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Preface

In the course of our individual research programs, we have had occa-
sion to utilize hetero Diels—Alder reactions as pivotal steps in natural
product total syntheses. It became clear to us during the early stages of
our work that this type of cycloaddition, although a potentially powerful
synthetic tool, had found relatively little general use. Moreover, it was
also evident that reviews on various aspects of this chemistry were often
out-of-date or nonexistent. In response to this situation, we have written
several journal reviews on different facets of hetero Diels—Alder method-
ology during the past few years. With an apparent increase in the appreci-
ation of the value of [4 + 2] cycloadditions in heterocyclic synthesis, we
felt it was appropriate to write this monograph.

The emphasis in this work is on the scope and preparative synthetic
utility of the hetero Diels—Alder reaction. No attempt has been made to
carefully define or delineate the important mechanistic questions, many of
which are as yet unanswered, of the various [4 + 2] cycloaddition reac-
tions other than to try to provide a rationale for the facility with which the
cycloadditions proceed and to provide a basis for the stereo- and regio-
chemical observations. We have purposely excluded reactions of singlet
oxygen as a dienophile, since extensive surveys are available elsewhere.
Many miscellaneous heterodienophiles and heterodienes have not been
covered if in our opinion they are not of general synthetic value. A com-
prehensive treatment of all recorded hetero [4 + 2] cycloadditions is be-
yond the scope of this monograph. However, we do hope to provide a
broad survey of this reaction type as it exists today in order to furnish a
foundation for continued development.

We express our special thanks to Ms. Beth Swisher for painstakingly
preparing the original manuscript on top of her daily hectic responsibili-
ties. We also thank our graduate students and postdoctoral colleagues for

ix
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their suggestions, encouragement, and continued stimulating interest in
this topic. We are grateful to Stacy Remiszewski for help in preparing
Chapter 1 and to Dan Yohannes, Mona Patel, Robert Mathvink, Rob
Coleman, Thomas Hayes, Rosanna Villani, Scott Bell, Michael Melnick,
Gary Lee, Thomas Lessen, and Rick Joyce for their proofreading efforts.

Dale L. Boger
Steven M. Weinreb

Hetero Diels—Alder

Methodology
in Organic Synthesis
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INTRODUCTION

The [4 + 2] cycloaddition of N-sulfinylaniline with a conjugated diene
was first described by Wichterle and Rocek in 1953.! Since then, there
have been a number of Diels—Alder cycloadditions reported for a variety
of N-sulfinyl compounds [Eq. (1)].2

. 0 6, -

&0 7z 5 &0

| * 9 — e

N\X 3 X (1)
X = Ar, SO,Ar, CO,R, COR, CN, ¥R, 1

These [4 + 2] cycloadditions are unique in that they generally proceed
rapidly, and often exothermically, at relatively low temperatures when

1



2 1. N-Sulfinyl Compounds and Sulfur Diimides

there is an electron-withdrawing group X on nitrogen. When X is an
electron-donating substituent, such cycloadditions usually do not occur.
Highly electron-deficient N-sulfinyl compounds react most rapidly with
1,3-dienes, and N-sulfinylanilines are the least reactive type of
dienophile.2 The product of a N-sulfinyl Diels—Alder cycloaddition is a 2-
substituted 3,6-dihydro-1,2-thiazine 1-oxide (1).

Similarly, sulfur diimides are also reactive dienophiles provided they
bear at least one electron-withdrawing substituent on nitrogen [Eq. (2)].2

- 6 -
é/NX z 5 @/NX
| ’ Q - 2Ry )
3

Nay
2

The adducts formed in these cases are the analogous dihydrothiazine
imines 2. Symmetrical and unsymmetrical sulfur diimides are available,
and both can act as heterodienophiles. In adducts 1 and 2 the sulfur center
is chiral, and the implications of this fact will be discussed in some of the
following sections.

Kresze has written several excellent reviews on N-sulfinyl and sulfur
diimide cycloadditions.?*-¢ This chapter will concentrate most heavily on
the more recent developments in the area, and previous summaries
should be consulted for additional information.

1. PREPARATION AND STRUCTURE OF DIENOPHILES

A multitude of N-sulfinyl compounds and sulfur diimides bearing a
variety of substituents on the nitrogen atom(s) have been prepared.> The
N-sulfinyl compounds are commonly generated by treatment of the parent
aniline, amine, sulfonamide, etc., with thionyl chloride and pyridine [Eq.
3.

SOCl,

RNH, @ RNSO 3)
The resulting N-sulfinyl derivatives can often be distilled and/or crystal-
lized but are water sensitive and thus are frequently prepared in situ for
subsequent cycloaddition reactions. Symmetrically substituted sulfur
diimides can usually be prepared by the reaction of SCl, or S,Cl, with the
parent NH; compound in the presence of a base such as pyridine or
triethylamine [Eq. (4)].2

1. Preparation and Structure of Dienophiles 3
1
RNH, Sﬂ RNSNR )
$Cly
RN

N,N-Dichlorosulfonamides or N,N-dichlorocarbamates, when treated
with elemental sulfur, also afford diimides [Eq. (5)].

s
RNCI, =t RNSNR 5)

Unsymmetrical sulfur diimides are commonly prepared by two meth-
ods. Treatment of a N,N'-bis(arylsulfonyl)sulfur diimide with an equiva-
lent of an amine leads to the displacement of one sulfonyl group [Eq. (6)].}

(A'SONLS +  RNH, S ArSONSNR + ArSO,NH, (6)

Alternatively, an amine and an N-substituted dichlorosulfimide will react
to yield an unsymmetrical sulfur diimide [Eq. (7)].4

RN:SCL+  RNH, — RNSNR' @)

Recently, cationic N-sulfinyl amines and sulfur diimides have been re-
ported. These species are readily prepared by alkylation of a N-sulfinyl
compound or a sulfur diimide with a trialkyloxonium tetrafluoroborate

(Eq. ®)]°

. -
e
[3
N\R » /':‘\R (8)
" X:0,NR

Sulfur diimides and N-sulfinyl compounds have nonlinear structures
and are configurationally stable at room temperature. Two geometric iso-
mers are possible for N-sulfinyl compounds [i.e., (£)-3 and (E)-4]. Sulfur

+ +
N¢S\l:l R \N/S\N R
&0 R -

il 5 6
r-N

3 L R\N4S\ﬂ ¢V'

=g'

z
/
0

diimides can theoretically exist as four geometric isomers [i.e., (Z,2)-5,
(E,E)-6, and two E,Z forms 7 and 8].



4 1. N-Sulfinyl Compounds and Sulfur Diimides

It has been found through X-ray, neutron diffraction, and electron scat-
tering analyses that N-sulfinylamines, -anilines, -hydrazines, and -sul-
fonamides have the (Z)-3 configuration in the solid state.2c The structure
of N-sulfinyl compounds in solution is known with less certainty. It has
been reported that a series of aryl-substituted N-sulfinylanilines exist
solely as the Z geometric isomers in solution based on analysis of 'H-
NMR spectra and dipole moments.® However, microwave spectroscopy
and BC-NMR spectroscopy indicate that an E/Z equilibrium exists for
some N-sulfinylamines in solution.”8

In the case of sulfur diimides, X-ray and electron scattering studies
have shown that the E,Z geometry 7 or 8 is favored in the solid state.®
H- and BC-NMR spectroscopy at low temperatures in solution indicated
two isomeric forms are present: an E,Z isomer 7 or 8 and a symmetrical
isomer, presumed to be the E,E isomer 6. From coalescence of the 'H-
NMR signals at higher temperatures, it has been concluded that rapid
interconversion of the (E,Z)-7 or -8 and (E,E)-6 forms occurs.

Thus, the most stable configuration of N-sulfinyl compounds is appar-
ently (Z)-3 and for sulfur diimides, (E,Z)-7 or -8. Interactions within a
specific molecule can alter the relative stability of the isomeric forms so
that in solution configurational equilibria may exist.

