformed the salt 8 from
either the bromide or the alcohol, and then formed the ylide in the presence of a
range of carbonyl compounds. This process proved effective for the synthesis of
aryl-aryl, aryl-heteroaryl, aryl-alkyl, and aryl-vinyl epoxides (Table 1.2, Entries
1-5).

W i W i) 0

Ar 0,
E— o——s® E— YA + >80% 1
TIO Ph 3
1 2 Ar = Ph, 80%, 99% ee
67% Ar = p-MeCgHy, 56%, >99% ee

Ar = p-NO,CgHa, 77%, >98% ee

i) BnOH, Tf,0, pyridine, CH,Cly, -10 °C; i) NaH, CHxCls, ArCHO, -40 °C, 24 - 48 h.
Scheme 1.3
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Table 1.1 Synthesis of aryl-vinyl epoxides by use of chiral
sulfide 1 a phosphazene base.

W ) Weow ”)

Q .\\RZ
R

© S R 6a-e
1 2R'=Ph, 68% Yield trans epoxide
4 R'=p-MeOCgH,, 55% 52-82%
RECHO= —\ >___\ \:\
CHO cHO o
N 5a 5b 5c
N )
EtP, : N-P=N_— — CHO CHO
_N RN | o
7" N N- _ /A
] N o
5d 5e

i) BnOH, Tt,0, pyridine, CHyCly, -10 °C; ii) EtP,, 5a-e (R*CHO), -78 °C, CH,Cly.

Entry R (ylide) R’CHO Epoxide: Epoxide Epoxide
epoxycyclop.: trans: cis ee trans (cis)
cyclop. (%)

1 Ph 5a 77:11:12 100:0 97

2 p-MeOCeHy4 5a 100:0:0 77:23 95 (98)

3 Ph 5b 100:0:0 97:3 100

4 Ph 5¢ 100:0:0 97:3 100

5 Ph 5d - 100:0 96.8

6 Ph 5e - 100:0 99.8

Until this work, the reactions between the benzyl sulfonium ylide and ketones to
give trisubstituted epoxides had not previously been used in asymmetric sulfur
ylide-mediated epoxidation. It was found that good selectivities were obtained with
cyclic ketones (Entry 6), but lower diastereo- and enantioselectivities resulted with
acyclic ketones (Entries 7 and 8), which still remain challenging substrates for
sulfur ylide-mediated epoxidation. In addition they showed that aryl-vinyl epoxides
could also be synthesized with the aid of a,B-unsaturated sulfonium salts 10a-b
(Scheme 1.4).

1.2.1.2 Catalytic Ylide-mediated Epoxidation

The first attempt at a catalytic asymmetric sulfur ylide epoxidation was by Fur-
ukawa’s group [5]. The catalytic cycle was formed by initial alkylation of a sulfide
(14), followed by deprotonation of the sulfonium salt 15 to form an ylide 16 and
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Table 1.2 Application of the chiral sulfide 7 in asymmetric
epoxidations.

) A, B, orC O\\R1

Ph R?

9
92%

i) BnBr, AgBF,, CHoCly; i) A: KOH, R'R2CO, MeCN:H,O ( 9:1), 1t; B: EtP,
R4R2CO, CH.Cly, -78°C; c KHMDS, THF, -78<C.

Entry R'COR? Method Yield d.r. ee trans
(%) (%)
trans : cis
1 PhCOH A 75 98:2 98
2 2-PyrCOH B 88 98:2 99
3 C4HoCOH C 87 90:10 >99
4 CH,=C(Me)COH B 52 >99:1 95
5 (E)-MeCH=CH,COH B 90 >99:1 95
6 cyclohexanone B 85 - 92
7 MeCOCsH4-p-NO; B 73 >1:99 71
8 MeCOPh B 77 33:67 93 (50)
® - 11a 93%, >99:1
B ’ 3
S SR i) 0 trans:cis, 93% ee
— BF.” SR
0. O Ph 11b 69%, 91:9
7 10a 86% trans:cis, 90% ee
10b 64%
Ph Ph.__Ph
10a, 11aR= [ 10b, 11b R= ]/
S Me 5,
i) RCH,OH, HBF4, Et;0; ii) B: EtPy, PACHO, CHCl,, -78°C.
Scheme 1.4

subsequent reaction with an aldehyde to furnish the epoxide with return of the
sulfide 12 (Scheme 1.5). However, only low yields and selectivities resulted when
the camphor-derived sulfide 12 was employed. Metzner improved the selectivity of
this process by using the C, symmetric sulfide 13 [6].

Although reactions required 2 days to reach completion in the presence of stoi-
chiometric amounts of sulfide, they became impracticably long (28 days) when
10 % sulfide was employed, due to the slow alkylation step. The alkylation step was
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14

ArCHO
*Rgs @ *RZS @

R)@ R) Bre 12 SMe 13

16 ‘\'/\/ 15

NaBr, H,O NaOH

Ar, °
LA *RoS f PhCH,Br/ n-BugNI

Scheme 1.5

accelerated upon addition of iodide salts, however, and the reaction times were
reduced (Table 1.3). The yields and selectivities are lower than for the correspond-
ing stoichiometric reactions (compare Entry 1 with 2, Entry 4 with 5, and Entry 6
with 7). The use of iodide salts proved to be incompatible with allylic halides, and
so stoichiometric amounts of sulfide were required to achieve good yields with
these substrates [7].

Metzner et al. also prepared the selenium analogue 17 of their C; symmetric
chiral sulfide and tested it in epoxidation reactions (Scheme 1.6) [8]. Although
good enantioselectivities were observed, and a catalytic reaction was possible with-
out the use of iodide salts, the low diastereoselectivities obtained prevent it from
being synthetically useful.

Table 1.3 Catalytic ylide-mediated epoxidations.
i) 0

Ar//,,‘ Q\

BnBr + ArCHO

Ph
i) NaOH,n-BuyNl, 13, t-BuOH-H,0 (9:1), rt.
Entry Ar in ArCHO Eq. Time Yield d.r. ee
13 (days) (%) (%)

1 PhCHO 10 1 92 93:7 88
2 PhCHO 0.1 4 82 93.7 85
3 p-CIC¢H4 0.1 6 77 80 72
4 cinnamyl 16 2 93 98:2 87
5 cinnamyl 0.1 6 60 89:11 69
6 2-thiophenyl 16 4 90 91:9 89
7 2-thiophenyl 0.1 6 75 88:12 80

[a] Without n-BusNI.
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i o
O\ + BnBr + PhCHO UCVANG

Se Ph
1702 eq 91%, 1:1 cis:trans,
i} NaOH, 1-BuQH-H,0 (9:1), rt 91% ee
Scheme 1.6
h,(OAc), ©
M
R'CHO ZS CHR RQCHNz PTC . ﬁ 0
+MTE 400c RETONTTs
20 H
DN N TS
N2 e
g [Rh]=CHR? ii) base
R2CHO
7 18
Scheme 1.7

Aggarwal and co-workers have developed a catalytic cycle for asymmetric epox-
idation (Scheme 1.7) [9]. In this cycle, the sulfur ylide is generated through the
reaction between chiral sulfide 7 and a metallocarbene. The metallocarbene is
generated by the decomposition of a diazo compound 20, which can in turn be
generated in situ from the tosylhydrazone salt 19 by warming in the presence of
phase-transfer catalyst (to aid passage of the insoluble salt 19 into the liquid
phase). The tosylhydrazone salt can also be generated in situ from the correspond-
ing aldehyde 18 and tosylhydrazine in the presence of base.

This process thus enables the coupling of two different aldehydes together to
produce epoxides in high enantio- and diastereoselectivities. A range of aldehydes
have been used in this process with phenyl tosylhydrazone salt 19 (Table 1.4) [10].
Good selectivities were observed with aromatic and heteroaromatic aldehydes (En-
tries 1 and 2). Pyridyl aldehydes proved to be incompatible with this process, pre-
sumably due to the presence of a nucleophilic nitrogen atom, which can compete
with the sulfide for the metallocarbene to form a pyridinium ylide. Aliphatic alde-
hydes gave moderate yields and moderate to high diastereoselectivities (Entries 3
and 4). Hindered aliphatic aldehydes such as pivaldehyde were not successful sub-
strates and did not yield any epoxide. Although some o,B-unsaturated aldehydes
could be employed to give epoxides with high diastereo- and enantioselectivities,
cinnamaldehyde was the only substrate also to give high yields (Entry 5). Sulfide
loadings as low as 5 mol % could be used in many cases.

Benzaldehyde was also treated with a range of tosylhydrazone salts (Table 1.5).
Good selectivities were generally observed with electron-rich aromatic salts (En-
tries 1-3), except in the furyl case (Entry 7). Low yields of epoxide occurred when a
hindered substrate such as the mesityl tosylhydrazone salt was used.
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Table 1.4 Tosylhydrazone salt 19 in catalytic asymmetric

epoxidation.
NG 1 mol% Rh(OAc),
)OJ\ + Q 5-20 mol% sulfide 7 QR
. _N. N
R™H P N Ts Ph/Q\H
5-10 mol% BnEtsNCI,
CH4CN, 40°C, 24 - 48 h
Entry Aldehyde Sulfide ¢t (h) Yield transicis  ee trans
equiv. (%) (cis) (%)
1 benzaldehyde 0.05 48 82 >98:2 94
2 3-furaldehyde 0.05 48 77 >98:2 92
3 valeraldehyde 0.2 48 46 75:25 89
4 cyclohexanecarboxaldehyde  0.05 48 58 88:12 90 (74)
5 trans-cinnamaldehyde 0.05 48 70 >98:2 87
6 3-methyl-2-butenal 0.2 24 21 >98:2 87
Table 1.5 Use of a range of tosylhydrazone salts in catalytic
asymmetric epoxidation of benzaldehyde.
Na® 1 mol% Rhy(OAG)
H '
© 5-20 mol% sulfide 7 H
PhCHO  + Ar)\\N'N\Ts S
0-20 mol% BnEt3;NCI Ar -
Entry Ar Solvent t (mol%) Yield  trans:cis ee (%)
c 7 trans (cis)
1 p-MeCgH4 CH3;CN 40 5 74 95:5 93
2 p-MeOCgH4 CH;CN 30 20 95 80:20 93
3 0-MeOCgH4 CH;CN 30 5 70 >98:2 93
p-ClCeH4 CH;CN 40 20 81 >98:2 93
5 p-CO,MeOC¢Hs CH3CN 30 20 80 >98:2 73
6 p-CO,MeOC¢H4  CH3CN/ H,O (9:1) 30 20 >10 100:0 86
7 3-furyl toluene 40 20 46 63:37 63 (31)

With electron-deficient aromatic substrates (Entries 4 and 5), high yields and
selectivities were observed, but enantioselectivities were variable and solvent-de-
pendent (compare Entry 6 with 7 and see Section 1.2.1.3 for further discussion).
With o,B-unsaturated tosylhydrazone salts, selectivities and yields were lower. The
scope of this process has been extensively mapped out, enabling the optimum
disconnection for epoxidation to be chosen [10].
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1.2.1.3 Discussion of Factors Affecting Diastereo- and Enantioselectivity

The high diastereoselectivities observed in aryl-stabilized sulfur ylide-mediated
epoxidation can be understood by considering the intermediate betaines (Scheme
1.8). In reactions with benzaldehyde it was found that the trans epoxide was de-
rived from the non-reversible formation of the anti betaine 23, whilst the cis ep-
oxide was generated by the reversible formation of the syn betaine 24 [11]. This
productive non-reversible anti betaine formation and unproductive reversible syn
betaine formation results in the overall high trans selectivities. Of course, the ex-
tent to which the intermediate betaines are reversible will depend upon the stabil-
ity of the betaines, the stability of the starting aldehyde 22, the stability of the
starting ylide 21, and the steric hindrance of the aldehyde/ylide [12, 13]. A less
stabilized ylide will exhibit less reversible syn betaine formation and will result in a
lower diastereoselectivity (compare Entry 1 with 2, Table 1.5; the less stabilized p-
methoxybenzyl ylide gives a lower diastereoselectivity than the p-metylbenzyl
ylide).

There are four main factors that affect the enantioselectivity of sulfur ylide-
mediated reactions: i) the lone-pair selectivity of the sulfonium salt formation,
ii) the conformation of the resulting ylide, iii) the face selectivity of the ylide, and
iv) betaine reversibility.

To control the first factor, one of the two lone pairs of the sulfide must be
blocked such that a single diastereomer is produced upon alkylation. For C, sym-
metric sulfides this is not an issue, as a single diastereomer is necessarily formed
upon alkylation. To control the second factor, steric interactions can be used to
favor one of the two possible conformations of the ylide (these are generally ac-
cepted to be the two conformers in which the electron lone pairs on sulfur and
carbon are orthogonal) [14]. The third factor can be controlled by sterically hinder-

O@ o) O@
Ar SR H Ar A
- A R
R H R H
H SR*, trans
2
3a anti betaine 23b
RCHO
22
o® o©
Ar SR H Ar A
- Ar R
H R H R
H SR*, cis
24a 24b
syn betaine

Scheme 1.8
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ing one face of the ylide, thus restricting the approach of the aldehyde to it. By
considering these first three factors, the high selectivities observed with the sul-
fides previously discussed can be broadly explained:

For oxathiane 1, lone pair selectivity is controlled by steric interactions of the
gem-dimethyl group and an anomeric effect, which renders the equatorial lone pair
less nucleophilic than the axial lone pair. Of the resulting ylide conformations, 25a
will be strongly preferred and will react on the more open Re face, since the Si face
is blocked by the gem-dimethyl group (Scheme 1.9) [3, 15].

The C; symmetry of sulfide 13 means that a single diastereomer is formed upon
alkylation (Scheme 1.10). Attack from the Si face of the ylide is preferred as the Re
face is shielded by the methyl group cis to the benzylidene group (28). Metzner
postulates that this methyl group also controls the conformation of the ylide, as a
steric clash in 27b renders 27a more favorable [16]. However, computational stud-
ies by Goodman revealed that 27a was not particularly favored over 27b, but it was
substantially more reactive, thus providing the high enantioselectivity observed
[17].

In the case of sulfide 7 the bulky camphoryl moiety blocks one of the lone pairs
on the sulfide, resulting in a single diastereomer upon alkylation. One of the con-
formations (29b) is rendered less favorable by non-bonded interactions such that
conformation 29a is favored, resulting in the observed major isomer (Scheme
1.11). The face selectivity is also controlled by the camphoryl group, which blocks
the Re face of the ylide.
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)® + RCHO ks Ar}$i Ry, Ko H L Ar ks Q
AO 22 K R R H A’ "R
H ®SR*,
21 23a 23b

Anti betaine formation reversible
Scheme 1.12

The fourth factor becomes an issue when anti betaine formation is reversible or
partially reversible. This can occur with more hindered or more stable ylides. In
these cases the enantiodifferentiating step becomes either the bond rotation or the
ring-closure step (Scheme 1.12), and as a result the observed enantioselectivities
are generally lower (Entry 5, Table 1.5; the electron-deficient aromatic ylide gives
lower enantioselectivity). However the use of protic solvents (Entry 6, Table 1.5) or
lithium salts has been shown to reduce reversibility in betaine formation and can
result in increased enantioselectivities in these cases [13]. Although protic solvents
give low yields and so are not practically useful, lithium salts do not suffer this
drawback.[18]

The diastereo- and enantioselectivity are clearly dependent on a number of fac-
tors, including the reaction conditions, sulfide structure, and nature of the ylide.

1.2.2
Terminal Epoxides

One class of particularly challenging targets for asymmetric epoxidation is that of
terminal epoxides. Aggarwal and co-workers found that zinc carbenoids generated
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® e Ph Ph
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Scheme 1.13
W ) for 31a i) for 32a O 33a=73%, 96% ee
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i) ArCH,OH (31a), Tf,0, pyridine, CH,Cl,, -10 °C; ii) AgBF,, MeNO,, ArCH,|
(31b); i) NaH, THF, (CH,0),,, -40 °C, 5h; iv) NaH, DMF, (CH,0),,, -40 °C, 24 h.

ArCH, = C'D/
. 0

a b
Scheme 1.14

from Et,Zn and CICH,I could efficiently transfer a methylidene group to a sulfide,
and, in the presence of aldehydes, produce epoxides in good yield (Scheme 1.13)
19, 20].

Unfortunately, the highest enantioselectivity so far obtained for the synthesis of
styrene oxide by this route is only 57 % ee with Goodman’s sulfide 30 [21]. Thus
methylidene transfer is not yet an effective strategy for the synthesis of terminal
epoxides.

Another way to disconnect a terminal epoxide is to add a functionalized ylide to
paraformaldehyde. This was the route explored by Solladié-Cavallo, who treated
two aromatic ylides with paraformaldehyde at low temperatures and obtained good
selectivities (Scheme 1.14) [22]. It would thus appear that this is the best ylide-
mediated route to terminal aromatic epoxides to date.

1.2.3
Epoxy Esters, Amides, Acids, Ketones, and Sulfones

1.2.3.1 Sulfur Ylide-mediated Epoxidation

In general sulfur ylide-mediated epoxidation cannot be used to form an epoxide
with an adjacent anion-stabilizing group such as an ester, as the requisite ylide is
too stable and does not react with aldehydes [23]. With the less strongly electron-
withdrawing amide group, however, the sulfur ylide possesses sufficient reactivity
for epoxidation. The first example of an asymmetric version of this reaction was by



12

1 Asymmetric Synthesis of Epoxides and Aziridines from Aldehydes and Imines

e @ i)

@ b Ph 9
S\J(J—v\NEtz TNCONE
OH B~ t
34
i) KOH, MeCN, PhCHO, tt. 61%, 71.5% ee
Scheme 1.15

Table 1.6 Use of the sulfonium salt 36 in low-temperature
epoxidations.

iii Q
SMe i) then i) S\JJ\NEtQ ) R,
oM oMe g© “CONE,

BrCH200NEt2, ii) recrystallisation; iiiy KOH, EtOH, RCHO, -50 °C.

Entry R Yield (%) ee (%)
1 Ph 93 97
2 p-CICH, 87 99
3 p-MeCsH4 88 98
4 3-pyridyl 87 95
56 dodecyl 84 63
6 t-butyl 87 93

[a] =30 °C. [b] 20 °C.

Dai and co-workers, who used sulfonium salt 34 in epoxidation reactions to give
glycidic amides (Scheme 1.15) [23].

Improved selectivities were achieved by the Aggarwal group, who used sulfon-
ium salt 36 (Table 1.6), with the same parent structure, in low-temperature epox-
idation reactions [24]. In most cases complete diastereocontrol was accompanied
by high enantioselectivities; aromatic and heteroaromatic aldehydes were excellent
substrates (Entries 1-4). Aliphatic aldehydes gave variable results: mono- and tri-
substituted aldehydes gave moderate to high enantioselectivities (Entries 5 and 6),
whilst secondary aliphatic aldehydes gave very low enantioselectivities. Although
tertiary amides are difficult to hydrolyze, they can be cleanly converted to ketones
by treatment with organolithiums.

As the formation of betaines from amide-stabilized ylides is known to be reversi-
ble (in contrast with aryl- or semistabilized ylides, which can exhibit irreversible
anti betaine formation; see Section 1.2.1.3), the enantiodifferentiating step cannot
be the C-C bond-forming step. B3LYP calculations of the individual steps along
the reaction pathway have shown that in this instance ring-closure has the highest
barrier and is most likely to be the enantiodifferentiating step of the reaction
(Scheme 1.16) [25].
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1.2.3.2 Darzens Reaction

Epoxides bearing electron-withdrawing groups have been most commonly synthe-
sized by the Darzens reaction. The Darzens reaction involves the initial addition of
an a-halo enolate 40 to the carbonyl compound 41, followed by ring-closure of the
alkoxide 42 (Scheme 1.17). Several approaches for inducing asymmetry into this
reaction — the use of chiral auxiliaries, reagents, or catalysts — have emerged.

1.2.3.3 Darzens Reactions in the Presence of Chiral Auxiliaries

Although chiral auxiliaries have been attached to aldehydes for asymmetric Dar-
zens reactions [26, 27], the most commonly employed point of attachment for a
chiral auxiliary is adjacent to the carbonyl to be enolized. Indeed, many groups
have investigated this strategy, and a variety of chiral auxiliaries have been em-
ployed. As the initial step of the Darzens reaction is an a-halogen aldol condensa-
tion, it is perhaps unsurprising that existing asymmetric aldol chemistry should
have been exploited and adapted to the Darzens reaction. Prigden’s group investi-
gated the use of 2-oxazolidinones developed by Evans (Table 1.7) [28, 29], treating a
variety of metal enolates (tin(11), tin(1v), zinc, lithium, titanium, and boron) with
both aliphatic and aromatic aldehydes. The best results by far were obtained with
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Table 1.7 2-Oxazolidinones as chiral auxiliaries in Darzens

reactions.
j’\ )OK/X i, . O OH O OH O OH O OH
en ii = =
OJ — XC)K;AW + XC)J\‘)\W +XC)H/\R1 + XCMW
R a4 X X X X

%  chiral auxii synB syn A anti A anti B

< = chiral auxiliary 45 46 47 48
i} enolate formation; ii) R'CHO.
Entry R! X R ME! Yield d.r. Enantioselectivity

(Xe) (%) syn:anti syn B:A anti A:B

1 n-CsHy, Cl i-Pr B 62 >50:1 >50:1 -
2 i-PrCH; Cl i-Pr B 55 >50:1 >50:1 -
3 i-Pr Cl i-Pr B 52 >50:1 >50:1 -
4 Ph cl i-Pr B 68 >99:0 >99:0 -
5 Ph F i-Pr Sn'v 50 <0:99 - 94:5
6 Ph Br i-Pr Sn'! 67 85:15 79:6 6:9
7 0-NO,CsHy Br Ph Snlt 44 0:100 - 0:100
8 0-MeOC¢H4 Br Ph Snlt 65 21:79 0:21 0:79
9 o-+-BuCgH4 Br Ph Sn'! 58 0:100 - 0:100

[a] B refers to B(n-Bu),, Sn'Y refers to Sn(n-Bu)s;, Sn" refers to
Sn(OSO,CFj3). [b] B refers to BEt;.

the use of boron enolates, which furnished the syn adducts with very high dia-

stereo- and enantioselectivities (Entries 1-4).

Through the use of a tin(1v) enolate with benzaldehyde it was possible to gen-
erate the anti A diastereomer 47 with high selectivity (Entry 5). With tin(11) eno-
lates a highly substituent-dependent outcome was observed. Low selectivities re-
sulted with para-substituted aromatic aldehydes, but good selectivities were ob-
served for ortho-substituted aromatic aldehydes (Entries 7-9). Simultaneous re-

i v, S or
5 e i) I ECTAN N e
(0] OH w o 52 j
Xc ; o e . Bno)!"’"& o O g A
X X 54
50 51 53 70-74%

iy BnOLi, THF, -78 to -20 °C. X = chiral auxiliary

Scheme 1.18
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moval of the auxiliaries and ring-closure cleanly furnished the corresponding
epoxy esters without epimerization (Scheme 1.18).

The results were interpreted by considering enolates with tin (1v), zinc, or lith-
ium counter-ions to react via three-point chair transition states 55 with aliphatic
aldehydes to give predominantly the syn A adducts 46, whilst tin (11), boron, and
titanium enolates reacted via non-coordinated chair transition states 56 with ali-
phatic aldehydes to give the opposite syn B adducts 45 (Scheme 1.19). Aromatic
aldehydes reacted with tin (1v), zinc, or lithium enolates through chelated twist-
boat transition states 57 to give the anti A halohydrins 47, whilst boron and tita-
nium enolates still reacted via the nonchelated chair-like transition states to give
the syn B 45. The tin (11) enolate exhibited borderline selectivities. It reacted with
aromatic aldehydes to give the syn B diastereomer 45 as with boron and titanium
enolates, but with ortho-substituted aromatic aldehydes, an anti B (48) selectivity
was observed, indicating that a twist-boat transition state 58 was being favored.

Thus, by varying the enolate counter-cation and the aldehyde, it was possible to

15
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0

A
S)\O ) Br 7\'\0

Table 1.8 Use of 8-phenylmenthyl esters to induce asymmetry
in the Darzens reaction.

(@] i)
x A sz/ oo

i) RoCO, t-BUOK, CH,Cly, -78-0°C. R = (-)-8-phenylmenthyl.

Entry R.CO X Yield (%) cis:trans de (cis) % de (trans) %
1 acetophenone Br 56 5.6:1 >95 21
2 propiophenone Br 43 4.2:1 >95 >95
3 cyclohexanone cl 45 - 96
4 acetone cl 64 - 87
5 benzophenone cl 45 - 77
6 benzaldehyde cl 90 2.8:1.0 38 33
®
K @
0 x R Q
\ RS * R \H
RO C——S %o — AN
O \_7H 2 R CO.R
R X
59 60 61
R.CO

Scheme 1.20

access a range of halo-aldol adducts, which could also be cyclized to the required
epoxy esters without epimerization (Scheme 1.18).

Ohkata [30, 31] and co-workers have employed an 8-phenylmenthyl ester to in-
duce asymmetry in the Darzens reaction (Table 1.8). Moderate to high diaster-

i OH O

N - . /\)J\ Yield >90%, ee >99%

62
o i) i, iv) -Pro,, 2 COH
n-Pre,, s\ ~COzH then iii) 68
90%
91%
o0
64 I-PI'//,”A‘\\\COZBn
Ph, PLCOH R CONa 67
89%
65 g49, 66 969,

) TiCl,, DIPEA; then Br,, DIPEA, RCHO, -78°C; il) CHsCN/H,0, NEtg; then MeOH, KoCOg;
iii) NapCOg, CHsCN/H,0 iv) DMAP, B,OH ; then KF, LiF, n-Buy,NHSO,, CH4Cl,.

Scheme 1.21
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Table 1.9 Scope of the indanyl-derived auxiliary 69.

(ON S
O;S\NH

O

S —|

iy CICH,COCI, pyridine; CH,Cly,

Monodentate

aldehyde/f Xc ~0

i—> VN )J\/Cl

94%

70

Bidentate

aldehyde

O
oo g

72

. @]
iv) o,
HO/[KTAR

73
R =iPr, 70%
iv) O R
Xc \O)J\(?)/)
74

R= CH,CH,0Bn, 49%

0 °C; ii) TiCly, iProNEt, then RCHO, TiCl,, MeCN or NMP, CH,Cls,

-78 °C, 2h; i) TiCls, iProNE, then RCHO TiCl, CHaCly, -78 °C, 2h; iv) K,COs, MeOH; v) KoCOs, (aq),

DMF.

Entry Aldehyde (RCHO) Yield (%) anti 71:
(71 + 72) syn 72

1 i-BuCHO 90 99:1

2 BuCHO 708 96:4

3 PhCHO 47,141 621 96:4

4 PhCHO 64 10:90

5 BnOCH,CHO 86 1:99

6 BnOCH,CH,CHO 79 4:96

7 (R)-BnOCH-(Me)CHO 94 1:99

8 (S)-BnOCH-(Me)CHO 82 99:1

9 (+)-BnOCH-(Me)CHO 95l 5:95

[a] NMP (2.2 equiv.) used as additive. [b] MeCN (2.2 equiv.) used as
additive. [c] 2 equiv. of aldehyde used, 30 min reaction time.

eoselectivities resulted from its reaction with ketones to furnish trisubstituted ali-
phatic and aromatic epoxy esters, but only low selectivities resulted in its reaction
with benzaldehyde.

The high enantioselectivity observed was interpreted in terms of the face se-
lectivity of the (Z)-enolate 59 (Scheme 1.20). The phenyl moiety is thought to stabi-
lize the enolate through a n-n interaction and effectively shield its Re face such that

the incoming ketone approaches preferentially from the Si face.

Yan’s group has used the camphor-based chiral thicamide 62 in asymmetric

Darzens reactions (Scheme 1.21) [3

2]. The addition of the titanium enolate of 62 to
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a range of aldehydes resulted in the formation of essentially single diastereomers
of halo alcohols 63. Treatment of these with aqueous potassium carbonate resulted
in the formation of the corresponding aryl (65), alkyl (64 and 68), and vinyl (66)
epoxy acids without epimerization. If the thioamide adduct was instead treated
with DMAP and benzyl alcohol, followed by KF and LiF in the presence of n-
BusN*HSO,4, the epoxy ester 67 was formed [33]. In all cases the cis epoxide
predominated; the selectivity was thus complementary to sulfur ylide chemistry,
which almost always favors the trans epoxide.

Ghosh and co-workers have recently used the indanyl-derived auxiliary 69 (Table
1.9) in titanium enolate condensations with a range of aldehydes [34]. Of the four
possible diastereomers, only the anti 71 and syn 72 were produced (the alternative
anti and syn diastereomers were not detected by 'H or '*C NMR). The use of
monodentate aliphatic aldehydes resulted in the formation of anti diastereomers
71 with high selectivities with the aid of acetonitrile or N-methylpyrrolidinone
(NMP) as an additive (Entries 1 and 2). The use of bidentate aldehydes resulted in
high syn diastereoselectivities without requiring the use of an additive (Entries 5
and 6). Interestingly, benzaldehyde exhibited anti selectivity in the presence of an
additive (Entry 3), but syn selectivity in its absence (Entry 4). Additionally, a double
asymmetric induction using (2R)- and (2S)-benzyloxypropionaldehyde was at-
tempted (Entries 7 and 8). In the matched case ((2R)-), only the syn diastereomer
72 was produced, but in the mismatched case ((2S)-) the anti diastereomer 71 was
obtained instead. It was thus possible to perform a kinetic resolution on two equiv-
alents of racemic aldehyde (Entry9) and to obtain the syn diastereomer 72
(through reaction of matched (2R)-aldehyde) with high selectivity. The (25)-alde-
hyde was isolated in 40% yield and in 98.7 % ee. Treatment of the halo-aldol ad-
ducts with potassium carbonate in DMF resulted in the formation of the epoxides
(74). Simultaneous epoxide formation and removal of the auxiliary could be ef-
fected by treating the adducts with potassium carbonate in methanol to give the
epoxy acids (73).

1.2.3.4 Darzens Reactions with Chiral Reagents

Clearly it is advantageous to be able to use achiral starting materials and a chiral
reagent to induce an asymmetric reaction, thus obviating the need to attach and
remove a chiral auxiliary and permitting the recovery and reuse of the chiral rea-
gent.

Corey used a chiral bromoborane 75 (1.1 equiv.) to promote the addition of tert-
butyl bromoacetate (76) to aromatic, aliphatic, and a,B-unsaturated aldehydes to
give the halo alcohols 77 with high enantio- and diastereoselectivities (Table 1.10)
35].

Additionally, the sulfonamide precursor to 75 could be recovered and recycled to
regenerate the bromoborane 75 [36]. The resulting aldols could then be cyclized to
the epoxy esters by treatment with potassium tert-butoxide (Scheme 1.22).

A valine-based chiral oxazaborolidinone 80 (generated in situ from Ts-1-Val and
BH;-THF) was used by Kiyooka and co-workers [37] to catalyse the reaction be-
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Table 1.10 Chiral reagent 75 in asymmetric Darzens reactions.

Ph Ph
. H
OZS/N N-s0, 0 i %%ji
R Ot-Bu
SO0 Do T
Br
76
CF3 F,C 77
75 (1 equiv.)
i) Et3N, -78°C, 1:2 toluene/hexane; then RCHO, -78°C.
Entry R of RCHO Yield (%) anti:syn ee (%)
1 Ph 94 91:1 98
2 (F)-PhCH=CH 9% 99:1 98
3 PhCH,CH, 72 95:5 91
4 cyclohexyl 65 98:2 91
P - A Ot-B
Ph/\‘)kOt—Bu L\( e
Br O
77 78 8204
i) KOt-Bu, 1-BuOH.
Scheme 1.22
Table 1.11 Chiral induction through the use of the valine-
based 80.
) ) OH O N
Br, OTMS ‘g_( ) i) H, 2 e
RCHO + — + — R NORE T LN COLEL
Mé  OFt TSNvE«O 8 Me 2
79 80 (1 equiv.) 81 82

i} CHxCly, -78°C, 15 h; ii) NaOEt, EtOH, rt, 2 h.

Entry R of RCHO Yield 81 syn % :anti % ee (syn)  Yield 82 (%)
1 Ph 82 7:1 95 87
2 i-Pr 68 16:1 97 74
3 PhCH,CH, 80 9:1 96 81
n-Pr 85 10:1 98 78
5 TBSOCH,CH, 87 15:1 95 93
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_N<g-0, OH O
Ts H‘ ‘H
OTMS R” 7 TOEt
-—->_< B Me
83 Syn
81
Scheme 1.23

tween B-bromo-B-methylketene silyl acetal 79 and a range of aldehydes (Ta-
ble 1.11). Good diastereoselectivities and excellent enantioselectivities resulted in
the formation of the halo alcohols 81, which could be converted into the trisub-
stituted aryl or alkyl methyl epoxy esters 82 by treatment with sodium ethoxide.
A transition state assembly as depicted in Scheme 1.23 was proposed in order to
interpret the observed selectivity. Electronic effects are thought to be operative, as
the methyl and bromo substituents in transition state 83 are sterically similar.

1.2.3.5 Darzens Reactions with Chiral Catalysts

Of course, the most practical and synthetically elegant approach to the asymmetric
Darzens reaction would be to use a sub-stoichiometric amount of a chiral catalyst.
The most notable approach has been the use of chiral phase-transfer catalysts. By
rendering the intermediate enolate 86 (Scheme 1.24) soluble in the reaction sol-
vent, the phase-transfer catalyst can effectively provide the enolate with a chiral
environment in which to react with carbonyl compounds.

Early work on the use of chiral phase-transfer catalysis in asymmetric Darzens
reactions was conducted independently by the groups of Wynberg [38] and Co-
lonna [39], but the observed asymmetric induction was low. More recently Toké’s
group has used catalytic chiral aza crown ethers in Darzens reactions [40-42], but
again only low to moderate enantioselectivities resulted.

RzAMW MOH 0
88 X M/KFﬂ x A

84

OQ*
Chiral PTC = Q*

Scheme 1.24 R2CHO
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PTC 89

CF3
Scheme 1.25

Arai and co-workers have used chiral ammonium salts 89 and 90 (Scheme 1.25)
derived from cinchona alkaloids as phase-transfer catalysts for asymmetric Dar-
zens reactions (Table 1.12). They obtained moderate enantioselectivities for the
addition of cyclic 92 (Entries 4-6) [43] and acyclic 91 (Entries 1-3) chloroketones
[44] to a range of alkyl and aromatic aldehydes [45] and also obtained moderate
selectivities on treatment of chlorosulfone 93 with aromatic aldehydes (Entries 7—
9) [46, 47]. Treatment of chlorosulfone 93 with ketones resulted in low enantiose-
lectivities.

Table 1.12 Cinchona alkaloid-derived phase-transfer catalysts
for asymmetric Darzens reactions.

0 i cl 20}
Cl Ph or /<('))?\ or @}"/R
- Ph Ph
or 91 92 o 9
Cle_-SO.Ph 0 9
o A 5-80oPh
96
Entry R’CHO Halide Method Yield ee (%)
1 i-PrCHO 91 I 80 53
2 EtCHO 91 I 32 79
3 PhCHO 91 I 43 42
4 i-PrCHO 92 1 99 69
5 t-BuCH,CHO 92 11 86 86
6 PhCHO 92 11 67 59
7 PhCHO 93 11 85 69
8 p-MeCsH4CHO 93 11 84 78
9 p-BrC¢H4+CHO 93 11 80 64

Method I: PTC 89 (10 mol %), LiOH - H,0, n-Bu,0, 4 °C, 60-117 h;
Method II: PTC 90 (10 mol %), LiOH - H,0, n-Bu,0, rt, 43-84 h;
Method III: PTC 90 (10 mol %), KOH, toluene, rt, 1 h.
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Table 1.13 BINOL-derived phase-transfer catalysts for asym-
metric Darzens reactions.

0 . 0 ®,
) o Cl o)
Br\)J\NPhZ R\W%iLNPhZ
” - Sefu
iy PTC 91 (2 mol%), RbOH-H,O, CH,Cl, rt, 6.5-24 h.

2817

PTC 99
Entry RCHO Yield (%) cis:trans ee cis ee trans
(%) (%)
1 PhCHO 81 2.3:1 58 63
2 m-BrCcH4CHO 93 2.4:1 51 60
3 p-MeOCgH,CHO quant. 2.2:1 57 67

More recently, the same group has used a simpler and more easily prepared
chiral ammonium phase-transfer catalyst 99 derived from BINOL in asymmetric
Darzens reactions with a-halo amides 97 to generate glycidic tertiary amides 98
(Table 1.13). Unfortunately the selectivities were only moderate to low [48]. As
mentioned in Section 1.2.3.1, tertiary amides can be converted to ketones.

1.3
Asymmetric Aziridination of Imines
Asymmetric transformation of imines into chiral aziridines remains less well de-

veloped than the analogous transformation of aldehydes into epoxides [49, 50, 51].
The reported methods can be divided into three conceptual categories involving

RE_X
ens +
W R R2 @R(s Rsor Ry = EWG

5
E Carbene Mediated R® N
R! R3 Aziridination N > R3=H
VARG o ——— |

R2 R4 R1J\R2 + RSJ\R4 R*= EWG
Yiige
Azirid%‘gg’ated

0n ,Rs . @
)N|\ + R@(SRZ R? or R* =alkyl, aryl,
R'”R2 R3 vinyl or amide

Scheme 1.26
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reactions of imines with: i) a-halo enolates (aza-Darzens), ii) carbenes, or iii) ylides
(Scheme 1.26). Categories i) and ii) are employed to prepare aziridines bearing
electron-withdrawing groups such as esters or amides. Category iii), the ylide
methodology, on the other hand, provides a route to aryl, alkyl, vinyl, and terminal
aziridines, as well as ester- or amide-substituted aziridines. The most common
method of asymmetric induction reported has been with the aid of chiral auxilia-
ries. There have been attempts at reagent-controlled induction, which has been
most successful in the sulfur ylide methodology. However there exist only two
examples of asymmetric catalysis: a sulfur ylide-mediated aziridination by Ag-
garwal and a Lewis acid-catalyzed diazoacetate decomposition by Wulff.

1.3.1
Aziridines Bearing Electron-withdrawing Groups: Esters and Amides

1.3.1.1 Aza-Darzens Route
The aza-Darzens reaction is analogous to the Darzens synthesis of epoxides (see
Section 1.2.3.2) but employs imines in the place of aldehydes (Scheme 1.27).

Davis has employed the enantiopure sulfinimine N-(benzylidene)-p-toluenesulfi-
nimine in reactions with a-halo ester enolates to obtain aziridine-2-carboxylates in
good yields and with high diastereoselectivities (Scheme 1.28) [52]. The selectiv-
ities are consistent with a six-membered chair-like transition state 100, containing
a four-membered metallocycle. It is assumed that the enolate of the unsubstituted
a-bromoacetate has the E geometry resulting in the cis aziridine, while the enolate
of the substituted a-bronoacetate adopts the Z-geometry resulting in the trans
aziridine.

Davis has also employed a similar procedure for the synthesis of aziridine-
2-phosphonoates, involving the addition of N-(2,4,6-trimethylphenylsulfinyl)imine
to anions of diethyl a-halomethyl phosphonates (Scheme 1.29) [53, 54]. Aziridines

2 2
_R? oM o R

N . . N
CO,E
N (L OFt R1)\( ’ AN

X X

Scheme 1.27

H “CO,Me PR

Scheme 1.28
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N N
Ph R H

R
“CO,Me

R=H 97:3cisitrans 65% yield
R=Me 955 crgs:tr:lms 85% yield
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A+ W P(OE, o0 I RAY S
78°C |~ ! o X-PH P(OEt), H 'P(OEN),
R = 2,4,6-trimethylpheny! r © . 0
101 75-78% yield
>98:2 cis:trans
Scheme 1.29
o o} Q,
B . "PPh, "PPh
N)J\/Br RCH-NP(O)Ph, 103, LHMDS . H‘QN, . H% 2
% THF, -78 °C, 47-87% yield N eH N ™SR
S LA\ =W
0, 102 o R 0

R = Ph, 100:0 cis:frans

R = 2-MeOCgH,, 0:100 cis:trans
R = CH=CH,, 100:0 cis:trans

R = CH=C(CHj),, 0:100 cis:trans

Scheme 1.30

were obtained as single cis diastereomers (>98:2) in 75-78 % isolated yields. The
high selectivity is believed to arise from two types of steric interaction in the transi-
tion state. Attack by the anion at the C=N bond opposite the bulky sulfinyl group is
highly favored and, secondly, the iodo group needs to occupy the axial position in
the transition state 101, as it would then have fewer steric interactions with the
ethoxy phosphonate groups.

The substrate scope is limited, as electron-withdrawing groups (X = p-NO, or p-
CF3) on the aromatic substituent are not tolerated. However, this route does pro-
vide valuable intermediates to unnatural a-amino phosphonic acid analogues and
the sulfimine can readily be oxidized to the corresponding sulfonamide, thereby
providing an activated aziridine for further manipulation, or it can easily be re-
moved by treatment with a Grignard reagent.

An alternative approach is to have the chiral auxiliary on the enolate. Sweeney
has reported the addition of bromoacyl sultam 102 to phosphonyl imines 103,
which afforded the cis- or trans-aziridines with high levels of diastereoselectivity
depending on the imine substituent (Scheme 1.30) [55].

1.3.1.2 Reactions between Imines and Carbenes

Synthesis of aziridines by treatment of carbenes with imines was reported by Ja-
cobsen [56]. A metallocarbene 104 derived from ethyl diazoacetate and copper
fluorophosphate was treated with N-arylaldimines to form aziridines with reason-
able diastereoselectivities (>10:1 in favor of cis) but with low enantioselectivities
(about 44 % ee). This was shown to result from a competitive achiral reaction path-
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Ts 1. 108-CuCIO, Ts
)lN . (S'M% 10 mol% N OO
-78°C AN PTol
Et0,C Na EtO,C SiMe, 108 = 2
107 PTol,
55% yield OO
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Scheme 1.32 72% ee
H  NaCHCOE CHPh, Ph OH
J\ catalyst (10 mol%) N Phy,, OH
A s
H CH,Cly, RT R COLEt
Scheme 1.33 (S)-VAPOL 109 (S)-VANOL 110

way (Scheme 1.31). Path A goes through the chiral metal species 105, yielding
non-racemic aziridine, whereas path B goes through a planar azomethine ylide
106, yielding the racemic aziridine. The reaction showed limited scope, as it was
quite sensitive to the electronic properties of the imine.

Jorgensen has recently reported similar enantioselective reactions between N-
tosylimines 107 and trimethylsilyldiazomethane (TMSD) catalyzed by chiral Lewis
acid complexes (Scheme 1.32) [57, 53]. The cis-aziridine could be obtained in
72% ee with use of a BINAP-copper(1) catalyst, but when a bisoxazoline-copper(1)
complex was used the corresponding trans isomer was formed in 69 % ee but with
very poor diastereoselectivity.
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Table 1.14 Wulff's asymmetric aziridination synthesis.

Entry R Catalyst Yield of cis- ee of cis- cis:trans
ligand aziridines (%) aziridine (%)  aziridine

1 Ph 109 77 95 >50:1

2 Ph 110 85 96 >50:1

3 p-BrCeHy 109 91 98 >50:1

4 0-MeCgHy4 109 69 94 40:1

5 3,4-(0Ac),CeHs 110 85 9% >50:1

6 1-naphthyl 109 87 92 >50:1

7 2-furyl 110 55 93 >50:1

8 n-Pr 110 60 90 >50:1

9 t-Bu 110 77 97 >50:1

10 c-CeHi1 109 74 94 38:1

i) PhoCHNH, CHPh, i) CHCI>CO2H (10eq) 9H

H)J\©\
NO,

MgS0,,CH,Cly N 1,2-CoH,Cly HO/\;/\©\
i) N;CHCO,Et EtO,C ii) NaBH,, MeOH CIZHC\TNH NO
10 mol % catalyst ligand o

97

toluene
(-)-Chloramphenicol

2

111 NO,

Scheme 1.34

The most successful approach in this reaction category has been the use of chiral
boron Lewis acid catalysts, in the addition of ethyl diazoacetate to imines reported
by Wulff (Scheme 1.33) [59-60].

Catalysts prepared either from VAPOL (109) or from VANOL (110) ligands and
triphenylborate were found to catalyze the asymmetric aziridination efficiently.
Good to high yields, excellent enantioselectivities, and cis diastereoselectivities
were observed with all the reported substrates, which included aromatic, hetero-
aromatic and aliphatic imines (Table 1.14).

This is by far the most versatile route to the synthesis of ester-substituted azir-
idines, especially as the benzhydryl group can easily be cleaved by hydrogenolysis.
Wulff has applied this methodology to a short asymmetric synthesis of the antibi-
otic (-)-chloramphenicol in four steps from p-nitrobenzaldehyde (Scheme 1.34)
[61]. In this case it was found that treatment of the aziridine 111 with excess
dichloroacetic acid gave the hydroxy acetamide directly, so no separate deprotec-
tion step was required.
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1.3.1.3 Aziridines by Guanidinium Ylide Chemistry

A novel guanidinium ylide-mediated procedure has recently been reported by Ishi-
kawa [62]. Though not an imine transformation, it does employ an imine pre-
cursor in the form of an aldehyde. Guanidinium ylides react with aldehydes to
form aziridines (Scheme 1.35). The mechanism for the formation of the aziridine
is believed to involve [3+2] cycloaddition between the guanidinium ylide 112 and
the aldehyde, followed by stereospecific extrusion of the urea with concomitant
aziridine formation.

Table 1.15 Chiral guanidylium ylides for asymmetric synthesis

of aziridines.
Entry Ar Yield of trans- ee of trans- trans:cis
aziridines (%) aziridine (%) aziridine
1 3-[(1-Boc)indolyl ] 70 95 92:8
2 2-{(1-Boc)indolyl | 87 76 91:9
3 3,4-OCH,0OPh 82 97 93:7
CeHs 31 77 34:66

5 p-CIC¢H4 35 59 41:59

27
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This reaction was found to be applicable to aryl, heteroaryl, and o,B-unsaturated
aldehydes, providing aziridine-2-carboxylates, sometimes with high trans diaster-
eoselectivity. Excellent enantioselectivity was observed with use of a chiral guani-
dinium ylide (Scheme 1.36), but simple phenyl substituents on the aldehyde gave
poor yields (Table 1.15). The enantioselectivity is controlled by the facial selectivity
in the [3+2] cycloaddition (Scheme 1.36). The other product of the reaction was the
chiral urea 113, which could be recovered in high yield and reconverted into the
guanidinium salt 114. Guanidinium ylide chemistry provides a complementary
methodology to sulfur ylide chemistry, which currently dominates non-metal-me-
diated asymmetric aziridination.

1.3.2
Aziridines Bearing Alkyl, Aryl, Propargyl, and Vinyl Groups

The usual route to aziridines bearing alkyl, aryl, propargyl, and vinyl groups, as
well as to terminal aziridines, is through reactions between ylides and imines. The
reaction between an ylide and an imine forms a betaine 115, which ring-closes to
form an aziridine through elimination of the heteroatom-containing leaving group
originating from the ylide (Scheme 1.37). The heteroatom-containing group 116
derived from the ylide can thus be recovered and reused. The main class of ylides
used in asymmetric aziridination reaction are sulfur ylides.

y R
s @ @ Q'/‘NRS Ez -
NR _ H: / \ :RS + T
R R! 1
R! H R R
115 116
Scheme 1.37

1.3.2.1  Aryl, Vinyl, and Alkyl Aziridines: Stoichiometric Asymmetric Ylide-mediated
Aziridination

Ruano has reported substrate-controlled asymmetric ylide aziridination by treat-
ment of enantiopure sulfinyl imines 117 with dimethyloxosulfonium methylide
118 to form terminal aziridines [63]. The chiral tert-butylsulfinyl group was shown
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R = Ph n=0 70% yield, 15:85 ratio
R =Ph n=1 85%yield, 95:5 ratio
R=(BPhCH  n=0 72%yield, 18:82 ratio
R = (E)PhCH n=1 40% yield, 83:17 ratio
Scheme 1.38

to be the chiral auxiliary of choice, allowing the synthesis of aziridines in high
yields and with good diastereoselectivities (Scheme 1.38).

The sense of asymmetric induction could be tuned in two ways: firstly through
the chirality of the sufinyl group, and secondly through the use of dimethylox-
osulfonium methylide (n = 1) or of dimethylsulfonium methylide (n = 0), which
was found to provide aziridines with opposite diastereoselectivity. This was inter-
preted by assuming the process to be under thermodynamic control in the former

s = t
Bu~. .0 But__.0O
o H 119\= $ N s*
Bu! PN N/)\R H N H N
u NS NAVLS
R “H R
Scheme 1.39
Table 1.16 Chiral tert-butylsulfinylimines in asymmetric
aziridine synthesis.
Entry R Yield of trans trans:cis
aziridines (%) aziridine
1 Ph 68 71:29
2 p-OMeCgHy4 76 82:18
3 p-NO,CeHa 74 59:41
1-naphthyl 64 80:20
5 ethyl 44 80:20
6 cyclopropyl 61 72:28
7 cyclohexyl 78 83:17
8 2-furyl 55 67:33
9 2-piperidine 54 88:12
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Scheme 1.40

case and under kinetic control in the latter case. When the reaction is under kinetic
control the diastereoselectivity is determined in the attack of the ylide on the
imine, whereas under thermodynamic control it is dependent on the relative sta-
bilities of intermediate betaines and their relative rates of ring-closure.

Stockman has reported the preparation of alkyl-, aryl-, and vinyl-disubstituted
aziridines with good diastereoselectivities and in good yields through treatment of
tert-butylsulfinylimines with the ylide 119, derived from S-allyl tetrahydrothio-
phenium bromide (Scheme 1.39) [64]. A range of substrates were tolerated, includ-
ing heterocyclic, aromatic, and aliphatic substrates (Table 1.16).

Dai has also studied the synthesis of chiral vinyl aziridines through reactions
between allylic ylides and N-tosyl imines [65], but did not examine an asymmetric
variant because of the low diastereoselectivities. In contrast, propargyl-substituted
ylides, generated in situ from the corresponding sulfonium salts in the presence of
Cs,CO3 as the base, were found to afford aziridines in high yields and with ex-
clusive cis diastereoselectivity (Scheme 1.40). When the camphor-derived chiral
sulfonium salt 120 was employed, variable enantioselectivity (depending on sub-
strate) was obtained, but with complete cis diastereoselection, whereas use of the
diastereoisomeric sulfonium salt 121 resulted in opposite asymmetric induction.
Aromatic, heteroaromatic, a,B-unsaturated, and aliphatic aldimines and ketimines
could all be employed with high diastereoselectivity, and the chiral sulfide pre-
cursors of the sulfonium salts could usually be recovered in high yield. The en-
antioselectivities varied considerably (40-85% ee), however, depending on the
substrate.

Saito has recently reported high yields and enantioselectivities in aziridine syn-
thesis through reactions between aryl- or vinyl-substituted N-sulfonyl imines and
aryl bromides in the presence of base and mediated by a chiral sulfide 122
(Scheme 1.41) [66]. Aryl substituents with electron-withdrawing and -donating
groups gave modest trans:cis selectivities (around 3:1) with high enantioselectiv-
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Scheme 1.42

ities (85-99% ee). Vinyl-substituted imines gave similar enantioselectivities, but
the diastereoselectivities were much lower.

Solladié-Cavallo has recently reported a two-step asymmetric synthesis of dis-
ubstituted N-tosylaziridines from (R,R,R,Ss)-(-)-sulfonium salt 2 (derived from
Eliel's oxathiane; see Section 1.2.1.1) and N-tosyl imines with use of phosphazine
base (EtP») to generate the ylide (Scheme 1.42) [67]. Although the diastereoselectiv-
ity was highly substrate-dependent, the enantioselectivities obtained were very
high (98.7-99.9%). The chiral auxiliary, although used in stoichiometric quan-
tities, could be isolated and reused, but the practicality and scope of this procedure
is limited by the use of the strong — as well as expensive and sensitive — phospha-
zene base.

1.3.2.2  Aryl, Vinyl, and Alkyl Aziridines: Catalytic Asymmetric Ylide-mediated
Aziridination
Of course, the key limitation of the ylide-mediated methods discussed so far is the
use of stoichiometric amounts of the chiral reagent. Building on their success with
catalytic asymmetric ylide-mediated epoxidation (see Section 1.2.1.2), Aggarwal
and co-workers have reported an aza version that provides a highly efficient cata-
lytic asymmetric synthesis of trans-aziridines from imines and diazo compounds
or the corresponding tosylhydrazone salts (Scheme 1.43) [68-70].

A range of electron-withdrawing groups on the nitrogen — N-P(O)Ph,, N-tosyl,
and N-SES, for example — were tolerated. Imines derived from aromatic, hetero-
aromatic, unsaturated, and even aliphatic aldehydes and ketones were employed



32 | 1 Asymmetric Synthesis of Epoxides and Aziridines from Aldehydes and Imines

Na®
R,S—CHPh  Rhy(OAc), @
PTC
N,CHR? PTC oSy N
: : : :Ng +NaTs
I'Ph Rh=CHPh
R

Scheme 1.43

Table 1.17 Catalytic asymmetric ylide-mediated aziridination.

Entry R’ R? R? Yield of trans  transicis  ee (%)
aziridines (%) aziridine trans cis
1 p-CIC¢H4 H TcBoc 56 6:1 94 90
2 p-CICsH4 H SES 82 2:1 98 81
3 CeHi11 H SES 50 2.5:1 98 89
4 t-Bu H Ts 53 2:1 73 95
5 (E)-PhCH=CH H SES 59 8:1 94 -
6 p-MeOCeH4 H SES 60 2.5:1 92 78
7 3-furyl H Ts 72 8:1 95 -
8 Ph Ph SO,CsH7 50 - 84 -

and good yields were obtained (Table 1.17). High enantioselectivities were ob-
tained in all cases, but diastereoselectivities were dependent both on the nitrogen
activating group and on the imine substituent, with carbamate groups giving bet-
ter diastereoselectivities than the corresponding sulfonyl groups.

The variation of the diastereoselectivity with groups on the nitrogen can be ex-
plained by the model shown in Scheme 1.44. Large bulky groups on the nitrogen
will increase the congestion in transition state A, resulting in reduced trans se-
lectivity. However, small groups (e.g., alkoxycarbonyl) will be accommodated in
this transition state more easily, resulting in increased amounts of the trans iso-
mer. The high enantioselectivity observed is interpreted as in the epoxidation case

o Ts Ts- ©

N ok N A

H R H R
e

Ph H H Ph

® ®
A B Scheme 1.44
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(see Section 1.2.1.3), with the key difference being that the betaine formation is
non-reversible [70], resulting in higher enantioselectivities and lower diastereose-
lectivities in general for aziridination than for epoxidation.

The main features of this process are: i) high convergency, ii) high enantiose-
lectivity, iii) catalytic use of chiral sulfide and its quantitative reisolation, iv) ready
availability of both enantiomers of the sulfide, and v) an efficient and user-friendly
process. This methodology has been applied to construct the taxol side chain with
a high degree of enantioselectivity via a trans-aziridine, followed by stereospecific
rearrangement of the trans-benzoylaziridine 123 into the trams-oxazoline 124
(Scheme 1.45) [71].

1.4
Summary and Outlook

Two catalytic asymmetric sulfur ylide-mediated epoxidation processes have been
developed. The method involving the reaction between a chiral sulfide and an alkyl
halide and base in the presence of an aldehyde is generally limited to the synthesis
of stilbene oxide derivatives. The method involving the reaction between a chiral
sulfide and a diazo precursor in the presence of a PTC, metal catalyst, and alde-
hyde shows broader scope. Aromatic, heteroaromatic (but not pyridyl), aliphatic,
and unsaturated aldehydes have been employed, together with a range of aromatic
and heteroaromatic diazo precursors. Certain aldehydes and diazo precursors give
rather low yields of epoxides, but in these cases an asymmetric stoichiometric
process can be employed instead. The combined catalytic and stoichiometric proc-
esses allow access to a very broad range of epoxides, including glycidic amides and
a,B-unsaturated epoxides, aziridines, and cyclopropanes, in many instances with
control over both relative and absolute stereochemistry. This broad substrate scope
of the process now allows the sulfur ylide disconnection to be applied with con-
fidence in total synthesis. The synthesis of glycidic esters by a Darzens-type reac-

HO>_\

N

H

o)

_4

Ph
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References

tion remains challenging. Although stoichiometric processes employing chiral re-
agents or chiral auxiliaries have delivered high selectivity, no useful catalytic proc-

ess has yet emerged.

Aziridination remains less well developed than epoxidation. Nevertheless, high
selectivity in imine aziridination has been achieved through the use of chiral sulfi-
nimines as auxiliaries. Highly successful catalytic asymmetric aziridination reac-
tions employing either sulfur ylides or diazo esters and chiral Lewis acids have
been developed, although their scope and potential applications in synthesis have

yet to be established.
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2
Vinylaziridines in Organic Synthesis
Hiroaki Ohno

2.1
Introduction

Among the variously functionalized aziridines, vinylaziridines are increasingly be-
ing exploited as versatile building blocks for the stereoselective synthesis of bio-
logically and synthetically important compounds, thanks to their high reactivity
and ability to function as carbon electrophiles. Ring-opening reactions of vinylazir-
idines can be effected by various carbon and heteroatom nucleophiles to produce a
variety of functionalized amine derivatives such as sphingosines, allyl amines, and
(E)-alkene dipeptide isosteres. Elaboration through rearrangement, including ring-
expansion, provides direct access to structural motifs in the synthesis of alkaloids
and other biologically active substances such as B-lactams. This chapter serves as
an introduction to vinylaziridines in organic chemistry. Synthesis, ring-opening
reactions, isomerization including rearrangement, cycloadditions, and other im-
portant transformations of vinylaziridines are reviewed.

2.2
Direct Synthesis of Vinylaziridines [1]

2.2.1
Addition of Nitrene to Dienes

The most traditional method for the direct synthesis of vinylaziridines is by addi-
tion of nitrenes to conjugated dienes. In 1964, the synthesis of vinylaziridine 3 by
1,2-addition of alkoxycarbonylnitrene 2, generated by photolysis of methoxycarbo-
nyl azide (1), to butadiene was first reported by Hafner and co-authors (Scheme
2.1) [2]. The reactions between the nitrene 2 and (E)- or (Z)-but-2-ene proceeded in
a stereospecific manner to give the corresponding trans- or cis-dimethylaziridines,
respectively, suggesting that the nitrene reacts preferentially in a singlet state. Sim-
ilar syntheses of vinylaziridines were also reported by other research groups [3].
The regioselectivity in the photochemical reaction of an azide-derived nitrene with

Aziridines and Epoxides in Organic Synthesis. Andrei K. Yudin
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2.1 1,2-Addition of methoxycarbonylnitrene (2) to
1,3-diene.

S o, 0
N

N 1,2-addition
e
4 = R—NH, 5 6 (71%)

Scheme 2.2 1,2-Addition of amino nitrene 5 to 1,3-diene.
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Scheme 2.3 Stereochemistry at the nitrogen on the
1,2-addition of nitrene.

isoprene depends on the diene concentration [4]. Reactions between vinyl azides
and acrylic acid derivatives gave 1-vinylaziridines [5].

N-Aminobenzoxazolin-2-one (4), which was readily prepared by amination of
benzoxazolin-2-one with hydroxylamine-O-sulfonic acid, is also a useful nitrene
precursor (Scheme 2.2). Oxidation of 4 with lead(1v) acetate in the presence of a
conjugated diene resulted in exclusive 1,2-addition of nitrene 5, to yield vinylazir-
idine (6) in 71 % yield [6]. The formation of vinylaziridines through 1,2-additions of
methoxycarbonylnitrene (2) or amino nitrene 5 contrasts with the claimed 1,4-ad-
dition of nitrene itself to butadiene [7]. Since the reaction proceeded stereospecif-
ically even at high dilution, the nitrene 5 appears to be generated in a resonance-
stabilized singlet state, which is probably the ground state [8].

The stereochemistry at the aziridine nitrogen was also investigated by the same
group, using the nitrenes derived from 4 or N-aminophthalimide. They found that
the addition is stereospecific at low enough temperature (< —20 °C), giving the
invertomers 7 with the vinyl group cis to the nitrogen substituent R (Scheme 2.3)
[9].

In 1995, aziridination with 1,3-dienes 10 by treatment with PhI=NTs 9 was devel-
oped (Scheme 2.4) [10] on the foundation of pioneering works by Jacobsen and
Evans on copper-catalyzed asymmetric aziridination of isolated alkenes [11].

Selective 1,2-addition of a nitridomanganese complex to conjugated dienes
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Scheme 2.4 Aziridination of dienes with [(N-tosyl)
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Scheme 2.5 First asymmetric synthesis of vinylaziridines with
conjugated dienes.

(Scheme 2.5) was recently reported by Komatsu, Minakata, and coworkers [12].
The reaction with the (R,R)-complex 12 provided the first reagent-controlled asym-
metric aziridination of conjugated dienes, although enantioselectivities were only
low to moderate (20-40 % ee).

222
Addition of Allylic Ylides and Related Reagents to Imines

The synthesis of vinylaziridines through reactions between allylic carbenoid rea-
gents and imines (i. e., Darzen-type reactions) was first reported by Mauzé in 1980
[13]. Treatment of aldimines or ketimines 16 with gem-chloro(methyl)allyllithium
(17) afforded N-substituted vinylaziridines 18 (Scheme 2.6). Similarly, 2,3-trans-N-
diphenylphosphinyl-2-vinylaziridines 21 were prepared with good stereoselectiv-
ities (trans:cis = 10:1; Scheme 2.7) by treatment of a-bromoallyllithium (20) with N-
diphenylphosphinyl aldimines 19 in the presence of zinc chloride [14].

R! —

NR Me Hﬁ

0+ RS e
R! R2 Li Cl |

16 17 R

18 (28-65%)

Scheme 2.6 Aza-Darzen-type reaction with chloro(methyl)
allyllithium (17).

39



40| 2 Vinylaziridines in Organic Synthesis

W AV
ZnCl

)l\ * Y\ : N

Ar H Br ||° O\Ph

19 20 (O)Phy

21 (30-58%)
trans:cis = 10:1
Scheme 2.7 Stereoselective aziridination of N-diphenyl-
phosphinyl aldimines 19.
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Scheme 2.8 Reactions between N-sulfonylimines and allylic
ylides.

It is well known that aziridination with allylic ylides is difficult, due to the low
reactivity of imines — relative to carbonyl compounds — towards ylide attack, al-
though imines do react with highly reactive sulfur ylides such as Me,S*-CH,-. Dai
and coworkers found aziridination with allylic ylides to be possible when the acti-
vated imines 22 were treated with allylic sulfonium salts 23 under phase-transfer
conditions (Scheme 2.8) [15]. Although the stereoselectivities of the reaction were
low, this was the first example of efficient preparation of vinylaziridines by an ylide
route. Similar results were obtained with use of arsonium or telluronium salts [16].
The stereoselectivity of aziridination was improved by use of imines activated by a
phosphinoyl group [17]. The same group also reported a catalytic sulfonium ylide-
mediated aziridination to produce (2-phenylvinyl)aziridines, by treatment of
arylsulfonylimines with cinnamyl bromide in the presence of solid K,CO3; and
catalytic dimethyl sulfide in MeCN [18]. Recently, the synthesis of 3-alkyl-2-vinyl-
aziridines by extension of Dai’s work was reported [19].

The stereochemistry of the sulfonium ylide-mediated aziridination is highly
dependent on the reactivities of imines and ylides: imines and ylides of lower
reactivity favor the formation of trans-aziridines 29, whereas those of higher
reactivity prefer cis-products 30 (Scheme 2.9). Mechanistic study of the ylide azir-
idination showed that the reaction proceeds in two steps: reversible addition of the
sulfonium ylide to the imine to form intermediates 25 and 26, which rotate to
conformers 27 and 28, followed by anti-elimination to yield the aziridines 29 and
30, respectively. Steric repulsion between the aryl and R' groups would favor the
intermediates 26 and 27. Imines with a high reactivity and large ki promote the
first addition step, and highly reactive ylides will provide a better leaving group to
increase the rate of elimination (k) [20].

Syntheses of nonracemic vinylaziridines by reagent- or substrate-controlled
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Scheme 2.9 Mechanism of aziridination with allylic ylides.

asymmetric induction have recently been reported. Addition of a chloroallyl phos-
phonamide anion derived from 31 to oximes 32 resulted in the formation of N-
alkoxy-2-alkenylaziridines 33 in enantiomerically pure form (Scheme 2.10) [21].
Treatment of chiral tert-butylsulfinylimines 34 (R = aryl or alkyl) with the ylide
derived from S-allyltetrahydrothiophenium bromide (35) yielded trans- and cis-2-vi-
nylaziridines 36 and 37, respectively, with moderate to good stereoselectivities
(36/37 = 59:41 to 88:12; 85-95% de for trans isomers 36; Scheme 2.11) [22]. Al-
though vinylaziridines are known to undergo acid-induced ring-opening reactions
(see Section 2.3.3), the chiral sulfinyl group of 36 can be readily removed by treat-
ment with anhydrous HCl in dioxane to give the corresponding N-unsubstituted
vinylaziridines as hydrochloride salts in over 90% yields.

Me
! 2 OR?
N\ //O N/OR |
PO | NaHMDS N 1
.,,IN/ ~TX T ) RMCOzR
\ R'0O-C
Me
_ RO 32 33 (46-78%)

Scheme 2.10 Reagent-controlled synthesis of chiral
vinylaziridines.
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X N"R T iBuwol >rs\‘.. >rs\,..
34 © ©
36 (>85% de) 37

(44-82%; 36:37 = 59:41-88:12)

Scheme 2.11 Asymmetric synthesis of vinylaziridines by use
of a chiral auxiliary.
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223
Cyclization of Amino Alcohols and Related Compounds

Regioselective addition of bromine azide to dienes 38 at 25 °C gave the 1,4-adducts
39 or the 1,2-adducts 40 as thermodynamically favored products, their ratios de-
pending on the substituent R on the terminal carbon (Scheme 2.12). These ad-
ducts were easily converted into vinylaziridines 41 on treatment with trimethyl-
phosphite, although the stereochemistries of 39, 40, and 41 are unclear [23].

A related conversion based on regioselective ring-opening of alkenylepoxide 42
at the allylic position with sodium azide, followed by treatment of the resulting
azido alcohols with PPh; to give N-unsubstituted vinylaziridine 43 with inversion
of configuration, is also possible (Scheme 2.13) [24]. Somfai and coworkers re-
ported direct aminolysis of vinylepoxides 44 with liquid ammonia in the presence
of TSOH - H,0 (5 mol %), affording regioselective ring-opening of epoxides. Dehy-
dration of the resulting amino alcohols 45 under Mitsunobu conditions gave the
N-unsubstituted vinylaziridines 46 (Scheme 2.14) [25]. The main drawback of this
synthetic route is the relatively low yields of the vinylaziridines 46 (0-54 %); how-

R =Me Br R
. /K/\(R _
AR BNy 39 Ns (MeO)P \W/_/
Br N
38 !
xR P(O)(OMe)2
41
R = COxMe
N 40
Scheme 2.12 Synthesis of vinylaziridines through addition of
bromine azide to dienes.
0 N
\ COxMe COxMe
N N
) NaNj3 | s
2) PPhg —
42 43 (40-50%)
Scheme 2.13 Synthesis of vinylaziridines through sodium
azide-mediated ring-opening of alkenylepoxides.
OH
e lig. NH3 ’ PPhs, DEAD NH

AN R X — /<'/\

R N T5OH-H,0 /ﬁN;\ i >

44 46 (up to 54%)

45 (23-93%)

Scheme 2.14 Synthesis of vinylaziridines by aminolysis of
vinylepoxides by liquid ammonia.
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Scheme 2.15 Synthesis of vinylaziridines from 1,4-amino

alcohols.
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Br R/
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Scheme 2.16 Synthesis of vinylaziridines by the Gabriel-
Cromwell reaction.

ever, a modified synthetic route involving protection of the nitrogen atom of 45
with a trityl group, followed by deprotection with TFA after ring-closure, gave N-
unsubstituted vinylaziridines 46 in better yields (up to 77 %) [26].

1,4-Amino alcohols are also good substrates for aziridination under Mitsunobu
conditions. The cis-1,4-amino alcohols 48, obtained by reductive cleavage of the
nitrogen-oxygen bonds of the hetero Diels-Alder adducts 47, underwent syn-Sx2’-
type displacement on treatment with PPh; and DEAD to give cyclic vinylaziridines
49 (Scheme 2.15) [27].

The Gabriel-Cromwell reaction is a convenient strategy for the synthesis of viny-
laziridines. Treatment of 4,5-dibromopent-2-enoate 50 with primary amines 51 in
the presence of DBU afforded the corresponding conjugated aziridines 52 in
63-80% yields (Scheme 2.16) [28]. The use of DBU has proven to be essential for
the successful conversion.

One of the most efficient methods for the stereoselective synthesis of vinylazir-

Pd* R’ __
R1 ': >—
. H\HH - H W H
N~ Lo
R
R e Lo
Y\/\OCOZMB Pd(0) R 54 56
N “ R
R? 53 R! H Pd* \W/:
H\N H\ N /H
Tk
R® 55 57 (50-85%)
(57:56 = >94:6)

Scheme 2.17 Palladium(0)-catalyzed aziridination of allyl
carbonates.
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Scheme 2.18 NaH-mediated aziridination of allyl mesylates.
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Scheme 2.19 A highly stereodivergent synthesis of cis- and
trans-2-alkenylaziridines.

idines is palladium(0)-catalyzed aziridination of amino alcohol derivatives. In the
context of the recent finding that the thermodynamically less stable trans-2-vinyla-
ziridines 56 isomerize to the corresponding more stable cis isomers 57 via n-allyl-
palladium(11) intermediates 54 and 55 in the presence of palladium(0) (see Sec-
tion 2.4.6) [29], Ohno, Ibuka, and coworkers demonstrated the first 2,3-cis-selective
aziridination of allylic carbonates 53 to 57 via the same intermediates 54 and 55
(Scheme 2.17) [30]. Although sodium hydride-mediated aziridination of allylic me-
sylates 58 gave diastereomeric mixtures of vinylaziridines 56 and 57 (Scheme
2.18), reactions of 58 with branched R' groups resulted in predominant formation
of trans isomers 56 (up to 92:8) [30, 31]. Interestingly, base-mediated cyclization of
(Z2)-allylic mesylates exclusively gives 3-pyrrolines in high yields, while the palla-
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dium(0)-catalyzed reactions of the corresponding methyl carbonates predomi-
nantly yield 2,3-cis-3-alkyl-2-vinylaziridines 57 [32].

We also reported a highly stereodivergent synthesis of sterically congested cis-
and trans-alkenylaziridines 61 and 65 (Scheme 2.19) [33]. Whereas treatment of the
methyl carbonates 59 with catalytic amounts of Pd(PPhs)4 in THF or 1,4-dioxane
predominantly affords the corresponding thermodynamically more stable 2,3-cis-
2-alkenylaziridines 61 (up to 99:1), treatment of the allylic mesylates 62 with so-
dium hydride in DMF exclusively yields the thermodynamically less stable trans-
2-alkenylaziridines 65 (>99:1). The kinetically favored trans-selective aziridination
could be attributable to unfavorable steric interaction between the R' and R®
groups in aza-anionic intermediates 63 leading to the cis-vinylaziridines 61. Sim-
ilarly, treatment of mesylates 62 possessing bromine substituents (R* = Br) with
sodium hydride gave trans-2-(1-bromovinyl)aziridines 65 (R*> = Br) in a stereose-
lective manner; these are good precursors of 2-ethynylaziridines [34].

2.2.4
Cyclization of Amino Allenes

Transition metal-catalyzed cyclization of allenes bearing nucleophilic functional-
ities has attracted much attention in recent years. In particular, cyclization of
amino allenes has become quite a useful methodology for the synthesis of five- or
six-membered azacycles [35]. In contrast, ring-closure of amino allenes to yield
aziridines was unknown until 1999, when Ohno, Ibuka, and coworkers found that
the palladium-catalyzed reaction between the a-amino allene 66 and iodobenzene
in the presence of K;COs at reflux in 1,4-dioxane exclusively yielded the corre-
sponding 2,3-cis- and trans-2-alkenylaziridines 68 and 69, respectively, each bearing
a phenyl group on the double bond (Scheme 2.20) [36]. Interestingly, the reaction

/H/\ \Pli+
M Pd(0) /k(\ﬂ
[TIH \\ \vie Me

H Phl, K»CO3 N~ Ph

Mts Mis
66 67

in dioxane | in DMF

@Jm ‘Q\\ Me Ph
S ", N & \ Me
H N H H N H >>q§‘

Mts Mts Mts
68 (66%) 69 (11%) 70 (50%)

Scheme 2.20 Palladium(0)-catalyzed aziridination of a-amino
allene 66.
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Scheme 2.21 Palladium(0)-catalyzed aziridination of
bromoallene 71 in MeOH.

in DMF at around 70 °C afforded the corresponding 3-pyrroline derivative 70 as
the sole isolable product. This aziridination reaction is extremely useful in that
various aryl groups on the double bond can be introduced by use of readily availa-
ble aryl halides in the final step of the synthetic route.

Ohno, Hamaguchi, Tanaka, and coworkers recently found that treatment of bro-
moallene 71 with Pd(PPhs)s and NaOMe in MeOH provided the 2,3-cis-2-(1-me-
thoxy)vinylaziridine 76 stereoselectively (Scheme 2.21) [37]. Since palladium(0)
equilibrates vinylaziridines to give the thermodynamically more stable cis isomers
[29], this result strongly suggests the formation of the r-allylpalladium complex 75
bearing a methoxy group on the central carbon. In other words, bromoallene 71
can act as allyl dication equivalent when treated with palladium(0) in an alcoholic
solvent. This aziridination would proceed through oxidative addition of bromoal-
lene 71 to palladium(0), reversible isomerization of 72 to m-propargylpalladium
complex 73, intramolecular nucleophilic addition by methoxide at the central car-
bon of 73 to produce a palladacyclobutene 74, and finally, protonation and cycliza-
tion to give the vinylaziridine 76.

2.2.5
Aziridination of a,f-unsaturated Oximes and Hydrazones

Unsaturated oximes are attractive substrates for aziridine synthesis. Treatment of
oxime 77 with Red-Al yielded vinylaziridines 78, 79, and 80, in various ratios de-
pending on the E/Z ratio of the starting oxime 77 (Scheme 2.22) [38]. This reaction
should proceed through abstraction of Ha, Hg, or Hc in the intermediate 81,
followed by hydride reduction of the resulting 2 H-azirines 82-84.

A related synthesis of vinylaziridines 88 by treatment of a,B-unsaturated hydra-
zones 85 with Grignard reagents has also been reported (Scheme 2.23) [39]. Ni-
trenes 86 were proposed as plausible intermediates, their cyclization to azirine 87
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Scheme 2.22 Reductive aziridination of an o,p-unsaturated
oxime.
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Scheme 2.23 Aziridination of o,f3-unsaturated hydrazones with
vinylmagnesium bromide.

and subsequent addition of vinylmagnesium bromide affording the vinylaziridines
88.

23
Ring-opening Reactions with Nucleophiles

2.3.1
Hydride Reduction

The first of the nucleophilic ring-opening reactions of vinylaziridines discussed in
this section is diborane reduction, developed by Laurent and coworkers in 1976
(Scheme 2.24). Treatment of N-unsubstituted vinylaziridines 89 with B,Hg gives
allyl amines 92 by Sn2’ reduction via cyclic intermediates 90 [40]. In contrast,
treatment with 9-BBN gives 2-(hydroxyethyl)aziridines 93 after oxidative workup
(Scheme 2.25) [41].

In 1995, palladium-catalyzed reduction of vinylaziridines with formic acid was
reported [42]. As shown in Scheme 2.26, 1,2-reduction products 95 and 1,4-prod-
ucts 96 were obtained in ratios depending on the reaction conditions, such as the
additive, solvent, and catalyst employed. Both the E/Z selectivity of 95 and the
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Scheme 2.24 Diborane-mediated Sn2’ reduction of
vinylaziridines.
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Scheme 2.25 Hydroboration of vinylaziridines
with 9-BBN.
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Scheme 2.26 Palladium(0)-catalyzed reduction with formic
acid.

stereoselectivity at the a-carbon of 96 are strongly affected by palladium-catalyzed
isomerization of B-aziridinyl-o,B-enoates [29, 43] (see Section 2.4.6).

232
Organocopper-mediated Alkylation

In 1994, two research groups independently reported organocopper-mediated
ring-opening reactions of vinylaziridines. The original stereospecific Sx2’ alkyla-
tion by Ibuka, Fujii, Yamamoto, and coworkers was carried out by treatment of f-
aziridinyl-a,B-enoates 97, 98, 99, or 100 with organocyanocuprate species such as
RCu(CN)Li or R3ZnLi/CuCN (cat.) to give diastereomerically pure (E)-alkene di-
peptide isosteres 101 or 102 in 82-98 % yields, together with small amounts of Sx2
products (<6 % yield, Scheme 2.27) [44]. A few months later, Wipf’s group reported
a closely related alkylative ring-opening reaction of B-aziridinyl-o,B-enoates 103,
possessing carbonyl substituents on their nitrogen atoms, with organocyanocu-
prate in the presence of BF; (Scheme 2.28) [45]. This reaction sometimes provides
a considerable amount of 1,4-reduction products (<24 %) or Sn2-alkylation prod-
ucts (<15 % yield).



2.3 Ring-opening Reactions with Nucleophiles

COgMe
R1 — R R1 \:/
NX—7.  COM R : v\
H\w 2ve NcoMe —— H
| NHTs |
Ts Ts
97 101 98
0,M
1 R R1 L C olvle
\‘Wi— CO.M R X N
R\ H o COMe = H'\/ M
" "
99 102 100

Reagent: R3ZnLi/30 mol% CuCN or RCu(CN)Li.

Scheme 2.27 Ibuka’s ring-opening reaction of p-aziridinyl-
a,f-enoates with organocuprates.
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Scheme 2.28 Wipf's ring-opening reaction of [3-aziridinyl-
a,f-enoates with organocuprates.

Treatment of cyclic vinylaziridine 105 with organocuprates of the R,Culi type
proceeds in a highly syn-selective manner (Scheme 2.29) [46]. The syn stereochem-
istry of the reaction reflects the effect of the acetonide group, which directs the
nucleophilic attack to the less hindered a-face. The formation of Sx2 products 109
from the cyclic (chlorovinyl)aziridine 107 can be explained by assuming a syn-Sy2'

L3 new (03

N H
17 105 NHTs
106 (23-76%)
Cl cl R R
o ' O . 0
>< RoCulLi >< RoCulLi A ><
R O - O R\\‘ - O
N _ =z E
) NTs NHTs
s qo7 108 109 (52-89%)

Scheme 2.29 Ring-opening reactions of cyclic vinylaziridines.
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R S i Ar:
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NHP(O)Phy Scheme 2.30 Ring-opening reaction with
P(O)Ph; organocopper reagents to form (E)-allyl
110 1M1 amines.

ring-opening reaction of 107 followed by an anti-Sn2' reaction of the resulting allyl
chloride intermediate 108 [47].

The final example of the organocopper-mediated ring-opening reaction involves
the reactions of aziridines possessing terminal vinyl groups. Sweeney and cowork-
ers reported that 2,3-trans-3-aryl-2-vinylaziridines 110 exclusively gave (E)-allyl
amines 111 on treatment with Gilman-type organocopper reagents (Scheme 2.30)
[14].

At almost the same time, Ibuka and coworkers reported the closely related reac-
tions of various 3-alkyl-2-vinylaziridines and demonstrated the stereochemical out-
comes of the reactions in detail (Scheme 2.31) [48]. Treatment of cis-aziridines 112
with organocopper reagents gave exclusively (E)-allyl amines 114 in high yields,
while the trans-aziridines 113 afforded mixtures of (E)- and (Z)-allyl amines
(114:115 = >85:15). The exclusive formation of (E) isomers 114 from cis-aziridine
112 is presumably due to steric crowding of the disfavored conformer 117, which
gives rise to (Z)-allyl amine 115. In contrast, allylic 1,3-strain may be minimized in
conformer 116. Therefore, organocopper reagents react with 112 by an anti-Sx2’
reaction pathway from the favorable conformer 116 to yield the (E) isomer 114
exclusively.
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Scheme 2.31 Stereochemical course of ring-opening reactions
with organocopper reagents.
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233
Reactions with Oxygen Nucleophiles

Ring-opening reactions of vinylaziridines with oxygen nucleophiles are generally
mediated by acid. This type of reaction is extremely useful for the stereodivergent
synthesis of vic-amino alcohols. In 1996, Davis and coworkers demonstrated a
highly stereoselective synthesis of threo- and erythro-sphingosines from the com-
mon intermediate cis-N-sulfinylaziridine 120 (Scheme 2.32) [49]. Treatment of 120
in acetone/TFA/H,0 gave B-hydroxy-a-amino acid ester 121 as a single isomer in
72% yield. Reduction of 121 with LiBH4 gave L-threo-sphingosine 124 in 80%
yield. In sharp contrast, treatment of 120 with trifluoroacetic anhydride (TFAA) in
CH,Cl; resulted in an 88:12 mixture of erythro- and threo-123. The unusual forma-
tion of erythro-123 by nucleophilic attack from the same side as the departing
amino group can be attributed to the Pummerer-type rearrangement of sulfoxide,
the activated sulfoxide complex undergoing a stereospecific [3,3]-sigmatropic re-
arrangement involving the migration of the trifluoromethyl acetoxy group to a
developing carbocation or ion pair 122.

Tamamura, Fujii, and coworkers reported a stereodivergent synthesis of (E)-
alkene dipeptide isosteres by a combination of regiospecific ring-opening reactions
of vinylaziridines with an acid and organocuprate (Scheme 2.33) [50]. Thus, y-
aziridinyl-o,B-enoates 126, readily obtained by palladium-catalyzed isomerization
of diastereomeric mixtures 125 and subsequent recrystallization, were subjected to
the organocopper-mediated ring-opening reaction to give L,L-type (E)-alkene di-
peptide isosteres 127 in a highly stereoselective manner. In contrast, methane-
sulfonic acid-mediated ring-opening reactions of 126 yielded the corresponding
allyl mesylates 128 with inversion of configuration, and these were converted into
L,D-type 129 by anti-Sn2’ substitution with organocopper reagents. By use of orga-
nozinc-derived copper reagents, (L-Xaa, L-Glu)- and (L-Xaa, D-Glu)-type dipeptide

NH;

TFA  CygHorn A~ threo-124

— COzMe (0%
p-tolyl O
H |S H

= N COMe COMe
Ci3Ha7 2
120 TFAA

%
NHa _l NHCOCF;
C13H27\/\/'\/0H P C13H27\/\/'\002Me

OH OH
erythro-124 123 (67%, 88:12)
Scheme 2.32 Stereodivergent synthesis of threo- and erythro-
sphingosines 124.
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Scheme 2.34 Acetic acid-catalyzed ring-opening.

isosteres 127 and 129 (R = CH,CH,COR’), respectively, can be synthesized in
good to excellent yields [51].

Ring-opening of diastereomerically pure vinylaziridine 131, prepared by azir-
idination of butadiene with 3-acetoxyaminoquinazolinone 130 [52], yielded acetate
132 with inversion of configuration, together with amino alcohol 133 with reten-
tion (Scheme 2.34) [53]. The formation of 133 can be explained by assuming partic-
ipation by the quinazolinone carbonyl oxygen, which produces an intramolecular
reaction with the aziridine carbon with retention of configuration.

A stereodivergent synthesis of vic-amino alcohols by ring-opening of N-unsub-
stituted aziridines 134 with an acid was reported by Somfai and coworkers
(Scheme 2.35) [54]. Whereas aziridines 134 were regioselectively hydrolyzed into
anti-amino alcohols 135 by treatment with HClO4 in THF/H,O, acetylation of 134
and subsequent rearrangement of the resulting acetates by treatment with
BF; - OEt gave oxazolines 136 with retention of configuration, and these were
hydrolyzed and deacetylated to give the corresponding syn-amino alcohols 137 in a
stereospecific manner. This stereodivergent ring-opening reaction is useful for the
synthesis of D-erythro- and L-threo-sphingosines [55].

An interesting oxidative ring-opening reaction is shown in Scheme 2.36. Oxida-
tion of vinylaziridines 138 with m-CPBA gave 142 through [2,3] Meisenheimer
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Scheme 2.36 Possible mechanism of the oxidative
rearrangement of vinylaziridines.
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Scheme 2.37 Intramolecular reaction of an oxygen nucleophile
to give dihydrofurans.

rearrangement of the initial N-oxide 139 followed by further oxidation of 140 and
ring-cleavage [56].

Finally, an intramolecular reaction of an oxygen nucleophile to give 2,5-dihy-
drofuran derivatives 146 is shown in Scheme 2.37. Since the vinylaziridines were
generated in situ by treatment of imines 143 with ylide 144, this ylide is formally
acting as an equivalent of the 2,5-dihydrofuran anion [57].
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Scheme 2.39 Ring-opening reactions with halogen
nucleophiles.
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Reactions with Other Nucleophiles

Oshima and coworkers reported the preparation of allylsilanes such as 148 by ring-
opening reactions of three-membered rings such as aziridines 147 with silylalu-
minium reagents as shown in Scheme 2.38 [58].

Halogen atoms can be stereoselectively introduced by ring-opening of y-azir-
idinyl-a,B-enoates (Scheme 2.39). Treatment of 149 with diethylaminosulfur tri-
fluoride (DAST) results in stereospecific ring-opening to yield fluorinated deriva-
tive 150 [59]. A related stereoselective conversion of y-aziridinyl-o,B-enoates 151
into allyl halides 152 by use of lithium halide in the presence of Amberlyst 15 was
also reported recently [60].

24
Isomerization Including Rearrangement

Isomerization of vinylaziridines is widely used in organic synthesis. Six types of
isomerization of vinylaziridines are shown in Scheme 2.40. Outlined in this sec-
tion are: i) azepine formation by aza-[3,3]-Claisen rearrangement of 1,2-divinyl- or
2,3-divinylaziridines 153 (Section 2.4.1), ii) pyrroline formation from 155 (Section
2.4.2), iii) aza-[2,3]-Wittig rearrangement of anionic species 157 (Section 2.4.3),
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Scheme 2.40 Isomerization of vinylaziridines.

) hydrogen shift from 159 (Section 2.4.4), v) rearrangement of vinylaziridines 161
with an aryl group (Section 2.4.5), and vi) epimerization of 163 at the allylic posi-
tion (Section 2.4.6).

2.4
Aza-[3,3]-Claisen Rearrangement

Formation of azepine derivatives by aza-[3,3]-Claisen rearrangements was first re-
ported by Stogryn and Brois, an isomeric mixture of 2,3-divinylaziridines 166,
generated by treatment of sulfonate 165 with NaOH, being converted into azepine
167 by steam distillation (Scheme 2.41) [61]. In this case, unchanged trans-azir-

Moio;_ﬂ - —»Q ﬁW
£t Et

* NHEt N

165 Et 166 167 168

(32%; 167:168 = 30:70)

Scheme 2.41 Pioneering works on isomerization of
divinylaziridines to azepines.
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Scheme 2.43 Pioneering works on isomerization of 1,2-diviny-
laziridine derivatives to azepines.

idine 168 was also obtained (167:168 = 30:70). A similar azepine formation using
diastereomerically pure 2,3-cis-1-methyl-2,3-divinylaziridine has also been reported
62].

Thermal rearrangement of cis-2-ethynyl-3-vinylaziridine 169 forms 1H-azepine
171 (Scheme 2.42). This reaction proceeds through aza-[3,3]-Claisen rearrange-
ment followed by a [1,3]-hydrogen shift of the cyclic allenene intermediate 170 [63].
The corresponding trans-aziridine also yielded the same azepine 171, by thermal
isomerization to the cis isomer 169 through carbon-carbon bond cleavage followed
by reaziridination [64].