2. REGIOCHEMICAL, STEREOCHEMICAL, AND
MECHANISTIC ASPECTS

Kresze and Wagner examined the regioselectivity of the cycloaddition
of N-sulfinyl-p-toluenesulfonamide (9) with several unsymmetrical dienes
[Eq. 9.1

R e RE~E O

T - 1 s
~Ts N\Ts (9)
9

R= Ph,Cl,CH;

The cycloaddition of 9 with some 2-substituted dienes was found to yield
only the 5-substituted dihydrothiazine oxides. Cycloadditions of 9 with 1-
substituted 1,3-dienes [Eq. (10)]

+ ~O0
& 9 o~ CeH Ts
o, SN ,sg;
5°C \Ts  80°C ™y (10)
R R R

R= Ph, pNO,Ph, pCH;0Ph,CH;
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R _ R
+ 0 + ~O°
- E\s'r’ . @?.ro
t’\ U\ Ts N\TS

A
- §-0
o —
Nts
R 9

2,007 0

—— b % — ]
3 ’S\Ts 3 Nts

R R

B
Scheme 1-I

are often dependent on the reaction temperature. At low temperatures, 3-
substituted dihydrothiazine oxides are usually formed, but at higher tem-
peratures the 6-substituted heterocycles are produced. For example, the
dienes shown in Eq. (10) gave the 3-substituted adducts as the kinetic
products. However, these products could be isomerized via a retro-Diels—
Alder process to the less sterically crowded thermodynamic isomers by
heating in benzene. In the cases of R equal to tBu and CO,Me, the 6-
substituted isomer was produced even at low reaction temperatures.

Kresze and Wagner offered a mechanistic model for the [4 + 2] cy-
cloadditions of N-sulfinyl dienophiles to rationalize the Kinetically formed
regioisomeric products.!® They proposed a concerted mechanism for the
reaction via a transition state which has dipolar character (Scheme 1-I).
For 1-substituted dienes, ‘‘transition states’” A and B can be considered.
If R is an electron-donating group which stabilizes the cationic center, a 3-
substituted product will result. If R is electron-withdrawing (e.g.,
CO;Me), the 6-substituted isomer will be the kinetic product of the cy-
cloaddition. A similar argument can be made for 2-substituted and more
complex dienes.

Mock and Nugent investigated the mechanism of the [4 + 2] cycloaddi-
tion of N-sulfinyl-p-toluenesulfonamide (9) and the isomeric 2,4-hex-
adienes 10, 11, and 12 in detail (Scheme 1-1I)." These workers determined
the relative stereochemistry of the resulting adducts and proposed a
stepwise dipolar mechanism based primarily on the difference in sulfur
stereochemistry between adducts produced from dienes 11 and 12.

Dihydrothiazine oxide 15 was proposed to result from initial addition of
the electrophilic sulfur atom of the N-sulfinyl compound to (E,Z)-diene 11
to form a dipolar intermediate [Eq. (11)].
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T g X
R
IR p—— o — 15 (1n
—/{;"_"}L-H

Addition of 9 to the Z olefinic bond of the diene would be favored since a
transoid (‘‘sickle’’) allylic carbonium ion would be formed rather than the
less stable cisoid (‘‘U-form™’) allylic moiety. Closure would afford dihy-
drothiazine oxide 15.

The rationalization for the formation of adduct 16 was somewhat more
complex. Isomerization of (Z,Z)-hexadiene to (E,Z)-hexadiene could be
discounted since the cycloaddition of the (E,Z)-diene and 9 led to the
formation of sulfur epimer 15 exclusively. Assuming the reactive confor-
mation of the (Z,Z)-diene is cisoid, only a nonplanar, helical skew ar-
rangement can be achieved [Eq. (12)].

9 + 12

H{’E’ﬁ: \'&}s —_— 16 (12)

Attack of the electrophile at one end of the helical diene would result in a
zwitterion in which direct closure to a 3,6-dihydrothiazine oxide is
blocked by a severe methyl-methyl group steric interaction. Rotation of
the C-1—C-2 bond in the opposite direction requires only that the
methine hydrogen pass the C-4 methyl group. This rotation also would

9 b4 /0- pd /0-
NANF - | & o ?’
10 ~Ts N s
13 { 331) 14
; -
9 &0
\&\2 — | ?l
Nt

15

1
9 X ’,/0-
~ i
12 16

~Ts

Scheme 1-I1
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bring the nitrogen atom to a position that would afford the observed sulfur
epimer 16 after cyclization. For consistency, Mock and Nugent proposed
that the two-step dipolar mechanism must also apply to the cycloadditions
that produce 13 and 14, since the experimental conditions for all of these
reactions were similar.

Hanson and Stockburn recently examined the mechanism of the cy-
cloaddition of N-sulfinylethyl carbamate and 1,1'-bicyclohexeny! which
yields dihydrothiazine oxide 17 exclusively [Eq. (13)]."2

L O
| ' O—@ - Q_Q (13)

N\COZEt ,j/N-‘s\‘;_‘ -
Et0,C O
The relative stereochemistry of adduct 17 was determined by single crys-
tal X-ray diffraction.

The cycloaddition reaction rate revealed activation parameters which
are characteristic of a pericyclic reaction. The entropy of activation is
large (AST = —176.95 K~! mol™!), and the enthalpy of activation is small
(AHtT = 30.3 kJ mol~!). These data imply a highly ordered, early transition
state with concerted bond making and breaking. Solvent polarity had only
a small effect on the rate of the reaction, indicating little separation of
charge in the transition state, consistent with a concerted mechanism.

Based on these results, Hanson and Stockburn proposed that other
dienophiles of electrophilicity comparable to that of N-sulfinylethyl car-
bamate (i.e., N-sulfinylsulfonamides) cycloadd via a similar pericyclic
mechanism. They suggested that the observations of Mock and Nugent!!
could be best explained by a concerted mechanism for the cycloaddition
of N-sulfinylsulfanamides 9 to dienes 10 and 11 and a nonconcerted, two-
step mechanism for the cycloaddition of 9 to the highly hindered (Z,Z)-
diene 12. These workers have proposed that less electrophilic
dienophiles, such as N-sulfinylanilines, also undergo cycloaddition via a
concerted process. Such concerted [4 + 2] cycloadditions for N-sulfinyl
compounds are in accord with orbital symmetry considerations."

As can be seen from some of the examples cited above, a single or
predominant sulfur stereoisomer often results from the cycloaddition pro-
cess, but sometimes mixtures of sulfur epimers are produced. In many of
these cycloadducts the configuration at sulfur has not been determined,
and thus not enough data are currently available to clarify what factors
control the configuration established at sulfur. These cycloadditions do
show the usual Diels—Alder syn stereoselectivity with respect to the 1,3-
diene component.

It has also not been established what importance secondary orbital
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effects have in these reactions. For example, the cycloaddition of 1,3-
cyclohexadiene and N-sulfinylbenzenesulfonamide afforded a 1:1 mix-
ture of sulfur exo/endo epimers [Eq. (14)].!!

&0
O — : :
N n 520

R (14)
R = SO,Ph 111
= COCHPR 141
Weinreb et al. have found a similar lack of stereoselectivity in the cy-
cloaddition of cyclohexadiene and N-sulfinylbenzyl carbamate.* The
mechanistic situation is further complicated in these cases by the fact that
one cannot determine whether the (E)- or (Z)-sulfinyl dienophile is the
reacting species.

Levchenko and Balon! have examined the regiochemistry of cycload-
dition of several symmetrical bis(aryl)sulfonyl sulfur diimides with (E)-
piperylene and isoprene which afforded the C-3 and C-5 substituted ad-
ducts, respectively (Scheme 1-III). These results were confirmed by
Wucherpfennig and Kresze, who also found that chloroprene gave the 5-
substituted product.!®

Mock and Nugent investigated the, reaction of N,N'-bis(p-toluene-
sulfonyl)sulfur diimide (18) and the isomeric 2,4-hexadienes 10, 11, and 12
in an attempt to elucidate the mechanism of sulfur diimide cycloadditions
(Scheme 1-1V).!! The cycloaddition of 18 and 10 afforded two adducts
epimeric at sulfur in a 43 : 1 ratio, while only one adduct of indeterminate
stereochemistry was obtained from the cycloaddition of 18 and 11. No
reaction was observed with (Z,Z)-diene 12. Unfortunately, not enough
information resulted from these experiments to draw any mechanistic
conclusions with regard to the cycloaddition.

Z | ’/f:lSOzAr
g @\502“

N 5 2 ANSOAr
P S0 r \Cz
. = ~S0,Ar

SO,Ar

( I N~s0,Ar

Ar = Ph, pCIPh, pNO,Ph, pCHiPh, pCHyOPh, pBrPh

Scheme 1-HI

3. N-Sulfinyl Dienophile Cycloadditions 9
10 L NTs 2+ NTs
RN
s N\Ts
+ + NTs
N n §J"'
N N |
- Nuts
Ts 18 i
12
no reaction
Scheme 1-IV

As mentioned above, only those unsymmetrical sulfur diimides that
have at least one nitrogen atom substituted by a strongly electron-with-
drawing group undergo [4 + 2] cycloadditions. In principle, a cycloaddi-
tion could occur with either of the two sulfur-nitrogen double bonds,
which would lead to regioisomeric adducts being produced (Scheme 1-V).
Surprisingly, only the nitrogen—sulfur double bond which does not bear
the most electron-withdrawing (X) group is involved in the cycloaddition
(vide infra).

3. N-SULFINYL DIENOPHILE CYCLOADDITIONS

As stated in the Introduction, N-sulfinyl compounds bearing electron-
withdrawing substituents react as heterodienophiles. Arylsulfinyl deriva-
tives usually require heating for a reaction to occur, whereas other types
of N-sulfinyl dienophiles will often cycloadd near room temperature or
below. In fact, these cycloadditions are sometimes dangerously exother-
mic when run in the absence of a solvent, and usually an inert solvent
such as benzene, toluene, or cyclohexane is used.?

A number of representative examples of N-sulfinyl dienophile cycload-
ditions can be found in Table 1-1. As noted above, some adducts undergo

—
ob\tllx

;él/NX (
Nag A
+ rNR
-l
—— L,

Scheme 1-V
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TABLE 1-1 (Continued)

Ref.

Yield

Product

Conditions

Diene

Dienophile

Entry

82% 28

Me

el

&

CH;CN, 20°C, 10 days

NNSO

Me #
:Illﬁ\
=/

18

0_
0"

Ph

30

64%

@Eﬁ

CH;0,C —Lﬁi—cozma

CGHlZy RT, 17 hr

PhNSO

19

32

29%

pMePh

Neat, 80°C, 2 days

pMePhNSO

20

3. N-Sulfinyl Dienophile Cycloadditions 13

retro-Diels—Alder processes at relatively low temperatures. This is partic-
ularly true of the adducts of N-sulfinyl-p-toluenesulfonamide with ethyl
sorbate (entry 4) and cyclopentadiene.?? N-sulfinyl compounds also un-
dergo other types of pericyclic reactions which can occasionally compete
with [4 + 2] cycloadditions. For example, both electron-deficient N-sul-
finyl compounds and sulfur diimides undergo facile ene reactions.? More-
over, N-sulfinylanilines occasionally act as 4 components in cycloaddi-
tions with alkenes.?! An example exists of an inverse electron demand
N-sulfinyl dienophile cycloaddition (entry 20), although in this case the
initial Diels—Alder adduct was not isolated.?? Examples of cycloadditions
between diazadienes and sulfinyl dienophiles have also been reported.®

Whitesell and co-workers recently reported the first enantioselective N-
sulfinyl-8-phenylmenthol carbamate (19 and (E, E)-2,4-hexadiene (Scheme
1-VI).3* When the cycloaddition was done at room temperature in the
absence of a Lewis acid, a mixture of all four possible diastereomeric
products was formed. In the presence of stannic chloride at 0°C, however,
the cycloaddition of N-sulfinyl-8-phenylmenthol carbamate and (E,E)-
hexadiene afforded only adduct 20 (42% vyield, in greater than 97% diaste-
reomeric excess), whose structure was proved by X-ray crystallography.

The formation of adduct 20 can be rationalized if one considers the (Z)-
sulfinyl carbamate reacting via parallel conformer 19A (Scheme 1-VI). If
this dienophile conformer is attacked by the diene from the more exposed
face in an endo transition state, adduct 20 will result. Another possibility
is for conformer 19B of the E dienophile to react via an exo transition
state to give 20. Although the second possibility would seem less likely
than the first, it has not been established that secondary orbital effects are
important in cycloaddition reactions of N-sulfinyl carbamates and thus
the exo case should not be summarily dismissed at this time.

Weinreb and co-workers have also utilized N-sulfinyl-8-phenylmenthol

/_ \%E' e_._n(k)
[ 0= }
0 19A 0 \
Ph | 7 Phil |
ﬁomso : l; ﬁocjg:)
19 I

0
0 = -
7 # §y
o OQ/)J’\N\\ exo
SnCl,,0°C $—0
198 o
Scheme 1-VI
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carbamate (19) in an enantioselective Diels—Alder reaction using 1,3-cy-
clohexadiene.3 The uncatalyzed cycloaddition of the components af-
forded a complex mixture of diastereomeric adducts. However, when
dienophile 19 was first treated with TiCl, at —50°C, followed by addition
of cyclohexadiene, adducts 21, which are epimeric at sulfur, were pro-
duced in 77% yield. These dihydrothiazine oxides were shown to have the
35,6R configuration by conversion to the known cyclic carbamate 22
(Scheme 1-VII). The formation of 21 can be rationalized as shown in
Scheme 1-VI for (E,E)-2,4-hexadiene.

The Weinreb group has recently examined the reaction of chiral N-
sulfinyl dienophile 23, prepared from (+)-camphor, with 1,3-cyclohex-
adiene (Scheme 1-VIII).? Whereas the uncatalyzed cycloaddition af-
forded a mixture of diastereomeric adducts, the reaction promoted by
TiCl, gave a single adduct 24 having the 35,6R configuration. Stereo-
chemistry at sulfur in this compound could not be determined. As in the
phenylmenthol series, one can reasonably consider two reacting
dienophile conformations 23A and 23B (Scheme 1-VIII). If conformer
23A is attacked by the diene in an endo manner from the most exposed
face, the observed adduct 24 will be formed. Similarly, if conformer 23B
reacts with cyclohexadiene via an exo transition state, 24 will result.

The first examples of intramolecular N-sulfinyl dienophile cycloaddi-
tions have recently been reported by Weinreb et al.’ Treatment of (E,E)-

Me_Me

Me>\/0 endo
S//
Me
Me  Me Me R -
Mo _ o, -5
g CH LY, d
0 e 24
23 Me%% € 0
(=

238
Scheme 1-VHI
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diene carbamate 25 (Scheme 1-IX) with thionyl chloride in pyridine af-
forded bicyclic dihydrothiazine oxide 26, presumably via a transient
N-sulfinyl compound. This adduct was transformed to threo-sphingosine
in a few steps. The (E,Z)-diene carbamate 27 reacted with thionyl chloride
to produce a N-sulfinyl carbamate, but the intermediate did not cyclize. It
was suggested that this lack of reactivity was due to an inability of the 1,3-
diene to achieve a s-cis conformation. Diene 28, on the other hand, re-
acted with thionyl chloride to afford dihydrothiazine oxide 29 in excellent
yield. This adduct was converted stereospecifically to erythro-sphingo-
sine. Both adducts 26 and 29 were single stereoisomers at sulfur, but
configuration was not determined.