Azepine formation from 1,2-divinylaziridine derivatives was first reported by
two independent research groups in 1967 (Scheme 2.43). Stogryn and Brois found
that 1,2-divinylaziridine 172, prepared by low-temperature addition of N-unsub-
stituted 2-vinylaziridines to hexafluoro-2-butyne, isomerized to azepine 174 via the
1,2-cis isomer 173 on standing at room temperature overnight [65]. At almost the
same time, Scheiner reported that heating of vinylaziridine 175, possessing a sub-
stituted phenyl group on the nitrogen atom, resulted in a clean rearrangement to a
fused ring 176 (Scheme 2.43) [66]. Similarly, thermal isomerization of 1-hetero-
aromatic-2-vinylaziridines such as 177 yielded the corresponding pyrido-, isothia-
zolo-, and thienoazepines as shown in Scheme 2.44 [67]. Since the isomerization
of N-pyridino-2-vinylaziridines to the corresponding azepine shows substituent
effects completely analogous to those of the related benzenic O-Claisen rearrange-
ment, the ring-expansion reaction of divinylaziridines should be described as a
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Scheme 2.44 Formation of pyrido-azepine 178.
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Scheme 2.45 Aza-[3,3]-Claisen enolate rearrangements of
1-acyl-2-vinylaziridines.
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Scheme 2.46 Rearrangements of 2-vinylaziridines possessing
carbonyl or thiocarbonyl groups.

concerted [3,3]-sigmatropic rearrangement [68]. A related isomerization of 4-(2-vi-
nylaziridino)-5-methoxy-1,2-benzoquinones to bicyclic benzoquinones was also re-
ported [69].

In 1997, Lindstrom and Somfai reported aza-[3,3]-Claisen enolate rearrange-
ments of vinylaziridines (Scheme 2.45) [70]. Treatment of 1-acyl-2-vinylaziridines
179 with LHMDS resulted in the stereoselective formation of seven-membered
lactams 181, presumably through a boat-like transition state 180.

Finally, formation of seven-membered rings by vinylaziridines possessing car-
bonyl or thiocarbonyl groups are shown in Scheme 2.46. Thermolysis of 182 in
toluene at reflux yielded 4,7-dihydro-1,3-oxazepine 183 [71]. Similarly, treatment of
N-unsubstituted vinylaziridine 184 with phenyl isothiocyanate in ether at 0 °C gave
seven-membered ring 185, via a 1-thiocarboxanilide-2-vinylaziridine intermediate

[72].

242
Pyrroline Formation

Pyrroline formation through rearrangement of vinylaziridines was first reported
with 1-vinylaziridine derivatives by Whitlock and Smith (Scheme 2.47) [73]. So-
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Scheme 2.47 Rearrangement of 1-vinylaziridines to 1-pyrroline
derivatives.

dium iodide-mediated ring-opening of 186 and subsequent ring-formation af-
forded a bicyclic 1-pyrroline 188 in 37 % yield, presumably through the intermedi-
ate 187. A related conversion was also observed on the photolysis of 1-vinyl-
1,2,3-triazole 189, via the 1-vinylaziridine intermediate 190 [74].

Thermal rearrangement of 2-vinylaziridines yields 3-pyrrolines. When aziri-
dines 192 were heated in decalin at 180 °C, 3-pyrrolines 193 were formed in
75-85% yields (Scheme 2.48) [75]. A similar rearrangement was also observed by
Lwowski and coworkers [4]. This type of rearrangement can be effectively pro-

R rR!' R®
! . - )
| decalin l}l l\{
R reflux R
192 193 (75-85%)
Ph
H o LDA W _HBr 7\_/<
N |
R H2 Br~
195 (48—52%) 196 (70-85%)
X X « X
N X
—_— |\ I N | — \
N3 N~/ N
197 (X = SPh, OTBS, etc.) 198 199 200

(up to 91%)

Scheme 2.48 Rearrangement of 2-vinylaziridines to 3-pyrroline
derivatives.
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Scheme 2.49 Palladium(0)-catalyzed isomerization of
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Scheme 2.50 Thermal rearrangement to 2-pyrrolines.

moted by an acid: treatment of 2-vinylaziridines 195, prepared by LDA-induced
ring-opening of 1-azabicyclobutanes 194, with 48 % HBr gave 3-pyrrolines 196 as
their hydrobromide salts, while heating of 195 in decalin at 175-180 °C resulted in
decomposition of 195 without formation of the pyrrolines 196 [76]. Bicyclic vinyla-
ziridines 199 are regarded as plausible intermediates in the intramolecular reac-
tions of azides 197 with electron-rich 1,3-dienes to form bicyclic 3-pyrrolines 200
[77).

Palladium(0)-catalyzed isomerization of 2-dienylaziridines 201 to 3-pyrrolines
202 was reported in 1985 by Oshima, Nozaki, and coworkers (Scheme 2.49) [78].
This isomerization is in striking contrast to Ibuka’s palladium-catalyzed isomeriza-
tion of 2,3-trans-2-vinylaziridines to the corresponding 2,3-cis isomers (see Sec-
tion 2.4.6) [29].

Thermal rearrangement of 2-vinylaziridine 203, with an electron-withdrawing
substituent on the nitrogen atom, at reflux in decalin predominantly yielded 2-pyr-
roline 204 along with some 3-pyrroline derivatives 205 (Scheme 2.50) [79]. A sim-
ilar reaction was also observed with 1-alkyl-2-phenyl-3-vinylaziridines 206 [80].
From these observations, the nature of the products formed depends on the na-
tures of the substituents on the aziridine ring: if the ring carbon carries a phenyl
substituent, the thermolysis in most cases preferentially yields 2-pyrrolines.

Hudlicky and coworkers also reported a related 2-pyrroline formation from viny-
laziridines [81], which are extremely useful for the synthesis of pyrrolizidine alka-
loids such as the protected (+)-trihydroxyheliotridane 210 (Scheme 2.51). Since the
pyrolysis of either diastereomer of 208 furnished the cyclized product 209 as a
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Scheme 2.51 Pyrolysis of vinylaziridine 208 to 2-pyrroline 209.

single isomer, they proposed a diradical or zwitterionic closure of the intermediate
species 211 and 212.

243
Aza-[2,3]-Wittig Rearrangement

Aza-[2,3]-Wittig rearrangements of vinylaziridines were originally reported by Ah-
man and Somfai in 1994 (Scheme 2.52) [82]. Treatment of N-tert-butoxycarbonyl-
methyl vinylaziridines 213 with LDA afforded the corresponding cis-2,6-tetrahy-
dropyridines 215 as single isomers. The stereochemical outcome in the rearrange-
ment can be correctly accounted for by a concerted process through 214. This type
of reaction is also applicable to the 1-propargyl-2-vinylaziridines [83]. The same
group also demonstrated the synthesis of some indolizidine alkaloids such as 216
and 217 by use of the aza-[2,3]-Wittig rearrangement [84]. Coldham and coworkers
reported a similar rearrangement of 2-(1-phenylvinyl)aziridines possessing tert-
butoxycarbonylmethyl moieties on their nitrogen atoms [85].

a \\\RQ
- \‘O'I
N
H

2
R \\H

OtBu R™ “CO,t-Bu

TR
/—Z
\\~
T |
—
o
L >
B,
T
\\I
I/
o =8
[

913 CO2tBu 214 215 (92-98%)

O/ single isomer

— CgH13 WOSNT or ¢ Hi WOSNTT
6113 5M14

L/ /

216 (indolizidine 209D) 217 (indolizidine 209B)

Scheme 2.52 Aza-[2,3]-Wittig rearrangements of vinylaziridines
213 and alkaloid syntheses.
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Scheme 2.53 [2,3]-Stevens rearrangement of a vinylaziridine-
derived ammonium ylide 219.

The aza-[2,3]-Wittig rearrangement of a vinylaziridine-derived quaternary azir-
idinium ylide (i.e., [2,3]-Stevens rearrangement) has recently been reported
(Scheme 2.53) [86]. The aziridinium ylide 219, generated by the intramolecular
reaction of a copper carbenoid tethered to a vinylaziridine, underwent a [2,3]-Ste-
vens rearrangement to furnish the bicyclic amine 220 with the indolizidine skel-
eton.

2.4.4
Hydrogen Shift

Hydrogen shifts are often observed in thermal isomerizations of vinylaziridines.
Heating of compounds 221 at 180 °C produced mixture of 3-pyrrolines 222 and
hydrazones 223 (Scheme 2.54) [87]. The formation of 223 can be explained in
terms either of a concerted hydrogen shift as depicted in 224 or of diradical inter-
mediates 225, both of which would be followed by thermal isomerization of the
(Z)-carbon-carbon double bonds to provide the (E) isomers 223.

The shift of a hydrogen on the nitrogen substituent of the 1-benzyl-2-vinylazir-
idine 226 was observed on heating at 160 °C, selectively affording imines 227
through [1,5]-hydrogen shift (Scheme 2.55) [80b]. Similar [1,5]-hydrogen shifts
were also reported by Pearson and coworkers [77] in their study on the thermal
isomerization of bicyclic vinylaziridines 199 already described in Section 2.4.2
(Scheme 2.48) and by another research group [88].

Somfai and coworkers investigated the thermal isomerization of vinylaziridines
228 and found that while LDA-mediated isomerization of 228, possessing a tert-
butyl acetate moiety (R* = CO,t-Bu), afforded tetrahydropyridines by aza-[2,3]-Wit-

Q - R—N
N—NT|  decalin H
7 K RN ‘\’
N R! 180 °C AN
-~ N\/\/Me 225
=R 55 223

(222:223 = 1:0.6-1:1.5)

Scheme 2.54 Imine formation through hydrogen shifts.
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Scheme 2.57 Migration of hydrogen on the nitrogen atom.

tig rearrangement as already shown in Scheme 2.52, thermal rearrangement of
228 stereoselectively gave allylic imines 230 in quantitative yields through [1,5]-hy-
drogen shifts, presumably via the transition states 229 (Scheme 2.56) [89].

Finally, hydrogen migration in the N-unsubstituted 2-vinylaziridines 231 is
shown in Scheme 2.57. Thermal isomerization of 231 gave imines 233 through
heterolytic cleavage of the carbon-carbon bonds of the aziridine rings and migra-
tion of hydrogen on the nitrogen through intermediates such as 232.

245
Rearrangement with an Aryl Group on the Aziridine Carbon

An interesting rearrangement of 1,3-divinyl-2-phenylaziridines was reported in
1979. As shown in Scheme 2.58, trans addition of N-unsubstituted aziridines to
ethyl propiolate gave 1,3-divinylaziridines 234, which could be rearranged to pro-
vide 1,4-dihydronaphthalenes 236 by heterolytic cleavage of the carbon-nitrogen
bond via the intermediates 235. To the best of my knowledge, this is the only
example demonstrating rearrangement of 2-vinylaziridines possessing aryl groups
on their aziridine carbons. Related reactions of N-aryl-2-vinylaziridines have al-
ready been mentioned in Section 2.4.1 (Schemes 4.43 and 4.44).
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Scheme 2.58 Formation of 1,4-dihydronaphthalenes 236
through rearrangement of 234.

246
Epimerization

As described in Section 2.3.2, vinylaziridines are versatile intermediates for the
stereoselective synthesis of (E)-alkene dipeptide isosteres. One of the simplest
methods for the synthesis of alkene isosteres such as 242 and 243 via aziridine
derivatives of type 240 and 241 (Scheme 2.59) involves the use of chiral anti- and
syn-amino alcohols 238 and 239, synthesizable in turn from various chiral amino
aldehydes 237. However, when a chiral N-protected amino aldehyde derived from a
natural g-amino acid is treated with an organometallic reagent such as vinylmag-
nesium bromide, a mixture of anti- and syn-amino alcohols 238 and 239 is always
obtained. Highly stereoselective syntheses of either anti- or syn-amino alcohols 238
or 239, and hence 2,3-trans- or 2,3-cis-3-alkyl-2-vinylaziridines 240 or 241, from
readily available amino aldehydes 237 had thus hitherto been difficult. Ibuka and
coworkers overcame this difficulty by developing an extremely useful epimeriza-
tion of vinylaziridines. Palladium(0)-catalyzed reactions of 2,3-trans-2-vinylaziri-
dines 240 afforded the thermodynamically more stable 2,3-cis isomers 241 pre-
dominantly over 240 (241:240 >94:6) through n-allylpalladium intermediates, in
accordance with ab initio calculations [29]. This epimerization allowed a highly
stereoselective synthesis of (E)-alkene dipeptide isosteres 243 with the desired L,L-

OH =~ B
1 B R \ R A
— R =z — i §N7 ‘H - Y\/\COZRS
2
NHR2 IlR 5 NHR
R _CHO 238 240 242 (L,D-type)
e 7 Pd(0 l( 6-99%)
237 V’ R
. N ‘s — R1
\‘/k/ N NCO2R3
NHR? F'{ NHR?
239 241 243 (L,L-type)

Scheme 2.59 Synthesis of L,L-type (E)-alkene dipeptide
isosteres 243 through palladium(0)-catalyzed isomerization of
vinylaziridines 240.
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Scheme 2.60 Epimerization of y-aziridinyl-a,3-enoates and
synthesis of alkene isosteres.

stereochemistries through mixtures of trans- and cis-2-vinylaziridines 240 and 241.
Rhodium or iridium complexes also catalyze this epimerization [90].

A related palladium(0)-catalyzed epimerization of y-aziridinyl-a,B-enoates 244
was also reported by Ibuka, Ohno, Fujii, and coworkers (Scheme 2.60) [43]. Treat-
ment of either isomer of 244 with a catalytic amount of Pd(PPh;), in THF yielded
an equilibrated mixture in which the isomer 246 with the desired configuration
predominated (246:other isomers = 85:15 to 94:6). In most cases the isomer 246
could be easily separated from the diastereomeric mixture by a simple recrystalli-
zation, and the organocopper-mediated ring-opening reaction of 246 directly af-
forded L,L-type (E)-alkene dipeptide isosteres 243.

25
Cycloaddition

2.5.1
Cycloadditions of Isocyanates and Related Compounds

Cycloadditions of isocyanates and their derivatives with vinylaziridines were first
reported by Alper and coworkers. From their previous studies of cycloadditions to
vinylepoxides or alkylaziridines, they investigated cycloadditions to vinylaziridines
and found that such reactions with isocyanates, carbodiimides, or isothiocyanates
in the presence of catalytic amounts of Pd(OAc); (2 mol %) and PPh; (10 mol %) at
room temperature afforded five-membered ring products 249 in 34-97% yields
(Scheme 2.61) [91]. When an aziridine 247 possessing an alkyl substituent at the

1

T a0 W —(

N _— — RZ/NYY X Y

Fliz x== ~ NR2 X a O NAr

247 248 249a-¢ b mr N;“
(36-97%) ¢ N

Scheme 2.61 Palladium(0)-catalyzed cycloaddition of
heterocumulenes.
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Scheme 2.63 Palladium(0)-catalyzed cycloadditions of
activated olefins.

3-position (R' = alkyl) was used, an approximately 2:1 mixture of cis and trans five-
membered ring 249 was obtained. The palladium catalyst activates the vinylazir-
idines by forming m-allylpalladium intermediates 248, similarly to Ibuka’s isomer-
ization of vinylaziridines [29].

An asymmetric version of the cycloaddition of isocyanates to vinylaziridines was
recently reported by Trost and Fandrick (Scheme 2.62) [92]. Treatment of racemic
vinylaziridines 250 with isocyanates in the presence of (n*-C3HsPdCl), (2 mol %)
and chiral ligand (R,R)-251 (6 mol %) gave the corresponding chiral imidazolidi-
nones 252 in up to 95% ee by dynamic kinetic asymmetric transformation through
n*-n'-n? interconversion. The obtained imidazolidinones 252 were easily con-
verted into the corresponding chiral diamines by successive treatment with LIAIH,
and H,NOH - H,0. A related CeCls-promoted asymmetric cycloaddition using
(S)-BINAP and Pd,(dba); - CHCl; giving up to 83 % ee was recently reported by
Alper’s group [93].

Yamamoto and coworkers developed cycloadditions between activated olefins
and vinylaziridines 253 with the aid of a palladium(0) catalyst (Scheme 2.63) [94],
based on their three-component aminoallylation reaction. The corresponding 4-vi-
nylpyrrolidines 255 were obtained as mixtures of diastereomers (cis:trans = 55:45 to
23:77).

2.5.2
Carbonylative Ring-expansion to Lactams

Ring expansions of vinylaziridines with carbon monoxide are a useful transforma-
tion with which to produce lactams. In 1974, a light-induced reaction between
vinylaziridine 256 and Fe(CO)s, forming the m-allyltricarbonyliron lactam complex
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Scheme 2.65 Palladium(0)-catalyzed carbonylative
ring-expansion.

257 by ring-opening and subsequent insertion of carbon monoxide into the Fe-N
bond, was first reported by Aumann and coworkers (Scheme 2.64) [95]. At 60 °C,
257 decomposes quantitatively with a loss of one equivalent of CO to form 258.

Ley and Middleton synthesized ketone-functionalized lactam complexes 260
(Scheme 2.64) by sonication of vinylaziridines 259 with Fe;(CO)o in benzene.
These complexes were easily converted into the corresponding B-lactams 261 by
stereoselective addition of nucleophiles such as NaBH}, or trialkylaluminium to the
carbonyl group followed by decomplexation with Me3;NO [96].

In 1991, Ohfune and coworkers reported palladium(0)-catalyzed carbonylation
of vinylaziridines 262 with carbon monoxide (1 atm.) in benzene (Scheme 2.65)
[31]. Interestingly, 3,4-trans-azetidinone 264 was exclusively obtained from a dia-
stereomeric mixture of trans- and cis-vinylaziridines 262 (3:1). Tanner and Somfai
synthesized (+)-PS-5 (267) by use of palladium(0)-catalyzed trans-selective B-lactam
formation in the presence of Pd(dba)s; - CHCIs (15 mol%) and excess PPhs in
toluene.
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2.6
Electron Transfer to Vinylaziridines

Electron transfer to vinylaziridines results in ring-opening reactions, yielding allyl
amines. Treatment of 268 with SmI,/DMEA (N,N-dimethylethanolamine) pro-
vided allyl amine 269 as a 2:1 mixture of olefinic isomers in 88 % yield (Scheme
2.66) [97].

Another example is indium(0)-induced electron transfer to aziridines 270 incor-
porating allyl iodide moieties (Scheme 2.66). Treatment with indium(0) in MeOH
at reflux gave the corresponding chiral (E)-dienylamines 271 in excellent yields
[98]. It should be noted that indium was found to be more effective for this trans-
formation than other metals such as zinc, samarium, and yttrium.

In 2001, an interesting umpolung of optically active vinylaziridines through pal-
ladium(0)-catalyzed metalation with indium(1) iodide and addition to aldehydes,
resulting in the stereoselective formation of syn,syn-2-vinyl-1,3-amino alcohols 274,
each possessing three contiguous chiral centers, was reported by Takemoto and
coworkers (Scheme 2.67) [99]. The ratio of the syn,syn isomer to the other three
isomers was up to 93:7, being significantly affected both by the C-3 substituents on
the aziridines (R') and by the R groups of the aldehydes. The stereoselectivities can
be reasonably explained by considering the preferable cyclic transition states such
as 273. This is the only example that demonstrates the reactivity of vinylaziridines
as nucleophiles for carbon-carbon bond-forming reactions. A related umpolung of
chiral 2-ethynylaziridines by indium(1) and stereoselective addition of the resulting
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18 NHTs
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/Q/\/\ R)\N
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270 271 (91-93%)
Scheme 2.66 Ring-opening reactions resulting from electron
transfer.
H 4
R! —  cat. Pd(0) R! 1
\‘\’W{ Inl, RCHO /ﬁ;’r*‘ R R
H H Xpln- O 2 | T
N 2T NXR NH OH
R? H K2
272 273 274

Scheme 2.67 Indium(1)-mediated umpolung and addition to
aldehydes.
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allenylindium reagents to aldehydes was reported by Ohno, Hamaguchi, and
Tanaka in 2000 [100].

2.7
Conclusions

As described, vinylaziridines are versatile intermediates for many kinds of com-
pounds containing nitrogen, thanks to the interesting chemical properties arising
from strained aziridine rings at reactive allylic positions. Ethynylaziridines, acet-
ylene analogues of vinylaziridines, have also attracted much attention in recent
years as useful synthetic intermediates for such compounds as amino alcohols
[100] and amino allenes [101], although restrictions of space do not allow detailed
description of the synthesis [102], [103], [104], [105] and reactions of ethynylazir-
idines. Vinylaziridines and their related compounds are becoming a more useful
and important class of compounds in organic synthesis and will continue to fasci-

nate organic chemists.
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3

Asymmetric Syntheses with Aziridinecarboxylate and
Aziridinephosphonate Building Blocks

Ping Zhou, Bang-Chi Chen, and Franklin A. Davis

3.1
Introduction

Chiral nonracemic trans- and cis-aziridine-2-carboxylates 1 (Scheme 3.1) are special
members of the vast and diverse family of aziridines. These three-membered ni-
trogen heterocyclic molecules are considered amino acids, not only because of the
ease with which they are converted into acyclic a- and B-amino acids, but also
because of the pronounced biological activities resulting from their incorporation
into peptides as special amino acid units. Synthetically, aziridines have been widely
used as versatile chiral building blocks for the synthesis of a variety of biologically
and pharmaceutically important molecules. In addition, naturally occurring azir-
idine-2-carboxylic acid has also been reported. More recently, methods for the syn-
theses of analogous chiral nonracemic trans- and cis-aziridine-2-phosphonates 2
have been developed, and their uses as chiral building blocks have also emerged.

The chemistry of aziridine-2-carboxylates and phosphonates has been discussed
in part in several reviews covering the literature through 1999 [1-3]. This chapter is
intended to give an overview of asymmetric syntheses using chiral nonracemic
aziridine-2-carboxylates and -phosphonates with particular emphasis on their ap-
plications as chiral building blocks in asymmetric synthesis since 2000. Some
overlap with earlier reviews is necessary for the sake of continuity.

2 2 2
R R R R
N N N N
Rh./Q\..H H"P\"H R1"/Q\"H HHAMH
H CO.R R' CO.,R H  PO(CR), R'  PO(OR),
trans-1 cis-1 trans-2 cis-2
Scheme 3.1
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3 Asymmetric Syntheses with Aziridinecarboxylate and Aziridinephosphonate Building Blocks

3.2
Preparation of Aziridine-2-carboxylates and Aziridine-2-phosphonates

3.2.1
Preparation of Aziridine-2-carboxylates

A variety of methods for the asymmetric syntheses of aziridine-2-carboxylates have
been developed. They can be generally classified into eight categories based on the
key ring-forming transformation and starting materials employed: (i) cyclization of
hydroxy amino esters, (ii) cyclization of hydroxy azido esters, (iii) cyclization of a-
halo- and a-sulfonyloxy-B-amino esters, (iv) aziridination of o,B-unsaturated esters,
(v) aziridination of imines, (vi) aziridination of aldehydes, (vii) 2-carboxylation of
aziridines, and (viii) resolution of racemic aziridine-2-carboxylates.

3.2.1.1 Cyclization of Hydroxy Amino Esters

The earliest method developed for the preparation of nonracemic aziridine-2-car-
boxylates was the cyclization of naturally occurring B-hydroxy-o-amino acid deriva-
tives (serine or threonine) [4]. The B-hydroxy group is normally activated as a tosyl
or mesyl group, which is ideal for an intramolecular Sn2 displacement. The cycli-
zation has been developed in both one-pot and stepwise fashion [4-9]. As an exam-
ple, serine ester 3 (Scheme 3.2) was treated with tosyl chloride in the presence of
triethylamine to afford aziridine-2-carboxylate 4 in 71 % yield [9]. Cyclization of a-
hydroxy-B-amino esters to aziridine-2-carboxylates under similar conditions has
also been described [10].

The aziridine ring-formation is sometimes sensitive to the N-protecting group,
as well as to other factors. Treatment of 5 (Scheme 3.3) with mesyl chloride (MsCl)
and DMAP, for example, afforded bis-mesylate 6 in 97 % yield, but attempted
cyclization by use of Et;N in THF failed to give the desired aziridine 7 [11]. Use of
a combination of LiClO4/EtsN in THF gave rise to the desired product 7 in 71%
yield along with a small amount of azetidine 8 in a ratio of 25:1. Use of LiClO4/s-
collidine in dioxane afforded exclusively 7 in 91 % isolated yield.

Aziridine-2-carboxylates 12 (Scheme 3.4) have also been prepared from f-hy-
droxy-o-amino esters 9 by treatment with sulfuryl chloride in place of tosyl or
mesyl chloride. Treatment of 9 with thionyl chloride in the presence of triethyla-
mine, followed by oxidation of 10 with sodium periodate and a catalytic amount of

o d ‘\Hco M
\—4=COMe  TsCYNEtyTHF VARG
NH
reflux
Fe 71% Fe
—
3 4

Scheme 3.2
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ruthenium(r11) chloride, afforded aziridine 12. The same compound was obtained
on treatment of 9 with sulfuryl chloride and excess triethylamine. Both reactions
were believed to proceed through the intermediate 11, although it was not detected

[12).

Cyclization of B-hydroxy-a-amino esters under Mitsunobu reaction conditions is
an alternative approach to aziridine-2-carboxylic esters [6b, 13—16]. In this case the
B-hydroxy group is activated by a phosphorus reagent. Treatment of Boc-a-Me-p-
Ser-OMe 13 (Scheme 3.5) with triphenylphosphine and diethyl azodicarboxylate
(DEAD), for example, gave a-methyl aziridinecarboxylic acid methyl ester 14 in
85% yield [15]. In addition to PPh3/DEAD [13D, 15], several other reagent combi-

0 PPhy/DEAD COeMe
Ho/%J\OMe N
NHBoc THF éoc
13 85% 14

Scheme 3.5
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nations have also been used, including PPhs;/CC14/NEt; [13a], PPh3/CBr4/NEt;s
[13a], PPhs/DIAD [14a], and Ph;P(OEt), [16].

3.2.1.2 Cyclization of Hydroxy Azido Esters

A general method for the synthesis of N-unsubstituted aziridine-2-carboxylates
involves a triphenylphosphine-mediated reductive cyclization of hydroxy azido es-
ters [17-22]. A recent example involves the treatment of B-hydroxy-a-azido ester 15
(Scheme 3.6) with PPh; to give aziridine 16 in 90 % yield [19]. a-Hydroxy-B-azido
esters undergo similar reactions to give aziridine-2-carboxylates [20-22].

e PPh i
n"C12H25 4?’, n—C12H25 N
: OEt o N OEt
N ,rt. |
3 o H
15 90% 16

Scheme 3.6

3.2.1.3 Cyclization of a-Halo- and a-Sulfonyloxy-B-amino Esters and Amides
Michael addition of amines to a-halo-a,-unsaturated esters and derivatives gives
rise to a-halo-B-amino esters, which often undergo spontaneous cyclization to azir-
idine-2-carboxylates [23-28]. The diastereoselectivity of this process is not usually
satisfactory, but high asymmetric induction could be achieved through careful
choice of chiral directing group and reaction conditions. Treatment of a-bromo
acrylamide 17 (Scheme 3.7) with benzylamine, for example, produced aziridine 20
in 60-86% yield and with 100% de [26]. The key stereodifferentiating step in-
volved a face-selective protonation of enolate 18 to give a-bromo-B-amino amides
19, which then cyclized under the reaction conditions to give aziridines 20.

o) % y HO
N BnNH, ;N{_ng
72 By
:2\* N /NG
Br 02 Br 02

17 18
siface
protonation O 0
 —— Bn—N@?fN\@ — W?‘Né
Loer gz NH O
19 B 5

86%, 100% de
Scheme 3.7
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Amines also react with o,B-dibromo esters to give aziridine-2-carboxylates
[23-25, 29-30]. Here it has been suggested that initial formation of an a-bromo-
a,B-unsaturated ester through base-promoted elimination, followed by Michael ad-
dition of the amine, gives rise to an a-bromo-f-amino ester, followed by aziridine
ring-formation [24]. Like the direct aziridination of a-bromo-a,B-unsaturated es-
ters, this approach also suffers from generally low diastereoselectivity. The B-
amino-a-halo carboxylate intermediates involved in this approach to aziridine-
2-carboxlate could alternatively be generated by halogenation of B-amino esters:
treatment of f-amino ester 21 (Scheme 3.8) with LIHMDS in toluene, followed by
addition of iodine, for example, afforded aziridine 23 in 86 % yield and 96 % de via
the a-iodo intermediate 22 [31].

More recently, Dodd and co-workers reported that treatment of triflate 24
(Scheme 3.9) with benzylamine in DMF afforded aziridine lactone 25 in 43 % yield
[32]. Treatment of vinyl triflate 26 with (R)-phenylethylamine 27 gave a mixture of
diastereoisomers 28 and 29 in 71 % yield and a ratio of 1:1 [33].

3.2.1.4 Aziridination of o,8-unsaturated Esters

Asymmetric aziridination of a,B-unsaturated esters by use of N-nitrenes was stud-
ied in great detail by Atkinson and co-workers [34, 35]. Here, lead tetraacetate-
mediated oxidative addition of N-aminoquinazolone 30 (Scheme 3.10) to a-methy-
lene-y-butyrolactone 32 was reported to proceed with complete asymmetric induc-
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tion in the presence of trifluoroacetic acid. The only aziridine stereoisomer ob-
tained was shown by X-ray crystallography to be compound 33. It should be
pointed out that evidence against the involvement of N-nitrene 31 has also been
reported [36]. Use of the nonracemic oxidant lead tetra-(S)-2-methylbutanoate [37]
and chiral camphor-based auxiliaries [38] in this type of transformation has also
been described.

Thermolysis of acyl azides and subsequent cyclization to give aziridines has
been reported by Egli and Dreiding [39]. Heating of acylazide 34 (Scheme 3.11) in
an autoclave afforded aziridine 35 in 74 % yield [39].

More recently, Tardella and co-workers reported that treatment of 2-trifluorome-
thyl acrylate 36 (Scheme 3.12) with the anion generated from nosyloxycarbamate
37 gave rise to aziridine-2-carboxylate 38 in 96% yield and 72% de with unde-
termined stereochemistry [40]. Aza-MIRC (Michael-initiated ring closure) was
used to account for this transformation. A number of other hydroxylamine deriva-
tives have been employed successfully in this type of aziridination reaction, includ-

CFs CFs

:g/*o NaH/THF Bé}ﬁ
(@) + NSONHCOQEt o EtOQC
PhSO,—N -78°C, 12 h Ph802

96%, 72% de

36 38
Scheme 3.12
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ing N,O-bistrimethylsilylhydroxyamine [41-43], N-arylhydroxamates [44], and N-
benzylhydroxyamine [45]. The stereoselectivity, however, is generally poor to
modest.

A much more versatile and useful asymmetric synthesis of aziridine-2-carbox-
ylates involves reactions between a,B-unsaturated esters and [N-(p-toluenesulfony-
l)imino]phenyliodinane (PhI=NTs) in the presence of catalytic amounts of Cu(z)
salts, such as Cu(OTf) and CuClO,, together with a chiral ligand. A number of
chiral ligands have been developed and studied for this purpose [46—54]: some
examples include bis(oxazoline) 39 (Scheme 3.13) [46, 47], biphenylimine 40 [48,
49], and binaphthylimine 41 [50]. Treatment of 42 with PhI=NTs in the presence of
CuClO4 and ligand 41, for example, gave 43 in 91% yield and 97 % ee [50].

3.2.1.5 Aziridination of Imines

Reactions between imines and o-diazo carboxylates afford aziridine-2-carboxylates
[55]. An asymmetric version of this reaction using chiral nonracemic catalysts has
been described [53, 56-58]. As an example, catalytic aziridination of imine 44
(Scheme 3.14) with ethyl diazoacetate in the presence of 10% catalyst generated

—NCHPh, N
N,CHCO,Et H
Et0,C

B(OPh)y/45

44 PhMe
cis-a6  NO2

80%, 96% ee

Scheme 3.14
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from triphenylborate and ligand 45 afforded aziridine-2-carboxylate 46 in 80%
yield [57]. This reaction is highly stereoselective, giving the cis-aziridine 46 in
96 % ee.

The BF; - Et,0-catalyzed aziridination of compounds 47 (Scheme 3.15) with a
diazo ester derived from (R)-pantolacetone gave aziridine-2-carboxylates 48 [59].
The reaction exhibited both high cis selectivity (>95:<5) and excellent diastereose-
lectivity. Treatment of a-amino nitrile 49 (Scheme 3.16) with ethyl diazoacetate in
the presence of 0.5 equivalent of SnCl, afforded aziridines 50 and 51 in 39 % yield
in a ratio of 75:25 [60].

Darzens reactions between the chiral imine 52 and a-halo enolates 53 for the
preparation of nonracemic aziridine-2-carboxylic esters 54 (Scheme 3.17) were
studied by Fujisawa and co-workers [61]. It is interesting to note that the lithium
enolate afforded (2R,3S)-aziridine (2R,3S)-54 as the sole product, whereas the zinc
enolate give rise to the isomer (25,3 R)-54. The a-halogen did not seem to affect the
stereoselectivity.

More recently, Davis and co-workers developed a new method for the asym-
metric syntheses of aziridine-2-carboxylates through the use of an aza-Darzens-
type reaction between sulfinimines (N-sulfinyl imines) and a-haloenolates [62-66].
The reaction is highly efficient, affording cis-N-sulfinylaziridine-2-carboxylic esters
in high yield and diastereoselectivity. This method has been used to prepare a
variety of aziridines with diverse ring and nitrogen substituents. As an example,
treatment of sulfinimine (Ss)-55 (Scheme 3.18) with the lithium enolate of tert-
butyl bromoacetate gave aziridine 56 in 82 % isolated yield [66].

2H-Azirine-2-carboxylates such as 57 (Scheme 3.19) are a special class of imines
that undergo additions to their C=N double bonds to give aziridine-2-carboxylates



3.2 Preparation of Aziridine-2-carboxylates and Aziridine-2-phosphonates

-M+
p*MeOCg;H4\ oM THF/-78 °C to r.t.
+ = “0Bu-t
)>< j/\OMe g
OMe
53

OMe ]/\OMe
t BUOW jAOMe .+ eBu0” \< OMe

CSH4OMe—p CBH4OMe-p
(2R,35)-54 (25,3R)-54
X M Enolate 53  Yield (%) Ratio 54
Equiv. (2R,35)/(2S,3R)
cl L 3 44 91/9
Br L 10 49 100/0
cl  zZn 3 59 0/100
Br  Zn 3 59 0/100
Scheme 3.17
H H
o H BrCH,CO,Bu-t n-Pr=<—7=C0;Bu-t
Sk, e, N
p-Tolyl” "N "Pr-n LIHMDS/-78 °C Seo
Tolyl” >~
(S)-55 89% p-1oly
56
Scheme 3.18
COQBU t MeMng Me,/ QOzBU‘t
\7‘Me Ph=<—7=Me
90% N
57 H
58
Scheme 3.19

[65-67]. Indeed, treatment of azirine 57 with MeMgBr afforded aziridine-2-carbox-
ylate 58 in 90 % yield [65].

Lewis acid-mediated asymmetric Diels-Alder reactions between 2 H-azirines 59,
bearing chiral auxiliaries, with enophiles such as 60 afforded mixtures of bicyclic
aziridine-2-carboxylates 61 (Scheme 3.20) [68]. 8-Phenylmenthol appeared to be
the auxiliary of choice in this reaction in terms of yield and diastereoselectivity.

An enantioselective Diels-Alder reaction between the prochiral 2 H-aziridine 62
and cyclopentadiene 63 (Scheme 3.21) has also been reported [68]. Through the
use of (S)-BINOL 64 together with AlMes, aziridine-2-carboxylate 65 was obtained
in 50% ee and 41 % isolated yield [68].
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3.2.1.6 Aziridination of Aldehydes
Ishikawa and co-workers reported that treatment of chiral nonracemic guanidin-
ium bromide 66 (Scheme 3.22) with aldehyde 67, in the presence of tetramethyl-
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guanidine as the base, resulted in the formation of trans-aziridine-2-carboxylate 68
in 82% yield and 97 % ee [69]. The reaction was believed to proceed through the
guanidinium ylide 70, with the re-face of the ylide being attacked by the aldehyde
function in the C—C bond formation to afford a spiro oxazolidine 71. The enantio-
selectivity for the trans-aziridine can be explained by assuming minimized steric
repulsion between the substituents of each component in the benzylic cation/
hydroxide ion-pair intermediate 72 derived from 71.

3.2.1.7 2-Carboxylation of Aziridines

Treatment of sulfinylaziridine 73 (Scheme 3.23) with MeMgBr and then with tert-
butyllithium gave aziridinyllithium 74, which reacted with ethyl chloroformate to
afford aziridine-2-carboxylate 75 in 64 % yield [70]. The reaction was stereospecific,
giving 75 as a single diastereomer.

Recently, Uneyama reported that treatment of (R)-1-tosyl-2-trifluoromethylazir-
idine 76 (Scheme 3.24) with n-BuLi at =100 °C and subsequent trapping of the
anion with electrophiles such as chloroformates produced aziridine-2-carboxylates
77 in good to excellent yields [71]. The retention of the configuration of the tri-
fluoromethylated quaternary carbon center in the course of the reaction was con-
firmed by derivatization of the product and by X-ray studies.
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3.2.1.8 Resolution of Racemic Aziridine-2-carboxylates

Several early reports dealt with the resolution of racemic aziridine-2-carboxylic
acids [72, 73]. Treatment of (£)-78 (Scheme 3.25) with (-)-trans-2,3-bis(hydroxydi-
phenylmethyl)-1,4-dioxaspiro[5.4]decane (79), for example, afforded the 1:1 ratio
inclusion compound 80. Upon distillation, the inclusion compound 80 gave en-
antiomerically pure (-)-78 in 33 % yield.

Kinetic resolution of the racemic aziridine-2-carboxylate 82 (Scheme 3.26) was
reported by Igbal and co-workers [74]. When 82 was allowed to react with N-cinna-
moyl-L-proline (81) under mixed anhydride coupling conditions, the N-acyl azir-
idine 83 was obtained in optically pure form along with aziridine 84.

Kinetic asymmetric amidation of the racemic N-methoxyaziridinedicarboxylic
ester 85 (Scheme 3.27) with 0.5 equivalent of 1-ephedrine (86) in absolute ethanol
with a catalytic amount of EtONa afforded (-)-(S)-85 in 59.2% yield [75]. The con-
figurational stability of (—)-(S)-85 was estimated to be ti,, = 323 years at 20 °C. On
the other hand, (+)-(S)-87 was obtained in 46 % yield and 50 % ee by the enzymatic
hydrolysis of racemic 87 [76, 77]. It is interesting to note that the N-chloro aziridine
(+)-(S)-87 has a much shorter half life (t,, = 32 h at 20 °C) than its N-methoxy
counterpart (—)-(S)-85.

Kumar and co-workers reported that N-arylaziridine-2-carboxylates could be re-
solved with the aid of lipase from Candida rugosa [78]. Moderate to high enantiose-
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lectivity was observed; treatment of racemic 88 (Scheme 3.28) with Candida rugosa
for 5 hours, for example, afforded (S)-88 in 99% ee at 50 % conversion.

3.2.2
Preparation of Aziridine-2-phosphonates

Methodology for the cyclization of a-hydroxy-B-amino phosphonates has also been
developed and employed in synthesis of aziridine-2-phosphonates [79, 80]. Mesyla-
tion of a-hydroxy-B-amino phosphonates 89 (Scheme 3.29), for example, gave a-
mesyloxy-fB-amino phosphonates 90. Treatment of 90 with K,CO; afforded azir-
idine-2-phosphonates 91 in 93-95 % yield [79].

An aza-Darzens reaction, involving the addition of chloromethylphosphonate
anions to enantiopure N-sulfinimines, has also been developed by Davis and oth-
ers for the asymmetric synthesis of aziridine-2-phosphonates [81-84]. As an exam-
ple, treatment of the lithium anion generated from dimethyl chloromethylphos-
phonate (93; Scheme 3.30) with N-sulfinimine (Ss)-92 gave the a-chloro-B-amino
phosphonate 94, which could be isolated in 51% yield. Cyclization of 94 with n-
Buli gave cis-N-sulfinylaziridine-2-phosphonate 95 in 82 % yield [81].

More recently, an improved method for the asymmetric synthesis of aziridine-
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2-phosphonates through the use of the enantiopure N-(2,4,6-trimethylphenylsulfi-
nyl) imine 96 (Scheme 3.31) was reported by Davis and co-workers [85]. Treatment
of a mixture of N-sulfinimine 96 and iodomethylphosphonate 97 with LIHMDS in
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PO(OE),
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MeO 91
Cl”PO(OMe), 0
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(S,,15,2R)-94
p-MeOPh,  PO(OMe),
BuLi/THF H=—7=H
—_— N
82% &
p-Tolyl” Y0
(S,,25,3R)-95

THF at —78 °C gave aziridine 98 directly in 78 % isolated yield [85].

Reduction of azirine-2-phosphonates 99 (Scheme 3.32) with NaBH, in ethanol
exclusively gave cis-aziridine-2-phosphonates 100 in 81-82 % yield [86, 87]. A Diels-
Alder reaction between azirine-2-phosphonate 101 and trans-piperylene 102

S
0 H I~ PO(OEY, Ph,  PO(OEY,
Sz He =
Mes™ N° Ph = iimDs, THF N
(S6)-96 8% Mes/s'
(5.,25,3R)-08

Scheme 3.31
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(Scheme 3.33) afforded the bicyclic aziridine-2-phosphonate 103 in 89% yield
[83].

Treatment of sulfinylaziridine 104 (Scheme 3.34) with base, followed by trapping
of the intermediate aziridinyllithium 105 with (EtO),POCI, produced 105 in 43%
yield [88].

33
Reactions of Aziridine-2-carboxylates and Aziridine-2-phosphonates

3.3.1
Reactions of Aziridine-2-carboxylates

Aziridine-2-carboxylates 1 and 2 are versatile synthetic intermediates. In addition
to the normally expected reactions at the N-] nitrogen and the C-2 carboxylic group,
the C-3 and C-2 positions can undergo a variety of nucleophilic ring-opening reac-
tions (Figure 3.1). The C-2 proton, thanks to its proximity to a carbonyl group, can
be abstracted, making it possible to carry out electrophilic substitution reactions at
this position. Aziridine-2-carboxylates 1 are also convenient sources of azomethine
ylides upon thermolysis. Only those reactions involving the C-2 and C-3 ring at-
oms are presented in this section.
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Figure 3.1 Reactions of aziridinecarboxylates.

3.3.1.1 Reductive Ring-opening

Hydrogenation of aziridine-2-carboxylates results in aziridine ring-opening and
formation of amino acid derivatives. Aziridines with C-3 aryl substituents usually
undergo ring-opening at the benzylic position, which gives rise to a-amino esters
[64, 70, 89]. Hydrogenation of aziridine 107 (Scheme 3.35) with 10% Pd/C in
methanol, for example, afforded (S)-phenylalanine 108 in 90% yield [21]. When
aliphatic groups are present at the C-3 position, hydrogenolysis of the aziridine
ring occurs at the C-2 carbon to give B-amino esters, such as in the transformation
of 109 into 110 (Scheme 3.36) [66, 90]. Transfer hydrogenation using formic acid
[46, 65] and Raney-Ni-mediated reductive ring-opening [66] have also been re-
ported.

Ph H H,/Pd-C o
H=—7=CO,Bn
—W—N 2 MeOH Ph OH
H 90% NH,
107 (S)-108
Scheme 3.35

H H H,/Pd(OH) Me H ©
s 2 2 J
Me=~—=CO,Me X N
N EIOH TsHN OMe
Ts 80% 110
109
Scheme 3.36

CI\\IW/\VPh NaCNBH, G\'j{\/Ph

E . O
on N\ O cat TsOH  pp M 0
VANNY AN
“CO,Et 68% CO,Et
111 112

Scheme 3.37
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Reductive aziridine ring-opening with sodium cyanoborohydride has been de-
scribed (74, 91]. In the presence of a catalytic amount of TSOH, compound 111
(Scheme 3.37) gave 112 in 68 % yield on treatment with sodium cyanoborohydride
(74, 91].

Samarium(11) iodide has also been used as a reducing agent for the opening of
the aziridine ring [69, 92]. The reaction takes place at the 2-position, giving (-
amino ester derivatives. More recently, it was found that SmI,-mediated reductive
aziridine ring-opening of 113 (Scheme 3.38) resulted in the formation of 114 and
115 in 66 % yield in a ratio of 1.6:1 [93].

3.3.1.2 Base-promoted Ring-opening

The C-2 proton in an aziridine-2-carboxylate is acidic, due to the adjacent car-
boxylic group. Upon treatment with base, such aziridines may undergo ring-open-
ing reactions to give a-amino-o,B-unsaturated carboxylates [74, 94, 95]. As an ex-
ample, treatment of 111 (Scheme 3.39) with TMSI/EtsN gave 116 in 64 % yield

[74].
Cl\\l x-Ph
CF\\I\H/\/Ph TMSI/NEt, : j]/\/

H A
on N\, O MeCN HN"No
i 64% ~  CO,Et
CO,Et Ph 2
111 116
Scheme 3.39

3.3.1.3  Nucleophilic Ring-opening

With Halogen Nucleophiles Aziridine-2-carboxylates react with halogen nucleo-
philes to give a- or B-halo-substituted amino acid derivatives. A number of halogen
nucleophiles have been reported to effect aziridine ring-opening, including HCl
[96-98], HI [96], NaBr/Amberlyst [99], MgBr, [99, 100], and Mg, [99, 100]. While
the regio- and stereochemical outcomes of the ring-opening are dependent on the
nucleophilic reagent as well as the aziridine substitution pattern, high selectivity
could be obtained with appropriate choice of reaction conditions. Treatment of N-
acylaziridine peptide 117 (Scheme 3.40) with 1 M hydrochloric acid, for example,

89
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afforded 118a in 98 % yield [96]. Similarly, 117 reacted with 1 M hydriodic acid to
give compound 118D, also in 98 % yield. In each case the reaction was highly regio-
and stereoselective, giving syn-118 as a single product.

In an attempt to effect a chloroformate-mediated dealkylation of aziridine lac-
tone 119 (Scheme 3.41), Dodd and co-workers observed aziridine ring-opening. a-
Chloro lactone 120 was obtained in 72 % yield [32].

With Oxygen Nucleophiles Aziridine ring-opening of 111 (Scheme 3.42) with wa-
ter in the presence of a catalytic amount of TsOH gave the corresponding B-hydrox-
yphenylalanine derivative 121 in 72 % yield as the major isomer [74]. Treatment of
N-(p-tolylsulfinyl) aziridine-2-carboxylates with TFA and subsequent aqueous
workup resulted in the formation of B-substituted serine derivatives [62, 63, 101].
Under these reaction conditions, not only was the aziridine ring opened, but also
the N-sulfinyl group was removed; treatment of 122 (Scheme 3.43) with TFA at
73 °C, for example, afforded 123 in 75% yield [101].

When aziridine-2-carboxylic ester 124 (Scheme 3.44) was treated with 1 equiva-
lent of TFA, 125 was formed as a single diastereomer in 80 % yield [57]. Use of 10
equivalents of TFA resulted in the formation of N-trifluoroacetyl product 126. This

Q‘W/\/ Ph H,0/THF C'\\l\n/\/ o

3 N
Ph. N o) cat. TsOH HO H[\\l/\O
v\, ©
“CO,Et 72% Ph//\ CO,Et
11 121

Scheme 3.42
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transformation was explained in terms of a sequence of events including protona-
tion of the aziridine nitrogen, attack of trifluoroacetate at the 3-benzylic carbon,
debenzhydrylation, and migration of the trifluoroacetyl group from oxygen to ni-
trogen.

Ring-opening of aziridine-2-carboxylates with alcohols has been reported to give
B-alkoxy-o-amino esters [16, 102]. Treatment of cis-aziridine 127 (Scheme 3.45)
with alcohol in the presence of a catalytic amount of boron trifluoride etherate
afforded PB-alkoxy-o-amino esters 128 in 57-100 % yields [16, 102a]. The reaction is
both regio- and stereoselective, affording 128 as the only product.

Carboxylic acids have also been investigated as nucleophiles in the ring-opening
of aziridine-2-carboxylates [103]. Solvation of compounds 129 (Scheme 3.46) in
acetic acid, for example, gave 130a and 130b in 83% and 89% yields, respec-
tively.

Interestingly, treatment of methyl trans-1 H-3-phenylaziridine-2-carboxylate (131)
with acetic acid gave the N-acylated product 133 (Scheme 3.47). It was proposed

3
H H RIOM/BF1-E1,0 ' ,
Ri=—7=CO,R? R COR
E‘)bz r.t., CHC|3 NHCbz
128
127 3 R'=H,R?=Bn
b, R' = R? = Me

Scheme 3.45

91



92

3 Asymmetric Syntheses with Aziridinecarboxylate and Aziridinephosphonate Building Blocks

H H AcOH §he
Me=~—7=CONHCH,CO5Bn N Me CONHCH,CO,Bn
N r.t, 3 days
Sor NHCOR
129 130
R Yield (%)
a CH.NHCbz 83
H
b -$==Ph 89
NHCbz
Scheme 3.46
Ph H e NHAc
L : AcOH Ph COMe Ph B
H CO,Me 2 S \‘/\COzMe
N 70°C, 2 h o) 69% OH
; T
131 0 133
132
Scheme 3.47
MeO

O —0
MeOH/BFg'Etzo

MeQ 80%

o MeG  NHCbz
© 135
Ho\—H ——

ry MeQ
Cbz HOAC/BF4-Et,0 0o
134 /
S7% CbzHN  OAc
136
Scheme 3.48

that aziridine was first opened by attack by acetate anion at C-3 of 131, followed by
an acyl migration from oxygen to nitrogen via the intermediate 132 [97].

With methanol in the presence of BF; - Et;0, aziridine lactone 134
(Scheme 3.48) gave 135 in 80 % yield [104, 105]. Use of HOAc afforded 136 in 57 %
yield [104, 105].

Treatment of N-acetyl aziridinecarboxylate with acetic anhydride and heating
resulted in the aziridine ring-opened product [106], whereas treatment of the azir-
idine 137 (Scheme 3.49) with acetic anhydride in the presence of pyridine and
DMAP as base similarly resulted in the formation of acetate 138 in 90% yield
[45].

Reaction of aziridine peptides 139 (Scheme 3.50) and dibenzylphosphoric acid
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(140) in THF afforded compounds 141 in 64-92 % yields. Similar treatment of 139
with 85% phosphoric acid gave 142 in 66-82% yields [107].

With Sulfur Nucleophiles N-Carboxy-protected aziridine-2-carboxylates react with
thiols to give B-mercapto-o-amino acid derivatives. The reaction is usually cata-
lyzed by BF5 and the yields range from fair to excellent [15, 16, 108-111]. With N-
unprotected 3-substituted aziridine-2-carboxylates, the ring-opening with thiols
usually takes place with anti stereoselectivity, especially in the case of the C-3
aliphatic substituted substrates. In cases in which C-3 is aromatic, however, the
stereoselectivity has been found to be a function of the substitution pattern on the
aromatic ring: 3-p-methoxyphenyl-substituted aziridines 143a (Scheme 3.51) and

H

N PhSH/BF3-Et,0 \)N\H2 A NH.
I.
ArdNH CH,Cl A" c0Me * YLCOZMe
H CO,Me 212 3ph SPh
143 anti-144 syn-144
Ar Conditions  anti/syn  Yield (%)

CgHsOMe-p r.t, <15min  60/40 65
Ph rt,22h 100/0 80
CeH4NO,-p reflux, 9 h 100/0 65

oOTo

Scheme 3.51
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thiophenol, for example, gave mixtures of anti/syn-144a whereas the phenyl and p-
nitrophenyl aziridines 143b and 143c exclusively afforded anti-144b and anti-144c.
The p-methoxy group apparently assists the C3-N bond cleavage to such an extent
that the transition state of the nucleophilic reaction has considerable Sy1 character
[97].

Zwanenburg studied the reactions between thiophenol and various N-protected
aziridine-2-carboxylates 145 (Scheme 3.52) [98]. While the ring-opening usually
took place at the C-3 position, it was observed that the N-TEOC-protected (TEOC =
trimethylsilylethoxycarbonyl) aziridine 145a gave a mixture of C-3 and C-2 ring-
opening products 146a and 147a, with 147a incorporating a fluorine atom at the a-
position. The other protected aziridines, 145b-f, proceeded normally, affording the
C-3 ring-opening products 146b-f exclusively [98].

Reactions between aziridine-2-carboxylic acids and thiols in aqueous solution
have been explored by Hata and Watanabe [112]. The reactions occurred predom-
inantly at C-2 instead of C-3 to afford B-amino acids, with the reaction between 148
(Scheme 3.53) and thiophenol in 0.2 M sodium phosphate buffer at room tem-

PhSH
Me  COzH _ Me, ~ SPh PhS  COzH
Her S H2 buffer, pH = 8 Hos (-"COQH + Me") ZH
N 82% HoN H H NH,
|
H 149 23/1 150
148
Scheme 3.53
H 1. NaHSO H coH
> . Nal B o
W‘COgMe 3
N HOsS  NH,
| 2. NaOH
H (R)-152
(85)-151 74%

Scheme 3.54
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perature, for example, affording 149 and 150 in 82% yield and in a ratio of
2.3/1.

The opening of N-unsubstituted aziridine-2-carboxlic esters with sodium bisul-
fite was recently described by Xu [113]. Thus, treatment of (S)-151 (Scheme 3.54)
with NaHSOj; followed by NaOH afforded (R)-cysteic acid 152 in 74 % yield. (S)-
Cysteic acid was prepared similarly in 72 % yield.

With Nitrogen Nucleophiles Aziridine-2-carboxylates react with primary and sec-
ondary amines, including anilines, to give a,B-bisamino carboxylates [71, 113]. As
an example, treatment of aziridine 153 (Scheme 3.55) with diethylamine in methy-
lene chloride afforded compound 154 in 89% vyield after chromatographic sepa-
ration.

Aziridine-2-carboxylates also react with azides to give ring-opened products [100,
114, 115]. Treatment of N-acetylaziridine 155a (Scheme 3.56) with NaN; in DMF in
the presence of BF; - Et,O afforded a mixture of C-3 and C-2 ring-opening prod-
ucts 156a/157a in 32% yield and in a ratio of 93:7. However, treatment of N-
sulfonylaziridine-2-carboxylic esters 155b and 155c with azidotrimethylsilane in
DMF containing one equivalent of ethanol occurred with completely opposite re-
gioselectivity, giving 157b and 157c as single isomers [98].

With Carbon Nucleophiles The reactions between organometallic reagents and
aziridine-2-carboxylates have also been explored [116-118]. Compound 158
(Scheme 3.57) reacts with Gilman cuprate 159a, for example, to give the a-amino
ester 160a in 68 % yield. It is interesting to note that the Lipshutz higher-order
cyanocuprate 159¢ was completely unreactive [100]. Aziridine-2-carboxylic acid 161

X NHX Ng
N Conditions  ,.c H : n-CgHyge -~
nChis//—\H SN COoEt * Y CO£t
H  COEt N3 NHX
155 156 157
X  Conditions 156/157 Yield (%)

a Ac NaN BFy-Et,0,DMF 93/7 32
b Ms TMSN, EtOH, DMF 0/100 88
¢ Ts TMSN, EtOH,DMF 0/100 56

Scheme 3.56
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(Scheme 3.58) and organocuprates 162 afforded a-amino acids 163 in 54-68%
yields [92].

Tryptophan derivatives such as 165 (Scheme 3.59) can be prepared by nucleo-
philic ring-opening of aziridine-2-carboxylates 164 with indole [97, 98]. The reac-
tion was C-3 regioselective. Unlike in the case of substrate 164a, where Sn1-type
substitution is possible, aziridines 163b and 163c exclusively afforded the anti
products 165b and 165c. Treatment of 3,3-dimethylaziridine-2-carboxylate with N-
methylindole under similar conditions failed to give the desired product, however
[119], with formation of a fluorinated valine derivative being observed instead.
Attempted ring-opening of aziridine-2-carboxylate with indole by use of scandium
triflate also failed [120].

In contrast to aziridine-2-carboxylic esters, treatment of aziridine lactone 166
(Scheme 3.60) with N-methylindole (167) in the presence of BF; - Et,O proceeded
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exclusively at the C-2 position, affording 168 [104]. MNDO calculations suggest
that the regioselectivity differences between aziridine lactones and aziridine-2-car-
boxylic esters is related to the variation in the LUMO coefficients at C-2 and C-3 in
these aziridines.

Treatment of aziridine 169 (Scheme 3.61) with ylide 170 in toluene gave a mix-
ture of products 171-173 [121]. The product distribution was highly dependent on
the protecting group on the aziridine nitrogen atom. It was interesting to note that
product 173 was only observed when the X substituent on aziridine nitrogen was
an acyl group.

3.3.1.4 Electrophilic Substitutions at the C-2 Carbon Atom

Unlike regular aziridine-2-carboxylic esters, aziridine-2-carboxylic thioester 174
(Scheme 3.62) forms stable carbanions at the 2-position upon treatment with base
[13b, 122]. Thus, electrophilic alkylations of aziridine 174 afforded products 175.
The reactions were highly diastereoselective, affording 175 in moderate to good
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yields as single isomers [122]. B-Nitrostyrene was also found to react with the anion
generated from 174 to give the Michael addition product [122].

3.3.1.5 Ring-expansion Reactions

N-Acylaziridine-2-carboxylates readily rearrange to oxazolines under thermal,
acidic, or nucleophilic conditions [91, 123-127]. Treatment of trans-aziridine-2-car-
boxylate 176 (Scheme 3.63) with Nal in acetonitrile, for example, resulted in ring-
expansion product 177 through the so-called Heine reaction. The reaction involves
initial opening of the aziridine ring by iodide and subsequent oxazoline ring-clo-
sure by Sn2 displacement of the resultant iodide intermediate [127].

Treatment of aziridine 137 (Scheme 3.64) with benzoyl chloride in the presence
of pyridine and DMAP afforded ring-expansion product 179 in 90 % yield [45]. The
reaction was believed to proceed through the intermediate N-acylaziridine 178.

Aziridines 180 (Scheme 3.65) react with acetonitrile and BF; - Et,0, a Lewis
catalyst, to give imidazolines 181 in 65-95% yield [98]. Under the same reaction
conditions, however, the C-3 phenyl-substituted aziridine 182 (Scheme 3.66) af-
forded oxazoline 183 in 59 % yield [97].

Treatment of N-Boc-2-aziridine-2-carboxylate 184 (Scheme 3.67) with a catalytic
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Scheme 3.64
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amount of Sn(OTf), in methylene chloride resulted in the formation of oxazolidin-
2-one 185 [105]. Compound 185 was obtained in 80% yield [31]. BF3 - Et,O has
also been found to be an effective Lewis acid for this transformation.

Recently, Lee and co-workers reported an efficient method for the preparation of
enantiomerically pure oxazolidin-2-ones from aziridine-2-carboxylates 186
(Scheme 3.68) [128]. This one-pot aziridine ring-opening and subsequent intra-
molecular cyclization process was highly regio- and stereoselective, affording 187
in high yield.

Ph ) Ph O
Meh o owe MGL%NXO
H L\"COZMe MeCN/reflux \_S"’COzMe
186 H 92% 187

Scheme 3.68
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With Mgl, - Et,0, 188 (Scheme 3.69) reacts in methylene chloride at —65 °C to
give 189 in 45% yield after 2 hours [68]. The corresponding a-bromo and -chloro
esters could be prepared similarly by using MgBr, - Et,O and MgCl, - Et,0 in-
stead of Mgl, - Et,0.

Carbanions of active methylene compounds also react with aziridine-2-car-
boxylic esters to give ring-opened products [129]. The ring-opened intermediates
usually cyclize spontaneously to pyrrolidones. Treatment of 190 (Scheme 3.70)
with the sodium enolate of dimethyl malonate 191, for example, afforded pyrroli-
done 192 in 15% isolated yield, together with 30% of the debenzoylated product
193.

When aziridine 194 (Scheme 3.71) was treated with a catalytic amount of NaOEt
in ethanol it underwent an intramolecular ring-expansion to pyrrolidinone 195 in
88% yield [130]. The ring-opening took place via an internal Sy2 reaction, which
was confirmed by an X-ray analysis of the product 195. It is interesting to note that
under similar reaction conditions 196 (Scheme 3.72) afforded P-lactam product
197 [130).

Intramolecular and intermolecular 1,3-dipolar cycloadditions of aziridine-2-car-
boxylic esters with alkenes and alkynes have been investigated [131, 132]. Upon
heating, aziridine-2-carboxylates undergo C-2—-C-3 bond cleavage to form azome-
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thine ylide intermediates, which can be trapped by alkenes to give pyrrolidine-
2-carboxylic acids [133]. In this context, heating of 198 with three equivalents of
vinyl carbonate 200 (Scheme 3.73) in toluene in a sealed tube at 280 °C produced
four chromatographically separable products 201 in 88 % yield [134, 135]. The fact
that both (S,R)-198 and (S, S)-198 afforded the same product distribution suggested
the involvement of the azomethine ylide 199 in the process.

The spiro aziridine 202 (Scheme 3.74) reacts with a catalytic amount of boron
trifluoride etherate to give rise to ring-expanded compound 205 in almost quantita-
tive yield [55]. A possible mechanism involving intermediates 203 and 204 was

proposed.
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3.3.1.6 Conversion to Azirine-2-carboxylates

Treatment of N-sulfinyl-cis-aziridine-2-carboxylate 206 (Scheme 3.75) with LDA at
—78 °C afforded 2H-azirine-2-carboxylate 207 in 47 % yield. The trans-aziridine 206
gave only a 9% yield of the desired product 207 [95]. Treatment of N-tosyl 2-substi-
tuted aziridines 208 (Scheme 3.76) with LDA resulted in the formation of azirines
209 in 61-87 % yield [95].

H H
Lo H
Ph COs;Me LDA/-78° Ph ~
N ¢ 8°C Tcozsu-t
|
S 47%
p-Tolyl” 0O 207
206
Scheme 3.75
H CO,Me
P =R LDA7EC  Ph_ SOMe
N N
! 61-87%
Ts 209
208 R = Me, Et, Ph
Scheme 3.76
Ph H Swern Ph
Me=—~CO,Me Me i, C02Me
N -60°C N
! O,
b > 90% 211
210

Scheme 3.77
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Scheme 3.78

Swern oxidation of N-unsubstituted aziridine-2-carboxylate 210 (Scheme 3.77)
resulted in the formation of 2H-azirine 211 in >90 % yield [95] Similar oxidation of
212 (Scheme 3.78) afforded azirine 213 in 60% yield [66].

332
Reactions of Aziridine-2-phosphonates

Reductive ring-opening of aziridine-2-phosphonates to give a-amino phosphonates
has been reported by Davis and others [80-82, 84, 86, 87, 136]. With 3-aryl azir-
idine 214 (Scheme 3.79), hydrogenation afforded o-amino phosphonate 215 [87],
while the 3-alkyl derivative 216 (Scheme 3.80) gave B-amino phosphonates 217
[87]. Reductive ring-opening of N-tosyl aziridine-2-phosphonate 218 (Scheme 3.81)
with NaBHj, resulted in the formation of mixture of a- and B-aminophosphonates
219 and 220 in a ratio of approximately 1:1 [87].

Hydrogenation of the bicyclic aziridine-2-phosphonate 221 (Scheme 3.82) in
THEF resulted in the formation of piperidinephosphonate 222 in 81% yield [83].

H
N HCO,NH, _~_PO(OEY);
Ph
H AN\ H =
/N Pd/C, MeOH NH
P PO(OEY), © 21;
0,
214 89%
Scheme 3.79
H
N HCO,NH, NH,
VAN PO(OFE),
Pd/C, MeOH
H  PO(OE), © 017
216 74-76%
Scheme 3.80
Ts
. NHTs
N NaBH, ~_-PO(OEY),
PO(OEt), + Et7
Hi/ =\ H Et/'\/ OO NHTs
' PO(OEny, FEtOH 219 220
218 309, o1l

Scheme 3.81
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When methanol was employed as the solvent for a long period of time, further
reduction took place to give cis-piperidine 223 in 79 % yield [83].

Treatment of N-sulfinylaziridine 224 (Scheme 3.83) with BF; - Et,0 in the pres-
ence of methanol afforded 225 in 72 % yield [136].

Swern oxidation of N-unsubstituted aziridine-2-phosphonates resulted in the
formation of both 2 H-azirine-2-phosphonates and 2 H-azirine-3-phosphonates [81,
83]. Treatment of cis-aziridine-2-phosphonate 226 (Scheme 3.84) with DMSO/
(COCI),/EtsN afforded azirine-phosphonates 227 and 228, with the former pre-
dominating [81]. Under similar conditions, however, trans-aziridine-2-phospho-

Ph, PO(OEY),  DMSO/(COCI), Ph. _Po(OEY), PO(OEY),
H=x—7=H H=7" * \7““

N then EtzN N

|

H 227 228

226 62% 15%
Scheme 3.84
Ph, H DMSO/(COGI) Ph. po(OEt ph_ N
H—W<-PO(OEI) 2 Her” (OED, 7 ~PO(OEW),

then EtgN N N
ﬁ 207 230
229 40% 49%

Scheme 3.85
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nate 229 (Scheme 3.85) gave 227 and 230 in nearly equal amounts [81]. Arguments
concerning the acidities of the C-2 and C-3 protons were advanced to explain these
results [81].

34
Applications in Natural Product Syntheses

Aziridine-2-carboxylates are playing important roles in the synthesis of natural
products and pharmaceutically useful molecules. In this section, applications of
chiral nonracemic aziridine-2-carboxylates in the synthesis of natural products are
discussed.

(25,3S)-(+)-Aziridine-2,3-dicarboxylic acid (234; Scheme 3.86), an example of a
naturally occurring aziridinecarboxylic acid, is a metabolite of Streptomyces
MD398-Al. This aziridine was prepared by treatment of diethyl (2R,3R)-(-)-oxir-
ane-2,3-dicarboxylate (231) with trimethylsilyl azide in EtOH/DMF to produced
azido alcohol 232 [137], and treatment of this alcohol with triphenylphosphine
afforded the aziridine dicarboxylate 233 in 71% yield. Hydrolysis of 233 afforded
the natural product 234 in 69 % yield.

Aziridine lactone 235 (Scheme 3.87) underwent ring-opening with allyl alcohol
to give a 53 % yield of a-amino lactone 236, which was successfully transformed to
the unnatural enantiomer of polyoxamic acid (-)-237 [32].

One of the key steps in the synthesis of actinomycin D (241; Scheme 3.88) and
its serine analogue involved the regio- and stereoselective ring-opening of aziridine
238 with the acid 239 [138, 139]. This transformation took place in methylene

o 1. TMSN;, EtOH/DMF OH
EtO,C.. /\ 2. NH,CI, EtOH/H,0 FOC. -
COLE 2 WACOzEt
(2R3R)-231 72% Ng
(2R35)-232
1. PPh,, DMF 1. LiOH, EtOH
2. heat,3h EtO,C/,. 2 H* HO,C,,.
71 °/o, 95% ee H 69% H
(25,35)-233 234
Scheme 3.86
0 QH
O o) /\/OH o} Y
teopso” {2 TBDPSO / e Ho GO
N BF3-Et20 O NHCbz SH N
N /// 2
Cbz 53% =
235 236 ()-237

Scheme 3.87
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chloride at reflux and gave the ester 240 in 80 % isolated yield. Compound 240 has
been successfully converted into the naturally occurring cyclic peptide lactone anti-
biotic actinomycin D (241).

When N-sulfinylaziridine-2-carboxylate 242 (Scheme 3.89) was treated with
LAH, followed by N-acetylation and sulfide oxidation, (+)-thiamphenicol (243) was
isolated in 72 % yield [63]. Thiamphenicol is a broad-spectrum synthetic antibacter-
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ial agent used in the animal health industry. p-erythro-Sphingosine (245; Scheme
3.90), which is the major constituent of the lipid backbone of sphingolipids and
plays an important role in cell recognition events, was prepared from N-sulfinyla-
ziridine 244 in a procedure including a novel trifluoroacetic anhydride-induced
Pummerer-type rearrangement of the aziridine [140]. Ring-opening of aziridine 46
with 10 equivalents of dichloroacetic acid afforded 246 in 80 % yield (Scheme 3.91)
[57]. Reduction of 246 with NaBH,4 gave (—)-chloramphenicol 247, one of the oldest
antibacterial agents, originally isolated from Streptomyces venezuelae.

Nakajima and Okawa prepared cysteine (250; Scheme 3.92) by treating aziridine
127a with dry H,S gas in the presence of a catalytic amount of BF; - Et,O [141].
The resulting thiol 248 was then oxidized with iodine to afford disulfide 249 in
70% overall yield. Removal of the Cbz protecting group afforded cysteine (250).

Treatment of aziridine-2-carboxylic ester 251 (Scheme 3.93) with benzyl mercap-
tan in the presence of boron trifluoride etherate afforded 252 in 71 % yield [142].
Compound 252 has been transformed into peptide 253, an analogue of a penicillin
precursor.

Protected 3-methyl-p-cystein (257; Scheme 3.94), a structural unit of the peptide
antibiotics nisin and subtilin, has been synthesized through the ring-opening of
the aziridinecarbamide 254 with thiobenzoic acid (255) [143, 144]. The reaction
took place overnight at room temperature and in methylene chloride to give 256 in
greater than 95% yield.
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(2S,3R)-Aziridine-2-carboxylic amide 258 (Scheme 3.95) has been used in the
synthesis of the cyclic guanidino amino acid, 1-epicapreomycidine (260) [145].
Treatment of 258 with saturated ammonia in methanol at 30 °C for 4 days in a
pressure bottle resulted in the aziridine ring-opening product, which afforded 259
in 52% yield after removal of the Cbz protecting group.

FR900490 (264; Scheme 3.96), a new immunomodulator, has been prepared
from aziridine-2-carboxylic ester 261 [146, 147]. This aziridine reacts with (S)-histi-
dine (262) in the presence of 1 N sodium hydroxide, giving 263 in 31-44 % yield
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after removal of the tosyl group with sodium in liquid ammonia. Feldamycin (265),
an inhibitor of melanin synthesis in the growing cells of S. bikiniensis and B16
melanoma, was also prepared from aziridine 261. On the other hand, melanostatin
(268; Scheme 3.97) has been synthesized in a manner similar to 266 via 267
[147].

Aziridine 269 (Scheme 3.98), on treatment with pyrazole (270) and subsequent
TFA deprotection, gave B-pyrazolylalanine 271, first isolated from Citrullus vulgaris
(a water melon) and isosteric with histidine [148]. Treatment of 269 with 1,2,4-ox-
adiazolidine-3,5-dione 272 gave (S)-quisqualic acid (273), an active ingredient of
the ancient Chinese drug Shihchuntze, an anthelmintic made from the seeds of
Quisqualis indica [148|.

(aR,BR)-1,B-Dimethyltryptophan (275; Scheme 3.99), an intermediate in the syn-
theses of analogues of the potent PAF (platelet-activating factor) inhibitor
FR900452 (276), has been prepared from aziridine 274 [149]. Treatment of azir-
idine 274 with N-methylindole (167) in the presence of boron trifluoride etherate
gave 275 as single isomer in 60% yield. Other tryptophan derivatives have been
synthesized similarly [104, 150].

[3+2] Cycloaddition reactions of aziridine-2-carboxylic esters have also been used
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in the synthesis of natural products. Thermolysis of aziridine 277 (Scheme 3.100)
in xylene at 305-310 °C in a sealed tube afforded pyrrolidine lactone 278 in 70%
yield [151]. This intramolecular cycloaddition was highly diastereoselective, afford-
ing 278 as a single isomer. Compound 278 has been further transformed into the
natural product (-)-kainic acid (279), which possesses neuroexcitant properties as
well as anthelmintic and insecticidal activities. A similar strategy has been used for
the synthesis of acromelic acid B (282; Scheme 3.101) [152] and (-)-mesembrine
(285; Scheme 3.102) from aziridines 280 and 283, respectively [132c].

The marine cytotoxic antibiotic (R)-(-)-dysidazirine (286; Scheme 3.102) was
prepared for the first time by Davis and co-workers from N-sulfinylaziridine 244
[95]. Treatment of N-sulfinylaziridine 244 with LDA at —95 °C in the presence of
TMSCI afforded 286 in 62 % yield [95].
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3.5
Summary and Conclusions

The predictable regio- and stereoselective ring-opening reactions of aziridine-2-car-
boxylates with various nucleophiles serve as valuable sources of structurally di-
verse o- and f-amino acids. Activation of the aziridine nitrogen by an electron-
withdrawing group (acyl, sulfonyl), by protonation, or by Lewis acids promotes
either C-2 attack to give B-amino acids or C-3 attack to give a-amino acids. Since
ring-opening does not affect the stereochemistry at C-2 or C-3, the aziridine ster-
eochemistry is maintained in the product. The ring substituents and the reaction
conditions determine the stereo- and regioselectivity of the ring-opening. Oxida-
tion of N-unsubstituted aziridine-2-carboxylates produces 2H-azirine-2-carboxy-
lates, providing additional opportunities for aziridinecarboxylate synthesis. While
less is known concerning the properties of chiral aziridine-2-phosphonates, their
ring-opening reactions to afford a- and B-amino phosphonates, important amino
acids surrogates, appear to parallel those of the aziridine-2-carboxylates. The excep-
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tion is that oxidation of N-unsubstituted aziridinephosphonates produces 2 H-azir-
ine-3-phosphonates, which are new chiral imino dienophiles. The availability of
efficient methods for the asymmetric synthesis of aziridinecarboxylates and azir-
idinephosphonates, coupled with their varied chemistry, suggests that their utility
as building blocks for asymmetric synthesis will greatly increase in the future.
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4
Synthesis of Aziridines

Dedicated, with respect, to Professor Sir Charles Rees, FRS
Joseph B. Sweeney

4.1
Introduction

In 1999, Bob Atkinson wrote [1] that aziridination reactions were “<gs>epoxida-
tion’s poor relation<qe>”", and this was undoubtedly true at that time: the scope of
the synthetic methods available for preparation of aziridines was rather narrow
when compared to the diversity of the procedures used for the preparation of the
analogous oxygenated heterocycles. The preparation of aziridines has formed the
basis of several reviews [2] and the reader is directed towards those works for a
comprehensive analysis of the area: this chapter presents a concise overview of
classical methods and focuses on modern advances in the area of aziridine synthe-
sis, with particular attention to stereoselective reactions between nitrenes and al-
kenes on the one hand, and carbenes and imines on the other.

4.2
Overview and General Features

Those reactions that have found general use for the preparation of aziridines can
be grouped into two broad classes: addition and cyclization processes, and each of
these categories can be further divided. Addition processes can be classified as
being C»+Nj reactions (addition of nitrenes, or nitrene equivalents [“nitrenoids”],
to alkenes; Scheme 4.1) or C;N;+C; reactions (addition of carbenes or carbenoids
to imines; Scheme 4.2).

R3
RI__~ RSNy, heatorhv N
) -
7R Y-I=N-R3, ML, L

1 2
RPNHOAG, Ti(tv) R R

Co+Ny reactions: addition of nitrenes, or nitrenoids, to alkenes

Scheme 4.1
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C;N; + C, reactions: addition of carbenes, or carbenoids, to alkenes

Scheme 4.2
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HO Re ST R® HNRS __ Br  R?
H B | / (R2=Z)
SOCl,, etc. N
R /"Rz
1
Ry PH H,NR® MNs, PPy~ 2
HO R2? SOCly, [0] (R°=H) R'"" "R2
Aziridines via cyclization reactions
Scheme 4.3

The carbene-imine route to aziridines has attracted increasing attention of late,
though there have also been notable recent advances in addition processes involv-
ing alkenes and nitrene equivalents.

Cyclization processes involve ring-closure of amino alcohols (Scheme 4.3) or
equivalents, and as the aziridine precursors are often available as single stereoi-
somers, the method is an attractive one if the aziridine target is a key synthetic
intermediate.

4.2.1
Addition to Alkenes

The addition of oxygen to alkenes by use of “active” oxygen donors is the most
widely used generally applicable method for epoxide synthesis, but (in contrast
with the rapid reactions of alkenes with peroxyacids and alkylhydroperoxides) the
analogous nitrogenous reaction has not been widely used. Alkenes are often inert
to the influence of the aza-analogues, O-acylhydroxylamines, and O-alkylhydrox-
ylamines; O-sulfonyl and O-alkylhydroxylamines have been used as aziridinating
reagents, but the scope of such reactions is limited [3].

The analogy with epoxidation of alkenes by use of dioxiranes is better main-
tained, and the analogous compounds (diaziridines and oxaziridines) have been
shown to act as promising aziridination agents (Schemes 4.4 [4] and 4.5 [5]); Houk
and Armstrong [6] have carried out modeling studies of the requirements for effi-
cient aziridination through the use of oxaziridines and diaziridines, and have iden-
tified N-silyl, N-trifluoroacetyl, and N-alkyl oxaziridines and diaziridiniums as po-
tentially useful alkene aziridinators, but the area is far from mature.
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N s N
NH + ) B \I>\f(
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Scheme 4.4
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8% yleld cl

i) PhCHs, 100 °C
Scheme 4.5

Thus, the key reason for the paucity of methods available by analogy with epox-
idation methods is the comparative inertness of N-O and N-N bonds relative to
the peroxide bond. This means that the synthetic methods that have been devel-
oped for preparation of aziridines are distinct from those that have evolved for
epoxide synthesis.

4.2.1.1 Addition of Nitrenes and Nitrenoids to Alkenes

There are two general methods within this subcategory, involving one- or two-step
mechanisms. Nitrenes and metalonitrenes thus add to alkenes by a direct azir-
idination reaction, whereas nonmetallic nitrenoids usually react through an addi-
tion-elimination process (Scheme 4.6).

Notwithstanding the drawbacks to the method, the addition of nitrenes to al-
kenes is a well studied classical method for direct aziridination. The original reac-
tions (often involving alkoxycarbonylnitrenes) employed harsh conditions, result-
ing in nonstereoselective transformations. In these pioneering reports, the requi-

,H
R2 X-N R?
R4
Rﬁ/\m Rl R\KK\RS
R*-N=ML, N
R1 R ‘R4
Direct aziridination of alkenes
’H
R2 XN,
R*
Rﬁ%z — R>,)\ _— ﬁ(i\ﬁa XN OSO,R. Hal
R? re R

Michael-like aziridination of alkenes
Scheme 4.6
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ripie R; Ry | Ri ‘1 | bond-rotation
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Scheme 4.8

site acylnitrenes were typically generated by thermal or photochemical decomposi-
tion of the corresponding azides, and these methods intrinsically give mixtures of
(more reactive) singlet and (more stable) triplet nitrenes; only singlet nitrenes react
stereospecifically with 1,2-disubstituted alkenes, while triplet nitrenes react un-
selectively (Scheme 4.7).

“Free” nitrenes exist as mixtures of singlet and triplet forms and, since the triplet
is simultaneously more thermodynamically stable and unable to react by a one-
step mechanism, mixtures of cis and trans isomers invariably resulted from the
early methods (Scheme 4.8).

When unacylated azides are used as nitrene precursors, the first reaction with an
alkene is a cycloaddition, generating the corresponding 1,2,3-triazoline, which of-
ten eliminates N, under the fierce reaction conditions to give an aziridine product
(Scheme 4.9 ).

N= 33

N R1 |) /Nl 'N2 N
R3N3+ \/\R24> R3 Ry 4>R / \ .
R, 1 2

iyhvorA

Scheme 4.9
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Scheme 4.11

In many instances, however, the intermediate triazoline can be isolated and
separately converted into the aziridine, often with poor stereoselectivity. The first
practical modification to the original reaction conditions generated the (presumed)
nitrenes by in situ oxidation of hydrazine derivatives. Thus, Atkinson and Rees
prepared a range of N-amino aziridine derivatives by treatment of N-aminophthali-
mides (and other N-aminoheterocycles) with alkenes in the presence of lead tetra-
acetate (Scheme 4.10) [7].

These reactions proved highly selective, and considerably more stereoselective
than those of nitrenes generated by the methods mentioned previously, seemingly
implying that the nitrene intermediate was formed in the singlet state. The reac-
tions are highly diastereoselective even for monosubstituted alkenes, the selectivity
arising from the fact that substituted aziridines are chiral at nitrogen: styrene and
methyl acrylate thus react with N-aminophthalimide at low temperature (-20 °C)
to give exclusively cis-N-phthalimidoaziridines (Scheme 4.11) [8].

This unusually high stereoselectivity is due to the high barrier to N-inversion
and the presence of the electron-withdrawing phthalimido group. It can be demon-
strated that the reaction is under kinetic control when the reaction mixtures de-
scribed above are allowed to warm to temperatures near or above 0 °C, whereupon
a partial or complete inversion of configuration at nitrogen can be seen (by NMR
spectroscopy).

It has since transpired that the active aziridinating species in these reactions are
the N-acetoxylated hydrazine derivatives, rather than nitrenes: exposure of ethyl-
quinazolinone (“Q'-NH,”) to lead tetraacetate at low temperature generates N-
(acetoxyamino)-quinazolinone (“Q'-NHOAC”), which is a relatively stable sub-
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stance, capable of aziridinating alkenes in good yields to give the corresponding N-
quinazolinonylaziridines (Scheme 4.12) [9].

These reagents may be considered to be one of the elusive aza-analogues of
peroxyacids, and there are significant mechanistic similarities between the Rees-
Atkinson reaction and the Bartlett epoxidation. Chiral Q-reagents have been used
to effect highly stereoselective aziridination of alkenes (Scheme 4.13) [1].

Although an efficient reaction, the Rees-Atkinson aziridination method suffers
from two drawbacks: the necessity for an N-phthalimido or N-quinazolinonyl sub-
stituent and the use of a highly toxic oxidant. Thus, recent efforts (especially in
these green times) have focussed upon more benign methods for generation of the
key nitrenoids. Yudin demonstrated the power of electrochemistry with a novel
method that removes the need for an added metal oxidant, demonstrating an unu-
sually and impressively broad substrate tolerance compared to many alkene azir-
idination reactions (Scheme 4.14) [10].

Che et al. have reported the use of iodobenzene diacetate as an alternative to lead
tetraacetate in the original Rees-Atkinson reactions of a relatively narrow range of
olefin substrates (primarily styrenes) [11].

Since the mid-1990s, synthetic attention has been directed more towards the use
of metal-stabilized nitrenes as synthetic effectors of alkene aziridination. In 1969 it
was reported that Cu(r) salts were capable of mediating alkene aziridination when
treated with tosyl azide, but the method was limited in scope and was not adopted
as a general method for the synthesis of aziridines [12]. Metaloporphyrins [13] were
shown to be catalysts for the aziridination of alkenes in the presence of the nitrene
precursor N-tosyliminophenyliodinane [14] in the early 1980s, but the reaction did
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not attract significant interest for some time. These pioneering studies provided
the inspiration for a new generation of copper-based catalytic processes. In partic-
ular, Evans, Jacobsen, and Katsuki have described the utility of chiral bisoxazolines
and 1,2-diamines in enantioselective aziridination of a range of alkenes (Scheme
4.15) [15].

Jacobsen et al. have made a convincing argument that these types of reaction
proceed by way of discrete copper-nitrene complexes, rather than by some sort of
single-electron process (Scheme 4.16) [13c].

The use of the bisoxazolinylanthracene ligand AnBOX in an Evans-like azir-
idination of chalcones has thrown up the interesting observation that the sense of
enantiodiscrimination is inverted in relation to the reaction carried out with a
traditional BOX ligand with similar stereogenicity (Scheme 4.17) [16].

These reactions, though representing a major achievement in the synthesis of
enantioenriched aziridines, still retain some drawbacks, not least of which is the
frequent requirement for the reactions to be conducted with a large excess (often
five or more equivalents) of alkene, coupled with the explosive nature of the iodi-
nane component. A further limitation to the methodology is the variable enantio-

123



124| 4 Synthesis of Aziridines

@ O
L*Cu PFg
Ts
R' N
R R?

A PhI=NTs

RH/\RZ PhI

RB
[L*Cu=NTS]®
©
PFg
Scheme 4.16

e e vL Y o)
ooy w02 # #

i} PhI=NTs, CuOT0.5PhH, CH,Cl,, 24 °C
AnBOX PheBOX

Scheme 4.17

control exerted during the processes. Subsequent efforts inspired by the seminal
work of these groups have ameliorated some, though by no means all, of the
blemishes impairing the elegance of the method. Thus, the iodinane reagents may
be prepared in situ rather than being isolated, from PhI=0 [17] or PhI(OAc), [18]
and a sulfonamide. Copper(11) salts may be used in iodinane aziridination, and
such reactions have been carried out in ionic liquids with the catalytic system
proving to be recyclable up to five times with no loss of activity [19]. Particularly
active copper catalysts are generated from copper complexes and “homoscorpio-
nate” (trispyrazolylborate) ligands (Figure 4.1) [20]. The activity of these catalysts
means that excess olefin is not required in the reaction, a most useful improve-

Figure 4.1 “Homoscorpionate” ligands.
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ment on the existing methods. Disilver(r) catalysts may also be used in the reac-
tion, though there is still the need for an excess of olefin [21].

The nature of the arylsulfonamides used in one-pot asymmetric aziridinations is
important, with electron-deficient sulfonamides giving the best yields and ees [22].
The reaction can be enhanced if the sulfonamide also bears a ligating group: pyr-
idylsulfonamides have been shown to exert a powerful influence upon the pro-
gress of copper-catalyzed aziridinations, acting both as reagents and as good li-
gands. In these reactions, the relatively mild cleavage procedure for the pyridylsul-
fonamide group (treatment with magnesium in methanol) is advantageous, as is
the ability of the ligating sp® nitrogen to invert the regiochemistry of subsequent
ring-opening by organocuprates (relative to the corresponding reactions of tolylsul-
fonylaziridines) [23].

The metal catalyst is not absolutely required for the aziridination reaction, and
other positive nitrogen sources may also be used. After some years of optimization
of the reactions of alkenes with positive nitrogen sources in the presence of bro-
mine equivalents, Sharpless et al. reported the utility of chloramine-T in alkene
aziridinations [24]. Electron-rich or electron-neutral alkenes react with the anhy-
drous chloramines and phenyltrimethylammonium tribromide in acetonitrile at
ambient temperature, with allylic alcohols being particularly good substrates for
the reaction (Schemes 4.18 and 4.19).

Other oxidants may be used in place of PTAB: chloramine-T efficiently azir-
idinates a range of alkenes in the presence of H,0, (Scheme 4.20) [25].

Chloramine-T also functions as a nitrene source in the presence of heteropoly
acids (HPAs) such as phosphomolybdic and phosphotungstic acids. The aziridina-
tion of alkenes by treatment with the combination of HPA and chloramine-T is
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instantaneous at room temperature and substoichiometric amounts of catalyst are
needed, though the reaction often requires an excess of olefin, as in the traditional
(i-e., metal-catalyzed, iodinane) process. The authors postulate a metalo-oxazir-
idine intermediate as the key reactive component (Scheme 4.21) [26].

Bromamine-T can also be utilized as a nitrene source, as reported by Zhang
etal. [27]. Fe(tr1) porphyrins such as Fe(TPPC)Cl (Figure 4.2) thus catalyze the
aziridination of alkenes when bromamine-T is used, whereas chloramine-T was
inactive and iodinanes were inefficient reagents.

One of the limitations to the methods using addition of nitrenoids to alkenes is
the prevalence of sulfonyl substitution at nitrogen, with the concomitant difficulty
in subsequently removing the sulfonyl unit. Guthikonda and Du Bois’ report of the
use of trichloroethylsulfamate (which may be cleaved with metallic zinc under
mild conditions) in Rh(1)-catalyzed alkene aziridinations thus represents a useful
addition to the methodology (Scheme 4.22). In addition to providing a practical
alternative to the tosyl group, the Du Bois process is unique in that the alkene does
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not have to be present in excess (not normally the case in metal-nitrenoid azir-
idinations; vide infra) [28].
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4.2.1.2 Aziridines by Addition-elimination Processes

The Gabriel-Cromwell aziridine synthesis involves nucleophilic addition of a for-
mal nitrene equivalent to a 2-haloacrylate or similar reagent [29]. Thus, there is an
initial Michael addition, followed by protonation and 3-exo-tet ring-closure. Asym-
metric variants of the reaction have been reported. N-(2-Bromo)acryloyl camphor-
sultam, for example, reacts with a range of amines to give N-substituted (azir-
idinyl)acylsultams (Scheme 4.23) [30].
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Chiral N-(2-bromo)crotonoyl imidazolidinones react with ammonia to give N-
unsubstituted aziridines (Scheme 4.24) [31].