This type of intramolecular N-sulfinyl carbamate cycloaddition meth-
odology has also been used in synthesis of some simple amino sugars.3”-%
For example, a synthesis of epidesosamine has been developed as
shown in Eq. (15).%

L 0" + 0
2y, 500 %i (%
S N\f) pyr OT N\f‘)

(15)
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The key step here involved cycloaddition of the N-sulfinyl carbamate 30
to give exclusively adduct 31, whose structure was proved by X-ray crys-
tallography. It was suggested that the cyclization occurred via the con-
former shown in 30 to minimize nonbonded interactions. It seems reason-
able that the reaction proceeded through an intermediate (E)-N-sulfinyl
carbamate to provide the sulfur stereochemistry shown in structure 31.
This cycloadduct was subsequently converted to the amino sugar by a
short series of transformations.
In a similar study, N-sulfinyl carbamate 32 [Eq. (16)]

(16)

was found to cyclize via the conformation shown to produce dihy-
drothiazine oxides 33 as a mixture of sulfur epimers.® The adduct was
then converted to the arabino sugar 34.

4. SULFUR DIIMIDE CYCLOADDITIONS

Various types of electron-deficient sulfur diimides react as hetero-
dienophiles. In general, these cycloadditions occur under conditions simi-
lar to those used for N-sulfinyl compounds. However, fewer types of
sulfur diimides have been utilized in this process relative to N-sulfinyl
compounds. Some examples of symmetrical sulfur diimide Diels-Alder
reactions are listed in Table 1-II. It should again be noted that the orienta-
tional selectivity in these cycloadditions is the same as that shown by N-
sulfinyl systems (cf. Table 1-I). Several examples of cycloadditions with
unsymmetrical sulfur diimides are shown in Table 1-111. In all cases, these
reactions were totally regioselective, and as noted above, reactions
occurred at the least electron-deficient nitrogen—sulfur bond. Frontier
molecular orbital (FMO) theory has been used to rationalize the regio-
selectivity of addition of the cationic sulfur diimide shown in entry
12.47

5. Conformations of Dihydrothiazine Oxides and Imines 17
TABLE 1-II
Cycloadditions of Symmetrical Sulfur Diimides (RNSNR)
R Diene Conditions Product Yield Ref.
7 :NTs
Ts g CeHs, RT @Ts 85-90% 15
L NTs
Ts \( CeHg, RT \CE/ 85-90% 15
§ Ts
Z ¢ NSO,PhpCl
pCIPhSO, g CeHs, RT ! NSO,PhpCl 85-9%0% 15
CIPhSO P £-NS0,PhpCl
pCIPhSO, ( C¢Hy, RT \G SopPhC 85-90% 15
Cl NSO, PhpF
pFPhSO, C'f CeHq, RT \(:5, 2E — 16
§ NSO,PhpF
P £ NCOEt
CO,Et g CeHg, RT G‘ coet 55% 39
y -NCO,Et
COEt ( CéHg, RT U ol 9% 39
P £ NCOPh
PhCO g C¢Hg, RT @COPh 62% 40
+ NCOPh
PhCO \( CeHs, RT \CS, 9% 40
N NcoPh
+_NCOPhpNO
pNO;PhCO \< CeHs, RT \G = 61% 41
X NCOPhpNO,

5. CONFORMATIONS OF DIHYDROTHIAZINE OXIDES
AND IMINES

. During the past few years several groups have probed the conforma-
tions of [4 + 2] cycloadducts of N-sulfinyl compounds and sulfur
diimides. X-Ray crystallography has been particularly useful in this re-
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gard. For example, adduct 35, which was the major adduct of cycloaddi-
tion of (E, E)-2,4-hexadiene and N-sulfinylbenzyl carbamate, was found to

WA

17

[ 0 ?“
& .
Qcowzph : H—W}EH
oA
35 OCH,Ph

?Ts rI?ns Fins
s o e
S h H®

T T Ts

36 37 38

have the boat-like conformation shown with the oxygen on sulfur in a
quasi-axial position.3¢ Adduct 17 {Eq. (13)] has a half-chair conformation,
once again with a quasi-axial sulfur—oxygen bond.* Similarly, the adduct
31 [Eq. (15)] was also found by X-ray crystallography to have a half-chair
conformation and a quasi-axial sulfur-oxygen bond.?” It has been sug-
gested that this propensity for the oxygen in these systems to be quasi-
axial is due to an anomeric effect.’6%

X-Ray crystallography has also established that dihydrothiazine imines
have similar conformations. For example, compounds 36 and 38 were
found to have half-chair conformations (cf. Scheme 1-IV), once again
with the sulfur—heteroatom bond quasi-axial.®® Adduct 37 was correlated
with 36 by lanthanide-induced shift 'H-NMR experiments, and the data
have been interpreted as supporting this same type of conformation.*

6. REACTIONS OF CYCLOADDUCTS

There are several well-known transformations of 3,6-dihydrothiazine
oxides and 3,6-dihydrothiazine imines.? In most of these reactions, either
the cyclic sulfinamide moiety and/or the carbon—carbon double bond is
involved. For example, a 3,6-dihydrothiazine oxide can be hydrolyzed
under either acidic or basic conditions to afford a homoallylic amine
derivative [Eq. (17)].

R R - R

£-0"  Hy0 or ‘SLOOH -50,
{ ‘:",R, — |y | —— NHRY a7
OH/ H0"
R R

R
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This transformation probably proceeds through an allylic sulfinic acid
which loses SO, via a retro-ene process. The mechanism of this reaction
was first investigated by Mock and Nugent® and was examined further by
Weinreb et al 5152

The Weinreb group investigated the hydrolysis of dihydrothiazine ox-
ide 39, prepared from (E,E)-tetramethylbutadiene, which was demon-
strated to afford only sulfonamide 40 having an £ double bond and the
erythro configuration {Eq. (18)].

&% 1 s%nNeoH e
S » Na
)fr\tlﬂs o A A (18)

2) 5%HCI :
39 40

Similarly, hydrolysis of 41, derived from (E,Z)-tetramethylbutadiene,
yielded only sulfonamide 42 with an E double bond and the threo configu-
ration [Eq. (19)].

¢#9 1) 5% NoOH J HTS
s 25w e (19)

4 42

These results are best rationalized by a concerted retro-ene reaction of
intermediate sulfinic acid 43 [Eq. (20)]

o O
39 5% NoOH 3 vy j 0
5%HCH | Ho HET (20$)
HTs
3

as suggested initially by Mock and Nugent.’® The substituent on C-1 of
intermediate 43 assumes a pseudo-equatorial position to avoid A!-? strain
with the substituents on C-4. This ‘‘anchor effect’’ controls to which
diastereotopic face of the double bond the proton is transferred, and also
establishes the F geometry of the newly formed double bond. Retro-ene
reaction of adduct 41 proceeds through a similar conformation epimeric at
C-4 to afford isomer 42. This methodology is useful in synthesis of stereo-
chemically complex homoallylic amine derivatives.

It has been known for over 30 years that N-aryldihydrothiazine oxides,
when treated with alkali under vigorous conditions, afford N-arylpyrroles
[Eq. 2D).%



22 1. N-Sulfinyl Compounds and Sulfur Diimides

L0 OH-
$ = )
Cr'm A Ow o
R = Ar, COZEt, PO(OEt)Z

This transformation has been extended to a number of other N-substituted
adducts of N-sulfinyl dienophiles,22465 although yields of product are
quite variable depending on the nature of the substituents. Russian work-
ers have found that N-acyldihydrothiazine oxides can be converted to
dihydro-1,3-oxazines in good yield (Scheme 1-X), perhaps via the ho-
moallylic amine derivative [cf. Eq. (17)].%-%

s O H,S0,

Coon e o)

R NCOREt -5-10°C o)\oa
- /
ke s

| e
J _Acoar -5to -10°C o/kAr

R

R,R’z H,CHy
Scheme 1-X

The cycloadducts of sulfur diimides exhibit hydrolytic behavior very
similar to that of dihydrothiazine oxides (Scheme 1-X1).2 Alkaline hydrol-
ysis of a dihydrothiazine imine affords an intermediate sulfinamide which,
on treatment with aqueous acid, yields a homoallylic amine, presumably
via a retro-ene process. A homoallylic amine is formed directly from a
cycloadduct on acidic hydrolysis.?