Another conceptually unique approach in alkene aziridination has come from
Johnston’s labs. These workers shrewdly identified organic azides as nitrene equiv-
alents when these compounds are in the amide anion/diazonium resonance form.
Thus, when a range of azides were treated with triflic acid and methyl vinyl ketone
at 0 °C, the corresponding aziridines were obtained, in synthetically useful yields.
In the absence of the Brensted acid catalyst, cycloaddition is observed, producing
triazolines. The method may also be adapted, through the use of unsaturated imi-
des as substrates, to give anti-aminooxazolidinones (Scheme 4.25) [32].

42.2
Addition to Imines

Since alkenes are relatively impotent precursors to aziridines, especially with re-
gard to stereoselective reactions, substantially greater advances have been made in
this field by means of the addition reactions between imines and a range of car-
bene equivalents.

4.2.2.1 Carbene Methodology

The synthesis of aziridines through reactions between nitrenes or nitrenoids and
alkenes involves the simultaneous (though often asynchronous; vide supra) forma-
tion of two new C—N bonds. The most obvious other alternative synthetic analysis
would be simultaneous formation of one C-N bond and one C—C bond (Scheme
4.26). Thus, reactions between carbenes or carbene equivalents and imines com-
prise an increasingly useful method for aziridination. In addition to carbenes and
carbenoids, ylides have also been used to effect aziridinations of imines; in all
classes of this reaction type the mechanism frequently involves a stepwise, addi-
tion-elimination process, rather than a synchronous bond-forming event.
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This area of research has only recently attracted the attention of synthetic or-
ganic chemists, but there has been a flurry of impressive activity in the area.
Simple (i.e., unstabilized) carbenes suffer from many of the problems of nitrenes
(vide infra) and most reported synthetically useful procedures use carbenoids: the
majority of recent reports have focussed upon reactions between a-diazoesters and
imines in the presence of a range of catalysts. In one of the earliest reports of
enantioselective carbene-imine reactions, for instance, Jacobsen and Finney re-
ported that ethyl diazoacetate reacts with N-arylaldimines in the presence of cop-
per(1) hexafluorophosphate with mediocre stereoselectivity to give N-arylaziridine
carboxylates. Though the diastereoselectivities of the reaction were often accept-
able (usually >10:1, in favor of the cis isomers) the observed enantioselectivity was
low (no more than 44 % ee; Scheme 4.27) [33].

Trimethylsilyldiazomethane reacts under similar conditions with N-tosylimines
in the presence of (R)-Tol-BINAP, with better enantiocontrol, but the process does
not live up to the standards expected of modern asymmetric transformations
(Scheme 4.28) [34].

Probably the most widely applicable asymmetric imine aziridination reaction
reported to date is that of Wulff et al. These workers approached the reaction from
a different perspective, utilizing the so-called “vaulted”, axially chiral boron Lewis
acids VANOL and VAPOL [35] to mediate reactions between ethyl diazoacetate and
N-benzhydrylimines (Scheme 4.29) [36]. The reactions proceed with impressive
enantiocontrol, but there is a requirement that the benzhydryl substituent be pre-
sent; since this group is not an aziridine activator there is, therefore, a need for
deprotection and attachment of a suitable activating group. Nonetheless, this
method is a powerful one, with great potential for synthesis, as shown by the rapid
synthesis of chloroamphenicol by the methodology [37].

Williams and Johnston have reported the first use of proton catalysis in the
aziridination of imines by diazoesters (Scheme 4.30) [38]. A range of aryl and ali-
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phatic benzhydryl imines react with ethyl diazoacetate in the presence of triflic
acid to give generally good yields of the corresponding aziridines. The reaction
proceeds at low temperature, acid-sensitive functionalities (such as acetals) are left
unscathed, and the reaction is capable of high diastereoselectivity: strongly elec-
tron-withdrawing imine substituents induce excellent cis selectivity in the reac-
tion.

Diazoester aziridinations may be carried out in ionic liquids [39]. Other carbene
equivalents have been investigated in aziridination reactions, though not to the
same extent as diazocarbonyl compounds. Dibromo(tert-butyldimethylsilyl)me-
thyllithium, for example, aziridinates N-arylimines to give 1-bromo-2-aryl-3-silyla-
ziridines; these compounds function as useful synthetic intermediates, reacting
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with nucleophiles to give a range of trans-1-substituted 2-aryl-3-silylaziridines in
good yields, and in a highly stereoselective manner (Scheme 4.31) [40].

4.2.2.2 Aza-Darzens and Analogous Reactions
The reaction of sulfur (and analogous iodine [41] ylides) with imines to form azir-
idines is a Darzens-like reaction, analogous in gross terms to the carbene proc-
esses described above. Such ylides react to give -sulfonium or B-iodonium amide
anions, which are not isolated, but are instead allowed to react by ring-closure to
give aziridines directly; in particular, this method is most often used for the synthe-
sis of vinyl aziridines. Thus, Corey-Chakovsky sulfonium ylides have been used in
asymmetric aziridination reactions of chiral sulfinyl imines. Stockman et al. ex-
trapolated the initial findings of Garcia-Ruano [42] and Davis [43] and found that a
range of aryl, aliphatic, and vinyl aziridines could be prepared in good yield and
with high levels of stereoselectivity (Scheme 4.32) [44].

The Stockman group has also studied reactions between the same imines and
allyl sulfonium ylides (first reported by Hou and Dai [45]) [46]. N-Sulfinyl vinylazir-
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idines were thus prepared with moderate cis/trans selectivity, but the major stereoi-
somers were obtained with high diastereoexcess, with respect to the newly-formed
asymmetric centers (Scheme 4.33).

In addition to their seminal contributions to epoxidation by such methodologies,
Aggarwal et al. have also made significant contributions to the study of chiral
sulfonium aza-Darzens reactions (Scheme 4.34). Terpene-derived sulfides react
with diazo compounds to give aziridines in generally good yields and with useful
levels of enantiocontrol. In addition to being highly selective, the reaction is opera-
tionally simplified by the cunning in situ generation of the requisite diazo com-
pounds, by decomposition of the corresponding sodium salts of the analogous
tosylhydrazones. Finally, the method is one of the few to furnish aziridines bearing
N-substituents (tosyl, SES, Dpp, and carbamoyl, inter alia) amenable to subsequent
synthetic manipulation under conditions compatible with a range of other func-
tionality [47]. Despite recent advances in deprotection techniques [48], the widely
used methodology to prepare N-sulfonyl aziridines can be flawed, the inherent
stability of the sulfonamide group retarding sulfonylation. Aggarwal’s method is
therefore of considerable practical utility. The chiral additive responsible for the
enantioselectivity is easily prepared from camphorsulfonic acid.

The classical aza-Darzens reaction (between bromoenolates and imines) has
been investigated by several groups in recent years, especially with respect to the
design and execution of asymmetric variants. Both stoichiometric and catalytic
methods have been studied: thus, the reactions between N-Dpp imines and chiral
a-bromoenolates [49] (derived from Oppolzer’s sultams; Scheme 4.35) and be-
tween S-chiral sulfinylimines and achiral bromoenolates [50] (Scheme 4.36) have
been reported.

Both of these transformations proceed in good yield and with high levels of
enantio- and diastereoselectivity. The N-Dpp aziridines produced by the former
reaction had already been shown by Sweeney et al. to be useful reagents for ring-
opening (the Dpp group is a good activator to ring-cleavage and is removed by
treatment with either Brensted or Lewis acid at low or ambient temperature),
whilst the products of the latter reaction are also activated aziridines. Thus, Davis
et al. found that these chiral sulfinyl aziridines undergo hydrolytic and hydrogeno-
lytic ring-cleavage efficiently, but must be oxidized to the corresponding sulfonyl
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analogues to be able to undergo ring-opening reactions with carbon nucleophiles
efficiently. The same group have also reported the use of sulfonium ylides with
similar substrates (vide infra).

Other reactions adapted from asymmetric aldol reactions suffer in comparison
from the fact that (probably due to the strength of the boron-nitrogen bond) boron-
mediated processes generally yield the intermediate 2-halo-3-aminoester products
rather than aziridine products directly [51].

4.2.3
Addition to Azirines

Azirines (three-membered cyclic imines) are related to aziridines by a single redox
step, and these reagents can therefore function as precursors to aziridines by way
of addition reactions. The addition of carbon nucleophiles has been known for
some time [52], but has recently undergone a renaissance, attracting the interest of
several research groups. The cyclization of 2-(O-tosyl)oximino carbonyl com-
pounds — the Neber reaction [53] — is the oldest known azirine synthesis, and
asymmetric variants have been reported. Zwanenburg et al., for example, prepared
nonracemic chiral azirines from oximes of 3-ketoesters, using cinchona alkaloids
as catalysts (Scheme 4.37) [54].

Azirines may also be prepared by thermolysis of vinyl azides (Scheme 4.38)
[55].
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Several groups have now reported alternative methods for the preparation of
chiral azirines [56], and this has subsequently resulted in a renewed interest in the
use of these intermediates for aziridine synthesis. The natural product antibiotic
(-)-dysidazirine was synthesized by Davis et al. through the use of an unsaturated
chiral N-sulfinyl aziridine prepared by the group’s asymmetric aza-Darzens meth-
odology (vide infra), revolving around the elimination of methyl tolylsulfinite as the
key azirine-forming reaction (Scheme 4.39) [57]. The regiochemistry of the elim-
ination is intriguing, proceeding by loss of the (apparently) less acidic proton.

The same group found that the yield of azirine was in some cases enhanced if
the elimination was of a sulfenate, rather than a sulfinite, leaving group; treatment
of the thus produced azirines with Grignard reagents was highly stereoselective,
providing the tetrasubstituted aziridine products in good yield (Scheme 4.40). This
report was the first concerning reactions between 2H-azirine-2-carboxylic esters
and organometallic reagents [58]. It was subsequently found that the efficiency of
elimination of sulfinyl aziridines is also enhanced when the key reaction is carried
out at very low temperature in the presence of TMSCI [59].
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Atkinson Q-aziridines bearing silyl ring substituents undergo elimination in the
presence of CsF to give chiral azirines, which react with cyanide ion to give cyanoa-
ziridines in good yields [60]. The approach of the incoming nucleophile is anti to
the preexisting asymmetric center, as would be predicted (Scheme 4.41).

Reactions between organolithium reagents and 3-(2-naphthyl)-2 H-azirine in the
presence of a range of chiral ligands have been studied. The product aziridines are
obtained in at best moderate ees [61].

Asymmetric transfer hydrogenation reducing agents react with 2-aryl azirines to
give aziridines in good yields but with moderate enantiomeric excesses (Scheme
4.42) [62).

Carbon-centered radicals have been shown to undergo addition reactions with
azirine-3-carboxylates. Methyl 2-(2,6-dichlorophenyl)azirine-2-carboxylate thus re-
acts with alkyl and aryl iodides in the presence of triethylborane to give aziridines
in good yields. The radical approaches from the opposite face to the aryl sub-
stituent, giving the cis products as single diastereoisomers (Scheme 4.43) [63].

A similar but asymmetric variant of the reaction, involving the radical addition
of alkyl iodides and trialkylboranes to chiral azirine esters derived from 8-phenyl-
menthol and camphorsultam, in the presence of a Cu(1) catalyst, has subsequently
been reported [64]. The diastereoselectivity of the addition is variable (0-92% de)
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and the process must be conducted at very low temperature for best results
(Scheme 4.44).

Aziridines bearing heteroatom substituents are best prepared through treatment
of the corresponding azirines with heteroatom nucleophiles. Thus, azirine carbox-
ylates (in this case prepared by thermal decomposition of the corresponding vinyl
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azides; vide infra) react with pyrimidine and purine bases in mediocre yield
(Scheme 4.45) [65]. Enantiomerically enriched ethyl 3-methyl-2 H-azirine-2-carbox-
ylate acts as an efficient alkylating agent for a variety of five-membered aromatic
nitrogen heterocycles [66].

Azirines are also the reagents of choice for the preparation of polycyclic azir-
idines in which the nitrogen atom is located at a ring junction, by means of hetero-
cycloaddition reactions [67], though the C=N bond is sometimes rather unreactive
in these process. Racemic arylazirinecarboxylates thus react relatively rapidly with
2,3-dimethylbutadiene to give bicyclo[4.1.0Jheptene carboxylates (Scheme 4.46)
[68], whereas chiral azirine-3-phosphonates undergo slow Diels-Alder cycloaddi-
tion with simple dienes, but the reactions proceed with essentially complete dia-
stereoselectivity (Scheme 4.47) [69]
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There has been some investigation of auxiliary-controlled cycloadditions of azir-
ines. Thus, camphor-derived azirine esters undergo cycloaddition with dienes,
with poor diastereoselectivity [70]. The same azirines were also observed to react
unselectively with phenylmagnesium bromide. Better selectivities were obtained
when Lewis acids were used in the corresponding cycloaddition reactions of 8-phe-
nylmenthyl esters of azirine 2-carboxylates (Scheme 4.48) [71]. The same report
also describes the use of asymmetric Lewis acids in similar cycloadditions, but
mediocre ees were observed.

424
Aziridines through Cyclization

4.2.4.1 From Epoxides
Jacobsen has utilized [(salen)Co]-catalyzed kinetic resolutions of terminal epoxides
to prepare N-nosyl aziridines with high levels of enantioselectivity [72]. A range of
racemic aryl and aliphatic epoxides are thus converted into aziridines in a four-step
process, by sequential treatment with water (0.55 equivalents), Ns-NH-BOC, TFA,
Ms,0, and carbonate (Scheme 4.49). Despite the apparently lengthy procedure,
overall yields of the product aziridines are excellent and only one chromatographic
purification is required in the entire sequence.

Guanidines have been shown to act as nitrogen sources in the conversion of

N Ns
O __i)v) ’ A
el T M ~=N_ /N—
Co
74% yield o | he)
>99% ee OAc

i} [(salen)Co](2 mol%), HoO (0.55 eq.); NsSNHBOC; ii) TFA, CH,Cly;

iii) Ms,0, pyridine, DMAP, CHoCl; iv) KoCOg, HoO, THF, reflux I(salen) Coj

Scheme 4.49
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Scheme 4.50

epoxides to aziridines (Scheme 4.50) [73]. The method utilizes the cyclic guanidine
shown to mediate the aziridinations of aryl aldehydes in the presence of bromoe-
sters [74]; the process involves ring-opening of the epoxide by the exocyclic ni-
trogen atom of the guanidine and subsequent oxygen-nitrogen exchange. Chiral
epoxides may be converted into aziridines of opposite configuration by the proc-
ess.

4.2.4.2 From 1,2-Aminoalcohols and 1,2-Aminohalides

This class of aziridine-forming reaction includes the first reaction reported to af-
ford aziridines. In 1888 Gabriel reported that aziridines could be prepared in a two-
step process, by chlorination of ethanolamines with thionyl chloride, followed by
alkali-induced cyclization [75]. Wenker subsequently reported that heating of 600 g
of ethanolamine with more than 1kg of 96 % sulfuric acid at high temperature
produced “<qgs>PB-aminoethyl sulphuric acid<qe>"; 282 g of it was distilled from
aqueous base to give 23 g of aziridine itself, the first preparation of the parent
compound in a pure condition [76]. Though there is no evidence to substantiate
the hypothesis, the intermediate in these reactions is perhaps a cyclic sulfamidate
(Scheme 4.51).

Not surprisingly, these harsh conditions (Wenker commented about the first
stage of the preparation that “<gs>at about 250 °C charring begins, necessitating
the end of the operation<qe>") were not generally suitable, producing mixtures of
cyclized and elimination product when any substitution was present o to the hy-
droxy moiety. This area has attracted considerable interest in the intervening years,
with a wide range of conditions for activation of the hydroxy group having evolved,
enabling the preparation of a wide range of achiral and enantiomerically pure
aziridines for use in synthesis, and the reader is directed to review sources for
fuller details of this type of aziridine-forming process [77]. In particular, Mitsu-
nobu-like oxyphosphonium activation has been used extensively to execute the

transformation.
HO i i) H ™
~o NH » X - N X= /NH ?
2 VAN O-g
26.5% yield Oz

i} H,SO,4, >250 °C; i) KOH, distillation
Scheme 4.51
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4.2.4.3 From 1,2-Azidoalcohols [2, 3]

Since the development of new asymmetric epoxide syntheses there has been a
ready supply of enantiomerically pure epoxides, and there have been abundant
reports of multistep preparation of aziridines from these precursors. In particular,
phosphine-mediated ring-closures of azidoalcohols (one of the reactions to bear
Staudinger’s name), obtained from chiral epoxides by ring-opening reactions
through the use of a range of nucleophilic azide sources, has been widely investi-
gated. The key, aziridine-forming reaction in these strategies involves the treat-
ment of hydroxyazides with trialkyl- or triarylphosphine, producing diastereomeric
oxazaphospholidines, which are rapidly formed but slowly converted into N-un-
substituted aziridines upon heating in acetonitrile (Scheme 4.52). The reaction has
been demonstrated in a wide range of chiral and achiral epoxides and there is no
issue of regiochemistry: both asymmetric centers are cleanly and predictably in-
verted during the process.

4.3
Conclusions

Aziridines were amongst the first heterocycles to be prepared by synthesis, and
they occupy a special place in organic synthesis. This chapter has, we hope, indi-
cated the rich chemistry associated with this area of synthetic endeavor in both the
distant and the recent past; it is clear that the recent exciting developments in
asymmetric aziridine synthesis indicate a most promising future for the practitio-
ners in the field and the greater synthetic community at large.
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5
Metalated Epoxides and Aziridines in Synthesis
David M. Hodgson and Christopher D. Bray

5.1
Introduction

The chemistry of epoxides and aziridines is dominated by reactions that involve
cleavage of the strained heterocyclic ring by nucleophiles (see Chapters 7 and 12).
However, a less well known aspect of the chemistry of epoxides and aziridines is
that which occurs upon reaction with a strong base. Abstraction of a B-proton may
occur, resulting in the formation of allylic alcohols or amines, a process termed f-
elimination [1a]. However, the B-hydrogens are not usually the most acidic; due to
the electron-withdrawing effect of the oxygen/nitrogen and the acidifying nature of
the three-membered ring, removal of an a-proton can occur to give an o-metalated
epoxide (oxiranyl anion) or aziridine (aziridinyl anion) 1 (Scheme 5.1).

The chemistry of a-metalated epoxides and aziridines (the o prefix will from now
on not be included but should be assumed) has been reviewed previously [1], but
in this chapter it is our intention to focus on those reactions involving them that
are useful in synthesis, rather than just of pedagogical interest. Beginning with
metalated epoxides, since the greater amount of work has involved them, we in-
tend to present carefully chosen examples of their behavior that delineate the di-
verse nature of their chemistry. We will then move on to metalated aziridines, the
chemistry of which, it will become apparent, closely mirrors that of their epoxide
cousins.

HX X

HH Nu /N .- B-elimination
N H H

u
l a-metalation

YAy

1: o-metalated epoxide (X = O)
a-metalated aziridine (X = NR)

Scheme 5.1
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Scheme 5.2

5.2

Metalated Epoxides

Metalated epoxides undergo a variety of transformations; most simply, they can act
as classical nucleophiles and react with a range of electrophiles to give more highly
substituted epoxides, which constitutes an attractive route to such compounds
(Scheme 5.2, Path A).

When lithiated, the ring strain of the three-membered heterocycle remains im-
portant, and this strain, combined with a weakening of the a-C-O bond, due to its
greater polarization, make metalated epoxides highly electrophilic species [2]. They
react with strong nucleophiles (often the base that was used to perform the a-
deprotonation) to give olefins following the elimination of M,O (Scheme 5.2,
Path B), a process often referred to as “reductive alkylation”.

Finally, metalated epoxides undergo isomerization processes characteristic of
traditional carbenoids (Scheme 5.2, Path C). The structure of a metalated epoxide
is intermediate in nature between the structures 2a and 2b (Scheme 5.2). The
existence of this intermediacy is supported by computational studies, which have
shown that the 0-C-O bond of oxirane elongates by ~12% on a-lithiation [2]. Fur-
thermore, experimentally, the o-lithiooxycarbene 4a (Scheme 5.3) returned cyclo-
pentene oxide 7 among its decomposition products; indeed, computational studies
of singlet 4a suggest it possesses a structure in the gas phase that is intermediate
in nature between an o-lithiocarbene and the lithiated epoxide 4b [3].

The existence of a metalated epoxide was first proposed by Cope and Tiffany, to
explain the rearrangement of cyclooctatetraene oxide (8) to cycloocta-1,3,5-trien-
7-one (11) on treatment with lithium diethylamide. They suggested that lithiated
epoxide 9 rearranged to enolate 10, which gave ketone 11 on protic workup
(Scheme 5.4) [4].

Following this, House and Ro presented the first experimental evidence for the
existence of metalated epoxides. Treatment of cis- and trans-o-methyl-p-(phenyl-
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Me EtONa/ Me N Me Me
®n  EOD /KT@Na _k§ copn P00
Ph ’ Ph Ph + |7 Ph
78 °C ON
COPh COPh COPh
12 13a 13b 14: 65%
Scheme 5.5

carbonyl)acetophenone oxide (12) with sodium ethoxide in deuterioethanol re-
sulted in a geometric mixture of 14, in which one deuterium had been incorpo-
rated onto the epoxide ring (Scheme 5.5) [5]. This experiment not only indicates
the intermediacy of anion 13a, but also highlights the issue of oxiranyl anion
configurational stability (13a == 13b), a topic we shall return to later.

5.2.1
C—H Insertions

5.2.1.1 Transannular C—H Insertions in Epoxides of Medium-sized Cycloalkenes

It was the early observation by Cope et al. that treatment of epoxides of medium-
sized cycloalkenes with strong base results in the generation of new carbon skel-
etons, which prompted the initial interest in the chemistry of metalated epoxides
[6].

Treatment of cis-cyclooctene oxide (15) with lithium diethylamide in ether at
reflux gave endo-cis-bicyclo[3.3.0]octan-2-0l (16) in 70% yield. Under identical con-
ditions, trans-cyclooctene oxide (17) gave exo-cis-bicyclo[3.3.0]octan-2-0l (18) in
55-60% yield (Scheme 5.6) [7]. In each case, the reaction is completely stereospe-
cific, with neither of the epimeric alcohols being observed, which suggests that the
reactions proceed through insertion of a carbenoid (rather than the same o-li-

b
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- = — + +
da 4b
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Scheme 5.6
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+
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Scheme 5.7

thiooxy carbene) into the transannular C-H bond. The synthesis of alcohol 16 was
later reported to proceed in improved yield through the use of LDA in ether/
hexane (80%) [8]. Cope etal. also showed that cis- and trans-cyclodecene oxide
underwent similar transformations [9].

Benzo-fused epoxides 20 (n =1 or 2) underwent facile rearrangement to alcohols
21 (n =1 or 2, respectively) upon treatment with LDA at room temperature in only
1 h, owing to the acidic nature of their benzylic protons (Scheme 5.7) [10]. Sim-
ilarly, 3,4-epoxycyclooctene 23 gave alcohol 24 [11].

n-Buli can be used in place of lithium amides for the rearrangement of epoxides
of eight- and ten-membered cycloalkenes [12]. Epoxides of larger and smaller cy-
cloalkenes were found to give a variety of products (Table 5.1). This dependence of
product profile on ring size demonstrates that close proximity between the meta-
lated epoxide and the target C—H bond [as is the case for epoxides of eight-, (nine-;
see below) and ten-membered cycloalkenes] is important for efficient transannular
insertion to occur.

In recent years, enantioselective variants of the above transannular C-H inser-
tions have been extensively studied. The enantiodetermining step involves dis-
crimination between the enantiotopic protons of a meso-epoxide by a homochiral
base, typically an organolithium in combination with a chiral diamine ligand, to
generate a chiral nonracemic lithiated epoxide (e.g., 26; Scheme 5.8). Hodgson
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Table 5.1 Ring size and product distribution.

o n-BulLi o
Et,0/ hexane
n n OH n "0 n

HO

(HZCQ(CHz)b

-78°C—>25<C
60-90%

n Ratio of products
1 29 56 15 0
2 0 84 3 13(@=2,b=1)
3 0 0 trace 99 (@a=1,b=3)
5 trace 0 trace 975(@=2,b=4)
7 80 10 10 0

and Lee reported the first such example in 1996 [13]. Treatment of cis-cyclooctene
oxide with s-BulLi/(-)-sparteine gave alcohol 16 in 79% yield and 73 % ee. The use
of i-PrLi (which does not contain a stereocenter) in place of commercial s-BuLi
gave improved results (86 % yield, 84 % ee); these conditions were also successfully
applied to cyclonon- and cyclododecene oxides (27 and 29). Interestingly, the use of
substoichiometric amounts (20 mol %) of (-)-a-isosparteine also resulted in good
yield (86 %) and ee (84 %) of alcohol 16 with i-PrLi as base; this indicates potential
for asymmetric catalysis (Scheme 5.8) [14, 15].

AL/ H PH
(-)-sparteine ! z
© Et,0 !
-98 «C H
15 26 R = 5-Bu 16: 79% (73 % ¢e)

R = i-Pr 16:86% (84 % ee)

C@OC‘@@

—)-sparteine (—)-o-isosparteine
OH

i-PrLi/ H i-PrLi/

(—)-sparteine
© TEo

(-)-sparteine
O —_——
Et,0

~98 °C g

27 28: 77%
(83% ee)

Scheme 5.8

-98 «C

29 30:97%
(77% ee)
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s-BuLi/ s-BuLi/
—)-sparteine —)-sparteine
Et,0,-98 C BF,-Et,0
Et,0,-98 °C
31 32:85% 31 33: 75%
(62% ee) (71% ee)

Scheme 5.9

A significant effect of Lewis acids on such transannular C-H insertion reactions
has been demonstrated. Treatment of 5,6-epoxycyclooctene (31) with s-BuLi/
(-)-sparteine gave allylic alcohol 32, formally the product of B-elimination, in good
yield (and ee) (Scheme 5.9). In the presence of BFs-Et,O, however, alcohol 33 was
produced as a result of o-lithiation, in 75% yield and 71 % ee [16].

To extend the scope of asymmetric transannular C-H insertions, more highly
functionalized medium-sized cyclic epoxides have been investigated. A triad of
cyclooctene oxides 34, 36, and 38, possessing protected diol units, gave the ex-
pected alcohols 35, 37, and 39 (Scheme 5.10) [17, 18]; an asymmetric synthesis of
(-)-xialenon A has been achieved starting from alcohol 39 [19]. In comparison,

TBSQ

i-PrLi/ i-PrLi/
)-o-isosparteine -)-sparteine
TBSO TBSO
o °c ; a0 ¥
OTBS TBSO OTBS
35: 56% 37: 70%
(83% ee) (84% ee)
i-PrLi/
(-)-o-isosparteine
0] —_— OH
Et,0 +
98C  1ggd OTBS
38 39: 72%
(89% ee)
OLi
s-BulL.i/

-98 °C CO,tBu

40 41 42: 50%
(79% ee)

Scheme 5.10
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azacyclic epoxide 40 gave indolizidine 42, probably through trapping of the li-
thiated epoxide by the carbamate nitrogen and subsequent Stevens rearrangement
(18, 20].

5.2.1.2 Transannular C—H Insertions in Epoxides of Polycyclic Alkenes
Transannular C-H insertions are not limited to epoxides of medium-sized cy-
cloalkenes. Lithium amide-induced rearrangement of exo-norbornene oxide 43
gave nortricyclanol 44 in up to 90% yield, depending on the base employed
(Scheme 5.11) [15, 21, 22]. Similarly, epoxides 45 and 47 gave alcohols 46 and 48,
respectively [21, 23]. Under similar conditions, chloronorbornene oxide 49 gave
predominantly nortricyclanone 50 [24]. An intriguing reaction was found to occur
with exo,exo-norbornadiene dioxide 51; presumably epoxide 52, the direct result of
transannular insertion, was highly strained and so was reduced by the excess of
LDA present to give meso-diol 53 [15, 22].

The extension of this methodology into asymmetric processes has also been
explored: the use of lithium (S,S)-bis(1-phenyl)ethylamide as base allowed access
to nortricyclanol 44 (73 % yield, 49% ee), and the use of s-BuLi/(-)-sparteine gave
similar results (73 % yield, 52 % ee) [25]. During a targeted natural product synthe-
sis, base-induced transannular C-H insertion of N-Boc-7-azanorbornene oxide 54
was examined. The use of LDA as base gave azanortricyclanol 55 in 52% yield
(Scheme 5.12); application of aryllithiums in combination with diamine ligands
provided the best yields and ees. A subsequent radical rearrangement of the methyl
xanthate of 55 allowed access to a biologically active analogue of epibatidine [26].

In all examples of enantioselective deprotonation of meso-epoxides with organo-

OH
o)
Ao dae AR 2 A
Et2O Et,0

35 °C
43 44: 90% 45 46: 82%
O LINEt, o LINEL
benzene benzene/
H, Et,0, A O
a7 48: 95% 50: 84%

lbo 0| b\o) ’Hoﬁ/%

Et,O H ~ULi

0 e
52 >\

51 53: 56%

Scheme 5.11
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i Cl
NBoc “° (f 41 NBoc NH /|

O {(-)-sparteine >~ _N
—_—
Et,0 OH
54 8T 5560% epibatidine
77% ee

Scheme 5.12

Figure 5.1 Ternary organolithium(RLi) - sparteine - epoxide
complex in which the proton on the (R)-epoxide stereocenter
is held closer to the organolithium.

lithiums in combination with the sparteines reported to date, removal of the pro-
ton from the (R)-epoxide stereocenter is preferred. This enantioselectivity may be
explained in terms of a ternary organolithium(RLi) - sparteine - epoxide complex,
in which the proton on the (R)-epoxide stereocenter is held closer to the organoli-
thium (Figure 5.1).

5.2.1.3 Nontransannular Examples of C—H Insertion

Limited examples of nontransannular C-H insertions occurring in metalated ep-
oxides exist. Treatment of trans-di-tert-butylethylene oxide 56 with t-BuLi predom-
inantly gave the diastereomeric alcohols 58 and 59 (Scheme 5.13) [27]. Mioskowski

M t Buli M
pentane :
OH
56

58
72% (57: 58: 59 = 28: 56: 16)
H
MeQ CHMeEt MeQ P
PhLi n- BuLI
—_—
o hexane pentane OH
r.t.
60 1 65% 63. 59%

Scheme 5.13
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et al. have also demonstrated that epoxides such as 60 and 62 provide cyclopro-
panes 61 and 63 as mixtures of diastereomers in good yields [28, 29]. In all three
cases, one can still imagine the lithiated epoxides and the target C-H bonds ori-
ented close to one another, though in the last two examples the base needed to be
added slowly to a dilute solution of the epoxide to minimize the formation of
products derived from “reductive alkylation”.

5.2.1.4 Isomerization of Epoxides to Ketones
Whereas exo-norbornene oxide rearranges to nortricyclanol on treatment with
strong base through transannular C-H insertion (Scheme 5.11), endo-norbornene
oxide 64 gives norcamphor 65 as the major product (Scheme 5.14) [15, 22]. This
product arises from 1,2-hydrogen migration; very little transannular rearrange-
ment is observed. These two reaction pathways are often found to be in competi-
tion with one another, and subtle differences in substrate structure, and even in
the base employed, can have a profound influence on product distribution.
Base-induced rearrangement of bicyclo[2.2.2]octane oxide 67 gives predomi-
nantly bicyclo[2.2.2]octanone 68 (Scheme 5.15), which once again indicates that
close proximity between the carbenoid center and the C-H bond into which it may
insert is important if such an insertion is to occur [30]. In comparison, the sense of
product distribution is reversed for the related substrate bicyclo[2.2.2]octadiene
oxide 70 on treatment with LDA [15, 22], alcohol 72 being the favored product.

;b;?g;bé A,

65: 55% 66: 14%

LDA
o EtO 0
+ OH

95% 71:72=19:1

base LiNEt,
L@" = L@ & ° =
EE——

A i

70 LDA 71:29% 72: 55% 74: 95%

71: 50% 72:15%
Ph/\llzl.J\Ph
I

Scheme 5.14

Scheme 5.15
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FPrLi Q o

(-)-a-isosparteine LDA

TBSO-- O TBSO" —
E1,0,-98 °C o Et,0

1h,rt.

75 76: 40% 77 78: 64%
87% ee
Scheme 5.16

Interestingly, the use of (S,S)-bis(1-phenyl)ethylamide as base with epoxide 70 pre-
dominantly yields ketone 71. Where the possibility for competing C-H insertion is
removed (e.g., with epoxide 73), isomerization to ketone 74 occurs in excellent
yield.

Epoxides of eight-, nine-, and ten-membered cycloalkenes undergo facile trans-
annular rearrangement (see above); in contrast, cycloheptene oxides predomi-
nantly undergo rearrangement to give ketones. Boeckmann found that treatment
of cycloheptene oxide itself with n-Buli gave cycloheptanone among other prod-
ucts (Table 5.1, Entry 2) [12]. This type of rearrangement was applied to substituted
cycloheptene oxide 75 (Scheme 5.16): enantioselective lithiation/rearrangement
gave ketone 76, a known intermediate in an asymmetric synthesis of (S)-physoper-
uvine [31]. Benzo-fused cycloheptene oxide 77 underwent facile rearrangement to
ketone 78 [10].

The effect of substrate structure on product profile is further illustrated by the
reactions of cis- and trans-stilbene oxides 79 and 83 with lithium diethylamide
(Scheme 5.17) [32]. Lithiated cis-stilbene oxide 80 rearranges to enolate 81, which
gives ketone 82 after protic workup, whereas with lithiated trans-stilbene oxide 84,
phenyl group migration results in enolate 85 and hence aldehyde 86 on workup.
Triphenylethylene oxide 87 underwent efficient isomerization to ketone 90 [32].

Ph. R P LINE, | Ph QPN Ph Ph )(L/Ph
H H Et,O0 H Li LiO Ph
A L _
79 80 81 82: 70%
H_ O  Ph LINEt, _H Q  Ph LiO Ph | ?
>z x< >A< — = _ Ph
Et,0 . H)S/
Ph H 2 Ph Li Ph
A b - Ph
83 84 85 86: 66%
ph, O Ph LINEL, | pp O ph Lio Ph Q
— | YT T — P
benzene Ph)k(
Ph H g5 LPh Li Ph Ph |
Ph
87 88 89 90: 80%

Scheme 5.17
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Scheme 5.18

The isomerization of acetylenic oxiranes cis- and trans-91 to allenic ketone 94 has
recently been described (Scheme 5.18). It is proposed that the rearrangement pro-
ceeds via a dilithium ynenolate [33].

5.2.2
Cyclopropanations

Crandall and Lin first demonstrated the reaction between a metalated epoxide and
an alkene to generate a cyclopropane, a process typical of a carbenoid, in 1967.
Treatment of 1,2-epoxyhex-5-ene with t-BuLi gave products predominantly derived
from incorporation of the organolithium, but a small amount (9%) of trans-bicy-
clo[3.1.0]hexan-2-ol (97) was also observed (Scheme 5.19) [27]. The reaction was
completely stereoselective, with none of the epimeric alcohol being observed.
Hodgson et al. subsequently demonstrated that the use of lithium 2,2,6,6-tetra-
methylpiperidide (LTMP) as base, rather than t-BulLi, allowed access to alcohol 97
in much improved yield (79 %) [34a]. The stereoselective nature of the reaction was
attributed to an initial trans-lithiation, followed by trapping of the carbenoidic cen-
ter by the tethered olefin occurring at the stage of the lithium carbenoid rather
than an o-lithiooxy carbene (compare this to the formation of alcohols 16 and 18;
Scheme 5.6), in a chair-like transition state 96 (Scheme 5.19). This behavior should
be contrasted with that observed with use of the superbase LIDAKOR with
1,2-epoxyhex-5-ene, which gives an isomeric cyclobutanol through allylic deproto-
nation and subsequent epoxide ring-opening [34D].

Hodgson et al. showed that a series of bis- and tris-homoallylic terminal ep-
oxides underwent intramolecular cyclopropanation to give a range of bicyclic alco-
hols. A short asymmetric synthesis of sabina ketone based on this chemistry was
demonstrated (Scheme 5.20). A practical advantage with this process is that the
volatile epoxides can be replaced with readily available chlorohydrins, an extra

OH

95 96 FBuLi 97: 9%
LTMP  97:79%

Scheme 5.19
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nBuLi i PhLi
E
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Scheme 5.21

equivalent of base simply being employed in the reaction to generate the epoxide
in situ [34c].

Mioskowski et al. have demonstrated a route to spirocyclopropanes. As an exam-
ple, treatment of epoxide 100 with n-Buli in pentane stereoselectively gave tricyclic
alcohol 101, albeit in only 47 % yield (Scheme 5.21) [29]. With a related substrate,
epoxide 102 stereoselectively gave dicyclopropane 103 on treatment with PhLi;
uniquely, the product was isolable after column chromatography in 74 % yield [35].
As was also seen with attempts to perform C-H insertion reactions in a non-
transannular sense, one should note that steps were taken to minimize the forma-
tion of olefin products, either by the use of a base with low nucleophilicity (LTMP)
and/or by slow addition of the base to a dilute solution (1073 m in the case of 102)
of the epoxide.

Other such dicyclopropanes underwent efficient acid-catalyzed (SiO,) hydrolysis
to give a-ketocyclopropanes (e.g., 104), which could further be elaborated to
2,3-disubstituted-2-cyclopentenones (e.g., 105) in good to excellent yield through
acid-assisted nucleophilic ring-opening (Scheme 5.22) [35].

NuH / H+

— N

CH,CI, v
OH rt

Nu = OH, CI, OMe
104 105: 81-95%

Scheme 5.22
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5.2.3
Olefin Formation

Metalated epoxides can react with organometallics to give olefins after elimination
of dimetal oxide, a process often referred to as “reductive alkylation” (Path B,
Scheme 5.2). Crandall and Lin first described this reaction in their seminal paper
in 1967; treatment of tert-butyloxirane 106 with 3 equiv. of tert-butyllithium, for
example, gave trans-di-tert-butylethylene 110 in 64 % yield (Scheme 5.23), Stating
that this reaction “should have some synthetic potential”, [36] they proposed a reaction
pathway in which tert-butyllithium reacted with a-lithiooxycarbene 108 to generate
dianion 109 and thence olefin 110 upon elimination of dilithium oxide. The ep-
oxide has, in effect, acted as a vinyl cation equivalent.

Despite its obvious potential, this reaction received little further attention until
Eisch and Galle reported that the treatment of a,B-epoxysilanes 111 and cis- or
trans-113 with excess PhLi gave alkenes 112 and 114; the isolation of Ph4Si as a
byproduct from these reactions indicates that they proceeded via metalated ep-
oxides generated through silicon-lithium exchange (Scheme 5.24) [37]. In this
case, it is not clear whether the formation of trans-stilbene from cis-113 is due to
configurational instability of the intermediate lithiated epoxide, whether it is sim-
ply due to elimination of dilithium oxide occurring to give the thermodynamically
more stable olefin, or perhaps both. For the control of olefin geometry in synthesis,
these are important considerations.

Different substrate geometries can even result in alternate reaction pathways
operating. The reactions between trans-o,B-epoxytrimethylsilane 115 and organo-
metals (metal = Li, Ce, or La) give predominantly trans-alkene 116 in high yields
(Scheme 5.25) [38]. In contrast, treatment of cis-115 with some of the same organo-
metals produces (Z)-vinylsilanes. The use of a bulkier substituent on silicon (e.g.,
118) resulted in an almost complete reversal of stereoselectivity to give (E)-vinylsi-
lane 119 [39]; the factors concerning olefin geometry discussed above are obviously
equally valid here.
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trans-a,B-Epoxystannanes (e.g., 120) also undergo “reductive alkylation”
(Scheme 5.26). On treatment with excess organolithium (Me3;SiCH,Li, for exam-
ple), tin-lithium exchange furnishes lithiated epoxide 121 and hence ultimately
trans-allylsilane 122 [40]. It should be noted that simple terminal epoxides such as
123 do not undergo “reductive alkylation” on treatment with Me3SiCH,Li (proba-
bly because it is insufficiently basic to abstract one of the ring protons), but instead
undergo direct nucleophilic ring-opening to give secondary alcohols (e.g., 124)
[41].

Mioskowski et al. examined the “reductive alkylation” of simple epoxides by or-
ganolithiums in THF in considerable detail, and found that the best yields and
stereoselectivities were obtained with secondary and tertiary alkyllithiums (Ta-
ble 5.2, Entries 1-5) [42]. n-BuLi gave a mixture of olefins (Entry 6), whereas PhLi
and Meli (Entries 7 and 8) gave very poor yields. Similar transformations have
been reported with the use of lithium tetraalkylcerate reagents (Entries 9 and 10)
[43].



Table 5.2 “Reductive alkylation” of simple epoxides by organo-

5.2 Metalated Epoxides

lithiums.
Entry Substrate Organometal Product Yield % (ratio)
o] s-Bu
1 s-BuLi — 76
C4H9/A\CAH C4H9 C4H9
o] s-Bu
H CHo
ANy s-BuLi o= 65
CH C,H,
0
3 t-BuLi __tBu 98
C1OHZ1 C10H21
0 s-BulLi
4 /A s-BuLi — 96
C H C10H21
10" 21
Bu
5 @o +-BuLi @ 56
6 o n-BuLi Bu ol
- 1/4 e (74:26; E:2)
o 10" 21
Ph
7 A PhLi — 20
CioH. C10H21/_/
0 Me
8 A MeLi Cw”m/:JN 48
CyoHz; (66:34; E:Z)
Bu
o o (93)
9 AN n-Bu,CeLi + g 84
Ph u
o @
o Bu>:/Ph (84)
. Ph
10 ph/A/Ph n-Bu,CeLi /i<Bu 98
Ph” ~ TPh (16)

It was demonstrated that when a better leaving group than lithium oxide (Li,O)
is present at the a-position (e.g., epoxide 125; Scheme 5.27), alkene formation
occurs with retention of the alcohol moiety [44].

Hodgson and coworkers extended this concept to epoxides of unsaturated cyclic
ethers 128 [5] and amines 130 [46, 47] (Scheme 5.28). It is interesting that the use
of trimethylsilylmethyllithium as the organolithium in this case resulted in substi-
tuted allylsilanes 129 and 131 (R = CH,SiMe;); presumably the epoxide ring pro-
tons of 128 and 130 are more acidic than those of a simple terminal epoxide (see
Scheme 5.26).

These processes could be performed in an enantioselective manner by addition
of (-)-sparteine or bisoxazoline ligands; in general the yields and ees were found to
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Scheme 5.29

be highly substrate- and ligand-dependant [47, 48], although in certain cases the
results were very good (Scheme 5.29).

There are some synthetic drawbacks with using the methodology described
above to access alkenes: i) the base and the nucleophile are always the same spe-
cies, and i) typically only simple alkyl/aryl units can be incorporated. Steps have
been taken to address these issues. Utimoto et al. demonstrated that epoxysilanes
could be deprotonated with s-BuLi and that the lithiated epoxides thus generated
could then be treated with organoaluminiums or organozincs to give a range of
triphenylsilyl-substituted olefins (Table 5.3). The use of diethylhaloaluminiums to
generate vinylhalides is also notable [49].

Whitby and Kasatkin have extended this idea to insertion of stabilized metalated
epoxides into zirconacycles (Scheme 5.30) [50].

Hodgson et al. have demonstrated that arylalkenes 139 and dienes 140 can read-
ily be prepared from simple terminal epoxides in a highly stereoselective manner
by employing LTMP as base in combination with aryl and vinyllithiums as nucleo-
philes at 0 °C (Scheme 5.31) [41]. Without addition of LTMP, secondary alcohols
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Table 5.3 Deprotonation with s-Buli and treatment with orga-
noaluminiums or organozincs to give a range of triphenylsilyl-
substituted olefins.

Ph,Si O R sBuli Ph.Si. O R R Al Ph38i>:<R'

= | |

H R" _78°C Li R" R R"
Enty R R”  RAl Yield (%)
1 H H MesAl 86
2 Et;Al 83
3 Et,AICI 78 (R = Cl), 8 (R = Et)

EtAll 77 R=1), 3 (R = Et)

5 (E)-n-BuCH=CHAl(i-Bu), 80 (R = (E)-n-BuCH=CH)
6 Me;SiC=CAl(i-Bu), 75 (R = C=CSiMes), 9 (R = i-Bu)
7 Me,AlSBu 52 (R = SBu), 17 (R= Me)
8 Et,Zn 87
9 Me H MesAl 92
10 Et;Al 94
11 Et,AICI 60 (R = Cl), 23(R = Et)
12 EnLALL 67 (R=1),13 (R = Et)
13 (E)n-BuCH=CHAI(i-Bu), 80 (R = (E)}-n-BuCH=CH), 4 (R = i-Bu)
14 Me;SiC=CAl(i-Bu), 65 (R = C=CSiMes), 14 (R = i-Bu)
15 Et,Zn 80
16 H Me MesAl 93
17 Et;Al 92
18 Me Me MesAl 83
19 (B-n-BuCH=CHAI(i-Bu), 66 (R = (E)-n-BuCH=CH), 6 (R = i-Bu)
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Scheme 5.31

were the predominant products, the result of direct ring opening (see above). By
using commercially available Me3SiCH,Li as the nucleophile one can also access
allylsilanes (e.g., 141) in a regio- and stereocontrolled manner. As was shown by
Mioskowski et al., “reductive alkylation” of simple terminal epoxides with primary
alkyllithiums (e.g., n-BuLi) occurs in good yield but with poor stereoselectivity
(Table 5.2, Entry 6), this being attributable to the initial a-deprotonation by n-Buli,
occurring unselectively. The use of a simple alkyl Grignard nucleophile (e.g., n-
BuMgCl) in combination with LTMP allows access to isolated olefins 142 in a
highly stereocontrolled manner. This is due to exclusive trans-a-deprotonation tak-
ing place with LTMP.

A new reactivity mode of terminal epoxides with hindered lithium amides, pro-
viding hindered aldehyde enamines such as 145, has recently been uncovered
(Scheme 5.32). The reaction is believed to involve the addition of a lithium amide
to a lithiated epoxide to give a dianion (e.g., 144) [51]. The aldehyde enamines
(e.g., 145) thus generated provided the first examples of enamines reacting with
unactivated primary and secondary alkyl iodides in synthetically useful yields and
gave a range of o-substituted aldehydes (e. g., 146). Acid-catalyzed (SiO;) hydrolysis
of the highly hindered aldehyde enamines obtained by treatment of terminal ep-
oxides with LTMP (2.5 equiv.), provides a method for their efficient regioselective
“isomerization” to aldehydes [52].

Finally, the nucleophile to a lithiated epoxide need not be the base originally
used to generate it, or even one that has been externally added, but can be another
lithiated epoxide. This disproportionation/carbenoid dimerization of (enantio-
pure) lithiated epoxides provides 2-ene-1,4-diols (Scheme 5.33) [53]. Syntheses of
p-mannitol and p-iditol in three steps from (S)-tritylglycidyl ether were achieved
with this method.

YFBU
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N\t B
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143 144 145: 58% 146: 84%

Scheme 5.32
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5.2.4

Electrophile Trapping

5.2.4.1 Introduction

An attractive route to more highly substituted epoxides is treatment of a metalated
epoxide with an electrophile. The majority of work in this area has concentrated on
electrophile trapping of metalated epoxides containing an anion-stabilizing group,
since such metalated epoxides have been found to exist at low temperature some-
times for a few minutes, and in some cases for several hours. Eisch and Galle were
the pioneers in this area, reporting the direct deprotonation of a range of epoxides
possessing anion-stabilizing groups, and their subsequent reactions with electro-
philes (Table 5.4) [54]. A plethora of other examples using a wide range of anion-
stabilizing groups have since followed.

Table 5.4 Electrophile trapping of lithiated epoxides containing
anion-stabilizing groups.

R. 2 R" base R'>&<R" electrophile R’ O R"
—_ —

H R" Li R E>A<R"‘

Entry R R” R” Base Electrophile (EX)  Yield (%)
1 SiPh; H H n-BulLi Mel 91
2 SiPh; H H n-Buli PhC(O)N(CH2), 78
3 SiPh; H H n-BuLi Me;SnCl 55
4 SiPh; H H n-Buli Me;SiCl 79
5 SiMes n-CeHis H t-Buli/TMEDA  Mel 80
6 SO,Ph H Ph n-Buli Mel 96
7 PO(OEt), H H LDA Me;SiCl 84
8 CN Me Me n-BuLi MesSiCl 74
9 Ph H H t-BuLi Me;SiCl 78
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5.2.4.2 Silyl-stabilized Lithiated Epoxides

Commonly employed anion-stabilizing groups are those containing silicon (Ta-
ble 5.4, Entries 1-5). Magnus et al. reported that epoxysilane 147 could be deproto-
nated with ¢-Buli, and that the lithiated epoxide 148 thus generated could be
trapped with allyl bromide to give epoxysilane 149 in a synthetically useful yield
(Scheme 5.34) [55]. lodomethane (88%) and chlorotrimethylsilane (60%) could
also be trapped.

Molander and Mautner demonstrated that deprotonation of cis-a,B-epoxysilane
150 with s-BuLi/TMEDA was complete in 10 minutes, whereas the corresponding
trans-isomer 150 required 4 hours [56]. Similarly, treatment with butyraldehyde
was more efficient with cis-151 (Scheme 5.35), which could also be trapped with a
wide variety of other carbonyl-containing electrophiles. The results demonstrated
that lithiated epoxides cis- and trans-151 were configurationally stable at —116 °C
for periods of up to 4 hours. Only in the case of cis-151 (t-butyl = n-octyl) was the
lithiated epoxysilane found to be configurationally unstable.

During studies directed towards the synthesis of spatol, Salomon and Murthi
studied epoxysilane 153 bearing a temporary tether (Scheme 5.36), which circum-
vented the potential problem of configurational instability described above [57].

In their synthesis of (+)-cerulenin, Mani and Townsend employed lithiated epox-
ysilane 157, which they trapped with (4E,7 E)-nonadienal to give a 77 % yield of 158,
which was further manipulated to give the natural product (Scheme 5.37) [58].

cis-a,, B-Epoxy-y,8-vinylsilanes 159 are regioselectively lithiated at the a-silyl posi-
tion, and can subsequently be stereoselectively trapped with a range of electro-
philes to give a-substituted epoxyvinylsilanes 160, which can in turn be isomerized
to a-silyl-B-vinylketones 161 (Scheme 5.38) [59].

+BuLi/
0o TMEDA o AN 0
SiMe, SiMe, SiMe,

pentane
-78°C Li %
147 148 149: 70%
Scheme 5.34
s-BulLli/

o TMEDA o CgH,CHO
08H174'W*<[/S|Me3 pentane C8H1WS'M‘93

o
CgH,7 SiMe,
-116 °C Li

time HO CH,
cis-150 10 min. cis-151 cis-152: 83%
trans-150 4h trans-151 trans-152: 63%

Scheme 5.35
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5.2.4.3 Sulfonyl-stabilized Lithiated Epoxides

Along with Eisch and Galle (Table 5.4, Entry 6), Jackson and coworkers have also
developed the use of sulfonyl-stabilized metalated epoxides in synthesis. Phenyl-
sulfonyloxirane can be deprotonated with n-BuLi and then trapped with electro-
philes (Scheme 5.39) [60]. Trapping with carbonyl-containing compounds alone
did not give the desired products, but addition of the Lewis acid MgBr; to 163 prior
to addition of the electrophile gave good results. More highly substituted phenyl-
sulfonyloxiranes could also be further elaborated by this method, though they dis-
played markedly different reactivities depending on their substitution patterns. A
synthetically useful route to a,B-epoxyketones 169 from 166 was thus developed
[61].

Mori et al. have demonstrated the most dramatic uses of lithiated epoxides in
natural product synthesis [62]. By employing the chemistry developed by Jackson,
and subsequently performing a Lewis acid-catalyzed (BF; - OEt) cyclisation, tetra-
hydrofuran, tetrahydropyran, and oxepane rings are readily accessed; this strategy
is demonstrated by the synthesis of the marine epoxy lipid 173 (Scheme 5.40)
[63].
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This lithiated epoxysulfone cyclisation strategy has been iteratively applied in the
total synthesis of hemibrevitoxin B, a polycyclic ether marine toxin from the red
tide organism Gymnodinium breve (Scheme 5.41) [64].
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5.2.4.4 Organyl-stabilized Lithiated Epoxides

Since Eisch and Galle first introduced organyl substituents as anion-stabilizing
groups for lithiated epoxides (Table 5.4, Entries 8-9) they have examined them
extensively (Table 5.5) [54, 65].

Florio etal. demonstrated that the lithiation/electrophile trapping of enantio-
pure styrene oxide, as well as the B-substituted styrene oxides 180 and 182, is
totally stereoselective (Scheme 5.42) [66]. These results demonstrate that the inter-
mediate benzylic anions are configurationally stable within the timescale of depro-
tonation/electrophile trapping.

Shimizu et al. have introduced an indirect route to stabilized lithiated epoxides.
Treatment of dichlorohydrin 184 with 3 equiv. of vinyllithium in the presence of
3 equiv. of LTMP gave lithiated epoxide 185, which could be trapped with a range of
electrophiles (e.g., Me3SnCl) to give 1,2-divinyl epoxides 186; these in turn under-
went Cope rearrangements on heating to give oxepanes 187 (Scheme 5.43) [67].

Table 5.5 Lithiation-electrophile trapping of a-organyl-substi-
tuted epoxides.

2__Ph Ph._/_Ph O_Ph
e e Ph/u/ O>O \/QO
174 82 86 23 175
Me.A_CN E0,C~ A CO,Et i
Ph—=— 0 Me>~/4/ 2 2
176 177 178 179

Entry Epoxide Base Organyl group Electrophile Yield (%)

1 174 t-Buli - TMEDA phenyl SiMes 96

2 174 t-Buli - TMEDA phenyl PhCONEt, 65

3 79 t-BuLi - TMEDA phenyl SiMes 94

4 79 t-BuLi - TMEDA phenyl PhCONEt, 91

5 83 t-BuLi - TMEDA phenyl SiMes 70

6 23 t-Buli - TMEDA vinyl SiMe; 95

7 23 t-BuLi - TMEDA vinyl PhCONEL, 81

8 175 t-BuLi - TMEDA vinyl SiMes 45

9 176 t-BuLi - TMEDA alkynyl SiMes 65

10 177 LDA Cyano SiMes 95

11 178 LDA ethoxycarbonyl SiMes 70

12 179 t-BuLi - TMEDA phenyl SiMes 81
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Palladium-catalyzed cross-coupling with 187 gave a range of synthetically useful
oxepanes.

Pale et al. have reported that the stereoselective electrophile trapping of alkynyl-
stabilized lithiated epoxides 189, generated from the parent epoxide 188 and n-
Buli, gives substituted epoxides such as 190, in good yield and de (Scheme 5.44)
[67].

The use of an ester as an anion-stabilizing group for a lithiated epoxide was
demonstrated by Eisch and Galle (Table 5.5, Entry 11). This strategy has been ex-
tended to a,B-epoxy-y-butyrolactone 191, which could be deprotonated with LDA
and trapped in situ with chlorotrimethylsilane to give 192, which was used in a
total synthesis of epolactaene (Scheme 5.45) [69]. The use of a lactone rather than a
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simple ester as the anion-stabilizing group not only localizes the anion at the
bridgehead, which has implications for its reactivity, but also means that config-
urational stability is not an issue.

Uneyama et al. have shown that enantiopure trifluoromethyloxirane (193) can be
lithiated and stereoselectively trapped with a variety of electrophiles to give substi-
tuted trifluoromethyloxiranes such as 195 (Scheme 5.46) [70]; the use of a Weinreb
amide as the electrophile is unusual.
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-90°C
202 203 204: 63% 205: 77%

N
Mo u
H /A< M: Et,O

0

206 207 208: 60%
Scheme 5.48
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Both benzothiazolyl and benzotriazolyl units have been employed as hetero-
aromatic anion-stabilizing groups for metalated epoxides (Scheme 5.47) [71]. The
successful use of a simple alkyl bromide as electrophile with 200 is notable.

Florio and coworkers have also reported the use of oxazolinyl groups as anion-
stabilizing substituents. Lithiation/electrophile trapping of oxazolinylepoxide 202
provided access to acyloxiranes 205 [72], while deprotonation/electrophile trapping
of oxazolinylepoxide 206 with nitrones gave access to enantiopure a-epoxy-p-
amino acids 208 (Scheme 5.48) [73].

Lithiation/electrophile trapping of enantiopure epoxide 209 stereoselectively
gave epoxide 211; further elaboration via a metalated epoxide gave spirocyclic ep-
oxide 212, which after treatment with acid gave epoxylactone 213 as a single dia-
stereomer (Scheme 5.49) [74].

5.2.4.5 Remotely Stabilized Lithiated Epoxides

A new method of stabilizing metalated epoxides through “remote” coordination
has recently been introduced, allowing stereoselective access to a range of epox-
ylactones. Epoxylactone 216 was converted into the phytotoxin xylobovide
(Scheme 5.50) [75]

LTMP

THF
-78 °C

214 215 216: 80% xylobovide

Scheme 5.50
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5.2.4.6 Simple Metalated Epoxides

Electrophile trapping of simple metalated epoxides (i.e., those not possessing an
anion-stabilizing group) is possible. Treatment of epoxystannane 217 with n-BuLi
(1 equiv.) in the presence of TMEDA gave epoxy alcohol 218 in 77 % vyield after
trapping with acetone (Scheme 5.51) [76]. In the absence of TMEDA, the non-
stabilized epoxides underwent dimerization to give mixtures of enediols.

Satoh and Horiguchi introduced a desulfinylation method for the formation of
simple lithiated epoxides, which could be trapped with a variety of electrophiles,
such as Me3SiCl (Scheme 5.52) [77].

When n-Buli is used instead of t-Buli, the byproduct after desulfinylation (n-
BuS(O)Ph) possesses an acidic proton, which is abstracted by the metalated ep-
oxide. Hence, overall, a stereoselective protodesulfinylation is achieved. This can
be used for the asymmetric synthesis of epoxides, such as that of (-)-disparlure
from enantiopure sulfoxide 222 (Scheme 5.53) [78].

Hodgson and coworkers have demonstrated that the use of diamine ligands in
combination with s-BulLi allows the direct deprotonation/electrophile trapping of
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simple terminal epoxides 227, which are readily available as single enantiomers, to
give substituted epoxides 229 (Scheme 5.54) [79]. Enantioselective deprotonation/
electrophile trapping of meso-epoxides (e.g., cyclooctene oxide 15) gave enantioen-
riched substituted epoxides 230 [80].

Use of LTMP as base [52] in situ with Me3SiCl allows straightforward access to a
variety of synthetically useful a,B-epoxysilanes 232 at near ambient temperature
directly from (enantiopure) terminal epoxides 231 (Scheme 5.55) [81]. This reac-
tion relies on the fact that the hindered lithium amide LTMP is compatible with
MesSiCl under the reaction conditions and that the electrophile trapping of the
nonstabilized lithiated epoxide intermediate must be very rapid, since the latter are
usually thermally very labile.

5.3
Metalated Aziridines

The chemistry of metalated aziridines is far less developed than the chemistry of
metalated epoxides, although from what is known [1b], it is obvious that their
chemistry is similar. Like metalated epoxides, metalated aziridines can act as clas-
sical nucleophiles with a variety of electrophiles to give more highly substituted
aziridines (Scheme 5.56, Path A). A small amount is known about how they can
act as electrophiles with strong nucleophiles to undergo “reductive alkylation”
(Path B), and undergo C-H insertion reactions (Path C).

The first example of a metalated aziridine appeared in 1972. Treatment of azir-
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idine 233 with NaH was found to give anion 234, which was quenched with D,0 to
give deuterated aziridine 235 in 80% yield (Scheme 5.57) [82].

5.3.1
Electrophile Trapping

5.3.1.1 Stabilized Metalated Aziridines
Seebach and coworkers examined the deprotonation/electrophile trapping of phe-
nylthioaziridine carboxylates 236 (Scheme 5.58). These thioesters were found to be
more stable than their oxy-ester congeners when lithiated; treatment of 236 with
LDA at-78 °C, followed by trapping with Mel at—100 °C, stereoselectively afforded
aziridine 237 [83].

A tert-butyl ester serves as an efficient organyl-stabilizing group for a lithiated
aziridine when the N-protecting group is a chelating moiety. Deprotonation/elec-

Bn LDA Bn
N cospn 7787 N _cosph
YAYS then A<Me
Mel/DMPU
236 2100 °C 237:61%

Scheme 5.58
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trophile trapping of aziridine 238 proceeds with retention of configuration
(Scheme 5.59) [84].

As well as for metalated epoxides, the trifluoromethyl moiety also proved an
effective organyl-stabilizing group for metalated aziridines. Lithiated aziridine 241
reacted stereoselectively with carbonyl-containing electrophiles, and phenyl dis-
ulfide and chlorotrimethylsilane were also trapped in good yield (Scheme 5.60)
[70D, 85].

Sulfonylaziridine 243 was halogenated in carbon tetrahalides in the presence of
KOH as base [86] (Scheme 5.61). Although other examples of electrophile trapping
of sulfonyl- and phosphonyl-stabilized metalated aziridines exist, the reactions
were not stereoselective [87].

Florio et al. have employed heteroaromatic rings as organyl-stabilizing groups
for metalated aziridines as well as for metalated epoxides. Regioselective deproto-
nation of aziridine 246 with n-Buli, followed by addition of Mel, gave aziridine 247
(Scheme 5.62) [88].

Enantiopure methyleneaziridine 248 could be lithiated and subsequently
trapped with a variety of electrophiles in a highly diastereoselective manner
(Scheme 5.63) [89].
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5.3.1.2 Nonstabilized Metalated Aziridines

Reports of the generation and subsequent electrophile trapping of nonstabilized
metalated aziridines appeared before those for metalated epoxides. Desulfinylation
of sulfinylaziridine 250 with EtMgBr gave metalated aziridine 251, which, remark-
ably, could be kept at 0 °C for 1 h before quenching with D,O (Scheme 5.64). The
deuterated aziridine 252 (E = D) was obtained in excellent yield, but acetaldehyde
was the only other electrophile found to be trapped efficiently [90].

Desilylation of o,B-aziridinylsilanes is a route to nonstabilized metalated azir-
idines. Treatment of 254 with CsF in the presence of PhCHO furnished substi-
tuted aziridine 255 in good yield (Scheme 5.65). Interestingly, the isomeric azir-
idine 256 gave azirine 257 on treatment with CsF, presumably via a phenyl-stabi-
lized metalated aziridine [91].

Vedejs et al. demonstrated that lithium-tin exchange is a feasible route to non-
stabilized lithiated aziridines. Treatment of stannylaziridine 258 with n-BuLi gave
lithiated aziridine 259, which could be trapped with a variety of electrophiles such
as benzaldehyde (Scheme 5.66) [92]. Furthermore, simple N-alkyl aziridine 261 can
be activated by Lewis acid precomplexation to BHj (to give 262) and subsequently

Ph Ph Ph
N EtMgBr 1h,0°C
Me /AP % me N e T me N oen
PhS Ho TR pg” then D,0 e~ Sy
5 or MeCHO
250 251 E-D, 252: 94%

E = CH(OH)Me 253: 85%

Scheme 5.64
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lithiated with s-BulLi. Lithiation was found to occur almost exclusively syn to boron,
and the resulting anion 263 could be trapped with methyl iodide to give aziridine
264. Removal of the borane was achieved in >95% yield by heating at reflux in
ethanol [93]. This methodology has been applied to the synthesis of functionalized
sugar-derived aziridines [94] and to the stereoselective functionalization of
2-(1-aminoalkyl)aziridines [95].

Direct deprotonation/electrophile trapping of simple aziridines is also possible.
Treatment of a range of N-Bus-protected terminal aziridines 265 with LTMP in the
presence of Me3SiCl in THF at —78 °C stereospecifically gave trans-o,B-aziridinylsi-
lanes 266 (Scheme 5.67) [96]. By increasing the reaction temperature (to 0 °C) it
was also possible to a-silylate a B-disubstituted aziridine; one should note that
attempted silylation of the analogous epoxide did not provide any of the desired
product [81].

In direct contrast with the chemistry of epoxides [81], trapping of the inter-
mediate lithiated aziridine was possible with external electrophiles (which would
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Table 5.6 Trapping of the intermediate lithiated aziridine with
external electrophiles.

LTMP
BUS _78°C 905 Bus

N THF N

ot then CeH,;
electropile

Electrophile E Isolated yield (%)
BusSnCl SnBus 87
Et,CO C(OH)Et, 76
PhCONMe, C(0)Ph 57
DMF CHO 63
PhSOF SO,Ph 92
CO; CO,Me 631

[a] Following treatment with CH,N,

otherwise be incompatible in situ with LTMP). A range of trans-a,B-disubstituted
aziridines were thus synthesized (Table 5.6). The increased scope of reactivity ob-
served here for terminal aziridines relative to terminal epoxides could be attributed
to the trans-a-proton of the former having a lower pK..

5.3.2
Olefin Formation

O’Brien et al. provided the first examples of olefin formation by “reductive alkyla-
tion” of aziridines [97]. Treatment of aziridine 267 with s-BuLi gave olefin 270 in
76 % yield (Scheme 5.68). For the formation of olefin 270 they suggest a reaction
pathway that proceeds in a manner analogous to that proposed for epoxides [36];
namely, nucleophilic attack of s-BuLi on lithiated aziridine 268 to form dilithiated
species 269, which eliminates Li,NTs (TsNH, was observed as a product of this
reaction) to yield olefin 270.

Ts Ts
Li TsNLi  Li
sBuLi T UL ~Li,NTs
B0 o -
oTBDPS 78T OTBDPS OTBDPS OTBDPS
267 268 269 270: 76%

Scheme 5.68
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When a better leaving group than LINSO,R (e.g., OMe) is present at the a-
position, retention of the potentially useful sulfonamide moiety occurs (e.g., in the
conversion of aziridine 271 into the highly functionalized amino ether 272;
Scheme 5.69) [98]. It should be noted that the analogous chemistry with epoxides
of allylic diethers failed; this could again (see above) be possibly due to the higher
pK, of the epoxide proton relative to the aziridine proton.

5.3.3
C—H Insertions

Only recently have C-H insertions reactions of metalated aziridines demonstrat-
ing character typical of traditional carbenoids been uncovered. The first of these
involved treatment of aziridine 273 with LDA (Scheme 5.70) [99]. Upon lithiation,
transannular C-H insertion gave tricyclic amine 274 as the major product. Nor-
camphor 65 was also produced in 15% yield, presumably through a 1,2-hydride
shift to give an imine, which underwent subsequent hydrolysis to give the ketone.
Miiller et al. demonstrated that the use of s-BuLi/(-)-sparteine as base with azir-
idine 273 gave tricyclic amine 274 in 72% yield and 43 % ee [100]. Furthermore,
they showed that aziridine 275 underwent transannular rearrangement in a man-
ner analogous to that observed with cyclooctene oxide, to give bicyclic amines
(Table 5.7, Entry 1), although the yields and ees for larger ring sizes were less
comparable (Entries 2 and 3).

The B-elimination of epoxides to allylic alcohols on treatment with strong base is
a well studied reaction [1a]. Metalated epoxides can also rearrange to allylic alco-
hols via B-C-H insertion, but this is not a synthetically useful process since it is
usually accompanied by competing a-C—H insertion, resulting in ketone enolates.
In contrast, aziridine 277 gave allylic amine 279 on treatment with s-BuLi/(-)-spar-
teine (Scheme 5.71) [97]. By analogy with what is known about reactions of ep-
oxides with organolithiums, this presumably proceeds via the a-metalated azir-
idine 278 [101].

It should be noted that the sense of asymmetric induction in the lithiation/
rearrangement of aziridines 274, 276, and 279 by treatment with s-butyllithium/
(-)-sparteine is opposite to that observed for the corresponding epoxides (i.e. re-
moval of the proton occurs at the (S)-stereocenter) [102]. If one accepts the pro-
posed model to explain the selective abstraction of the proton at the (R)-stereo-
center of an epoxide (Figure 5.1), then, from the large difference in steric bulk (and
Lewis basicity) between an oxygen atom and a tosyl-protected nitrogen atom, it is
obvious that this model cannot be applied to the analogous aziridines.
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-78 °C Et,O
273 LDA 274: 60% 65: 15%
s-Buli/(-)-sparteine 274: 72%
(43% ee)
s BuLi/ g HNTs
—)-sparteine
Et,O
(CH,) -78 °C
275 276
Scheme 5.70

Table 5.7 Transannular rearrangement: dependence on ring

size.
s-BuLi/ y HNTs
(-)-sparteine {
NTs CH
Et,0 I
(CHz)n -78 °C H
275 276

Entry/n Yield™® (%) Eell (%)
1 69 (79) 75 (73)
2 35 (77) 68 (83)
3 15 (97) 47 (77)

[a] Results for epoxides in brackets for comparison

s-BuLi/

) NHTs
(-)-sparteine
NTs ——— NTs | —
Et,O0 L
~78°C '
277 278 279: 67%

(38% ee)

Scheme 5.71
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5.4
Outlook

In the fifty or so years since the discovery of a-metalated epoxides, our under-
standing of their reactivity has advanced to such a level that their use in routine
organic synthesis is now possible. Many research groups continue to examine
their unusual reaction pathways and to develop these into synthetically useful
processes. In contrast, the chemistry of a-metalated aziridines is still in its infancy
and there are undoubtedly many interesting facets of their nature still to be ex-

plored and applied in organic synthesis.
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6
Metal-catalyzed Synthesis of Epoxides
Hans Adolfsson and Daniela Balan

6.1
Introduction

Epoxides are highly versatile intermediates used in the formation of more complex
organic compounds. This is well reflected in the substantial use of the simple
compound propylene oxide, approximately 4 million tons of which are produced
annually, which is employed as a building block in the industrial production of
wide variety of organic materials. One of the industrial methods used for the for-
mation of simple epoxides such as propylene oxide is the chlorohydrin process. In
this process, which currently accounts for about 50% of the world production of
propylene oxide, propylene reacts with chlorine in the presence of sodium hydrox-
ide, initially to generate an intermediate 1,2-chloro alcohol (chlorohydrin). In a
second step, this intermediate undergoes dehydrochlorination to yield the final
epoxide product. (Scheme 6.1a) [1]. The major disadvantage with this process is the
huge amount of byproducts (2.01 ton NaCl and 0.102 ton 1,2-dichloropropane)
produced per ton of propylene oxide. These significant amounts of waste are not
acceptable in the long run, and efforts in replacing such chemical plants with
“greener” epoxidation processes are certainly necessary. The central topic for the
development of future oxidation systems both in industry and in academia needs
to be focused on the use of environmentally benign oxidants as well as on highly

Cl, + 2 NaOH OH 2 NaCl + H,O
P 0
Cl +
OH

b) X group 4-7 metal oxide catalyst /<(l)

/» R-OOH \

R-H+ O, R-OH

Scheme 6.1
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atom-economic processes. Of course, traditional aspects such as broad substrate
scope and high selectivity must come into play, and if all these facets are taken into
account the use of catalysis becomes a natural choice. In this context, the Halcon-
Arco process (Scheme 6.1b), which uses transition metal oxides and organic hy-
droperoxides as reagents, represents a significantly more eco-compatible route for
the production of propylene oxide [2]. When it comes to the production of fine
chemicals, uncatalyzed processes with traditional oxidants (e.g., peroxyacetic acid
and meta-chloroperoxybenzoic acid) are often used. However, the direct formation
of epoxides by olefin oxidation with use either of transition metal catalysts or of
simple organic ketone-based catalysts is once again considerably more elegant and
environmentally friendly [3, 4, 5]. There are several advantages displayed by transi-
tion metal-based systems, and the major issues in the development of novel meth-
ods are the choice of terminal oxidant along with the compatibility of the metal
catalyst with this particular oxidant. This is of major importance, as the conserva-
tion and management of resources should be of primary interest when novel
chemical processes are developed. Innovation in and improvements to catalytic
epoxidation methods should therefore be directed towards systems employing mo-
lecular oxygen or hydrogen peroxide as terminal oxidants. This chapter covers the
development of efficient and selective metal-catalyzed epoxidation methods, start-
ing with early transition metals (Ti, V) and ending with group VIII metals (Fe, Ru).
We are not presenting a complete review of the latest developments in transition
metal-catalyzed epoxidations, but rather highlighting the most relevant catalysts
from each group of metals. The main focus is on methods for fine chemical pro-
duction, including asymmetric epoxidations, although recent developments of
metal-catalyzed epoxidations suitable for bulk production are also described. In
particular, we emphasize modern, efficient, and reliable methods for selective tran-
sition metal-catalyzed epoxidation by olefin oxidation with environmentally benign
oxidants (e.g., aqueous hydrogen peroxide).

6.2
Oxidants Available for Selective Transition Metal-catalyzed Epoxidation

There are several available terminal oxidants for the transition metal-catalyzed
epoxidation of olefins (Table 6.1). Typical oxidants compatible with most metal-
based epoxidation systems are various alkyl hydroperoxides, hypochlorite, or iodo-
sylbenzene. A problem associated with these oxidants is their low active oxygen
content (Table 6.1), while there are further drawbacks with these oxidants from the
point of view of the nature of the waste produced. Thus, from an environmental
and economical perspective, molecular oxygen should be the preferred oxidant,
because of its high active oxygen content and since no waste (or only water) is
formed as a byproduct. One of the major limitations of the use of molecular oxy-
gen as terminal oxidant for the formation of epoxides, however, is the poor product
selectivity obtained in these processes [6]. Aerobic oxidations are often difficult to
control and can sometimes result in combustion or in substrate overoxidation. In
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Table 6.1 Oxidants used in transition metal-catalyzed epoxida-
tions, and their active oxygen content.

Oxidant Active oxygen content (wt. %) Waste product
Oxygen (O3) 100 -

Oxygen (O3)/reductor 50 H,0

H,0,; 47 H,0

NaOCl 21.6 NacCl

CH3CO3H 21.1 CH3CO,H

+BuOOH (TBHP) 17.8 +BuOH

KHSOs 10.5 KHSO4

BTSPE! 9 hexamethyldisiloxane
PhIO 7.3 Phl

[a] Bistrimethylsilyl peroxide

combination with the limited number of catalysts available for direct activation of
molecular oxygen, this strongly confines the use of this oxidant. On the other
hand, hydrogen peroxide displays much better properties as terminal oxidant. The
active oxygen content of H,0; is about as high as for typical applications of molec-
ular oxygen in epoxidations (since a reductor is required in almost all cases), and
the waste produced by employing this oxidant is plain water. As in the case of
molecular oxygen, the epoxide selectivity of H,O, can sometimes be relatively
poor, although recent developments have provided transition metal-based methods
in which excellent reactivity and epoxide selectivity can be obtained [7]. From a
safety point of view, catalytic systems based on hydrogen peroxide as the terminal
oxidant should be carried out with H,0, concentrations of less than 60 %, since
higher concentrations can result in hazardous use, storage, and transportation
problems. As well as molecular oxygen and hydrogen peroxide, alkyl hydroper-
oxides also serve as readily available and inexpensive oxidants for the epoxidation
of olefins. There are several advantages in using hydroperoxides rather than mo-
lecular oxygen or hydrogen peroxide in organic oxidations: alkyl hydroperoxides
show higher stability towards decomposition by metal contaminants, they display
high thermal stability in dilute organic solvents, and they are compatible with a
large number of functional groups. The obvious disadvantage, which makes oxida-
tion system based on alkyl hydroperoxides less atom-economical, is the formation
of alcohol byproducts, which have to be separated from the product. The following
sections present various available oxidation systems for the selective epoxidation of
olefins with transition metal catalysts and, in particular, with hydrogen peroxide as
the terminal oxidant.
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6.3
Epoxidations of Olefins Catalyzed by Early Transition Metals

High-valent early transition metals such as titanium(1v) and vanadium(v) have
been shown to catalyze the epoxidation of olefins efficiently. The preferred oxi-
dants used with these catalysts are various alkyl hydroperoxides, typically tert-butyl
hydroperoxide (TBHP) or ethylbenzene hydroperoxide (EBHP). One of the routes
for the industrial production of propylene oxide is based on a heterogeneous Ti""/
SiO; catalyst, employing EBHP as the terminal oxidant [8]. On the other hand, the
use of hydrogen peroxide as oxidant in combination with early transition metal
catalysts (Ti and V) is rather limited. The reason for the poor reactivity can be
traced to severe inhibition of the metal complexes by strongly coordinating ligands
such as alcohols and, in particular, water.

6.3.1
Titanium-catalyzed Epoxidations

The Sharpless-Katsuki asymmetric epoxidation (AE) procedure for the enantiose-
lective formation of epoxides from allylic alcohols is a milestone in asymmetric
catalysis [9]. This classical asymmetric transformation uses TBHP as the terminal
oxidant, and the reaction has been widely used in various synthetic applications.
There are several excellent reviews covering the scope and utility of the AE reaction
[10]. This asymmetric transformation has — besides its outstanding historical value
[11] - the extraordinary features of being easily accessible and performable, highly
predictable in its outcome, and applicable to a wide range of substrates. The tita-
nium tartrate catalyst (1; Figure 6.1) is readily accessible from dialkyl tartrate and
titanium alkoxide (most commonly diethyl tartrate (DET) and titanium isoprop-
oxide), and the alkyl hydroperoxide used as oxidant is in general commercially
available.

The reason for the efficient epoxidation of explicitly allylic alcohols with this
system can be found in the strong associative interactions occurring between the
substrate and the catalyst. The [Ti(tartrate)(OR);], dimer 1, which is considered to
be the active catalyst in the reaction, will generate structure 2 after the addition of

Figure 6.1 Proposed structure for the titanium tartrate com-
plex (1) and its transformation after addition of reagents (e.g.,
TBHP and olefin), forming (+)-2.
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the allylic alcohol and the oxidant (TBHP) [12, 13, 14]. The coordination of the
distal oxygen atom (O?) from TBHP to the titanium ion (complex 2; Figure 6.2)
activates the peroxide and facilitates the oxygen transfer. The allylic alcohol, which
coordinates to the same titanium center through its alcohol functionality, will be
activated and close enough for oxygen delivery in an intramolecular fashion. In
this way, complete regioselectivity can be obtained when the substrate is an allylic
alcohol containing several double bonds. Oxidation at the C2-olefin is entropically
more favored than at any other double bond situated at a more advanced position
along the carbon chain [10]. With regard to enantioselectivity, it is generally the
case that oxygen transfer from the coordinated alkyl peroxide to a primary allylic
alcohol will take place from “above” when (S,S)-(-)-DET is employed as chiral
ligand, and from “below” in when (R,R)-(+)-DET is used for generating the chiral
titanium complex 1 (Figure 6.2) [9]. The stereochemical predictability of the AE
reaction is a consequence of the positioning of the two reacting partners — the
oxidant and the allylic alcohol — in complex 2, as well as of the inherent C,-sym-
metry of complex 1.

From the structure of the active catalyst (1; Figure 6.1) it is obvious that the
titanium and the alkyl tartrate are present in a 1:1 stoichiometry. More thorough
studies show that a 20 % excess of tartrate is desirable, in order to avoid the forma-
tion of complexes containing substoichiometric amounts of ligand relative to tita-
nium. These complexes are active catalysts but induce low or no enantioselectivity
in the epoxidation of allylic alcohols. The use of the correct stoichiometry will
result in the predominant formation of complex 1, which has superior catalytic
activity and gives the epoxide products with high enantioselectivity. This scenario
is perhaps one of the best illustrative examples of the subject of ligand acceleration
catalysis (LAC) [15]. A high excess of tartrate is undesirable as well, since this will
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Table 6.2 Examples of epoxides generated by AE, applied to
different primary allylic alcohols showing all eight basic sub-

stitution patterns.

Substitution pattern Epoxidation results

\/\OH

YOH

%

OH

g/f
o
I

65% (90% ee) [16]

<O on

88% (95% ee) [16]

70% (>95% ee) [18]

o

68% (92% ee) [16]

Ph

Lo,

79% (>98 % ee) [16]

O

80% (89% ee) [9]

25% (>90% ee) [22]

h Ph
OH

90% (949 ee) [24]

o

81% (>95% ee) [9]

OOH

70% (>95 % ee) [19]

55% (93 % ee) [18]

(oo

77 % (93 % ee) [106]
Ph

OOH

90% (91% ee) [21]

72% (94 % ee) [25]

BnO\/QO/OH

74% (>95% ee) [17]

OBn
© OH
85% (>98% ee) [18]
OBn
© OH
84% (92% ee) [18]

64% (>90% ee) [20]

95% (959% ee) [26]




6.3 Epoxidations of Olefins Catalyzed by Early Transition Metals

[ Ti-(S,8)-(-)}-DET ]2

slow Nfast

R2 R?
R! R!

RS { R3 {
OH —0H

R* R*

fasN /slow

[ Ti-(R,R)-(+)-DET] ,

Figure 6.3 Diastereofacial differentiation in titanium-catalyzed
AE of secondary allylic alcohols.
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Figure 6.4 Some successful examples of kinetic resolution of
allylic alcohols by enantioselective epoxidation [21, 27).

generate a new complex with the stoichiometry [Ti(tartrate);]y, known to be in-
active in the epoxidation reaction [13].

The AE reaction catalyzed by titanium tartrate 1 and with alkyl hydroperoxide as
terminal oxidant has been applied to a large variety of primary allylic alcohols
containing all eight basic substitution patterns. A few examples are presented in
Table 6.2.

The empirical rule described above for the enantiofacial differentiation in AE of
primary allylic alcohols also applies to secondary allylic alcohols. The new aspect
that needs to be taken into consideration in this case is the steric hindrance arising
from the presence of a substituent (R*) at the carbon bearing the hydroxy group
(Figure 6.3). This substituent will interfere in the process of oxygen delivery, mak-
ing the oxidation of one enantiomer much faster than the reaction of the other
one. The phenomenon is so acute that in practice kinetic resolution is often
achieved (Figure 6.4) [27].

The titanium-catalyzed AE reaction is a fairly robust system and it can be per-
formed on substrates containing a wide range of different functional groups (FGs)
(Table 6.3) [13]. However, it is important to point out that an intramolecular reac-
tion with the formed epoxide is possible whenever the FG present in the molecule
has a favorable position to facilitate such a transformation. An illustration of this
phenomenon is presented in Eq. (1) [28].
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Table 6.3 Functional group tolerance in the titanium-catalyzed

AE reaction.
Compatible FG Incompatible FG
acetal, ketal carboxylic ester nitro amine (except pyridines)
acetylene epoxide olefin carboxylic acid
alcohol ether silyl mercaptan
aldehyde hydrazide sulfone phenol
amide ketone sulfoxide phosphine
azide nitrile urea, urethane
| Ti(OPF)4, (+)-DET, TBHP Q
OH O 2596 " o (1)

OH
73% (95% ee)

When it comes to reactions employing aqueous hydrogen peroxide as the terminal
oxidant together with titanium catalysts, the only properly working systems are
based on heterogeneous catalysts. The development of the titanium(1v) silicate
catalyst (T'S-1) by chemists at Enichem represented a breakthrough for reactions
performed with hydrogen peroxide [29]. This hydrophobic molecular sieve demon-
strated excellent properties (i.e., high catalytic activity and selectivity) for the epox-
idation of small linear olefins in methanol. The substrates are adsorbed into the
micropores of the TS-1 catalyst, which efficiently prevents inhibition by water [8].
After the epoxidation reaction, the TS-1 catalyst can easily be separated and re-
cycled. To broaden the scope of this epoxidation method and thereby allow for the
oxidation of a wider range of substrates, several different titanium-containing sili-
cate zeolites have been prepared. Its range has consequently been improved some-
what, although the best epoxidation results with titanium silicates as catalysts are
obtained with smaller, unbranched substrates.

6.3.2
Vanadium-catalyzed Epoxidations

The phenomenon that early transition metals in combination with alkyl hydro-
peroxides could participate in olefin epoxidation was discovered in the early 1970s
[30, 31]. While m-CPBA was known to oxidize more reactive isolated olefins, it was
discovered that allylic alcohols were oxidized to the corresponding epoxides at the
same rate or even faster than a simple double bond when VY or Mo"! catalysts
were employed in the reaction [Eq. (2)] [30].
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O
R e A I
OH OH

TBHP, VO(acac), 4 1
TBHP, Mo(CO)g 1:1
m-CPBA major

The mechanism for such a process was explained in terms of a structure as de-
picted in Figure 6.5. The allylic alcohol and the alkyl hydroperoxide are incorpo-
rated into the vanadium coordination sphere and the oxygen transfer from the
peroxide to the olefin takes place in an intramolecular fashion (as described above
for titanium tartrate catalyst) [30, 32].

@

5

t\\, Figure 6.5 Proposed structure for the vanadium complex prior to the
= oxygen transfer from peroxide to the allylic olefin.

Vanadium-catalyzed asymmetric epoxidation was reported as early as 1977. The
study performed showed the hydroxamic acid 3 to be the most promising ligand in
the reaction and further revealed the importance of using a specific ratio between
the vanadium catalyst precursor and the chiral ligand [Eq. (3)] [32]. As shown in
Eq. (3), use of a fivefold excess of ligand 3 gave considerably better enantioselectiv-
ity than when only two ligands per vanadium were employed. The yield, however,
was much better in the latter case, which indicates a reaction scenario displaying a
ligand decelerating effect (LDC). This is in direct contradiction to the titanium-cata-
lyzed AE discussed above, and it highlights one of the difficulties that may be
encountered during the development of methods for asymmetric reactions.

TBHP (2 equiv)
3, VO(acac), (1 mol%) 0

3)
Ph X H - Ph/ﬂAOH (
/\Phﬂo toluene, -78 °C—~25 °C Ph

3:VO(acac), 2:1 100 % (8% ee)
3:VO(acac), 5:1 30 % (50% ee)

While the titanium-catalyzed epoxidation reaction was flourishing, the pioneer
version of the reaction remained undeveloped and it was not until 1999 that new
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Figure 6.6 Chiral ligands employed in the vanadium-catalyzed
AE of allylic alcohols.

Table 6.4 Comparison of the performances showed by the
vanadium complexes with ligands 47 in the AE reaction
generating the epoxides A and B, respectively.

Ph/ﬁ'AOH X " 0H

&
A B
VO(O'Pr); Ligand Oxidant Reaction Temp. A B
(mol %) (mol %) time (°C) Yield Ee Yield Ee Ref.
(%) (%) (%) (%)

5 4 (7.5) TrOOHM 2-3d -20 96 91 80 66 34
1 5 (1.5) TBHP 3-6h 0 97 95 95 81 36
5 6 (7.5) TBHP 3d -20 85 71 89 45 37
5 7 (7.5) TBHP 1d 0 86 55 83 46 38

[a] Trityl hydroperoxide.

discoveries in vanadium-catalyzed AE were revealed [33]. In the epoxidation of
various allylic alcohols, the hydroxamic acid of structure 4 (Figure 6.6) was pre-
sented as the best ligand for vanadium, allowing enantiomeric excesses of up to

949% [33, 34].

Great interest in vanadium-catalyzed AE has been shown in recent years, and
many promising results continue to appear [35]. Some of the most successful
complexes to date are based on the ligands shown in Figure 6.6. A comparison of

their catalytic activities is presented in Table 6.4.
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6.4
Chromium-, Molybdenum-, and Tungsten-catalyzed Epoxidations

Group VI metals display quite diverse characteristics when used as reagents or
catalysts for the formation of epoxides. Chromium(v) complexes generated from
chromyl nitrate [CrO2(NOs3),] are known to epoxidize olefins, although these reac-
tions are strictly stoichiometric with respect to the metal reagent [4, 39]. The use of
terminal oxidants such as hydrogen peroxide or alkyl hydroperoxides results only
in decomposition of the oxidant. However, chromium salen complexes (exempli-
fied by 8) can be used in catalytic amounts, although the preferred oxidant in these
reactions is iodosyl benzene [40, 41]. This system, with use of complex 9, has
recently generated some interest in asymmetric epoxidations [42, 43]. Unlike the
corresponding manganese-based epoxidation systems (vide infra), chromium oxo
complexes such as 9 are isolable and have therefore been studied in great detail in
both stoichiometric and catalytic epoxidations. These chiral chromium(v) catalysts
give good enantioselectivity in the epoxidation of trans-disubstituted olefins, as is
demonstrated by the epoxidation of trans-B-methylstyrene by use of a stoichio-
metric quantity of 8 (X~ = NOs-, L = Ph3PO) and 1.2 equivalents of iodosyl ben-
zene, in which the corresponding epoxide was obtained in 45% yield and in
92% ee. Changing the terminal oxidant to hydrogen peroxide resulted in a poor
yield (29%) and no ee. Under catalytic conditions (10 mol % of 9) in the presence of
PhIO, the epoxide was formed in higher yield (71%) but with a slightly lower
enantiomeric excess (82 %) [42].

- - r “x
=N_ N= =N_Q N=
N AR
o’Lo o’Lo
L CFR  RC L O RC
8 9

Epoxidation systems based on molybdenum and tungsten catalysts have been
extensively studied for more than 40 years. The typical catalysts — Mo"'-oxo or WV
oxo species — do, however, behave rather differently, depending on whether an-
ionic or neutral complexes are employed. Whereas the anionic catalysts, especially
the use of tungstates under phase-transfer conditions, are able to activate aqueous
hydrogen peroxide efficiently for the formation of epoxides, neutral molybdenum
or tungsten complexes do react with hydrogen peroxide, but better selectivities are
often achieved with organic hydroperoxides (e.g., TBHP) as terminal oxidants [44,
45).
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6.4.1
Homogeneous Systems Using Molybdenum and Tungsten Catalysts and Alkyl
Hydroperoxides or Hydrogen Peroxide as the Terminal Oxidant

Molybdenum hexacarbonyl [Mo(CO)s] has been used in combination with TBHP
for the epoxidation of terminal olefins [44]. Good yields and selectivity for the
epoxide products were obtained when reactions were performed under anhydrous
conditions in hydrocarbon solvents such as benzene. The inexpensive and con-
siderably less toxic MoO,(acac); is a robust alternative to Mo(CO)s [2]. A number of
different substrates ranging from simple a-olefins to more complex terpenes have
been oxidized with very low catalytic loadings of this particular molybdenum com-
plex (Scheme 6.2). The epoxidations were carried out with use of dry TBHP
(~70%) in toluene.

The use of molybdenum catalysts in combination with hydrogen peroxide is not
so common. Nevertheless, there are a number of systems in which molybdates
have been employed for the activation of hydrogen peroxide. A catalytic amount of
sodium molybdate in combination with monodentate ligands (e.g., hexaalkyl
phosphorus triamides or pyridine-N-oxides), and sulfuric acid allowed the epoxida-
tion of simple linear or cyclic olefins [46]. The selectivity obtained by this method
was quite low, and significant amounts of diol were formed, even though highly
concentrated hydrogen peroxide (>70%) was employed.

More recently, Sundermeyer and coworkers reported on the use of long-chain
trialkylamine oxides, trialkylphosphane oxides, or trialkylarsane oxides as mono-
dentate ligands for neutral molybdenum peroxo complexes [47]. These compounds
were employed as catalysts for the epoxidation of oct-1-ene and cyclooctene with
aqueous hydrogen peroxide (30%) under biphasic conditions (CHCls). The ep-
oxide products were obtained in high yields and with good selectivity. The high
selectivity achieved by this method was ascribed to high solubility of the product in
the organic phase, thus protecting the epoxide from deleterious hydrolysis. This
procedure has not been employed for the formation of hydrolytically sensitive
epoxides, so the generality of the method can be questioned.

With regard to the use of tungsten-based systems, Payne and Williams reported
on the selective epoxidation of maleic, fumaric, and crotonic acids with a catalytic
amount of sodium tungstate (2 mol%) in combination with aqueous hydrogen

TBHP (~ 70% in toluene)

R? MoO,(acac), (0.01 mol%) R® Q
Rl R? 100-125°C, 1-4h
CT CcCCC
97% conversion 97% conversion 97% conversion
97% selectivity 93% selectivity 89% selectivity

Scheme 6.2
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Figure 6.7 The Venturello (n-hexylsN)3[PO4(W(O)(O2)2)4] cata-
lyst.

peroxide as the terminal oxidant back in 1959 [48]. The key to success was careful
control of the pH (4-5.5) in the reaction media. These electron-deficient substrates
were notoriously difficult to oxidize selectively by the standard techniques (peroxy
acid reagents) available at the time. Previous attempts to use sodium tungstate and
hydrogen peroxide had resulted in the isolation of the corresponding diols, due to
rapid hydrolysis of the intermediate epoxides. Significant improvements in this
catalytic system were introduced by Venturello and coworkers [49, 50], who found
that the addition of phosphoric acid and the introduction of quaternary ammo-
nium salts as PTC reagents considerably increased the scope of the reaction. The
active tungstate catalysts are often generated in situ, although catalytically active
peroxo complexes such as (n-hexylsN)3[PO4(W(0)(O2)2)4] have been isolated and
characterized (Figure 6.7) [51].

In recent work, Noyori and coworkers found conditions for the selective epoxida-
tion of aliphatic a-olefins either in toluene or in a completely solvent-free reaction
setup [52, 53, 54]. One of the disadvantages with the previous systems was the use
of chlorinated solvents. The conditions established by Noyori, however, provided
an overall “greener” epoxidation process, since the reactions were efficiently per-
formed in nonchlorinated solvents. In this reaction, sodium tungstate (2 mol %),
(aminomethyl)phosphonic acid, and methyltri-n-octylammonium bisulfate
(1 mol % of each) were employed as catalysts for epoxidation, with aqueous hydro-
gen peroxide (30%) as the terminal oxidant. The epoxidation of various terminal
olefins under these conditions (90 °C, no solvent added) gave high yields for a
number of substrates (Table 6.5). The workup procedure was exceptionally simple,
since the product epoxides could be distilled directly from the reaction mixture.
The use of appropriate additives turned out to be crucial for successful outcomes
of these epoxide-forming reactions, significantly lower conversions being obtained
when the (aminomethyl)phosphonic acid was replaced by other phosphonic acids
or simply by phosphoric acid. The nature of the phase-transfer reagent was further
established as an important parameter. Use of ammonium bisulfate (HSO4-) was
superior to that of the corresponding chloride or hydroxide salts. The size, and
hence the lipophilicity, of the ammonium ion was important, since tetra-n-butyl- or
tetra-n-hexylammonium bisulfate were inferior to phase-transfer agents contain-
ing larger alkyl groups. The epoxidation system was later extended to encompass
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Table 6.5 Epoxidation of terminal olefins by the Noyori system.
1.5 equiv. HO» (30% aq) o
R -
Na,WO, x 2H,0 (2 mol%)
[CHa(n-CgH17)3NJHSO4 (1 mol%)
NHoCH,PO3H (1 mol%)

Entry Olefin Time (h) Conversion (%) Yield (%)
1 oct-1-ene 2 89 86

2 dec-1-ene 2 94 93

30 dec-1-ene 4 99 99

40 allyl octyl ether 2 81 64

5l styrene 3 70 2

[a] 20 mmol olefin in 4 mL toluene

other substrates, such as simple olefins with different substitution patterns, and to
olefins containing various functionalities (alcohols, ethers, ketones, and esters).

A major limitation of this method is the low pH at which the reactions are
performed, which resulted in substantially lower yields in reactions with substrate
progenitors of acid-sensitive epoxides, in which competing ring-opening processes
effectively reduced the usefulness of the method. As an example, the oxidation of
styrene had proceeded with 70% conversion after 3 h at 70 °C, but the observed
yield of styrene oxide was only 2% (Table 6.5, Entry 5).

The epoxidation method developed by Noyori was subsequently applied to the
direct formation of dicarboxylic acids from olefins [55]. Cyclohexene was oxidized
to adipic acid in 93 % yield with the tungstate/ammonium bisulfate system and 4
equivalents of hydrogen peroxide. The selectivity problem associated with the
Noyori method was circumvented to a certain degree by the improvements in-
troduced by Jacobs and coworkers [56]. Additional amounts of (aminomethyl)phos-
phonic acid and Na, WO, were introduced into the standard catalytic mixture, and
the pH of the reaction media was adjusted to 4.2-5 with aqueous NaOH. These
changes allowed for the formation of epoxides from a-pinene, 1-phenyl-1-cyclohex-
ene, and indene, with high levels of conversion and good selectivity (Scheme
6.3).

Another highly efficient tungsten-based system for the epoxidation of olefins
was recently introduced by Mizuno and coworkers [57]. The tetrabutylammonium
salt of a Keggin-type silicodecatungstate [y-SiW10034(H,0)2]*" (Scheme 6.4) was
found to catalyze the epoxidation of various olefin substrates with aqueous hydro-
gen peroxide as the terminal oxidant. The characteristics of this system are very
high epoxide selectivity (99%) and excellent efficiency in the use of the terminal
oxidant (99%). Terminal and di-and trisubstituted olefins were all epoxidized in
high yields within reasonably short reaction times with use of 0.16 mol % catalyst
(1.6 mol % in tungsten, Scheme 6.4). The X-ray structure of the catalyst precursor
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Ri_\ 1.5 equiv. HoO5 (35% aq) RSO
R'  R2 PW4024[CH3(n-CgHy7)3N] (2-2.6 mol%) R R2
NasWOy4 x 2H50 (0-7 mol%)
NHoCHoPO3H (2-7 mol%)
pH = 4.2-5 (NaOH addition)
60 °C, 2-4h

97% conversion 96% conversion 83% conversion
83% selectivity 68% selectivity 92% selectivity
Scheme 6.3
©
® R H,05 (30% aq, Tmmol)) R O
N P S :
e® %os 09’ R R [-SiW;0034(H,0)2] (BusN) (8umol) R Re

"o" ¥\ .,'. (5 mmol) CHsCN (8 mL), 32°C

‘ Vol o Cetig O/

.”“’. ‘ (6 atm)
o

® 90% yield 90% yield 95% yield >99% vyield
[(1-SIW; 0O (H0)al* =99% selectivity 99% selectivity = >99% selectivity 99% selectivity
Tl gllaa(F2l)2

Scheme 6.4

revealed ten tungsten atoms connected to a central SiO4 unit. In situ infrared spec-
troscopy of the reaction mixture during the epoxidation reaction indicated high
structural stability of the catalyst. Furthermore, it was demonstrated that the cata-
lyst could be recovered and recycled up to five times without loss of activity or
selectivity (epoxidation of cyclooctene). Interestingly, the often encountered prob-
lem with hydrogen peroxide decomposition was negligible with this catalyst. The
efficient use of hydrogen peroxide (99 %), combined with the high selectivity and
productivity in propylene epoxidation, may represent potential for industrial ap-
plications.

6.4.2
Heterogeneous Catalysts

One problem associated with the peroxotungstate-catalyzed epoxidation system
described above is the separation of the catalyst after the completed reaction. To
overcome this obstacle, efforts to prepare heterogeneous tungstate catalysts have
been conducted. De Vos and coworkers employed W catalysts derived from so-
dium tungstate and layered double hydroxides (LDH — coprecipitated MgCl,,
AlCl;, and NaOH) for the epoxidation of simple olefins and allyl alcohols with
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aqueous hydrogen peroxide [58]. They found that, depending on the nature of the
catalyst (both hydrophilic and hydrophobic catalysts were used), different reactivity
and selectivity were obtained for nonpolar and polar olefins. The hydrophilic LDH-
WO, catalyst was particularly effective for the epoxidation of allyl and homoallyl
alcohols, whereas the hydrophobic catalyst (containing p-toluenesulfonate) showed
better reactivity with unfunctionalized substrates.

Gelbard and coworkers have reported on the immobilization of tungsten cata-
lysts with polymer-supported phosphine oxide, phosphonamide, phosphoramide,
and phosphotriamide ligands [59]. Use of these heterogeneous catalysts together
with hydrogen peroxide for the epoxidation of cyclohexene resulted in moderate to
good conversion of the substrate, although low epoxide selectivity was observed in
most cases. A significantly more selective heterogeneous catalyst was obtained by
Jacobs and coworkers upon treatment of the macroreticular ion-exchange resin
Amberlite IRA-900 with an ammonium salt of the Venturello anion {PO-
JWO(02)2]4}* [56, 60]. The formed catalyst was used for the epoxidation of a
number of terpenes, and high yields and good selectivity of the corresponding
epoxides were achieved.

In a different strategy, siliceous mesoporous MCM-41-based catalysts were pre-
pared [60]. Quaternary ammonium salts and alkyl phosphoramides were grafted
on MCM-41 and the material obtained was treated with tungstic acid for the prepa-
ration of heterogeneous tungstate catalysts. The catalysts were employed in the
epoxidation of simple cyclic olefins with aqueous hydrogen peroxide (35%) as
terminal oxidant, but levels of conversion and selectivity for the formed epoxide
were rather low. In the case of cyclohexene, the selectivity could be improved by the
addition of pyridine. The low level of tungsten leaching (< 2%) seen with these
catalysts is certainly advantageous.

A particularly interesting system for the epoxidation of propylene to propylene
oxide, working under pseudo-heterogeneous conditions, was reported by Zuwei
and coworkers [61]. The catalyst, which was based on the Venturello anion com-
bined with long-chained alkylpyridinium cations, showed unique solubility proper-
ties. In the presence of hydrogen peroxide the catalyst was fully soluble in the
solvent, a 4:3 mixture of toluene and tributyl phosphate, but when no more oxidant
was left, the tungsten catalyst precipitated and could simply be removed from the

* H202 (30°/o aq)

[PO4(WO3)4)* ———————— [PO4(W(O)2(O2)a]* </ \:@

. N
tquene.(AIigOhP(O) soluble )15

TN

J (P

91% conversion
97% selectivity

insoluble

Scheme 6.5
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O OH

EAQ EAHQ
EAHQ+0O; ——— > HyO, + EAQ (2)
W-catalyst 0
Xy +H0y ————————> <] +HO 3

Net reaction
O
N +Hp40p = <] +H0 “

W-catalyst = [PO(WO3),]% 3[( _\}&/)15}

Scheme 6.6

reaction mixture (Scheme 6.5). Furthermore, this epoxidation system could be
combined with the 2-ethylanthraquinone (EAQ)/2-ethylanthrahydroquinone
(EAHQ) process for hydrogen peroxide formation (Scheme 6.6), and good conver-
sion and selectivity for propylene oxide were obtained in three consecutive cycles.
The catalyst was recovered by centrifugation after each cycle and was used directly
in the next reaction.

6.5
Manganese-catalyzed Epoxidations

Historically, the interest of using manganese complexes as catalysts for the epox-
idation of olefins comes from biologically relevant oxidative manganese porphyr-
ins. The terminal oxidants compatible with manganese porphyrins were initially
restricted to iodosyl benzene, sodium hypochlorite, alkyl peroxides and hydroper-
oxides, N-oxides, KHSOs, and oxaziridines. Molecular oxygen can also be used in
the presence of an electron source. The use of hydrogen peroxide often results in
oxidative decomposition of the catalyst, due to the potency of this oxidant.

6.5.1
Hydrogen Peroxide as Terminal Oxidant

The introduction of chlorinated porphyrins (10) allowed for hydrogen peroxide to
be used as terminal oxidant [62]. These catalysts, discovered by Mansuy and co-
workers, were demonstrated to resist decomposition, and efficient epoxidations of
olefins were achieved when they were used together with imidazole or imidazo-
lium carboxylates as additives, (Table 6.6, Entries 1 and 2).
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Table 6.6 Manganese/porphyrin-catalyzed epoxidation of cis-cy-
clooctene with aqueous H,0; (30%).

Entry  Catalyst Additive T (°C) Time (min)  Yield (%)
1 10 2.5mol%  imidazole (0.6 equiv.) 20 45 90
2 10 0.5mol%  N-hexyl-imidazole (0.5 mol%) 0 15 100

benzoic acid (0.5 mol%)

3 11 0.1 mol% - 0 3 100

The observation that addition of imidazoles and carboxylic acids significantly
improved the epoxidation reaction resulted in the development of Mn-porphyrin
complexes containing these groups covalently linked to the porphyrin platform as
attached pendant arms (11) [63]. When these catalysts were employed in the epox-
idation of simple olefins with hydrogen peroxide, enhanced oxidation rates were
obtained in combination with perfect product selectivity (Table 6.6, Entry 3). In
contrast with epoxidations catalyzed by other metals, the Mn-porphyrin system
yields products with scrambled stereochemistry: the epoxidation of cis-stilbene
with Mn(TPP)CI (TPP = tetraphenylporphyrin) and iodosylbenzene, for example,
generated cis- and trans-stilbene oxide in a ratio of 35:65. The low stereospecificity
was improved by use of heterocyclic additives such as pyridines or imidazoles. The
epoxidation system, with hydrogen peroxide as terminal oxidant, was reported to
be stereospecific for cis-olefins, whereas trans-olefins are poor substrates with these
catalysts.

Apart from the porphyrin-based catalysts, manganese complexes of N-alkylated
1,4,7-triazacyclononane (TMTACN, 12) have also been found to catalyze the epox-
idation of olefins efficiently in the presence of acid additives (typically oxalic, ascor-
bic, or squaric acid) and hydrogen peroxide [64, 65, 66]. Reactions performed with-
out acid present required huge excess (ca. 100 equivalents) of hydrogen peroxide
for efficient epoxidation. The rather difficult preparation of the TACN ligands has
given rise to increased activity with the goal of finding alternative ligands with
similar coordinating properties. In this respect, pyridylamine ligands represent an
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interesting alternative. Feringa and coworkers found that the dinuclear manganese
complex 14, prepared from the tetra-pyridyl ligand 13, was an efficient catalyst for
the epoxidation of simple olefins [67]. Only 0.1 mol % of catalyst 14 was required
for high levels of conversion (87 %) of cyclohexene into its corresponding epoxide.
An excess of aqueous hydrogen peroxide (8 equivalents) was used, due to the usual
problem of peroxide decomposition in the presence of manganese complexes.
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In a recent screening of different metal salts, Lane and Burgess found that
simple manganese(11) and (111) salts catalyzed the formation of epoxides in DMF
or +-BuOH in the presence of aqueous hydrogen peroxide (Scheme 6.7) [68]. It was
further established that the addition of bicarbonate was of importance for the
epoxidation reaction.

It was established by spectroscopic methods that peroxymonocarbonate (HCO4-)
is formed upon the mixing of hydrogen peroxide and bicarbonate [69]. In the
absence of the metal catalyst, the oxidizing power of the peroxymonocarbonate
formed in situ with respect to its reaction with olefins was demonstrated to be
moderate. In the initial reaction setup, this MnSOs-catalyzed epoxidation required
a considerable excess of hydrogen peroxide (10 equiv.) for efficient epoxide forma-
tion. With regard to the scope of the reaction, it was found that electron-rich sub-
strates such as di-, tri-, and tetrasubstituted olefins gave moderate to good yields of
their corresponding epoxides. Styrene and styrene derivatives were also demon-
strated to react smoothly, whereas monoalkyl-substituted substrates were com-
pletely unreactive under these conditions. The basic reaction medium used was
highly beneficial for product protection, with acid-sensitive epoxides being formed
in good yields. Different additives were screened in order to improve this epoxida-
tion system, and it was found that the addition of sodium acetate was beneficial for
reactions performed in -BuOH. Similarly, the addition of salicylic acid improved
the outcome of the reaction performed in DMF. The use of these additives effi-
ciently reduced the number of hydrogen peroxide equivalents necessary for pro-

R H,0, (30 % aq) R
% af
R’J\(m 202 q
R MnSO,4 (1 mol%)
0.2 M NaHCO;3 pH 8.0
DMF or +BuOH
Scheme 6.7
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Table 6.7 Manganese sulfate-catalyzed epoxidation of olefins
using aqueous H,0, (30%).2

Olefin No additive Salicylic acid (4 mol%)
equiv. H,O, yield equiv. H,0, yield %
@ 10 99 2.8 9
10 87 5 970!
10 96 5 95[b]
O/Ph 10 95 5 95[b]
25 60 25 75
K/\/ﬁ
N 25 54 25 75
C/\ 25 0 25 0

[a] Conditions as in Scheme 6.7. [b] Isolated yields.

ductive epoxidation (Table 6.7). The reaction is not completely stereospecific, since
the epoxidation of cis-oct-4-ene yielded a cis/trans mixture of the product (1:1.45
without additive and 1:1.1 in the presence of 4 mol % salicylic acid).

The use of the ionic liquid [bmim][BF,] further improved the Burgess epoxida-
tion system [70]. Chan and coworkers found that replacement of sodium bicarbon-
ate for tetramethylammonium bicarbonate and performing the reaction in
[bmim][BF,4] allowed for efficient epoxidation of a number of different olefins,
including substrates affording acid-labile epoxides (such as dihydronaphthalene
(99 % yield) and 1-phenylcyclohexene (80 % yield)).

6.5.2
Manganese-catalyzed Asymmetric Epoxidations

A breakthrough in the area of asymmetric epoxidation came at the beginning of
the 1990s, when the groups of Jacobsen and Katsuki more or less simultaneously
discovered that chiral Mn-salen complexes (15) catalyzed the enantioselective for-
mation of epoxides [71, 72, 73]. The discovery that simple achiral Mn-salen com-
plexes could be used as catalysts for olefin epoxidation had already been made
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about five years earlier, and the typical terminal oxidants used with these catalysts
closely resemble those of the porphyrin systems [74]. Unlike the titanium-cata-
lyzed asymmetric epoxidation discovered by Sharpless, the Mn-salen system does
not require precoordination of the olefin substrate to the catalyst, so unfunction-
alized olefins could be oxidized efficiently and selectively. The enantioselectivity
was shown to be highly sensitive towards the substitution pattern of the olefin
substrate. Excellent selectivity (> 90 % ee) was obtained for aryl- or alkynyl-substi-
tuted terminal-, cis-disubstituted-, and trisubstituted olefins, especially with the
second-generation catalysts (here represented by 16 [75]), whereas trans-disubsti-
tuted olefins were epoxidized with low rates and low ees (<40%) (Scheme 6.8 and
Table 6.8). In this respect, the analogous chromium-salen system described above
serves as good complement to its manganese counterpart, since good enantiose-
lectivity was obtained in the epoxidation of the “difficult” trans-disubstituted ole-
fins. Nevertheless, the use of catalyst 15 in asymmetric epoxidations is now wide-
spread, and one example of its efficiency in generating chiral epoxides can be
found in the industrial production of the HIV-protease inhibitor Indinavir [76].
One of the key steps in this process is the enantioselective epoxidation of indene to
indene oxide (Scheme 6.9).

Bu! 0 ¢ ©o Bu

Rl R 15(0.1- 4 mol%)

3 NaOCI 2
R H pyridine N-oxide additive R H
organic solvent

A’ R n /:\ R?

~/F e

R1
90 - 98% ee 87 - 94% ee R!' >90% ee >80% ee
(trans epoxide) (trans epoxide)
o O ~
Ph R Ph Ar Ar
92 - 95% ee 93% ee 80 - 86% ee <40% ee

Scheme 6.8
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O’ 15 (0.7%)
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CeHsCl >95% yield
88% ee
2000 kg scale Indinavir
Scheme 6.9

The mechanism of the enantioselective epoxidation of olefins with Mn-salen
complexes as catalysts has been the object of intense discussion. The most widely
accepted suggestion involves a two-step reaction, in which the initial step is a
transfer of oxygen from the terminal oxidant to the Mn(111)-salen catalyst. The
existence of a Mn(v)-oxo intermediate was first postulated by Kochi and coworkers
[74], and later verified by mass spectrometry techniques by Feichtinger and Platt-
ner [77]. In the second step, oxygen is transferred from the transition metal center
to the olefin, generating the epoxide. The details regarding this second step are
keenly debated, and two different catalytic systems — incorporating either neutral
or cationic manganese intermediates responsible for the oxygen transfer — have
been proposed [78]. The enantioselection was initially believed to origin from an
approach of the olefin according to Figure 6.8a. According to this model, the only
trajectory accessible for the incoming olefin towards the oxo group is the one that
passes over the chiral diimine backbone of the Mn complex. The other possible
routes were believed to be sterically hindered by the bulky tert-butyl groups in the
3- and 5-positions of the arenes [73]. However, recent density functional theory
calculations in combination with molecular mechanics methods suggest that the
origin of enantioselectivity is an olefin approach from the side of the aromatic ring,
as depicted in Figure 6.8b [79]. According to this study, the specific factors govern-
ing high selectivity in the reaction can be summarized in terms of the stereo-
centers positioned close to the diimine bridge inducing a folding of the ligand and
thereby creating a chiral pocket. The low-energy path into this chiral pocket is a
side-on approach over one of the aromatic rings. Attack of the olefin from the front

Ph
H?g \)

b)

Figure 6.8 Rationale for enantioselection in Mn-salen epoxida-
tion. a) Initially proposed model (the axial ligand L is omitted
for clarity). b) Recently proposed model based on calculation.
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is efficiently hindered by bulky groups in the 3,3’-positions of the ligand, and an
approach according to Figure 6.8a was calculated to be disfavored by ca.
4 kcal - mol™.

The typical oxidant used in Mn-salen asymmetric epoxidations is NaOCI, al-
though recent work by the groups of Berkessel and Katsuki have opened the way
for hydrogen peroxide to be employed [80, 81]. Berkessel found that imidazole
additives were crucial for the formation of the active oxo-manganese intermedi-
ates, and a Mn catalyst (17) based on a salen ligand incorporating a pendant imida-
zole was used for asymmetric epoxidation with aqueous H,O, (Table 6.8). Yields
and enantioselectivity, however, did not reach the levels obtained when other oxi-
dants were used. In Katsuki’s work, N-methylimidazole was used as an additive in
the epoxidation of a chromene derivative with use of the sterically hindered Mn-
salen catalyst 19 (Scheme 6.10). At low substrate concentrations (0.1 M) the yield
was only 17 %, but use of higher concentrations gave substantially more product
formation. Unfortunately, other substrates were not oxidized with the same yield
and degree of enantioselectivity.

18

Pietikdinen reported on the use of ammonium acetate (20 mol %) as an additive
together with the Jacobsen catalyst (15) or the manganese salen 18 for the epoxida-
tion of a number of olefins with aqueous hydrogen peroxide as terminal oxidant
[82]. In general, this method generated epoxides in 50-90 % yields with enantiose-
lectivities of up to 96 %, although only a narrow range of substrates has been
examined. A major problem with the use of aqueous hydrogen peroxide in the Mn-
salen-catalyzed reactions is associated with Mn-catalyzed oxidant decomposition

OZND/\OJL 30% H,0, (10 equiv) O2Nj©<3¢

AGHN 2 19 (2 mol%) AcHN
N-methylimidazole(10 mol%) 0
CH4CN, rt. 98% yield

. 95% ee
[olefin] = 0.3 M

Scheme 6.10
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Table 6.8 Enantioselective epoxidation of 1,2-dihydronaphtha-
lene with Mn"" salen complexes.

e

—_—
Mn-salen

Entry Mn-salen Oxidant Additivel®!  Solvent Temp Yield Ee Ref.
(amount) (°C) (%) (%)

1 15 NaOCl 4-PPNO chlorobenzene 0 67 86 86
(0.5 mol%) (10 mol%)

2 16 NaOCl 4-PPNO CH,Cl, 0 78 98 75
(2.5 mol%) (5 equiv..) (25 mol%)

3 17 NaOCl - CH,Cl, rt 76 56 80
(10 mol%) (4 equiv..)

4 17 30% H,0, - CH,ClL; : H;0 (1:1) 0 73 45 80
(10 mol%) (10 equiv.)

5 17 1% H,0, - CH,ClL; : H0 (1:1) 0 72 64 80
(10 mol%) (10 equiv.)

6 18 30% H,0, NMO CH,Cl; : MeOH (1:1) 2 74 69 82
(5 mol%) (2.5-3 equiv.) (0.4 equiv..)

6™ 18 UHP MA CH,CL : DMF (23:2) -18 70 73 83
(4.8-6.4 mol%) (1.5 equiv..) (2 equiv..)

7 19 H,0,; N-methyl- CH3CN rt (l 60 81
(2 mol%) (10 equiv.) imidazole

[a] 4-PPNO: 4-phenylpyridine N-oxide. NMO: N-methylmorpholine
N-oxide. MA: maleic anhydride. [b] In this case the active oxidant is
peroxymaleic acid formed in situ prior to the epoxidation reaction.

[c] Not reported.

and catalyst deactivation due to the presence of water. Anhydrous hydrogen per-
oxide, in the forms either of the urea/H,0, peroxide adduct (UHP) or of the
triphenylphosphine oxide/H,0, adduct, has been employed to circumvent this
problem [83, 84, 85]. Although epoxide yield and enantioselectivity are in the range
of what can be obtained with NaOCl, the catalyst loading is often significantly
higher, and the removal of urea or Ph3;PO constitute an additional problem.

6.6
Rhenium-catalyzed Epoxidations

The use of rhenium-based systems for the epoxidation of olefins has increased
considerably during the last ten years [87]. In 1989, Jergensen stated, “the catalytic
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activity of rhenium in epoxidation reactions is low” [4]. The very same year, a few
patents describing the use of porphyrin complexes containing rhenium as catalysts
for the production of epoxides were released. The first major breakthrough, how-
ever, came in 1991, when Herrmann introduced methyltrioxorhenium (MTO, 20)
as a powerful catalyst for olefin epoxidation with hydrogen peroxide as the termi-
nal oxidant [88]. This organometallic rhenium compound, formed in tiny amounts
in the reaction between (CH3)4ReO and air, was first detected by Beattie and Jones
in 1979 [89)].

I
HaG TS0

20

A more reliable method for the preparation of MTO was introduced by Herr-
mann and coworkers in 1988 [90]. In this process, dirhenium heptoxide (Re;O7)
was allowed to react with tetramethyltin, forming MTO and an equimolar amount
of tin perrhenate. The maximum yield in this reaction was only 50 % relative to the
initial rhenium, and to improve this procedure a more efficient route towards
MTO was developed. Treatment of Re,O7 with trifluoroacetic anhydride in acetoni-
trile quantitatively generated CF3CO,ReO3, which upon further reaction with
MeSn(Bu); gave MTO in high yield (95%) [91, 92]. The main advantage of this
route, apart from the efficient use of the rhenium source, is the replacement of the
rather unpleasant tetramethyltin reagent with the more easily accessible alkyl-
Sn(Bu)s. This procedure is also compatible with the formation of other RReO3
compounds, such as ethyltrioxorhenium (ETO). Additional routes towards MTO
involve the treatment of perrhenates with trialkylsilyl chlorides to generate
CIReOs, followed by treatment with (CH3)4Sn to form MTO in almost quantitative
yield [93]. Today there is a whole range of organorhenium oxides available, and
they can be regarded as one of the best examined classes of organometallic com-
pounds [94, 95]. From a catalytic point of view, though, MTO is one of few orga-
norhenium oxides that have been shown to act effectively as a catalyst in epoxida-
tion reactions. With regard to the physical properties of organorhenium oxides,
MTO shows the greatest thermal stability (decomposes >300 °C), apart from the
catalytically inert 18e (n°-CsMes)ReOs complex. Furthermore, the high solubility of
MTO in virtually any solvent from pentane to water makes this compound partic-
ularly attractive for catalytic applications.

The 14e compound MTO readily forms coordination complexes of the type
MTO-L and MTO-L; with anionic and uncharged Lewis bases [96]. These yellow
adducts are typically five- or six-coordinate complexes, and the Re-L system is
highly labile. Apart from their fast hydrolysis in wet solvents, MTO-L adducts are
much less thermally stable then MTO itself. The pyridine adduct of MTO, for
instance, decomposes even at room temperature. In solution, methyltrioxorhen-
ium displays high stability in acidic aqueous media, although its decomposition is
strongly accelerated at increased hydroxide concentrations [97, 98]. Thus, under
basic aqueous conditions MTO decomposes as shown in Equation (4).
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H20; 9 0 H202 0,9 .
CHsReO; ——=  FBe? he

~MEy —Hey !
H3C (')HZO H3C4CI)H2O
A B
Scheme 6.11
CH3ReO3 + HLO ————» CH4 + ReO4 + H" (4)

For catalytic epoxidation applications, perhaps the most important feature of MTO
is its ability to activate hydrogen peroxide (5-85 %) without decomposing the oxi-
dant. The halflife of hydrogen peroxide is 20000 times higher in the presence of
MTO than in that of RuCls, and 50 times higher than in the presence of MnO, [99].
Upon treatment of MTO with hydrogen peroxide a rapid equilibrium takes place as
shown in Scheme 6.11.

MTO reacts with hydrogen peroxide to form a monoperoxo complex (A), which
undergoes further reaction to yield a bis-peroxorhenium complex (B). The forma-
tion of the peroxo complexes is evident from the appearance of an intensive yellow
color in the solution. Both peroxo complexes (A and B) have been detected through
their methyl resonances by 'H and '*C NMR spectroscopy [97]. Furthermore, the
structure of the bis-peroxo complex B has also been determined crystallograph-
ically [100]. In solution, B is the most abundant species in the equilibrium, sug-
gesting that this is the more thermodynamically stable peroxo complex. The coor-
dination of a water molecule to B has been established by NMR spectroscopy, but
no such coordination has been observed for A, indicating either no coordinated
water or high lability of such a ligand. The protons of the coordinated water mole-
cule in B are highly acidic, and this has important implications for the epoxidation
reaction (vide infra). With regard to catalytic activity, however, it has been demon-
strated that both complexes are active as oxygen-transfer species. While decom-
position of the MTO catalyst under basic conditions is often negligible, the pres-
ence of hydrogen peroxide completely changes the situation. The combination of
basic media and H,0, rapidly induces an irreversible decomposition of MTO as in
Equation (5), and this deleterious side reaction is usually a great problem in the
catalytic system [97].

H,0,
CH3ReO3 W HOReO; - Zpy + CH3;0H

®)

In this oxidative degradation, MTO decomposes into catalytically inert perrhenate
and methanol. The decomposition reaction is accelerated at higher pH, presum-
ably through the reaction between the more potent nucleophile HO,- and MTO.
The decomposition of MTO under basic conditions is rather problematic, since the
selectivity for epoxide formation certainly profits from the use of nonacidic con-
ditions.
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6.6.1
MTO as Epoxidation Catalyst — Original Findings

The rapid formation of peroxo complexes in the reaction between MTO and hydro-
gen peroxide makes this organometallic compound useful as an oxidation catalyst.
In the original report on olefin epoxidation with MTO, Herrmann and coworkers
employed a preformed solution of hydrogen peroxide in tert-butanol as the termi-
nal oxidant [88]. This solution was prepared by mixing tert-butanol and aqueous
hydrogen peroxide, followed by the addition of anhydrous MgSO,. After filtration,
this essentially water-free solution of hydrogen peroxide was used in the epoxida-
tion reactions. It was further reported that MTO, or rather its peroxo complexes,
were stable for weeks in this solution if kept at low temperatures (below 0 °C). As
seen above, later studies by Espenson revealed the instability of MTO in hydrogen
peroxide solutions [97]. Epoxidation of various olefins by use of 0.1-1 mol% of
MTO and the H,0,/t-BuOH solution generally resulted in high levels of conver-
sion to epoxide, but a significant amount of trans-1,2-diol was often formed by
ring-opening of the epoxide. The reason for using “anhydrous” hydrogen peroxide
was of course an attempt to avoid this side-reaction, but since hydrogen peroxide
generates water upon reaction with MTO it was impossible to work under strictly
water-free conditions. The ring-opening process may be catalyzed either directly by
MTO, due to the intrinsic metal Lewis acidity, or simply by protonation of the
epoxide. To overcome this problem, Herrmann used excesses of amines (e.g.,
4,4’-dimethyl-2,2’-bipyridine, quinine, and cinchonine), to coordinate to the metal
and thus suppress the ring-opening process [101]. This resulted in better selectivity
for the epoxide, at the expense of decreased, or in some cases completely inhibited,
catalytic activity. In an attempt to overcome the problems of low selectivity for
epoxide formation and the decreased catalytic activity obtained with amine ad-
ditives, Adam introduced the urea/hydrogen peroxide (UHP) adduct as the termi-
nal oxidant for the MTO-catalyzed system [102]. This resulted in substantially bet-
ter selectivity for several olefins, although substrates giving highly acid-sensitive
epoxides still suffered from deleterious ring-opening reactions.

6.6.2
The Influence of Heterocyclic Additives

The second major discovery regarding the use of MTO as an epoxidation catalyst
came in 1996, when Sharpless and coworkers reported on the use of substoichio-
metric amounts of pyridine as a co-catalyst in the system [103]. A change of solvent
from tert-butanol to dichloromethane and the introduction of 12 mol % of pyridine
even allowed the synthesis of very sensitive epoxides with aqueous hydrogen per-
oxide as the terminal oxidant. A significant rate acceleration was also observed for
the epoxidation reaction performed in the presence of pyridine. This discovery was
the first example of an efficient MTO-based system for epoxidation under neutral
to basic conditions. Under these conditions the detrimental acid-induced decom-
position of the epoxide is effectively avoided. With this novel system, a variety of

21
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Table 6.9 MTO-catalyzed epoxidation of olefins with H,O,.

Olefin No additive®! Pyridine!™ 3-Cyanoipyridine™® Pyrazole!®!
@ 90 (5) 96 (6)
O 100 (2)™ 99 (2) 89 (0.02)
@/\ 84 (16) 96 (5) 96 (5)
48 (37) 96 (5)
@/K 82 (6) 74 (1.5) 93 (1.5)
O/Ph 98 (1) 96 (1)1 95 (1)
95 (2) 91 (24) 97 (12)
N
Cé 75 (12) 82 (48) 99 (14) 99 (14)

Yield % (reaction time h) [a] Anhydrous H,O; in t-BuOH. [b] Aqueous
H,0, (30%), [c] Pyridine and 3-cyanopyridine (6 mol% of each).

olefin substrates were converted into their corresponding epoxides in high yields
and with high epoxide selectivities (Scheme 6.12 and Table 6.9).

The increased rate of epoxidation observed with pyridine as an additive has been
studied by Espenson and Wang and was explained to a certain degree in terms of
an accelerated formation of peroxorhenium species [104]. Stabilization of the rhe-
nium catalyst through pyridine coordination was also detected, although the excess
of pyridine needed in the procedure unfortunately resulted in increased catalyst
deactivation. As can be seen above, MTO is stable under acidic conditions, but
accelerated decomposition of the catalyst into perrhenate and methanol occurs at
high pH. The Brensted basicity of pyridine produces increased amounts of HO,™,
which speeds up the formation of the peroxo complexes and the decomposition of
the catalyst. The addition of pyridine to the epoxidation system hence gave certain
improvements regarding rate and selectivity for epoxide formation, but at the ex-
pense of catalyst lifetime. This turned out to be a minor problem for highly re-
active substrates such as tetra-, tri- and cis-disubstituted olefins, since these com-
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RS 1.5 equiv. H,O5 (30% aq) R®Q
R! - R2 CH3ReOj3 (0.5 mol%) R! R2
pyridine {12 mol%)
CH.Clo r.1.

®

99% conversion 92% conversion 99% conversion
>98% selectivity >98% selectivity >98% selectivity
Scheme 6.12

pounds are converted into epoxides at a rate significantly higher then the rate for
catalyst decomposition. Less electron-rich substrates such as o-olefins, however,
react more slowly with electrophilic oxygen-transfer agents, and require longer
reaction times to reach acceptable conversions. Under the pyridine (12 mol %)
conditions, neither dec-1-ene nor styrene fully converted, even after prolonged
reaction times.

A major improvement regarding epoxidation of terminal olefins was achieved
upon exchanging pyridine for its less basic analogue 3-cyanopyridine (pK, pyridine
= 5.4; pK, 3-cyanopyridine = 1.9) [105]. This improvement turned out to be general
for a number of different terminal olefins, irrespective of the existence of steric
hindrance at the a-position of the olefin or the presence of other functional groups
in the substrate (Scheme 6.13 and Table 6.9).

Terminal olefins giving acid-labile epoxides, however, were not efficiently pro-
tected by this procedure. This problem was solved by use of a cocktail consisting of
3-cyanopyridine and pyridine (5-6 mol % of each additive) in the epoxidation reac-
tion. The additive 3-cyanopyridine was also successfully employed in epoxidation
of trans-disubstituted olefins, a problematic substance class when using the parent
pyridine system [106]. For these reactions, the amount of the MTO catalyst could
be reduced to 0.2-0.3 mol%, with only 1-2 mol% of 3-cyanopyridine added.
Again, acid-sensitive epoxides were obtained with use of a mixture of 3-cyanopyr-
idine and the parent pyridine. It should be pointed out that the pyridine additives
undergo oxidation reactions, forming the corresponding pyridine-N-oxides [107],

i o O
RN 1.5 equiv. Ho0» (30% aq) R/Q

CH3R603 (05 mol%)
3-cyanopyridine (10 mol%)

CH20|2 r.t.
/\></ T
= ACOW CeH 1/K/
78% yield 94% vyield 94% yield

Scheme 6.13
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which will of course effectively decrease the amount of additive present in the
reaction mixture. In fact, as pointed out by Espenson, the use of a pyridinium salt
(a mixture of pyridine and, i.e., acetic acid) can be more effective in protecting the
additive from N-oxidation [104, 108]. This can be beneficial for slowly reacting
substrates, where N-oxidation would compete with olefin epoxidation. The Herr-
mann group introduced an improvement to the Sharpless system by employing
pyrazole as an additive [109]. Pyrazole is a less basic heterocycle (pK, = 2.5) than
pyridine and does not undergo N-oxidation by the MTO/H,0, system. Further-
more, use of pyrazole as the additive allowed for the formation of certain acid-
sensitive epoxides. In terms of which additive to choose, pyrazole is perhaps the
most effective for the majority of olefins, although pyridine would be the preferred
additive for certain acid-labile compounds (Table 6.9) [110].

6.6.3
The Role of the Additive

The use of various heterocyclic additives in the MTO-catalyzed epoxidation has
been demonstrated to be of great importance for substrate conversion, as well as
for the product selectivity. With regard to selectivity, the role of the additive is
obviously to protect the product epoxides from deleterious, acid-catalyzed (Brens-
ted or Lewis acid) ring-opening reactions. This can be achieved by direct coordina-
tion of the heterocyclic additive to the rhenium metal, thereby significantly de-
creasing its Lewis acidity. In addition, the basic nature of the additives will increase
the pH of the reaction media.

There are a number of different interpretations available of the accelerating
effects observed when pyridine or pyrazole is added to the MTO system. One likely
explanation is that the additives serve as phase-transfer agents. Upon addition of
MTO to an aqueous H,0, solution, immediate formation of the peroxo complexes
Aand B (cf. Scheme 6.11) occurs, as is seen in the intense bright yellow color of the
solution. If an immiscible organic solvent is added, the yellow color remains pre-
sent in the aqueous layer, but addition of pyridine to this mixture results in an
instantaneous transfer of the peroxo complexes into the organic phase. The trans-
portation of the active oxidants into the organic layer should thus favor the epox-
idation reaction, since the olefin concentration is significantly higher in this phase
(Scheme 6.14). Additionally, the rate at which MTO is converted into A and B is
accelerated when basic heterocycles are added. This has been attributed to the
Bronsted basicity of the additives, which increases the amount of peroxide anion
present in the reaction mixture. A higher concentration of HO,-, however, is detri-
mental to the MTO catalyst, but the coordination of a Lewis base to the metal
seems to have a positive effect in protecting the catalyst from decomposition.



6.6 Rhenium-catalyzed Epoxidations

O.OI«E 0 ol o
“hell — =  Osfo
HaC'On,C  HeOz HeC' 570 H,0,

HOO

CH3ReO;4 ReO, + MeOH

agueous phase

organic phase
@] (@]
doi'lge‘ ? Ohe?
v, v v,
HaC'Y, O Hy0, HSC,Q 0
] ]
X X
o)
RV\/RZ R’/Q/RZ
Scheme 6.14
6.6.4
Other Oxidants

While aqueous hydrogen peroxide is certainly the most practical oxidant for MTO-
catalyzed epoxidations, the use of other terminal oxidants can sometimes be ad-
vantageous. As mentioned above, the urea-hydrogen peroxide adduct has been
employed in olefin epoxidations. The anhydrous conditions obtained with UHP
improved the system by decreasing the amount of diol formed in the reaction. The
absence of significant amounts of water further helped in preserving the active
catalyst from decomposition. A disadvantage, however, is the poor solubility of
UHP in many organic solvents, which makes these reactions heterogeneous.
Another interesting terminal oxidant that has been applied in MTO-catalyzed
epoxidations is sodium percarbonate (SPC) [111]. The fundamental structure of
SPC involves hydrogen peroxide encapsulated through hydrogen bonding in a
sodium carbonate matrix [112]. SPC slowly decomposes in water, and in organic
solvents, to release hydrogen peroxide. The safety of this oxidant is reflected in its
common use as an additive in household washing detergents and toothpaste.
When this “solid form” of hydrogen peroxide was employed in MTO-catalyzed
(1 mol %) oxidation of a wide range of olefins, good yields of the corresponding
epoxides were obtained. An essential requirement for a successful outcome of the
reaction was the addition of an equimolar amount (relative to the oxidant) of tri-
fluoroacetic acid (TFA). In the absence of acid, or with acetic acid added, no or poor
reactivity was observed. The role of the acid in this heterogeneous system is to
facilitate slow release of hydrogen peroxide. Despite the presence of acid, even
hydrolytically sensitive epoxides were formed in high yields. This can be explained
in terms of efficient buffering of the system by NaHCO3 and CO,, formed in the
reaction between TFA and SPC. The initial pH was measured as 2.5, but after 15
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Scheme 6.15

min a constant pH of 10.5 was established, ensuring protection of acid-sensitive
products.

Bis-trimethylsilyl peroxide (BTSP) represents another form of “anhydrous” hy-
drogen peroxide [113]. The use of strictly anhydrous conditions in MTO-catalyzed
olefin epoxidations would efficiently eliminate problems with catalyst deactivation
and product decomposition due to ring-opening reactions. BTSP, which is the
disilylated form of hydrogen peroxide, has been used in various organic trans-
formations [114]. Upon reaction, BTSP is converted into hexamethyldisiloxane,
thereby assuring anhydrous conditions. In initial experiments, MTO showed little
or no reactivity towards BTSP under stoichiometric conditions [115]. This was very
surprising, in view of the high reactivity observed for BTSP relative to hydrogen
peroxide in oxidation of sulfides to sulfoxides [116]. The addition of one equivalent
of water to the MTO/BTSP mixture rapidly facilitated the generation of the active
peroxo complexes, however, this being explained in terms of hydrolytic formation
of H,0; from BTSP in the presence of MTO (Scheme 6.15). In fact, other proton
sources proved to be equally effective in promoting this hydrolysis. Thus, no epox-
idation occurred when the MTO/BTSP system was used under strictly aprotic con-
ditions, whilst the addition of trace amounts of a proton source triggered the acti-
vation of BTSP and the formation of epoxides was observed.

Under optimum reaction conditions, MTO (0.5 mol %), water (5 mol%), and
1.5 equiv. of BTSP were used for efficient epoxide formation. The discovery of
these essentially water-free epoxidation conditions resulted in another interesting
breakthrough: the use of simple oxorhenium compounds as catalyst precursors
[115, 117]. The catalytic activity of rhenium compounds such as Re;07, ReO3(OH),
and ReOs in oxidation reactions with aqueous hydrogen peroxide as the terminal
oxidant is typically very poor. Attempts to form epoxides by use of catalytic Re;0O7
in 1,4-dioxane with H,0, (60%) at elevated temperatures (90 °C) mainly yielded
1,2-diols [118]. When hydrogen peroxide was replaced by BTSP in the presence of a
catalytic amount of a proton source, however, each of the rhenium oxides Re,0y,
ReO3(OH), or ReO3 was equally effective as MTO in olefin epoxidations. In fact,
the use of ReOj3 proved to be highly practical, since this compound, unlike Re,0y,
is hydrolytically stable. There are several benefits associated with these epoxidation
conditions. The amount of BTSP used in the reaction can easily be monitored by
gas chromatography, and, furthermore, the simple workup procedure associated
with this protocol is very appealing, since evaporation of the solvent (typically
dichloromethane) and the formed hexamethyldisiloxane yields the epoxide.



6.6 Rhenium-catalyzed Epoxidations |217

Table 6.10 MTO-catalyzed epoxidation of olefins with anhy-
drous H,0, or with aqueous H,0; in fluorous solvents.!

Olefin UHPI! SPcld BTSPH! UHPI H,0,!f] H,0.#!
ionic liquid CF3;CH,OH (CF3).CHOH

97 (18) 99 (8) 99 (0.5)
94 (2) 95 (8) 99 (1) 93 (1)
44 (19) 96 (12) 95 (8) 82 (2)

55 21)® 91 (3)

94 (15) 94 (14) 46 (72) 97 (21) 88 (24)1)

3HHO0

[a] Yield % (reaction time h). [b] 1 mol% MTO. [c] 1 mol% MTO,

12 mol% pyrazole. [d] 0.5 mol% Re,O;. [e] 2 mol% MTO. [f] 0.1 mol%
MTO, 10 mol% pyrazole, 60% H,0. [g] 0.1 mol% MTO, 10 mol%
pyrazole, 30% H,O,. [h] An additional 26 % of the diol was formed.
[i] Dodec-1-ene was used as substrate.

6.6.5
Solvents/Media

The high solubility of the MTO catalyst in almost any solvent opens up a broad
spectrum of reaction media to choose from when performing epoxidations. The
most commonly used solvent, however, is still dichloromethane. From an environ-
mental point of view this is certainly not the most appropriate solvent in large-scale
epoxidations. Interesting solvent effects for the MTO-catalyzed epoxidation was
reported by Sheldon and coworkers, who performed the reaction in trifluoroetha-
nol [119]. The change from dichloromethane to the fluorinated alcohol allowed a
further reduction of the catalyst loading down to 0.1 mol%, even for terminal
olefin substrates (Table 6.10). It should be pointed out that this method does re-
quire 60 % aqueous hydrogen peroxide for efficient epoxidations.

Bégué and coworkers recently achieved an improvement in this method by per-
forming the epoxidation reaction in hexafluoro-2-propanol [120]. They found that
the activity of hydrogen peroxide was significantly increased in this fluorous alco-
hol, in relation to trifluoroethanol, which allowed for the use of 30% aqueous
H,0,. Interestingly, the nature of the substrate and the choice of additive turned
out to have important consequences for the lifetime of the catalyst. Cyclic dis-
ubstituted olefins were efficiently epoxidized with 0.1 mol % of MTO and 10 mol %



218| 6 Metal-catalyzed Synthesis of Epoxides

R2 R2
«_ _R3 2equiv Hz0, (aq) RVK(I)/RS

R1
MTO (0.1 mol%)
pyrazole (10 mol%})
hexafluoroisopropanol
0°C, 1-24 h
o]
CioHay HO)L%\ O/
88% yield 80% yield 91% yield
Scheme 6.16

pyrazole as the catalytic mixture, but for trisubstituted substrates the use of the
additive 2,2’-bipyridine turned out to be crucial for high conversion (Scheme 6.16).
The use of pyrazole in this case proved to be highly deleterious for the catalyst, as
indicated by the loss of the yellow color of the reaction solution. This observation is
certainly counter intuitive, since more basic additives normally decrease the cata-
lyst lifetime. The fact that full conversion of long-chained a-olefins was achieved
after 24 h with pyrazole as the additive, and the observation that the catalyst was
still active after this period of time, is very surprising in view of the outcome with
more highly functionalized substrates. To increase conversion for substrates dis-
playing poor solubility in hexafluoro-2-propanol, trifluoromethylbenzene was
added as a co-solvent. In this way, dodec-1-ene was converted into its correspond-
ing epoxide in high yield.

The use of involatile ionic liquids as environmentally benign solvents has re-
ceived significant attention in recent years. Abu-Omar and coworkers developed an
efficient MTO-catalyzed epoxidation procedure with 1-ethyl-3-methylimidazolium
tetrafluoroborate ([emim]|BF,) as solvent and urea/hydrogen peroxide (UHP) as
the terminal oxidant [121, 122]. A major advantage of this system is the high
solubility of UHP, MTO, and its peroxo complexes, making the reaction media
completely homogeneous. Under these essentially water-free conditions, high lev-
els of conversion and good epoxide selectivity were achieved for the epoxidation of
variously substituted olefins. Replacement of UHP with aqueous hydrogen per-
oxide for the epoxidation of 1-phenylcyclohexene resulted in a poor yield of this
acid-sensitive epoxide, the formation of the corresponding diol being observed
instead. A disadvantage of the UHP/ionic liquid system, in relation to other MTO
procedures, is the higher catalyst loading (2 mol %) required for efficient epoxide
formation.

6.6.6
Asymmetric Epoxidations with MTO

The MTO-based epoxidation system offers a particularly effective and practical
route for the formation of racemic epoxides. Attempts to prepare chiral MTO com-
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plexes and to employ them in catalytic epoxidation have so far been scarce, and the
few existing reports are unfortunately quite discouraging. In the epoxidation of cis-
B-methylstyrene with MTO and hydrogen peroxide in the presence of the additive
(S)-1-(N,N-dimethyl)phenylethylamine, an enantiomeric excess of 86% in the
product has been claimed [123]. The epoxides from other substrates such as sty-
rene and oct-1-ene were obtained with significantly lower enantioselectivities
(13% ee). Furthermore, the MTO-catalyzed epoxidation of 1-methylcyclohexene
with L-prolineamide, (+)-2-aminomethylpyrrolidine, or (R)-1-phenylethylamine as
additives was reported to yield the product in low yield and with poor enantiose-
lectivity (20 % ee or less) [124]. A significant amount of the corresponding diol was
formed in these reactions. More recently, Herrmann and coworkers reported the
use of chiral pyrazole derivatives as ligands in the MTO-catalyzed epoxidation of
cis-B-methylstyrene [125]. Levels of conversion and enantiomeric excess were un-
fortunately also rather poor, with a maximum of 27 % ee. These workers have also
reported on the use of chiral diols as ligands for the epoxidation of the same
substrate (cis-B-methylstyrene), the best enantioselectivity obtained being 41% ee,
although in this particular case the reaction was only completed to 5% conversion.
A general method for the enantioselective formation of epoxides through the use
of rhenium catalysts is thus still lacking. It would certainly be a breakthrough if
such a system could be developed, in view of the efficiency of MTO-catalyzed
epoxidation reactions with hydrogen peroxide as terminal oxidant.

6.7
Iron-catalyzed Epoxidations

The use of iron salts and complexes for olefin epoxidation is in many respects
similar to that of manganese catalysts. Iron porphyrins can be used as epoxidation
catalysts, but conversion and selectivity are often inferior to what is obtained with
their manganese counterparts. The potential to use hydrogen peroxide as terminal
oxidant efficiently are limited, due to the rapid iron-catalyzed decomposition of the
oxidant. Traylor and coworkers, however, found conditions under which a poly-
fluorinated Fe(TPP)-catalyst (21) could be employed in the epoxidation of cyclooc-
tene to yield the corresponding epoxide in high yield (Scheme 6.17) [126]. High
catalyst loading (5 mol %) and slow addition of the oxidant were required, certainly
limiting the usefulness of this procedure.
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25°C, 1-24 h

O A O

80% yield 64% yield 100% yield
Scheme 6.17

A number of iron complexes with biomimetic non-heme ligands have recently
been introduced as catalysts for alkane hydroxylation and olefin epoxidation and
dihydroxylation. These complexes have been demonstrated to activate hydrogen
peroxide without the formation of free hydroxyl radicals, a feature commonly ob-
served in iron oxidation chemistry. A particularly efficient catalytic system for se-
lective epoxidation of olefins was developed by Jacobsen and coworkers [127]. In
this procedure, a tetradentate ligand (BPMEN = N,N’-dimethyl-N, N’-bis(2-pyridyl-
methyl)-diaminoethane, 22) was combined with an iron(11) precursor and acetic
acid to yield a self-assembled p-oxo, carboxylate-bridged diiron(111) complex (23).
This dimeric iron complex, resembling the active site found in the hydroxylase
methane monooxygenase (MMO), was demonstrated to epoxidize olefins effi-
ciently in the presence of aqueous hydrogen peroxide (50%). This catalyst turned
out to be particularly active for the epoxidation of terminal olefins, normally the
most difficult substrates to oxidize. Thus, dodec-1-ene was transformed into its
corresponding epoxide in 90 % yield after 5 min. with use of 3 mol% of the cata-
lyst. This system was also effective for the epoxidation of other simple nonterminal
olefins such as cyclooctene and trans-dec-5-ene (Scheme 6.18).

Que and coworkers reported on a similar monomeric iron complex, formed with
the BPMEN ligand but without acetic acid [128]. This complex was able to epoxi-
dize cyclooctene in reasonably good yield (75%), but at the same time a small
amount of the cis-diol (9%) was formed. This feature observed with this class of
complexes has been further studied and more selective catalysts have been pre-
pared. Even though poor levels of conversion are often obtained with the current

1.5 equiv H>O5 (aq) Q

R' R2 22+ Fe(CH4CN) (SbFg), (3 mol%) R! R2
Acetic acid (30 mol%)

CH4CN
4°C, 5 min
H
e cncs o () e
85% yield 90% yield 76% yield 86% yield 87% yield

Scheme 6.18
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Scheme 6.19

catalysts, this method represents an interesting alternative to other cis-dihydroxyla-
tion systems [129, 130]. Use of similar chiral ligands based on 1,2-diaminocyclo-
hexane resulted in complexes that were able to catalyze the formation of epoxides
in low yields and with low enantioselectivities (0-12% ee). The simultaneous for-
mation of cis-diols occurred with significantly better enantioselectivity (up to
82 % ee), but these products were also obtained in low yields.

Using high-throughput screening techniques, Francis and Jacobsen discovered a
novel iron-based method for the preparation of enantiomerically enriched epoxides
[131]. In this system, chiral complexes prepared from polymer-supported peptide-
like ligands and iron(11) chloride were evaluated as catalysts for the epoxidation of
trans-B-methylstyrene with aqueous hydrogen peroxide (30 %) as terminal oxidant.
The best polymer-supported catalysts yielded the corresponding epoxide at up to
78 % conversion with enantioselectivities ranging from 15 to 20 % ee. With a homo-
geneous catalyst derived from this combinatorial study, trans-B-methylstyrene was
epoxidized in 48% ee after 1h (100% conversion, 5 mol% catalyst, 1.25 equiv.
50 % hydrogen peroxide in t-BuOH) (Scheme 6.19).

Even though only moderate enantiomeric excess was obtained with catalyst 24,
this example is of particular interest since it demonstrates how novel catalysts
based on “nonclassic” combinations of ligands and transition metals can be dis-
covered.

6.8
Ruthenium-catalyzed Epoxidations

High-valent ruthenium oxides (e.g., RuO.) are powerful oxidants and react readily
with olefins, mostly resulting in cleavage of the double bond [132]. If reactions are
performed with very short reaction times (0.5 min.) at 0 °C it is possible to control
the reactivity better and thereby to obtain cis-diols. On the other hand, the use of
less reactive, low-valent ruthenium complexes in combination with various termi-
nal oxidants for the preparation of epoxides from simple olefins has been de-
scribed [133]. In the more successful earlier cases, ruthenium porphyrins were
used as catalysts, especially in combination with N-oxides as terminal oxidants
[134, 135, 136]. Two examples are shown in Scheme 6.20, terminal olefins being
oxidized in the presence of catalytic amounts of Ru-porphyrins 25 and 26 with the
sterically hindered 2,6-dichloropyridine N-oxide (2,6-DCPNO) as oxidant. The use
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Scheme 6.20

of this particular oxidant was crucial for high epoxide yield, since simple pyridine,
generated from pyridine N-oxide, significantly lowered the epoxidation rate by co-
ordination to the ruthenium catalyst. Interestingly, aerobic epoxidation of olefins
under 1 atm. of molecular oxygen without any additional reducing agent has been
reported with catalyst 26 [137]. Recently, Beller and coworkers reported on the use
of RuCl; and pyridine-2,6-dicarboxylic acid as an efficient catalyst for the epoxida-
tion of olefins with 3 % aqueous hydrogen peroxide as terminal oxidant [138]. With
RuCl; loadings ranging from 0.01 to 5 mol % and slow addition of the oxidant, to
avoid ruthenium-catalyzed H,0, decomposition, a number of different olefins
were successfully converted into epoxides in yields of up to 99 %.

Asymmetric epoxidation of olefins with ruthenium catalysts based either on
chiral porphyrins or on pyridine-2,6-bisoxazoline (pybox) ligands has been re-
ported (Scheme 6.21). Berkessel et al. reported that catalysts 27 and 28 were effi-
cient catalysts for the enantioselective epoxidation of aryl-substituted olefins (Ta-
ble 6.10) [139]. Enantioselectivities of up to 83 % were obtained in the epoxidation
of 1,2-dihydronaphthalene with catalyst 28 and 2,6-DCPNO. Simple olefins such as
oct-1-ene reacted poorly and gave epoxides with low enantioselectivity. The use of
pybox ligands in ruthenium-catalyzed asymmetric epoxidations was first reported
by Nishiyama et al., who used catalyst 30 in combination with iodosyl benzene,
bisacetoxyiodo benzene [PhI(OAc);], or TBHP for the oxidation of trans-stilbene
[140]. In their best result, with PhI(OAc); as oxidant, they obtained trans-stilbene
oxide in 80% yield and with 63 % ee. More recently, Beller and coworkers have
reexamined this catalytic system, finding that asymmetric epoxidations could be
performed with ruthenium catalysts 29 and 30 and 30% aqueous hydrogen per-
oxide (Table 6.11) [141]. Development of the pybox ligand provided ruthenium
complex 31, which turned out to be the most efficient catalyst for asymmetric
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olefin epoxidation, use of 5 mol% of 31 and slow addition of hydrogen peroxide
allowing a number of aryl-substituted olefins to be epoxidized in yields of up >99%
and with enantioselectivities of up to 84 %. A comparison of different chiral ruthe-
nium catalysts used in the epoxidation of styrene is summarized in Table 6.11.
Table 6.11 Ruthenium-catalyzed epoxidation of styrene.
O
©/\ oxidant ©/<l
Ru-cat
Entry Ru-cat Oxidant Solvent Temp Yield Ee Ref.
(amount) Q) (%) (%)
1 27 2,6-DCPN benzene r.t. 82 76 139
(0.1 mol%) 1.1 equiv.
2 28 2,6-DCPN benzene r.t. 96 79 139
(0.1 mol%) 1.1 equiv.
3 29 TBHP t-BuOH Lt 56 30 142
(5 mol%) 1.5 equiv.
412 29 30% H,0, AmOHM Lt. 70 31 141
(5 mol%) 3 equiv.
5 30 PhI(OAc), AmOHDP! 0 48 5 143
(5 mol%) 3 equiv.
o[ 31 30% H,0; t-BuOH r.t. 85 59 141
(5 mol%) 3 equiv.

[a] Slow addition of oxidant over 12 h. [b] Amyl alcohol.
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6 Metal-catalyzed Synthesis of Epoxides

6.9
Concluding Remarks

The epoxidation of olefins with the aid of transition metal-based catalysts is cer-
tainly a well studied reaction. There are, however, only a few really good and gen-
eral systems efficiently compatible with environmentally benign oxidants such as
aqueous hydrogen peroxide. An important feature for selective epoxidations with
H,0; as terminal oxidant is the catalyst’s capability to activate hydrogen peroxide
by heterolytic cleavage of the O—O bond, hence avoiding radical formation. The
generation of free radicals by homolytic cleavage usually results in uncontrolled
side reactions such as substrate and/or catalyst degradation and poorly selective
product formation. A comparison of the efficiencies achieved with the best cata-
lysts described in this chapter for racemic epoxidations is presented in Ta-
ble 6.12.

From comparison of the different methods presented in Table 6.12 it is evident
that there are advantages and limitations with almost all available epoxidation
systems. In terms of the scope of the reactions, some methods are better for linear
terminal olefins, whereas others show enhanced reactivity with more function-
alized substrates. The environmentally attractive TS-1 system is highly efficient,
but restricted to linear substrates. The various available tungsten systems effi-
ciently produce epoxides from simple substrates, but acid-sensitive products un-
dergo further reactions, thus effectively reducing the selectivity of the process.
MTO is a highly active epoxidation catalyst and, when it is combined with hetero-
cyclic additives, even hydrolytically sensitive products are obtained in good yields
and with good selectivities. However, the fact that most MTO-catalyzed epoxida-
tions are performed in chlorinated or fluorinated solvents is a limitation with

Table 6.12 Transition metal-catalyzed epoxidation of olefins
with H,0, as terminal oxidant.

Catalyst S/C Solvent Temp  1-Olefinle! Cyclooctene Ref.
('C)  yield (%)/TOF (h™") yield (%)/TOF (h™)

Tile! 100 MeOH 25 74/108™! - 29
Wwit] 50/500  toluene 90 91/12 98/122 53
Mol 100/200 CH,Cl, 60 96/4 100/100 47
Mn@ 100 DMF 25 - 67/4 69
Rel®! 200 CH,Cl, 25 99/14 89/8900 109
Rel® 1000 CF;CH,OH 25 97/48 99/990 119
Felfl 33 CH;CN 4 85/337 86/341 127

[a] TS-1. [b] Na,WO4, NH,CH,PO3H,, (CsHi7)sNCH; HSO4.
[c] MoOs(0OAs(C12H2s))3. [d] MnSOs. [e] MTO, pyrazole. [f] 23.
[g] Dec-1-ene. [h] Oct-1-ene.
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regards to their eco-compatibility. Nevertheless, from a synthetic perspective, the
use of MTO in combination with pyridine or pyrazole is, in our opinion, the cur-
rent method of choice for lab-scale epoxidations, in view of its broad substrate
scope and its operational simplicity. With regard to asymmetric processes employ-
ing hydrogen peroxide as terminal oxidant, there are only a few reported systems
that produce epoxides with moderate levels of enantioselectivity. The iron-based
catalyst developed by Francis and Jacobsen is a promising candidate, whilst the
ruthenium catalysts containing pybox ligands are other interesting systems. How-
ever, this field is currently quite premature, and further developments along these
lines may result in more selective and efficient epoxidation techniques. In addition
to solving problems associated with substrate scope and selectivity, perhaps the
most important challenge is to create more efficient epoxidation systems. Most
epoxidation methods, asymmetric or non-asymmetric, display rather poor sub-
strate to catalyst ratios. In the best cases, the catalyst loading is as low as 0.1 mol %,
but most often 0.5-1 mol % of the catalyst needs to be added to ensure full conver-
sion of the starting olefin. In comparison to the corresponding highly efficient
existing catalysts for the reduction of olefins with molecular hydrogen, there is a
long way to go before oxidation catalysts reach the same level of efficiency.

In conclusion, the above summary of oxidation methods shows that there is still
room for further improvements in the field of selective olefin epoxidation. The
development of active and selective catalysts capable of oxidizing a broad range of
olefin substrates with aqueous hydrogen peroxide as terminal oxidant in inex-
pensive and environmentally benign solvents remains a continuing challenge.
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Catalytic Asymmetric Epoxide Ring-opening Chemistry

Lars P.C. Nielsen and Eric N. Jacobsen

7.1
Introduction

Asymmetric catalysis of epoxide ring-opening reactions may be divided simply
into two categories: desymmetrization of meso-epoxides and kinetic resolution of
racemic epoxides (Scheme 7.1). Over the past few years, both have been the focus
of substantial interest, and important advances have been made in the develop-
ment of useful catalysts for these purposes. This chapter is concerned specifically
with nonenzymatic [1] catalytic asymmetric ring-opening (ARO) reactions of ep-
oxides. Nucleophilic addition reactions are discussed according to the identity of
the reactive nucleophilic center (nitrogen, sulfur, oxygen, carbon, halide, and hy-
dride). Enantioselective catalytic rearrangements of both meso-epoxides and chiral

epoxides are treated in a separate section.

A NuH
Desymmetrization A "
R R chiral catalyst
- . (0] O NuH
Kinetic resolution + < -
R/Q RN chiral catalyst
Scheme 7.1
7.2

Enantioselective Nucleophilic Addition to Meso-Epoxides

7.2.1
Nitrogen-centered Nucleophiles

OH

A

Nu

o <
R/<j + F:{/\/NU

Azide is widely useful as a surrogate for ammonia in nucleophilic substitution
reactions, due to its high nucleophilicity, low basicity, and stability towards a vari-
ety of conditions for subsequent transformations. In particular, the azidolysis of
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meso-epoxides provides an attractive approach to chiral 1,2-amino alcohols. Build-
ing on the work of Yamashita and Oguni, who used stoichiometric amounts of
chiral titanium alkoxides to effect asymmetric addition to meso-epoxides [2], Nu-
gent developed the first catalytic and highly efficient asymmetric ring-opening of
epoxides (Scheme 7.2) [3]. Nugent’s result with a zirconium trialkanolamine com-
plex 1 and TMSN; validated the ARO strategy as a worthy goal in asymmetric
catalysis.

Jacobsen subsequently reported a practical and efficient method for promoting
the highly enantioselective addition of TMSN3; to meso-epoxides (Scheme 7.3) [4].
The chiral (salen)CIl-Cl catalyst 2 is available commercially and is bench-stable.
Other practical advantages of the system include the mild reaction conditions,
tolerance of some Lewis basic functional groups, catalyst recyclability (up to 10
times at 1 mol% with no loss in activity or enantioselectivity), and amenability to
use under solvent-free conditions. Song later demonstrated that the reaction could
be performed in room temperature ionic liquids, such as 1-butyl-3-methylimidazo-
lium salts. Extraction of the product mixture with hexane allowed catalyst recycling
and product isolation without recourse to distillation (Scheme 7.4) [5].

Detailed investigations indicated an interesting mechanism for azide openings
catalyzed by 2 [6]. Chloride-epoxide addition products were observed in the initial
stages of the ARO reaction with 2 in amounts commensurate with the catalyst
loading. Azide complex 3, characterized as the THF adduct, was isolated from the
reaction mixture and proved to be an active and recyclable catalyst for the ARO,
pointing to the role of 2 as that of a precatalyst. Kinetic experiments revealed a
second-order dependence on the concentration of 3, a zero-order dependence on
azide source, and inverse-order dependence on epoxide concentration. The suc-
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cessful use of TMSN3 required a small amount of water to form a catalytic amount
of HNj3, the species that mediates turnover. Using these and other data, the au-
thors proposed a catalytic cycle involving cooperative activation of both nucleophile
and electrophile by distinct catalyst complexes (Scheme 7.5).

The relative orientation of the (salen)metal units in the enantioselectivity-deter-
mining transition state stands as an important question underlying the cooper-
ative mechanism of the ARO. “Head to head” and “head to tail” limiting geome-
tries for the bimetallic ring-opening are shown in Figure 7.1 [7]. Dimeric com-
plexes containing various tethering motifs were prepared, and only catalysts capa-
ble of achieving “head to tail” geometry (Figure 7.1) were found to display ees and
enhanced rates comparable to those seen with the monomeric catalyst 3, which
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Scheme 7.5

suggested a transition structure approaching the “head to tail” geometry. Such
mechanistic insight foreshadowed other mechanism-driven catalyst improve-
ments in several ARO reactions (vide infra) [8].

The (salen)chromium-catalyzed ARO of epoxides with azide provides an effi-
cient route to a range of chiral building blocks useful for synthesis. Several bio-
logically interesting molecules have been prepared by this methodology, including
the protein kinase C inhibitor balanol [9], carbocyclic nucleoside analogues such as
aristeromycin and carbovir [10], and prostaglandin derivatives [11] (Figure 7.2).
Ganem and co-workers provided an elegant application of this ARO reaction in the
desymmetrization of a highly substituted epoxycyclopentane as part of a formal
synthesis of (-)-allosamidin [12]. Catalyst 2 can also be used to desymmetrize
resin-bound epoxides, as was demonstrated in the solid-phase synthesis of a li-
brary of cyclic RGD pharmacophores for platelet receptors [13].

Despite these significant results in azide additions, only limited success has
been obtained in enantioselective addition of other sp*-hybridized nitrogen-cen-
tered nucleophiles to meso-epoxides. Bartoli et al. demonstrated that aniline was a
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Figure 7.1 Head to head and head to tail limiting geometries
for the bimetallic ring-opening.

competent nucleophile for the ARO of cis-stilbene oxide with catalyst 2 and triethy-
lamine as an additive (Scheme 7.6) [14]. The reaction is highly enantioselective and
oxidative dearylation to the primary amine can be effected without erosion of en-
antiomeric excess. However, the scope of this reaction has yet to be described.
Hou and Shibasaki independently reported the application of lanthanide-BI-
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Scheme 7.6

NOL-based systems for addition of (substituted) anilines to meso epoxides. Hou
found that a ytterbium-BINOL complex catalyzed desymmetrization of cyclohex-
ene oxide in up to 80% ee [15]. Shibasaki demonstrated that a praseodymium-
BINOL complex could promote addition of p-anisidine to several epoxides in mod-
erate yields with modest enantioselectivities (Scheme 7.7) [16].

The catalytic addition of alkylamines to meso-epoxides is generally difficult, pre-
sumably due to inhibition of the Lewis acid catalyst by the strongly Lewis basic
nucleophile. Inaba et al., however, have shown that 3,5,8-trioxabicyclo[5.1.0]oc-
tanes are useful substrates with a 1:1 Ti-BINOL complex in ring-openings with
primary alkylamines such as benzylamine. The resulting enantioselective addition
reaction provided access to optically pure 2-amino-1,3,4-butanetriols-versatile
chiral four-carbon building blocks (Scheme 7.8) [17]. Use of racemic or enantio-
merically enriched a-methylbenzylamines as nucleophiles gave increased selectiv-
ity (>97 % de). However, the method as reported was very limited in scope, as no
other epoxides investigated were found to undergo ring-opening.

Relatively little has been published regarding asymmetric catalysis of ring-open-
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ing reactions employing nucleophiles containing sp-hybridized nitrogen [18].
Whereas certain aluminium complexes are moderately effective for the asymmet-
ric addition of cyanide to epoxides through the C terminus of the nucleophile (e. g.,
Scheme 7.23, vide infra), Pan and Zhu discovered that a Ga-BINOL complex 4
catalyzed the isocyanosilylation of meso-epoxides with TMSCN with good enantio-
selectivity (Scheme 7.9) [19]. The different regioselectivities promoted by metals in

235



236

7 Catalytic Asymmetric Epoxide Ring-opening Chemistry

the same column of the periodic table was interpreted by these authors on the
basis of the softer nature of gallium relative to the more electropositive alumin-
ium.

7.2.2
Sulfur-centered Nucleophiles

One of the earliest useful methods for asymmetric opening of meso-epoxides with
sulfur-centered nucleophiles was reported by Yamashita and Mukaiyama, who em-
ployed a heterogeneous zinc tartrate catalyst (Scheme 7.10) [20]. Epoxides other
than cyclohexene oxide were not investigated, and the enantioselectivity depended
strongly on the identity of the thiol.

Without question, the most significant advance in the use of sulfur-centered
nucleophiles was made by Shibasaki, who discovered that 10 mol% of a novel
gallium-lithium-bis(binaphthoxide) complex 5 could catalyze the addition of tert-
butylthiol to various cyclic and acyclic meso-epoxides with excellent enantioselectiv-
ities and in good yields (Scheme 7.11) [21]. This work builds on Shibasaki’s
broader studies of heterobimetallic complexes, in which dual activation of both the
electrophile and the nucleophile is invoked [22]. This method has been applied to
an efficient asymmetric synthesis of the prostaglandin core through an oxidation/
elimination sequence (Scheme 7.12).

Jacobsen demonstrated that the (salen)Cr system used to effect intermolecular,
cooperative asymmetric azidolysis of meso-epoxides (Schemes 7.3 and 7.5) could be
applied to sulfur-centered nucleophiles (Scheme 7.13). In order to overcome mod-
erate enantioselectivity (<60 % ee), a dithiol nucleophile was employed as part of a
double resolution strategy in which the minor enantiomer of the monoaddition
product reacts preferentially to form the meso- bis-addition product, thereby in-
creasing the ee of the C,-symmetric bis-addition product. Enantiopure 1,2-mer-
capto alcohols (>99% ee) were obtained from the meso-epoxide in ca. 50% overall
yield by a burdensome (though effective) multistep sequence, [23].

Hou reported the use of a chiral (salen)titanium catalyst for the desymmetriza-
tion of meso-epoxides with thiols (Scheme 7.14). The complex, formed in situ

10 mol % Zn(L-tartrate)

1 equiv RSH
CH,Cl, 0°Ctort, 5d OH
(B .
SR
R % yield % ee
Ph 96 61
p-Tol 96 68
Bn 88 77
n-Bu 82 85
Cy 29 79

Scheme 7.10
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through the use of titanium tetraisopropoxide, effected the ARO of cyclohexene
oxide with thiophenol, producing the mercaptoalkanol with moderate ee and in
good yield (63% ee, 93% yield) [24]. Subsequently, Tang reported improved en-
antioselectivity with a dithiophosphorus acid as the nucleophile and the same cata-
lyst system [25].
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7.2.3

Oxygen-centered Nucleophiles

Subsequent to the development of the (salen)Cr-catalyzed desymmetrization of
meso-epoxides with azide (Scheme 7.3), Jacobsen discovered that the analogous
(salen)Co(11) complex 6 promoted the enantioselective addition of benzoic acids to
meso-epoxides to afford valuable monoprotected C,-symmetric diols (Scheme 7.15)
[26]. Under the reaction conditions, complex 6 served as a precatalyst for the (salen)
Co(111)-OBz complex, which was formed in situ by aerobic oxidation. While the
enantioselectivity was moderate for certain substrates, the high crystallinity of the
products allowed access to enantiopure materials by simple recrystallization.
From the standpoints of both cost and atom economy, water is the ideal nucleo-
phile for synthesis of enantioenriched C,-symmetric 1,2-diols from meso-epoxides.
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Although racemic terminal epoxides undergo efficient ring-opening with kinetic
resolution in the presence of (salen)Co catalysts and water (vide infra, Table 7.1),
the analogous hydrolysis of meso-epoxides is promoted by the same catalysts with
substantially lower reactivity and enantioselectivity. These limitations are over-
come by the use of tethered catalyst systems, which dramatically increase the effec-
tive molarity of the cobalt centers and therefore help promote the cooperative
bimetallic mechanism (see Scheme 7.5). Dimeric [7], polymeric [27], and dendri-
meric catalysts have been developed [28], but the most efficient and most easily
prepared tethered catalysts were cyclic oligomers. Several generations of these cat-
alysts were synthesized [29], and ultimately the oligomeric (salen)Co—OTf complex
7 was found to be the most general and effective catalyst [30]. This catalyst system
proved to be particularly effective for the desymmetrization of several meso-
epoxides with water (Scheme 7.16) [31].

Although the enantioselective intermolecular addition of aliphatic alcohols to
meso-epoxides with (salen)metal systems has not been reported, intramolecular
asymmetric ring-opening of meso-epoxy alcohols has been demonstrated. By use of
monomeric cobalt acetate catalyst 8, several complex cyclic and bicyclic products
can be accessed in highly enantioenriched form from the readily available meso-
epoxy alcohols (Scheme 7.17) [32].
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An impressive application of the (salen)Co-catalyzed intramolecular ARO of
meso-epoxy alcohols in the context of total synthesis was reported recently by Da-
nishefsky [33]. Enantioselective desymmetrization of intermediate 9 by use of the
cobalt acetate catalyst 8 at low temperatures afforded compound 10, which was
obtained in 86 % ee and >86 % yield (Scheme 7.18). Straightforward manipulation
of 10 eventually produced an intermediate that intersected Danishefsky’s previ-
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ously reported route [34], constituting a versatile, formal synthesis of either en-
antiomer of merrilactone A.

Payne rearrangement of 2,3-epoxybutane-1,4-diol (Scheme 7.17) not only pro-
vided a useful epoxydiol C4 building block, but also a rare example of an enantiose-
lective reaction under thermodynamic control: the meso-starting material under-
went equilibration selectively with the desired enantiomer of product. Use of the
previously mentioned oligomeric catalyst 7 proceeded with 100-fold lower catalyst
loading and 99 % ee (compared to 96 % ee with the monomeric catalyst). One-pot
enantioselective Payne rearrangement and ketalization gave access to a valuable,
protected building block in three steps from cis-butenediol [35]. The same epoxide
had previously been prepared in five steps from either tartaric [36] or ascorbic acid
37].
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Less success has been achieved to date in the addition of other oxygen-centered
nucleophiles, such as phenols, to meso-epoxides. Shibasaki reported that the same
gallium-lithium-BINOL complex as used in the enantioselective addition of thiols
to meso-epoxides (Scheme 7.11) was also capable of catalyzing p-anisole addition at
elevated temperatures [38]. However, high catalyst loadings (20 mol%), long reac-
tion times, and modest yields render this process less attractive than the corre-
sponding addition of thiols. As a result, Shibasaki investigated linked BINOL com-
plexes, with the rationale that a more rigid ligand structure might be more stable
and enantioselective. To this end, ether-linked bis(BINOL) gallium-lithium com-
plex 11 was prepared in five linear steps from commercially available materials.
The linked system allowed the epoxide ring-opening reaction to be effected with
lower catalyst loading (10 mol%) than the analogous monomeric system (Scheme
7.19) [39].

An alternative method for generating enriched 1,2-diols from meso-epoxides con-
sists of asymmetric copolymerization with carbon dioxide. Nozaki demonstrated
that a zinc complex formed in situ from diethylzinc and diphenylprolinol catalyzed
the copolymerization with cyclohexene oxide in high yield. Alkaline hydrolysis of
the isotactic polymer then liberated the trans diol in 94% yield and 70% ee
(Scheme 7.20) [40]. Coates later found that other zinc complexes such as 12 are
also effective in forming isotactic polymers [41-42].
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7.2.4

Carbon-centered Nucleophiles

Although asymmetric ring-opening of epoxides coupled to C—C bond-formation is
highly desirable from a synthetic standpoint, such transformations are difficult
because few carbon-centered nucleophiles possess sufficient reactivity to open ep-
oxides without effecting decomposition of the chiral metal catalysts. Nevertheless,
several significant advances have been made with sp-, sp>-, and even sp*-hybrid-
ized carbon-centered nucleophiles. Oguni discovered that the addition of trime-
thylsilyl cyanide to epoxides was catalyzed by titanium tetraisopropoxide and was
accelerated in the presence of achiral tridentate Schiff-base ligands [43]. Building
on this result, Snapper and Hoveyda used a combinatorial approach [44] and solid-
phase assembly [45] to identify an effective chiral catalyst for this transformation.
After three generations of catalyst optimization, they identified a catalyst system
based on ligand 13 and titanium for the desymmetrization of three representative
meso-epoxides in the presence of TMSCN in moderate enantioselectivities and
yields (Scheme 7.21).

Jacobsen developed a method employing (pybox)YbCl; for TMSCN addition to
meso-epoxides (Scheme 7.22) [46] with enantioselectivities as high as 92%. Un-
fortunately, the practical utility of this method is limited because low temperatures
must be maintained for very long reaction times (up to seven days). This reaction
displayed a second-order dependence on catalyst concentration and a positive non-
linear effect, suggesting a cooperative bimetallic mechanism analogous to that
proposed for (salen)Cr-catalyzed ARO reactions (Scheme 7.5).

The only notable success to date in the use of (salen)metal systems in catalysis of
asymmetric cyanide addition to epoxides was achieved by Pietrusiewicz, who re-
ported the aluminium-catalyzed desymmetrization of phospholene meso-epoxide
(Scheme 7.23) in moderate ee [47]. Despite these significant efforts, a truly prac-
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tical and general addition of cyanide to meso-epoxides remains an unmet chal-
lenge.

The first example of asymmetric catalytic ring-opening of epoxides with sp*
hybridized carbon-centered nucleophiles was reported by Oguni, who demon-
strated that phenyllithium and a chiral Schiff base ligand undergo reaction to form
a stable system that can be used to catalyze the enantioselective addition of phenyl-
lithium to meso-epoxides (Scheme 7.24) [48]. Oguni proposed that phenyllithium
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—N N=
Bu OH HO Bu
Bu Bu
1) 10 mol % (R,R)-salen
L 10 mol % Et,AICN HO ~ CN
{ \ TMSCN, TBME / ( 56% vield
0,
P 2) TBAF P 2% ee
/ /
O Ph O Ph
Scheme 7.23
: t-Bu
e
H
© HO
R 14 t-Bu
(5 mol %) R ~Ph
0 y
1.6 equiv PhLi R” YOH
R hexanes, rt, 24 h
wPh Ph «Ph
: CH
O\OH HC™ Y ° <:LOH
OH
92% yield 53% yield 42% yield
86% ee 76% ee 78% ee
Scheme 7.24

reacts with the ligand 14 by addition to the imine or deprotonation (or both) to
form the active catalyst. Salen ligands proved ineffective.

In contrast, Cozzi and Umani-Ronchi found the (salen)Cr—Cl complex 2 to be
very effective for the desymmetrization of meso-stilbene oxide with use of substi-
tuted indoles as nucleophiles (Scheme 7.25) [49]. The reaction is high-yielding,
highly enantioselective, and takes place exclusively at sp>-hybridized C3, independ-
ently of the indole substitution pattern at positions 1 and 2. The successful use of
N-alkyl substrates (Scheme 7.25, entries 2 and 4) suggests that nucleophile activa-
tion does not occur in this reaction, in stark contrast with the highly enantiose-
lective cooperative bimetallic mechanism of the (salen)Cr—Cl-catalyzed asymmet-
ric azidolysis reaction (Scheme 7.5). However, no kinetic studies on this reaction
were reported.
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Ph OH
R 3 O
s \_p /\ 5mol % (RR)-(salen)CrCl2 Rs Ph
N2 2+ Ph Ph N—n,
1\ TBME, rt, 30-36 h N
Ry \
Ry
enty Ry R, Rj yield % ee
1 H H H 98 93
2 CH; H H 96 96
3 H CH; H 98 98
4 CH; CH; H 95 97
5 H H CH; 95 90
Scheme 7.25
OHO
10—-20 mol % (R,R)-(salen)Cr-Cl 2 Ol
o + iy
toluene, rt, 36 h
10-22% yield
61-84% ee
Scheme 7.26
CL, )
“1Me R = Et
O (S,S,S)-ligand
O >— oH 98% yield
97% ee
(S,S,S)-phosphoramidite ligand 15 R-. R R=Me
(0] + (R,;’,R)—Ilgand
95% conv
RaZn OH OH o oS -
1.5 mol % Cu(OTf), 93% ea 1:4 regioselectivity
3.0 mol % ligand OH
" R =Me
0 toluene, —78 °C (S,R.R)-ligand
98% yield

97% ee

Scheme 7.27

Although enolates, their equivalents, and otherwise stabilized carbanions would
be interesting candidates for ARO of meso-epoxides, no efficient catalytic method
has been developed to date. Crotti reported that 20 mol% of (salen)Cr—Cl complex
2 promoted the addition of the lithium enolate of acetophenone to cyclohexene
oxide with moderate ees (Scheme 7.26) [50]. However, the very low yields obtained
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suggested that catalyst turnover is very inefficient under the reaction conditions,
and that the chromium complex and the lithium enolate may be incompatible.

An important advance in carbon-carbon bond-forming transformations involv-
ing asymmetric ring-opening was reported recently by Pineschi, who developed a
copper-catalyzed Sn2' reaction of sp3-hybridized carbon-centered nucleophiles to
activated meso-epoxides [51-52]. With use of only 1.5 mol% Cu(OTf),, 3.0 mol% of
phosphoramidite ligand 15, and 1.5 equiv. of a dialkylzinc reagent, several sym-
metrical bis-allylic epoxides were desymmetrized with high enantioselectivity and
in good to excellent yields, although in some cases with moderate regioselectivity
(Scheme 7.27).