Adducts of unsymmetrical sulfur diimides, in which the nitrogen atom
in the heterocyclic ring bears an aryl substituent, undergo acidic hydroly-
sis to produce N-aryl-substituted homoallylic amines (Scheme 1-XII).
Alkaline hydrolysis of these adducts leads to N-arylpyrroles, similar to
the reaction shown in Eq. (21).40a424

o™ CS'—NHR'
NHR
EAR R
O I l“’o

.
H;0 =
———e——
NHR

Scheme 1-XI
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NHAr

The sulfur atom of both 3,6-dihydrothiazine oxides and 3,6-dihy-
drothiazine imines is readily attacked by nucleophiles other than water or
hydroxide ion. Wucherpfennig has reported the cleavage of dihy-
drothiazine oxides and dihydrothiazine imines with methoxide ion to af-
ford sulfinate esters or imidosulfinate esters [Eq. (22)].5

Scheme 1-XII

. X
+ X - {
SOR NHSO,R (22)
Xz 0,NSOR

Similarly, treatment of a dihydrothiazine oxide with thiophenoxide ion
and thiophenol yielded an intermediate thiosulfinate ester, which under-
went further reaction to produce a disulfide [Eq. (23)].

+ 0O - ?
% PhS *
@so PhSH. G o — 3P 23)
hR PhSH HSO,R NHSO,R

It has been reported that the adduct of N-sulfinylaniline and 2,3-di-
methylbutadiene is stable to ethylmagnesium bromide.?2 However,
Weinreb and co-workers36-3852 have recently found that a number of N-
acyldihydrothiazine oxides are susceptible to ring opening by a variety of
reactive carbon nucleophiles. For example, when dihydrothiazine oxide
44 was treated with phenylmagnesium bromide, followed by trimethyl

phosphite, (E)-threo-hydroxycarbamate 45 was produced exclusively
[Eq. 24)].36

'JJO— o QH
-f 1
‘ 1) PhMgBr, -60°C A
NCOz—\ ! (24)
Pn 2} (MeO);P, CHyOH NHCO~
“ A 85% 45 Ph

(Szi;r)llilarly, adduct 46 afforded only (E)-erythro-hydroxycarbamate 47 {Eq.
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Weinreb et al. offered the mechanism for the transformation of 44 to 45
shown in Scheme 1-XIII.3®* When 44 is treated with phenylmagnesium
bromide, an allylic sulfoxide 48 is produced. A [2,3]-sigmatropic rear-
rangement of this sulfoxide to a sulfenate ester 49 proceeds stereoselec-
tively via an envelope-like transition state with the C-1 methyl substituent
quasi-equatorial to minimize nonbonded interactions. 'H-NMR studies
demonstrated that in the absence of phosphite, the (Z)-allylic sulfoxide 48
rapidly rearranged to (E)-allylic sulfoxide 51 (4 hr at 40°C), while the
desulfurization process was slower (12 hr at 60°C). This transformation
presumably occurs by an initial rearrangement of 48 to sulfenate ester 49.
This intermediate can equilibrate to conformer 50, which rearranges to
the more stable (E)-sulfoxide 51. When pure sulfoxide 51 was treated with
trimethyl phosphite in refluxing methanol only (E)-threo-hydroxycarba-
mate 45 was produced. A similar sequence of steps would give rise to (E)-
erythro-hydroxycarbamate 47 from adduct 46 via intermediates epimeric
to 44 at C-4. It should be noted that sulfur stereochemistry in the dihy-
drothiazine oxide had no effect on this cleavage and rearrangement se-
quence. Weinreb and Garigipati have utilized the methodology outlined
above in the syntheses of threo- and erythro- sphingosines as shown in
Scheme 1-IX.%

H H
PhMgBr _)_\Léﬂ"h ~"
4, — H iy == H ~SPh
H H

H -— ..
NHCOz~ NHCO
Ph
» Ny,

X I

(MEO): P

I»L H H H A
N
Tl HSTED NHCO
NHCOZ\ \pp,
51 Ph 50
Scheme 1-XIII

Another nucleophile which was used by the Weinreb group to cleave
the sulfur—nitrogen bond in dihydrothiazine oxide 44 was vinylmagnesium
bromide, directly affording sulfine 52 [Eq. (26)].1

6. Reactions of Cycloadducts 25
0
- —
-MgBr 0
“ — | (¥ - Y 26)
-60 - 25°C | S H 52 NHCO\
NHCO"’_\Ph Ph

This transformation was presumed to occur via an intermediate vinyl
sulfoxide, which underwent a [3,3]-sigmatropic rearrangement via a chair-
like transition state with the methyl group quasi-equatorial to afford 52.
Since the rearrangement occurred under very mild thermal conditions, it
was proposed that this may be a type of alkoxy accelerated pericyclic
reaction.”’

Dihydrothiazine oxide 44 was also stereoselectively converted to sul-
fide 53, as outlined in Scheme 1-XIV.% Treatment of 44 with trimethylsi-
lylmethylmagnesium chloride afforded a sulfoxide which was converted
to a sulfonium salt. On treatment with potassium terz-butoxide, this inter-
mediate underwent a [2,3]-sigmatropic rearrangement via an envelope-
like transition rate (cf. Scheme 1-XIII) to yield compound 53 in good
overall yield.

“ Me 3S1ICH,MgCl 1 S NSiMe;  p,p, S \SiMe,
HCO. —_— Hi
Nepy C02—\,;h
| H '
Me OBF, SSiMe, KOtBu HJ 2 —~_)SMes
—_— I —_— || | : _— -
HCOE‘\Ph CHLCN / "T‘I HCQO,
/ H 53 Ph
H
NHCO
z—\F“h
Scheme 1-XIV

The Weinreb group has recently developed stereoselective methodol-
ogy for synthesis of unsaturated vicinal diamine derivatives from dihy-
drothiazine imines.* For example, when cycloadduct 54 prepared from
(E,E)-2,4-hexadiene was treated with phenylmagnesium bromide fol-
lowed by trimethyl phosphite, E-threo vicinal diamine 57 was formed
cleanly in good yield [Ea. (27)1.
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NHR
+NR + (MeO);P h
PhMgBr HO/ Y
e 52 S~ e o, Y
-60°C A N-R AR CH40H - X))
H” NHR “ \WHR A NHR
R= COLH;,Ts
54 55 56 57

This transformation presumably proceeds with initial formation of allylic
sulfilimine 55, which rearranges via an envelope-like transition state to
sulfenamide 56 (cf. Scheme 1-XIII). Interestingly, NMR analysis showed
that this [2,3]-sigmatropic rearrangement lies totally on the side of this
sulfenamide, unlike the allylic sulfoxide—sulfenate ester system, which
lies predominantly to the side of the sulfoxide. Similarly, C-3 epimeric
dihydrothiazine imine 58 can be converted by an identical pathway to E-
erythro vicinal diamine 59 in an efficient and totally stereoselective man-
ner [Eq. (28))].