7.2.5
Halide and Hydride Nucleophiles

Halohydrins are important synthetic intermediates because they can act both as
coupling partners and as surrogates for epoxides. Accordingly, the ring-opening of
epoxides with halide nucleophiles stands as an important goal in asymmetric catal-
ysis. Nugent discovered that the chiral zirconium catalyst derived from ligand 1,
previously found to promote azide addition to meso-epoxides (Scheme 7.2), cata-
lyzed the highly enantioselective addition of bromide ion to several cyclic and
acylic meso-epoxides in high yields (Scheme 7.28) [53]. This reaction required the
presence of an excess of allyl bromide to effect transformation of the zirconium-
azide catalyst to the putative metal-bromide complex and to suppress the forma-
tion of the azido alcohol. Haufe applied titanium-BINOL and titanium-TADDO-
Late complexes to catalyze chlorohydrin formation using TMSCI and Li;CuCly as
chloride sources, but with 36 % ee at best [54].

oy

N

OH H,OH
Rj' (5,5,5)-LHz 1 RIOH
"0

R 5 mol% [(L-Zr-OH),+t-BuOH], R Br
1.25 equiv TMSN;
allyl bromide (excess)

chlorobenzene, 25 °C, 48 h

OTMS OTMS  H3C._..OTMS \OTMS WOTMS
S SSRGS Wt

Br

86% yield 90% yield 87% yield 81% yield 78% yield
91% ee 89% ee 84% ee 95% ee 68% ee

Scheme 7.28
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0L el
N\(IF?’ R2N~|I:I>/NR2
=N
N Q. _
OO Ve Cl—Sisg) [ Cl
[0]
Rj"’o 10 mol % (R)-phosphoramide 16 RIOH | R R |
R 1.1 equiv SiCl, R0l
CH,Cl, ~78°C, 4 h
WOH O;\OH PhIOH BnOHZCIOH
Cl Cl Ph Cl BnOH,C Cl
87% yield 90% yield 94% yield 95% yield
7% ee 52% ee 87% ee 81% ee
Scheme 7.29

Denmark and co-workers showed that the ring-opening of epoxides with SiCl, in
the presence of Lewis bases (e.g., HMPA) is a general and efficient reaction [55].
Subsequently they discovered that chiral phosphoramide Lewis bases promote en-
antioselective halohydrin formation, although the levels of asymmetric induction
are highly substrate-dependent (Scheme 7.29). The best result was achieved with
meso-stilbene oxide and phosphoramide 16 in which the chlorohydrin was formed
in 94% yield and 87 % ee. The mechanism is thought to proceed via a cationic
silicon-phosphoramide species that activates an epoxide towards chloride addi-
tion.

High enantiomeric excesses for the addition of chloride to meso-epoxides were
also obtained with use of a planar-chiral pyridine N-oxide 17 developed by Fu

e
s

R R
R
5 mol % chiral pyridine N-oxide 17 .
R1j':,o R= 3,5-Me206H3 R1IOS|C|3
R 1.2 equiv SiCl, R G

1 equiv (i-Pr),NEt
CH.CIl, -85°C, 24 h

Ry =Ph

Ry =4-FCgH,4
R4 = 4-CH3CgH,
Ry = 4-CF3CgH4
R = 2-naphthyl
R4 = CH,OBn

Scheme 7.30

88% yield, 94% ee
97% yield, 91% ee
94% yield, 93% ee
93% vyield, 98% ee
84% yield, 94% ee
91% yield, 50% ee
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Figure 7.3 Nakajima’s chiral bipyridine N,N’-dioxide 18 and
the less effective mono-N-oxide derivatives 19 and 20.
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Scheme 7.31

(Scheme 7.30) [56]. In this work it was found that steric tuning of the aryl sub-
stituents of the Cp ring was key to achieving high enantioselectivity with aryl-
substituted epoxides. Although meso-stilbene oxide derivatives underwent ring-
opening with high (>90%) ees, the one aliphatic epoxide examined afforded much
poorer results.

Nakajima reported the use of a chiral bipyridine N,N-dioxide 18 in the desym-
metrization of acyclic meso epoxides (Figure 7.3). Although the enantioselectivity
was not as high as in the method developed by Fu for meso-stilbene oxide (90% ee
vs. 94 % ee), it was higher for the same aliphatic epoxide (74 % ee vs. 50% ee) [57].
Nakajima showed that mono-N-oxide derivatives 19 and 20 were much less effec-
tive than 18 in terms of both yield and enantioselectivity, and accordingly proposed
a unique mechanism for 18 involving a hexacoordinate silicon intermediate co-
ordinated to both N-oxides of the catalyst.

Asymmetric hydrogenolysis of epoxides has received relatively little attention
despite the utility such processes might hold for the preparation of chiral secon-
dary alcohol products. Chan et al. showed that epoxysuccinate disodium salt was
reduced by use of a rhodium norbornadiene catalyst in methanol/water at room
temperature to give the corresponding secondary alcohol in 62 % ee (Scheme 7.31)
[58]. Reduction with D, afforded a labeled product consistent with direct epoxide
C-0 bond cleavage and no isomerization to the ketone or enol before reduction.
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7.3
Kinetic Resolution of Racemic Epoxides

Catalytic kinetic resolution can be the method of choice for the preparation of
enantioenriched materials, particularly when the racemate is inexpensive and
readily available and direct asymmetric routes to the optically active compounds
are lacking. However, several other criteria-including catalyst selectivity, efficiency,
and cost, stoichiometric reagent cost, waste generation, volumetric throughput,
ease of product isolation, scalability, and the existence of viable alternatives from
the chiral pool (or classical resolution)-must be taken into consideration as well
[59].

Highly enantioenriched 1-oxiranes are arguably the most useful class of ep-
oxides for organic synthesis because of their propensity to undergo highly re-
gioselective ring-opening reactions. The chiral pool has not proven to be a useful
source of most synthetically interesting terminal epoxides. Existing methods for
the synthesis of highly enantioenriched terminal epoxides are often inefficient and
limited in range, and require multistep procedures. Given the ready availability of
racemic terminal epoxides from inexpensive terminal olefins, and the absence of
effective asymmetric epoxidation methods for these substrates, kinetic resolution
strategies have proven particularly interesting for the preparation of optically active
monosubstituted epoxides.

7.3.1
Nitrogen-centered Nucleophiles

Jacobsen reported the first significant advance in the kinetic resolution of epoxides
by successfully extending the (salen)Cr-catalyzed azidolysis of meso-epoxides with
TMSN3 (Scheme 7.3) to monosubstituted epoxides (Scheme 7.32) [60]. The catalyst
system displayed strong regioselectivity for nucleophilic attack at the sterically less
hindered terminal position. The high stereoselectivity, even in the case of propyl-
ene oxide, was coupled with broad substrate generality. Some of the azido alcohol
products have been converted into useful targets, including the antihypertensive
agent (S)-2-propranolol [61] and the SIV prophylactic (R)-9-[2-(phosphonome-
thoxy)propyljadenine [62]. Interestingly, in the resolution of epichlorohydrin with
TMSN3, 1,3-dichloride and 1,3-diazide byproducts were found. Furthermore, re-
solved epichlorohydrin (97 % ee) underwent racemization in the presence of
(salen)Cr—Cl complex 2. These observations eventually resulted in the develop-
ment of an efficient dynamic kinetic resolution of epichlorohydrin (Scheme 7.33)
[63], yielding 1-azido-2-(trimethylsiloxy)-3-chloropropane in 76 % yield and 97 % ee.
This intermediate was used in the asymmetric synthesis of U-100592.

Jacobsen also showed that 2,2-disubstituted epoxides underwent kinetic resolu-
tion catalyzed by (salen)Cr—N3 complex 3 under conditions virtually identical to
those employed with monosubstituted epoxides (Scheme 7.34) [64]. Several ep-
oxides in this difficult substrate class were obtained with high ees and in good
yields, as were the associated ring-opened products. The kinetic resolution of TBS-
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R % cat % yield % ee
CHs 1 98 97
CH,CH3 2 83 97
(CH,)3CH3 2 89 97
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CH,O(1-naphthyl) 5 74 93
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c-CgHy4 2 84 97
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protected epoxide 21 was applied in an efficient total synthesis of the marine natu-
ral product taurospongin A [65]. Remarkably, this catalyst system, which discrim-
inates effectively between a methyl group and a proton in the case of propylene
oxide, also effectively differentiates between methyl and larger alkyl groups. Ki-
netic resolution of styrene oxide derivatives and 1,2-disubstituted epoxides by
(salen)Cr-catalyzed addition of TMSN3; was found to proceed with low regiose-
lectivity, due to conflicting steric and electronic substrate biases to nucleophilic
attack. However, in several cases, this could be used to advantage in the catalyst-
controlled regioselective opening of enantioenriched epoxides by simple choice of

catalyst enantiomer (Scheme 7.35) [66].

N3
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BnOCH,CH, 44 95 46 93
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Scheme 7.34
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Scheme 7.35

Bartoli recently discovered that by switching from azide to p-anisidine as nucleo-
phile, the ARO of racemic trans-p-substituted styrene oxides could be catalyzed by
the (salen)Cr—Cl complex 2 with complete regioselectivity and moderate selectivity
factors (Scheme 7.36) [14]. The ability to access anti-B-amino alcohols nicely com-
plements the existing methods for the preparation of syn-aryl isoserines and re-
lated compounds [67] by asymmetric oxidation of trams-cinnamate derivatives
[68].

The Gabriel synthesis represents another indirect but highly valuable approach
to amines. Trost has demonstrated a method for the asymmetric ring-opening of
butadiene monoepoxide by use of one equivalent of phthalimide, n-allylpalladium
chloride dimer, and the chiral bisphosphine 22 (Scheme 7.37). The dynamic ki-
netic asymmetric transformation proceeded through a putative achiral intermedi-
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4 mol % (R,R)-(salen)CrCl 2 HN’PMP

Ph/<?/R 0.4-0.5 equiv p-anisidine A /K/R . Ph/<?/R
CH,Cl,, —20 to 1t, 24-48 h roox

(%) OH
R yield % ee % ee
Ph 60 93 -
CH,OTBDMS 86 86 45
CH,OCHg 93 82 48
CH,Br 95 86 53
CH,PO(OEt), 90 77 -
CH3z 72 82 33
COOMe 93 85 51

Scheme 7.36
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o
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.
D ey [N5-CsHsPdCl], A0 "N\
() 5 mol % Cs,CO4 99% yield /\‘/\OH
1.1 equiv phthalimide 98% ee NH
CH,Cl, 1t, 14 h 75:1 regio [
Me ';IH
b Aon S OH
sSame as above
N (S,S)-ethambutol
\)<<’3 but55°Cin THF O O 729%yield 43% overall yield
0,
— 87% ee 6 steps total
(%)
Scheme 7.37

ate, to give 2-phthalimidobut-3-en-1-0l with nearly perfect regioselectivity (75:1),
enantioselectivity (98 % ee), and yield (99%) [69]. Though this method could be
extended to isoprene monoepoxide (72% yield, 87 % ee), this substrate required
higher catalyst loadings and reaction temperature. The utility of this method was
illustrated in the asymmetric syntheses of ethambutol, a tuberculostatic drug, as
well as the antiepileptic and addiction-reducing drug vigabatrin.

One disadvantage of the ARO reactions with azide, p-anisidine, and phthalimide
described above is that each product requires further manipulation (reduction,
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OH
B-cyclodextrin O B-cyclodextrin O
/©/ Mk/ j/|sopropylam|ne/©/o\/<J piperidine /@/O\/'\/N
R

74% yield ,
70% yield ,
76% yield ,
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R =) R
1% ee R=H 79% yield , 74% ee
99% ee R=Cl 75% yield , 99% ee
1% ee R =CHj 72% yield , 89% ee
4% ee R = CH,CH,OCHj4 70% vyield , 85% ee
Scheme 7.38

oxidative deprotection, or hydrazine workup) to afford the free amines, which are
most often the desired products. In contrast, Rao demonstrated the direct coupling
between aryl glycidyl ethers and alkyl amines promoted by stoichiometric levels of
B-cyclodextrin complexes under solid-state conditions (Scheme 7.38) [70]. Surpris-
ingly, these conditions allow for a dynamic kinetic resolution. The aminolysis has
been demonstrated to be effective only with aryl glycidyl ethers capable of forming
inclusion complexes with B-cyclodextrin.

Two recent reports described addition of nitrogen-centered nucleophiles in use-
fully protected form. Jacobsen reported that N-Boc-protected sulfonamides un-
dergo poorly selective (salen)Co-catalyzed addition to racemic epoxides. However,
by performing a one-pot, indirect kinetic resolution with water first (HKR, vide
infra, Table 7.1) and then sulfonamide, it was possible to obtain highly enantiomer-
ically enriched addition products (Scheme 7.39) [71]. These products were trans-
formed into enantioenriched terminal aziridines in straightforward manner.

In sharp contrast, Bartoli showed that the (salen)Co catalyst system could be
applied to the kinetic resolution of terminal epoxides with unprotected tert-butyl
carbamate as nucleophile with extraordinarily high selectivity factors (Scheme
7.40) [72]. Excellent yields and selectivities are also obtained with use of ethyl, Cbz,

1) 2 mol % (S, S)-(salen)Co*OAc 8

0.55 equiv water OH
0} THF,0°Ctort,3h =
NNsB
nBu/<I _ nau - NNsBoc
(%) 2) 0.4 equiv BocNHNs
THF, rt, 3 h
1) TFA
2) Ms,O, pyr,
K,COg DMAP
H,O / THF
74% overall NNs reflux ?MS
based on BocNHNs nBu/<l Bu” NHNs
>99% ee

Scheme 7.39
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2-5 mol % (R,R)-Co(salen) 6

R o  4-10 mol% p-NO,CgH,CO,H oH R
+

o Rz/(ﬁ TBME, rt, 24-48 h Ry
R Ro % yield % ee
Boc CHs 99 99.3
Boc (CHQ)gCHs 99 99.2
Boc (CH,),CH=CH, 99 99.7
Boc C'CBH11 84 99.9
Boc CH,O(1-naphthyl) 95 99.5
Boc CH,CI 87 99.9
Boc CeHs 90 99.9
Boc p-BrCgH, 76 99.8
Boc O'N0206H4 62 99.8
Boc CH,OPh 99 98.9
Etoc CH,OPh 97 99.0
Cbz CH,OPh 93 99.5
Fmoc CH,0OPh 67 99.5

yields based on carbamate

Scheme 7.40

and Fmoc carbamates, further increasing the synthetic utility of this impressive
method.

7.3.2
Oxygen-centered Nucleophiles

Although several interesting nitrogen-centered nucleophiles have been developed
with ARO reactions of epoxides (vide supra), kinetic resolutions with such reagents
are unlikely to be of practical value for the recovery of enantioenriched terminal
epoxides. This is due to the fact that these nucleophiles are too valuable to be
discarded in a by-product of the resolution, are generally not atom-economical,
and, particularly in the case of azide, may represent safety hazards.

Water may represent the ideal nucleophile for epoxide kinetic resolutions that
target epoxide recovery. In addition to the nominal cost and attractive safety fea-
tures of the reagent, the diol product is often valuable and readily separable from
unreacted epoxide. In 1997, Jacobsen reported the hydrolytic kinetic resolution
(HKR) of terminal epoxides using (salen)Co—OAc catalyst 8 [73]. This complex is
now available commercially in research and large-scale quantities. With 0.55 equiv-
alents of water, epoxides were recovered in good yield and >99% ee; with 0.45
equivalents of water, the diol product can be obtained in similarly good yield and
high enantiomeric excess (Table 7.1). The HKR displays an extraordinarily wide
substrate scope, with similarly good results having been obtained with aliphatic, a-
halo, olefinic, carbonyl-containing, and aromatic terminal epoxides [74]. In the
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Table 7.1

entry

NOoO o, WwN =

10
11

12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31

_N\ /N_
Co
'Bu oo 'Bu
OAc
'‘Bu Bu
0 (R,R)-(salen)Co*OAc 8 (0]
R/<I R/<’
water
=)
cat epox  epox
R mol % % ?ﬂeld % o6
Aliphatic epoxides
CHy 0.2 46 >99
(CH5)3CH34 0.5 43 >99
(CH5)11CH4 0.5 42 >99
(CH3),CH=CH, 0.5 43 >99
CH,Ph 0.5 46 >99
c-C6H11 0.5 44 >99
+C4H9 2.0 41 >99
Halogenated epoxides
CH,CI 0.5 43 >99
CH,Br (dynamic) 0.5 41 43
CH,F 0.5 42 >99
CF4 0.5 42 >99
Epoxides bearing ether and carbonyl functionality
CH,0Bn 0.5 48 >99
CH,OTBS 0.5 47 >99
CH,OPh 0.5 47 >99
CH,O(1-naphthyl) 0.5 38 >99
CH,CH,0Bn 0.5 42 >99
oxiranyl 1.0 36 >99
CH,OCOn-Pr 0.5 46 >99
CH,NHBoc 2.0 36 >99
CO,CHj3 2.0 43 >99
COCH, 2.0 40 >99
COCH,CHg 2.0 41 >99
Aryl, vinyl, and alkynyl epoxides

CgHs 0.8 44 >99
4-CICgH4 0.8 38 >99
3-CICgH, 0.8 40 >99
3-(CH30)CgH4 0.8 41 >99
3-(NO,)CgHy 0.8 38 >99
2-CICgH4 1.5 38 >99
CH=CH, 1.5 36 >99

C=C(TBS) 0.8 41 >99

OH
+ R ~_OH
diol diol
% yield % ee
45 99
44 99
40 99
44 99
40 95
41 99
40 95
40 95
90 96
38 97
42 >99
40 95
42 98
41 95
42 97
42 95
36 96
45 43
41 95
36 78
37 97
40 97
33 96
42 98
37 94
44 91
41 95
44 99
42 94
38 97
41 99
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o, Me

20 mol % (R,R)-(salen)Co*OAc 8

1 equiv water, CH3CN/CH,Cl,

o’:
H ~ Me
>98% yield
>95% ee

7 steps
35% yield
from SM

g CHO

hemibrevetoxin

Scheme 7.41

case of epibromohydrin, dynamic kinetic resolution could be effected by use of
0.5 mol% catalyst 8 to yield (R)-1-bromopropane-2,3-diol in 96 % ee and 90 % yield
[75]. The use of water as the resolving agent, low loadings of a recyclable catalyst,
and ease of separation of resolved epoxide from diol have made the HKR a widely
used method for preparing enantioenriched terminal epoxides. Examples of natu-
ral products synthesized with the aid of the HKR include muconin [76], amphidi-
nolide T1 [77], cytochalasin B [78], (-)-indolizidine 223AB [79], and (+)-alloseda-
mine [80].

The high enantioselectivity and broad substrate scope of the HKR are accom-
panied by an intriguing mechanistic framework involving cooperative catalysis
between different catalyst species. Detailed mechanistic investigation into each of
these pathways has produced new insights into cooperative catalysis and has re-
sulted in synthetic improvements in the HKR and other ARO reactions [81].

The application of the HKR to asymmetric synthesis is not limited to the prepa-
ration of enantiopure terminal epoxides and 1,2-diols as building blocks, but may
also be extended to late-stage total synthetic targets. A particularly impressive ex-
ample of this was provided by Nelson in an asymmetric formal synthesis of poly-
cyclic-ether marine natural product hemibrevetoxin B [82]. An achiral, centrosym-
metric molecule containing two terminal epoxides was accessed by a bidirectional
strategy. Hydrolytic desymmetrization of this compound catalyzed by (salen)Co
complex 8 proceeded in high yield and with good enantioselectivity to generate an
optically active compound bearing six defined stereocenters effectively from an
achiral precursor (Scheme 7.41).

Jacobsen reported that phenols undergo highly efficient and enantioselective
addition to terminal epoxides with (salen)Co complexes, thereby expanding the
scope of the kinetic resolution with these catalysts to other oxygen-centered nucle-
ophiles while addressing the need for a direct method for generating B-aryloxy
alcohols (Table 7.2) [83]. Although kinetic resolution was satisfactory with several
complexes, including the acetate catalyst, the more Lewis acidic and less nucleo-
philic perfluoro tert-butoxide complex 23 displayed superior reactivity. Like the
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Table 7.2

_N\ /N_
Co
Bu o’ 'Bu
X
'Bu ‘Bu
OH OH
o) N (R,R)-(salen)Co*OC(CF3); 23 = R
R1/<I * Ry P R/\/O A
TBME, —-20 to 4 °C, 12-18 h |
(* Pz
cat
entry R4 R, mol % % yield % ee
1 (CH,)3CHs p-CH3 4.4 95 97
2 (CH5)3CH5 m-CHs 4.4 99 99
3 (CH5)3CH5 0-CHs3 4.4 <5 -
4 (CH5)3CH5 p-Br 4.4 92 99
5 (CH5)3CH4 0-Br 8.8 (48 h) 98 92
6 (CH,)3CH4 p-OCH3 8.8 75 99
7 (CH,)3CH4 p-NO, 8.8 93 91
8 (CH,)3CHs p-(CH,),NHBoc 4.4 86 99
9 (CH,)3CH3 H 4.4 97 98
10 CH,CI H 4.4 97 99
11 CH,Br (dynamic) H 4.0 74 99
12 CH,O(allyl) H 4.4 93 97
13 c-CgHy1 H 8.8 99 97
14 COCH,CH3 H 8.8 96 96
15 CO,CH3 H 4.4 98 96

isolated yields based on phenol

HKR, the method is general with respect to terminal epoxides and is also quite
broad in nucleophile scope, tolerating ortho-, meta-, or para-substituted phenols
bearing electron-donating or -withdrawing functionality. Dynamic kinetic resolu-
tion using epibromohydrin is also possible with this system in the presence of
catalytic LiBr (entry 11). Mechanistic investigation resulted in the discovery that a
50:50 mix of (salen)Co—Cl and (salen)Co-SbFs complexes is a much more reactive,
and in some cases enantioselective, catalyst system for phenol addition [84].

The principle cost determinant in typical hydrolytic or phenolic resolutions is
the cobalt catalyst, despite the relatively low catalyst loadings used in most cases
and the demonstrated recyclability with key substrates. From this standpoint, re-
cently developed oligomeric (salen)Co complexes, discussed earlier in this chapter
in the context of the hydrolytic desymmetrization of meso-epoxides (Scheme 7.16),
offer significant advantages for kinetic resolutions of racemic terminal epoxides
(Table 7.3) [29-31]. For the hydrolytic and phenolic kinetic resolutions, the oligo-
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Table 7.3
(o) (R,R)-oligomeric Co(salen)-OTf 7 QH
r-J + ROH r~OR:
T (%) MS 3A, -20 °C to rt, TBME, 12-18 h ™
cat
entry R4 R» mol % % yield % ee
Hydrolytic Kinetic Resolution (HKR)
1 CHj H 0.0003 40 >99
2 CO,CH3 H 0.015 44 >99
3 Ph H *0.04 40 >99
4 4-fluorophenyl H 0.1 40 >99
5 vinyl H 0.025 35 >99
6 CH,O(allyl) H 0.0025 43 >99
7 CH,CI H 0.001 44 >99
Phenolic Kinetic Resolution (PKR)
8 CHj 2-bromophenyl 0.05 96 >99
9 CO,CH3 2-chloro-6-methylphenyl 2.5 80 98
10 Ph 4-methylphenyl 0.075 79 98
11 CH,O(allyl) 4-bromophenyl 0.05 87 98
12 CHLCI 2-bromophenyl 0.05 >99 98
13 CHLCI 3-acetylphenyl 0.005 90 >99
14 CH,CI 4-(CO,Me)phenyl 0.0075 92 >99
15 CH,CI 6-(2-CO,Et)indole 0.2 92 98
16 (CH,)3CH3 phenyl 0.0075 92 99
17 (CH5)3CH3 2-chlorophenyl 0.05 97 >99
18 (CH5)3CH3 2-bromophenyl 0.075 96 99
19 (CH5)3CH3 2-methylphenyl 0.25 89 98
20 (CH5)3CH3 3-acetylphenyl 0.05 95 >99
21 (CH,)3CH3 3-methylphenyl 0.0075 95 99
22 (CH,)3CH3 4-nitrophenyl 0.15 87 97
23 (CH5)3CH3 4-methoxyphenyl 0.05 87 99
Alcoholic Kinetic Resolution (AKR)
24 CHj 4-methoxybenzyl 0.2 91 >99
25 CO,CH3 2-bromobenzyl 0.1 94 >99
26 Ph allyl 0.5 80 >99
27 CH,CI benzyl 0.1 98 >99
28 CH,CI 2-bromobenzyl 0.02 94 >99
29 CH,CI 2-nitrobenzyl 0.1 94 >99
30 CH,CI 4-methoxybenzyl 0.5 91 98
31 (CH5)3CH4 benzyl 0.1 92 >99
32 benzyl 2-(trimethylsilyl)ethyl 0.1 >99 98
33 benzyl methyl 0.01 92 97

259

HKR: 0.6 equiv H,O relative to epoxide, neat, rt, 15-24 h, yield based on epoxide (50% max)

PKR: 2.2-2.5 equiv epoxide relative to phenol, 4 °C, CH3CN, <24 h, yield based on phenol
AKR: 2.2-2.5 equiv epoxide relative to alcohol, 4 °C, CHsCN, <24 h, yield based on alcohol

*(R,R)-oligomeric Co(salen)+OTs 21 catalyst used instead in this entry
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(R,R)-(salen)Co*OAc 8 i
(0] 0.002 equiv (R,R)-(salen)Co-OAc
H C/Q + CO, X Me Oﬂ/o Co(salen)
% () 800 psi, rt, 3 h Me
n

>99% poly(propylenecarbonate)
selectivity factor 2.8
favoring (S)-epoxide consumption

Scheme 7.42

meric catalyst 7 was found to operate effectively at catalyst loadings 20-800 times
lower than required for monomeric catalysts [31]. For certain sterically hindered or
electron-deficient phenols, the oligomeric catalyst also provided increased enantio-
selectivity. Perhaps most interestingly, the oligomeric catalyst broadened the scope
of oxygen-centered nucleophiles to include primary alcohols (e.g., benzyl, allyl,
trimethylsilyl, and methyl alcohols), allowing for direct synthesis of usefully mo-
noprotected 1,2-diols.

Carbon dioxide represents another interesting reagent for kinetic resolution of
epoxides because it is inexpensive, safe, and atom-economical when forming poly-
carbonate copolymers or optically active cyclic carbonates. Although (salen)metal
complex-catalyzed copolymerization of epoxides and carbon dioxide is well estab-
lished, most methods provide cyclic and acyclic carbonates as complex mixtures,
and/or suffer from low regio- and stereoselectivity [85]. Recently, however, Coates
has demonstrated high selectivity favoring poly(propylene carbonate) formation in
the copolymerization of propylene oxide and carbon dioxide with use of
(salen)Co—OAc catalyst 8 (Scheme 7.42) [86]. Copolymerization was believed to
propagate through irreversible carbonate addition to epoxide, followed by carbon
dioxide fixation. The selectivity factor in the kinetic resolution of racemic propyl-
ene oxide, however, was determined to be only 2.8 (compared to >500 for the HKR
of this substrate with the same catalyst).

Lu has demonstrated that cyclic carbonate formation can dominate over polymer
formation at much lower CO, pressures when the (salen)Co—OTs catalyst 24 and

—N N=
N/
/CO\
Bu o 1o Bu
OTs
‘Bu Bu o]
(0] 0.1 mol % (R,R)-(salen)Co-OTs 24 Q//<O
e J+ CO, : H.c” N
@ 0.55-0.60 equiv CO,, rt 3

0.1 mol % n-BuyNX

with X =Cl, 57% eein4 h
with X = Br, 52% ee in 2.5 h

Scheme 7.43
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tetrabutylammonium halide are used (Scheme 7.43) [87]. The halide was believed
to act as a nucleophilic cocatalyst engaged in reversible addition to epoxide. Car-
boxylation of the intermediate and intramolecular elimination of the halide yields
the cyclic carbonate and regenerates the catalyst/cocatalyst. With propylene oxide,
the selectivity factor for this system was determined to be slightly higher than the
selectivity factors obtained by Coates.

733
Carbon-centered Nucleophiles

The use of carbon-centered nucleophiles in kinetic resolutions of racemic epoxides
has received much less attention than reactions using heteroatom-centered nucle-
ophiles. Cozzi and Umani-Ronchi reported that racemic 1,2-disubstituted epoxides
undergo asymmetric ring-opening with 2-substituted indoles in a valuable carbon-
carbon bond-forming reaction (Scheme 7.44) [49]. The reactions displayed com-
plete regioselectivity, favoring attack of indole C3 on the epoxide carbon bearing
the aryl functionality. While most interesting for its products, this method can also
be used to access resolved 1,2-disubstituted epoxides in moderate yields (~30% of
the maximum 50 %) and with high ees. Several of the epoxides investigated in this
study are accessible as nonracemic mixtures by asymmetric epoxidation, however,
and may be recrystallized to optical purity [88-89].

Pineschi and Feringa reported that chiral copper phosphoramidite catalysts me-
diate a regiodivergent kinetic resolution (RKR) of cyclic unsaturated epoxides with
dialkylzinc reagents, in which epoxide enantiomers are selectively transformed
into different regioisomers (allylic and homoallylic alcohols) [90]. The method was
also applied to both s-cis and s-trans cyclic allylic epoxides (Schemes 7.45 and 7.46,

O 3.5-5.0 mol % (R, R)-Cr(salen)*SbF
” Ri Rs 2 equiv epoxide , 1 equiv -BuOH

=) TBME, 4A MS, 0 °C, 16-48 h
Ph Ph HO
OH OH
| | |
Me
H Me H Me H Me
96% yield, 91% ee 95% yield, 80% ee 97% yield, 83% ee
using (R,R)-(salen)Cr+Cl using (R,R)-(salen)Cr-ClI

R = CH,OTBS 96% yield , 91% ee
R=Ph 82% vyield , 86% ee
R = CH,OH 93% yield , 87% ee
R=CH,OMe 98% yield, 86% ee
R=Me 99% yield , 72% ee
R = CO.,Me 85% yield , 80% ee

Scheme 7.44
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SO
" Me
g:P—N
Me
SO

(S,S,S)-phosphoramidite ligand 15
( A RoZn (excess)

o 1.5 mol % Cu(OTf),

3.0 mol % ligand
-78t00°C, 3-18 h

SN2' / Sh2

n=0 R=Bu 67 /33

n=1 R = Et 76 /24

n=2 R =Me 50 /50

n=3 R =Me 62 /38
Scheme 7.45

CoL,
0 >~--Me
O:P—N>—
Me
T
(S,S,S)-phosphoramidite ligand 15
( S RoZn (excess)
1.5 mol % Cu(OTf),
() 3.0 mol % ligand
-78t00°C, 3-18 h
Sn2'/ Sp2

n=0 R;=Me R,=Bu 49 /51

n=1 R, = Et R, = Et 55/ 45

n=2 Ri=Me R,=Me 23/77

n=3 Ri=Bu Ry=Me 52/48
Scheme 7.46

respectively), and in one case was applied in the generation of an all-carbon quater-
nary center in high enantiomeric excess. In addition, multigram, enantioselective
syntheses of trans-4-methylcyclohex-2-en-1-0l and 4-methylcyclohex-2-en-1-one
were developed [91]. These building blocks have been used in the syntheses of
several natural products, including tetronomycin [92], microcionin 2 [93], and

(
n:
OH
SN2I

45% ee
34% ee
>90% ee
76% ee

SN2I

96% ee
80% ee
>97% ee
82% ee

pseudopterosin A aglycone [94] (Scheme 7.47).

OH

91% ee
>98% ee
>95% ee
>98% ee

Ry
"R,

92% ee
99% ee
32% ee
90% ee
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Me
({0

I\:/| Me \ /
R._.\Me OH 0 / ©
H microcionin 2
Me, N\ AN R'
; - \ OH
OH We e HO Me
tetronomycin Me.,, - Me
(cyclohexane portion) Mo
Me
pseudopterosin A aglycone
Scheme 7.47
7.4

Enantioselective Rearrangements of Epoxides

A number of interesting and synthetically useful asymmetric ring-opening reac-
tions of meso- and racemic epoxides can be performed by simple Lewis or Brgnsted
acid-catalyzed rearrangement. Shi found that titanium-BINOL complexes catalyze
the enantioselective rearrangement of racemic enol ester epoxides into optically
active a-acyloxyketones (Scheme 7.48) [95-96]. The unreacted epoxides can be re-
covered with excellent ees and in good yields (30-40% based on epoxide). Shi
showed that the titanium-catalyzed process occurred with inversion of stereochem-
istry while protic acids catalyzed rearrangement with retention. By combining
these observations, a two-step, one-pot, parallel resolution was developed, with use
of a chiral Lewis acid to effect kinetic resolution followed by an achiral Brensted
acid to convert the remaining starting material into the same product stereoi-
somer. This process allowed the generation of enantioenriched a-acyloxy ketones

0]

5 mol % 10 mol%
[(R)-BINOL],*Ti(OF-Pr), ~OBz 5 TsOH ~OBz
+
ethel’, 0°C X CHZCIZ X
n n
n=1 X=CH, 97% ee  90% ee 78% yield, 93% ee
n=0 X =CH, 91%ee  92% ee 79% vyield, 92% ee
n=2 X =CH, 99% ee  78% ee 83% yield, 87% ee
n=3 X =CH, 97%ee  71%ee 81% yield, 82% ee
n=1 X=0 98% ee  93% ee 77% yield, 97% ee

Scheme 7.48
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OH 20 mol % Ti-(OF-Pr),
50 mol % (S)-BINOL

toluene, rt, 2—4 h

n=0 R =Ph Ry =Ph 90% ee 61% ee

n=1 R =Ph Ry =Ph 94% ee 60% ee

n=1 R =Ph R{=Bn 82% ee 48% ee

n=1 R = naphthyl Ry =n-Bu 79% ee 46% ee
Scheme 7.49

in higher enantiomeric excesses and yields than could be achieved by the simple
kinetic resolution.

Using the same Ti-BINOL catalyst system, Tu demonstrated that racemic a-
hydroxy epoxides undergo kinetic resolution via semipinacol rearrangement to
afford optically active B-hydroxy ketones [97]. The yields are also good (30-40 %),
but the enantioselectivity was moderate for most substrates. Furthermore, many of
the starting materials are readily obtained in optically active form by asymmetric
epoxidation. Nonetheless, the rearrangement provides an interesting route to en-
antioenriched tertiary alcohols and all-carbon quaternary centers (Scheme 7.49).

Enantioselective deprotonation/rearrangement of epoxides into allylic alcohols
is an area of longstanding interest, first reported in 1980 [98]. Relatively few sys-
tems involving catalytic quantities of chiral base have been developed [99-101],
although significant progress has been made recently. Asami first reported the use
of a proline-derived chiral amide in the rearrangement of epoxycyclohexane, in
which the allylic alcohol was obtained in 71% yield and 75% ee (Scheme 7.50)
[102]. The limited availability of the unnatural enantiomer of the catalyst and the
search for a more effective asymmetric environment prompted the investigation of
various other chiral diamine catalysts and stoichiometric bases. A slightly more
complicated pyrrolidinyl pyrrolidide displayed greater enantioselectivity and better
reactivity (89 % yield, 94 % ee) [103]. Malhotra reported that 20 mol% of DIPAM, a

OH
i hiral b °
O.‘o chiral base ©
THF / DBU

0°C,24h
Il_i
O_\ N N—Li N—Li B
0 o0 &) DT
Li Li

Asami Asami Malhotra Andersson Andersson
20 mol % 20 mol % 20 mol % 5 mol % 5 mol %

71% yield 89% vyield 77% yield 91% yield (95) 95% vyield
75% ee 94% ee 95% ee 96% ee  (98) 99% ee

Scheme 7.50
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t-Bu O|:|t o OH
e {oide"

N
Q 36% yield 40% vyield 40% yield 45% vyield
99% ee 99% ee 93% ee 90% ee
10 mol %

(x)-epoxides -
2 equiv LDA Me OH OH OH

DBU (5 equiv) - /. M
THF, 0°C Oiio C{ Me <j LBy Q tBu

then NH,Cl 38% yield 40% yield 34% yield  34% yield
87% ee 94% ee 79% ee 94% ee
Scheme 7.51
N—Li
Ph _,Ph D Ph, {Ph OH OH
S 10 mol % Si 0
/W\ \ =
2 equiv LDA LZ
O  THF/DBU,-78t00°C OH OH OR,
78% yield polyol synthesis
93% ee
Scheme 7.52

Cy-symmetric diamine derived from a-pinene, catalyzed the reaction with similar
results (77 % yield, 95% ee) [104]. Andersson later reported that even higher se-
lectivity could be achieved at lower catalyst loadings with use of a more rigid amide
framework [105]. The corresponding amine was prepared from inexpensive start-
ing materials in six steps [106]. Slow addition of the epoxide and the presence of
various amounts of deaggregating agents, such as DBU, gave enhanced yields and
enantioselectivities. Moreover, structural optimizations provided an even better
catalyst for the enantioselective isomerization of several epoxides [107].
Andersson also showed that, in addition to meso-desymmetrization, kinetic reso-
lution of some cyclic epoxides by use of the first-generation catalyst was also possi-
ble, giving both epoxides and allylic alcohols in good yields (Scheme 7.51) [108].
Kozmin reported the effective use of the same catalyst in the desymmetrization of
diphenylsilacyclopentene oxide. The resulting products could be used in the ster-
eocontrolled syntheses of various acyclic polyols (Scheme 7.52) [109].
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7.5
Conclusion

Whereas the vast majority of interesting reactions in asymmetric catalysis involve
addition to prochiral n-systems (e.g. alkenes, carbonyls, imines, m-allyl systems),
epoxide ARO reactions proceed through stereospecific substitutions of c-bonds.
Nonetheless, a variety of synthetically important catalyst systems have been devel-
oped for epoxide ARO reactions over the past several years. The practical fruit of
this effort is the ready availability of a rich assortment of chiral building blocks that
were previously far less accessible. These include terminal epoxides, cyclic allylic
alcohols, 1,2-amino alcohol derivatives, terminal aziridines, 1,2-thio alcohols, and
1,2-diols. Important challenges remain, particularly in the use of carbon-centered
nucleophiles and in the ring-opening of hindered epoxides. Contrasteric nucleo-
philic opening of epoxides lacking strong electronic biases for internal attack rep-
resents another important and unmet challenge.

Dual activation of nucleophile and epoxide has emerged as an important mecha-
nistic principle in asymmetric catalysis [110], and it appears to be particularly im-
portant in epoxide ARO reactions. Future work in this area is likely to build on the

concept of dual substrate activation in interesting and exciting new ways.
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8
Epoxides in Complex Molecule Synthesis

Paolo Crotti and Mauro Pineschi

8.1
Introduction

Epoxides (or oxiranes) constitute one of the functional groups most widely used in
synthesis because, in addition to the ease with which the oxirane functionality can
be introduced into a molecule, they react with a large number of nucleophiles to
yield valuable bifunctional compounds in a fairly simple procedure [1]. Moreover,
since very important methodologies for asymmetric epoxidations are now available
[2], the opening reactions of epoxides, if carried out with rigid stereo- and regiocon-
trol, can be used advantageously for the construction, in a single process, of two
contiguous stereochemically defined sp* carbon chiral centers. Epoxides can also
be subjected to non-addition processes. In this case, valuable rearranged products
can be obtained in a very simple manner [3a].

The aim of this contribution is to examine the most widely used methods of
elaborating the oxirane functionality in the synthesis of complex molecules. In
view of the extensive use of epoxides in simple transformation procedures in the
early stages of total syntheses, only certain selected manipulations of epoxides
representing the key steps of a total synthesis and/or their use at a late stage of the
reaction sequence are considered.

8.2
Synthesis of Complex Molecules by Intramolecular Ring-opening of Epoxides with
Heteronucleophiles

8.2.1
Intramolecular C—-O Bond-forming Reactions

Tetrahydropyran- and tetrahydrofuran-substituted rings are common in many
complex natural products, such as polyether antibiotics, displaying a wide range of
biological properties [4]. An appropriate combination of OH-directed diastereose-
lective epoxidation of y- and §-alkenols [VO(acac),/TBHP or MCPBA] [5] or ster-
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Scheme 8.1 Endo and exo cyclization modes of y- and d-epoxy
alcohols.

eoselective epoxidation of allylic alcohols (usually Sharpless asymmetric epoxida-
tion; SAE) [2a] followed by oxirane ring-opening by an internal O-nucleophile (a y-
or §-OH group) present in the molecule is an effective process for the construction
of THP and THF rings from acyclic precursors [6]. The opening process is com-
pletely stereoselective, proceeding with complete inversion of configuration at the
oxirane carbon, and can be highly regioselective. As an example, if the side chain
R? in a generic y-epoxy alcohol 1 is an alkyl chain, a 5-exo cyclization process [7] is
generally preferred (Route a, Eq. a, Scheme 8.1), as a consequence of well demon-
strated stereoelectronic factors [8], with the formation of the smaller five-mem-
bered O-heterocycle (a THF ring). However, if R? is a group capable of stabilizing
an incipient positive charge, and if the cyclization reaction is carried out under acid
conditions, the intramolecular nucleophilic attack will now occur at the oxirane
carbon better able to accommodate a partial carbocationic character in the transi-
tion state, thus dictating the formation of the corresponding six-membered ring (a
THP ring) by a 6-endo cyclization pathway (Route b, Eq. a, Scheme 8.1) [7,9].
Other possible cyclizations may involve 3-epoxy alcohols such as the generic
compound 2. In this case, two pathways are theoretically possible: a more favored
6-exo cyclization mode (Route c) giving rise to a THP ring, or an alternative 7-endo
cyclization mode providing an oxepane ring (Route d) (Eq. b, Scheme 8.1) [7].

8.2.1.1 Synthesis of Substituted THF Rings

For the formation of substituted THF rings (Route a, Scheme 8.1), Kishi developed
a procedure based on the hydroxy-directed epoxidation of a y-alkenol [10]. Epoxida-
tion of bishomoallylic alcohol 3 by TBHP/VO(acac), by this approach, followed by
treatment of the intermediate epoxide 4 with acetic acid, gave the THF derivative 5
of isolasalocid A (a 5-exo cyclization; Scheme 8.2) [11]. Further epoxidation of 5 (a
y-alkenol) under the same conditions, followed by acetylation, afforded epoxide 6.
For the synthesis of the natural product, the configuration of epoxide 6 had to be
inverted before the second cyclization reaction. Epoxide 6 was consequently hydro-
lyzed under acid conditions to the corresponding diol and was then selectively



8.2 Synthesis of Complex Molecules by Intramolecular Ring-opening |273

M Et M Et Et
A\
A "OH 2\ TBHP A 7OH A TBHP \~~ o

2 2)Ac0 OAc
3 4 5 6
Ar= p-MeO-CgHy / JH*Ho0
2)TsCl
lasalocid A Me ACOH M Et K2003 SFt
and - -
isolasalocid A A IR PN - £ +
O AOE oH AT 0% Vo %E oac
9 8 7

Scheme 8.2 Kishi’s method for the construction of the
bis (tetrahydrofuran) core of isolasalocid A.

monotosylated (7). Base-catalyzed cyclization of hydroxy tosylate 7 afforded the
inverted y-epoxy alcohol 8. Treatment of 8 with AcOH then afforded the bis-THF
derivative 9, which was carried on into the syntheses of lasalocid A and isolasalo-
cid A.

Similar 5-exo cyclization procedures have been widely utilized by Evans in his
total syntheses of complex natural compounds, such as the synthesis of ionomycin
[12a] and polyether antibiotic X-206 [12b]. A 5-exo cyclization of a y-epoxy alcohol
has also been observed under basic conditions [12c].

A dominant structural feature that appears in more than 40% of the annona-
ceous acetogenins [13] is, as shown in (+)-uvaricin, a ten-carbon fragment contain-
ing two adjacent THF rings flanked by two hydroxy groups, with the main varia-
tion being the relative and absolute configurations of the various oxygen-bearing
stereogenic centers. Two long fatty acid chains complete the structure. In the po-
tent antitumor agent (-)-mucocin, a THP moiety is present instead (Figure 8.1).

Two strategies for the construction of these systems are available. In the “inside-
out” epoxide cascade reaction of substrates available from the “two-tartrate” ap-
proach, diene 10 was epoxidized by SAE to the diepoxide 11 (Scheme 8.3) [14].
After monotosylation, acid-catalyzed acetonide removal simultaneously opened the
two oxirane rings to produce the two adjacent THF moieties (12) of an unnatural
diastereoisomer of uvaricin. While coupling of tosylate 12 with an excess of lith-
ium dinonylcuprate installed the necessary Cy6—Cs4 tail, the needs for attachment
of the lactone-containing head group and inversion of configuration at C;5 were

Q
HOw,, OH o
n-CoHy o’ = 0 . N ye
HO OH
(+)-uvaricin (-)-mucocin

Figure 8.1 Structures of (+)-uvaricin and (-)-mucocin.
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Scheme 8.3 Synthesis of an unnatural diastereisomer of
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met by transformation of the terminal 1,2-diol moiety into the inverted terminal
epoxide 13. Ring-opening of 13 with lithium trimethylsilylacetylide by the Yama-
guchi procedure [15] afforded acetylide 14, which was subsequently transformed
into the desired product (Scheme 8.3).

In Keinan’s “naked carbon skeleton” strategy, all oxygen functions are selectively
placed, usually by SAE and Sharpless asymmetric dihydroxylation (SAD) [2b], onto
an unfunctionalized unsaturated carbon skeleton, followed by selective transfor-
mations [16]. In the total synthesis of (—)-mucocin [17], the oxygen functionalities
are introduced into the tetraenediol 15 by means of SAE and SAD as shown
(Scheme 8.4). Subsequently, in a later stage of the synthesis, the THP and THF
rings present in the intermediate 17 simultaneously arise (by acid treatment) from
the double y-epoxy alcohol functionality present in the polyhydroxylated com-
pound 16. Whereas the left-hand epoxide undergoes a 6-endo cyclization mode by
the C11—OH group, due to the directing effect of the adjacent unsaturated system
(see Section 8.2.1.2), the right-hand epoxide undergoes a more favored 5-exo cycli-
zation by the y-Ce—OH group (Scheme 8.4) [7, 8|.

A novel epoxide cyclization approach to the formation of compound 23, contain-

D SAE
TsOH
A~OH CeHir OH OH TBSO
14
15 16

—» (-)-mucocin

CgH17

17

Scheme 8.4 Construction of the THP and THF rings of
(=)-mucocin.



8.2 Synthesis of Complex Molecules by Intramolecular Ring-opening |275

HQ
OBn SAD /\'(‘\)k(\/OBn VO(a cac oBn _CSA
o] OH AD-mix [s ‘OH TeHP “OH

OBn OBn

—_—

Scheme 8.5 Synthesis of the bicyclic acetal core of zaragozic
acid C.

ing the bicyclic acetal skeleton of zaragozic acid C, utilizes the polyhydroxylated vy-
epoxy ketone 20 (Scheme 8.5). The transformation of 20 into 23 proceeds under
mild acid conditions (CSA), permitting the cyclization of the completely open-
chain system present in 20 into the 2,8-dioxabicyclo[3.2.1]octane core of the natural
compound. Protonation of the epoxide (shown in 21) is followed by attack of the
carbonyl oxygen, in a favored 5-exo cyclization process, to give the intermediate
cyclic oxocarbenium ion 22, corresponding to the THF ring of the final bicyclic
core, which is subsequently attacked by the C3—OH group to afford the bicyclic
system of the natural product (Scheme 8.5) [18]. For the success of this strategy,
regio- and diastereoselective introduction of the three oxygens into the starting
diene 18 was obviously necessary. SAD carried out with freshly prepared enriched
AD-mix  occurred only at the trisubstituted double bond, affording the corre-
sponding triol 19. Subsequent OH-directed epoxidation of 19 with VO(acac)z/
TBHP delivered epoxide 20, the cyclization substrate, as a single isomer
(Scheme 8.5) [18].

8.2.1.2 Synthesis of Substituted THP Rings
To circumvent the inherent tendency of y-epoxy alcohols to cyclize in a 5-exo fash-
ion under acidic conditions, Nicolaou introduced the use of an electron-rich dou-
ble bond (a vinyl group or a methoxycarbonylvinyl group) adjacent to the oxirane
C-O bond furthest away from the hydroxy group [9]. The n-system stabilization
furnished by the unsaturated system exerts a directing effect, determining the
almost exclusive formation of the six-membered ring (THP), through a 6-endo
cyclization process (Route b, Scheme 8.1). A spectacular application of this strat-
egy can be found in several syntheses of marine sponge toxins such as brevetox-
in B and hemibrevetoxin B, which are characterized by the presence of several
head-tail fused THPs (Figure 8.2).

In Nicolaou’s total synthesis of brevetoxin B, for example, out of the eleven trans-
fused six- to eight-membered cyclic ethers, THP rings B, F, G, and I are con-
structed by application of this methodology through cyclization of the appropriate
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24, R=TMS, H

hemibrevetoxin B

Figure 8.2 Examples of natural trans-fused cyclic ethers: breve-
toxin B and hemibrevetoxin B.

y-epoxy alcohol [9a, 19]. In this way, ring F is constructed by exposure of the a-
vinyl-y-hydroxy epoxide 24 (R = H) to mildly acid conditions (PPTS) in CH,Cl,
with subsequent formation of the desired THP derivative 25 by a completely anti-
stereoselective and 6-endo regioselective cyclization process. The newly formed OH
group is the O-nucleophile for the construction of the adjacent trans-fused THP
ring G (compound 27), by the use of similar procedures on the intermediate a-
vinyl-y-hydroxy epoxide 26 (R = H) (Scheme 8.6).

For the construction of the I ring, the vinylic group introduced to activate the y-
hydroxy epoxide moiety of 28 towards cyclization is an acrylic ester residue, which
concomitantly allows cyclization on the allylic position, with formation of the tri-
cyclic compound 29 containing the IJK fragment of the natural product, and fur-

o Ve e, Me
1) TBAF /jl/\)/\ 7 =) 1) TBAF OL [
2) PPTS P N0 y " er N0 ~"on _ 2)PPTS PR
Me

25 26, R=TBS, H 27

=
HZ
-|§
ng

e}
Zuy

CSA
>

MeO,C MeO,C

Scheme 8.6 Nicolaou’s approach for the construction of the
F, G, and | rings of brevetoxin B.
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Scheme 8.7 A 6-endo cyclization process in a hydroxy-epoxy
ketone.

ther utilization for the construction of the adjacent didehydrooxocane ring (ring H)
(Scheme 8.6) [9a, 19].

A 6-endo cyclization by a y-epoxy alcohol can be accomplished through the pres-
ence of an appropriately disposed electron-withdrawing group, as found in the
total synthesis of (+)-phonomactin. Treatment of the hydroxy-epoxy ketone 30 (R =
H) with HCI afforded the bicyclic compound 31, containing a pyran-4-one ring, in
which nucleophilic attack of the y-OH group occurred at the oxirane carbon distal
from the unfavorable electronic effect of the carbonyl group (Scheme 8.7) [20a].

An easy, silica gel-promoted 6-endo cyclization of y-epoxy alcohol 32 to pyran 33,
followed by acid-catalyzed spiroketalization of the keto diol 34, afforded the com-
mon tricyclic spiroketal fragment 35 of lituarines A, B, and C (Scheme 8.8) [20D).

In spite of the slightly electron-withdrawing effect of the -SiMe; group, a-epox-
ysilanes show regioselectivity in the ring-opening reaction with O-nucleophiles
determined by exclusive attack on the oxirane carbon « to the -SiMes; group [21].
This makes the -SiMe; group an attractive candidate for achieving regioselective
6-endo cyclization in y-epoxy alcohols bearing the silicon group on the oxirane
carbon further away from the alcoholic functionality. This strategy was initially

O Meo Cl)PMB
Py
—

34

Scheme 8.8 Synthesis of the tricyclic spiroketal fragment of
lituarines.
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Scheme 8.9 6-Endo cyclization process in a Me;Si-substituted
y-epoxy alcohol.

explored by Schaumann, who found that only anti (E)-y-epoxy alcohols cyclized
with an elevated regioselectivity to the corresponding THP derivatives through a
favorable chair-like transition state [22]. Jamison’s application of this procedure to
the configurationally corresponding epoxy silane 36 allowed the construction of
the bis-THP trans fused system 37 with almost complete stereo- (95% inversion)
and regioselectivity (>95% endo-cyclization). Iterative elaboration of the trimethyl-
silylalkynyl group of 37 provided the new epoxysilane 38, which cyclized with high
stereo- and regioselectivity to give the tris-THP trans fused system 39 (Scheme 8.9)
23].

Another successful contribution to the efficient synthesis of tetrahydropyran
derivatives was reported by Mukai and Hanaoka [24]. The most significant aspect
of this method, based on a highly regio- and stereoselective 6-endo cyclization of
cobalt hexacarbonyl complexes of alkynyl-substituted B- or y-epoxy alcohols under
acidic conditions, is that the reaction occurs with retention of configuration at the
oxirane propargylic position. This procedure was used in the first total synthesis of
(-)-ichthyothereol, starting from diethyl 1-tartrate. By this method, cis epoxy alkyne
40 was converted into the corresponding dicobalt hexacarbonyl species 41, which
was then treated with a catalytic amount of BF3 - OEt, in CH,Cl, at -78 °C, fol-
lowed by demetalation with CAN, to give the trans-disubstituted tetrahydropyran
42, which can be transformed into the natural product by a simple elaboration of
the alkyne moiety (Scheme 8.10) [25].

Very recently, this procedure was used by Smith as the key step for a new con-
struction of the novel dioxabicyclo[3.2.1]octane 46, a subtarget in the synthesis of
potent antibiotic (+)-sorangicin A [26]. Treatment of B-epoxy alcohol (+)-43 with
Co2(CO)sg (1.1 equiv.) at rt., followed at —78 °C by a catalytic amount of BF; - Et;0,
yielded alkyne-cobalt complex (+)-44, in which the epoxide-opening at the propa-
rgylic position had occurred with retention of configuration (Scheme 8.11). Sub-
jected to cyclization reaction conditions, both the cobalt complex and the corre-
sponding demetalated TMS-alkyne gave very low yields of the desired 6-exo bicyclic
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Scheme 8.11 Regio- and stereocontrolled construction of the
dioxabicyclo[3.2.1]octane skeleton of (+)-sorangicin A.

product 46, probably due to the steric bulk of the cobalt complex and TMS moie-
ties. In fact, better results were obtained after removal of the TMS to give 45 and
subsequent cyclization with a large excess of BF3 - Et,O to afford the dioxabi-
cyclic[3.2.1] subtarget 46, albeit not with complete regioselectivity.

Besides the numerous reactions in which an epoxide behaves as an electrophile,
the transformation of a suitable epoxide into the corresponding oxiranyl anion
makes it possible to use an epoxide as a nucleophile. Oxiranyl anions can be gen-
erated at —80 °/-115 °C from several precursors, with retention of configuration at
the metalated carbon stereocenter, and react with reactive electrophiles such as
aldehydes, ketones, Me3SiCl, and alkyl triflates [27]. The iterative unique combina-
tion of an oxiranyl anion (A and/or B) generated by deprotonation of the corre-
sponding cis-epoxide bearing a sulfonyl group, as the anion-stabilizing group, with
an alkyl triflate (C and/or F), followed by 6-endo cyclization of the intermediate y-
epoxy alcohol (D) and stereoselective reduction of the intermediate ketone (E),
results in the stereoselective synthesis of trans-fused THPs (G, Eq.a, Scheme
8.12). Actually, the intermediate y-epoxy alcohol D could undergo ring-closure by
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Scheme 8.12 Schematic representation of the “oxiranyl anion
strategy” for the synthesis of trans-fused THPs.

either a 5-exo (Route a) or a 6-endo mode of cyclization (Route b) to give a THF or a
THP system, respectively (Schemes 8.1 and 8.12), but the presence of the sulfonyl
group would be expected to favor the 6-endo-mode pathway, due to its strongly
electron-withdrawing nature [28]. This idea is complementary to that of the n-
orbital-assisted cyclization, examined above. The freely summarized schematic
representation of the reaction in Scheme 8.12 (Eq. b) shows how the oxiranyl an-
ion strategy mimics nature, as it is thought that the obtained polycyclic structures
(H) arise in nature from a cascade cyclization of a polyepoxide precursor (see
Section 8.2.1.3).

The stepwise coupling of the three oxiranyl anions derived from epoxides 47, 48,
and 49, respectively, to triflate 50 and ring-expansion at suitable stages resulted in
the construction of the trans-fused tetracyclic ketone 61, containing the ABCD ring
system of hemibrevetoxin B (Schemes 8.13 and 8.14). While the construction of
the B ring (ketone 52) makes use of a triflate (50), followed by acid-catalyzed cycli-
zation of the intermediate y-epoxy alcohol 51 (R = H), installation of the third ring
(ketone 55) requires the intermediate utilization of aldehyde 53, because several
attempts to couple a triflate derived from 52 with the oxiranyl anion derived from
epoxide 48 were unsuccessful, due to the considerable hindrance of the angular
Me group. The obtained epoxy diol 54 (R = H) is cyclized (BF; - Et,0) and then
dehydroxylated (Sml,) to give the desired ketone 55 (Scheme 8.13) [28].

For the synthesis of the complex natural product, the terminus six-membered
ketone 55 had to be transformed into an oxepane ring. For this necessary trans-
formation, the authors were attracted by the single-carbon homologation of a pyr-
anone (a sort of ring-expansion) because, in principle, it could be used in an iter-
ative sense at any stage of the 6-endo cyclization in their poly-THP-based synthetic
approach for the synthesis of trans-fused 6,7,6 (THP-oxepane-THP) and 6,7,7
(THP-oxepane-oxepane) ring systems [28]. Treatment of ketone 55 with TMSCHN,
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Scheme 8.13 Synthesis of the AB ring system of hemibreve-
toxin B and construction of the third ring.

(trimethylsilyldiazomethane) in the presence of BF; - Et,O gave the seven-mem-
bered ketone 56 (R = TPS) (C ring) as the main product (Scheme 8.14). Reduction
of the hydroxy ketone 56 (R = H) with Me4sNBH(OAc)3 afforded only diol 57, which
was subsequently transformed into triflate 58. Treatment of 58 with the oxiranyl
anion derived from epoxide 49, containing a three-carbon side chain, under the
usual conditions afforded, through epoxide 59, the new ketone 60. Application of
the ring-expansion reaction method (TMSCHN}) to 60 afforded the new tetracyclic
ketone 61 (62% yield), containing the bis-oxepane ring moiety and the complete
ABCD ring system of the natural compound (Scheme 8.14) [28].

In the synthesis of polyether antibiotic X-206, the terminal C;0—Cs; fragment
containing the THP ring (F ring, compound 64) was efficiently established by ap-
plication of SAE to unsaturated 1,7-diol 62 (an allylic alcohol and a §-alkenol at the
same time) (Scheme 8.15). During the course of this reaction, the intermediate 3-
epoxy alcohol 63 underwent intramolecular attack by the C35-OH group (the 3-OH
group) to give the THP derivative 64 through a favored 6-exo cyclization (Route c,
Scheme 8.1) [7, 12b]. The 1,2-diol functionality present in 64 was subsequently

1) TMSCHN

) BFs-S[gzo 2 @\/\OTPS
55 — 49

2)PPTs Y SO.Tol

BuLi

57, R'=R2=H
58, R'= TES; R2= Tt

o Me 4 TMSCHN,

BF3Et,O
H 3ER

59, R= TES 60 61

Scheme 8.14 Construction of the bis-oxepane ring moiety of
hemibrevetoxin B.
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Scheme 8.15 6-Exo cyclization of a 6-epoxy alcohol.

utilized for the stereoselective construction (regioselective monotosylation, fol-
lowed by base-catalyzed cyclization) of the corresponding terminal epoxide 65,
useful for the assembly of the two fragments C;1—Cyy and Cy0—Csy of the natural
product (see Section 8.3.2.2) [12b]. A similar cyclization of a §-epoxy alcohol can be
also found in the synthesis of the CD ring system of hemibrevetoxin B [29a].

An elegant application of the strategy based on the appropriate use of a 6-exo or
6-endo cyclization of a 98- or y-epoxy alcohol, respectively, to give corresponding
adjacent or fused THP rings can be found in the regioselective synthesis of the
ABC tris-THP core of thyrsiferol and venustatriol [29b].

The oxepane ring may be prepared by activation of the 7-endo 8-epoxy alcohol
intramolecular opening over the 6-exo variant (Routes d and c, respectively, Eq. b,
Scheme 8.1) through the introduction, as usual, of an electron-rich double bond at
the position furthest away from the OH-bearing carbon. A synthetically useful
oxepane/THP regioselectivity was obtained when vinyl and (E)-2-chlorovinyl sub-
stituents (R? group in Eq. b, Scheme 8.1) were used. However, attempts to prepare
bicyclic systems containing oxepanes resulted in clean formation of the THP skel-
eton [30a]. A selective 7-endo intramolecular cyclization (92%) has been achieved
in d-epoxy alcohols bearing a methoxymethyl group through chelation of La(OTf)3
between the oxygens of the epoxide and ether groups [30b].

8.2.1.3 Intramolecular 5-exo and 6-endo Cyclization of Polyepoxides

All efforts shown above for the construction of poly-THF and trans-fused poly-THP
rings, features present in many biologically active natural products, have focused
on the purely synthetic option, diverse approaches having been developed with an
increasing emphasis on iterative strategies. Nature probably synthesizes these
complex natural compounds in a different and rather more efficient fashion, con-
structing several rings and multiple stereocenters through polyene epoxidation
and subsequent tandem oxacyclization of the corresponding polyepoxides [31].
Consequently, the polyepoxide cyclization cascade has been recognized as an effi-
cient biomimetic route to complex chiral THF and THP systems [32].

As in nature, the formation of adjacent THF ring chains or fused THP ring
polycyclic ethers depends on the regioselectivity (endo or exo) of the nucleophilic
addition to each epoxide (Scheme 8.16).

Tandem 5-exo-oxacyclizations of polyepoxides to form polycyclic ethers are well
known. In Evans’s synthesis of lonomycin A, diepoxide 66 underwent the desired
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Scheme 8.17 Evans’s synthesis of the DE ring system of lono-
mycin A.

cascade reaction, promoted by the carboxylic group within the fragment, the cycli-
zation product 67 being obtained as the only detectable isomer containing a THF
ring (the D ring of the natural product) adjacent to the y-lactone ring. The con-
struction of the E ring of the residual bis-tetrahydrofuran lactone 69 proceeded
through the usual acid-induced hydroxy-mediated heterocyclization (5-exo mode)
on epoxide 68, obtained by hydroxy-directed epoxidation of 67 with magnesium
monoperoxyphthalate (MMPP) (Scheme 8.17) [33].

In the synthesis of the squalenoid glabrescol (72; originally attributed structure),
containing five adjacent (all cis) THF rings, the necessary precursor of the polyep-
oxide cascade, the pentaepoxide 71, was achieved by epoxidation of each of the
trisubstituted double bonds of the known (R)-2,3-dihydroxy-2,3-dihydrosqualene
(70) by the Shi epoxidation approach (Scheme 8.18) [34]. Treatment of 71 with CSA
at 0 °C and subsequent purification by column chromatography provided the pure
polycyclic ether 72 by a cascade process reasonably initiated by the free secondary
alcohol functionality [35a].

The structure of glabrescol was subsequently revised, and the new structure was
synthesized enantioselectively through sequential hydroxy-directed anti-oxidative
cyclization of acyclic y-alkenols with VO(acac),/TBHP to construct the adjacent
THEF rings via epoxides under acid conditions [35b].

As an alternative to polyepoxide cyclization, cascade cyclization of cyclic sulfates
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Scheme 8.19 Construction of the BCD ring system of
etheromycin.

can be utilized in the synthesis of poly(tetrahydrofurans), as demonstrated in the
construction of the C;17—Cjs; fragment of ionomycin [36].

In another interesting application of this procedure, the acid-mediated cascade
cyclization of B-diketone diepoxide 73 involves the participation not only of the two
oxirane rings and of the secondary alcoholic group, but also of one of the two
carbonyl groups. In this way, besides the two adjacent C and D THF rings, the
simultaneous construction of the spiroketal function between the B and C rings of
etheromycin is obtained (compound 74, in a 70:30 mixture with 12-epi compound;
Scheme 8.19) [37].

Endo-regioselective oxacyclization of polyepoxides is less common,; the first ster-
eospecific tandem endo-regioselective biomimetic oxacyclization of polyepoxides to
fused THP rings has only recently been reported [38a]. The cyclization of the
hydroxy-methoxymethyl-substituted triepoxide 75 (a 1,4,7-triepoxide), promoted
and directed by La(OTf)3 through an intramolecular chelation and based on a
procedure originally described for a monoepoxide system [38D], afforded the tri-
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Scheme 8.20 Endo oxacyclization of a 1,4,7-triepoxide.

cyclic trans-fused ether 76 (9.3%), together with the diepoxy tetrahydrofuran 77
(15%) (Scheme 8.20). The endo:exo selectivity (77:23) in the first cyclization step
turned out to be lower than in the second cyclization step (endo:exo = 92:8). The
difference was attributed to inhibition of suitable chelation for the endo-cyclization
by competitive coordination of the methoxymethyl group adjacent to the epoxide
and other oxygen functional groups to the Lewis acid in the same molecule
[38a].

Application of a similar procedure to the geraniol-derived 1,5-diepoxide carbon-
ate 78 in the presence of BF; - Et,O stereospecifically provided the fused bicyclic
carbonate 82, containing an oxepane ring, as the major cyclization product (54 %).
The result is consistent with a mechanism involving Lewis acid activation of the
terminal epoxide (the electrophile), followed by intramolecular addition of the in-
ternal epoxide (the nucleophile; structure 79) to give the intermediate bicy-
clo[4.1.0]epoxonium 80 rather than the more highly strained [3.1.0] regioisomer

+BuO,_ O H Me Me #BuO, HMe Me £BuO H & Me
I BF3Et:0 f 5 = > Me
1y 2352 }(O Y ., f J :
lr @'O .\O o) “>O _,% BF3 > O/'\_Ayo .u\OBF3
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78 79 | 80
Y
V} e, Lo uo Y0 Youe
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83 82 81
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Scheme 8.21 Endo oxacyclization of a 1,5-diepoxide and
1,5,9-triepoxide.
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83. The nucleophilic terminating carbonyl group appears to play an essential role
in the effective preference for endo-regioselective oxacyclization by attacking the
more substituted oxirane carbon of epoxonium intermediate 80 to give 81, thus
indicating the importance of the alkyl substitution at each site of nucleophilic
addition. The mechanism indicates that the oxygen atoms of cyclic carbonate 82
originate from the carbonyl oxygen of the starting diepoxide (Scheme 8.21) [39].
The tandem oxacyclization of a triepoxide was also explored. On treatment with
BF; - Et,0, the farnesol-derived triepoxide 84, with a tert-butylcarbonate as the
nucleophilic terminating functional group, afforded the tricyclic bis-oxepane 85 as
the major product (52%, Scheme 8.21). The tetraepoxide derived from geranylger-
aniol was similarly converted into the corresponding tetracyclic structure [39a].

8.22
Intramolecular C—N Bond-forming Reactions

Following Uskokovic’s seminal quinine synthesis [40], Jacobsen has very recently
reported the first catalytic asymmetric synthesis of quinine and quinidine. The
stereospecific construction of the bicyclic framework, introducing the relative and
absolute stereochemistry at the Cs— and Co-positions, was achieved by way of the
enantiomerically enriched trans epoxide 87, prepared from olefin 86 by SAD (AD-
mix B) and subsequent one-pot cyclization of the corresponding diol [2b]. The key
intramolecular Sn2 reaction between the Ni- and the Cg-positions was accom-
plished by removal of the benzyl carbamate with Et,AlCl/thioanisole and sub-
sequent thermal cyclization to give the desired quinuclidine skeleton (Scheme
8.22) [41].

OMe OMe
1} SAD

AD-mix B

—_——

2) MeC(OMe)3/PPTS
3) acetyl bromide
4) KoCO3

86 87

OMe

Eto AlCl/thioanisole

—_—

68%

quinine

Scheme 8.22 Intramolecular Sn2 reaction in the catalytic
asymmetric total synthesis of quinine.
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N-nosylate 88.

Quinidine, a natural product epimeric with quinine at Cg and Co, was accessed
through the diastereoisomeric trans epoxide prepared from 86 by SAD, in this case
by using AD-mix o [2b, 41].

In a versatile stereocontrolled total synthesis of (+)-vinblastine, Fukuyama used a
base-promoted macrocyclization of the N-nosylate and the terminal epoxide moi-
ety present in 88 as one of the key steps, giving the 11-membered-ring product 89
in 82% yield (Scheme 8.23) [42].

A novel approach to azabicyclic ring systems, based on an epoxide-initiated elec-
trophilic cyclization of an alkyl azide, has been developed by Baskaran. A new
stereo- and enantioselective synthesis of the 5-hydroxymethyl azabicyclic frame-
work 91a, present in (+)- and (-)-indolizidines 167B and 209D, for example, was

HO R
9 N
f Ng D ERACT - R=C,Hs, indolizidine 167 B
2) NaBH,4 < R=CsH 1, indolizidine 209 D
z A
H
90a 91a
N N—N=N
3 —N=lI
5 R
- + 2\N
90a. ne1 © Lewis acid LA<Q - A0 -Np .
90b, n=2 -
90c, n=3
n n n
92 93
L-TAO LAO HO
N H
—_— N - —_— N
n n n
94 91a-¢c

Scheme 8.24 Epoxide-initiated electrophilic cyclization of
azides.
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based on the Et,AlCl-promoted cyclization of epoxy azide 90a and subsequent one-
pot reduction with NaBH, (Scheme 8.24) [43]. However, the cyclization is limited
to the trans isomer 90a, which can be obtained in a pure state only by chromato-
graphy. As regards the mechanism, treatment of epoxyazides 90a-c with a Lewis
acid determines a cyclization process, as indicated in 92, to give the aminodiazon-
ium intermediate 93. A subsequent intramolecular Schmidt reaction affords bi-
cyclic iminium ion 94, which is stereoselectively reduced by the hydride in situ.
The generality of this methodology is further illustrated by the use of epoxy azides
of different ring sizes also to give 5-hydroxymethyl azepine 91b (42% yield) and
azocine 91c (47 % yield) (Scheme 8.24) [44].

8.3
Synthesis of Complex Molecules by Ring-opening of Epoxides with C-Nucleophiles

8.3.1
Intramolecular C—C Bond-forming Reactions

Closely related to the polyepoxide cascade procedure for the synthesis of polycyclic
systems is Corey’s biomimetic-type, nonenzymatic, oxirane-initiated (Lewis acid-
promoted) cation-olefin polyannulation. By this strategy, compound 96, containing
the tetracyclic core of scalarenedial, was constructed by exposure of the acyclic
epoxy triene precursor 95 to MeAlCl,-promoted cyclization reaction conditions
(Scheme 8.25) [45].

Similarly, efficient tetracyclization (MeAlCl,-promoted) of the bis-allylic silane/
bis-epoxide 97 constitutes the key step in the synthesis of (+)-a-onocerin. In this
case, because of the presence of the bis-allylic silane group, a double bis-annula-
tion occurs, with the formation of the ethylene-bridge linked bis-decalin system
present in the target compound (Scheme 8.26) [46].

Utilization of a similar [Sc(OTf)s-promoted)] approach by Overman on the ger-
anylgeraniol-derived cyclization substrate 98 provided the desired tetracyclization
product 99, in which the terminator of the cationic cyclization is an arene group.
Compound 99 is then transformed into the kinesin motor protein inhibitor adocia-
sulfate 1 (Scheme 8.27) [47].

MeAICl,
MeAlCl2
HO

96 scalarenedial

Scheme 8.25 Corey’s cation-olefin polyannulation.
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Scheme 8.27 Tetracyclization of a geranylgeraniol-derived
epoxide.

Hodgson very recently reported an efficient intramolecular and completely dia-
stereoselective cyclopropanation of bishomoallylic and trishomoallylic epoxides
based on the use of a-lithiated epoxides. In a seminal paper, Crandall and Lin had
reported that the reaction between t-Buli and 1,2-epoxyhex-5-ene (100) gave, inter
alia, small amounts of trans-bicyclo[3.1.0Jhexan-2-ol (102, 9%) (Eq. a, Scheme 8.28)

0. QH
t-BuLi or nal
o~ tBukier &Ll
LTMP 2 > é, (a)
100 101 102
HQ
Q, 0 <
MgBr ' Cl Y p
i A~ j:\/\ LTMP (2 equiv) TPAP & (b)
—— —
2) NaOH t-BuOMe i i
103 80%
104

(-)-sabina ketone

Scheme 8.28 Base-promoted intramolecular cyclopropanation
of unsaturated terminal epoxides.
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[48a)]. The use of LTMP (2 equiv.) as a base in t-BuOMe allowed the intermediate a-
lithiated epoxide 101 to undergo a clean intramolecular cyclopropanation with the
tethered unsaturation. The utility of this chemistry was demonstrated by a novel
and concise asymmetric synthesis of (—)-sabina ketone, starting from the Grignard
reagent derived from 2,3-dimethylbut-1-ene and the readily available (S)-epichlor-
ohydrin. The derived epoxide 103 underwent intramolecular cyclopropanation to
give the fused cyclopropane 104, which was directly oxidized to the target com-
pound (Eq. b, Scheme 8.28) [48D].

8.3.2
Intermolecular C—C Bond-forming Reactions

8.3.2.1 Intermolecular C—C Bond-forming Reactions with Organometallic Reagents
Especially in the early steps of the synthesis of a complex molecule, there are
plenty of examples in which epoxides are allowed to react with organometallic
reagents. In particular, treatment of enantiomerically pure terminal epoxides with
alkyl-, alkenyl-, or aryl-Grignard reagents in the presence of catalytic amounts of a
copper salt, corresponding cuprates, or metal acetylides via “alanate” chemistry,
provides a general route to optically active substituted alcohols useful as valuable
building blocks in complex syntheses.

The nucleophilic ring-opening reactions of 2,3-epoxy alcohols (an internal ep-
oxide) can be highly regioselective. Some of the best examples are found in ring-
opening reactions with dialkyl cuprates [49]. In most cases the opening process
occurs at the less hindered position, which often corresponds to the C(2) oxirane
carbon (to give a 1,3-diol), suggesting that steric factors are decisive in influencing
the regioselectivity of the ring-opening [50]. In some cases, however, high C-2
regioselectivity is exhibited even in the absence of a significant steric bias at either
C(2) or C(3) [51].

A reiterative application of a two-carbon elongation reaction of a chiral carbonyl
compound (Horner-Emmonds reaction), reduction (DIBAL) of the obtained trans
unsaturated ester, asymmetric epoxidation (SAE or MCPBA) of the resulting allylic
alcohol, and then C-2 regioselective addition of a cuprate (Me,Culi) to the corre-
sponding chiral epoxy alcohol has been utilized for the construction of the poly-
propionate-derived chain [R-CH(Me)CH(OH)CH(Me)-R’], present as a partial
structure in important natural products such as polyether, ansamycin, or macro-
lide antibiotics [52]. A seminal application of this procedure is offered by Kishi’s
synthesis of the C1o—Cs polyketide-type aliphatic segment of rifamycin S, starting
from aldehyde 105 (Scheme 8.29) [53].

In some cases, if necessary, a C(3)-regioselective addition of cuprate can be ac-
complished by the use of a sterically demanding protecting group — such as an
-OTr or -OMMTr group — on C(1), as described in the synthesis of the polypropio-
nate segment present in (-)-amphidinolide P and (+)-amphidinolide K [54].

An unprecedented nickel-catalyzed reductive coupling between an epoxide and
an alkyne to give synthetically useful homoallylic alcohols has been developed by
Jamison [55a], and was recently used in a short enantioselective synthesis of am-
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Scheme 8.29 Kishi's approach for the construction of the
Cy9—Cz6 polyketide-type segment of rifamycin S.
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Scheme 8.30 Nickel-catalyzed reductive coupling of alkynes
with epoxides.

phidinolide T1 (Scheme 8.30) [55b]. The nickel-catalyzed alkyne-epoxide reductive
coupling smoothly united building blocks 106 and 107 to give the “nearly half”
C13—Cy alcoholic fragment 108 of the natural compound with a high regiose-
lectivity.

Amos Smith III’s three- and multicomponent linchpin coupling of silyl di-
thianes anions with terminal epoxides is a recent, very efficient route for the ster-
eocontrolled assembly of 1,3-diol fragments [56a]. The three-component process
consists of a metalation of the 2-TBS-substituted 1,3-dithiane 109 and alkylation
with an epoxide, such as epoxide 110, under solvent-controlled conditions (Et,O or
THEF, the former appearing to be the solvent of choice), in which complete con-
sumption of the initial anion is achieved prior to silyl migration (1,4-Brook re-
arrangement) to give the unrearranged carbinol 111. Addition of HMPA then in-
duces the rearrangement to afford the new silyl ether 113, ready for a second
alkylation with a different electrophile, such as epoxide 112, to give the product of
unsymmetrical bis-alkylation 114 (Scheme 8.31) [56a].
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Terminal enantiomerically pure epoxides turned out to be excellent electrophiles
for this strategy, since the completely regioselective nucleophilic attack on the pri-
mary oxirane carbon predetermines the stereogenicity of the resulting carbinol
stereocenter, thus eliminating the formation of diastereoisomers. Access to all pos-
sible diastereoisomers of the 1,3,5-polyol structural feature is possible through
alternation of the order of addition and the configurations of epoxides, and
through stereocontrolled reduction of the ketone produced by unmasking the di-
thiane. By careful choice of the second electrophile (epichlorohydrin or a diep-
oxide), multicomponent coupling to provide exceptionally concise routes to ad-
vanced 1,3-polyol fragments present in polyene macrolides might be possible [57].
In this way, product 111 from the first alkylation (2 equiv.) is sequentially treated
with HMPA and (+)-epichlorohydrin to afford the bis-dithiane carbinol 116 with
construction of four carbon-carbon ¢ bonds in one flask (Scheme 8.31) [56a].

Similarly, in another example, alkylation of 111 with diepoxide (-)-115 (1 equiv.)
in the presence of HMPA (1.3 equiv.) furnished diol (+)-117. Protection of (+)-117
to form the acetonide, removal of the silyl protecting groups (TBAF), and hydroly-
sis of the dithiane with Hg(ClO4), provided the diketone (+)-118. Hydroxy-directed
syn-reduction of both carbonyl groups with NaBH, in the presence of Et,BOMe,
and triacetonide formation, followed by hydrogenolysis and monosilylation, af-
forded the desired Schreiber subtarget (+)-119, which was employed in the synthe-
sis of (+)-mycoticins A and B (Scheme 8.31) [56D].

The multicomponent linchpin coupling of silyl dithianes with epoxides was very
efficiently used to access both the AB and CD spiroketal fragments of spongistatin.
In the second-generation construction of an advanced ABCD intermediate, di-
thiane 109 was initially alkylated with epoxide (—)-120 in Et,O and subsequently
with epoxide (+)-121 in the presence of HMPA to yield the coupled product (+)-122
[58]. Upon removal of both the dithiane and silyl ethers present in (+)-122 with
Hg(ClO4); - 4H,0, in situ spiroketalization occurred, giving spiroketal (-)-123 as
the sole reaction product, which was subsequently elaborated to aldehyde (-)-124
(Scheme 8.32). A similar procedure was utilized in the construction of the spir-
oketal CD fragment. In this case, the initially obtained mixture of diastereoiso-
meric spiroketals, favoring the undesired axial-axial stereoisomer, was equilibrated
to a separable mixture of spiroketals favoring the desired axial-equatorial spir-
oketal. Aldol coupling of the AB and CD fragments completed the construction of
the ABCD component of the natural product [58, 59].

In connection with a program directed towards the total synthesis of the
1,3-polyhydroxylated chain present in several complex natural compounds, Nic-
olaou reported a highly efficient method for the stereocontrolled synthesis of
1,3-diol segments, which is extendable to higher homologues by repetition [60].
The procedure is outlined in Scheme 8.33, starting from the generic allylic alcohol
125. SAE on 125 would provide epoxide 126, which could easily be transformed
into the unsaturated epoxy ester 127 by oxidation/Horner-Emmonds olefination
(two-carbon extension). This operation makes the oxirane carbon adjacent to the
double bond more susceptible to nucleophilic attack by a hydride, so reductive
opening (DIBAL) of 127 provides, with concomitant ester reduction, diol 128. Pro-
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tection of the secondary hydroxy in 128, followed by a second SAE reaction, would
then give epoxide 129. Regio- and stereocontrolled reductive opening of 129 with
Red-Al as the reducing agent, followed by appropriate manipulation, affords the
1,3,5-polyol system 130a, with the required stereochemistry. Reiteration of the en-
tire process (as on 126) on 129 would afford higher homologues (130b). As SAE
can, in principle, provide either enantiomeric epoxide, the procedure is able to
produce any stereochemical combination. It was used for the construction of two
1,3,5-polyol substructures regarded as key building blocks for the synthesis of
amphoteronolide B and amphotericin B [60].

A new iterative strategy for enantio- and diastereoselective syntheses of all possi-
ble stereoisomers of 1,3-polyol arrays has been described by Shibasaki. This strat-
egy relies on a highly catalyst-controlled epoxidation of a,B-unsaturated morpholi-
nyl amides promoted by the Sm-BINOL-Ph3As=0 complex, followed by the con-
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version of the amide function into a ketone and diastereoselective ketone reduc-
tion [61].

Some of the strategies examined for the construction of 1,3,5-alternating polyol
chains use relatively small synthons, requiring a large number of carbon-carbon
bond-forming steps. A recent new synthetic strategy for assembling polyol sub-
structures is based on cross-couplings of six-carbon modules [62]. In this way, each
of the four stereoisomers of epoxide 133 and diol 132a is produced, with very high
diastereoselectivity, from either enantiomer of unsaturated alcohol 131 (Scheme
8.34) by epoxidation followed by hydrolytic kinetic resolution (HKR) [63]. Protected
132b (four possible stereoisomers) is coupled with epoxide 133 (four possible ster-
eoisomers) to afford diyne 134, with 12 carbons and four stereogenic centers
(16 possible stereoisomers). lodocyclization of the tert-butylcarbonate of 134, fol-
lowed by radical deiodination and basic hydrolysis of the intermediate cyclic car-
bonate, afforded the hydroxy ketone 135. Reduction of 135 can be performed with
either 1,3-anti or syn stereoinduction from the Cs—OH group, demonstrating the
potential of this strategy for the stereoselective preparation of all 32 stereoisomers
of polyol 136. This strategy was successfully tested in the stereoselective synthesis
of the alternating polyol segment corresponding to the C11—Csg substructure of the
polyene macrolide RK-397, in a process requiring only two carbon-carbon bond
formation steps [62].

8.3.2.2 Addition Reactions of Metal Enolates of Non-stabilized Esters, Amides, and
Ketones to Epoxides

In spite of their intrinsic synthetic potential, addition reactions of metal enolates of
non-stabilized esters, amides, and ketones to epoxides are not widely used in the
synthesis of complex molecules. Following the seminal work of Danishefsky [64],
who introduced the use of Et,AlCI as an efficient catalyst for the reaction, Taylor
obtained valuable spiro lactones through the addition reaction of the lithium eno-
late of tert-butyl acetate to spiro-epoxides, upon treatment of the corresponding -
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hydroxy esters, the primary reaction product, with TsOH [65a]. Lithium enolates of
esters have recently been used for the enantioselective synthesis of trisubstituted
cyclopropanes [65D]. In the case of amide metal enolates, after the seminal work by
Sauriol-Lord and Rathke [66], studies on the alkylation of prolinol and pseudoephe-
drine amides with epoxides were conducted by Askin and A. G. Meyers, providing
valuable enantiomerically pure lactones as useful building blocks [67].

A direct application of the ring-opening reaction of an epoxide by a metal enolate
amide for the synthesis of a complex molecule can be found in the synthesis of the
trisubstituted cyclopentane core of brefeldin A (Scheme 8.35) [68a]. For this pur-
pose, treatment of epoxy amide 137 with excess KH in THF gave a smooth cycliza-
tion to amide 138, which was subsequently converted into the natural product. No
base/solvent combination that would effect cyclization of the corresponding alde-
hyde or ester could be found.

Efficient coupling between a chiral 3-phenylpropionamide enolate and (S)-glyci-
dyl tosylate was achieved in a practical route to the HIV-1 protease inhibitor L-
735-524 [68b].

The direct addition of metal enolates of simple ketones to epoxides to give y-
hydroxy ketones is a fairly recent reaction [69]. In 1988, in the course of the total
synthesis of polyether antibiotic X-206, Evans envisaged the use of the metal eno-
late derived from ketone 139 (X = O) with epoxide 65 for the construction of the y-
lactol corresponding to the E ring of the complex natural product (Schemes 8.36
and 8.15). However, because of the at that time established lack of reactivity of
ketone enolates towards epoxides, the problem was solved by employing the more
nucleophilic metalated N,N-dimethylhydrazone (DMH). In this context, the lithi-
ated DMH 139 (X = NNMe;) was allowed to react with epoxide 65, containing the
THP ring corresponding to the F-ring of the target molecule, to give the y-hydroxy-
DMH 140, which intramolecularly cyclized to the bicyclic compound 141a
(Scheme 8.36). The hydrazino lactol 141a was hydrolyzed with aqueous NaHSO, to
provide lactol 141b. Lactol 141b was then transformed into the methyl glycoside
141c by treatment with MeOH in the presence of PPTS at 0 °C [12b].

A similar strategy was utilized in the course of the total synthesis of ferensimy-
cin B, for the assembly of the y-lactol moiety corresponding to the C-ring of the
natural compound. In this case, however, the construction of the new C-C bond
was complicated by the low reactivity of the employed epoxy alcohol towards nucle-
ophilic ring-opening. Conversion of the epoxy alcohol synthon into the magne-
sium alkoxide with EtMgBr, prior to its addition to the DMH lithium enolate,
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activated the epoxide towards the addition reaction, all resulting in a substantial
rate enhancement [70].

The lithium enolate of acetaldehyde DMH has recently been utilized in the
opening reaction of the a-epoxide obtained by DMDO oxidation of enol ether 142,
to provide hemiacetal 143 after mild oxidative acid hydrolysis. The protected car-
bonyl functionality was subsequently used for the introduction of the trans enyne
chain through a Wittig olefination reaction to provide alcohol 144, which was then
transformed into (+)-laurenyne (Scheme 8.37) [71].

Schreiber found that the monoalkylation of the lithium enolate of cyclonona-
none with propene oxide could be cleanly effected by addition of AlMes to give the
v-hydroxy ketone 145, a key intermediate for the synthesis of recifeiolide [69a].

TBSO TBSO‘
1) DMDO wQ
| > OH
2) LDA
O 3) | H O
PMBO PMB
/N\ N/)\ &
142 143

TBSO
\

N
TMSC=C-CH=PPh,Br
BuLi o

PMBO

144

Scheme 8.37 Use of the lithium enolate of acetaldehyde DMH
in an epoxide ring-opening reaction.
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This was the first reported instance of this type of addition reaction (Scheme 8.38),
though attempts to generalize this procedure were unsuccessful [12b].

The combined use of LHMDS, as the ketone enolate-generating base, and
Sc(OTf); as the necessary promoting Lewis acid were found by our group in Pisa to
be a general procedure making addition reactions of lithium enolates of simple
ketones to epoxides a valid tool for the construction of molecules that might other-
wise be difficult to synthesize. Application of this procedure to epoxy ketones of
types 146 and 147 afforded bicyclic, oxabicyclic, spiro, and dihydrobenzofuran
compounds, depending on the distance between the oxirane ring and the carbonyl
group, which determines the operation of intramolecular C- (compounds 148a-c)
or O-alkylation (compounds 148d and 149) processes. A chemoselective O- versus
C-alkylation process was also achieved by the use of simple acid conditions (Am-
berlite-15/CH,Cl,) to give oxaspiro and oxabicyclic compounds (compounds 149
and 150a/150b, Scheme 8.39) [72].

Posner recently reported a very simple and fast way to activate epoxides towards
nucleophilic opening by ketone lithium enolate anions by use of BF; - Et,0
(1 equiv.) [73]. The application of this procedure to the nucleophilic opening of
propene oxide with the lithium enolate of 2-cycloheptanone, obtained by the con-
jugate addition of trimethylstannyllithium to 2-cycloheptenone, afforded the stan-
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nyl hemiketal 151. Subsequent ring fragmentation with lead tetraacetate produced,
through structure 152, the ten-membered lactone product 153, which was reduced
to the fragrant natural product (+)-phoracantholide (Scheme 8.40) [73a]. A further
application of this procedure constitutes the key step in the short synthesis of the
v-hydroxy ketone aglycon of the natural product curculigine [73b].

8.4
Epoxy Glycals

The use of glycal substrates is particularly attractive for stereoselective syntheses of
carbohydrates and glycoconjugates in that both glycosidic bond formation and
C(2)-functionalization of the carbohydrate donor is achieved in the process [74a.
The glycal assembly strategy developed by Danishefsky [74D] for glycosylation with
simultaneous C(2)-hydroxylation involves oxidation of glycal 154 with DMDO to
give the a-glycal epoxide 155 as the intermediate glycosyl donor. The subsequent
ring-opening process with a nucleophilic glycosyl acceptor, carried out in the pres-
ence of a Lewis acid such as ZnCl,, occurs with clean inversion of configuration
and in excellent yield to give the corresponding B-glycoside. The glycosyl acceptor
may be a glycal, to give a disaccharide, suitable for a reiterative process for oligo-
saccharide synthesis (Scheme 8.41) [74c].

The glycal epoxide method turned out to be useful for the construction of com-
plex 2-branched B-aryl glycosides, which are salient features of the potent antibiotic
vancomycin [75a]. Glycal epoxide glycosylation with sodium salts of indoles pro-
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carbohydrate chemistry.

vided an improved total synthesis of the potent antitumor B-N-indolecarbazole
glycoside rebeccamycin [75b], and a total synthesis of staurosporine [75c].

The glycal epoxides can be converted into other glycosylating agents, such as B-
fluoroglycosides (156 and 157), useful for producing a- or B-glycosides, depending
on the nature of the vicinal OR group [76], into thioethyl glycosyl donors (158),
which are extremely powerful glycosylating agents also able to react with hindered
or unreactive acceptors [77], or into glycosyl phosphate (159) (Scheme 8.41) [78].

The power of the reiterative strategy for oligosaccharide construction based on
glycal acceptors and glycal-derived donors by epoxidation has found important
application in the synthesis of Lewis- and H-type blood group determinants [79],
tumor antigens [76b], and the carbohydrate domains of the enediyne antibiotics
calicheamicin and esperamicin [80]. An illustrative example of this original strat-
egy can be found in the synthesis of the saponin desgalactotigonin (Scheme 8.42)
[76¢]. p-Galactal derivative 160 was subjected to epoxidation (DMDO) to give ep-
oxide 161, which served to galactosylate tigogenin to give 162 (f-anomer), which
was subsequently transformed into the tributyltin derivative 163. Glycal 164 was
oxidized with DMDO to give glycal epoxide 165 (a 4:1 mixture of a and 3 epoxides),
which was treated with p-glucal derivative 166 to yield, after benzylation, the -
linked disaccharide 167. Subsequent epoxidation (DMDO) afforded the corre-
sponding a-epoxide 168. B-Glycosylation of 163 with 168 yielded trisaccharide 169.
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duction of the C44—Csy side chain of spongistatin 2.

The final B-glycosylation was carried out with fluoroglycoside 157 (R = Bz) to give,
after deprotection, the desired natural compound [76c].

Evans developed a new method for the synthesis of -C-allylglycosides, based on
Bu;SnOTf-mediated ring-opening of glycal epoxides with allylstannanes as nucleo-
philes [81a]. This methodology has been efficiently used in the B-stereoselective
introduction of the side chain (C44-Cs1) of spongistatin 2 (Scheme 8.43) [81D,c].

In a reiterative approach, enol ether epoxidation with DMDO has been coupled
with C-C bond formation and ring-closing metathesis to provide trans-fused THP
ring systems [82].

A conceptually new direct oxidative glycosylation with glycal donors, employing
a reagent combination of triflic anhydride and diphenyl sulfoxide, has recently
been reported by Gin [83]. This new B-glycosylation method works very well with
hindered hydroxy nucleophiles, including sterically shielded carbohydrate hydroxy
systems, and can be run on large scales.

8.5
Synthesis of Complex Molecules by Rearrangement Reactions of Epoxides

The rearrangement of epoxides to non-addition products is a general reaction of
epoxides and can be conducted under both acid and basic conditions [3a]. Under
acid conditions, treatment of an epoxide with a Lewis acid (BF; - Et,O, MgBr,,
LiClOy, etc.) produces isomeric aldehydes and/or ketones, as found in — for exam-
ple — the synthesis of analogues of azadiradione [84a], in the total synthesis of
fredericamycin A [84b], or also as found under neutral conditions in the total syn-
thesis of sordaricin [84c]. Basic conditions are able to promote the rearrangement
of epoxides to allylic alcohols, as observed in the syntheses of polyketide-like mac-
rodiolides [85a], in the formal total synthesis of roseophilin [85b], and in the total
synthesis of pipermethystine [85c]. The structures and relative proportions of the
rearranged products depend on the direction of the oxirane ring-opening, the rela-
tive migratory attitudes of the substituents, the type of Lewis acid, and the reaction
conditions used. The reactions may be highly regio- and stereoselective. Depend-
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ing on the nature of the epoxide and of the substituents, extremely valuable cas-
cade transformations can be achieved in a single step, even affording structures
difficult to trace back to that of the starting epoxide. This is the case in the trans-
formation of [6,6]-spiroketal 173, derived from an inverse electron-demanding het-
ero-Diels-Alder reaction between butylacrolein and the exo enol ether 172, into
[5,6]-spiroketal 177, in the course of the asymmetric synthesis of the spiroketal
segment of reveromycin B, a process that proceeds by way of an intermediate
epoxide (Scheme 8.44) [86]. Treatment of spiroketal 173 with DMDO (Danishefs-
ky’s conditions) gave the labile epoxide 174 as the only diastereoisomer, as a con-
sequence of a stereoselective epoxidation process from the face of 173 opposite to
the axial spiroketal oxygen. Acid-induced rearrangement of 174 with CSA afforded
aldehyde 177, containing the [5,6]-spiroketal moiety. The [6,6]- to [5,6]-spiroketal
transformation derives from an initial cleavage of the protonated epoxide 175 to
the hydroxy aldehyde-tetrahydropyranoid oxonium ion 176, which cyclizes to the
thermodynamically more stable [5,6]-spiroketal 177 [86a].

As well as the Payne rearrangement, 2,3-epoxy alcohols and some of their deriva-
tives show some other interesting rearrangement procedures that often constitute
key steps in syntheses of complex molecules.

The Suzuki-Tsuchihashi rearrangement of 2,3-epoxy alcohol derivatives is mech-
anistically similar to the pinacol rearrangement of 1,2-diols. Treatment of epoxy
alcohol 178 or its silyl ether derivative with a Lewis acid induces an epoxide-open-
ing, the 1,2-shift of a group (M), and carbonyl formation to give a B-hydroxy car-
bonyl compound (179) (a semipinacol reaction; Scheme 8.45) [3b]. As a result of
the stereospecificity of the 1,2-shift, the epoxide stereochemistry is predictably
transmitted into the aldol product. Depending on the substitution pattern of the
oxirane ring, quaternary carbon centers and/or spiro compounds and ring-enlarge-
ment are effectively achieved [87].

In a formal synthesis of fasicularin, the critical spirocyclic ketone intermediate
183 was obtained by use of the rearrangement reaction of the silyloxy epoxide 182,
derived from the unsaturated alcohol 180. Alkene 180 was epoxidized with DMDO
to produce epoxy alcohol 181 as a single diastereoisomer, which was transformed
into the trimethyl silyl ether derivative 182. Treatment of 182 with TiCl, resulted in
smooth ring-expansion to produce spiro compound 183, which was subsequently
elaborated to the desired natural product (Scheme 8.46) [88].

In a synthesis of (+)-asteltoxin, Cha applied the Suzuki-Tsuchihashi rearrange-
ment to silyloxy epoxide 184 for the enantioselective construction of the unusual

R2 R
M M R M
\A\h Lewis acid (LA) %/\ — \I)\H/\
O O
OR'
A o:)R OH O
1 .
178, R'= H, SiMeg 179

Scheme 8.45 Suzuki-Tsuchihashi rearrangement of epoxy
alcohol derivatives.
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Scheme 8.47 Synthesis of the bis(tetrahydrofuran)core of
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bis(tetrahydrofuran) core, containing a quaternary carbon center, present in the
natural product [89]. The pivotal rearrangement of the epoxy silyl ether 184 was
accomplished by treatment with TiCls to provide aldehyde 185, which was con-
verted into the fully protected tetrahydrofuran 186 by deprotection (TBAF) and
treatment with HCl/MeOH. Subsequent diastereoselective dihydroxylation with
0s04/NMO to produce diol 187, followed by Swern oxidation and chelation-con-
trolled addition of EtMgBr, allowed an efficient, stereoselective introduction of the
ethyl side chain to provide alcohol 188. Acid-induced cyclization of 188 with TSOH
then afforded compound 189, containing the bis(tetrahydrofuran) core of (+)-as-
teltoxin (Scheme 8.47) [89].

In the total synthesis of ingenol, the transformation of the tetracyclic carbon
framework of intermediate 190 into an ingenane skeleton was achieved by ster-
eoselective epoxidation followed by treatment of the intermediate epoxy alcohol
191 with AlMes (Scheme 8.48). The key intermediate 192, which has the complete
ABCD ring system of ingenol and possesses two oxygen functional groups on both
the A and B rings, is elegantly obtained, allowing the further stereoselective func-
tionalization of the same rings as in the natural product [90].

Fukumoto epoxide rearrangement is worthy of note, in that a stereoselective
rearrangement occurs spontaneously during the SAE of a 2-aryl-2-cyclopropylide-
neethanol (194), prepared from ketone 193, to give the geminally substituted cyclo-

TN

189

OTIPS
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Scheme 8.49 Fukumoto rearrangement of 2-aryl-2-cyclopropy-
lideneethanol.

butanone 196, a valuable building block (Scheme 8.49) [91]. This tandem SAE/
enantiospecific ring-expansion proceeds with complete transfer of the chirality of
the epoxy alcohol generated in situ, and the observed stereoselectivity arises from
the concerted anti 1,2-migration of the C-C bond of the cyclopropane ring to the
epoxide moiety, as shown in 195. The obtained cyclobutanone 196 may be subse-
quently subjected to ring-expansion to afford substituted cyclopentanones and y-
lactones, as found in the synthesis of (-)-aplysin [91a], (+)- and (-)-a-cuparenones
[91b], and (-)-mesembrine [91c].

Highly stereoselective rearrangement reactions of epoxides can proceed either in
only one step by means of a concerted mechanism, or in a stepwise manner
through carbocation intermediates, as found in the biogenetic-type, acid-induced
domino epoxide-opening/rearrangement/cyclization reactions of a-epoxide 197 for
the synthesis of the tetracyclic core of stachyflin, a novel sesquiterpenoidal alkaloid
exhibiting potent antiviral activity. It was envisioned that an acid-induced domino
reaction on a-epoxide 197 or its B-diastereoisomer would proceed stereoselectively
to install the required cis-fused AB and BC rings and the ether bond at the bridge-
head of the AB ring. In this context, when a-epoxide 197 was allowed to react with
BFs - Et;,O (3 equiv.), this successfully resulted in the formation of the required
cyclized compound 199 in reasonable yield (41%). After epimerization of the Cs-
OH carbon by oxidation, followed by diastereoselective reduction, the domino
process constituted a concise route to compound 200, containing the tetracyclic
core of the target compound [92]. The authors believe that this domino transforma-
tion, represented for the sake of simplicity as a concerted mechanism in
Scheme 8.50, proceeds in a stepwise manner through corresponding carbocation
intermediates. Probably because of the cis relationship between the oxirane ring
and the angular methyl group, the acid-induced domino reaction of the diaster-
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Scheme 8.51 Construction of the tricyclic core of phomactin A
through a retroaldol reaction.

eoisomeric B-epoxide, which has the right stereochemistry at Cs, resulted in the
direct production of the desired cyclized product 200, but in poor yield (15%)
[92].

A non-addition procedure based on a tandem retroaldol/epoxide-opening/cycli-
zation sequence has been utilized for the elaboration of the dihydrofuran ring of
the reduced furanochroman subunit of phomactin A. The strategy utilizes the O-
TBS-protected B-epoxy-f’-hydroxy ketone 201. Cleavage with TBAF starts the retro-
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Scheme 8.52 Retro-aldol fragmentation of an epoxide-derived
hemiacetal.

aldol reaction to afford enolate 202, which isomerizes, with concomitant oxirane
ring-opening, to the allylic alkoxide 203, which in turn provides the desired hemi-
ketal 204 upon cyclization (Scheme 8.51). Presumably, the ease of this process is
enhanced by the relief of steric strain associated with loss of the hydroxymethyl
substituent at the ring junction, as well as by ring-opening of the spiro epoxide
[93].

A retroaldol fragmentation subsequent to the addition of p-TsOH and a small
amount of water to epoxide 206, obtained by oxidation of enol ether 205 with
DMDO, resulted in the direct formation of dialdehyde hydrate 208, possessing the
spirostructure necessary for the construction of the fused-rings core of (+)-ginkoli-
de B. Apparently, hydrolysis of the epoxide produces the hemiacetal 207, which
undergoes retroaldol fragmentation of the cyclobutane to afford the dialdehyde,
which forms the stable hydrate 208 (Scheme 8.52) [94].

A particular case of a non-addition process of an epoxide is Eschenmoser frag-
mentation. This reaction is effectively a process in which the p-toluenesulfonylhy-
drazones of cyclic a-epoxy ketones are transformed, in the presence of a base such
as pyridine, into terminal alkynyl ketones. In this transformation the original cy-
clic structure of the alkanone is completely lost, and the epoxide is isomerized into
a carbonyl group (ketone). A new carbon-carbon triple bond replaces the original
carbonyl group [95]. Since the alkynyl group may be seen both as the source of
other functional groups (primarily a carbonyl group and a double bond) and as a
site for chain-elongation, this fragmentation can occupy a central role in the syn-
thesis of complex molecules. In the total synthesis of the alkaloid galbulimi-
na GB 13, an Eschenmoser fragmentation was considered well suited for the trans-
formation of the 2,3-epoxycyclohexanone moiety of the intermediate 210 into the
piperidine ring present in the target compound (Scheme 8.53) [96]. As enone 209
proved to be resistant to direct epoxidation, the necessary epoxy ketone 210 was
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Scheme 8.53 Eschenmoser fragmentation of a-epoxy ketone
210.

prepared by a sequence involving reduction (LiAlH4) to the corresponding allylic
alcohol, epoxidation (MCPBA), and then oxidation (DMP).

Treatment of 210 under traditional Eschenmoser fragmentation conditions gave
only low yields of the desired alkynyl ketone 211, but this result was improved
significantly by use of p-nitrobenzenesulfonylhydrazine in place of the commonly
used p-toluenesulfonylhydrazine. Compound 211 was transformed into the bis-
oxime 212, reductive cyclization of which by treatment with ZrCl, and NaBH,4 and
subsequent acylation afforded the polycyclic compound 213 with the desired all-cis

piperidine ring stereochemistry [96].
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Vinylepoxides in Organic Synthesis
Berit Olofsson and Peter Somfai

9.1
Synthesis of Vinylepoxides

Vinylepoxides can be obtained by various strategies, all with their inherent limita-
tions. Racemic epoxidation of olefins is a straightforward route to epoxides, as pure
trans- or cis-epoxides can be obtained from (E)- or (Z)-alkenes, respectively. Various
oxidants — such as mCPBA and other peracids, H,0,, or VO(acac),/TBHP — can all
be employed in this transformation [1].

Epoxidation of conjugated dienes can be regioselective when one double bond is
more electron-rich than the other; otherwise mixtures of mono- and diepoxides
will be obtained. When the alkene contains an adjacent stereocenter, the epoxida-
tion can be diastereoselective [2]. Hydroxy groups can function as directing groups,
causing the epoxidation to take place syn to the alcohol [2, 3].

Asymmetric epoxidations of alkenes have been intensively studied since Sharp-
less’ initial report on asymmetric epoxidation of allylic alcohols in 1980. This reac-
tion, discussed in Section 9.1.3, has become one of the most widely employed
reactions in asymmetric synthesis, due to its reliability and high enantioselectivity
[2].

Enantioselective epoxidation of unfunctionalized alkenes was until recently lim-
ited to certain cis-alkenes, but most types of alkenes can now be successfully epoxi-
dized with sugar-derived dioxiranes (see Section 9.1.1.1) [2]. Selective monoepox-
idation of dienes has thus become a fast route to vinylepoxides. Functionalized
dienes, such as dienones, can be epoxidized with excellent enantioselectivities (see
Section 9.1.2).

Alternatively, epoxides can be formed with concomitant formation of a C-C
bond. Reactions between aldehydes and various carbon nucleophiles are an effi-
cient route to epoxides, although the cis:itrans selectivity can be problematic (see
Section 9.1.4). Kinetic resolution (see Section 9.1.5.2) or dihydroxylation with se-
quential ring-closure to epoxides (see Section 9.1.1.3) can be employed when
asymmetric epoxidation methods are unsatisfactory.

The major problem associated with the synthesis of vinylepoxides is the instabil-
ity of reaction intermediates and/or products. High crude yields can be obtained by

Aziridines and Epoxides in Organic Synthesis. Andrei K. Yudin
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several methods, but if lengthy purification procedures are required to remove
reagents (such as Ph3;P=0 or organic catalysts), the isolated yield often drops con-
siderably. It is thus important to obtain high diastereoselectivity in the reaction, in
order to avoid difficult isomer separations. This feature renders syntheses that
yield cis:trans mixtures of vinylepoxides less useful. The following discussion fo-
cuses on asymmetric syntheses of vinylepoxides, although some racemic, diaster-
eoselective epoxidations are mentioned when appropriate.

9.1.1
Vinylepoxides from Unfunctionalized Dienes

9.1.1.1 Epoxidation with Dioxiranes

Chiral ketone-catalyzed asymmetric epoxidations of olefins have been extensively
studied in the last decade [4]. The reactive species in these reactions is a dioxirane,
generated in situ from the ketone and an oxidant. The first asymmetric reaction,
employing isopinocamphone as catalyst, was reported by Curci in 1984 [5]. Al-
though the enantioselectivities were modest, the results could be improved by
variation of the ketone structure. The breakthrough came in 1996, when Shi re-
ported the fructose-derived ketone 1 as a highly efficient epoxidation catalyst
(Scheme 9.1) [6]. Through small alterations of the catalyst structure, the system
was subsequently shown to give good to excellent enantioselectivities and high
yields in the epoxidation of a great variety of substrates, including terminal, cis-,
trans-, or trisubstituted alkenes, vinylsilanes, and a,B-unsaturated esters [7].

The main drawback of the system is that the ketone catalyst slowly decomposes
during the reaction, which means that 0.2-0.3 equivalents are needed for complete
conversion. More robust catalysts, which can be used in 1-3 mol%, have recently
been reported, but have not as yet been widely applied [8]. Ketone 1 is commer-
cially available, or can easily be synthesized in large scale in two steps from b-
fructose. Ent-1 is obtained in a similar way from t-sorbose.

The catalytic system was subsequently applied to the monoepoxidation of
dienes. This was potentially a difficult task, as there was a need to address the
issues not only of enantioselectivity, but also of regioselectivity and monoepoxida-
tion versus bisepoxidation. Fortunately, a wide range of dienes could be efficiently
monoepoxidized by ketone 1, which meant that a straightforward route to vinylep-
oxides had been developed (Table 9.1) [9].

The more electron-rich double bond was found to react more rapidly, which
allowed for good regioselectivity. The regioselectivity could be further increased by

0 1 R2 >70°/o,
IS — 1 >90% ee
Oxone, KoCO4 R g>/

Scheme 9.1 Shi's asymmetric epoxidation with ketone 1.

R1/\/R2
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Table 9.1 A selection of dienes that could be monoepoxidized.

Entry Diene Epoxide Ratiol!  Yield (%)  Ee (%)
1 Ph Ph 22:19 77 97
PR Ph/ci)>/\/
2 Xy -CO,Et - COEt 7:1 411 96
/OI>/\/
3 M/\OTBS /O’>/\/\OTBS 4.6:1 68 96

\\OMeO\OMe

_ [e] [e]
5 WOH WOH 68 90

[a] Regioisomeric ratio. [b] Isolated yield of major isomer, often lowered
due to instability of product. [c] Monoepoxide/bisepoxide ratio. [d] 69%
conversion. [e] Increased to 81% yield and 96 % ee with TBS-protected
substrate.

introducing steric hindrance next to one olefin. Bisepoxidation could be mini-
mized by controlling the amount of catalyst, as the first epoxide deactivated the
remaining olefin by induction. The regioselectivity is complementary to the Sharp-
less asymmetric epoxidation (SAE) technique for dienols (see Section 9.1.2.2), as
exemplified by Entries 3 and 5.

In our work on a regio- and stereodivergent route to vicinal amino alcohols,
vinylepoxides were chosen as substrates [10, 11]. Initially the vinylepoxides were
synthesized by the SAE + Swern/Wittig approach (see Section 9.1.3) [10]. To
shorten the route for the next group of substrates we turned to the Shi epoxidation.
As TBS-protected hexadienol could be monoepoxidized in good yield (Table 9.1,
Entry 3), we decided to apply the reaction to benzyl-protected hexadienol 2
(Scheme 9.2a). As expected, vinylepoxide 3 was the major regioisomer and could
be isolated in 66 % yield and 90 % ee [11]. Epoxidation of trisubstituted substrate 4
occurred with complete regioselectivity, reflecting the electronic influence exerted
by the methyl group, and 5 was isolated in quantitative yield (Scheme 9.2b) [11].

As this synthetic strategy was clearly superior to the Swern/Wittig approach,
being both shorter and having high-yielding steps, we also employed it in the
synthesis of all isomers of sphingosine [12]. Substrate 6 differed from diene 2 only
in the length of the carbon chain, and similar regioselectivity was to be expected.
We were thus doubtful whether epoxide 7, which was likely to be the minor isomer,
could be formed in synthetically useful yields by this method. Surprisingly, ep-
oxides 7 and 8 were formed in a 1:1 ratio, hence with far better selectivity than
expected (Scheme 9.2c). The difference in regioselectivity could be due to the lipo-
philic alkyl chain, which might shield the 4,5-double bond. The conversion was
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a)

WOBH /'>/\/\OBI'1 + /\/(')>/\OBI’1

Oxone
66%, O% ee 10%, 90% ee

b) 1,0 °C
\/\(\/\OBn ; ,
Oxone \/W
4 O, 0,
o) 100%, 90% ee

CiaHar” X"""0Bn 10C, C13H27/W08n C13H27/\/C|)>/\O|3n
8 - 7

Oxone
6 L . -
expected major isomer desired regicisomer

90% crude yield, 1:1, 90% ee

Scheme 9.2 Applications of Shi’s monoepoxidation.

initially poor and could not be improved by use of a longer reaction time or an
increased temperature. When a stoichiometric amount of 1 was utilized, however,
both enantioselectivity and yield were enhanced [12, 13].

9.1.1.2 Epoxidation with Mn-Salen Catalysts

Ten years after Sharpless’s discovery of the asymmetric epoxidation of allylic alco-
hols, Jacobsen and Katsuki independently reported asymmetric epoxidations of
unfunctionalized olefins by use of chiral Mn-salen catalysts such as 9 (Scheme 9.3)
[14, 15]. The reaction works best on (Z)-disubstituted alkenes, although several tri-
and tetrasubstituted olefins have been successfully epoxidized [16]. The reaction
often requires ligand optimization for each substrate for high enantioselectivity to
be achieved.

Conjugated dienes can be epoxidized to provide vinylepoxides. Cyclic substrates
react with Katsuki’s catalyst to give vinylepoxides with high ees and moderate
yields [17], whereas Jacobsen’s catalyst gives good yields but moderate enantiose-
lectivities [18]. Acyclic substrates were found to isomerize upon epoxidation: (Z,E)-
conjugated dienes reacted selectively at the (Z)-alkene to give trans-vinylepoxides
(Scheme 9.4a) [19]. This feature was utilized in the formal synthesis of leuko-
triene A4 methyl ester (Scheme 9.4b) [19].

=N N=
/'\I/ln\
t-Bu [o] 3
i o] +Bu

+Bu +Bu 9 Q 70-95%,

= P ' 60-90% ee
R R NaOCl R R

Scheme 9.3 Jacobsen’s asymmetric epoxidation.
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a
)R1/\/\ ent9 R2 50-81%,
RK\/Z\\/ 77-92% ee
R? NaOCl &

b) PhO/\n/O S EVE entd | Phoﬁ(o\/\/\/:\/(’*%o Me
O \/\/\/1( NaOC| o O‘\ s
3 COMe 62%, 82% ee

Scheme 9.4 Monoepoxidation of (Z,E)-conjugated dienes.

9.1.1.3 Conversion of Diols into Epoxides

When asymmetric epoxidation of a diene is not feasible, an indirect route based on
asymmetric dihydroxylation can be employed. The alkene is converted into the
corresponding syn-diol with high enantioselectivity, and the diol is subsequently
transformed into the corresponding trans-epoxide in a high-yielding one-pot proce-
dure (Scheme 9.5) [20]. No epimerization occurs, and the procedure has success-
fully been applied to natural product syntheses when direct epoxidation strategies
have failed [21]. Alternative methods for conversion of vicinal diols into epoxides
have also been reported [22, 23].

This strategy can be applied to the synthesis of vinylepoxides, since high en-
antioselectivity and good regioselectivity can often be obtained in asymmetric dihy-
droxylation of dienes, resulting in vinylic diols [24, 25]. Transformation of the diols
into epoxides thus represents an alternative route to vinylepoxides. This strategy
was recently employed in the synthesis of (+)-posticlure (Scheme 9.6) [26].

OH OMe
B J\r r2  CHsC(OMe)s, O>{Q AcX or OA\\O

TsOH ) SR Me3SiX :
OH Rt R2 = R2
ﬁ)ic/ : K,CO
R2 "R KOs R g7

1 + 1 R o
R" R MeOH &

X OAc

X =Cl, Br, |

Scheme 9.5 One-pot formation of epoxides from vicinal diols.

OH
AD-mix-B
/\/:\/: AU-mixp __ _
Cothig CsHhis 79% C9"'19)\I/j/ﬁcsl'|11
1) CHsC(OMe)s, TSOH >97% ee OH
2) CHSCOBr W
3) KsCOs, MeOH Cofhis™ 4 CsHs
88% (+)-posticlure

Scheme 9.6 Application to the synthesis of (+)-posticlure.
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9.1.2
Vinylepoxides from Functionalized Dienes

9.1.2.1 From Dienones or Unsaturated Amides

The asymmetric epoxidation of enones with polyleucine as catalyst is called the
Julid-Colonna epoxidation [27]. Although the reaction was originally performed in
a triphasic solvent system [27], phase-transfer catalysis [28] or nonaqueous condi-
tions [29] were found to increase the reaction rates considerably. The reaction can
be applied to dienones, thus affording vinylepoxides with high regio- and enantio-
selectivity (Scheme 9.7a) [29].

An alternative catalyst for the epoxidation of various enones, giving excellent
enantioselectivities and good yields of the corresponding epoxides, was reported
recently. The catalyst complex was generated from La(O'Pr)s, (R)-BINOL, and
Ph3;As=0 in a 1:1:1 ratio, but only one example with a dienone was given (Sche-
me 9.7b) [30]. A similar system based on gadolinium was employed for epoxida-
tion of o,B,y,8-unsaturated amides, in which a range of amide-substituted vinylep-
oxides were synthesized (Scheme 9.7¢c) [31]. Again, excellent enantioselectivities
and good yields were obtained, although extended reaction times were required.

A one-pot procedure from aldehydes, through Wittig olefination and a subse-
quent epoxidation, was also reported. Aldehydes could be converted into a,B,y,6-
unsaturated N-acyl pyrroles, which were epoxidized in the same pot to give N-acyl
pyrrole-substituted vinylepoxides [32].

It should be noted that epoxidation of a dienone with mCPBA or other electro-
philic epoxidation reagents proceeds with complementary regioselectivity, yielding
v,0-epoxy enones instead of the o,B-epoxy ketones discussed above. This feature
has been utilized in several natural product syntheses; Scheme 9.8 demonstrates

a) @] urea-H,0o, O
1WJ\ » poly-L-leucine, 1WJ\ , ggggo;o
F -90% ee

R R DBU, 1,516 R o R °

b) O La-cat (5 mol%), O .

A/\/\)J\ TBHP (1.2 eq), 95%,
X"""Ph —7—— x Ph 96% ee
MS4A,r,3h @)

C) o Gd-cat (10-20 mol%), 76.94%
R1WNR3R4 TBAP (1.2 eq). NNRSR“ 99% ee’

MS 4A, rt, 12-48 h

Scheme 9.7 Asymmetric epoxidation of dienones.

o} o}
TBDPSO o MCPBA, TBDPSO o
s - rt,4 h 0 s
OH 85% OH

Scheme 9.8 mCPBA epoxidation of a chiral dienone.
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that mCPBA epoxidation can be highly regio- and diastereoselective when chiral
substrates are employed [33].

9.1.2.2 From Dienols

The Sharpless asymmetric epoxidation (SAE), discussed further in Section 9.1.3,
can also be applied to the epoxidation of conjugated dienols, to give a direct route
to vinylepoxides (Scheme 9.9a) [34]. Although some substrates react readily, re-
duced reactivity is sometimes encountered, resulting in minor amounts of vinylic
epoxyalcohol together with recovered dienol [11, 35]. Furthermore, the product that
forms can be unstable: it can undergo a Payne rearrangement [34], for example,
making it susceptible to further epoxidation (Scheme 9.9b) [35].

There are several examples of successful dienol epoxidations (Table 9.2). Cata-
Iytic SAE conditions are generally better than stoichiometric for reactive substrates
(Entry 1), whilst stoichiometric conditions, on the other hand, are useful for less
reactive substrates. Small variations in substrate structure can cause large differ-
ences in reactivity and product stability: pentadienol could be epoxidized in accept-
able yield, whereas hexadienol gave a complex mixture of products (Entries 1, 2).

Table 9.2 Sharpless asymmetric epoxidation of dienols.

Entry Product Conditions Yield (%) Ee (%) Ref.

1 MOH stoichiometric 0 - 34

0 catalytic 56 >91 36

2 \/\<(l)\/ OH catalytic 0 - 37
H ; (2l

3 PMB O/\/\<(!)\/O catalytic 67 90 11

4 BnO/\[r:\/\OH pseudo-stoichiometric 89 97 38
o

5 stoichiometric 75 95 39
TBDMSO_ — OH
(0]

6 PhOzs\N\/OH stoichiometric 85 95 40
(0]

stoichiometric 81-90 >95[b] 41

catalytic 88 86! 42

[a] Based on 37 % recovered dienol. [b] Diastereomeric excess.
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a) ,
R~ ~_OH  1iOPn4 (+)-DET, R\M/OH
TBHP o
b) o) o o)
RO Payre RM SAE R J>\|/\J
0 rearr.
OH OH

Scheme 9.9 a) SAE on dienols. b) Payne rearrangement,
resulting in byproducts.

\)Oi/ ﬂ, o aq. NaOH \/<(l)/\
NN gen W OH

>99% ee 0 98%

Scheme 9.10 Vinylepoxide synthesis from divinyl carbinol.

The epoxidation of divinyl carbinol constitutes a special case of a dienol epoxida-
tion, as the starting diene is not conjugated (Scheme 9.10). Desymmetrization by
SAE, followed by a Payne rearrangement, furnishes the vinylepoxide in high yield
and with excellent enantioselectivity (compare Table 9.2, Entry 1) [43].

9.1.3
Vinylepoxides from Epoxy Alcohols

The development of Sharpless asymmetric epoxidation (SAE) of allylic alcohols in
1980 constitutes a breakthrough in asymmetric synthesis, and to date this method
remains the most widely applied asymmetric epoxidation technique [34, 44]. A
wide range of substrates can be used in the reaction: (E)-allylic alcohols generally
give high enantioselectivity, whereas the reaction is more substrate-dependent
with (Z)-allylic alcohols [34].

The classical method of making vinylepoxides thus consists of SAE followed by
oxidation and Wittig olefination (Scheme 9.11) [45]. Oxidation of the epoxy alcohol
was initially performed with PDC, but the Swern oxidation has become increas-
ingly popular, thanks to its mild reaction conditions [46]. The aldehyde is subse-
quently subjected to Wittig or Horner-Emmons olefination to give the correspond-
ing vinylepoxide. Drawbacks with this strategy include handling of the epoxy alde-
hydes, which are often unstable, volatile, or toxic. Furthermore the olefination can
be low-yielding for non-stabilized ylides, as they are strong bases, and poor (E:Z)

R/\/\OH w R/E\\/\OH oxidation
TBHP O -

R/cg)‘\/§0 Wittig R/O\/\N\ R’

Scheme 9.11 SAE followed by oxidation and Wittig reaction.
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Table 9.3 Synthesis of terminal vinylepoxides.

-SAE 1) Swern
R OH (+)-SAE _ RSO fiSwem o

o) 2) Wittig O
Entry Product SAE Swern/Wittig
yield (%) Ee (%) yield (%)

1 Ph I 74 96 73

2 82 91 65

o]
n =
o]
3 o 80 >908! 79
PMBOW
o)
4 /\<|\) 89 >95 780
=
BnO
" 0
H

5 Me TMS 85 >950 87
BnO O\
[0
? HO H
Me [a] [c]
6 H _ H H 100 >95M 69k
o RO : OYPh
S PeeY:
Cw) Me Meo H
T™S

[a] Diastereomeric excess. [b] cis:trans 11:1. [c] TPAP was used instead
of Swern.

selectivity is often obtained [47]. Stabilized ylides usually give high yields of (E)-
olefins [47].

In our work with aminolysis of vinylepoxides (see Section 9.2.1.1), the substrates
were routinely synthesized by SAE followed by Swern/Wittig reactions (Table 9.3,
Entries 1-4) [48, 49]. This procedure is well suited for terminal olefins, but dis-
ubstituted olefins can seldom be obtained with useful (E:Z) selectivities. Nakata
recently synthesized some advanced intermediates towards natural products in
this manner (Entries 5, 6) [50, 51].

Recently, several one-pot oxidation-Wittig procedures that circumvent the need
to isolate the intermediate aldehydes have been developed. Various oxidants, in-
cluding Swern [52], Dess-Martin periodinane [53], IBX [54], MnO; [55], and
BaMnOy [56], can be used in the presence of stabilized ylides to generate a,f-
unsaturated esters.

Because of the strongly basic conditions needed for Wittig reactions with non-
stabilized ylides, one-pot reactions have not been carried out [57]. Ley’s recent
report of a TPAP-Wittig oxidation performed in a sequential one-pot manner is
thus a promising alternative [58]. The reaction is fast and straightforward: the
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oxidation is performed with a stoichiometric amount of NMO and TPAP catalysis,
after which the aldehyde is added to the preformed ylide (non-stabilized or stabi-
lized). The olefins are formed in yields ranging from 60 to 94 % without epimeriza-
tion of any stereogenic centers. Although some of the one-pot reactions have been
tested on sensitive substrates, they have not yet been applied in the synthesis of
vinylepoxides.

9.1.4
Vinylepoxides from Aldehydes

The reaction between an aldehyde and a carbon nucleophile, such as a sulfur ylide,
constitutes an alternative approach to the synthesis of epoxides. Since alkenes,
which are the normal epoxidation substrates, are often formed from aldehydes,
this approach can be highly efficient. On the other hand, the synthesis of appro-
priate carbon nucleophiles usually requires additional steps.

Racemic vinylepoxides can be synthesized from aldehydes in a variety of ways.
Addition of a [(phenylthio)allylJtitanium reagent gives an anti-B-hydroxy thioether,
which can be cyclized to the corresponding trans-vinylepoxide [59]. Chloroallyl zinc
reagents can be employed to make syn-chlorohydrins, which give cis-vinylepoxides
upon treatment with base (see also Section 9.1.4.1) [60, 61]. a-Halo-aldehydes or
-ketones can be vinylaluminated, and the formed halohydrin ring-closed to give
2-substituted vinylepoxides [62]. Tetrasubstituted vinylepoxides can be formed
from ketones in a three-step procedure involving Grignard addition, allylic bromi-
nation, and ring-closure [63]. Two recent reports on addition of diazoacetates to
aldehydes have emerged (compare Scheme 9.15). Rhodium(11) acetate catalyzes
this addition, giving trisubstituted vinylepoxides in good yields [64, 65].

9.1.4.1 Chloroallylboration
Asymmetric synthesis of cis-vinylepoxides is difficult, as most epoxidation meth-
ods give moderate enantioselectivities with (Z)-alkenes (see Sections 9.1.1.2 and
9.1.3). Oehlschlager’s strategy towards cis-vinylepoxides is based on the generation
of syn-a-vinylchlorohydrins 10, which can be ring-closed to form epoxides in good
yields (Scheme 9.12) [66]. The sequence starts with formation of chiral a-chlor-
oallylborane 11, which undergoes a facile [1,3]-rearrangement upon treatment
with BF; - OEt; to form the y-chloroallylborane 12. Addition of an aldehyde, fol-
lowed by removal of the chiral borane, affords syn-a-chlorohydrins 10 in
90-99 % ees. Base-induced cyclization of 10 furnishes cis-vinylepoxides 13, which
can also be formed directly from 14 by oxidation under basic conditions.
Aliphatic, aromatic and vinylic aldehydes can be employed in this reaction with
similar yields and enantioselectivities. When chiral aldehydes are utilized, excel-
lent diastereoselectivity is obtained for matched cases, whereas mismatched cases
yield products with moderate to good diastereoselectivity (Scheme 9.13a) [67]. The
limitation of the methodology is that only terminal vinylepoxides can be ob-
tained.
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OMe |~ Li"
\\\\ J2B=OMe - CI__~  LiN(c-Hex), \\\\‘)2%/\ BF5-OFt,
-95 °C & -95 °C
(-)-lpc "
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Scheme 9.12 Chloroallylboration of aldehydes.

Cl
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Scheme 9.13 Chloroallylboration of chiral aldehydes.

Cl

15 e W 1AL
=
TBDPSO H 68%, TBDPSO 97% TBDPSO
86% de PhSK, 17
DMF 86%

MegoBF4 J\/<?/\
TBDPSO 2) DBU TBDPSO AN

19 80% 18

Scheme 9.14 Synthesis of cis- and trans-vinylepoxides from
aldehydes.

Boland applied this methodology to Garner’s aldehyde, and found the addition
to be substrate-controlled rather than reagent-controlled (Scheme 9.13b) [68]. Viny-
lepoxide 15 could thus also be obtained with high diastereoselectivity with achiral
9-MeO-9-BBN.

Winssinger later utilized syn-a-vinylchlorohydrin 16 for the generation of both
cis- and trans-vinylepoxides 17 and 18 (Scheme 9.14) [69]. cis-Epoxide 17 was
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formed by cyclization of 16 under basic conditions, whereas Sn2 displacement of
the chloride in 16 with thiophenoxide resulted in compound 19, which could be
cyclized to trans-epoxide 18.

9.1.4.2 Reaction with Sulfur Ylides

The sulfur ylide-mediated epoxidation of aldehydes has been thoroughly investi-
gated [70, 71]. The chiral sulfur ylides reported by Aggarwal have been most
broadly applicable, and a catalytic, asymmetric process yielding aromatic trans-
epoxides has been developed [72]. In this process, the sulfur ylides are produced
insitu from diazo compounds, generated in turn from tosylhydrazone salts
(Scheme 9.15) [73].

The aldehyde structures and the tosylhydrazone salts were varied in an extensive
study of scope and limitations, with use of both achiral and chiral sulfur ylides [73].
Aromatic aldehydes were excellent substrates in the reaction with benzaldehyde-
derived ylides, whereas aliphatic aldehydes gave moderate yields and trans:cis ra-
tios.

When o,B-unsaturated aldehydes were employed, vinylepoxides were obtained
with excellent trans:cis ratios but in poor yields. When benzaldehyde was treated
with o,B-unsaturated tosylhydrazone salts, the yields of vinylepoxides were im-
proved but the trans:cis ratios dropped. When chiral sulfides were utilized, the ees
were high with o,B-unsaturated aldehydes, whereas unsaturated, chiral sulfur
ylides gave moderate ees, poor yields, and modest trans:cis ratios.

An alternative process for the synthesis of vinylepoxides was clearly needed, so
reactions with stoichiometric amounts of chiral sulfide were investigated (Sche-
me 9.16a) [74]. Indeed, when benzyl sulfonium salt 20 was treated with unsat-
urated aldehydes, the ees and des were high in all cases, whereas the yields [75]
were highly substrate-dependent. The same products could be formed by treat-
ment of an unsaturated sulfonium salt with benzaldehyde, but the yields and se-
lectivities were generally slightly lower.

5 pn
NHT Ne" NT 0
NI, S NaH Nl, S PTC PhCHN2 Rhg OAC )J\
heat R H
AL Y m
1,4-dioxane R
Rh=CHPh Ph/'>/
S

o)
L+ HN-NHTs
H

Scheme 9.15 Aggarwal’s catalytic asymmetric epoxidation.
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Scheme 9.16 Stoichiometric epoxidation with chiral sulfides.

Chiral sulfonium salts derived from oxathianes have been developed for stoi-
chiometric epoxidation reactions. The sulfonium salts were deprotonated and al-
lowed to react with o,B-unsaturated aldehydes to give trans-vinylepoxides with ex-
cellent ees and trans:cis ratios (Scheme 9.16b) [76]. The yields were generally high
[75], and the best results were obtained with Ar = 4-OMePh.

Metzner and co-workers reported a one-pot epoxidation reaction in which a
chiral sulfide, an allyl halide, and an aromatic aldehyde were allowed to react to
give a trans-vinylepoxide (Scheme 9.16¢) [77]. This is an efficient approach, as the
sulfonium salt is formed in situ and deprotonated to afford the corresponding
ylide, and then reacts with the aldehyde. The sulfide was still required in stoichio-
metric amounts, however, as the catalytic process was too slow for synthetic pur-
poses. The yields were good and the trans:cis ratios were high when R, # H, but the
enantioselectivities were lower than with the sulfur ylides discussed above.

The major limitation of asymmetric sulfur ylide epoxidations is that only aro-
matic vinylepoxides can be formed efficiently and with high selectivity. When an
aliphatic aldehyde is allowed to react with a semistabilized or nonstabilized sulfur
ylide, poor diastereoselectivities and yields are observed, due to problems in con-
trolling the ylide conformation and competing ylide rearrangement reactions [71].
However, some racemic, aliphatic vinylepoxides have been successfully formed by
sulfur ylide epoxidations, although varying diastereoselectivities were observed
[78-80].

9.1.5
Vinylepoxides from Other Substrates

9.1.5.1  From Allenes

2,3-Allenols can be converted into terminal vinylepoxides by a Pd(0)-catalyzed in-
sertion of aryl or vinyl halides [81]. The reactions take place with high trans-se-
lectivity and in good yields (Scheme 9.17a). Chiral 2,3-allenols, which can be easily
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Scheme 9.17 Pd(0)-catalyzed epoxidation of allenes.

synthesized in one step from aldehydes [82], can be employed to obtain vinylep-
oxides in excellent enantiomeric excesses (Scheme 9.17b).

9.1.5.2 Kinetic Resolution of Racemic Epoxides

Asymmetric epoxidation of terminal olefins has remained problematic, despite the
general success of the novel dioxirane-based catalysts. The enantiomeric excesses
in these reactions do not usually exceed 85% (see Section 9.1.1.1). As recrystalliza-
tion of epoxides can be complicated, enantiopure terminal epoxides are difficult to
obtain.

One way of overcoming these problems is by kinetic resolution of racemic ep-
oxides. Jacobsen has been very successful in applying chiral Co-salen catalysts,
such as 21, in the kinetic resolution of terminal epoxides (Scheme 9.18) [83]. One
enantiomer of the epoxide is converted into the corresponding diol, whereas the
other enantiomer can be recovered intact, usually with excellent ee. The strategy
works for a variety of epoxides, including vinylepoxides. The major limitation of
this strategy is that the maximum theoretical yield is 50 %.

o) PBu Bl gy o) HQO OH
RA I
H,0 R R
35-49%, 35-49%,

96-99% ee 96-99% ee

Scheme 9.18 Kinetic resolution of terminal epoxides.
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Figure 9.1 Positions for nucleophilic attack on a vinylepoxide.

9.2
Transformations of Vinylepoxides

Vinylepoxides are useful electrophiles that can react with a range of nucleophiles.
Since they are a subset of allylic electrophiles, nucleophilic addition can take place
through Sn2 and Sn2’ attack (Figure 9.1), and the ability to control the regiose-
lectivity is critical. Normally, soft nucleophiles prefer the Sx2’ reaction variant
(Route a), while hard ones participate in Sn2 attacks at the allylic position (Route b)
[84], although several exceptions are known. In these nucleophilic attacks the vinyl
moiety functions as a regiochemical directing element, and attack at C-4 (Route c)
is not normally observed. As the epoxide moiety is a small strained-ring system, it
is perhaps not surprising that vinyloxiranes participate in several useful rearrange-
ment reactions, which are also discussed.

9.2.1
Intermolecular Opening with Oxygen and Nitrogen Nucleophiles

The regiochemistry of ring-opening of vinylepoxides with heteronucleophiles can
be controlled by selecting appropriate reaction conditions. The 1,2-addition prod-
uct is normally formed when the reaction is performed in the presence of Lewis or
protic acids, while Pd(0)-mediated ring-openings generally favor the 1,4-product. A
deviation from this selectivity pattern is found in the Pd(0)-catalyzed [2+3] addi-
tions of isocyanates, carbodiimides, and CO; to vinyloxiranes to give cyclic deriva-
tives of 1,2-amino alcohols and diols.

9.2.1.1 1,2-Additions

Vinyloxiranes can be opened regio- and stereoselectively by alcohols in the pres-
ence of catalytic amounts of Lewis acids. BF3 - Et,O has proven to be the best
catalyst, affording the corresponding 3-alkoxy-4-hydroxy olefins rapidly and in
good yields when equivalent amounts of the epoxide and alcohol are mixed [85,
86]. Similar results have been obtained with catalytic amounts of [Rh(CO),Cl],,
although the exact role of the catalyst is unclear [87, 88]. Both these ring-openings
proceed with inversion of configuration at the allylic stereocenter, and this can also
be accomplished by Lewis acid-mediated addition of acetone, directly affording the
corresponding 1,3-dioxolane [89]. In contrast, Pd(0)-catalyzed opening of vinylep-
oxides followed by treatment with CO; [90] or butylboronic acid [91] affords the
corresponding cyclic carbonate or boronate, respectively, with retention of config-
uration (Scheme 9.19). A key feature in both reactions is that the pronucleophiles
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Scheme 9.19 Palladium-catalyzed opening of vinyloxiranes.
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Scheme 9.20 Dynamic kinetic resolution of racemic epoxide
22.

become anchored to the alkoxide generated by addition of Pd(0) to the oxirane,
followed by intramolecular addition of the oxygen nucleophiles. This feature ex-
plains the observed regio- and stereochemical outcome.

Of particular interest is the recently described Pd(0)-catalyzed dynamic kinetic
asymmetric transformation of racemic vinylepoxides (Scheme 9.20) [92]. Treat-
ment of 22 with p-methoxybenzyl alcohol (PMBOH) with catalysis by
Pd,(dba); - CHCl;, ligand 23, and co-catalyst Et3B, for example, gave 24 in 69%
yield and with 98 % ee (Scheme 9.20). Compound 24 was used as an intermediate
in a synthesis of the nonpeptidic protease inhibitor tipranavir. Several different
types of alcohols have been successfully employed in this reaction, together with
butadiene monoepoxide, isoprene monoepoxide, or their derivatives [93]. For this
process to be successful it is necessary that the equilibration of the diastereomeric
n-allylpalladium complexes — formed by reaction between Pd(0)-23 and 22 -
should be faster than the reaction of these complexes with the nucleophile, thus
allowing for a dynamic equilibrium. The role of the co-catalyst is to control the
regiochemistry by acting as an intramolecular nucleophile transfer agent. Clearly,
this reaction offers an efficient route from simple starting materials to attractive
chiral intermediates [94].

Racemic terminal vinyloxiranes can also be kinetically resolved with water and
the chiral (salen)Co"" complex 21, as already shown in Scheme 9.18 [95].

The regioselective ring-opening of vinyloxiranes by nitrogen nucleophiles offers
an attractive route to vic-amino alcohols, compounds of much recent interest. As
with oxygen nucleophiles, the stereochemistry of the reaction can be controlled by
choice of reaction conditions: aminolysis of 25, for example, affords anti-amino
alcohol 26 in excellent yield and diastereoselectivity (Scheme 9.21) [48, 96, 97], and



9.2 Transformations of Vinylepoxides

NH,

NH,OH P

BnO
OH
26 93%, dr >20:1

Bno/\<(l)\7 —

25 Pd(0), P(Oi-Pr)3 Bnow_{: 1) Na"Cgtig =
TsNCO o KOH BnO

\[(N\TS 2) OH
(6]
28 88%, dr14:1 27 73%

Scheme 9.21 Divergent opening of vinyloxirane 25.

primary and aromatic amines have also been shown to be good nucleophiles in
this reaction [87, 98)]. The regioselectivity is usually excellent, unless the allylic
carbon is quaternary, in which case a mixture of the corresponding 3,4- and
4,3-amino alcohols is obtained. Diastereomer 27 can be obtained from the same
starting material by Pd(0)-mediated opening of 25 in the presence of TsNCO to
give N-tosyl oxazolidinone 28 with retention of configuration [96, 99]. The regio-
chemistry is dictated by the reaction between TsNCO and the intermediate alk-
oxide generated by addition of Pd(0) to 25, while the stereochemistry is the result
of two consecutive Sn2 reactions [100]. Global deprotection of 28 gives syn-amino
alcohol 27. The approach summarized in Scheme 9.21 thus allows stereodivergent
access to vinylic vic-amino alcohols.

Trost’s group has also developed a Pd(0)-catalyzed dynamic kinetic asymmetric
transformation of racemic terminal vinyloxiranes with nitrogen nucleophiles [101,
102]. For this reaction to be successful it is important that the pronucleophile
should contain an acidic N-H bond so as to promote hydrogen bonding to the
oxygen leaving group. With phthalimide as the pronucleophile and butadiene
monoepoxide as the substrate, the Pd(0)-catalyzed transformation afforded the cor-
responding vinylglycinol derivative in high yield and with 98 % ee.

9.2.1.2 1,4-Additions

1,4-Additions of oxygen and nitrogen nucleophiles to vinyloxiranes can be
achieved with Pd(0) catalysis [103, 104]. Acetate, silanols, amines, sulfonamides,
and azide have been used as nucleophiles, and the stereochemical outcome of
these additions, where applicable, is normally the result of two consecutive Sn2
reactions. This is demonstrated by the additions of NaNHTs to vinylepoxides 29
and 30, affording syn- and anti-amino alcohols 31 and 32, respectively, in good
yields and with high diastereoselectivities (Scheme 9.22) [105].
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Scheme 9.22 Pd(0)-catalyzed 1,4-addition of p-toluenesulfona-
mide.
9.2.2

Intramolecular Opening with Oxygen and Nitrogen Nucleophiles

The regio- and stereoselective intramolecular opening of vinylepoxides provides an
efficient route to tetrahydropyran and oxepane systems and has successfully been
applied in several syntheses of natural products, a pertinent example being that of
the neurotoxic marine polycyclic ether brevetoxin B [106-108]. Cyclization of hy-
droxy epoxide 33a under acidic conditions results in tetrahydrofuran 34a as the
sole isomer in excellent yield (Table 9.4, Entry 1). This is the result of a favored
5-exo ring-closure [109, 110], in accordance with Baldwin’s rules [111]. Cyclization
of vinylepoxide 33b, however, gave a mixture of 34b and 35b, in which the product
derived from the 6-endo ring-closure predominated (Entry 2). This trend was also
manifest in the reactions of 33c¢ and 33d, which both gave the corresponding tetra-
hydropyrans 35c and 35d as the exclusive products (Entries 3 and 4). The shift
from the expected 5-exo reaction to the 6-endo variant is clearly due to the in-

Table 9.4 Intramolecular opening of epoxide 33.

H
g\/\L CSA(0.1equiv) g \H(D Ho;Ij
0 oo
1 >0H CH,Cly, -40—25 °C i

R™ "R R' oH R R1O
33 34 35
Entry 33 Ratio 34/35 Yield (%)
1 a R = CH,CH,CO,Me, R' = H 1000:0 94
2 b R = (F)-CH=CHCO,Me, R' = H 40:60 9
3 c¢R=CH=CH,, R'=H 0:100 90
4 d R = CH=CH,, R' = Me 0:100 96

[a] Isolated as the corresponding y-lactone.
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Table 9.5 Intramolecular opening of epoxide 36.

. CSA (0.1 equiv.) HO H
o + R o
R CH.Cly, -40—25 °C B
2Ll 0 HO H

HO

H
36 37 38
Entry 36 Ratio 37/38 Yield (%)
1 a R = CH,CH,CO,Me 0:1001 70
2 b R = (E)}-CH=CHCO,Me 22:78 75
3 c R = CH=CH, 82:18 75
4 d R = (E)-CH=CHCI 92:8 75

[a] Isolated as the corresponding y-lactone.

corporation of a vinyl moiety in 33b-d. In the oxonium ions, formed by protonation
of these species, the n-system can stabilize an electron-deficient orbital at the allylic
position, thus promoting the formation of tetrahydropyrans. It is also clear from
Table 9.4 that the more electron-rich n-systems have stronger effects than electron-
deficient olefins on directing the kinetic cyclizations to the 6-endo reaction path-
way.

In the cyclization of the corresponding cis-epoxides, with the aim of obtaining
the corresponding cis-2,3-disubstituted tetrahydropyrans, a similar trend was ob-
served. For these systems, however, the 6-endo pathway was less favored, which
was ascribed to difficulties in attaining a TS conformation that would allow for
maximum stabilization of the developing p-orbital with the adjacent m-system.
Alternatively, palladium-catalyzed cyclization of the tetrabutylammonium alkoxide
derived from 33b results in the corresponding cis-2,3-disubstituted tetrahydro-
pyran in excellent yield and selectivity (90 %, dr >99:1), while the cis-epoxide gives
stereoisomer 37b (86 %, dr 98:2) [112].

The cyclization of the homologous epoxide 36 under acidic conditions was also
investigated (Table 9.5) [110]. As would be expected, compound 36a reacted by a
6-exo cyclization to give tetrahydropyran 38a (Entry 1). The o,B-unsaturated hy-
droxy epoxide 36b gave a 1:3.5 mixture of oxepane 37b and tetrahydropyran 38b
(Entry 2). Subjection of 36¢ and 36d, which both contain more electron-rich n-
systems, to the reaction conditions resulted in preferential 7-endo cyclization to
give 37c and 37d, thus confirming the powerful regiodirecting effect of the vinyl
moiety (Entries 3 and 4).

In order to improve the selectivities in these reactions, styrylepoxides 39 and 40
were prepared and subjected to acid-catalyzed cyclizations (Scheme 9.23) [113].
Both compounds, however, afforded almost identical mixtures of diastereomeric
oxepanes 41 and 42 (83%, dr 21:79 and 66%, dr 20:80, respectively), while no
tetrahydropyran 43 was formed. Clearly, the additional stabilization provided by
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Scheme 9.23 Acid-catalyzed opening of epoxides 39 and 40.
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Scheme 9.24 Cyclization of epoxide 44.

the phenyl group promotes the cyclization through an allylic cation-like intermedi-
ate in which bond rotation occurs before the desired 7-endo cyclization ensues.

The outcomes of intramolecular cyclizations of hydroxy vinylepoxides in more
complicated systems can be difficult to predict. In a study of the synthesis of the
JKLM ring fragment of ciguatoxin, epoxide 44 was prepared and subjected to acid-
mediated cyclization conditions (Scheme 9.24) [114]. Somewhat surprisingly, the
expected oxepane 45 was not formed, but instead a mixture of tetrahydropyran 46
and tetrahydrofuran 47 was obtained, both compounds products of attack of the C6
and C5 benzyl ether oxygens, respectively, on the allylic oxirane position (C3).
Repetition of the reaction with dimsylpotassium gave a low yield of the desired 45
along with considerable amounts of tetrahydropyran 48.

This result should be compared to the cyclization of the more advanced inter-
mediate 49 (4:1 mixture of isomers at the acetal position; Scheme 9.25), which
afforded the bicyclic oxepane 50 as the sole product in excellent yield. It was sug-
gested that this result was due to the presence of a trans-fused five-membered ring,
which restricts the rotation around the C7-C8 bond and thus promotes the 7-endo
cyclization.
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Scheme 9.25 Cyclization of epoxide 49.

9.2.3
Opening with Carbon Nucleophiles

Addition of carbon nucleophiles to vinylepoxides is of particular importance, since
a new carbon-carbon bond is formed. It is of considerable tactical value that condi-
tions allowing for regiocontrolled opening of vinyloxiranes with this type of nucle-
ophiles have been developed. Reactions that proceed through formation of a m-allyl
metal intermediate with subsequent external delivery of the nucleophile, or that
make use of a soft carbon nucleophile, generally deliver the Sy2” product. In con-
trast, the Sn2 variant is often the major reaction pathway when hard nucleophiles
are employed. In some methods a nucleophile can be delivered selectively at either
the Sn2 or Sn2’ positions by changing the reaction conditions.

9.2.3.1 SN2’ Additions

1,4-Additions of carbon nucleophiles to vinylepoxides are well documented and
can be accomplished by several different techniques. Palladium-catalyzed allylic
alkylation of these substrates with soft carbon nucleophiles (pK, 10-20) proceeds
under neutral conditions and with excellent regioselectivities [103, 104]. The sul-
fone 51, for example, was cyclized through the use of catalytic amounts of
Pd(PPhs)s and bis(diphenylphosphino)ethane (dppe) under high-dilution condi-
tions to give macrocycle 52, an intermediate in a total synthesis of the antitumor
agent roseophilin, in excellent yield (Scheme 9.26) [115, 116].

The use of nonstabilized carbon nucleophiles in this reaction has been rare.
Recently, however, it was shown that lithium ester enolates participate in Pd-cata-
lyzed 1,4-additions to cyclic and acyclic vinyloxiranes, affording the corresponding
6-hydroxy-4-enoates in good yields and with complete regioselectivity [117, 118].

o} TBSO OH
TBSO Pd(PPhj), (10 mol%) «
PhO,S o
b dppe g%g:ol %) PhO,S
MeO,C MeO,C
51 52

Scheme 9.26 Pd-catalyzed cyclization of compound 51.
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Scheme 9.27 Addition of organocuprates to vinylepoxides.

Sn2’-addition of organocopper reagents to vinyloxiranes is a complement to the
Pd(0)-mediated methodology [119]. With cyclic 1,3-diene monoepoxides the reac-
tions generally proceed in high yields and with good to excellent regioselectivities,
affording the corresponding anti-Sy2’ adducts. It should be noted, however, that
the regioselectivity can be influenced both by steric hindrance in the substrate and
by choice of organocuprate reagent. The situation in acyclic systems is more com-
plicated. With substituted acyclic vinylepoxides the Sn2’ pathway is usually
strongly favored, although exceptions are known. Addition of LiMeCu(CN) to ger-
anyl derivatives 53 and 54 affords compounds 55 and 56, respectively, in good
yields and with high diastereoselectivities (Scheme 9.27) [120]. In both reactions
only the (E)-Sn2’ products are detected and the stereochemical outcome is inter-
preted, for stereoelectronic reasons, as the result of anti additions to the corre-
sponding vinylepoxide s-trans conformers. Addition to the trisubstituted deriva-
tives 57 and 58 results in a more complex product distribution [121]: only the Sx2’
products can be detected in both reactions and good anti:syn ratios are achieved,
but the E:Z selectivities are somewhat diminished. The Sn2’ additions of organo-
copper reagents normally proceed with anti stereoselection, which is believed to be
due to favorable interactions between a filled d'° orbital of the reagent and o* and
m* orbitals on the substrate [122]. A qualitative rationale for these seemingly puz-
zling results, based on steric interactions in the reactant-like conformers, has been
presented [119].

Cu(1)-catalyzed kinetic resolutions of racemic, cyclic 1,3-diene monoepoxides
through the use of dialkylzinc [123] or trialkylaluminium reagents [124] have re-
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cently been described, although the efficiencies of these processes are at present
modest.

Intramolecular Sm(11)-mediated coupling of ketones with distal vinylepoxides
results in the corresponding carbocyclic derivatives with good to excellent diaster-
eoselectivity [125]. When the reaction was conducted with enantioenriched sub-
strates the products were obtained with poor ees, indicating low n-facial discrim-
ination in this reaction.

9.2.3.2 Sn2 Additions

The Sn2 reaction variant is often the major pathway when hard nucleophiles are
employed. v,5-Epoxy acrylates can be opened regio- and stereoselectively at the -
position with AlMes/H,0 (Scheme 9.28) [126], and this method has been used for
iterative construction of polypropionate chains and quaternary stereocenters [127].
Interestingly, water is essential for this reaction, probably due to the generation of
monomeric or dimeric Al-O systems with enhanced Lewis acidity, and its exclu-
sion results in prolonged reaction times [128]. Vinylepoxides lacking an alkoxy
substituent in the C-6 or C-7 position are poor substrates in this reaction. Similar
regioselectivities have been obtained with trialkylzincates [129] and with organoli-
thium reagents in the presence of BF; - OEt; [130].

As already seen in Section 9.2.1.1, dynamic kinetic resolution of racemic ep-
oxides with oxygen or nitrogen nucleophiles can be highly efficient. In these cases
the regiochemical outcomes were controlled by intramolecular hydrogen bonding
or by use of Et3B as a transfer agent for the nucleophile. Such strategies are not
applicable with carbon nucleophiles, but it was recently shown that, when racemic
epoxide 63 was treated with Pd(dba); and ligand 23 in the presence of pronucleo-
phile 64, adduct 65 could be obtained in high yield and with excellent ee (Scheme
9.29) [131, 132]. The regiochemical outcome of this reaction was explained in
terms of steric shielding of ligand 23 in the reacting n-allylpalladium complex.

H-O (6 equiv.) OH
96%

MesAl (10 equiv.) W
PN NGEAN
B0 7 7 CO,E BnO ZCOE

Scheme 9.28 Regioselective opening of a vinylepoxide with
Me;AI.

SPh
o 0 Pd,(dba)s-CHClg (1 mol%)

= + /\)J\/U\
/% PhS OEt

23 (3 mol%}),
71%, 94% ee

63 64

Scheme 9.29 Dynamic kinetic resolution of racemic epoxide
63.
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Scheme 9.30 Conversion of vinylepoxide 66 into 3-lactone 68.

Vinyloxiranes can also be converted into B-lactones (Scheme 9.30) [133, 134].
Opening of 66 with Fe,(CO)o resulted in the (n-allyl)tricarbonyliron derivative 67 in
good yield, together with a minor diastereomer (not shown). Oxidative cleavage of
67 then gave B-lactone 68, which was used as a key intermediate in the preparation
of the cholesterol biosynthesis inhibitor 1233A.

Other methods for the regioselective Sx2-opening of vinyloxiranes include intra-
molecular enolate addition for formation of cyclohexane systems [135, 136] and
Friedel-Crafts alkylations [49, 137, 138].

9.2.3.3 Regiodivergent Additions

A valuable addition to the available methods for addition of carbon nucleophiles to
vinyloxiranes are techniques that allow for selective additions to Sn2 and Sy2’
positions. While AlMe; preferentially reacts by the Sn2 pathway, for example,
LiMeCuCN affords the 1,4-addition product [126, 139]. It has also been shown that
the regiochemical outcomes in the addition of dithianes are controlled by steric
factors [140]: sterically unencumbered dithiane anions add by an Sny2 mechanism
while those with a large steric bulk react by the Sx2’ pathway, the regioselectivity
being excellent for both routes. Finally, it is possible to control the regiochemistry
in the addition of ethoxyacetylene to vinylepoxides by varying the counterion of the
nucleophile. When lithium ethoxyacetylide together with BF; - OEt; is employed,
complete Sn2 regioselectivity is observed, while treatment of the same substrate
with the corresponding alkynylalane gives the Sy2’ product [141].

9.2.4
Rearrangement Reactions

Vinylepoxides participate in acid-catalyzed anionotropic rearrangements to afford
aldehydes or ketones in good yields, the ratios depending on the migratory apti-
tudes of the involved groups and the rates of migration (Scheme 9.31) [142, 143].
When R is an allylic, benzylic, or silylethyl moiety, this group migrates and an
aldehyde is normally obtained. With groups of lower migratory aptitude, such as
phenethyl or cyclohexylmethyl, hydride migration to form the corresponding ke-
tone can compete and mixtures are obtained. The reaction proceeds with inversion
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Scheme 9.32 Synthesis of (S)-ibuprofen (69) from vinyl-
epoxide 70; Ar = 4-BuCgHa.

at the quaternary center and the ee of the starting material is normally retained in
the product, although exceptions are known [144].

In a synthesis of (S)-ibuprofen (69) by this methodology, epoxide 70 was treated
with BF; - OEt; in the presence of a reducing agent (Scheme 9.32) [145]. The ini-
tially formed complex 71 is assumed to ring-open selectively to give carbenium ion
72, after which the allyl group migrates with inversion of the original stereochem-
istry at the benzylic position to form aldehyde 73. In situ reduction of 73 then
affords alcohol 74, which is converted into 69 by standard techniques. It should be
noted that, had 71 ring-opened to form the allylic carbonium ion, this species
would have rearranged to give ent-73 and hence ent-74. This result implies a
greater stability of the benzylic cation than of the allylic one, if it is assumed that
the two groups have similar migratory aptitudes.

The aldehydes formed in this rearrangement can be trapped either with nucleo-
philes [146, 147] or, by allowing them to isomerize into the corresponding dieno-
late, with electrophiles (Scheme 9.33) [148]. BF3 - OEt-mediated rearrangement of
epoxide 75 affords aldehyde 76, which can be trapped in situ by the potassium salt
of (Z)-crotyl trifluoroborate to give 77 in good yield and with high dr (Route a). It
was noted that in the absence of an external nucleophile, 76 dimerized to give the
corresponding &-hydroxy-a,B-unsaturated aldehyde. This outcome was interpreted
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Scheme 9.34 Palladium-mediated rearrangement of epoxide
80.

by assuming that the initially formed aldehyde 76 isomerizes into dienolate 78,
with a subsequent reaction between 78 and 76 giving the observed product. In-
deed, after optimization of the reaction conditions, in which Sc(OTf); was identi-
fied as the Lewis acid of choice, it was found that efficient cross-couplings with
several nonenolizable aldehydes could be achieved (Route b) [148]. By employing
imines as electrophiles, this method was developed into an efficient vinylogous
Mannich reaction, affording §-amino-a,B-unsaturated aldehydes [149, 150].

In the presence of catalytic amounts of Pd(0), silicon-substituted vinyloxiranes
can rearrange into the corresponding o-silyl-B,y-unsaturated aldehydes (Scheme
9.34) [151]. Treatment of 80 with Pd(OAc), and P(OPh); results in the formation of
n-allylpalladium complex 81. Bond rotation to give 82, followed by migration of the
silyl moiety, affords aldehyde 83, which is trapped in situ to provide the Felkin-Anh
product 84. The reaction proceeds with retention of configuration and the ee of the
starting material is retained in the product. The size of the silicon substituents is
critical for the outcome of the reaction, as is the choice of ligands on palladium.
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Small groups on silicon favor the formation of the corresponding silyl dienol ether,
formed by a Brook rearrangement of 81, and this reaction pathway is minimized
by employment of P(OPh)s.

Vinylepoxides can also be ring-expanded into the corresponding dihydropyrans
[152], a reaction that generally proceeds with good regio- and diastereoselectivity
[153]. In an efficient synthesis of the furofuran (+)-epiasarinin (85), flash vacuum
pyrolysis (FVP) of 86, to give dihydropyran 87 in good yield and with high selectiv-
ity (cis:itrans 8:1), was used as a key step (Scheme 9.35) [154]. The reaction is be-
lieved to proceed through conrotatory ring-opening followed by a disrotatory cycli-
zation to give the observed product.

9.2.5
Hydrogenolysis

Pd(0)-catalyzed hydrogenolysis of vinylepoxides offers an attractive regio- and dia-
stereoselective route to homoallylic alcohols (Scheme 9.36) [104, 155, 156]. Thus,
hydrogenolysis of (E) olefin 88 affords syn isomer 89 with inversion of configura-
tion at the allylic carbon, while subjection of (Z) isomer 90 to identical reaction
conditions results in the anti isomer 91. The outcomes of these reactions are ex-

Pd,(dba)3CHCl3, n-BugP

0.0 0._.0O
ZCO,Et  HCOzH, E3N, dioxane Z > CO,E

0 91% OH
88 89

% Pd,(dba)sCHCls, n-BusP % )
5L CO,Et 5 ) . GOt
= HCO,H, Et3N, dioxane W

0 89% OH
920 91
Scheme 9.36 Hydrogenolysis of vinylepoxides 88 and 90.
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Scheme 9.37 lterative hydrogenolysis of vinylepoxides;
R = TBDMS.

plained by assuming attack of Pd(0) on each vinylepoxide to form the correspond-
ing m-allylpalladium intermediate. Displacement of a ligand from this complex
with formate anion gives a new w-allylpalladium formate complex, which under-
goes a decarboxylation/hydride transfer. The hydride is then intramolecularly de-
livered to the sterically most hindered position of the n-allylpalladium moiety, giv-
ing the product with inversion of the stereochemistry at the allylic position. In the
case of the (Z) olefins, the initially formed anti n-allylpalladium complex isomer-
izes through a n-0-1 mechanism to the thermodynamically more favored syn com-
plex, and decarboxylation/hydride transfer from this intermediate gives the prod-
uct with retention of stereochemistry [157].

Both the solvent and ligand were found to play pivotal roles in the reaction. In
dioxane the byproduct formation was minimized while acceptable rates and yields
were retained. In these studies it was also shown that both n-BusP and Ph;P are
efficient ligands for the hydrogenolysis, but it is important that the ligand:Pd(0)
ratio be kept below 1 [158].
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When hydrogenolysis of vinylepoxides is used sequentially, it allows for the con-
trolled formation of 1,3-polyols. In the synthesis of the C11-C23 fragment 92 of
preswinholide A, hydrogenolysis of (E) olefin 93 gave the syn isomer 94 (Scheme
9.37) [159]. Methylation, reduction, epoxidation, oxidation, and olefination of this
material then gave vinylepoxide 95, which was subjected to hydrogenolysis to af-
ford 96 in excellent yield. Repetition of this sequence ultimately afforded the de-
sired derivative 94.

As an interesting complement to the above technique, vinyloxiranes can be re-
duced with SmI, to give the corresponding (E)-allylic alcohol [160].

9.3
Conclusions

Excellent techniques for the enantioselective synthesis of vinylepoxides are now
available. Depending on the substrate structure, a range of synthetic strategies can
be employed. In view of the impressive progress in this area, it can be foreseen that
the scope of the methods, preferentially efficient one-step processes, should be
expandable to encompass broader ranges of substrates. Vinylepoxides have been
used as substrates in a number of interesting transformations. As they are ambi-
dent electrophiles, much of their chemistry is concerned with controlling the re-
giochemistry in nucleophilic addition reactions, and conditions for achieving this
are available for both hetero- and carbon nucleophiles. An interesting area of devel-
opment is the Pd(0)-mediated dynamic kinetic resolution of racemic vinylepoxides
in the presence of suitable pronucleophiles, allowing for highly efficient routes,
with high enantioselectivities, from simple starting materials to complex struc-
tures.

The developments highlighted in this chapter show that vinylepoxides are read-
ily available starting materials. Several techniques for their regio- and stereose-
lective synthesis and derivatization exist, and it is consequently to be expected that
the use of vinylepoxides as substrates in organic synthesis will increase.
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The Biosynthesis of Epoxides

Sabine Griischow and David H. Sherman

10.1
Introduction

Epoxides are found in thousands of biological molecules and constitute vital func-
tional entities. They can impart localized structural rigidity, confer cytotoxicity
through their role as alkylating agents, or act as reactive intermediates in complex
synthetic sequences. The widespread occurrence of epoxides is contrasted by only
a handful of aziridines that are known to date. In this chapter we would like to
introduce the different mechanisms by which enzymes produce epoxides.

The majority of epoxides are derived from reactions with molecular oxygen.
However, dioxygen is kinetically inert towards organic molecules in the absence of
a suitable catalyst. This stems from the electron distribution within O,. In the
ground state, dioxygen has two unpaired electrons in the 2n* orbitals (triplet oxy-
gen). Organic molecules, on the other hand, usually have paired electrons and
hence exist in singlet ground states. Reactions between singlet-state molecules and
triplet-state molecules to give products with paired electrons are spin-forbidden, so
enzymes need to provide mechanisms through which to adjust the spin states of
0, or of its substrates. Transfer of a single electron to *0, to give superoxide is a
spin-allowed reaction, for example. The reductant can be a metal or an organic
molecule with an accessible radical form and the resulting superoxide can then
participate in one- or two-electron reactions [1, 2].

It may be helpful to clarify a few points regarding enzyme terminology before we
start. In this chapter we refer to enzymes that catalyze the formation of epoxides as
epoxidases. The same term is also used occasionally in the literature to describe
epoxide-hydrolyzing enzymes. Oxidases are enzymes that perform reactions re-
sulting in a net oxidation of the substrate, whereas oxygenases are a subset of this
family that insert oxygen into their substrate molecules. Mono- and dioxygenases
are defined by transferring one or two atoms, respectively, from molecular oxygen
into their substrates.

Aziridines and Epoxides in Organic Synthesis. Andrei K. Yudin
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31213-7
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10.2
Cytochrome P450 Monooxygenases

10.2.1
Mechanism of Cytochrome P450 Monooxygenases

Cytochrome P450 monooxygenases are characterized through the presence of the
heme (protoporphyrin IX) prosthetic group (Scheme 10.1) that is coordinated to
the enzyme through a conserved cysteine ligand. They have obtained their name
from the signature absorption band with a maximum near 450 nm in the differ-
ence spectrum when incubated with CO. The absorption arises from the Soret n—
T* transition of the ferrous protoporphyrin IX-CO complex.

Cytochrome P450s are ubiquitous in both eukaryotic and prokaryotic cells and
catalyze a large number of different reactions. The reactions cytochrome P450 en-
zymes are probably best known for are hydroxylations. Liver microsomal P450s,
for example, play a crucial role in the metabolism of hydrophobic xenobiotics.
Through the addition of hydroxy groups these compounds are rendered water-
soluble and can subsequently be excreted. A large proportion of P450 enzymes,
particularly of eukaryotic origin, are membrane-bound and are thus very challeng-
ing to isolate and purify. Most of the mechanistic investigations have therefore
been carried out with the soluble P450cam (Scheme 10.2), a bacterial P450 mono-
oxygenase from Pseudomonas putida. P450cam is readily purified in sufficient
quantities for biochemical investigations and it is also the first enzyme of its class
for which the crystal structure has been solved [3].

The overall hydroxylation or epoxidation reaction catalyzed by cytochrome P450s
involves the insertion of one oxygen atom, derived from molecular oxygen, into a
C-H bond or into the n-system of an olefin, with the concomitant reduction of the

1
m\

HO,C COLH

Scheme 10.1 Structure of the heme prosthetic group.
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Scheme 10.2 Cytochrome P450cam-catalyzed hydroxylation of
camphor.

Mitochondrial and bacterial system:

NAD(PH —» [FAD] —_ [Fes-So) _— P450
Ferredoxin Ferredoxin
reductase

Microsomal system:

NADPH — = | [FAD —— = FMN] | — | pas0

NADPH-cytochrome P450 reductase

Scheme 10.3 Electron-transport systems associated with
cytochrome P450 monooxygenases. Arrows indicate electron
transfer.

other oxygen atom to water. The electrons needed to reduce the second oxygen
atom have to be supplied through an electron-transport system, with NAD(P)H as
the ultimate reducing agent. Most bacterial and mitochondrial P450s utilize a two-
component system that consists of a flavoprotein whose FAD cofactor will accept
the two-electron reducing equivalent from the nicotinamide substrate, and an iron-
sulfur protein that will relay one-electron equivalents from reduced flavin to the
P450 enzyme (Scheme 10.3). In contrast, microsomal P450s utilize a single fla-
voprotein containing both FAD and FMN as cofactors to transfer the electrons
from NAD(P)H to the heme. In both systems, the individual components usually
reside on different polypeptide chains. However, there are some exceptions to this
rule, mostly of bacterial origin, in which the reductase is fused to the P450 to form
a single, self-sufficient enzyme. The first such example to be discovered is P450
BM3 from the bacterium Bacillus megaterium. P450 BM3 is responsible for long—
chain fatty acid oxidation and, in fact, best resembles a ligated microsomal P450
system [4].

The P450 reaction cycle (Scheme 10.4) starts with four “stable” intermediates
that have been characterized by spectroscopic methods. The resting state of the
enzyme is a six-coordinate, low-spin ferric state (complex I) with water (or hydrox-
ide) coordinated trans to the cysteinate ligand. The spin state of the iron changes to
high-spin upon substrate binding and results in a five-coordinate ferric ion (com-
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plex II) through loss of the water ligand. The increase in redox potential of the
heme upon transition to the high-spin state facilitates electron transfer from the
electron-transport system to form complex III. Molecular oxygen binds to the fer-
rous iron complex III to give the oxo-ferric species IV. One more electron is then
transferred from the electron-transport system, followed by addition of two pro-
tons with concomitant release of water and generation of a high-valent oxo-iron
species (complex VII). This species is most commonly depicted with a porphyrin
radical cation as shown in Scheme 10.4. The reduction step that yields complex V
represents the rate-limiting step of the reaction cycle.

When working with new P450 monooxygenases, particularly from less studied
organisms, the associated electron-transport system is frequently unknown. In the
absence of this electron-transport system, the cytochrome P450 enzyme is only
capable of catalyzing a single turnover in vitro which is inadequate for many bio-
chemical studies. However, there are ways to circumvent the issue of finding the
endogenous reductase. Firstly, the endogenous electron-transport system can
sometimes be substituted by one from a different organism (the commercially
available spinach ferredoxin/ferredoxin reductase pair is frequently used). Sec-
ondly, numerous oxygen atom donors can replace the two electrons from
NAD(P)H as well as O, by directly reacting with the high-spin ferric heme (com-
plex II) to give the reactive iron-oxo species VII (Scheme 10.4). These oxygen do-
nors include oxidizing agents such as alkyl peroxides, peracids, sodium chlorite,
and sodium periodate. Lastly, some P450 enzymes are able to accomplish turnover
in the presence of peroxide by the peroxide shunt shown in Scheme 10.4.

Most studies on the mechanism of oxygen insertion from the iron-oxo inter-
mediate into the substrate have dealt with the hydroxylation of alkanes. There is
still ongoing debate over whether the reaction proceeds through a substrate cation
or radical intermediate, and there is evidence for each pathway. The same is true
for the cytochrome P450-catalyzed epoxidation of double bonds. It has to be noted
that the same cytochrome P450 enzyme is often capable of performing both hy-
droxylation and epoxidation reactions depending on the nature of the substrate —
the oxygen may be inserted into the C-H ¢ bond of an alkane to give a hydroxy-
lated product or it may be inserted into the © bond of an olefin to yield the epoxide.
Also, there is some indication that maybe both radical and cationic mechanisms
can apply for the same P450 enzyme and that the major pathway chosen may
primarily depend on the nature of the substrate under investigation [1]. As for the
mechanism of epoxidation specifically, the initial step is thought to be the forma-
tion of a charge-transfer complex between the oxo-iron species VII and the olefin
(Scheme 10.5) [5, 6]. Oxygen insertion occurs with retention of configuration; a cis-
olefin, for example, will give a cis-epoxide. Even though this is consistent with a
concerted mechanism, a stepwise mechanism is also possible [1, 6]. Electron trans-
fer within the charge-transfer complex would initially give a substrate-centered
radical cation, which could then proceed to give a radical or cationic 6-complex [6].
The stepwise process is supported by the observation that epoxidation of some
olefins yields side products; terminal olefins, for example, can act as suicide sub-
strates through formation of an irreversibly N—alkylated porphyrin with concomi-
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tant demetalation [7, 8]. The porphyrin adduct is not produced exclusively, but
alongside the epoxide (Scheme 10.6). Trichloroethylene, on the other hand, mainly
yields trichloroacetaldehyde whereas the epoxide is formed in small amounts.
More importantly, trichloroethylene oxide is not a precursor for aldehyde forma-
tion [9]. The formation of the porphyrin adduct can be explained equally well by
radical or cationic intermediates, but the presence of a cationic intermediate better
accounts for group migration (Scheme 10.6).

Cytochrome P450 enzymes have been the subject of a number of recent reviews
in which their mechanism and scope of action are covered in much detail [1, 6, 10,
11]. The reader is referred to these articles for a more thorough account of the
mechanism and reactivity of cytochrome P450 enzymes, while we present a few
representative examples of cytochrome P450-catalyzed epoxidation below. The en-
zymes we chose are all involved in the biosynthesis of polyketide natural products.
Polyketides are a large, structurally diverse family of compounds and have pro-
vided a wealth of therapeutically useful drugs and drug leads.

10.2.2
Epothilones

Epothilones — such as paclitaxel (Taxol®), cryptophycin, and laulimalide (Scheme
10.7) — exhibit strong cytotoxicity by stabilizing microtubule arrays resulting in
G2-M arrest, apoptosis, and cell death [12, 13]. The major advantage of epothilone
over paclitaxel is its potency against P—glycoprotein-expressing multiple-drug-re-
sistant cell lines [14]. This activity has made epothilone and its derivatives very
attractive for further investigation as anticancer agents [13, 15]. Biosynthetically,
epothilones originate from a hybrid polyketide synthase (PKS)/nonribosomal pep-
tide synthetase (NRPS) system in which the 16-membered macrolactone core is
solely PKS-derived whilst the pendant thiazole moiety stems from the NRPS por-
tion.

The epothilone gene cluster has been identified and isolated from the myxo-
bacterium Sorangium cellulosum [16, 17]. As PKS- and NRPS-derived natural prod-
ucts constitute a large class of bioactive compounds, we will use the example of
epothilone to demonstrate the biosynthetic logic by which the core structures are
assembled. In essence, PKS-derived compounds are formed through the polymeri-
zation of acetate units, whereas NRPS-derived compounds are oligopeptides. Both
PKSs and NRPSs act as multifunctional enzyme complexes in which all of the
intermediates are covalently attached to the protein. The final product is thus as-
sembled from a starter molecule in repetitive elongation steps, during which the
intermediates are passed down the enzymatic assembly line. In this process, mod-
ules are those entities responsible for catalyzing one cycle of elongation, whilst
domains are the individual catalytic units, each with its specific function. The
linear product obtained in this fashion is typically cleaved from the enzyme
through cyclization to form the macrolactone. Other PKS or NRPS systems release
their products through hydrolysis or reductively to yield linear products. This core
structure can then be further modified through tailoring enzymes such as methyl-
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transferases or glycosyltransferases. For a more detailed discussion on PKS,
NRPS, or hybrid PKS/NRPS systems the reader is referred to references [18-20].

The biosynthesis of epothilone is outlined in Scheme 10.8. Briefly, the aglycone
is synthesized by loading of an acetyl starter unit on the first PKS module. The
downstream NRPS module then attaches cysteine to the starter unit, with concom-
itant dehydration and oxidation of the formed thiazoline ring to produce a thiazole
moiety. The remaining steps leading to the aglycone are carried out by several
multimodular PKS enzymes to give epothilone D. A gene encoding a cytochro-
me P450 enzyme (P450epoK) is also found in the cluster. P450epoK was shown to
convert epothilone D to epothilone B in vitro by epoxidation of the C12=C13 dou-
ble bond.[17] Spinach ferredoxin and spinach ferredoxin:NADP* oxidoreductase
were capable of replacing the unidentified endogenous electron-transport system
necessary for turnover. P450epoK has been crystallized in the absence and in the
presence of substrate or product and represents the only instance of a cytochro-
me P450 enzyme with native epoxidase activity for which the structure has been
solved.[21] The closest homologue of P450epoK with a known structure is the
cytochrome P450 hydroxylase from the erythromycin pathway, P450eryF [22], that
is responsible for the introduction of the C6 hydroxy group into the macrolide ring
(Scheme 10.9) [23, 24]. The overall fold of P450epoK is the same as for other P450
enzymes. Major differences, however, are observed in the substrate-binding
pocket: the volume of the active site cavity in P450epoK is significantly greater than
that in P450cam [25, 26] (240 A® in P450cam and 1060 A in P450epoK) to accom-
modate the much larger substrate.

In both P450eryF and P450epoK the substrates are oriented roughly perpendicu-
lar to the heme plane. However, the macrolide ring system of epothilone is rotated
by approximately 90° relative to erythromycin in order to accommodate the thia-
zole substituent. Most of the hydrogen bonds between the protein and its ligand
are mediated through water molecules. Amino acids lining the recognition pocket
are mainly small, nonpolar residues such as alanine or glycine. One notable excep-
tion is the Arg71 residue of P450epoK. This amino acid provides the only side-
chain involved in the hydrogen bonding network, whereas the other interactions

Scheme 10.8 Biosynthesis of epothilone. Individual PKS >
domains are represented as circles and individual NRPS
domains as hexagons. Acyl carrier proteins (ACPs) and thiola-
tion domains (T) are posttranslationally modified by a phos-
phopantetheinyl group to which the biosynthetic intermediates
are covalently bound throughout the chain assembly. The
thioesterase domain (TE) cyclizes the fully assembled carbon
chain to give the 16-membered lactone. Following dehydration
of C12—C13 to give epothilones C and D, the final step in epo-
thilone biosynthesis is the epoxidation of the C12=C13 double
bond by the cytochrome P450 enzyme P450epoK. KS: ketosyn-
thase; KS(Y): active-site tyrosine mutant of KS; AT: acyltransfer-
ase; C: condensation domain; A: adenylation domain;

ER: enoyl reductase; DH: dehydratase; KR: ketoreductase;

MT: methyltransferase; Ox: oxidase.
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Epothilone D

Figure 10.1 Conformation of epothilone D bound in the
P450epoK active site. The figure was prepared from PDB entry
1PKF using Swiss-PdbViewer [27]. The heme prosthetic group
is shown with its cysteinate ligand (Cys365) bound. For clarity,
amino acids lining the active site have been omitted apart
from Phe96.

all involve the protein backbone. The aromatic ring of Phe96 and the thiazole ring
are suitably positioned for n-r stacking. This interaction, together with the Arg71
hydrogen bond to the thiazole ring (mediated by a water molecule), is likely to be
critical for substrate specificity. As can be seen in Figure 10.1, the C12=C13 double
bond of epothilone D is close to the iron site with the n-system perpendicular to
the heme plane. This orientation is perfectly suited for oxygen insertion by the oxo-
iron species (complex VII in Scheme 10.4) and also accounts for the stereochem-
ical outcome of the reaction.

From the active site topology it seems that there is room for substrate flexibility.
Indeed, experiments with the closely related P450eryF have demonstrated that
some substitutions within the macrolactone ring of the substrate are possible [28];
for example, reduction of the C9 oxo to the hydroxy group is well tolerated. How-
ever, any changes with impact on the overall conformation of the substrate, thus
changing the trajectory between the reactive C-H bond and the iron-bound oxy-
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gen, decrease the reactivity significantly [28]. In a different study, a single amino
acid substitution, A245T, conferred the ability to oxidize sterols on P450eryF [29].
This example serves to demonstrate that simple changes can significantly alter the
substrate specificity of P450 enzymes. It should be possible to apply the same
strategy to other cytochrome P450 monooxygenases such as P450epoK in order to
obtain catalysts for the epoxidation of complex molecules.

10.2.3
Mycinamicin

Mycinamicin IT (Scheme 10.10) is a 16-membered macrolide antibiotic with strong
antibacterial activity against Gram-positive bacteria. The gene cluster responsible
for the biosynthesis of mycinamicin has been isolated from the actinomycete Mi-
cromonospora griseorubida [30]. It incorporates the expected type I PKS genes as
well as genes responsible for the biosynthesis of the sugar substituents and those
responsible for other tailoring functions including the cytochrome P450 homo-
logue mycG. Mycinamicin I (Scheme 10.10) is isolated from Micromonospora gri-
seorubida alongside mycinamicin II at a ratio of 1:5. The two compounds differ
from each other in that the latter contains a hydroxy group at C14 that is missing
in mycinamicin I.

Bioconversion studies in Micromonospora griseorubida have led to a biosynthetic
scheme in which the mycinamicin aglycon is first glycosylated with desosamine at
the C5 hydroxy group, C21 is then hydroxylated, and the didesmethylmycinose is
subsequently attached to the newly formed hydroxy group. Methylation of this
sugar gives mycinamicin IV [31]. Hydroxylation at C14 and epoxidation of the
C12=C13 double bond were studied with a mutant strain of the producing organ-
ism that accumulated mycinamicin IV [32]. Mycinamicin IV differs from the final
product mycinamicin II in that it lacks both the C14 hydroxy group and the C12—
C13 epoxide. Introduction of the cytochrome P450 gene mycG alone was sufficient
to restore the production of mycinamicins I and II, at the same relative ratio as
observed in the wild-type organism [32]. It can therefore be concluded that the
mycG product, P450mycG, harbors both hydroxylation and epoxidation func-
tions.