+~-NR 1) PhMgBr NHR
L — /VY
2)(Me0),P
; CH40H NHR (28)
58 a 59

Rz CO,CH;,Ts

Surprisingly, the sulfur epimer 60 prepared from (E,E)-2,4-hexadiene
was found to be unreactive toward phenylmagnesium bromide. Com-
pound 60-reacted with methyllithium to give 57, but the yield was poor.
This result was rationalized by considering the conformations of adducts
54 versus 60. Adduct 54 exists as half-chair conformer 54A (vide supra),

- NTs N TTS i
+ ~NR —_— - ==
S =5 w:
R H / H H /
Ts Ts
60 60A S54A
X H ;IqTs > H '-ins .
S QTS%‘ s ) Q"SQ
R / H /
i Ts s
61 61A 58A

and thiazine imine 60, epimeric to 54 at sulfur, exists as half-chair 60A.
Assuming that nucleophilic ring cleavage occurs through a Sy2-like pro-
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cess, the entering carbon nucleophile would experience a steric interac-
tion with the C-6 methyl group in 60A. In epimer 54, however, the nu-
cleophile attacking sulfur passes by a sterically less demanding hydrogen
atom.

A similar situation exists with sulfur epimer 61, prepared from (E,Z)-
2,4-hexadiene, which is unreactive toward phenylmagnesium bromide
and gives E-erythro vicinal diamine 59 in only poor yield with methy-
llithium. Inspection of the conformations of the adducts 61A and S8A
indicates that the path of the attacking nucleophile in the former case is
more sterically crowded than in the latter.

Since the Diels—-Alder cycloadditions used to prepare various dihy-
drothiazine imines generally produced mixtures of sulfur epimers, it was
desirable to find a procedure to also convert the ‘‘unreactive’’ adducts to
the vicinal diamines. It was discovered that adducts 60 rearranged ther-
mally by a novel [2,3]-sigmatropic process to afford thiadiazolidines 62
stereoselectively (Scheme 1-XV). Reduction of 62 with sodium borohy-
dride yielded the E-threo vicinal diamine derivative 57. Similarly, “‘unre-
active’” adducts 61 cleanly gave thiadiazolidines 63 on heating, which
could be converted to E-erythro vicinal diamines 59. This methodology
thus allows both sulfur epimers from (E, E)-2,4-hexadiene to be converted
to the E-threo product, and the epimers from (E,Z)-2,4-hexadiene to be
used to prepare the E-erythro series of compounds.

tANR A RN S R NoBH,,
| ] — Xy - — 57
R CeHe H i

60 62
N -S
(¢NR RI™\R  NaBH,
l | - > “H —_ 59
AR CeHg o
61 63
R= CO,CHy,Ts
Scheme 1-XV

Dihydrothiazine oxides can be oxidized at the carbon—carbon double
bqnd and/or at sulfur. Oxidation of these adducts is frequently accom-
plished with peracid to afford sultams [Eq. (29)].2

£ 0 RCO3H S0
. = g — 29)
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The sultams can be oxidized further to epoxysultams on exposure to
excess peracid. However, it has been reported that the adduct of 2,3-
dimethylbutadiene and N-sulfinylaniline could first be epoxidized by reac-
tion with perbenzoic acid to afford an epoxythiazine oxide [Eq. (30)].

+/6 RCO3H +0 S0
mph O;:EPI'\ - @Cr{lp; (0

Treatment of this epoxide with excess perbenzoic acid yielded an epoxy-
sultam.

Weinreb and co-workers have found some interesting directing effects
of the sulfur-oxygen bond in some oxidations of dihydrothiazine oxides.*
Adduct 64 on oxidation with pertrifluoroacetic acid stereoselectively af-
forded B-epoxysultam 67 [Eq. (31)].

_ P Onp? |9
:0 _ HY='\=/ H _/Es:
UCOZCHzPh = R o — RNVTN
1 ]+
\~OMOM - —Ph 31)
64 65 66
—~
|
CO,CH,Ph

(_-OMOM
67

On the other hand, epimeric adduct 68 yielded only a-epoxides 71 and 72
[Eq. 32)].

) +.0
Thosen — U
,.CH,Ph NCO2CH,Ph ™ NCO,CHyPh

- OMOM i\/OMOM :\/OM oM

68 n r 72

1]
; é'\o Phn /o\;o (32)
ST

69 70 R f L5t

Ph

It was suggested that epoxidation of 64 occurs via conformer 66 having
the sulfur-oxygen bond quasi-axial. As discussed above, this conformer
is apparently more stable than 65 which has a quasi-equatorial sulfur-
oxygen bond. A syn directing effect of the oxygen in 66 would lead to the
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observed B-epoxide 67. Similarly, one would expect adduct 68 to exist as
conformer 70 rather than 69. Syn epoxidation of 70 would produce a-
epoxides 71 and 72. Epoxidation of sultam 73 was also investigated and
was found to give exclusively B-epoxysultam 67 [Eq. (33)].

to]

(o]
e
-Z%

N—

0 iy NEAL (33)
H = -_— =\ 67

\(;I{IC:'JZCHZPh 7'%1/;\4 N\ R “sZQ

{_OMOM _Ph 4

73 74 75

It seems reasonable that in this series conformer 75 is preferred over 74
having minimized A'? strain. A sterically controlled epoxidation of 75
would afford the observed 8 product.

N-Aryl-3,6-dihydrothiazine 1-oxides can be reduced to the correspond-
ing 3,6-dihydrothiazines by treatment with lithium aluminum hydride in
ether [Eq. (34)).22

+ 0 LIAIH, S
S o

However, dihydrothiazine oxides that have a strong electron-withdrawing
group on nitrogen reportedly do not undergo this reduction.

7. N-SULFONYL COMPOUNDS

A few examples have been described of Diels—Alder-like reactions with
imides formally derived from sulfur trioxide.’® N-Sulfonylimides are quite
reactive in a [2 + 2] fashion with alkenes, but their ability to generally act
as dienophiles is yet to be established. Sulfonylimines do react with highly
oxygenated dienes to give adducts after hydrolysis [Eq. (35)].

1-78°C
e S
NR N 2 HO S AR 35)
OCH,4

However, product formation via a true pericyclic mechanism may not be
occurring in these cases.
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8. SULFUR DIOXIDE AND RELATED COMPOUNDS

Cycloaddition reactions of 1,3-dienes with sulfur dioxide, unlike its
mono and bis imino derivatives, usually produce five-membered ring 2,5-
dihydrothiophene dioxides rather than Diels—Alder adducts [Eq. (36)].

120°C ~ fast Z0
o, == € s = 36)
Q R TI = <0°C 0 (

Durst has shown that a Diels—Alder adduct is in fact the kinetic product of
reactions of sulfur dioxide with conjugated dienes, but is thermally unsta-
ble and readily undergoes a retro-Diels—Alder reaction to butadiene and
sulfur dioxide.” A thermodynamically more favorable addition then en-
sues, producing a stable five-membered ring adduct. Thus, the apparent
inability of sulfur dioxide to form Diels—Alder adducts is not one of reac-
tivity, but of product instability.

Hogeveen and Heldeweg found a rare example of a Diels—Alder reac-
tion with sulfur dioxide where the [4 + 2] adduct is reasonably stable.%®
Addition of sulfur dioxide to diene 76 at low temperature yielded [4 + 2]
adduct 77 as the kinetic product. At temperatures above 20°C products
resulting from the dihydrothiophene dioxide 78 were observed (Scheme 1-
XVI).