To account for the presence of mycinamicin I and mycinamicin II, two separate
pathways starting with mycinamicin IV (“upper” and “lower” pathway in Scheme
10.10) can be envisaged. Binding of mycinamicin IV to P450mycG brings either
the C14—H bond or the m-system of the C12=C13 double bond into close proximity
to the heme iron. The former substrate orientation results in the hydroxylated
product mycinamicin V, whereas the latter substrate orientation results in the
epoxidized product mycinamicin I. Mycinamicin V is also a substrate for P450-
mycG and is epoxidized to the main product mycinamicin II. The epoxide mycina-
micin I, however, is a poor substrate for the cytochrome monooxygenase and
hence also accumulates in the producing organism. The bifunctionality of P450-
mycG therefore seems to arise from a certain plasticity of its active site towards the
nature of the substrate and towards orientation of the substrate.



363

10.2 Cytochrome P450 Monooxygenases

11 UIDIWBUIDARN

OH

“asouAw AP\ ‘auliesosap :saQg
'sisayjuksolq upiweudAw ul sdajs [euly QL'QL dwayds

| UIWEeUIBAR

/ Al UDIWeudARN

A upiweunAp

c e




364

10 The Biosynthesis of Epoxides

Apart from its bifunctionality, P450mycG also differs from P450epoK discussed
above in the size of the substrate it utilizes. Whereas P450epoK epoxidizes a non-
glycosylated macrolactone, P450mycG acts on a glycosylated macrolactone. This
requires the active site of P450mycG to be significantly larger than that of P450-
epoK in order to accommodate the bulky sugar substituents. In this respect,
P450mycG is similar to P450eryK from erythromycin biosynthesis (Scheme 10.9)
as the latter also acts on the glycosylated macrolide ring to introduce the C12
hydroxy group. P450eryK should not be confused with P450eryF, also mentioned
above, for which the crystal structure has been solved.

10.2.4
Griseorhodin A

Griseorhodin A is a member of the rubromycin family of compounds (Scheme
10.11), most of which are strong inhibitors of human telomerase and of retroviral
reverse transcriptase [33, 34]. The presence of the rarely observed spiroketal moiety
gives the structure an axial chirality and has been shown to be very important for
the biological activity of these compounds [33]. The biosynthetic gene cluster of
griseorhodin A has been isolated from the bacterium Streptomyces sp. JP95, found
associated with the marine invertebrate Aplidium lenticulum [35]. Unlike the type I
PKS-derived macrolide antibiotics discussed above, the core structure of the ru-
bromycin family of natural products is biosynthesized by iteratively acting type II
PKS systems. Type II PKSs catalyze Claisen condensations by a single discrete
ketosynthase that is used repetitively on the growing polyketide chain. The chain
extensions occur without reductive steps and the final polyketide product is ar-
omatized and released from the ACP with the assistance of accessory enzymes (see
[36] for a review on type II PKSs).

A possible biosynthetic pathway to griseorhodin A is outlined in Scheme 10.12.
The most striking feature in the biogenesis of all rubromycin antibiotics is un-
doubtedly the formation of the spiroketal moiety. Formation of the spiroketal is
accompanied by loss of two carbon atoms from a polyketide intermediate such as
collinone or a closely related compound [37, 38]. The a-hydroxyketone formed after
loss of the two-carbon unit is a likely intermediate in the biosynthetic pathway of
the rubromycin family of natural products. Ketal formation from this precursor
would provide a suitable substrate for epoxidation of the olefin to give griseorho-
din A. The gene cluster contains a gene pair encoding for a cytochrome P450 and
for a ferredoxin. The associated gene products are the best candidates for the
epoxide formation and a dedicated electron-transport system, respectively [35]. The
epoxidation in griseorhodin A biosynthesis probably occurs at a late stage. In this
way, the same assembly logic can be applied to all rubromycins with the structural
variations between the individual members being evoked through the action of a
small set of tailoring enzymes.
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Scheme 10.12 Proposed biosynthetic pathway leading to
griseorhodin A.
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10.2.5
Hedamycin

The rubromycins constitute an unusual structural class, due to the presence of the
spiroketal moiety. A more typical example of a type II PKS-derived natural product
is the antitumor agent hedamycin (Scheme 10.13) [39, 40]. Hedamycin belongs to
a family of closely related compounds, the pluramycins. These antibiotics have the
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O  Scheme 10.13 Structures
of hedamycin and its
type Il PKS-derived
precursor.
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tetracyclic core structure in common but differ in the natures of their sugar sub-
stituents and in the identities of the alkyl sidechains.

The most unusual feature of the hedamycin biosynthetic pathway is the coopera-
tion of type I and type II PKS systems to provide the aglycone. An iteratively acting
type I PKS is implicated in synthesizing the hexenoate moiety utilized as the
starter unit for the type II PKS system [41]. The hexenyl group also provides the
double bonds for installment of the two epoxide rings. The timing of the epoxida-
tion or the identity of the enzyme(s) involved have not yet been established experi-
mentally, but two candidate genes responsible for the epoxidations can be assigned
through analysis of the hedamycin gene cluster isolated from Streptomyces griseor-
uber [41]. The first gene encodes a cytochrome P450 homologue and the second a
flavin-dependent monooxygenase; the latter enzyme class is discussed in Sec-
tion 10.3. The point that remains to be clarified is whether two different enzymes
are indeed involved in carrying out the individual oxygenations. With both sites of
epoxidation so close to each other it seems at least intuitively possible that just one
enzyme might suffice. This would be a situation similar to that seen in mycinami-
cin biosynthesis where P450mycG catalyzes two oxidations at neighboring posi-
tions.

10.3
Flavin-dependent Epoxidases

10.3.1
Squalene Epoxidase

Sterols, produced by most eukaryotes and a handful of bacteria, are vital compo-
nents of cell membranes (cholesterol in mammals and ergosterol in fungi, for
example) and are also important signaling molecules or hormones (such as brassi-
nosteroids in higher plants) [42—44]. The biosynthetic pathway leading to different
sterols is a branch of the isoprenoid pathway and is initially shared by all eukar-
yotes but diverges after the synthesis of 2,3-oxidosqualene. This compound is pro-
duced through epoxidation of the triterpenoid squalene by the enzyme squalene
epoxidase (also referred to as 2,3-squalene monooxygenase) as shown in Scheme
10.14, and is the direct precursor for cyclization to give the sterol framework [43,
45]. For cyclization, the triterpenoid precursor is molded into prechair and preboat
conformations. Opening of the epoxide gives a tertiary cation ideally placed for
electrophilic addition to the C6=C7 double bond initiating a series of ring-forming
reactions [46]. Interestingly, bacterial squalene cyclization is an anaerobic process;
instead of using an epoxide to generate the initial carbocation, bacterial squalene
cyclases protonate the C2=C3 double bond of squalene [46]. Squalene epoxidases
from different organisms can be selectively inhibited [47, 48] which has resulted in
the development of antifungal agents such as the allylamine terbinafine [49]. Fur-
thermore, human squalene epoxidase is being investigated as a target for the de-
sign of hypercholesterolemic drugs [50].
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Scheme 10.15 Chemical structures of FMN and FAD.

Squalene epoxidase, like most enzymes responsible for the later steps of sterol
biosynthesis [43, 51], is membrane-bound which makes its purification in native
form challenging. The purification is additionally complicated by the presence of a
large number of cytochrome P450 and other enzymes that have similar hydro-
phobicity and size as squalene epoxidase and are hence difficult to remove [52].
Most studies have been carried out with rat liver microsome squalene epoxidase
either partially purified or as a homogenate of the cell membrane fraction. In vitro
reconstitution of squalene epoxidase activity is absolutely dependent on molecular
oxygen, NADPH, FAD, and NADPH-cytochrome c reductase [52, 53]. In this re-
spect, squalene epoxidase resembles the cytochrome P450 enzymes described
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above. Instead of the heme-iron prosthetic group, however, squalene epoxidase
utilizes flavin for activation of molecular oxygen [54, 55].

Flavin-dependent enzymes, or flavoproteins, constitute a large family of en-
zymes with a multitude of activities reflecting the chemical versatility of the flavin
cofactor. Two chemically distinct forms of flavin — flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD, Scheme 10.15) — exist, and most enzymes
will discriminate between them. Apart from electron-transport reactions, flavopro-
teins are involved in dehydrogenations, hydroxylations, and disulfide reductions
to name but a few [56]. In contrast to the nicotinamide cofactors, which are obli-
gate two-electron donors/acceptors, or cytochrome P450s, which are obligate one-
electron donors/acceptors, flavins can act as both one- and two-electron donors/
acceptors (Scheme 10.16). The cytochrome P450 electron-transport systems (Sec-
tion 10.2.1) make use of this property to enable communication between the
NAD(P)H donor and the cytochrome P450 acceptor. Flavoprotein monooxygena-
ses are characterized by the use of NAD(P)H to reduce enzyme-bound FAD and by
the subsequent reaction of reduced flavin with molecular oxygen to form the C4a
peroxide via a caged radical pair [56]. Flavin peroxide in its deprotonated form is a
good nucleophile and is used, for example, by bacterial luciferase. Bacterial luci-

T T
N N 0 N Ni=.20
(/' NH N\ i} | NH
N NAD(P)* H
0O 0
Q

Reduced flavin anion

R

1!1 Ngo 20 H* /N o}
TILT b
NH ‘7_ L NH

¢} 0O

Z—1

o=z
I=

Flavin radical anion Neutral flavin radical

Scheme 10.16 Redox cycle of flavins. The cycle is depicted
with a two-electron reduction of flavin by NAD(P)H and two
one-electron oxidations.
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Scheme 10.17 Reaction cycle of the flavin-dependent squalene
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ferases catalyze the oxidation of long-chain aldehydes to the corresponding acids
with concomitant emission of light [57, 58]. Flavin peroxide in its protonated form,
on the other hand, is a good electrophile and is employed in, for example, aromatic
hydroxylases. Aromatic hydroxylases introduce additional hydroxy groups into
phenols and play an important role in soil detoxification [59]. In bifunctional fla-
voprotein monooxygenases both FAD and NAD(P)H are bound on the same poly-
peptide chain [56]. The term “bifunctional” refers to the ability of these enzymes to
generate the reduced flavin and to perform the oxidation of the substrate at the
same time. Monofunctional flavoprotein monooxygenases, on the other hand, re-
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quire an external factor to produce the reduced flavin [56]. This factor is another
flavoprotein, NAD(P)H:flavin reductase.

Let us return to the specific case of squalene monooxygenase. It was found that
FAD binds to the enzyme with a dissociation constant in the low micromolar
range [54, 55]. The reducing equivalents are mediated through NADPH-cytochro-
me c reductase and, as already indicated above, this component is absolutely re-
quired to reconstitute epoxidase activity in vitro [52, 53]. As such, squalene epox-
idase is related to monofunctional flavoprotein monooxygenases but makes use of
an unusual redox partner. A tentative reaction mechanism is shown in Scheme
10.17. After electron transfer from the associated reductase oxygen binds to the
reduced flavin to form the peroxide as is observed for other flavin-dependent
monooxygenases. This represents the reactive oxygen species. The subsequent
steps in the reaction cycle are analogous to those of aromatic hydroxylases. The
distal oxygen of the peroxide is inserted into the n-system of the substrate olefin
and oxidized flavin is regenerated through loss of water. No detailed mechanistic
studies have yet been carried out, hence it is not known whether oxygen insertion
occurs in a concerted fashion or if it is a stepwise process. Knowledge about the
three-dimensional structure of squalene epoxidase could shed light on these ques-
tions; no crystal structure has been solved yet, but progress is being made in
identifying residues involved in FAD and in substrate binding by site-directed
mutagenesis and photoaffinity labeling with substrate analogues [54, 60]. These
studies should help in elucidating the active site geometry.

To summarize, squalene epoxidase is a flavoprotein capable of catalyzing the
insertion of oxygen into the 2,3-double bond of squalene to give 2,3-oxidosqualene,
with the second oxygen atom from O, being reduced to water. The reducing equiv-
alents necessary for this transformation are relayed from NADPH through
NADPH-cytochrome c reductase to the flavin cofactor of the epoxidase.

10.3.2
Styrene Epoxidase

A number of microorganisms (Pseudomonas, Nocardia, Xanthobacter species and
others) are capable of utilizing styrene as the sole source of carbon. Two catabolic
pathways for styrene have been described: the first involves epoxidation as the first
step (Scheme 10.18), while the second pathway starts with the dihydroxylation of
the aromatic ring [61, 62]. Epoxidation of styrene in the Gram-negative bacterium
Pseudomanas is achieved through a two-component system consisting of a flavin-
dependent monooxygenase (StyA) and a dedicated NADH:flavin reductase (StyB)
[63-65]. Epoxide formation is likely to proceed as shown for squalene epoxidase in
Scheme 10.17. The StyA-catalyzed epoxidation of styrene yields (S)-epoxystyrene in
over 99 % enantiomeric excess [66]. The main differences from the squalene epox-
idase system are the class of flavin reductase employed and the fact that StyA and
StyB are soluble proteins and not membrane-bound. The NADH:flavin reductase
StyB is unusual in that it seems to bind FAD after NADH has bound to the en-
zyme [64]. Typical flavoproteins bind their flavin cofactor very tightly, so that it
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Scheme 10.18 First steps in the degradation of styrene.

actually copurifies with the enzyme [67]. This is not the case for squalene epox-
idase [68], styrene epoxidase, and StyB [64]. Investigation into the kinetics of
StyAB-catalyzed epoxidation has resulted in a model in which StyB reduces FAD to
FADH, which diffuses to the monooxygenase StyB where it serves to activate O,
for epoxide formation [64]. This model is controversial, however, and will need to
be further substantiated as free FADHj is very reactive towards molecular oxygen
[56, 67].

Styrene is also metabolized by eukaryotes [69-71]. In mammals, styrene metabo-
lism serves primarily to counteract the toxic effects of styrene [71], whereas a few
fungal strains can utilize the compound as carbon source for growth [70]. The
toxicity of styrene and its metabolite epoxystyrene in humans, combined with its
widespread use as a precursor in the manufacturing of polymers, has spurred
efforts to utilize bacterial and fungal cells for bioremediation. Even though the first
step of styrene metabolism in eukaryotes is also the formation of the epoxide,
fungal and mammalian cells employ cytochrome P450 monooxygenases (Sec-
tion 10.2.1) to catalyze this reaction [69, 72]. It is quite remarkable but not un-
common to find that the same chemical transformation can be achieved by differ-
ent mechanisms.

Both compounds discussed in this section, oxidosqualene and epoxystyrene, are
intermediates in metabolic pathways. That is to say that the epoxide is not found in
the final product but rather serves to impart a specific reactivity to the molecule
that is vital for the subsequent reaction step. The epoxide in oxidosqualene can be
viewed as a masked cation that is required in order to initiate a series of C-C bond-
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forming reactions eventually affording the steroid carbon framework. In styrene
metabolism, on the other hand, the epoxide is easily converted into the aldehyde by
isomerization. The formation of pyran and furan rings in the antibiotic monensin
(Scheme 10.19) is also thought to involve epoxide intermediates [73]. In this case,
the double bonds of the linear type I PKS product are epoxidized by a cytochro-
me P450 enzyme. During subsequent ring-formation, the epoxide groups not only
provide cations or cation equivalents for ring-closure but they also furnish the
ether oxygen atoms [73, 74]. In other words, both the electrophile and the nucleo-
phile are supplied by individual epoxides. Thus, both the steroid pathway and the
polyether pathway employ the same synthetic strategy to achieve the synchronized
installment of multiple C-C or C-O bonds, respectively.

10.4
Dioxygenases

Like the examples above, dihydroxyacetanilide epoxidase (DHAE) uses an olefin as
the substrate for epoxidation. Its mechanism, however, is fundamentally different
from those of cytochrome P450 or flavin-dependent enzymes. Dihydroxyacetani-
lide is an intermediate in the biosynthesis of the epoxyquinones LL-C100370, an
antitumor agent produced by the actinomycete Streptomyces LL-C10037 [75, 76],
and MM14201, an antibiotic produced by Streptomyces MPP 3051 (Scheme 10.20)
[77]. The main structural difference between the two antibiotics lies in the opposite
stereochemistry of the oxirane ring.

The enzymes responsible for epoxide formation in the LL-C10037a pathway
(DHAE I) as well as in the MM 14201 pathway (DHAE II) have been purified from
their producing organisms [78]. Both enzymes use dihydroxyacetanilide as sub-
strate. While DHAE I produces (5R,65)-2-acetamido-5,6-epoxy-1,4-benzoquinone
as the sole product, DHAE II produces the enantiomer in agreement with the final
stereochemistry of their respective products [79]. Unlike any of the epoxidases
discussed so far, DHAE does not require the addition of any cofactors other than
molecular oxygen for its activity to be reconstituted in vitro [78]. In contrast to
cytochrome P450 enzymes and squalene epoxidase, DHAE is a dioxygenase, as it
transfers both atoms of molecular oxygen to the substrate [80]. No reducing system
is required for enzyme turnover as all electrons needed for the reduction of O, are
directly derived from the substrate. In order to demonstrate the incorporation of
both oxygen atoms into the product, the reaction has to be coupled to the next step
in the biosynthetic pathway — the reduction of the carbonyl to the hydroxy group
[80]. This procedure is necessary because of the fast exchange of the C4 oxygen
with solvent water that would wash out any incorporated '#0 label [81]. A mecha-
nism involving a dioxetane intermediate has been proposed for the DHAE-cata-
lyzed epoxidation of dihydroxyacetanilide that is based on the incorporation of 80
into the epoxide as well as into the hydroxy group (Scheme 10.21) [80].

The formation of the epoxide moiety found in a number of compounds from the
manumycin group of antibiotics (Scheme 10.22) might proceed through a similar
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Manumycin A

Asukamycin

HO. O

Scheme 10.22 Chemical structures of manumycin and
asukamycin.
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dioxygenase mechanism [82, 83]. The manumycin group is a small and discrete
class of natural products that to date comprises 23 secondary metabolites all of
which are produced by actinomycetes. Manumycin A, for example, acts as an in-
hibitor of Ras farnesyltransferase [84]. The structural element that defines the
manumycin group is the m-C;N unit linking the unsaturated upper and lower
carbon chains. The central m-C;N varies in its stereochemistry and in the presence
or absence of the epoxide ring [82].

When the producing organism is cultured under 0, atmosphere, 0 is found
both in the epoxide and in the m-C;N hydroxy group.[85] Furthermore, proto-
asukamycin is efficiently epoxidized to asukamycin under fermentation conditions
(Scheme 10.23) [86]. However, the cofactor requirement has not yet been estab-
lished, as all experiments have been carried out with whole cells and not with
purified enzymes. In addition, the above findings could be explained by two inde-
pendent monooxygenase reactions. The main concern with a dioxygen mecha-
nism, though, is that the epoxide (or any epoxide-derived group) and the neighbor-
ing hydroxy group should have syn configuration. Even though this holds true for
asukamycin and a large number of other manumycins, manumycins A and B,
which are the major metabolites in their producing organism, have anti stereo-
chemistry. A dioxygen mechanism could still apply in the latter case if epimeriza-
tion is part of the biosynthetic pathway [83].

It has been speculated that DHAE I might utilize the same mechanism as other
enzymes that epoxidize hydroquinones, such as vitamin K-dependent glutamate
carboxylase (Scheme 10.24) [87]. Vitamin K-dependent y-carboxylation of specific
glutamate residues is an important posttranslational modification in proteins, and
the carboxylation of glutamate residues is coupled to epoxidation of vitamin K [88].
It has been established that vitamin K-dependent glutamate carboxylase has dioxy-
genase rather than monooxygenase activity [89, 90]. Dioxygenation of reduced vita-
min K is thought to proceed through a dioxetane intermediate, cleavage of the O—
O bond furnishing the epoxide and an alkoxide anion. This strong base is thought
to be responsible for deprotonation of the glutamate residue at the y-position, thus
driving the carboxylation reaction [91].

Vitamin K-dependent glutamate carboxylase and DHAE are referred to in the
literature as being cofactor-free. This also implies the absence of metal ions from
the active site, which would have important mechanistic implications. It is true
that no metals have to be added to the purified or partially purified enzymes in
order for catalytic activity to be observed. However, the activity of both enzymes is
stimulated by the addition of divalent cations. Carboxylase activity is affected most
by the presence of Mn?* in relatively high concentrations [92]. DHAE I-catalyzed
epoxidation is enhanced by the addition of Mn?*, Ni**, and Co?* [78]. Interestingly,
no such effect is observed for DHAE II. Both DHAE enzymes lose their activity
when treated with the chelating agent 1,10-phenanthroline, but only the DHAE I
apoenzyme can be reconstituted by the addition of metal ions [78]. It is not clear
whether metal ions are directly involved in dioxygen activation or if they might
have a structural function. The role of the metal is particularly difficult to deter-
mine for the vitamin K-dependent glutamate carboxylase. On one hand, two differ-
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Scheme 10.24 Reaction catalyzed by vitamin K-dependent
glutamate carboxylase.

ent reactions are catalyzed by this enzyme: the O,-dependent epoxidation of re-
duced vitamin K hydroquinone and the carboxylation of glutamate. On the other
hand, the enzyme has to be studied in the presence of micelles in order for it to be
functional, hence there are many possible points of involvement for metal ions in
the glutamate carboxylase system. The question is how triplet oxygen can react
with singlet organic compounds in the absence of any cofactors. To date, only very
few oxygenases are known that are capable to act in the absence of cofactors [93,
94], and all of them act on phenolic compounds that can access stable radical
forms. We can therefore propose a mechanism in which direct electron transfer
from the substrate anion to O, yields a caged radical pair (Scheme 10.25). This
mechanism is analogous to the reaction between reduced flavin anion and dioxy-
gen (Scheme 10.17). The subsequently formed peroxide anion is a suitable nucleo-
phile for intramolecular addition to give the dioxetane intermediate. Both reduced
vitamin K hydroquinone and dihydroxyacetanilide could follow the same reaction
pathway, making the presence of a metal ion redundant. Other mechanisms have
also been proposed, but will not be discussed here [93]. A recent review on dioxyge-
nases gives an excellent account on the mechanism and occurrence of this class of
enzymes [2].



10.5 Epoxidation through Dehydrogenation
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caged radical pair

Scheme 10.25 Dioxygen activation in cofactor-free enzymes.

10.5
Epoxidation through Dehydrogenation

10.5.1
Fosfomycin

Fosfomycin is an antibiotic produced by several Streptomyces species [95, 96] as well
as by the Gram-negative Pseudomonas syringiae and Pseudomonas viridiflava.[97, 98]
As an analogue of phosphoenolpyruvate, it irreversibly inhibits UDP-N-acetylglu-
cosamine-3-O-enolpyruvyltransferase (MurA), the enzyme that catalyzes the first
step in peptidoglycan biosynthesis [99].

Despite its seemingly simple structure, fosfomycin has attracted considerable
interest from a biosynthetic point of view. The epoxide functionality, and partic-
ularly the extremely rare C-P bond, makes fosfomycin an attractive target for
biosynthetic investigations. Early steps in the biosynthesis of fosfomycin are
shared with the bialaphos pathway (Scheme 10.26) [100], whilst the formation of
the epoxide ring is the final step in fosfomycin biosynthesis. The isolation of the
fosfomycin gene clusters from Streptomyces wedmorensis and Pseudomonas syringiae
PB-5123 has facilitated the discovery of the corresponding enzyme (S)-HPP epox-
idase (HppE) [101, 102]. Labeling experiments have established that the epoxide
oxygen is derived not from molecular oxygen but rather from the hydroxy group of
(S)-2-hydroxypropylphosphonic acid ((S)-HPP) [103]. Furthermore, cis-propenyl-
phosphonic acid (PPA) is not a precursor of fosfomycin (Scheme 10.26). [104]

Recombinant (S)-HPP epoxidase (HppE), purified as the apo-protein, can be

383



384| 10 The Biosynthesis of Epoxides

He00

=

0]

soydejerg

2H20dy,

2HOdy,

ZHN

u19Awoyso

<
...ZO H

\/

o]

uIPAWwo)soq

3
.:20 H

\/

o]

.E_U%CLO.*mO;* 0] pal4aAuo0d 10U sI .._u>w\SO£

‘(Vdd) p1oe oiuoydsoydjfuadoid ‘3ddH asepixoda ayy Aq pazA|
-e]BD S| UIDAWOYso) 0} (ddH) p1oe diuoydsoydjAdoidAxoiphy
Jo uoisiaAu0d 3y “(yvd) apAyap|ersdeouoydsoyd o1 (d3d)

areanskdjousoydsoyd wouy Suipes| sdais di3ayuks ay3 Joy
sawiAzua Jo 19s snoojowoy e asn skemyred ylog "soydejeiq
pue udAwoysoy jo Aemyied d11ayiuhsolq [elled 9z'0L dwaYds

ddH

3ddH

I
Ol

 EHO.

vvd
200

eHEOd o]

d3d

0°0H H

eHEOd o] H o]



10.5 Epoxidation through Dehydrogenation

Q OH ﬁ
) . . P(OH)
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HaCY "PO4H, Fe'—OH H3C\\‘\
H
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H
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H* /\
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Scheme 10.27 Catalytic cycle of HppE. Dashed arrows indicate
electron transport. In this scheme HPP binds to iron'"'. After a
one-electron reduction, dioxygen binds and reoxidizes the iron
center. The peroxide radical is capable of stereospecifically ab-
stracting the (pro-R) hydrogen. Another one-electron reduction
is required to reduce one peroxide oxygen to water. Epoxide
formation is mediated by the resulting iron'V-oxo species.

reconstituted with Fe(NHy),(SO4), to give one iron center per enzyme monomer
[105]. Even though O; is not incorporated into the product, no conversion of (S)-
2-HPP is observed in the absence of molecular oxygen [105]. Enzyme activity is
independent of organic co-substrates (such as ascorbate, o-ketoglutarate) normally
associated with non-heme iron oxygenases. [105] The additional electrons needed
to complete the four-electron reduction of O, to H,O are provided by NADH.
In vitro, the electron flow from NADH to HppE is greatly enhanced by the pres-
ence of an exogenous protein reductase [105]. The use of E3, an NADH-dependent
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Scheme 10.28 Reaction of HppE with substrate analogues.

[2Fe-2S]-containing flavoprotein from the 3,6-dideoxyhexose biosynthetic pathway
of Yersinia pseudotuberculosis [106], has been successful as a substitute for the as yet
unidentified endogenous reductase [105].

HppE formally catalyzes the dehydrogenation of (S)-2-HPP to fosfomycin. The
stereochemical course of this reaction has been investigated through the use of
stereospecifically deuterated HPP. Findings from these studies show that only the
pro-(R) hydrogen at C1 is abstracted [107]. The same researchers also report the
isolation of small amounts of the trans isomer of fosfomycin from the culture
broth [108]. This compound could be formed by rotation around the C1-C2 bond
at the Cl-radical stage [107]; a tentative reaction cycle is shown in Scheme 10.27.
Interestingly, HppE is capable of oxidizing both the native substrate (S)-HPP and
also its enantiomer (R)-HPP. Whereas the (S)-enantiomer yields the epoxide fosfo-
mycin, however, the (R)-enantiomer is converted to 2-oxopropylphosphonic acid
(OPP) instead (Scheme 10.28) [109]. A mechanism in which the carbonyl group
originates from hydroxylation to form the C2-gem-diol and subsequent dehydration
can be excluded, as no labeled oxygen from '®0, is incorporated [109]. Clues about
the mechanism of OPP formation have been provided in experiments with 1,1-di-
fluorinated HPP (FI-HPP) as substrate. Only (R)-FI-HPP gives rise to product,
whereas the (S) enantiomer acts as an inhibitor of the enzyme (Scheme 10.28)
[109]. The inhibitory action of (S)-1,1-difluoroHPP agrees well with homolytic
cleavage of the C1-H bond. The most likely mechanism for the reaction with (R)-
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Scheme 10.30 Part of clavulanic acid biosynthesis. Bonds

installed by clavaminic acid synthase (CAS) are circled. CAS:

clavaminic acid synthase. PAH: proclavaminic acid amidino
hydrolase.
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HPP or (R)-1,1-difluoroHPP is one involving abstraction of the C2 hydrogen in-
stead [109]. Consequently, the above findings not only support a radical- based
mechanism but they also indicate that different reaction pathways are used for the
individual enantiomers.

Nothing is known about the identity of the iron species responsible for dehydro-
genation of the substrate. Iron-oxo species such as Fe'V=0 or Fe"-OOH are postu-
lated as the oxidants in most heme or non-heme iron oxygenases. It has to be
considered that any mechanistic model proposed must account not only for the
observed stereochemistry but also for the lack of hydroxylation activity and its
inability to convert the olefinic substrate. Furthermore, no HppE sequence homo-
logue is to be found in protein databases. Further studies should shed more light
on the mechanism with which this unique enzyme operates.

10.5.2
Scopolamine

We conclude this section by describing an enzyme that belongs to the important
and versatile class of a-keto acid-dependent enzymes. Hyoscyamine 6B-hydrox-
ylase is involved in the biosynthesis of the tropane alkaloid scopolamine in plants
[110]. This bifunctional enzyme first hydroxylates hyoscyamine and subsequently
forms the epoxide to give scopolamine (Scheme 10.29) [110]. The second part of
the reaction is formally similar to the epoxide formation in fosfomycin biosynthe-
sis, as the epoxide oxygen atoms in both reactions are derived from the hydroxy
groups. Unlike HppE, however, this oxygenase also efficiently converts the olefinic
substrate analogue 6,7-dehydrohyoscyamine into scopolamine in vitro (Scheme
10.29) [111]. Furthermore, hyoscyamine 6B-hydroxylase requires the keto acid o-
ketoglutarate as co-substrate [112].

Other examples of a-keto acid-dependent enzymes are mammalian proline hy-
droxylase and bacterial clavaminate synthase [113]. The latter enzyme is of partic-
ular interest as it is responsible for the catalysis of three individual steps in the
biosynthesis of the B-lactamase inhibitor clavulanic acid (Scheme 10.30).

Enzymes of the a-keto acid-dependent oxygenase family are non-heme iron pro-
teins. They generate the reactive iron-oxygen species, believed to be Fe'Y=0, with
the aid of the a-ketoglutarate co-substrate, which is converted into succinate and
CO; in the process [113-115]. Kinetic studies point towards ordered and sequential
binding of the reaction partners, with a-ketoglutarate binding first, followed by the
reaction substrate, and finally by molecular oxygen [116]. The first product to be
released is CO;, (or carbonate). Succinate and the reaction product are released
subsequently, with the order of release varying between different enzymes
(Scheme 10.31) [117]. The mechanistic steps following formation of the ternary
enzyme-substrate-cosubstrate complex are not yet well understood [115].

A complete cycle of iron-oxo generation and substrate oxidation with the con-
sumption of one equivalent O, and one equivalent o-ketoglutarate is necessary for
each of the reactions catalyzed by clavaminate synthase. The different substrates
utilized by clavaminate synthase adopt slightly different positions relative to the
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metal center, determining which site in the substrate is poised for reaction [118,
119]. Thus, the substrate conformation in the enzyme active site is the main factor
that influences the further fate of the reaction. As the first two reactions catalyzed
by clavaminate synthase are analogous to the hydroxylation-epoxidation sequence
catalyzed by hyoscyamine 6B-hydroxylase, it is plausible that both enzymes employ
similar strategies to carry out multiple reactions.

Keto acid-dependent enzymes are involved in numerous reactions and are found
in prokaryotes as well as eukaryotes. Apart from scopolamine and clavulanic acid
biosynthesis, a-keto acid-dependent enzymes are also found in the biosynthetic
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Scheme 10.33 Schematic representation of the mechanism of
SDRs (top) and the halohydrin dehalogenase HheC (bottom).
Scheme adapted from Reference 129.



10.6 Dehalogenases
H 0O

HheC

NaN;
O,N

OH
H'h,, o)
N3 >

+

O,N O:N
96% e.e. >09% e.e.

Scheme 10.34 HheC-catalyzed azidolysis of an epoxystyrene
derivative.

pathways of the plant hormone gibberellin and the B-lactam cephalosporin. Some
posttranslational modifications of proteins, such as the hydroxylation of prolyl and
lysyl residues, are also catalyzed by a-keto acid-dependent enzymes. These are but
a few examples. Several reviews covering this family of proteins and related en-
zymes have been published [113-115, 117, 120, 121].

10.6
Dehalogenases

In the previous sections, epoxidation was accompanied by a net oxidation of the
substrate. We would like to conclude our discussion of various mechanisms of
epoxide formation by presenting one example in which the substrate does not
undergo a change in redox state.

Certain microorganisms possess the ability to utilize organic halides as their
sole carbon source and have developed a dedicated set of catabolic enzymes for this
purpose. Dehalogenation frequently represents the first step in the degradation of
halogenated compounds [122, 123]. Different classes of dehalogenases that differ
in their substrate specificities, their mechanisms, and in their structures have been
identified (Scheme 10.32) [124]. One particular class of dehalogenases, the haloal-
cohol or halohydrin dehalogenases, convert 1,2-haloalcohols into the correspond-
ing epoxides through displacement of the halogen by the vicinal hydroxy group in
an Sy2-like substitution [122]. This reaction is reversible and can proceed in a
stereoselective manner. The degree of stereoselectivity is dependent on the sub-
strate and on the specific enzyme under investigation [125-128].

The crystal structure of the halohydrin dehalogenase from the soil bacterium
Agrobacterium radiobacter AD1, HheC, has been solved [129]. HheC is structurally
related to the family of NAD(P)H-dependent short-chain dehydrogenases/reduc-
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tases (SDRs) [130, 131]. Members of the SDR family use the Ser-Tyr-Lys catalytic
triad to catalyze the dehydrogenation of alcohols or the reduction of ketones. The
active site serine and tryrosine residues hydrogen bond to the substrate carbonyl or
hydroxy group as shown schematically in Scheme 10.33. The nicotinamide co-
factor is suitably positioned to accept or donate a hydride to the substrate. Ha-
loalcohol dehalogenases have lost the ability to bind the nicotinamide cofactor, and
in its place a halide binding pocket has been created. The catalytic triad of the SDR
family is also present in haloalcohol dehalogenases and performs analogous func-
tions in both enzyme classes (Scheme 10.33) [132]. Activation of the alcohol func-
tionality for nucleophilic displacement of the halide is achieved through a hydro-
gen bonding network with the residues of the catalytic triad. The expelled halide
makes extensive contacts with residues lining the binding pocket; there are several
interactions with backbone nitrogen atoms and to aromatic side chains, and a
water molecule that bridges the carbonyl and nitrogen of a cis-peptide bond in the
back of the cavity is also in contact with the halide ion [129].

The reversibility of halohydrin dehalogenase-catalyzed reactions has been used
for the regioselective epoxide-opening with “nonnatural” nucleophiles (an example
is given in Scheme 10.34) [133]. The stereoselectivity of the enzyme results in the
resolution of the racemic substrate. At the same time, the regioselectivity imposed
by the active site geometry yields the anti-Markovnikov product. [128]

10.7
Summary and Outlook

Enzymes catalyze the formation of epoxides mainly through oxidative processes by
two fundamentally different routes. In the first, oxygen is inserted from O, into a
double bond. The molecular oxygen required for this reaction is activated either by
a metal ion or flavin. In rare cases, the substrate itself can substitute for the co-
factor requirement. In the second route, a substrate hydroxy group is inserted into
the vicinal C-H bond. This reaction is formally a dehydrogenation and requires
metal catalysis. There are fewer examples of enzymatic formation of epoxides
through nonoxidative reactions. One particular class of dehalogenases, for in-
stance, uses 1,2-haloalcohols as substrates and displaces chloride by the vicinal
alcohol group in an Sn2-like mechanism.

Numerous oxygenases have been successfully employed as catalysts in organic
syntheses to provide enantiomerically pure epoxides for use as chiral starting ma-
terials [134]. Interestingly, the enzymes that have been used are mostly hydrox-
ylases and not epoxidases [135], but, as pointed out earlier, monooxygenases can
show alternative reactivity when challenged with nonphysiological substrates. The
-hydroxylation system from Pseudomonas oleovorans catalyzes the terminal hy-
droxylation of fatty acids and alkanes [136], but has also found use in the conver-
sion of the corresponding olefins to epoxides [135]. Cytochrome P450cam from
Pseudomonas putida (Scheme 10.2) has been utilized in a similar fashion [137]. The
cytochrome P450 monooxygenase from Bacillus megaterium (Section 10.2.1) has
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become a very attractive platform for protein engineering and protein evolution as
its electron-transport system is covalently attached to the monooxygenase [138]. It
remains to be seen if enzymes from biosynthetic pathways, such as the epothilone
(Section 10.2.2) or the mycinamicin epoxidase (Section 10.2.3), will provide alter-
native platforms from which to develop catalysts for the stereoselective oxygen-

ation of structurally complex molecules.
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Aziridine Natural Products — Discovery, Biological Activity and
Biosynthesis

Philip A. S. Lowden

11.1
Introduction and Overview

In contrast with the vast number of epoxide natural products and metabolites,
there are only a very small number of known naturally occurring compounds that
contain an aziridine ring. The best known and first to be discovered are the mito-
mycin antitumor antibiotics, known to possess an aziridine ring since the 1960s,
and several others have been isolated since. There are even a few examples of
naturally occurring azirines. Where the mode of action of these compounds has
been studied in detail, the electrophilic nature of the aziridine ring has been
shown to play a key role in the molecular mechanism. The biochemical reactions
used for formation of the aziridine ring remain a mystery, although recent pro-
gress in the genetics of mitomycin biosynthesis has brought us a large step closer
to understanding how this occurs. While most enzymatic epoxide formation oc-
curs by insertion of an oxygen atom from O, into an alkene, it seems unlikely that
aziridines are formed in a similar manner from N, nitrogen being extremely
unreactive towards electrophiles and towards one- and two-electron reduction. Al-
though nitrogen fixation can be achieved by bacteria, the enzyme system involved,
nitrogenase, is rather inefficient, requires ATP, and is composed of several metal
clusters that are rapidly deactivated by O [1].

Although few in number, these molecules are worth studying to define the role
of the aziridine functional group in their bioactivity, and because new and inter-
esting biochemical reactions are bound to be revealed in their biosynthetic path-
ways. The aziridine ring has the potential to play a useful and versatile role in the
design and construction of bioactive agents, and a deep understanding of the bio-
synthetic enzymes should allow for biosynthetic engineering of designed aziridine
natural products. This chapter summarizes the current state of knowledge of the
occurrence, mode of action, and biosynthesis of aziridine-containing natural prod-
ucts. It does not cover in detail the large amount of effort devoted to synthesis of
the natural products and related structures, as this is reviewed elsewhere.

Aziridines and Epoxides in Organic Synthesis. Andrei K. Yudin
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31213-7
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11.2
Mitomycins and Related Natural Products

11.2.1
Discovery and Anticancer Properties

Mitomycins A (1; Scheme 11.1) and B (2) were isolated from Streptomyces caespito-
sus by Hata et al. at the Kitasato Institute in Japan in 1956 [2, 3] and were found to
have potent antibiotic and antitumor activity. In 1958 the Kyowa Hakko Kogyo
pharmaceutical company isolated mitomycin C (3) from the same organism [4].
Porfiromycin (4) was isolated in 1960 from Streptoverticillatium ardus [5], and in
1962 all four mitomycins, as well as the inactive analogue mitiromycin (5), were
isolated from Streptomyces verticillatus [6]. The structures of the mitomycins were
established soon after their discovery [7-11] and the stereochemical relationships
between them were later corrected by high-resolution X-ray crystallography [12]
and by further chemical studies [13].

Mitomycin C was found to have broad activity against a range of tumors and has
been used clinically since the early 1960s [14, 15]. It causes many specific cellular
effects, including inhibition of DNA synthesis, recombination, chromosome
breakage, sister chromatid exchange, induction of DNA repair, and induction of

O o)
H,CO \FO
NH
HsC N NCH;3
o}
1,X = OCHa, Y = H 2 5

3, X=NHy, Y=H
4, X = NHp, Y = CHa

Scheme 11.1

Scheme 11.2
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apoptosis [16]. Hundreds of analogues have been synthesized and evaluated for
anticancer activity [17].

The antitumor antibiotics FR900482 (6; Scheme 11.2) and FR66979 (7) were
isolated from Streptomyces sandaensis 6897 at the Fujisawa Pharmaceutical Com-
pany in Japan, and their structures are clearly related to those of the mitomycins
[18-22]. The semisynthetic derivatives FK973 (8) [23] and FK317 (9) [24] have been
prepared; they have improved pharmacological properties and have been investi-
gated in clinical trials for application as anticancer drugs. They are promising
candidates, since they are more potent and less toxic than mitomycin C.

11.2.2
Mode of Action

The molecular basis of the cytotoxicity of the mitomycins has been the subject of
thorough investigation for many years, and has been reviewed in great detail [16,
25-27]. The key aspects are summarized here. Early investigations revealed that
the mitomycins formed interstrand crosslinks in DNA [28], as well as monoalky-
lated adducts [29-32], and that these alkylation events were responsible for cytotox-
icity, with one crosslink per genome sufficient to kill bacteria [29]. Alkylation and
crosslinking are sequence-specific. Monoalkylation shows selectivity for guanine
in the sequence 5’-CpG-3’ (CpG) [33-35], while crosslinking is completely specific
for CpG - GpC duplex sequences [36-38]. It has also been demonstrated that the
efficiency and guanine selectivity of alkylation and crosslinking by mitomycin C is
enhanced when the target guanines are base-paired with 5-methylcytosine [39-42].
This has been ascribed to the electron-donating effect of the methyl group being
transmitted through the hydrogen bond to N-2 of guanine, thus increasing its
basicity [43, 44].

The mitomycins do not react directly with DNA, but require prior activation by
reduction of the quinone. This property of bioreductive activation has inspired the
design and development of synthetic anticancer drugs that are also activated by
reduction, as this is expected to confer a degree of tumor selectivity [45, 46]. Many
solid tumors are short of oxygen relative to normal tissue, so reductive activation of
the mitomycins and other bioreductive drugs can proceed in tumors, while it is
inhibited by the oxidizing environments in normal tissues.

The requirement for reduction prior to DNA alkylation and crosslinking was
first demonstrated by Iyer and Szybalski in 1964 [29], and can be induced both by
chemical reducing agents such as sodium dithionite and thiols in vitro and by
various reductive enzymes such as DT-diaphorase (NAD(P)H-quinone oxidoreduc-
tase) invitro and in vivo [47]. Much work to characterize the mechanism of re-
ductive activation and alkylation has been carried out, principally by the Tomasz
and Kohn groups, and Figure 11.1 illustrates a generally accepted pathway for
mitomycin C [16, 48-50] based on these experiments, which is very similar to the
mechanism originally proposed by Iyer and Szybalski [29].

Two-electron reduction of the quinone provides the hydroquinone 10, which
may also be formed by two sequential one-electron reductions. It has also been
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Figure 11.1 Proposed mechanism for reductive activation of
and DNA alkylation/crosslinking by mitomycin C.
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proposed that one-electron reduction to the semiquinone radical is sufficient for
activation [51]. With the N-4 lone pair now removed from conjugation with the
quinone C=0, elimination of methanol can occur to form leuco-2,7-diaminomito-
sene (11), followed by aziridine-opening to form reactive intermediate 12. Species
12 can now alkylate DNA at the 2-NH; group of guanine to form monoadduct 13,
which can then alkylate a second guanine N-2 by loss of the carbamate to form
crosslinked adduct 14, which is then trapped by oxidation to 15. Intermediate 12
can alternatively be inactivated by deprotonation and tautomerization to form the
mitomycin C metabolite 2,7-diaminomitosene (16), which must be reactivated by
quinone reduction to 17, which can then form DNA monoadduct 18 (bound at
either N-2 or N-7 of guanine) in a fashion similar to that seen in the formation of
the crosslinked adduct. Monoalkylation generally occurs by reoxidation of 11 to
form aziridinomitosene 19, which can alkylate N-2 of guanine to form adduct 20.
While it is quite certain that quinone reduction is necessary before loss of metha-
nol can occur, it has been noted that the reduced state may not be required for
subsequent alkylation steps [52].

The different possible adducts formed between mitomycin C and DNA have
been isolated by degradation of DNA after in vitro alkylation/crosslinking reactions
and structurally characterized. Monoadduct 21 (Scheme 11.3), derived from alkyla-
tion at C-1 only [53], and monoadducts 22 [54] and 23 [55, 56] (derived from C-10
alkylation by 16 at N-7 or N-2 of guanine, respectively) have been isolated, together
with bisadducts 24 [57] and 25 [58], derived from interstrand and intrastrand cross-
links, respectively, and adduct 26 [59], formed by addition of a molecule of water to
C-10 instead of the second guanine. All of these adducts have also been isolated
from DNA after in vivo crosslinking [60, 61].

Three-dimensional structures of adducts 21 [62], 22 [63], and 24 [64] in the con-
text of short oligonucleotide duplexes have been determined by two-dimensional
NMR and molecular dynamics. The conformations found by NMR are largely sim-
ilar to those previously derived from molecular modeling studies [36, 53, 57,
65-67] and provide great insight into the efficiency and sequence-specificity of
alkylation and crosslinking. The crosslinked structure revealed that mitomycin C
was bound in the minor groove of DNA and that very little structural perturbation
of DNA was required for crosslinking to occur. The structure containing mono-
adduct 21 revealed the origin of the specificity for crosslinking at the CpG - GpC
sequence. A hydrogen bond was observed between the carbamoyl oxygen atom
directly attached to C-10 of mitomycin C and the NH, group of the guanine resi-
due on the opposite strand. This aligns the mitomycin C molecule in an optimal
orientation for crosslinking.

Like the mitomycins, FR900482 (6), FR66979 (7), FK973 (8), and FK317 (9) have
also been shown to crosslink DNA both in vivo [68-70], and in vitro after reductive
activation [71-76] with selectivity for the 5’-CpG-3’ sequence [77]. The mechanism
outlined in Figure 11.2 was originally proposed by Goto and Fukuyama [78] and
has been verified by the experimental work of Williams and Hopkins [71-77, 79].
Reduction of the N-O bond produces intermediate 27, which can lose a molecule
of water to form 28, which reacts with DNA by a mechanism similar to that found
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for the mitomycins. The crosslinked adduct 29 has been isolated from in vitro
reactions of reductively activated 7 and DNA [79]. A DNA monoadduct of 7 has
also been identified and shown to arise from alkylation of N-2 of guanine, with
lower selectivity for 5-CpG-3’ than observed with mitomycin C [75, 80]. The lower
toxicity of 6 and 7 is believed to be due to the fact that their activation does not
require reduction of a quinone, which can result in superoxide production and
consequent DNA strand cleavage and lipid oxidation [81].

Early on, 6 and 7 were shown to form DNA-protein crosslinks in vivo [69, 70],
and this has been confirmed in vitro through 7-induced crosslinking of synthetic
oligonucleotides to a peptide corresponding to the DNA minor groove binding
domain of the oncogenic protein HMG A1 [82, 83]. Crosslinking of this protein to
DNA was subsequently confirmed in vivo for 6 and 9 [84, 85]. FK317 (9) is the most
promising clinical candidate, since it does not induce Vascular Leak Syndrome, a
serious side effect that caused FK973 (8) to be withdrawn from clinical trials. It has
recently been reported that FR900482 (6) induces necrotic cell death, whereas 9
induces apoptotic cell death at higher concentrations, and that this may explain the
lower toxicity of 9 [85].

11.2.3
Biosynthesis

Early studies on the biosynthesis of the mitomycins by Kirsch and Korshalla and
the groups of Vining and Hornemann established that the O- and N-methyl
groups, but not the C-methyl groups, of mitomycins A [86, 87], B [87], and C [87,
88] and of porfiromycin [87] are derived from methionine (30) via S-adenosylme-
thionine, shown by feeding of [methyl-1*C]-L-methionine to Streptomyces verticilla-
tus. The carbamoyl groups of all four mitomycins were labeled with [guanidino-
1C]- L-arginine (31) [87] and [ureido-*C]-L-citrulline (32) [89], and subsequent
feeding of [NH,CO-'3C,">N]-L-citrulline [90] demonstrated intact incorporation of
the ureido group of citrulline into mitomycins A and B. This suggests that the
arginine dihydrolase pathway is utilized and that arginine is first hydrolyzed to
citrulline, which is then converted by ornithine transcarbamoylase into carbamoyl
phosphate, which acts as the immediate precursor to the mitomycins. These re-
sults are summarized for mitomycin C in Figure 11.3.

Mitomycins were efficiently labeled by [1-'*C]-D-glucosamine (33), with degra-
dative studies indicating incorporation into the non-quinone Cg chain [87]. Sub-
sequent work demonstrated that the amino group of glucosamine is incorporated
into the aziridine ring [91]. Labels from [1-'*C,"N]-D-glucosamine [91] or from
[1-'3C,>N]-D-glucosamine [89] were both incorporated into mitomycin B at com-
parable levels, indicating intact incorporation, and the locations of the '*C and "*N
labels were confirmed from the fragmentation pattern in the mass spectrum. Label
from [6-'*C]-D-glucosamine was incorporated into mitomycins, and degradation
revealed labeling predominantly at C-10. These results are summarized for mito-
mycin C in Figure 11.4.

4C-labeled D-glucose (34) [87, 88] and D-ribose [87] were efficiently incorporated
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Figure 11.4 Carbohydrate precursors to the carbon skeleton of
mitomycin C.

into mitomycins, with ribose labeling the quinone ring. Neither aromatic amino
acids nor shikimic acid were incorporated to any significant extent, precluding a
late branch from the shikimate pathway. Hornemann et al. demonstrated specific
labeling of the C-6 methyl group of mitomycin C by [1-'*C]-pyruvate (35) and
[3,4-*C]-D-glucose and of C-6 by [2-'*C]-pyruvate and [2-'*C]-D-glucose (Fig-
ure 11.4) [92]. They concluded that this would be consistent with an early branch
from the shikimate pathway. They later observed labeling at C-7 of mitomycins by
[4-'*C]-D-erythrose (36), but not by sodium [3-'*C]-pyruvate, which labeled mito-
mycins elsewhere in the quinone, presumably at C-5 (Figure 11.4) [93]. [7-"*C]-
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Figure 11.5 3-Amino-5-hydroxybenzoic acid as a precursor to
the porfiromycin C quinone.

3-Dehydroquinic acid and [1,6-**C]-D-shikimic acid methyl ester were not incorpo-
rated, indicating a very early branch from the shikimate pathway. The intermediacy
of 4-amino-3,4-dideoxy-D-arabino-heptulosonic acid 7-phosphate (37) was pro-
posed, consistent with later findings on the role of the variant aminoshikimate
pathway [94].

Rickards et al. established that the quinone ring of the mitomycins is derived
from the unusual amino acid 3-amino-5-hydroxybenzoic acid (AHBA, 38) [95],
which also acts as an intermediate in the biosynthesis of a range of natural prod-
ucts, such as the ansamycin antibiotics [96], that contain a ‘C;N’ structural frag-
ment [94]. They fed [carboxy-'>C]-38 to S. verticillatus and observed specific incor-
poration of *C into the C-6 methyl group of porfiromycin (Figure 11.5) [95]. They
also succeeded in isolating 38 from S. verticillatus, confirming its presence as a free
intermediate [97].

These findings support Hornemann'’s earlier proposal that the quinone moiety
of the mitomycins was derived from an early branch of the shikimate pathway. The
biosynthesis of 38 has been extensively characterized, especially in the rifamycin
producer Amycolatopsis mediterranei [96]. It has been shown to arise from a parallel
aminoshikimate pathway (Figure 11.6) [98, 99], in which ammonia is incorporated
from the amide nitrogen of glutamine by way of the imine 39 during the formation
of 3,4-dideoxy-4-amino-D-arabino-heptulosonic acid 7-phosphate (aminoDAHP,
37), which is then processed through aminodehydroquinic acid (40) and aminode-
hydroshikimic acid (41), which acts as the substrate for the pyridoxal phosphate-
dependent enzyme AHBA synthase. This enzyme has been purified from A. medi-
terranei, cloned, and sequenced [100], and its crystal structure has been determined
[101]. The sequence of AHBA synthase was used to locate and sequence the entire
biosynthetic gene cluster for rifamycin [102], which included a dedicated set of
genes for biosynthesis of AHBA by the aminoshikimate pathway. These have been
studied in more detail through mutation and heterologous expression [103].

A number of mitomycin analogues have been prepared by precursor-directed
biosynthesis [104]. A range of amines were fed to S. caespitosus, and novel deriva-
tives of mitomycin C (type I analogues) and mitomycin B (type II analogues) were
identified and in some cases (42-46 and 52-56; Scheme 11.4) isolated and charac-
terized. Antibiotic and antitumor activities were comparable to those of mitomy-
cin C, with the type I analogues more active than the type II analogues.
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Sherman’s group have made great advances in understanding of the genetics
and enzymology of mitomycin production. They have cloned and sequenced the
gene cluster for biosynthesis of mitomycin C in Streptomyces lavendulae [105] and
have made progress in probing the functions of these genes in the biosynthetic
pathway.

Their strategy was firstly to identify genes conferring resistance to mitomycin
upon the producing organism, since antibiotic resistance genes are often clustered
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with the biosynthetic genes. They successfully cloned and sequenced a mitomy-
cin C resistance gene (mcr) with sequence similarity to FAD-dependent oxidor-
eductases [106], and subsequently demonstrated that the MCR protein possesses a
covalently bound FAD cofactor and confers resistance to mitomycin C by oxidizing
the reductively activated form of the antibiotic [107].

They identified a second mitomycin resistance determinant (mrd) and found
that the MRD protein bound unreduced mitomycin C noncovalently, thus prevent-
ing it from becoming activated [108]. The crystal structure of MRD has since been
determined [109]. Surprisingly, MRD has been found to have weak quinone re-
ductase activity and actually reduces mitomycin C to its activated form, although
reduction is slow enough for the drug-binding to confer resistance [110]. Sequenc-
ing of the biosynthetic gene cluster revealed a third resistance gene (mct), which
was characterized as a putative mitomycin C transport protein [111]. It is mem-
brane-bound and confers mitomycin C resistance when coexpressed with mrd.
These two resistance genes are believed to act together as a mitomycin-specific
drug export system.

Parallel advances in the genetic analysis of ansamycin biosynthesis provided an
additional route to the mitomycin biosynthetic gene cluster through the availability
of the sequence of the AHBA synthase (rifK) from the rifamycin producer Amyco-
latopsis mediterranei [100]. This was used to probe for homologous genes in the
S. lavendulae genome, and a gene (mitA) with 71% identity to rifK was cloned and
sequenced [112]. Disruption abolished mitomycin C production, confirming that
mitA is required for mitomycin C biosynthesis.

The mrd (but not mcr) and mitA genes were found to be linked in one clone of a
cosmid library of S. lavendulae. Sequencing around this region provided the gene
cluster for mitomycin C biosynthesis, which contains 47 genes, many of which
could be assigned functions on the basis of homology with known genes. These
functional assignments are summarized in Table 11.1. The role of the cluster in
mitomycin C biosynthesis was confirmed through gene disruptions, resulting in
reduction or abolition of mitomycin C production.

Seven genes, including AHBA synthase, homologous to the genes (rifG-rifN)
required for AHBA biosynthesis in Amycolatopsis mediterranei were found. None of
the genes in the cluster could be assigned to aminoDAHP synthase, but a gene
homologous to the aminoDAHP synthase in A. mediterranei and unlinked to the
mitomycin C cluster was found by hybridization.

A chitinase is found at one end of the gene cluster, as would be expected for
supply of glucosamine for mitomycin biosynthesis. No genes could confidently be
unambiguously assigned a role in formation of the mitosane core structure. A
glycosyltransferase that may be involved in joining the amino group of AHBA to
C-1 of glucosamine was found, however, together with a gene homologous to the
berberine bridge C-C bond-forming enzyme, which may be required to form the
unusual linkage between C-3 of AHBA and C-5 of glucosamine. A number of
subsequent tailoring steps, summarized in Figure 11.7, are required to form the
fully functionalized mitomycin structure.

A number of genes can be assigned roles in tailoring of the mitosane core
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Table 11.1 Predicted sizes and proposed functions of each
protein product of the mitomycin C biosynthetic gene cluster.

Gene Amino acids Proposed function

mitT 270 aminoquinate dehydrogenase (Rifl homologue)
mitS 315 kinase (RifN homologue)

mitR 514 McrA homologue

mitQ 164 putative regulator

mitP 343 aminoDHQ synthase (RifG homologue)
mitO 163 unknown

mitN 275 methyltransferase

mitM 283 methyltransferase

mitL 520 esterase

mitK 346 F420-dependent H4MPT reductase
mit] 235 phosphatase (RifM homologue)
mit] 290 unknown

mitH 382 F420-dependent H4MPT reductase
mitG 404 oxidoreductase (RifL homologue)
mitF 257 reductase

mite 707 CoA ligase

mitD 383 unknown

mitC 260 unknown

mitB 272 glycosyltransferase

mitA 388 AHBA synthase (RifK homologue)
mmcA 514 unknown

mmcB 93 acyl carrier protein

mmcC 470 unknown

mmcD 611 methyltransferase

mmcE 359 H4MPT:CoM methyltransferase
mmcF 145 aminoDHQ dehydratase (Rif] homologue)
mmcG 177 unknown

mmcH 254 unknown

mmcl 264 F420-dependent H4MPT reductase
mmc] 274 F420-dependent H4sMPT reductase
mmcK 460 unknown

mmcL 511 aldehyde dehydrogenase

mmcM 472 McrA homologue

mmcN 395 cytochrome P450 hydroxylase
mmcO 474 unknown

mrd 130 mitomycin resistance determinant
mmcP 443 unknown

mmcQ 123 unknown

mmcR 351 O-methyltransferase

mmcS 546 carbamoyltransferase

mmcT 568 hydroxylase

mmcU 160 sulfate adenylate transferase unit I
mmcV 319 sulfate adenylate transferase unit II
Mct 484 mitomycin C translocase

mmcW 163 repressor

mmcX 413 unknown

mmcY 271 chitinase

411



OH

OH

412

11 Aziridine Natural Products — Discovery, Biological Activity and Biosynthesis
carbamoylation
¢ oxidation,
cyclization,
hydroxylation, OH methylation
methylation,
amination
~OH cyclization \ wOH
+ — ~=— cyclization
NH o NH
NH; 2 reduction —» 2
on !
hydroxylation,

oxidation to quinone

HoN

H3C

Figure 11.7 Summary of the biosynthetic pathway to
mitomycin C.

structure. Four coenzyme F420-dependent tetrahydromethanopterin reductase
genes and one tetrahydromethanopterin-CoM methyltransferase gene similar to
genes involved in reduction of CO, to CH4 by methanogenic bacteria were found.
These may be involved in reduction of the carboxyl group of AHBA to the C-6
methyl group. Three SAM-dependent methyltransferases that would be predicted
to be involved in addition of O- and N-methyl groups were identified. Two cyto-
chrome P450 genes were found, consistent with the requirement for hydroxylation
at C-5 and C-7, and a putative carbamoyltransferase was also identified.
Although none of the biosynthetic genes could confidently be assigned a role in
forming the aziridine ring, a reasonable hypothesis is that cyclization occurs
through an Sn2 reaction in which the C-2 amine from glucosamine acts as the
nucleophile and C-3 from glucosamine the electrophile, perhaps after conversion
of the glucosamine C-3 OH into a better leaving group X (Figure 11.8). This has
precedent in the biotransformation of vicinal hydroxyamines to aziridines via in-
termediate sulfate esters (see Section 11.4.7), and the enzymatic formation of ep-
oxides from 1,2-haloalcohols (see Chapter 10 by Griischow and Sherman).
Sherman et al. have analyzed the function of the MitM methyltransferase in
more detail [113]. They knocked out the MitM gene and found that mitomycin C
production was abolished, and were able to isolate a small quantity of 9a-demethyl
mitomycin A (62) from this mutant (Figure 11.9). MitM was expected to act as an
O-methyltransferase, but surprisingly recombinant MitM converted 62 into 9-epi-
mitomycin B (63), hence acting as an aziridine N-methyltransferase. Mitomy-
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cins A (1), B (2), and C (3) were tested as substrates, with only 1 being methylated.
It seems that 62 and 63 may be intermediates in the pathway to mitomycin C,
involving an intramolecular methyl transfer from the aziridine to the C-9a hydroxy
group to form mitomycin A, followed by amination. Further work is required to
elucidate the precise order of biotransformations fully.

There has been one report on the biosynthesis of FR900482 [114]. Radiolabeled
D-glucosamine 33 and AHBA 38 were efficiently incorporated into 6, and D-
[1-'3C]-glucosamine was incorporated in the expected orientation (Figure 11.10).
The biosynthetic gene cluster for FR900482 has been isolated from Streptomyces
sandaensis and indicates a strong biosynthetic relationship with mitomycin C
(Y. Mao, D.H. Sherman, unpublished results).
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11.3
The Azinomycins

11.3.1
Discovery and Anticancer Properties

Azinomycins A and B (64 and 65; Scheme 11.5) [115, 116] were isolated in 1986
from Streptomyces griseofuscus at the SS pharmaceutical company in Japan and
were found to have potent in vitro cytotoxicities [117] and to display significant
in vivo antitumor activity [118]. Since their discovery [117] and structure determina-
tion [119], their unusual molecular framework has attracted the attention of many
chemists interested in their mode of action and in developing synthetic ap-
proaches to them [115, 116]. The first total synthesis of azinomycin A was achieved
in 2000 by Coleman et al. [120].

However, the story of these unusual molecules goes back to 1954, with the dis-
covery of carzinophilin [121], an antitumor agent extracted from Streptomyces sa-
hachiroi, by Hata et al., the same group that discovered the first of the mitomycins.
Despite industrial interest in carzinophilin [122] and much effort over several years
[123-129] its structure long remained unknown until structures 66 (Scheme 11.6)
[127] and 67 [128, 129] were proposed in the early 1980s. Several years later, it was
revealed by Armstrong that these structures were incorrect and that carzinophilin
is in fact identical to azinomycin B [130]. Since then, most researchers have re-
ferred to 65 as azinomycin B, whether it is isolated from S. griseofuscus or from
S. sahachiroi.

Scheme 11.5
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Scheme 11.6

The azinomycins display in vitro cytotoxic activity against the L5178Y tumor cell
line, azinomycin A being more potent, as well as antibiotic activity against both
Gram positive and Gram negative bacteria, although they were inactive against
yeast or fungi [117]. Subsequent in vivo studies showed that the azinomycins could
prolong survival of mice after intraperitoneal inoculation with the tumors P388
leukemia, B-16 melanoma. and Ehrlich carcinoma [119]. Previously, carzinophilin
had been found to inhibit tumor growth and to prolong host survival when admin-
istered to rats inoculated with Yoshida sarcoma, Ehrlich carcinoma, or ascitic hep-
atoma [121].

There were some early clinical studies of carzinophilin, both alone [131, 132] and
in combination with mitomycin C, in humans [133]. Despite showing promising
reduction in the number of cancer cells, there were significant toxic side effects
and clinical application has not been pursued any further.

11.3.2
Mode of Action

Early studies by Terawaki and Greenberg on the antibiotic activity of carzinophilin
established that it inhibited DNA synthesis but not RNA or protein synthesis in
E. coli strain By and in Bacillus subtilis [134]. They also found that exposure to
carzinophilin removed the transforming capacity of B. subtilis DNA [135]. They

415
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established that carzinophilin formed interstrand crosslinks in DNA, and that
crosslinking disappeared on post-treatment incubation, implying that the cross-
linking reaction is reversible.

Lown and Majumdar conducted further in vitro studies of the reaction between
carzinophilin and DNA [136]. They confirmed that it induces interstrand cross-
linking of DNA and showed this to be accompanied by alkylation of DNA, indi-
cated by reduced ethidium fluorescence. Interestingly, they found that, although
crosslinking was reversible, alkylation was not. They also found that prolonged
incubation of a solution of carzinophilin resulted in destruction of its crosslinking
activity, but not its alkylation activity. It was found that alkylation and crosslinking
did not result in loss of either purine or pyrimidine bases, and that alkylation and
crosslinking increased with increasing GC content, implying a preference for alky-
lation of guanine. Alkylation and crosslinking were shown to be strongly pH-
dependent and favored at lower pH. It was proposed that this could explain the
tumor selectivity of carzinophilin, since tumor cells have a lower pH than normal
cells.

Armstrong and coworkers conducted detailed studies to establish the precise
nature of the interstrand crosslinks formed by azinomycin B [137], treating azino-
mycin B with *2P-end-labeled, short, synthetic DNA duplexes consisting of strands
of different lengths and monitoring crosslinking through observation of higher
molecular weight species in denaturing polyacrylamide gel electrophoresis. Piper-
idine-induced backbone cleavage at alkylated sites allowed them to locate cross-
linking sites on each strand. They found that crosslinking occurred between a
guanine and either a guanine or an adenine residue two base pairs away on the
opposite strand. The crosslinking yield was influenced by the nature of the inter-
vening base pair, with sequences possessing a GC base pair between the crosslink
sites showing more efficient crosslinking than with AT. Unlike in the case of the
mitomycins, no crosslinking was observed between adjacent base pairs at GC se-
quences. Monoalkylation was observed at all guanine residues, but not at adenine
residues. They also substituted deoxyguanosine with 7-deaza-deoxyguanosine (Z;
Scheme 11.7) at the crosslink site and observed no alkylation or crosslinking at this
position. Substitution with deoxyinosine (I) resulted in alkylation and crosslinking,
providing strong evidence that the azinomycins react with DNA at the N-7 position
of guanine, and hence in the major groove.

A crosslinking mechanism based on these data was proposed. Initial monoalk-
ylation at guanine is followed by a template-directed alkylation at either guanine or
adenine two base pairs away on the opposite strand. In support of this, Armstrong

N N
</ | NH % | NH </ | NH
/N N/)\NHZ /N N/)\ NH, /N N/)
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Scheme 11.7
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Figure 11.11 Reactivity of the aziridine and epoxide rings of
azinomycin B.

separately reported the isolation and identification — by HPLC and FAB MS — of a
guanine monoadduct of azinomycin B after treatment with calf thymus DNA
[138]. Attempts to confirm the alkylation position on azinomycin B unambigu-
ously by treatment with deoxyguanosine failed, due to rapid hydrolysis of the azi-
nomycin B, but the hydrolysis product was identified as 68 (Figure 11.11), imply-
ing that the aziridine ring is more electrophilic. Additional studies by Terashima
et al. provided evidence that the initial monoalkylation involves the aziridine ring
of azinomycin B. Treatment of synthetic azinomycin analogue 69 with thiophenol
resulted in initial opening of the aziridine ring to form 70, followed by epoxide-
opening to form 71 [139].

Saito et al. achieved the first direct confirmation of double alkylation of purine
bases by azinomycin B [140]. They incubated azinomycin B with the self-comple-
mentary DNA duplex d(TAGCTA), and monitored the reaction by HPLC and ion
spray MS. They observed initial formation of a monoadduct that was then con-
verted into a crosslinked bisadduct. The crosslink position was identified as be-
tween the guanine of one strand and the 5’-adenine on the other strand by thermo-
Iytic depurination. Further decomposition prevented structural analysis of the azi-
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nomycin B-base adducts, but treatment of the methylated analogue 72 with DNA
and subsequent thermolysis provided a new product 73, which could be isolated
and characterized (Figure 11.12). MS and "H NMR suggested that 73 was formed
by nucleophilic addition of adenine and guanine to the aziridine and epoxide
groups of 72. The regiochemistry of addition was determined by chemical degrada-
tion of 73 to 74.



11.3 The Azinomycins

OH

Scheme 11.8

It was concluded that the crosslinking reaction proceeded through initial alkyla-
tion of N-7 of adenine by the aziridine ring, followed by guanine N-7 alkylation by
the epoxide (Figure 11.12). This seems inconsistent with Armstrong’s earlier con-
clusions, but the very short oligonucleotides used by Saito et al. may influence the
DNA alkylation chemistry.

Shipman et al. have provided further evidence for the role of the aziridine and
epoxide groups in DNA crosslinking through synthesis and analysis of designed
analogues [141]. Compound 69 (Scheme 11.8) caused efficient DNA crosslinking,
while 75 and 76, lacking the epoxide and aziridine rings, respectively, did not.

Coleman and Alcaro have conducted molecular modeling studies of the inter-
action between azinomycin B and DNA, constituting an important complement to
the experimental studies. They initially developed an improved set of suitable force
field parameters and applied these to energy minimization of azinomycin B, using
positional constraints based on DNA crosslink geometry to filter the results [142].
They found that the global minimum conformation was compatible with crosslink
formation, implying a degree of preorganisation for crosslinking. They then mod-
eled the crosslinking reaction of azinomycin B with the six base pair duplex stud-
ied experimentally by Saito et al. [143]. The DNA conformation was modeled as
either native B-DNA or as B-DNA with a preformed intercalation site. They per-
formed Monte Carlo simulations on all four possible monoalkylated intermediates
and found the monoadduct formed by reaction between the aziridine and the
internal adenine to be most favored for crosslink formation, consistent with the
experimental results of Saito et al., for both intercalative and nonintercalative bind-
ing modes. They have more recently extended their modeling studies through
further refinement of the force field parameters to simulate the sequence selectiv-
ity of crosslinking [144]. Their results are consistent with the qualitative findings of
Armstrong et al. that crosslinking is favored between two guanine residues and is
significantly favored with a GC base pair between the crosslink positions. The
modeling study revealed structural features likely to be responsible for this se-
quence selectivity. Monoadducts that are predicted to form crosslinks more easily
possess favorable hydrogen bonding networks, and the presence of an intervening
AT base pair leads to steric hindrance between the azinomycin B molecule and the
C-5 methyl group of thymine. Again, the results were consistent with either an
intercalative or a nonintercalative mode of binding.
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Although most work to elucidate the mode of action of the azinomycin natural
products has focussed on their DNA crosslinking activity, it seems that this is not
strictly necessary for cytotoxicity and that monoalkylation may suffice. Truncated
azinomycin 77 (Scheme 11.9) was isolated along with azinomycins A and B from
Streptomyces griseofuscus [118, 119]. Although it was not originally identified as
having biological activity, it was later found to display potent cytotoxicity against
P388 murine leukemia [139].

A number of analogues of 77 have been synthesized and tested for cytotoxic
activity. Shipman et al. prepared 78-81 to probe the nature of the aromatic group
[145]. All were less active than 77, with the naphthyl analogues 79 and 80 display-
ing the best cytotoxicity. Surprisingly, 81, containing the known intercalating qui-
noxaloyl group, was completely inactive. Synthesis of a cyclopropane analogue of
77 confirmed the importance of the epoxide for biological activity. Preliminary
DNA alkylation studies indicated that cytotoxicity correlated with DNA binding.
The same group prepared dimeric analogues 82—-84 and studied their DNA cross-
linking and cytotoxicity [146]. All three crosslinked DNA, with 83 being the most
effective. All three also displayed potent cytotoxicity against a range of tumor cell
lines, broadly comparable with that for 77. Shibuya et al. [147] have prepared com-
pounds such as 85, hybrids between 77 and DNA-targeting lexitropsins, and
shown that they possess DNA-cleaving activity.

Zang and Gates have studied 77 in detail and confirmed that it acts as an effi-
cient DNA alkylating agent with selectivity for guanine residues [148]. They also
performed a number of assays to test whether 77 and the nonalkylating analogues
86 and 87 (Scheme 11.10) bound to DNA by intercalation. They observed a red
shift in the UV/Vis spectrum upon titration of 77 or 86 with DNA, an increase in
fluorescence of 87 in the presence of DNA, induction of DNA unwinding by 86,
and a small increase in viscosity of a DNA solution after addition of 77 or 87.
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Equilibrium dialysis was used to measure a binding constant of ~10* m™! between
87 and DNA. They interpreted these results as being consistent with intercalation
of DNA by 77, indicating that azinomycin B itself may also intercalate.

Coleman et al. have performed a preliminary structure/activity study for a series
of analogues of 77 [149]. They found that removal of the naphthoate moiety (88;
Scheme 11.11) dramatically reduced the yield of DNA alkylation, while replace-
ment of the NH, group with O-benzyl (89 and 90) abolished DNA alkylation com-
pletely. Compound 91 alkylated DNA with reduced efficiency, so this effect is not
simply due to a requirement for a hydrogen bond donor at this position. Perhaps
the amide is required at this position to increase the ability of the C=0O to act as a
hydrogen bond acceptor. Importantly, they found a strong correlation between the
extent of in vitro DNA alkylation and cell culture cytotoxicity.

Coleman et al. have also reported a detailed investigation of DNA alkylation by
azinomycin B, using synthetic oligonucleotides containing a 5’-Pu-N-Py-3’ target
sequence flanked on each side by six unreactive AT base pairs [150]. They con-
ducted a thorough quantitative analysis of sequence selectivity and regiochemistry
for monoalkylation and crosslinking and determined that crosslink formation was
more rapid between two guanines than between guanine and adenine, as pre-
dicted from the greater nucleophilicity of guanine at N-7. They also found that
crosslinking yield was significantly lower for an intervening AT base pair than for
GC, as predicted from their modeling studies, most probably due to steric hin-
drance between azinomycin B and the C-5 methyl group of thymine and favorable
hydrogen bonding in the more efficiently crosslinked products. Kinetic analysis of
both steps of the reaction allowed determination of the orientation of crosslinking.
For the most reactive sequence, 5-d(GGC - CCG)-3’, it was found that monoalk-
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ylation occurred almost exclusively on the 5'-d(GGC)-3’ strand, presumably
through the aziridine ring, consistently with the greater nucleophilicity of guanine
when on the 5’ side of an adjacent guanine.

Further experiments were conducted in order to analyze the potential role of
intercalation in noncovalent binding of azinomycin B to DNA. No evidence for
intercalation of azinomycin B or non-alkylating partial structure 92 (Scheme 11.12)
was found by viscometry or fluorescence contact energy transfer. There was also
no evidence for intercalation by the alkylating partial structure 77 found by fluores-
cence contact energy transfer. In addition, there was no sign of intercalation when
naphthoic acid 93 or ester 94 were studied in a DNA unwinding assay. These
results are at odds with those of Zang and Gates, though the experimental details
and compounds tested in the two studies are not identical.

Searcey et al. have just published additional work that supports an intercalative
mode of binding, at least for partial azinomycin structures. They performed DNA
unwinding assays with 77 and designed prodrug analogue 95 and conclude that
both compounds bind weakly to DNA through intercalation [151].

These contrasting results for partial azinomycin structures are confusing, but
may be due to subtle differences in experimental design. However, the results of
Coleman et al. on azinomycin B itself provide considerable evidence that its bind-
ing to DNA does not involve intercalation, and that the naphthoate moiety is in-
volved in more general hydrophobic interactions.

Very recently, the Shipman group have made a further step towards a compre-
hensive structure/activity profile for noncovalent interactions between azinomy-
cin B and DNA [152]. They synthesized simplified azinomycin analogues 69 and
96-98 (Scheme 11.13), retaining both the epoxide and aziridine alkylating func-
tionalities, with systematically altered substitution on the naphthoate fragment,
and analyzed their DNA crosslinking by gel electrophoresis. They found that cross-
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linking efficiency followed the trend 69 ~ 97 > 96 > 98, demonstrating that the C5’
methyl group probably plays an important role in the binding between the azino-
mycins and DNA. The precise nature of this binding interaction remains un-
known, however.

Although great progress has been made in study of the mode of action of the
azinomycins, a full understanding of their interaction with DNA will require fu-
ture structural characterization of azinomycin-DNA crosslinks by NMR or X-ray
crystallography.

11.3.3
Biosynthesis

The first biosynthetic studies on azinomycin B have recently been reported, with
the initial goal being to confirm a proposed polyketide origin for the naphthoate
fragment. C1-, C2-, and doubly labeled sodium acetate were fed to the azinomycin
producer S. sahachiroi and incorporation was analyzed by *C NMR [153]. Clear
labeling was observed in the naphthoate fragment (Figure 11.13), consistent with a
polyketide pathway in which one molecule of acetyl-CoA is condensed with five
molecules of malonyl-CoA to form the naphthoate carbon skeleton. Labeling was
also clearly observed in the aziridine and enol fragments, consistent with the in-
volvement of Krebs cycle intermediates involved in amino acid biosynthesis.

The enol fragment was labeled in a tail-to-tail manner consistent with an origin
from oxaloacetate 99 via aspartic acid and threonine 100 (Figure 11.14). Five of the
seven carbons of the aziridine fragment were labeled by acetate, with a tail-to-tail
arrangement as would be expected were they to be derived from a-ketoglutarate
101 (Figure 11.14). Much remains to be discovered about the steps required to
elaborate o-ketoglutarate into the aziridine fragment of azinomycin B, not least the
origin of the aziridine ring itself.

No significant labeling was observed in the epoxide fragment, although a low
degree of labeling that could not be interpreted was observed after feeding of high
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Figure 11.13 Incorporation of '3C-labeled acetate into
azinomycin B.
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Figure 11.14 Predicted labeling of the enol and aziridine frag-
ments, via oxaloacetate (99) and threonine (100) for the enol
fragment, and via o-ketoglutarate (101) for the aziridine frag-
ment. a) First pass through Krebs cycle. b) Second pass
through Krebs cycle. c¢) Third and subsequent passes through
Krebs cycle.

doses of labeled sodium acetate. Further experiments with other primary meta-
bolic precursors are required to discover the origin of this structural unit.

The acetate labeling results clearly demonstrated a polyketide origin for the
naphthoate fragment. This resulted in the hypothesis that the first enzyme-free
intermediate in azinomycin biosynthesis would be naphthoate 102, with condensa-
tion to form a polyketone chain, reduction, cyclization, and dehydration/aromati-
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Figure 11.15 Proposed pathway to the naphthoate fragment of
azinomycin B.

zation occurring on a polyketide synthase (Figure 11.15). The methoxy group
would be introduced by oxygenation and methylation at some point later in the
biosynthetic pathway. To test whether 102 was an intermediate, and to investigate
at which stage the methoxy group was introduced, Corre et al. synthesized poten-
tial naphthoate intermediates 102-104 in deuterium-labeled form, fed them to
S. sahachiroi, and analyzed incorporation by mass spectrometry and *H NMR
[154]. Deuterium was incorporated from each of 102-104 very efficiently, implying
that all are true biosynthetic intermediates and that the methoxy group is added to
the naphthalene before the rest of the molecule is attached. The early stages of
azinomycin biosynthesis are therefore believed to proceed as outlined in Fig-
ure 11.15. Intermediate 102 is produced by a polyketide synthase (PKS), then oxy-
genated (most probably with O, catalyzed by a cytochrome P450), and methylated
with S-adenosyl methionine (SAM). The expected origin of the methoxy group was
confirmed by the efficient and specific incorporation of '*C from the methyl group
of methionine [153].

Further support for this pathway was provided by competition feeding studies. If
104 were not a true biosynthetic intermediate and were incorporated due to some
flexibility in the biosynthetic enzymes, then its incorporation would be expected to
be reduced by an equivalent concentration of the true substrate 102 or 103. If it
were a real intermediate, then it would be expected that incorporation of earlier
intermediates would be reduced by an equivalent concentration of 104. Precursor
104, labeled with deuterium at the O-methyl group, was co-fed with an approx-
imately equal concentration of either 102 or 103 labeled with deuterium at the C-5
methyl group, and relative incorporation levels were compared by measurement of
the CD3 peak intensities in the ?H NMR spectrum of the labeled azinomycin B. In
each case, there was approximately twice as much deuterium labeling at the O-
methyl group as at the other methyl group, consistently with 104 being a true
biosynthetic intermediate.
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Figure 11.16 Proposed ‘NIH shift’ mechanism for hydroxyla-
tion of the azinomycin naphthoate.

The mechanism of hydroxylation of 102 to 103 was probed by synthesis and
feeding of intermediate 102 labeled with deuterium at C-3 [154]. Significant in-
corporation of the deuterium was observed by mass spectrometry, even though it is
located at the position in the precursor where the hydroxy group is introduced.
Analysis by '"H and *H NMR revealed that azinomycin B was labeled specifically at
the C-4’ position, meaning that a regioselective 1,2 hydrogen shift had occurred.
This result is consistent with the involvement of an ‘NIH shift’ mechanism for
hydroxylation of aromatic rings (Figure 11.16) [155]. This was first observed in the
oxidation of aromatic amino acids, although at least one other example has been
found for its involvement in polyketide biosynthesis, during the construction of
aflatoxin B1 [156].

It is tempting to speculate about some features of the genetics and enzymology
of azinomycin biosynthesis. Similar substituted naphthoate fragments are found
in the enediyne DNA-cleaving agents neocarzinostatin chromophore (105;
Scheme 11.14) [157, 158] and N1999A2 (106) [159]. The neocarzinostatin biosyn-
thetic gene cluster in Streptomyces carzinostaticus has recently been sequenced
[160], revealing the existence of an iterative Type I polyketide synthase believed to
be required for synthesis of the naphthoate fragment. The gene for this synthase

OH

MeO

Scheme 11.14
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Figure 11.17 Hypothetical organization of an azinomycin B
peptide synthetase.

has recently been cloned and expressed in Streptomyces lividans [161]. Although a
naphthoate product 107 was produced upon introduction of this gene, confirming
its role as a polyketide synthase, it lacked one of the expected hydroxy groups. As
for azinomycin B, this must arise in a separate oxygenation reaction.

It is very likely that a similar Type I polyketide synthase constructs the naph-
thoate fragment of azinomycin B. This will be a very interesting enzyme to study,
since it will need to perform an unprecedented three regioselective reduction reac-
tions, as well as controlling the polyketide chain length and directing its cycliza-
tion.

A very attractive prospect is that the four separate fragments of azinomycin B are
combined by a nonribosomal peptide synthetase (NRPS). This class of multifunc-
tional enzymes is responsible for the assembly of a vast range of bioactive natural
products consisting of small peptides with varying degrees of further modification
by cyclization, oxidation, glycosidation, etc. [162]. The enzymes consist of a series
of modules, each of which is responsible for the recognition and incorporation of a
specific amino acid, hydroxy acid, or carboxylic acid. Each module contains an
adenylation (A) domain that selects its substrate and activates it as an acyl adeny-
late by reaction with ATP. The substrate is then transferred to the phosphopante-
theinyl cofactor of a peptidyl carrier protein (PCP) domain catalyzed by a thiolation
(T) domain to form an enzyme-bound thioester. A condensation (C) domain then
catalyzes amide or ester formation between two substrates covalently bound to
adjacent modules. Figure 11.17 shows the organization of a hypothetical synthe-
tase for azinomycin B production; it may be that the formyl group of the enol
fragment is generated by direct reduction of the enzyme-bound thioester by a
reductase (R) domain, as observed for myxochelin [163]. The stage at which the
crucial epoxide and aziridine functionalities are introduced — whether they are
present before the four different fragments are combined, or whether they are
elaborated at a late stage in the biosynthesis — cannot yet be predicted.
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11.4
Other Aziridine Natural Products

11.4.1
Ficellomycin

Ficellomycin (108; Scheme 11.15) was isolated from Streptomyces ficellus during a
screen for antibiotics at Upjohn in 1976 [164]. It inhibits growth of Gram positive
bacteria in vitro and showed in vivo effectiveness against Staphylococcus aureus in-
fections in mice. The structure of 108 was determined by 2D NMR in 1989 [165]; it
shares the 1-azabicyclo[3.1.0]hexane ring system with the azinomycins, although it
is more reduced. There are still some ambiguities with respect to the stereochem-
istry of ficellomycin. Although the L stereochemistry of the valine residue was
unequivocally determined by degradation, and the relative stereochemistry of the
ring substituents could be deduced from NMR coupling constants, the stereo-
chemistry of the a-carbon of the aziridine-containing amino acid relative to the
ring system and to the valine, and also the absolute stereochemistry of the ring
system, have not yet been determined.

Scheme 11.15

Ficellomycin was found to inhibit semiconservative DNA replication in Eschir-
ichia coli, and this was found not to be due to direct inhibition of DNA polymerase
[166]. It has been suggested that ficellomycin may exert its biological activity by
alkylation of DNA [165], in common with the azinomyins. The biosynthesis of
ficellomycin has not been studied, but it seems highly probable that its 1-azabicy-
clo[3.1.0]hexane ring system will arise from a pathway related to that for the azi-
nomycins.

11.4.2
593A/NSC-135758

Compound 593A (109; Scheme 11.16) was isolated from Streptomyces griseoluteus
by a group at Merck, Sharp, and Dohme in 1970 [167]. Its structure was proposed
in 1973 [168] and confirmed by X-ray crystallography in 1976 [169, 170]. The trivial
name streptolutine was proposed for the amino acid 110, so 109 would conse-
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Scheme 11.16

quently be cyclo-(streptolutyl-streptolutyl) [169]. Compound 109 inhibits growth of
a range of different cancer cell lines, and was taken forward to clinical trials for
leukemia and ovarian, cervical, and uterine cancers during the 1970s and 1980s
[171, 172], although it has not been further developed for clinical use.

During mode of action studies in vitro, 109 was found to inhibit DNA synthesis,
but not RNA or protein synthesis, and to act as an alkylating agent [173-175]. A
bis-aziridine derivative 111 was prepared and its in vitro biological activity was
found to be ten times weaker than that of 109 [174]. This may be due to inactivation
of 111 by hydrolysis, leaving open the possibility that 109 is actually a prodrug, and
that the bis-aziridine 11 is formed in situ and is the active alkylating species. In-
deed, it may be that 109 is merely a byproduct of the isolation procedure, which
involves treatment with hydrochloric acid to form the dihydrochloride salt, and
that 111 is the true natural product and is generated by a biosynthetic route similar
to that for ficellomycin.

11.4.3
Dicarboxyaziridine and Miraziridine A

(25,35)-Dicarboxyaziridine (112) was isolated from a Streptomyces strain in 1975
and found to have moderate antibacterial activity against Aeromonas salmonecida
[176]. Subsequent studies showed that 112 acts as a competitive inhibitor of fumar-
ase, through mimicry of a carbanionic transition state [177]. No biosynthetic stud-
ies have been reported for 112, but it is conceivable that it may arise from cycliza-
tion of (3R)-hydroxyaspartic acid (Figure 11.18).

More recently, miraziridine A (113) was isolated from a marine sponge related to
Theonella mirabilis and shown to inhibit the cysteine protease cathepsin B. It has
been shown that the aziridine ring plays a key role in this biological activity and
gives rise to irreversible inhibition of cathepsins B and L, presumably through

OH
H COsH
Y COLH Hood 572
B £ H —_— + H,0O
HOzC N
NH, H
112

Figure 11.18 Hypothetical biosynthesis of (25,35)-
dicarboxyaziridine.
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Figure 11.19 Hypothetical biosynthetic organization for
miraziridine A.

alkylation of the active site cysteine by the aziridine [178]. Compound 113 prepared
by total synthesis was also shown to inhibit the serine protease trypsin and the
aspartyl protease pepsin, probably due to the vinylogous arginine and the central
statin moieties, respectively [179]. The dicarboxyaziridine residue has also been
incorporated as an alkylating functional group into synthetic cysteine protease
inhibitors [180, 181].

It is likely that the biosynthesis of 113 is directed by a hybrid polyketide syn-
thase/nonribosomal peptide synthetase enzyme system, as indicated in Figure
11.19.

11.4.4
Azicemicins

Azicemicins A (114) and B (115) were isolated in 1993 from a species of Amycola-
topsis related to Amycolatopsis sulphurea [182—184], and shown to display moderate
growth inhibition of Gram positive bacteria and mycobacteria, though the mode of
action was not investigated. No biosynthetic studies have been reported, but an
obvious possibility is the use of serine as a starter unit for an aromatic polyketide
synthase, with cyclization through an Sn2 reaction occurring at some stage (Figure
11.20).

11.4.5
Maduropeptin

Maduropeptin is a complex of macromolecular antitumor agents isolated from
Actinomadura madurae by scientists at Bristol-Myers-Squibb [185]. Maduropeptin
exhibited antibiotic activity against Gram positive bacteria and strong cytotoxicity
against murine melanoma B16-F10 and human colon carcinoma HCT-116 tumor
cells in vitro, and also prolonged the survival time of mice implanted with P388
leukemia and B16 melanoma. The active components were found to consist of an
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Figure 11.20 Hypothetical biosynthesis of the azicemicins.

unstable chromophore bound to a 32 kDa acidic protein. The most stable and most
active component, maduropeptin A;, was studied further to determine the struc-
ture of the chromophore [186] and to elucidate the mode of action [187].