Scheme 1-XVI

In a recent experiment, Durst has shown that six-membered ring ox-
athiins are, in fact, the primary Kinetic products of sulfur dioxide-diene
reactions.5! An o-quinodimethane, which was generated from a diazo
compound [Eq. (37)].

o0 = || = OCL - (@O )
79 9:1 80
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was found to react with sulfur dioxide to afford a 9: 1 mixture of 79 and
80, respectively. This ratio reflects the fact that formation of 79 has a
AAGH value about 12 kcal/mol lower than that for formation of 80. In
some related work, Dodson et al. have generated disulfur monoxide (S;0)
by pyrolysis of a thiirane oxide and found that this species can be trapped
by conjugated dienes to give Diels-Alder products [Eq. (38)].62

R\#
0 R
R [Szo} K L (398)

Soviet workers recently discovered that under high pressures (3-5
kbar) isoprene reacts with phenylsulfinyl chloride to give (Z)-chloro-
sulfoxide 82 [Eq. (39)].9

Cl
Cl<_-Ph

|
Z S—Pn| 5% SOPh
\Q ! E chet \Cé - \(‘\ 39)

81 82 ¢

It was suggested that this product arises via an intermediate Diels—Alder
adduct 81.

9. SELENIUM DIOXIDE

In a reinvestigation of earlier work,* Mock and McCausland estab-
lished that the products of cycloaddition of dienes and selenium dioxide
have six-membered ring seleninic ester structures [Eq. (40)].%

R~ ~ R e//0
RI + Se02 —_— RI:?) ( 40)

R = alkyl, aryl

3
However, little additional information is available on this interesting
Diels—Alder reaction. '
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INTRODUCTION

The initial example of an imino compound acting as a dienophile was
briefly mentioned by Alder in 1943.! Reaction of amino diester 1 with
various ‘‘aliphatic dienes’’ did not produce the carbocyclic adducts which

0,CHy
0,CH, 0,CH,
' -— — - CH3 Ozc R R
CH40,C NHPh CH302C Ph Z PN
R—E
1 2 3

were presumably expected, but instead gave the tetrahydropyridines 3 via
imino tautomer 2. This initial observation, made over 40 years ago, stimu-
lated relatively little research until recently.? Even now, systematic stud-
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ies of the ability of different types of imines to act as dienophiles are
scarce and mechanistic studies in this area are virtually nonexistent. In
general, electron-deficient imines are the most reactive dienophiles, par-
ticularly those of the N-sulfonyl, N-acyl, and iminium salt types. Other
kinds of imino compounds have been used successfully as dienophiles on
occasion but do not appear to be as generally reliable reaction partners as
th aforementioned types. It should also be noted that some imino Diels—
Alder reactions are catalyzed by acids, although again systematic studies
and definitive data are lacking.

1. MECHANISTIC, REGIOCHEMICAL, AND
STEREOCHEMICAL CONSIDERATIONS

As alluded to above, no detailed studies of the mechanism of the imino
Diels—Alder reaction have been reported to date. However, it has been
suggested that [4 + 2] cycloadditions of most C=N, N=N, C=0 and
N=O0 dienophiles are HOMO giene~LUMOgienopniie controlled.’ Whether, in
fact, these reactions are concerted pericyclic processes has yet to be
firmly established. In any case, a simple dipolar mechanistic model
(Scheme 2-I) can often be used to qualitatively predict the regiochemistry
of imino dienophile cyclizations with unsymmetrical dienes, which usu-
ally proceed with high selectivity.? This model may, in fact, be indicative

A g
R? [ XY
RN Nz
B R¢
4
c o
R? Nz
RY | X
D Rl' Y
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of dipolar character in a concerted pericyclic transition state. For exam-
ple, in thermal cycloadditions of neutral imines one can consider four
possible dipolar forms A-D. Forms A and B lead to regioisomeric tetra-
hydrophyridine 4, whereas C and D give isomer 5. The major product of
the reaction will derive from the most stable of these four possibilities. In
general, unless both X and Y on the imino dienophile are good carbanion-
stabilizing functions, only forms A and C need be considered. Numerous
examples of cycloadditions with unsymmetrical dienes are included in the
individual discussions of various types of imino dienophiles.

Imino Diels—Alder reactions also show excellent stereoselectivity, and
although extensive studies are lacking some generalizations can be made.
The cycloadditions show the usual Diels—Alder syn stereoselectivity with
respect to the diene component, which would seem to indicate a con-
certed, if not synchronous, reaction mechanism. As pointed out by
Krow,* lone pair inversion of nitrogen in both reactant imine and product
tetrahydropyridine intorduces stereochemical ambiguities not present in
‘all carbon’’ Diels—Alder reactions. For example, with acyclic imines,
one cannot be certain whether the reacting dienophile had the E or the Z
configuration and therefore application of the Alder rule of endo addition
becomes difficult, if not impossible. Imino dienophiles in which configura-
tion is fixed by virtue of ring restraints usually give stereochemically
predictable adducts resulting from endo addition (vide infra).

2. N-SULFONYLIMINES

Albrecht and Kresze reported the first examples of [4 + 2] cycloaddi-
tions of N-sulfonylimines.’ Trihalomethylimines 6 and 7, prepared from
chloral or fluoral and p-toluenesulfonamide, reacted with 2,3-dimethylbu-
tadiene to give cycloadducts in high yields [Eq. (1)].

T
/ﬁ\ . r A i NTs
H” “CXy N

CeHg Cx, )

These imines also reacted cleanly with cyclic dienes such as cyclopenta-
diene and 1,3-cyclohexadiene, but in these cases product stereochemistry
was not elucidated.

A reinvestigation of these latter reactions by Krow et al.¢ established
that kinetic addition of trichloromethylimine 6 to cyclopentadiene yields a
78 : 22 ratio of endo adduct 8 to exo-10. Curiously, with trifluoromethyl-
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imine 7 the exo isomer 11 is Kinetically favored over endo adduct 9 by
57:43. However, with 7 and 1,3-cyclohexadiene a 56 : 44 ratio of endo-12
to exo-13 was produced. These workers offered a rationale for these
results base on the assumption that an (E)-imine is the reactive species
and that steric interactions between the trihalomethyl and/or tosyl groups
with the 1,4 substituents on the diene are important in determining prod-
uct stereochemistry.

Several examples of cycloadditions of trichloromethylimine 6 with un-
symmetrical dienes have been reported, "-° and some examples are listed
in Table 2-I. These reactions all produce only single regioisomeric prod-
ucts which can be rationalized based on the model shown in Scheme 2-1.
In the cases of the dienes in entry 3, the stereochemical outcome has been

TABLE 2-1
Thermal Cycloadditions of Trichloromethyl-N-sulfonylimine 6 with Unsymmetrical Dienes
Entry Diene Conditions Product(s) Yield Ref.
R R
| ¢ e
> cCly
R= CH3 C6H6, reflux 72% 7
R=Ph Ce¢Hg, reflux 70% 7
R R CCly

R = CH, CeHg, reflux 82% 7

R =Ph CeHg, reflux 86% 7

R - OCHS _ “G Ood” 8

R R .-CCl,
|
’ L@g )
H
wee o
R=H CsHg, 20°C 2% 9
(100% cis)
R = OCH; CeHg, 20°C 80% 9

(1.5:1 cis: trans)
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Scheme 2-11

rationalized® using arguments similar to those offered by Krow et al. for
formation of adducts 8-13.

Carboxyl-substituted N-sulfonylimines have also been used in [4 + 2]
cycloadditions, and some examples are shown in Scheme 2-11.'%'2 Imine
14 adds regioselectively to isoprene to give only one adduct, but diene 15
surprisingly afforder a 3:1 mixture of adducts. The major exo adduct
produced from siloxydiene 16 was recently used in total synthesis of the
piperidine alkaloids iseprosopinine B and deoxyprosopinine.!? The highly
oxygenated diene 17 was found to react with both acyclic N-sulfonylimine
18 and cyclic imine 19 to afford cycloadducts.’

3. N-ACYLIMINES
Acyclic Systems

N-Acylimines and N-acyliminium species are the most thoroughly stud-
ied and widely used class of imino dienophiles.2 The first reports of Diels—
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A&r reaction of this type were by Merten and Muller,“*® who found that
biscarbamates react with 1,3-dienes in the presence of a Lewis acid to
give N-acyltetrahydropyridines [Eq. (2)].14-18

Ha COR

NHCO,R' RO,C~
R_< HCO,R _ R)kH —"< RD ¥))

NHCO,R' BFyEt0
R = Ar, H, alkyl, COZR“, etc.