The tightly bound chromophore could be extracted from the protein with metha-
nol [186], and the major component of the extract was determined to have the
enediyne structure 116 (Figure 11.21), related to chromophores of other chromo-
protein antitumor agents such as neocarzinostatin. Additional minor components
were extracted, variously containing an OH group instead of OMe attached to the
enediyne core, with Cl instead of OMe when chloride was present in the buffer
salt, or with OEt instead of OMe when ethanol was used for the extraction. Another
byproduct was isolated in the form of structure 117, consistent with a facile cy-
cloaromatization reaction as observed for all other enediyne antibiotics. Surpris-
ingly, 117 also displayed antibiotic and antitumor activity, perhaps due to alkylation
of DNA or protein by the aziridine. The interpretation of these results was that 116
and the other enediyne byproducts were merely artifacts of the extraction proce-
dure and that the true structure of the maduropeptin chromophore is the aziridine
118.

The mode of action of maduropeptin has been studied [187]. Like the other
enediyne antibiotics, maduropeptin cleaves double-stranded DNA. A mixture of
single and double strand breaks is observed, with double strand cleavage staggered
by two base pairs, with a degree of sequence selectivity. There is evidence that the
maduropeptin chromophore acts in the minor groove of DNA and damages DNA
though cycloaromatization to a benzenoid diradical and abstraction of the 4’-H
atom of deoxyribose, with subsequent radical-induced cleavage of the sugar phos-
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phate backbone (Figure 11.21). This mechanism is similar to those of the other
enediyne antibiotics, although maduropeptin, unlike the majority of the ene-
diynes, does not require reductive activation.

Compound 116 cleaves DNA in the same way as maduropeptin, though with
100-fold less potency. It is suggested that 116 and the other isolation artifacts act as
prodrugs of the active form 118, through nucleophilic attack of the amide nitrogen
on the enediyne ring system to form the aziridine and to release methanol (Fig-
ure 11.20). Interestingly, the protein component of maduropeptin exhibits pro-
tease activity against histones, which may facilitate access of the chromophore
“warhead” to DNA [187].

The biosynthesis of maduropeptin has not been studied in detail, but an iterative
type I polyketide synthase gene predicted to be responsible for forming the ene-
diyne core structure has been identified [188].

11.4.6
The Madurastatins

Madurastatins A1 (119; Scheme 11.17), A2 (120), A3 (121), B1 (122), and B2 (123)
were isolated in 2004 from a clinical isolate of a pathogenic actinomycete, a strain
of Actinomadura madurae [189]. The stereochemistry of the N-methyl-N-hydrox-
yornithine residue remains unknown, but it was determined that the serine and
aziridine residues are D, and the rest are L.

Only the major components 119 and 120 exhibited activity against Micrococcus
luteus, implying that the aziridine ring is required for antibiotic activity. Madur-
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Scheme 11.17
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astatin A1 was found readily to form an Fe(111) complex, inactive as an antibiotic,
upon treatment with ferric chloride. This implies that the principal role of the
madurastatins is as siderophores, acting to sequester iron from the environment
into the bacterial cell. Since pathogenic bacteria have to compete for iron with their
host and have to colonize iron-poor environments, siderophores act as virulence
factors, and inhibition of siderophore biosynthesis may be a fruitful strategy for
antibiotic development.

It is likely that the madurastatins are biosynthesized on a nonribosomal peptide
synthetase, from salicylic acid as the starter acid. L-Serine is probably the precursor
to the aziridine moiety, with epimerization occurring on the enzyme-bound amino
acid as found for other nonribosomal peptides, with aziridine formation occurring
at a late stage. Compounds 120 and 123 could therefore be biosynthetic precursors
to 119 and 122, respectively.

11.4.7
Aziridine Metabolites from Amino Alcohols

It has been proposed that aziridines may be more widespread in biological systems
than is generally realized [190]. Many drugs such as ephedrine (124; Scheme
11.18) and pronethalol (125) and endogenous metabolites such as adrenaline (126)
contain a B-aminoalcohol moiety, which may act as a precursor to an aziridine
metabolite that may explain the known carcinogenicity of some of these com-
pounds such as pronethalol.

Bicker and Fischer incubated ephedrine isomer 127 with a rat liver homogenate
to which ATP and sulfate were added [191]. Formation of aziridine 128, requiring

OH QH

H
H
@JY T h
124 125 HO 126

Scheme 11.18

HQ H sulfotransferase,
N AP, __ATP.SO/
127

H*, H,0

128

Figure 11.22 Biochemical formation of aziridines in rat liver
homogenate.
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the presence of the ATP and the sulfate, was observed by thin layer chromatog-
raphy. It was reasoned that aziridine formation occurred (either spontaneously or
enzyme-catalyzed) after enzymatic sulfation of the hydroxy group by phosphoade-
nosinephosphosulfate (PAPS) formed in situ (Figure 11.21). Although no further
studies on enzymatic aziridine formation have been reported, it remains an in-
triguing possibility that this underlies the toxicity of many drugs or that trans-
formation of endogenous B-amino alcohols may be a contributory factor in cancer.
Another exciting possibility is that this mechanism may be general and may be
involved in the biosynthesis of the aziridine rings of all the natural products dis-
cussed in this chapter.

11.4.8
Azirine and Diazirine Natural Products

Azirinomycin (129; Scheme 11.19) was isolated as a broad-spectrum antibiotic
from Streptomyces aureus by workers at Merck, Sharp, and Dohme in 1971 [192,
193]. Although it has good in vitro activity against both Gram positive and Gram
negative bacteria, it is highly toxic and has no in vivo activity, probably due to its
chemical instability.

Dysidazirine 130 was isolated by Ireland in 1988 from a Fijian sample of the
marine sponge Dysidea fragilis [194] as the major lipophilic component of the
sponge and was shown to possess cytotoxic activity against L1210 cells, as well as
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inhibiting growth of Gram negative bacteria and yeast. It was noted that 130 is
structurally similar to sphingosine 131, a well known component of glycolipids,
which may act as a biosynthetic precursor to 130 (Figure 11.23). In 1995, Faulkner
etal. reported the isolation of further azirine metabolites from Dysidea fragilis,
collected at Pohnpei [195]. As well as the enantiomer and (Z) isomer of dysidazir-
ine (132 and 133), bromine-containing (4E)-(S)-antazirine (134) and (4Z)-antazir-
ine (135) were isolated, although none of the new compounds displayed any antibi-
otic activity.

No biosynthetic experiments have been reported for these compounds, but they
probably all share the same biosynthetic mechanism. One possibility is that they
are generated by cyclization of an a-amino-f-keto carboxyl intermediate that would
arise from threonine (136) and sphingosine (131) for 139 and 130, respectively
(Figure 11.23). Alternatively, cyclization may precede oxidation, with an aziridine
intermediate being formed.

One example of a naturally occurring diazirine, duazomycin A (137; Scheme
11.20), has been reported, isolated in 1985 from a Streptomyces species during a
screen for herbicidal compounds [196]. It was found to inhibit de novo starch syn-
thesis and it was suggested that this is due to direct inhibition of protein synthesis.
Duazomycin A is structurally related to 6-diazo-5-oxo-L-norleucine (138), also re-
ported as a natural product from Streptomyces [197], which acts as a glutamine
antagonist and inhibits purine biosynthesis [198].
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12
Epoxides and Aziridines in Click Chemistry
Valery V. Fokin and Peng Wu

12.1
Introduction

The success of a search for novel compounds with desired properties, whether in
the fields of pharmaceuticals, agrochemicals, or new materials, is often dependent
on the degree of diversity of the building blocks that are available: the greater the
variety of structures and functional groups that can be employed in the construc-
tion of candidate compounds, the more likely it is that useful function will be
discovered. However, while the throughput of assays and automated compound-
handling techniques have advanced with the lightning speed during the last
decade, methods that allow practical synthesis of truly diverse collections of com-
pounds still leave much to be desired. The problems with transformations em-
ployed in the diversity setting often arise from at least one, and usually a combina-
tion, of the following: limited scope, hard-to-obtain starting materials, require-
ments for protecting groups, and difficult purifications. The lesson is clear: with an
enormous diversity space to explore (it has been estimated that the number of
small drug-like compounds may be as high as 10%%) [1], the size of a given collec-
tion becomes much less important than its reach, which is in turn dictated by the
synthetic methods available for its assembly.

The concept of click chemistry began to take shape more than a decade ago in
the laboratories of K. B. Sharpless. The first written account was published in 2001
[2]. Although the concept has been refined since then, the guiding principle has
remained: click chemistry relies on the best connecting reactions that fulfil the
most stringent criteria of utility and convenience. Thus, it is simultaneously ena-
bled and constrained by a handful of near-perfect click reactions (Scheme 12.1).
Click reactions are modular, use only readily available reagents, and exhibit wide
scope, giving consistently high yields with a variety of starting materials. They are
easy to perform (i.e., insensitive to oxygen or water, so protecting groups and
offensive organic solvents are not necessary). Workup and product isolation is
usually simple, without the need for chromatographic purification. A defining
attribute of a click reaction is a high thermodynamic driving force, usually greater
than 20 kcal - mol™', which results in the spontaneous formation of a desired
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product. Such “spring-loaded” processes proceed rapidly to completion and also

tend to be highly selective for a single product. The majority of click reactions form

carbon-heteroatom bonds and are tolerant of — and frequently accelerated by —
water or aqueous solvents [3]. The following carbon-heteroatom bond-forming re-
actions comprise the most common examples:

o additions to carbon-carbon multiple bonds, especially oxidation of olefins, such
as epoxidation, dihydroxylation, aziridination, and aminohydroxylation;

e nucleophilic substitution chemistry, particularly ring-opening reactions of
strained heterocyclic electrophiles such as epoxides, aziridines, aziridinium
ions, and episulfonium ions;

o cycloadditions of unsaturated species, especially 1,3-dipolar cycloaddition reac-
tions.

It seems fair to say that the history of synthetic organic chemistry has been domi-
nated by the goal of imitating nature’s biosynthetic pathways. Today, the art of
organic synthesis has evolved to a point where even the most complex molecules
created by living systems have been, or can be, made in the laboratory. However,
the bioactive natural products that have most intrigued synthetic organic chemists
have frameworks of extended C—C bonds that are often exceedingly difficult to
construct, even though nature tackles this problem seemingly effortlessly. Why do
organic chemists end up with reaction sequences so starkly different from nature’s
for the same synthetic targets? The answer is rooted in appreciation of the fact that
organic chemists and nature begin from different starting materials and use differ-
ent methods for controlling reaction selectivity. Nature ultimately starts her syntheses
from carbon dioxide, water, ammonia, and phosphate, and has therefore evolved
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Scheme 12.2 Seven hydrocarbons are the progenitors of most
organic compounds produced by the chemical industry.

exquisite enzymatic pathways to construct C-C bonds based on the mostly reversi-
ble, aldol-type transformations of the carbonyl group and to control each step
through small incremental energy bursts (ca. 3 kcal - mol™) derived from the hy-
drolysis of ATP. Lacking her synthetic stratagems for channeling reactions in the
desired pathway, organic chemists had no choice but to resort to aggressive rea-
gents, such as organolithiums and enolates, which require the use of aprotic sol-
vents and protecting groups to achieve the same goals.

Fortunately, we have a different set of carbon starting materials available to us,
derived from nature but inaccessible to her: hydrocarbons, which are more ad-
vanced than carbon dioxide. Most come from the oil left for us by prehistoric
lifeforms. The petrochemical industry cracks it into smaller unsaturated blocks
containing at most eight carbon atoms, from which almost 90% (by weight) of all
useful synthetic organics are made (Scheme 12.2) [4].

Endowed with about 20-25 kcal - mol™" of free energy above that for the corre-
sponding saturated hydrocarbon, olefins are ideal starting materials for organic
synthesis. Their potential is unlocked by their oxidative functionalization. The
broad scope and high yields of many olefin oxidation processes make these trans-
formations the most fundamental enablers of click chemistry. The oxidation step
generates highly reactive, yet stable, building blocks, such as epoxides and azir-
idines, or even more energetic intermediates, such as aziridinium and episulfon-
ium ions — all nearly perfect for click chemistry transformations (Scheme 12.3).
Both the oxidations to the intermediates and their subsequent reactions with nu-
cleophiles are stereospecific, and are therefore very predictable. To sum up, the
combination of oxidative olefin functionalization and subsequent manipulation of
the resulting products allows one to proceed from a system of high energy to a
system of lower energy in a stepwise fashion, thereby enabling the introduction of
new elements of diversity in every step, each with a strong driving force, making
for mild reaction conditions and reliably high yields. This sequence of oxidative
creation/nucleophilic quenching of reactive electrophiles is at the heart of click
chemistry and is the subject of the discussion that follows.

Although beyond the scope of the present discussion, another key realization
that has shaped the definition of click chemistry in recent years was that while
olefins, through their selective oxidative functionalization, provide convenient ac-
cess to reactive modules, the assembly of these energetic blocks into the final
structures is best achieved through cycloaddition reactions involving carbon-het-
eroatom bond formation, such as [1,3]-dipolar cycloadditions and hetero-Diels-Al-
der reactions. The copper(1)-catalyzed cycloaddition of azides and terminal alkynes
[5] is arguably the most powerful and reliable way to date to “stitch” a broad variety
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Scheme 12.4 Copper(1)-catalyzed synthesis of 1,2,3-triazoles.

of blocks irreversibly by means of the 1,2,3-triazole connection, a link that is nota-
bly stable and inert to severe hydrolytic, as well as redox, conditions (Scheme 12.4).
Although both alkynes and azides are highly energetic species, their chemose-
lectivity profiles are quite narrow; that is, “orthogonal” to an unusually broad range
of reagents, solvents, and other functional groups. This allows reliable and clean
sequential transformations of broad scope without the need for any protecting
groups. This catalytic variant of the Huisgen synthesis of 1,2,3-triazoles has al-
lowed a number of applications, ranging from medicinal chemistry and molecular
biology to materials science and electrochemistry. The impact of this transforma-
tion on drug discovery has recently been reviewed [6]. In this light, the paramount
importance of transformations that allow efficient introduction of azide and alkyne
moieties into various structures is easily appreciated, and nucleophilic openings of
epoxides, aziridines, and aziridinium ions are among the most convenient proc-
esses to achieve this goal.
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12.2
Epoxides in Click Chemistry

Epoxides are often encountered in nature, both as intermediates in key biosyn-
thetic pathways and as secondary metabolites. The selective epoxidation of squa-
lene, resulting in 2,3-squalene oxide, for example, is the prelude to the remarkable
olefin oligomerization cascade that creates the steroid nucleus [7]. Tetrahydrodiols,
the ultimate products of metabolism of polycyclic aromatic hydrocarbons, bind to
the nucleic acids of mammalian cells and are implicated in carcinogenesis [8]. In
organic synthesis, epoxides are invaluable building blocks for introduction of di-
verse functionality into the hydrocarbon backbone in a 1,2-fashion. It is therefore
not surprising that chemistry of epoxides has received much attention [9].

The past thirty years have witnessed great advances in the selective synthesis of
epoxides, and numerous regio-, chemo-, enantio-, and diastereoselective methods
have been developed. Discovered in 1980, the Katsuki-Sharpless catalytic asym-
metric epoxidation of allylic alcohols, in which a catalyst for the first time demon-
strated both high selectivity and substrate promiscuity, was the first practical entry
into the world of chiral 2,3-epoxy alcohols [10, 11]. Asymmetric catalysis of the
epoxidation of unfunctionalized olefins through the use of Jacobsen’s chiral [(sale-
n)Mn'"] [12] or Shi’s chiral ketones [13] as oxidants is also well established. Cata-
lytic asymmetric epoxidations have been comprehensively reviewed [14, 15].

12.2.1
Synthesis of Epoxides

Owing to the aforementioned importance of epoxides, methods for their prepara-
tion have been the focus of intense studies during the last five decades. While this
vast area is addressed in more details elsewhere in this volume, brief comments
about procedures that have been found particularly convenient in click chemistry
context are offered below.

Epoxidation of olefins with meta-chloroperbenzoic acid, (MCPBA) remains to
this day among the most widely used methods for research-scale applications [16].
Discovered by Nikolai Prilezahev in 1909 [17], it became popular only decades later,
mostly through the works of Daniel Swern in the 1940s [18]. Despite its simplicity,
and not unlike most epoxidation methods in use today, it suffers from undesired
epoxide opening caused by the slight acidity of the reaction milieu. Although acid-
catalyzed side reactions can sometimes be minimized by use of buffered systems
[19], the necessity for stringent pH control for the preparation of acid-sensitive
epoxides significantly limits substrate scope and overall efficiency of this process
[20].

Dimethyldioxirane DMDO discovered by Murray and coworkers, is a superior
choice for the epoxidation of most olefins, giving comparable or higher yields than
m-CPBA-based epoxidation [21]. Proceeding rapidly under neutral and mild condi-
tions, it is especially well suited for the synthesis of sensitive epoxides of enol
esters, enol lactones [22], and enol ethers [23]. The reaction is stereospecific, gen-
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erally furnishing the desired epoxides in almost quantitative yields. The procedure
is experimentally convenient, and in most cases removal of the solvent generates
pure products. An elegant synthesis of B-linked oligosaccharides by this method
was accomplished by Danishefsky (Scheme 12.5) [24].

After Herrmann’s groups, discovery of its remarkable catalytic properties [25],
methyltrioxorhenium (MTO) has emerged as a useful catalyst for a number of
organic transformations, epoxidations in particular. MTO and hydrogen peroxide
as a terminal oxidant provide efficient conversion of olefins into their correspond-
ing epoxides. Because of the Lewis acidic nature of the Re center, however, only
those epoxides uncommonly resistant to ring-opening could be obtained with the
original procedure. The utility of this transformation was greatly expanded by the
subsequent discovery that pyridine ligands not only exhibit a remarkable accelera-
tion effect on the reaction rate but also prevent acid-catalyzed epoxide-opening [26,
27]. In addition, the catalyst lifetime is significantly increased when sufficient pyr-
idine ligand (3-12mol%) is provided in aprotic, noncoordinating solvents
(Scheme 12.6). Taken together, the reactivity of MTO/H,0, closely resembles that
of dimethyldioxirane, but the former is far more convenient and inexpensive to
generate.

The MTO/H,0,/pyridine system enjoys a broad substrate scope and has be-
come the method of choice for the epoxidation of di-, tri-, and tetrasubstituted
olefins. As an added benefit, it gives high diastereoselectivities for a number of
cyclic dienes (Table 12.1).

Further improvement of this process was accomplished by Yudin and Sharpless
by use of the stoichiometric oxidant bis(trimethylsilyl) peroxide (BTSP, Scheme
12.7) [28).

This highly active epoxidation system, based on the controlled hydrolysis of
BTSP with a catalytic amount of water, maximizes the formation of the Re monop-
eroxide complex at the expense of the more thermodynamically stable bis(per-
oxide) (Scheme 12.8). BTSP is very stable and can be prepared in molar amounts
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Table 12.1 MTO/pyridine-catalyzed epoxidation of dienes.!

Entry Substrate  Product Time  Ratio Selectivity ~ Diastereomeric
(h) monoepoxide: (%) ratio for
diepoxide diepoxide

3 1.2:1 95 99% anti

i
., 6 1:100 99 96:4 (anti:syn)
@) Ke;
0
(o)

3(b] © b 7 1:1.3 99 99% anti

5 1:100 97 99% syn
®)

[a] Reaction conditions: Csubstrate = 2 mol - L7, 0.5 mol % MTO,

12 mol % pyridine, 2.5 equiv. 50 % aq. H,0,, CH,Cl,, r.t. water bath,
2 mmol scale, selectivities and rates determined by 'H NMR; [b] Reac-
tion performed at 10 °C. [c] Chemoselectivity with respect to the epox-
idation reaction.

O=Re (0.5 mol%)
H,O ( 5mol%)

pyridine (0.5-1 mol%) Q -
>=< + Me,Si00SiMe, >Q< +  MesSiOSiMe,

*effective catalysts include MTO, Re,0O7, ReO3(OH), and ReO4

Scheme 12.7 Re/BTSP epoxidation.

Me,SiO0SiMey H,0 0-0 Z R
Re (Vi)
. 0 o)
Me;SiOSiMeg He0, Be (Vi >—R

Scheme 12.8 Catalytic cycle of Re/BTSP epoxidation.

by treatment of the urea/hydrogen peroxide adduct with bis(trimethylsilyl)urea.
Another advantage of this method is that the expensive and relatively sensitive
organorhenium complex MTO can be replaced by the stable and easily handled
rhenium oxides (e.g., Re;07, ReO3(OH), and ReO3).
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Table 12.2 Epoxidation of olefins with bis(trimethylsilyl)
peroxide (BTSP) catalyzed by high-valent oxorhenium deri-

vatives.[ !
Entry  Alkene Catalyst precursor/] Yield (%) Time (h)
solvent
1 /\/\/\/\/ A/CHzclz 94 14
3 AP B/CH,CL, 82 9
4 7 coMe B/CH,Cl, 77 15
5 A OAC B/CH,Cl, 82 3
6 A~Ph B/CH,CL, 88 9
F
F F
7 C/CH,Cl, 90 15
7 F
F
8 O& AJCH,CL, 95 7
O/\/
9 B/CH,Cl, 95 8
10 TN D/CH,Cl, 88 12
E/CH,Cl, 80 18
11 = B/CH,Cl, 90 9
F/CH,Cl, 85 9
12 O AN O A/THF 96 10
13 A~ ~_-COMe B/CH,Cl 90 3
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Table 12.2 (continued).

Entry  Alkene Catalyst precursor/!] Yield (%) Time (h)
solvent

14 ﬂ\m B/CH,Cl, 70 4
15 /jM B/CH,Cl, 96 4
16 &O B/CH,Cl, 81 14
17 )ﬁ/\/\ B/CH,Cl, 82 14
18 O A/CH,Cl, 82 10

[a] 10 mmol scale. [b] 1.5 equiv. BTSP per double bond was used.

[c] A: Re;07 (0.5 mol%), H,0 (5 mol%). B: ReOs (0.5 mol%), H,0
(5 mol%). C: ReOs3 (0.5 mol%), H,O (1 mol%). D: Re,0O7 (0.5 mol%),
pyridine (1 mol%), H,O (5 mol%). E: 2py/HReO4 (0.5 mol%), H,0
(5 mol%,). F: MTO(0.5 mol%), H>O (5 mol%).

The procedure is experimentally simple, and the workup involves only the de-
struction of the traces of hydrogen peroxide with manganese dioxide and evapora-
tion of the hexamethyldisiloxane. Pyridine additives serve to buffer the highly
acidic rhenium species and to shut down the detrimental acid-catalyzed epoxide-
opening pathways. The scope of this transformation is best appreciated through
the examples presented in Table 12.2 [28].

12.2.2
Nucleophilic Opening of Epoxides

The chief advantage in nucleophilic openings of epoxides and aziridines is that
competing elimination processes are stereoelectronically disfavored [29], resulting
in higher yields and easier product isolation. These “fusion” reactions can be per-
formed in the absence of solvents, causing the mixture of starting materials to
become a pure product, which only needs to be collected. Naturally, care must be
exercised in large-scale reactions with many epoxides and N-sulfonyl-substituted
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Scheme 12.9 Reactions of cyclohexadiene diepoxides with
amines [2].

aziridines, since the opening reactions are exothermic and, when performed neat,
are often autocatalytic. In a number of cases the regioselectivity can be controlled
by the choice of solvent, a perfect example being the reaction between cis-cyclohex-
adiene diepoxide 1 [30] and amines [31] (Scheme 12.9, top). In the absence of
solvents, the diepoxide 1 reacted with amines in 1,3-fashion to give the amino
alcohol 2, while dilution with protic solvents caused complete reversal of regiose-
lectivity, providing the 1,4-product 3. In both cases the products were isolated and
purified by crystallization, thereby allowing preparation of the diamino diols on a
large scale. Regioselectivity is similarly well controlled for the ring opening of the
trans diepoxide 4; the example in Scheme 12.9, bottom, shows the one-pot “stitch-
ing” of three diepoxide units with two equivalents of ammonia to give 5 as a
mixture of only three diastereomers.

The 1,3-selectivity in the neat reaction probably stems from the interplay of the
following effects: the strong preference for trans-diaxial epoxide opening, plus the
possibility of the intramolecular epoxide activation by the hydroxy group released
in the first step, on a playing field governed by the Curtin-Hammett principle. The
presence of a protic solvent has such a dramatic effect because it increases the
energy difference between the two chair conformers by better solvating the polar
groups while simultaneously inhibiting intramolecular direction from the resident
hydroxy groups.

The other two cyclohexadiene diepoxides (there are four, not counting enantio-
mers) are also readily available, along with the two diepoxides of cyclohexatriene
(formally, benzene diepoxides), obtained by way of benzoquinone [32]. Each of
these diepoxides gave an excellent yield of the expected diazido diol upon ring-
opening with azide; remarkably, every case provided greater than 95% regiose-
lectivity. These six diepoxides likewise undergo ring-opening with excess benzyla-
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Scheme 12.10 Selectivity of reactions of cyclohexadiene and
benzene diepoxides with amines [2].
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Scheme 12.12 Synthesis of heterocycles from cyclohexene
oxide.

mine in the presence and in the absence of added water with interesting regio-
chemical control (Scheme 12.10). Thus, 1,3-cyclohexadiene syn-diepoxide under-
goes 1,3-opening with neat benzylamine and the 1,4-attack in the presence of
protic cosolvent. The anti-diepoxide isomer is attacked in 1,3-fashion under either
set of conditions. Both cyclohexatriene diepoxides open only at the allylic positions
regardless of the conditions.

Combined with 1,3-dipolar cycloadditions, the nucleophilic opening of epoxides
has been used for rapid assembly of complex structures. One example is the for-
mation of the tricyclic molecule 9 (Scheme 12.11) in just three steps, conducted
sequentially in one-pot fashion, starting from diepoxide 6. The nucleophilic open-
ing of 6 with buffered azide was highly regioselective, resulting in the formation of
the crystalline azido alcohol 7 in excellent yield. The bis-1,2,3-triazole 8, formed by
the 1,3-dipolar addition between the diazide and diethyl acetylenedicarboxylate,
was collected from the reaction mixture by filtration. Thermal lactonization then
broke the C, symmetry of the system to furnish lactone 9, the three rings of which
resemble the B, C, and D rings found in steroids.

Through the same three-step sequence the analogous cis-diepoxide 10 [33] gave
the related lactone 11, identical to 9 except that the two B-ring substituents have
switched positions. All steps for both sequences proceeded in excellent yield.

The potential of such reaction sequences for the generation of molecular di-
versity was also demonstrated by the synthesis of a library of heterocycles. Epoxide
ring-opening with hydrazine and subsequent condensation with B-diketones or
other bifunctional electrophiles gave rise to a variety of functionalized heterocyclic
structures in high purity [34]. A selection based on the substrate derived from
cyclohexene oxide is shown in Scheme 12.12.
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Aziridines in Click Chemistry

Aziridines, the aza analogues of epoxides, are spring-loaded electrophiles ideal for
the critical intermolecular reactions that anneal blocks together [35]. Through vari-
ation of the substituent on the ring nitrogen, aziridines allow much greater prod-
uct diversity than epoxides. Their ring-opening reactivity can be modulated over a
broad range [36] and, most importantly, the nitrogen substituent and the nature of
the solvent can be used to control the regioselectivity of ring opening in unsymme-
trical cases [37].

12.3.1
Synthesis of Aziridines

Although aziridines can be prepared by direct oxidation of olefins [38], general and
reliable methods available to a synthetic chemist are conspicuous by their rarity.
This is in contrast to the situation for three-membered rings containing nitrogen’s
immediate first row neighbors, carbon and oxygen, since a number of good syn-
thetic methods for the direct cyclopropanation and epoxidation of olefins are avail-
able. Aziridines have attracted much attention, especially in the last decade, so
there is little doubt that new practical methods for their preparation will be devel-
oped and the existing ones will be improved. Meanwhile, aziridines can be very
efficiently obtained by manipulation of epoxides [39] or amino alcohols [40] and
through haloazidation of olefins followed by reductive cyclization [41].

Two methods that are particularly convenient for large-scale synthesis of azir-
idines are discussed below. Both utilize readily available chloramine salts, such as
chloramine-T, as sources of nitrogen. The first method involves direct olefin azir-
idination catalyzed by phenyltrimethylammonium tribromide (PhNMe;*Br;™;
PTAB) [42]. In the second method, 1,2-hydroxysulfonamides, conveniently ob-
tained by osmium-catalyzed aminohydroxylation of olefins, are converted into azir-
idines by one-pot cyclodehydration.

12.3.1.1 Bromine-catalyzed Aziridination of Olefins with Chloramines
In the presence of a catalytic amount (10 %) of PTAB and anhydrous Chloramine-T
(1.1 equiv.), a variety of olefins have been readily converted into the corresponding
aziridines in acetonitrile at room temperature (Scheme 12.13). This method ex-
hibits broad substrate scope, and the yields are usually high (Table 12.3) [42].

In many cases products were isolated as off-white solids after simple recrystalli-

TsN(Na)Cl (1.1 quiv.)

PTAB (10 mol%
X ( )> /W/

N
CH4CN, 0.5 M N

Scheme 12.13 Bromine-catalyzed aziridination of olefins.
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Table 12.3 Aziridination of olefins with TsNCINa/PTAB.!

Entry  Olefin product Yield (%)®! m.p. (°C)
1 NN \/<,N/TS\ 93 (90) 69-70
g NTs
2 ph N Ph/<|/ 76 (62) 85-87
NTs
3 A _/L\\_/— 95 (88) oil
— NTs
4 P\ /—\\ 89 (72) 82-83
Ph
5 @ @NTS 86 (80) 71-72
6 T 54 il
RN oi
B
— NTs
7 Ph /= 68 (65) 88-89
PH
8 \e«)/s\n/ \H/S\SNTS 76 (60) oil
9 O/ O/(NTS 51 90-91

[a] All reactions were performed on a 3 mmol scale. [b] Isolated yields
from silica gel column chromatography after 12 h. Yields in parenthe-
ses were obtained with TsNCINa - 3H,O0.

zation. 1,2-Disubstituted olefins and 2- or 3-substituted allylic alcohols (Table 12.4)
were especially good substrates for this catalytic process, providing the correspond-
ing aziridines stereospecifically and in excellent yields. As an example, cis- and
trans-B-methylstyrene exclusively gave the cis- and the trans-aziridines, respec-
tively.

The commercially available chloramine-T trihydrate (TsNNaCl - 3H,0) could
also be used directly as the oxidant, although slightly more dilute concentrations
(0.2 m vs. 0.5 M) had to be employed to ensure comparable yields. The applicability
of this “trihydrate” version to large-scale syntheses was demonstrated by the azir-
idination of cyclopentene on a 0,5 mol scale reaction, providing 6-tosylazabicyclo-
[3.1.0Jhexane in 80 % isolated yield (Scheme 12.14).

Despite the effectiveness of chloramine-T in this new method, removal of the
toluenesulfonyl group from the newly introduced nitrogen substituent requires
harsh conditions. The finding that the N-chloramine salt of tert-butylsulfonamide
is also an efficient nitrogen source and the terminal oxidant for aziridination of
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Table 12.4 Bromine-catalyzed aziridination of allylic alcohols
with anhydrous TsNCINa.l?!

Entry Olefin Product Yield (%)®!
NTs
AT AL
1 N 0oH OH 97
— NTs
2 \_/_\_OH \_/Q\_ 95
OH
3 AN TS 70
Ph OH e o

6 N OH Q/\OH 30
NTs
; Y\OH <‘/\OH 70
o Ph—\ — NTs %
O OH Ph—\
O—A—OH
OH OH

[a] All reactions were performed on a 2 mmol scale. [b] Isolated yields
from silica gel column chromatography after 12 h. [c] Syn/anti =
2.5/1.0.

TsNCINa * 3H,0 (1.1 eq)
PhNMesBrs (10%
l e (s
CH5CN, 0.2 M

34g, 0.5 mol 95g. 80%

Scheme 12.14 Aziridination of cyclohexene.

olefins, closely resembling chloramine-T in these catalytic reactions, was therefore
a noteworthy improvement [43]. The tert-butylsulfonyl group in the products or
their derivatives can be easily removed under mild acidic conditions, allowing
facile liberation of the amino group [44].
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0 NaN3 Q\S/,O +BuOCI, NaOH Qo ol
t“BU/S\Cl MeCN : H20 t“BU/ \NH2 HQO t‘BU_§_N .
(10.1), reflux (e} Na
74%
Scheme 12.15 Synthesis of N-chloro-N-sodio-tert-
butylsulfonamide.
Table 12.5 PTAB-catalyzed aziridinations with BusN (Cl)Na.
Bus-N"CI Na* N’Bus
us- a
A o HN
PTAB CH4CN —-
Entry  Alkene Product Yield, %
Bus
1 RPN N 93
\/<l/\
PN ,>/\/\
2 /N 95
Bus
D o) .
Bus
4 Ph/ﬁ N 95
Ph/<‘
Bus
5 Ph. A~ ) N L
Ph <‘
Bus
6 ph/\ N 87
P
7 @ ON—BUS 24
Bus,
8 RN N 65
A NP
24:49
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HN-Bus NH,
S/N‘Bus Nucleophile @ L OIMTIOHCH,Cl @
20 eg. anisole, 0°C ->rt X
X = N-piperidyl 84%
PhS- 82%

Scheme 12.16 Nucleophilic opening and deprotection of Bus-
aziridines.

tert-Butylsulfonamide, the precursor to N-chloro-N-sodio-tert-butylsulfonamide
(BusNCINa), can be prepared by dropwise addition of neat sulfinyl chloride into
acetonitrile containing suspended sodium azide and a small amount of water at
reflux. Subsequent treatment of the tert-butylsulfonamide product with tert-butyl
hypochlorite and sodium hydroxide generates the corresponding chloramine salt
(Scheme 12.15), which can be then used directly as the nitrogen source in the
PTAB-catalyzed aziridinations.

As Table 12.5 demonstrates, simple unfunctionalized olefins gave high yields of
aziridines, which, in general, were highly crystalline. Recrystallization gave analyt-
ically pure products, eliminating the necessity for chromatography. The Bus pro-
tecting group in the products of nucleophilic ring-opening was easily removed by
treatment with a methylene chloride solution of triflic acid in the presence of
anisole (Scheme 12.16) [44]. The resulting free amines were separated from the
side products by acid/base extractions.

12.3.2.2 Aminohydroxylation followed by Cyclodehydration

The most useful indirect method for the preparation of aziridines is, arguably, by
activation of the hydroxy group of a vicinal amino alcohol, followed by base-pro-
moted ring-closure [45]. Vicinal hydroxysulfonamides, versatile synthetic equiva-
lents of 1,2-aminoalcohols, can be obtained in one step by osmium-catalyzed ami-
nohydroxylation of «,B-unsaturated amides and in two steps from the salts of o,p-
unsaturated carboxylic acids [46, 47]. These ligand-independent aminohydroxyla-
tion processes are superior to the asymmetric aminohydroxylations with alkaloid
ligands (except for enantioselectivity, of course) in the following ways: i) they re-
quire much lower loading of the osmium catalyst (0.1-1.0 mol % as opposed to
4-5 mol%), ii) they need only a stoichiometric amount of the nitrogen source (cf.
the >3 moles needed in the AA), iii) diol formation, an inevitable side reaction
under standard A and AA conditions, and which in the worst cases accounts for as
much as 40 % of the product, has not been observed, iv) a range of solvents (water/
tert-butanol and water/acetonitrile, for example) can be employed for the reaction,
but very importantly, it often proceeds just as well in water without any organic
cosolvent, v) scale-up is facilitated by the ability to run the reaction at high concen-
trations (0.3-0.8 M in olefin being typical), whereas the AA requires concentra-
tions <0.1 M for optimal results, and finally, vi) since the only co-product is sodium
chloride, product isolation is very easy, for most of the a,B-hydroxyaminoacid de-
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o TsNH O HO O
/\/H\ Procedure A or B /|\8j\
R™" "NR o RTX NR:; © R7 X ONRg
Lo RorR"=H R OH R" NHTs
12 13
Procedure A (products insoluble Procedure B (products soluble
in the reaction mixture): in the reaction mixture):
(1) 0.1-1.0 mol% (1) 0.1-1.0 mol%
OSO4 or KzOSOz(OH)4, OSO4 or K2OSOz(OH)4,
1.1-1.25 equiv TsNCINa » 3H,0, 1.0 equiv TsNCINa = 3H,0,
1:1 t-BuOH-H,0, 0.5-1 M, RT; 1:1 MeCN-H,0, 0.5 M, RT;
(2) Filtration (2) NaoS0O4

Scheme 12.17 Aminohydroxylation of a,-unsaturated amides.

rivatives precipitate upon acidification and are collected by simple filtration as pure
materials.

Two procedures have been developed for the aminohydroxylation of a,B-unsat-
urated amides: Procedure A for products that are insoluble in the reaction mixture
and Procedure B for soluble products (Scheme 12.17) [48]. These differ only in that
the former requires a 10-25% excess of chloramine-T and #-BuOH as the cosol-
vent, while the latter uses only one equivalent of the chloramine salt and MeCN as
the cosolvent. The excess of chloramine-T in Procedure A allows better turnover
near the end of the reaction, and the trace amount of p-toluenesulfonamide by-
product can be removed by recrystallization. However, elimination of the necessity
to remove p-toluenesulfonamide far outweighed the inconvenience of slightly
longer reaction times needed in procedure B without the use of excess chloramine
salt.

As can be seen from the examples in Tables 12.6-12.8, excellent yields of the
hydroxysulfonamide products were obtained from each of the olefins examined. It
is noteworthy that these high yields were achieved at high substrate concentrations
and room temperature in the presence of as little as 0.10 mol % catalyst.

Both regioisomers were observed in aminohydroxylation of almost all the sub-
strates that were examined. By taking advantage of their high combined yields, as
well as the racemic nature of the aminohydroxylation products, a one-pot, two-step
synthesis of sulfonyl aziridines through the cyclodehydration of hydroxysulfona-
mides was developed (Scheme 12.18).

The strategy involved the activation of the hydroxy group as the mesylate in the
first step and subsequent ring-closure with DBU as the base. Small-scale reactions

TsNH O HO © (1) 1.3 equiv MsCl, Ts
1.4 equiv NEts, CH,Cl,, 0°C N
+
Ph NMe,* Ph NMe2 (23 oquiv DBU, AT Ph/ﬂrNMez
OH TsNH 5

Scheme 12.18 Synthesis of N-sulfonyl aziridines from
1,2-hydroxysulfonamides with DBU as a base.
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Table 12.6 Aminohydroxylation of unsubstituted cinnamamides
by Procedure A [46].

Entry  Substrate Scale Catalyst Combined yield
(mmol) (mol%) (regioselectivity)[!
Pt
1 _OMe 50 0504 93% (87:13)
Ph™ ™" "N (0.1%)
Me
2 0 571 K;050,(0H)s 95% (72:28)
~ (0.25%)
P X" NMe,
3 9 143 K,0s0,(OH) 97% (68:32)
2080 4 () :
Ph/\)LN/\ (0.25%)
0]
(0]
4 100 K,0s0,(OH), 96% (71:29)
PhMNM

(0.25%)

8 )
5 100 K,050,(OH), 97% (89:11)
Ph/\/u\[r (0.25%)

2 I
6 184 K,050,(0OH), 96% (58:42)
Ph/\)J\N (0.25%)

0
7 200 K,050,(0H)4 95% (50:50)
Ph/\)ku/\( (0.25%)
0
8 J< 100 K,0s0,(OH), 94% (62:38)
Ph/\)J\H (0.25%)

[a] Yield is of the mixture of regioisomers isolated by filtration. Regio-
selectivity refers to the ratio of 12:13, determined by "H NMR spectros-

copy.
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Table 12.7 Aminohydroxylation of substituted cinnamamides
by Procedure A [46].

Entry  Substrate Scale Catalyst Combined yield
(mmol) (mol%) (regioselectivity)!
@]
1 Ay OMe 20 050, 95% (79:21)
" (0.25%)
Br ©
O
2 ol 60 K,0s0,(0H)s  97% (64:36)
N (0.25%)
e
o b
3 58 K,0s0,(0H)s  80% (67:33)
<OW N 025%)
o Lo
(¢]
4 ON A T K;050,(0H)4 92% (80:20)
NK/\ (0.25%)
O

5 20 050, 95% (85:15)
O.N _OMe
2 NN (0.5%)
Me

[a] Yield is of the mixture of regioisomers isolated by filtration. Regio-
selectivity refers to the ratio of 12:13, determined by "H NMR spectros-
copy. [b] Yield is based on RCO,H for the three-step sequence: RCO,H
— RCOCI » RCONR,; — regioisomeric hydroxy-sulfonamides.

1.1-1.3 equiv MsClI, SOLR"
R'O;SHN O HO O 2.4-2.8 equiv NEts, CHxCly, 0°C, N
R NR, + R'J\KMNRZ 1 h, then reflux 5-6 h R‘/_\(NRQ
OH HNSO,R" then, 0.3-0..5 equiv MsCl,
0.6-1.0 equiv NEtz, CH,Cl,, 0°C, 0
14 15 then, reflux 5-6 h 16

Scheme 12.19 Optimized synthesis of N-sulfonyl aziridines
from 1,2-hydroxysulfonamides.

(1-5 mmol) gave sulfonyl aziridines in excellent yields (80-95%). Process optimi-
zation to avoid the use of the large excess of DBU and to adapt the method for
large-scale preparations was carried out, resulting in the replacement of DBU with
triethylamine (Scheme 12.19). The hydroxysulfonamide isomers were treated with
triethylamine and mesyl chloride in two portions. After the reaction was complete,
a small amount of silica gel (2-3 g for 40-50 g of aziridine) was added to the
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Table 12.8 Aminohydroxylation of unsaturated amides by Pro-
cedure B [46].

Entry  Substrate Scale Catalyst Combined yield
(mmol) (mol%) (regioselectivity)[!
1 0 4 o, o
P 9 K,050,(0H)4 99% (91:9)
X “NMe, (0.5%)
O

2 10 K,050,(OH
Me/\)kN/\ (02.5;)2( g
Lo

O
3 10 KzOSOz(OH)4
NMe, (1%)
O
LA ome 10" 050
AN N~

\ (0.5%)

Me

97% (42:58)

90% (>20:1)

99% (75:25)

[a] Yield is of the mixture of 12 and 13 isolated by filtration. Regiose-
lectivity refers to the ratio of 12:13, determined by 'H NMR spectros-
copy. [b] -BuOH was used as the cosolvent.

concentrated mixture. The impurities retained in the silica gel were removed by
filtration. The isolated product, as a solid, could be further purified by trituration
with diethyl ether or recrystallization from ethanol, if necessary. When p-nitro-
benzenesulfonyl aziridines were prepared, the final recrystallization was either
omitted or performed from ethyl acetate, since these aziridines are known to sol-

volyze in boiling alcohols [49].

The generality of this method for large-scale preparations was demonstrated for
the syntheses of toluenesulfonyl aziridines from aminohydroxylation products of
N-substituted cinnamamides (Table 12.9). The results of synthesis of other sulfo-

nyl aziridines are summarized in Tables 12.10 and 12.11.
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Table 12.9 Large-scale synthesis of toluenesulfonyl.[!

Entry  Substrate ratio, Aziridine Scale Yield!
(method)™ (mmol) (mp)
'Irs
1 72:28 N NM 138 87 %
(Method B) €2 (130-131°C)
O
Ts
2 68:32 N o 124 84%
(Method B) N (132-133°C)
0]
Ts
3 89:11 N | 95 82%
(Method B) N (141-142 °C)
T
Ts
4 69:31 N H 36 80%
(Method B) N (199-202 °C)
e

[a] Reaction conditions according to Schemes 12.18 and 12.19. [b] Me-
thod A: DBU, Method B: excess MsCl and Et3N. [c] Yield of the pure
aziridine after recrystallization from EtOH. [d] Yield of the pure azir-

idine after flash chromatography.
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Table 12.10 Toluenesulfonyl aziridines.l?!

Entry  Substrate ratio, (method)® Aziridine Yield!
(mp)
Ts
1 79:21 N ':f:e 97914
(Method A) m “OMe (50-53 °C)
Br ©
Ts
0
2 64:36 cl N ,\Q 77 %!
(Method B) (124-126 °C)
e}
Ts
3 85:15 N  Me 9494
(Method A) O:N N-oMe (127-128 °C)
o)
Ts
4 80:20 N 63%!
(Method B) ON N (114-116 °C)
o)
Ts
5 91:9 N 81%/4
(Method A) L\H/ NMe, (oil)
o)
6 42:58 92 %4
(Method A) (151152 °C)

7 75:25 87 %4

Ts
N (6]
/_\(N\)
O
Ts
N Me
(Method A) /\/—\r N-ome (oil)
O

[a] Reaction conditions according to Schemes 12.18 and 12.19. [b] Me-
thod A: DBU, Method B: excess MsCl and Et3N. [c] Yield of the pure

aziridine after recrystallization from EtOH. [d] Yield of the pure azir-
idine after flash chromatography.
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Table 12.11 Arylsulfonyl aziridines®!

Entry Substrate ratio Aziridine Yield (mp)
NO,
S
1 96:4 ~0 90 %[
N (138-140 °C)
NMe2
oY
NO,
2 73:27 O\\s;\o 95 %4
N o (166-168 °C)
N
0
NO,
S
3 56:44 o) 719!
N H (185-187 °C)
N
U0
Cl
O j :
. Sl AL
4 55:45 330 65%

(187188 °C)

5 55:45 70 56 %0
N H (146-147 °C)

[a] Reaction conditions according to Scheme 12.19. [b] Yield of the pure
aziridine after recrystallization from EtOH. [c] Yield of the pure azir-
idine after recrystallization from EtOAc. [d] Yield of the pure aziridine
after trituration with Et,O.
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12.3.2
Nucleophilic Opening of Aziridines

As mentioned above, the regioselectivity of ring-opening of unsymmetrical azir-
idines can be controlled by nitrogen substituent and the nature of the solvent. As
an example, Stamm [37] observed that when a tosyl-protected aziridine was treated
with thiophenol, attack at the less hindered carbon occurred, whereas when the
benzoyl analogue was used, addition at the more substituted carbon was favored
(Scheme 12.20). Effects deriving from the tendency of sulfonamides to be pyrami-
dal at nitrogen and amides to be planar cause N-sulfonyl aziridines to furnish the
regioisomer derived from attack of the nucleophile at the sterically less hindered
center, while N-acyl aziridines favor the opposite regioisomer.

Similarly, when aziridines 16 were opened with thiolates, exclusive addition at
the carbon proximal to the carbonyl was observed (Scheme 12.21). The best results
were obtained when DMF was used as the solvent.

The ring-opening reactions of aziridines 16 with amines deserve special atten-
tion. Unlike ring-openings with the other nucleophiles examined, they do not re-
quire added base, and they do not produce stoichiometric byproducts (as with
azide). In certain cases, they do not even require a solvent, as exemplified by the
ring-opening of aziridine 18 (Table 12.12, entries 1-3). In addition, the reactions

Sulfonylaziridine

0
Osd _SO,Tol
N/S\Tol PhSNa  HN"2'° . X“
Moo %VSPh PhS ~S0,Tol
& 16 : 1
Ogpn
Acylaziridine
Q _COPh

»Ph phong N + KH
N
N — ~
St Meon~ 75PN PhS COPh
1 :

(
SPh

Scheme 12.20 Influence of the nitrogen substituent (sulfonyl,
acyl) on the regioselectivity of aziridine opening.

o 30

EO2R R'O,SHN O
R'/—\f NR, 1.2 equiv R"SH, 1.2 equiv Ko.CO3 R NR,
DMF (0.5 M), RT S qm
16 © 17 R

Scheme 12.21 Opening of sulfonyl aziridines with thiolates.
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Table 12.12 Nucleophilic ring-opening of aziridine 18 with

amines.
R., .R
LS TsNH O N [e)
NMe, PN ©)\|)J\NMe2 + ©)\|/U\NMe2
o) various conditions rNR HNTs
18 19 20
Entry Amine Regioselectivity (19:20) Product, yield (mp)™®
reaction method!®!
! NH; 9:91 20.1, 67%
Method A (153154 °C)
2 NH 9:91 20.2,71%
Method A (175-176 °C)
3 MeO e 7:93 203,71%
Method A (149-152 °C)
4 © NH, 13:87 20.4, 69%
\ Method B (160-161 °C)
5 N 10:90 205, 65%
Method C (155-156 °C)

[a] Reaction conditions: A: ca. 5 equiv. amine, no solvent, 100 °C.

B: 1.2 equiv. amine, n-PrOH (1 M), 80 °C; C: 1.2 equiv. amine, DMF
(1 M), 80 °C. [b] Yield and melting point of the pure product 20 after
recrystallization from i-PrOH (Entries 3-5) or EtOAc/hexanes
(Entries 1,2).

are insensitive to air and water, which makes them ideal candidates for parallel
synthesis applications.

Further investigations of the ring-opening of aziridine 18 with amines revealed
that regioisomer 20 was formed preferentially in most polar protic solvents. In a
subsequent study, the regioselective ring-opening of aziridines 21-23 with amines
was exploited in the preparation of a chemical library of o,B-diaminoamides
(Scheme 12.22), which was accomplished by automated parallel solution-phase
techniques [50]. The insoluble nature of the ring-opened products in i-PrOH
makes filtration an ideal choice for product isolation. The amines were chosen
from a basic 45-member palette of 15 piperazines and morpholines, 18 alkyl pri-
mary amines, and 11 anilines [48].

Of the 135 possible ring-opened products, 102 crystallized and were collected by
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Ts Ph
N R\ +PrOH, 80 °C R NHTs
NR2 + NH —_— N
Ph R" R"
o} O "NR2
(1.2 equiv)

crystallizes from reaction

©A" ©A“ ©A“O

Scheme 12.22 Synthesis of a library of diamines from sulfonyl
aziridines.

1 NH,
NaNg, NH,CI_ NH, R—= O’
N—H —

H.0, 50 °C “IN
24 90% R1 R2
NH,
aq. NHoNH, NH; )J\/U\ U
N—H o
95% “’NHNH,
24 26
NH,
Ph  HO O’ 60%
— HN S . 7o
@N H + N:,z/ reflux /I'N/N\>/Ph single regioisomer
N -
24 27 N=N
Scheme 12.23 Nucleophilic ring-opening of unactivated

aziridines.

filtration. Most of them were obtained with purities greater than 95 %. The isolated
yields for this subset of the library were mostly above 60 %.

Unactivated aziridines, such as 24, are not as reactive as their N-sulfonyl ana-
logues. Nevertheless, in aqueous conditions they react with different nucleophiles,
as Scheme 12.23 illustrates. Treatment with buffered azide at 50 °C gave 25 in 90 %
yield. Hydrazine proved potent even at room temperature and 26 was formed in
95 % yield, while phenyltetrazole required heating at reflux in water. The resulting
amines participated in dipolar cycloadditions with alkynes and condensations with
B-diketones.
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12.4
Aziridinium lons in Click Chemistry

Aziridinium ions have received much attention in biological studies [51]. Their
intermediacy was postulated in the DNA cross-linking induced by nitrogen mus-
tard agents [52], but aziridinium ions did not find much use in organic synthesis
until recent reports described methods for their generation under mild conditions
followed by capture with nucleophiles [53]. These facile openings are in direct
contrast to the ring openings of their parent aziridines, the activation of which
usually requires protonation or Lewis acid complexation.

12.4.1
Generation of Aziridinium lons

Perhaps the most straightforward method for the generation of aziridinium ions is
to transform the hydroxy group of a vicinal tertiary amino alcohol into a good
leaving group. By this strategy, epoxy ester 28 was transformed into the chlor-
oamines 31 via the intermediate amino alcohols 29 and 30 as outlined in
Scheme 12.24. Treatment of epoxy ester 28 with secondary amines (morpholine,
1-phenylpiperazine, diallylamine, and dibenzylamine) at reflux in EtOH generated
a mixture of amino alcohols 29 and 30 (Table 12.13). Mesylation of the crude mix-
tures of 29 and 30 converged both regioisomers to the rearranged chloroamines 31
in near quantitative yields. The structure of chloroamine 31a was confirmed by
X-ray analysis. The stable, crystalline B-chloroamine 31 then serves as the source
for regeneration, on demand, of aziridinium ion intermediate 32.

NR, O OH O

o}
.0 NHR :
Ph/\\z)kOEt e B Ph/'\:)J\OEt + Ph/\l)J\OEt
EtOH, reflux, 12 h OH NRz
28 29 30
cl 0

R

MsCl, Et;N CF+\N R :
Ph/Q/COZEt — Ph OEt

CH2C|2, 0°Ctort,3h

32 3

Scheme 12.24 Generation of aziridinium ions from epoxides.
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Table 12.13 Synthesis of chloroamines 31.

Entry —NR; Amino alcohol 29 & 30 Chloroamine
Yield [%]1); 29:301! 31; Yield [%6]"!
1 N © 96; (87:13) 31a; 96
_/
2 —N NPh 99; (87:13) 31b; 99
_/
3 —N(allyl), 94; (88:12) 31c; 99
4 —NBn, 97; (88:12) 31d; 94

[a] Isolated yield. [b] Analysis by HPLC (Zorbax SB-C18 reverse analyt-
ical column, 150 x 4.6 mm; Gradient eluent 80/20 to 0/100 H,O/
MeCN containing 0.1% TFA, 0.5 mL/min for 15 min) by intergration
of absorption at 254 nm.

12.4.2
Nucleophilic Opening of Aziridinium lons

As illustrated above, highly activated aziridinium systems can be easily generated
in situ from B-halo amines in the course of neighboring group-assisted nucleo-
philic substitutions. All these substitutions are stereospecific and proceed with
double inversion, and hence net retention of configuration when the nucleophilic
attack occurs at the center bearing the leaving group. Inversion of stereochemistry
at both carbons was observed in cases in which the amino group underwent a
1,2-shift. Furthermore, with chloride as the counterion, the ring-opening of azir-
idinium exhibits high yield and selectivity in the aqueous medium. In fact, these

c O Ny O o}
PhAHkOEt NaN, PhA‘)kOEt [ j
N N~ O
N N +
vent
[ j solven [ j PhMOEt
O O N3
c-3 c-2

solvent, temperature, time  yield (%) (C-3:C-2)

CH4CN, 80 °C, 12 h 85 (60:40)
EtOH/H,0 (4/1), 60°C, 12h 97 (88:12)
EtOH/MH,0 (1/4), 60°C, 6 h 92 (93:7)

H,0, 60 °C, 6 h >99 (95:5)

Scheme 12.25 Nucleophilic opening of aziridinium ions with
azide.
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reactions benefit from being performed “on water”, without any organic co-sol-
vent. The beneficial effects of this approach are demonstrated in Scheme 12.25,
with azide acting as a nucleophile. As the water content of the reaction mixture
increases, both yield and selectivity are improved.

Taken together, the broad scope of these reactions and the easy access to the
starting materials from the corresponding epoxides makes aziridinium ions ideal
click intermediates.

12.4.2.1 Synthesis of Diamino Esters and p-Lactams

a,B-Diamino esters are key intermediates in the synthesis of -lactams [54], but the
common route to o,B-diamino esters — direct condensation of ester enolates with
imines [55, 56] — is complicated by the poor stereochemical outcome, and the
reaction often proceeds directly on to the B-lactam. With amines as nucleophiles,
ring-opening of aziridium ion 32 provides an alternative stereo- and regioselective
route to a,B-diamino esters. Excellent results were obtained with a wide variety of
amines, and the ring-opening products at the benzylic position were formed pref-
erentially, with regioselectivities greater than 91 %. In addition, the reactions were
stereospecific in all cases, giving only the anti (erythro) relationship (Table 12.14).

Table 12.14 o,(3-Diamino esters via aziridinium ion 32.

entry NuH yield of 33F
[%]
1 N N H2 85

2 }NH2 88
3 %NH2 80
4 C NH 84

5 N NH 93
_/
7 NHg 81

[a] Isolated yield for both regioisomers after filtration and drying to
constant weight.
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Table 12.15 Synthesis of f-lactams.

RL,~H 1
z MeMgBr
Ph B e T e “wR
2
NR 0°Ctort
33 34
Product
Entry R! —NR, Ylerl% I:/(:][(’]
1 t-Bu —N O 34a
_/
2 P —N 0 34b
Z /
3 N NPh 34c
n-Bu \ /
M solated yield.

o
Q NH HN NH

al
~_CO,Et
Ph/\l/ H:N  NH, Ph/\(002Et MeMgBr, THF \l/g
BV PV . T Ph o]

O
36

N
[ j K»COs, SH3CN N 73% N
o 83% [ j [ j
o)
35

31a

Scheme 12.26 Synthesis of benzodiazepine derivatives.

Ring-opening products derived from primary amines are attractive precursors
for the preparation of B-lactams [57]. With methylmagnesium bromide as the base,
diamino esters 33 cyclized readily in THF and stereospecifically generated anti-
3-amino-B-lactams 34 (Table 12.15).

Another example of the utility of this transformation is the facile preparation of
1,5-benzodiazepine derivatives (Scheme 12.26).

12.4.2.2 Synthesis of Pyrazolo[1,2-a]pyrazoles

Aziridinium ion-based click chemistry provides convenient access to pyrazolo[1,2-
a]pyrazoles, active inhibitors of penicillin-binding proteins [58, 59]. Ring-opening
of aziridinium ions 32 at the benzylic position with hydrazine, followed by intra-
molecular cyclization, gave pyrazolidin-3-ones 37 in excellent yields (Scheme
12.27). Heating of the hydrazides 37 with aromatic aldehydes at reflux in absolute
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Ar
H
_ o 0 HN-NH S+ -
o R R : i ) i N-N
NI | = pn OEt — Ph' o) Ph\“\%o

Ph OEt NR, NR; Va
2

32 31 37 38

i. HoNNH,H50, (4 equiv.), K,CO5, CH5CN, 60 °C, 12 h.
ii. ArCHO, EtOH, reflux.

Scheme 12.27 Synthesis of azomethine ylides 38.

COgMe Ar COQMQ (:302Me
Ari, " Xy—CO,Me L H/k\%\’\(? [ Ar':,,(}\nCOgMe
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Scheme 12.28 Synthesis of pyrazolo[1,2-a]pyrazoles from
azomethine ylides.

ethanol in the presence of catalytic CF3COOH furnished pyrazolidin-1-ium-2-ides
38, the 1,3-dipoles for the creation of the pyrazolo[1,2-a]pyrazole skeleton [60].

Azomethine ylides 38 reacted with a variety of dipolarophiles to generate cy-
cloadducts in a highly diastereo- and regioselective manner. The novel shapes,
along with the rich array of functionalities displayed by these products, provide
opportunities for the creation of chemical diversity (Scheme 12.28).
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calicheamicin 300

carbene reaction

— BINAP ligand, chiral 25
— bisoxazoline ligand, chiral 25
— VANOL ligand, chiral 25f.
— VAPOL ligand, chiral 25f.
carbenoid center 153
carbenoids 146

carbon dioxide 260

carbon monoxide 65
carbovir 232

2-carboxylation

— aziridine 74, 83
carzinophilin 414

catalyst

— lifetime 217

— titanium (IV) 188

— vanadium (V) 188

C-H insertion 150

— carbenoid 178

— cycloalkene 147

— cyclododecene oxide 149
— cyclonon oxide 149

— cyclooctene oxide 147

— dilute solution 153

— dilution 153

— metalated aziridine 178

— nontransannular example 152
— polycyclic alkene 151

— ring size 148

— stereospecific 147

— transannular 147, 156, 178
chelation 173

chiral auxiliary 41

chiral borane 324
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chiral phosphoramide 248

chiral pool 250

chloramine 455

chloramine-T 125, 455f., 460

chloramphenicol 26

chloroallylboration 324

chloroamine 470

chlorohydrin 324

chlorohydrin process 185

cinnamamides 461, 463

cis- and trans-stilbene oxides 154

clavaminate synthase 389

click chemistry 443ff.

click reactions 443

Coates 260

cobalt hexacarbonyl complexes

— 6-endo cyclization 278

— PB-epoxy alcohol 278

configurational stability 147

Cope rearrangement 167

copolymerization 260

— isotactic 242

cryptophycin 355

(-)-u-cuparenone 306

(+)-0-cuparenone 306

curculigine

— y-hydroxy ketone aglycon 299

Curtin-Hammett principle 452

cyclic carbonate 260

cyclization 117

— aminoalcohols and aminohalides 118

— azido alcohols 118

— epoxides 118

— o-halo- and a-sulfonyloxy-B-amino esters
74

— o-halo- and a-sulfonyloxy-B-amino esters
and amides 76

— hydroxy amino esters 74

— hydroxy azido esters 74, 76

cycloaddition 64, 445

cycloaddition reaction

— aziridine-2-carboxylic ester 109

cycloheptanone 154

cycloheptene oxide 154

cyclohydration 459

cyclopropanation

— bishomoallylic 289

— chlororhydrin 155

— dilute solution 156

— dilution 156

— intramolecular 155

— o-lithiated epoxide 289

— sabina ketone 155

— spirocyclopropane 156

— trishomoallylic epoxide 289
cyclopropane 153

cytochalasin B 257

cytochrome P450

— charge-transfer complex 353
— electron-transport system 351
— monooxygenase 350

— reaction cycle 351

d

Danishefsky 240
Danishefsky’s conditions 304
Darzens reaction 80

— aza crown ether 20

— bromoborane 18

— chiral auxiliary 13

— Evans auxiliary 13

— oxazaborolidinone, valine based 18
— oxazolidinones 13

— phase transfer catalyst, chiral 20
— reagent, chiral 18
Darzen-type reactions 39
Davis 86

dehalogenase 389

— crystal structure 393

— halohydrin dehalogenase 392
dehydrogenation 383
Denmark 248

deprotonation 161
desgalactotigonin 300
desulfinylation 171
desymmetrization 322

— of meso-stilbene oxide 245
— with indoles 245
desymmetrization, catalytic

— of epoxycyclopentane 232
— of stilbene oxide 233, 249
— with aniline 232

— with azide 229

— with benzoic acid 238

— with benzylamine 234

— with bromide 247

— with chloride 248

— with dithiol 236

— with dithiophosphorous acid 237
— with p-anisidine 234

— with p-anisole 242

— with phenyllithium 244

— with thiols 236

— with TMSCN 235, 243

— with water 238

diamino ester 472
diaziridine 118

diazirine 436



diazo compound 6

diborane 47

dicarboxyaziridine 429

diethylaminosulfur trifluoride 54

dihydroxyacetanilide

— epoxidase 376

B-diketones 454, 469

dimethyldioxirane (DMD) 447, 448

dimethyloxosulfonium methylide 29

dimethylsulfonium methylide 29

1,2-diol 255, 257, 260

dioxygenase 349

dipolar cycloaddition 469

1,3-dipolar cycloadditions 454

(-)-disparlure 171

disproportionation/carbenoid dimerization
163

B-disubstituted aziridine 176

DMDO oxidation 297

DNA

— adduct 403, 416

— alkylation 401, 416

— cleavage 431

— crosslinking 401, 416

— intercalation 419

— major groove 416

— minor groove 403

— molecular modeling 403, 419

— NMR 403

dual activation 266

— heterobimetallic 236

duazomycin A 436

dysidazirine 435

(R)-(-)-dysidazirine 110

e

elecrophilic substitution

- at the C-2 carbon atom 97
electron transfer 67
electrophile

— MesSnCl 167, 168

— simple metalated epoxide 171
— Weinreb amide 169
electrophile trapping 163

— butyraldehyde 164

— carbonyl 164

— chlorotrimethylsilane 164
— direct deprotonation 176

- external 176

— iodomethane 164
electrophilic alkylation 97
Eliels oxathiane 2, 3,9, 11, 31
elimination 157

— leaving group 159, 178

Index

B-elimination 145, 178

— allylic alcohol 150

enamines 162

enantioselective 123f., 128, 130ff., 154

enantioselective formation of epoxide

— achiral Mn-salen complexe 204

endo cyclization mode 272

epibatidine 151

epibromohydrin 257

epichlorohydrin 250

epimerization 55

epothilone 355

epoxidation 448, 450

— (2)-disubstituted alkene 318

— additive 214

— allylic alcohol 315

— asymmetric 218, 315

— bis-trimethylsilyl peroxide (BTSP)
216

— catalytic 186, 321

— chromium-catalyzed 195

— conjugated diene 315

— diastereoselectivity 324

— dienone 320

— dimeric iron complex 220

— dinuclear manganese complex 203

— dioxirane 316

— directing group 315

— iron porphyrin 219

— iron-catalyzed 219

— Jacobsen 318

— Juliad-Colonna 320

— Katsuki 318

— manganese catalyzed 201ff.

— manganese-catalyzed, asymmetric 204

— mCPBA 320

— Mn-salen catalyst 318

— molybdenum-catalyzed 195

— monomeric iron complex 220

— MTO-catalyzed 212f, 219

— Noyori 198

— oxidant 187

— pyridine as an additive 212

— racemic 315

— regioselectivity 317, 320

— rhenium-catalyzed 208f.

— ruthenium-catalyzed 221ff.

— SAE 321f.

— selective 197

— selective transition metal-catalyzed 186,
187

— Sharpless 321f.

— Sharpless asymmetric epoxidation (SAE)
317
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— Shi 316 — metal-catalyzed synthesis 185
- sodium percarbonate (SPC) 215 - nucleophilic opening 451, 454
— solvents 217 — oxazolidinones 14

— stoichiometric 12, 321 — sulfone-aryl 21

— sulfur ylide 12, 324, 326 — thioamide 17

— terminal 197 — trisubstituted 3, 4

— terminal olefin 198, 213 epoxides, ester-trisubstituted

— terminal, trisubstituteds 316 — bromoborane 19

— trans-disubstituted olefin 195, 213
— tungsten-catalyzed 195
— unfunctionalized alkene 315

chiral auxiliarly 16ff.
darzens reaction 20
indanyl-derived 17f.

— unsaturated amide 320 — oxazaborolidinone, valine based 19
— Venturello catalyst 197 — phenylmenthyl ester 16
epoxidation catalyst — thioamide 16, 18
- MTO 211 epoxides, terminal 10
epoxidation of carbonyl compounds, asym- — epoxidation, stoichiometric ylide mediated
metric 1 12
— catalytic ylide mediated 3, 5 — sulfur ylides 11
— Darzens reaction 13 epoxy alcohol 239
— diastereoselectivity 8 epoxy glycal
— enantioselectivity 8, 13 — allylstannanes 302
— selenium ylide 5 — B-C-allylglycosides 302
— stoichiometric ylide mediated 2 — diphenyl sulfoxide 302
— sulfur ylide 2, 3 — disaccharide 299
epoxidation of olefin — B-fluoroglycoside 300
— allylic alcohols 192 — glycal assembly strategy 299
— Burgess epoxidation system 204 — glycosyl phosphate 300
— catalyzed by early transition metals 191, — a-glycosides 300
193 — PB-glycoside 299f.
— diethyl tartrate 189 — glycosyl acceptor 299
— enantioselective 188 — thioethyl glocosyl donor 300
— manganese sulfate-catalyzed 204 — triflic anhydride 302
— titanium-catalyzed 188f. epoxy ketone
— vanadium-catalyzed 192f. — bicyclic 298
epoxides 447 — dihydrobenzofuran compounds 298
— acid sodium salt, vinyl 16, 18 — ketones 165, 298
— acid-alkyl 16ff. — O-versus C-alkylation 298
— acid-aryl 16ff. — oxabicyclic 298
— amide-alkyl 11f. — oxaspiro 298
- amide-aryl 11f, 22 — spiro 298
— amide-heteroaryl 11f. epoxy quinones 376
— aryl-alkyl 2ff. epoxy silanes 157
— aryl-aryl 2ff. — internal 172
— aryl-heteroaryl 2ff. epoxy stannane 158, 171
— aryl-vinyl 2ff. p-erythro-sphingosine 107
— conversion of diols 319 Eschenmoser fragmentation
— dihydroxylation 319 — alkynyl ketone 309
— DNA alkylation 416 — cyclic a-epoxy ketone 308
— ester-alkyl 14, 16, 18f. — 2,3-epoxycylohexanone 308
— ester-aryl 14, 18f. — piperidine ring 309
— ester-trisubstituted 18 esperamicin 300
— ester-vinyl 18f. ethambutol 253
— ketone-alkyl 21 etheromycin

— ketone-aryl 21 — spiroketal 284



EtP, 31

ETP; base, see phosphazene base 2
Evans auxiliary, see Darzens reaction 13
exo cyclization mode 272

f

fasicularin 304

ferensimycin B 296

ficellomycin 428

FK317

— mode of action 403

— structure 401

FK973 401

— mode of action 403

flavin 371

flavoprotein 351

formic acid 47

fosfomycin 383

FR66979

— mode of action 403

— structure 401

FR900482 403

— biosynthesis 413

— structure 401

FR900490 108

fredericamycin A 302

Fu 248

Fukumoto epoxide rearrangement
— 2-aryl-2-cyclopropylideneethanol 305
Fukumoto rearrangement

— cyclobutanone 306

- cyclopentanone 306

— enantiospecific ring-expansion 306
— 7y-lactone 306

g

Gabriel synthesis 252
Gabriel-Cromwell reaction 43
— chiral acrylates 128
galbulimina GB 13 308
gallium 242

gallium complex 236

Gilman cuprate 95
Gilman-type organocopper reagents 50
gingkolide B 308

glabrescol 283

glycal epoxide, see epoxy glycal
Grignard 162

griseorhodin 364

h

Halcon-Arco process
— eco-compatible 186
halogenated 174

Index

halohydrin 247

hedamycin 367

hemibrevetoxin B 257, 276, 280f.

hemibrevitoxin B 166

heterobimetallic 236

heterogeneous catalyst

— peroxotungstate 199

higher-order cyanocuprate 95

HIV-protease inhibitor indinavir 205

homogeneous catalyst 221

homogeneous systems

— hydrophilic LDH-WO, catalyst 200

— hydrophobic catalyst 200

— MCM-41-based 200

— Mizuno 198

— molybdenum hexacarbonyl 196

— MoO;(acac), 196

- neutral molybdenum peroxo complexes
196

— pseudo-heterogeneous 200

— terminal olefin 196, 197

— tungstate 196

— tungstate/ammonium bisulfate system
198

— Venturello catalyst 197

Hoveyda 243

hydrazine 469

hydrazone, unsaturated 46

hydroboration 48

hydrogen shift 55

hydrogenation

— transfer hydrogenation 88

hydrogenolysis 249, 341

v-hydroxy ketone

— lithium enolate of cyclononanone 297

B-hydroxy ketone 264

v-hydroxy ketone

— metalated N,N-dimethylhydrazone 296

hydroxy-directed epoxidation

— magnesium monoperoxyphthalate 283

— TBHP/VO(acac), 272

— y-alkenol 272

1,2-hydroxysulfonamides 455

i

iasalocid A 273
(~)-ichthyothereol 278
imines 39

indium 67
indolizidine 167B 287
indolizidine 209D 287
indolizidine 223AB 257
indolizidine alkaloid 60
ingenol 305
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Index

insertion

— 1,2-hydride shift 178

— ketone BulLi 178

intermediate epoxide 197
intermolecular C-C bond-forming reaction
— dialkyl cuprate 290

— 2,3-epoxy alcohol 290

— organometallic reagent 290

— to give 1,3-diol 290
intramolecular 289

intramolecular C-C bond forming reactions
— epoxy triene 288

— polyannulation 288

— trans-bicyclo[3.1.0Jhexan-2-0ol 289
intramolecular C-N bond-forming reactions
— alkyl azide 287

— azabicyclic ring system 287

— quinuclidine skeleton 286
intramolecular C-O bond forming reactions
— 6-endo cyclization 272, 274

— 7-endo cyclization 272

— J-epoxy alcohol 272

— y-epoxy alcohol 272, 274

— 5-exo cyclization 272, 274

— 6-exo cyclization 272

— naked carbon skeleton 274

— polyether antibiotic 271
intramolecular cyclopropanation

— a-lithiated epoxide 290
intramolecular Schmidt reaction

— azepine 288

— azocine 288

— bicyclic iminium ion 288

— epoxy azide 288

iodide salt 5

ionomycin 273, 282, 284

iron complexe 220
isocyanosilylation 235

isolasalocid A 272

isomerization

— 1,2-hydrogen migration 153

— aldehyde 162

— ketone 153

— metalated epoxides 146

J
Jacobsen 236, 243, 250, 255, 257, 318, 328

k

kainic acid 110

Katsuki 318

ketone 146

kinetic resolution 84, 328
— dynamic 257

parallel 263
regiodivergent 261

kinetic resolution, catalytic 229, 250

I

dynamic 250, 252, 258
hydrolytic 255

indirect 254

of butadiene monoepoxide 252
with alkyl amine 254

with azide 250

with indoles 261

with p-anisidine 252

with phenol 257

with phthalimide 252

with sulfonamide 254

with tert-butyl carbamate 254
with water 255

lactam 65

B-lactam 472, 473

v-lactol 296

laulimalide 355

(+)-laurenyne 297

layered double hydroxide (LDH) 199
Lewis acid

BF; - Et,0 150
MgBr, 165

Li,NTs 177
lifetime 218
ligand 148

(-)-a-isosparteine 149
sparteine 149
TMEDA 164

ligand acceleration catalysis (LAC) 189
ligand decelerating effect (LDC) 193
ligands

bisoxazoline 159
DBB 172

diamine 171
sparteine 178
(—)-sparteine 159, 178

lithiated 169
lithiation

aryllithium 151

Buli 178

LDA 148

lithium (S,S)-bis(1-phenyl)ethylamide 151
lithium 2,2,6,6-tetra methylpiperidide
(LTMP) 155

lithium diethylamide 148

MelLi 158

n-Buli 148

PhLi 152

radical 151



— s-Buli 149

— superbase (LIDAKOR) 155

— t-Buli 152

— trimethylsilylmethyllithium 159
lithium salts 10

lituarine A 277

lituarine B 277

lituarine C 277

m

macrolide 362

madurastatins 433

maduropeptin 430

— biosynthesis 433

— mode of action 431

Manganese-salen complex

— aqueous hydrogen peroxide 207

— chiral pocket 206

— mechanism 206

manumycin 380

m-chloroperbenzoic acid (m-CPBA) 447

mechanism 243, 248, 266

— azide openings 230

— HKR 257

— hydrolysis 239

[2,3]-Meisenheimer rearrangement 52f.

1,2-mercapto alcohol 236f.

merrilactone A 241

(-)-mesembrine 306

metal enolates

amide 295f.

— ketone 295

— lithium enolate 296, 298

- non-stabilized esters 295

metalated aziridines 145, 172

metalated epoxide 145

— remotely stabilized 170

— stereocenter 152

metalation

— NaH 173

methane monooxygenase (MMO) 220

methyleneaziridine 174

methyltransferase 412

methyltrioxorhenium, see also MTO 448

microcionin 2 262

miraziridine A 429

mitiromycin 400

mitomycin

— 3-amino-5-hydroxybenzoic acid (AHBA)
408

— aminoshikimate pathway 408

— analog 408

— anticancer property 400

— arginine 406

Index

biosynthesis 406, 407, 408, 409, 410, 412
carbamoyltransferase 412
chitinase 410

citrulline 406
cytochrome P450 412
enzymology 409
erythrose 407

genetics 409
glucosamine 406
glucose 406
glycosyltransferase 410
labeling 406

methionine 406
methyltransferase 412
mode of action 401
molecular modeling 403
NMR 403

pyruvate 407

reductase 412

resistance gene 409
ribose 406
S-adenosylmethionine 406
structure 400

Mitsunobu reaction 43
molecular diversity 454
molecular modeling

azinomycins 419
DNA 403, 419
mitomycins 403

monensin 376
monoepoxidation

dienes 316

monooxygenase 349
MTO (methyltrioxorhenium) 209, 224

activation of hydrogen peroxide 210
decomposition reaction 210
epoxidation catalyst 211
stabilization 212

(-)-mucocin 273
muconin 257
multicomponent linchpin coupling

1,4-Brook rearrangement 291
1,3-diol 291

silyl dithianes anions 291
spiroketal fragments 293

mycinamicin 362
(+)-mycoticins A

1,3,5-polyol 293

(+)-mycoticins B

n

1,3,5-polyol 293

N-aminophthalimide 121
natural products 271
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Index

neocarzinostatin 426, 431

neutral complexes 195

nickel-catalyzed reductive coupling

— homoallylic alcohol 290

nicotinamide 351

nitrene 37, 46

nitrones 170

NMR

— mitomycin 403

N-nitrene

— 0, B-unsaturated ester 77

non-heme iron oxygenase

— a-keto acid-dependent enzyme 387

nonribosomal peptide synthetase 355

nonstabilized metalated aziridine

— desilylation 175

— desulfinylation 175

— lithium-tin exchange 175

Noyori 198

N-p-toluenesulfonyliminophenyliodinane
79

NSC-135758 428

N-sulfinimines 85

N-sulfinyl imine 80

nucleophilic ring opening 156

nucleophilicity 156

o

OH-directed diastereoselective epoxidation

— - and §-alkenols 271

OH-directed epoxidation 275

olefin formation see reductive alloylation
162

olefination

— Horner-Emmons 322

— isolated 162

vinylhalide 160

— Wittig 322

olefin

— aziridination 456

(+)-0-onocerin 288

organocuprate 51

organoaluminium 160

organocopper 48, 51

organozinc 160

oxaziridine 118

oxazolidin-2-one 99

oxazolidinone 15

oxazoline 98

oxazolinylepoxide 170

oxepane ring 165, 280

— 7-endo §-epoxy alcohol intramolecular
opening 282

— d-epoxy alcohol 282

oxidants

— alkyl hydroperoxide 186

— ethylbenzene hydroperoxide (EBHP)
188

- high-valent ruthenium oxide 221

— hydrogen peroxide 187

- hypochlorite 186

— iodosylbenzene 186

— molecular oxygen 186

— tert-butylhydroperoxide (TBHP) 188

— thermal stability 187

— urea/hydrogen peroxide (UHP) 218

oxirane 146

1-oxirane 250

oxirane ring opening 272

oxiranyl anion 279ff.

oxiranyl anion see metalated epoxide 145

oxirane ring opening

- vy-epoxy alcohol 275

— 5-exo cyclization 275

- 5-exo fashion 275

— polyhydroxylated y-epoxy ketone 275

p

P450epoK

— structure 358

P450eryF 358

P450eryK 364

P450mycG

— bifunctionality 362

paclitaxel 355

palladium 43, 59, 63f., 66

paraformaldehyde 11

Payne rearrangement 321f.

peroxo complexe 214

phase transfer catalyst, chiral

— ammonium salt 21

- cinchona alkaloid-derived 21

phase-transfer agent 197, 214

phenyltrimethylammonium tribromide
455

Phl = NTs ([N-(p-toluenesulfonyl)iminio]phe-

nyliodinane) 79
phomactin A 307
(+)-phonomactin 277
(+)-phoracantholide 299
phosphazene base 3f.
phosphazine base 31
phospholene epoxide 243
phosphoramidite 261
phosphoramidite ligand 247
piperidinephosphonate 103
pipermethystine 302
pK. 177



planar-chiral 248

polycarbonate 260

polycyclic aziridines 138

polyene macrolide RK-397 295
polyepoxide

— 5-exo cyclization 282

— 6-endo cyclization 282

— biomimetic route 282

— tandem oxacyclization 282
polyepoxide cyclization

— bis-oxepane 286

— cyclic sulfates 283

- 1,5-diepoxide 285

— diepoxy tetrahydrofuran 285

— PB-diketone diepoxide 284

— endozexo selectivity 285

— endo-cyclization 285

— endo-regioselective oxacyclization 284
— epoxonium intermediate 286
— fused THP rings 284

— oxepane ring 285

— poly(tetrahydrofurans) 284

— spiroketal 284

— tetraepoxide 286

— THF rings 283

— triepoxide 286

- 1,5,9-triepoxide 285
polyepoxide precursor

— cascade cyclization 280
polyether antibiotic X-206 273, 281, 296
1,3-polyhydroxylated chain

— allylic alcohol 293

- 1,3-diol 293

— hydrolytic kinetic resolution 295
— six-carbon module 295

— two-carbon extension 293

— o,p-unsaturated morpholinyl amide 294
polyketide synthase 355

polyols 265

polypropionate 290
porfiromycin 400

primary allylic alcohols 191
n-propargylpalladium complex 46
propranolol 250

propylene oxide 185, 251
prostaglandin 232

protic solvents 10
pseudopterosin A aglycone 262
Pummerer-type rearrangement 51
pybox 243

pyridinium ylide 6

pyrrolidinone 100

pyrroline 54, 57

3-pyrroline 44, 46

q
quaternary center 262, 264

quinidine 286f.
quinine 286

r

rearrangement

— catalytic 229

— deprotonation 264

— enol ester epoxide 263

— exo-norbornene oxide 151

— Payne 241

— semipinacol 264

— Stevens 151

rearrangement reaction 338

— allylic alcohol 302

— polyketide-like macrodiolide 302
rebeccamycin 300

recifeiolide 297

recyclability 230, 258
reductive alkylation 146

— dilithium oxide 157

— olefin formation 157

— olefin geometry 157

— terminal epoxide 158

— vinylsilane 157

reductive alloylation

— allylsilane 162

— epoxysilane 160

retroaldol fragmentation 308
reveromycin B 304
reversibility 8, 10, 13, 33
rhenium catalyst

— ethyltrioxorhenium (ETO) 209
— methyltrioxorhenium (MTO) 209
rhodium catalyst 249
rifamycin

— biosynthesis 408, 410
rifamycin S

— Kishi’s synthesis 290

ring closing metathesis 302
ring expansion 65, 98

— intramolecular 100

ring opening

— B-alkoxy-a-amino ester 91

— base-promoted 89

— nucleophilic 89f, 93, 95

— Raney-Ni-mediated 88

— reductive aziridine 88f.

— with alcohol 91

— with carbon nucleophile 95
— with halogen nucleophile 89
— with nitrogen nucleophile 95
— with oxygen nucleophile 90

Index
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Index

— with sulfur nucleophile 93

ring strain 146

roseophilin 302

ruthenium complexe

— high-valent ruthenium oxide 221
— low-valent ruthenium oxides 221

s

(-)-sabina ketone

— (S)-epichlorohydrin 290

SAD 275, 286f.

SAE 274, 281, 293f.

salen 232, 236, 238, 243, 250, 254,
257

— oligomeric 239, 241, 260

scalarenedial 288

scopolamine 387

secondary allylic alcohol 191

selective epoxidation 196

selenium ylide 5

seven-membered ketone

— trimethylsilyldiazomethane 281

Sharpless asymmetric dihydroxylation, see
also SAD 274

Sharpless asymmetric epoxidation, see also
SAE 272

Sharpless-katsuki asymmetric epoxidation
(AE) 188

Shi epoxidation 283

Shibasaki 234, 236, 242

Shikimate pathway 407

[3,3]-sigmatropic rearrangement 51

silicon-lithium exchange 157

single-carbon homologation

— pyranone 280

— ring expansion 280

singlet and triplet nitrenes 120

sodium azide 42

solid-phase synthesis

— cyclic RGD pharmacophores 232

solvent

— dichloromethane 217

— 1-ethyl-3-methylimidazolium tetrafluoro-
borate [(emim) BF4] 218

— hexafluoro-2-propanol 217

— ionic 218

— trifluoroethanol 217

(+)-sorangicin A

— dioxabicyclic[3.2.1] 279

— dioxabicyclo[3.2.1]octane 278

sordaricin 302

sphingosine 51

spiroaziridine 101

spiroepoxide 308

spiroketal 364

spiroketalization

— tricyclic spiroketal 277

spongistatin

— spiroketalization 293

spongistatin 2 302

squalene 447

squalene epoxidase 368

2,3-squalene oxide 447

(S,S5)-bis(1-phenyl)ethylamide 154

stachyflin 306

staurosporine 300

steric bulk 178

— lithium amide 162

[2,3]-Stevens rearrangement 61, 151

stoichiometric ylide-mediated

— sulfur ylide 13, 28

streptolutine 428

styrene epoxidase 373

substituted THF-ring

- vy-epoxy alcohol 273

— 5-exo cyclization 272, 273

- inside-out epoxide cascade 273

substituted THP-ring

— d-alkenol 281

— v-alkenol 283

— anti (E)-y-epoxy alcohol 278

— cis epoxy alkyne 278

— 6-endo cyclization 275ff.

— 6-endo mode of cyclization 280

— endo cyclization 278

— d-epoxy alcohol 282

— y-epoxy alcohol 275, 277, 279f.,
282

— epoxy silane 277f.

— 6-exo cyclization 281

— fused THP rings 278f., 281f.

— v-hydroxy epoxide 276

— polyether antibiotic X-206 281

— a-vinyl-y-hydroxy epoxide 276

sulfide, bridged-bicyclic, camphor based 2, 4,
6,9, 10, 32f.

sulfide, C; symmetric 4, 5

sulfide, C; symmetric, tricyclic 11

sulfide, camphor-based, cyclic 31

sulfinimines 80

sulfinyl group 41

sulfinylaziridine 83

sulfonium salt 327

sulfur ylide 2ff, 81f,, 326

— aziridination of imines 29

— catalytic ylide mediated aziridation
31fF

— epoxide, terminal 11



— selenium ylide 6

— stoichiometric ylide mediated aziridatia-
tion 11, 13, 28ff.

— stoichiometric ylide mediated epoxidation
12

Suzuki-Tsuchihashi rearrangement

— 2,3-epoxy alcohol 304

— Dbis(tetrahydrofuran) core 305

— epoxy alcohol 305

— B-hydroxy carbonyl compound 304

— quaternary carbon center 304

- ring-enlargement 304

— silyloxy epoxide 304

— spiro compounds 304

Swern oxidation 103, 104

Swern reaction 323

Swern/Wittig approach 317

t

tandem retroaldol/epoxide - opening/
cyclization

— PB-epoxy-f-hydroxy ketone 307

- furanochroman 307

tartrate 236

taurospongin A 251

taxol side chain 33

terminal alkyne 445

terminal aziridine 29, 177

terminal epoxide 172

tert-butylsulfonamide 456, 459

tetrahydrofuran (THF) 165

tetrahydropyran, see also THP 165

tetronomycin 262

(+)-thiamphenicol 106

THP-oxepane 280

thyrsiferol 282

tin-lithium exchange 158

tosylhydrazone salt 6, 7

transfer hydrogenation 88

1,2,3-triazole 446, 454

trihydroxyheliotridane 59

tumor antigens 300

tungsten catalysts

hydrophilic 200

hydrophobic 200

— immobilization 200

- MCM-41-based 200

u

umpolung 67
o,B-unsaturated amide

— aminohydroxylation 460
unsaturated oxime 46
(+)-uvaricin 273
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vanadium-catalyzed asymmetric epoxidation

— allylic alcohol 194

— enantioselectivity 193

— ligand decelerating effect (LDC) 193

vancomycin 299

venustatriol 282

via addition to azirines 134

via aza-Darzens-like reaction 132, 133, 134

vigabatrin 253

(+)-vinblastine

— macrocyclization 287

vinylaziridine

— aza-[3,3]-Claisen rearrangement of 55

— aza-[2,3]-Wittig rearrangement of 60

— cycloaddition of isocyanate 64

— electron transfer to 67

— epimerization of 63

— hydride reduction of 47

— hydrogen shift of 61

— isomerization including rearrangement of
54

— organocopper-mediated alkylation 48

— reactions with nucleophiles of 51, 54

— ring expansion of 65

— ring opening reaction of 47

— synthesis of 37

— umpolung of 67

vinylepoxide

— 1,2-addition 329

— 1,4-addition 331

— aldehyde 324

— allene 327

— carbon nucleophile 335, 337f.

— cis-vinylepoxide 324

— dienol 321

— dynamic kinetic resolution 330, 337

— epoxy alcohol 322

— functionalized diene 320

— instability 315

— intermolecular opening 329

— intramolecular opening 331f.

— nitrogen nucleophile 329, 332

— opening 335

— oxepane 332

— oxygen 329

— racemic 324

- regiodivergent addition 338

— Sn2 addition 337

— Sn2’ addition 335

— sulfur ylide 324

— synthesis 315

— terminal 323, 324

— tetrahydropyran 332
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— tetrasubstituted 324

— trans- 327

— transformation 329

— unfunctionalized diene 316

— vic-amino alcohol 330

— with oxygen 332

vitamin K-dependent glutamate carboxylase
380

w
Wittig reaction 323

X
(-)-xialenon A 150

Y
Yamaguchi procedure 274

ylide 97
ylide intermediate 101

z
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— 2,8-dioxabicyclo[3.2.1]octane 275
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