A transient N-acyliminium intermediate is presumably involved in this
process. The structures of these species have been investigated by 'H
NMR, and protonated N-acylaldimines appear to have the E configura-
tion."?

In addition to generating N-acylimines from biscarbamates, other meth-
ods can be used. For example, Lewis acid-catalyzed elimination of meth-
anol from a-alkoxycarbamates [Eq. (3)]

H{}! CO. ;
NHCOR BF, OEt, :‘N(C R
: ] 3
CH30” COR ROC” “H 3
R' = CH,,0Et

can be used to produce N-acyliminium intermediates for [4 + 2] cycload-
ditions.!®-2! One general route to neutral N-acylimines (Scheme 2-II) is
based on aza-Wittig chemistry.222 Both diacyl and triacyl compounds
could be generated in situ and used in subsequent Diels—Alder reactions.

Table 2-II lists a number of representative imino Diels—Alder cycload-
ditions using acyclic N-acylimines and N-acyliminium dienophiles. In
general, cycloadditions using C,N-diacylimino systems (entries 1-10) and
unsymmetrical dienes show good regioselectivity. The adducts from these
reactions have the regiochemistry one would predict based on Scheme 2-1

ROC~
— M.
o M OR
vesn. PP Nsives RCOCI jcoR | %K
M PPh, PPh,
AOR
—_—
/IOI\ Et0,C” “CO,Et
E10,C7 “CO,Et
Scheme 2-111
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and the dipolar forms A and C. The triacylimino dienophile type shown in
entries 11-15 also shows good regioselectivity in many of the cases re-
ported to date. However, predicting the regiochemistry of addition with
this dienophile is not straightforward, since it appears that products can
formally arise from all four dipolar forms A-D (Scheme 2-I). What is also
interesting is that this dienophile is quite reactive with highly electron-rich
dienes, but in other cases requires high pressure to effect cycloaddition.

Cycloadditions with acyclic N-acylimintes show reasonably good ki-
netic stereochemical control. In an important series of papers, Krow et
al.*? have thoroughly investigated the stereochemistry of the Diels—Al-
der reaction of 1,3-cyclohexadiene with a large numbei of C-substituted
N-acyliminium dienophiles (20) [Eq. (4)].

H\’/CO Et 0
o [5e] - Lo . Log
R” “H @
H R
21 22

20
exo endo

These imines were generated in situ from the precursors shown in Egs. (2)
and (3) using BF; as catalyst, and the ratios of exo and endo adducts were

determined for a variety of substituents (R). The results of this work are
summarized in Table 2-II1. In general, exo adducts 21 are usually favored

TABLE 211

Stereochemistry of the Boron
Trifluoride-Catalyzed Cycloaddition of
Mono-C-Snbstituted N-Acylimines with

1,3-Cyclohexadiene

R in Imine 20 Exo adduct 21 Ref.
CO,Et 70% 21
CO,CH; 80% 20, 21
Ph 80% 4
pCH;Ph 85% 4
COCH,; 67% 4,18
CH; 82% 25,26
(CH,):Cl 81% 25,27
Et 81% 25
iBu 79% 25
iPr 36% 25
cyclohexyl 54% 25
CCl; 38% 24,28
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by about 4: 1, except in those cases where R is a-branched or is highly
substituted. These results can be rationalized by assuming that an (E)-N-
acyliminium compound? is involved in the cycloaddition and that the
reaction is concerted.*? If this is the case, then the acyl group on the
imine nitrogen is endo in the Diels—Alder transition state in preference to
almost all other substituents on the carbon terminus. Whether this prefer-
ence derives from secondary orbital interactions?' or from some other
effect has not been established.? When the group R on the carbon of the
imine is bulky, it appears that steric factors become important in control-
ling stereochemistry. Interaction of R with the ethano bridge of the diene
is destabilizing in a transition state with the N-acyl group endo, and thus a
reversal of stereochemistry occurs. This same type of rationale has been
used to explain the stereochemical results obtained with adducts 8-13.5°

Cyclic Systems

Cyclic N-acylimines have been used effectively as dignophiles in imino
Diels—Alder reactions. The most common type of cyclic imino dienophile
is dehydrohydantoin [Eq. (5)],

CHQ 0 0
%—4 Ao H 1}£Bu0CI ,—40

HN_ _NR — N. _NR -~ HN_ _NR 5
T]/ 2cd \[( 2IRN Lr ©)
0 -CH40H 0

which can be generated in situ from a 4-methoxyhydantoin®® thermally or
under acid catalysis.?! Alternatively, the dehydrohydantoin can be pro-
duced by a chlorination—dyhydrochlorination route from a monosubsti-
tuted hydantoin.3? Table 2-IV shows a number of representative examples
of [4 + 2] cycloadditions using dehydrohydantoins. In general, these reac-
tions show a high degree of stereo- and regioselectivity. Invariably, prod-
uct stereochemistry derives from a transition state in which the two car-
bonyl groups of hydrohydantoin are endo to the diene, as can be seen in
several cases contained in the table. The regiochemistry of these cycload-
ditions is again consistent with Scheme 2-I if one considers dipolar forms
A and C.

The regiochemical features of this process can be seen in the results of a
study by Kim and Weinreb using several highly substituted dienes and a
dehydrohydantoin precursor (Scheme 2-IV).3 It was found that as the
substituent R becomes more electron donating, the ratio of regioisomeric
adducts changes in the order one would expect based on the Scheme 2-1



TABLE 2.1V
Cycloadditions of Dehydrohydantoins
Dehydrohydantoin
precursor Diene Conditions Product Yield  Ref,
CH, ! J?
i _NpCiPh CeHy, 170°C, 3 days CKNEC'P" 61% 31
0 H 0
CHsi}—f ,1?
Y quph Ji\ Ce¢Hs, 170°C, 3 days ﬁ‘(,qph 70% 31
0 0
< CeHy, ArSO:H, A mph 5% 31
R
CHy TFA, CeH, o 30% 31
HN__NpCIPh () o F
N p CeHs, 170°C, 3 days NpCIPh 74% 31
0
(1) tBuOCl, C¢Hg;
Ph o 8% 32
0, CH
N ?I)r“‘( CHy (2) E;N, 25°C Y 3
(1) tBUOCl, CeHs; n
[::] 2o 0% 3
(2) EtN, 25°C CHy
0
0“3025340 (1) tBuOCl, C¢Hg; C02CH,
HN__NCH,Ph r:> 79% 32
To( @ EtN, 25°C NCH,Ph
CH QCH
* (1) BuOCH, CH,; W
: 1 NCH,Ph 2% 32
(2) Et;N, 25°C
CH,0,C
QP Oéj
HNWNPh ‘ TFA, CiHg, A 95% 33
! O%)
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R
[N

Ph

hypothesis. In all cases, only the stereoisomers derived from endo addi-

CHy

0
A

HNB/NA’ xylene

Ar = 4-C156H4

tion were produced.

This methodology has recently been applied to a total synthesis of the
antitumor antibiotic streptonigrin (24).35 On cycloaddition with a dehydro-
hydantoin, diene 23 afforded a 3:1 mixture of regioisomeric adducts
(Scheme 2-V). The major isomer was aromatized to a pyridine ester,
which was transformed in several steps to the natural product.

R = COZCH3
=H
= CHZOAC

CH
CHZCH3

3

Scheme 2-1V

55 -
67 :
75

100

92
45
33
25

45

Ben-Ishai and co-workers have developed syntheses of a number of

cyclic N-acylimines other than hydantoins.’6-% Several of these com-

pounds were shown to be reactive imino dienophiles, and some examples

0._-Ph
\&CH:,

OCH,
23

OCH,Ph

OCH,

CO,CH,

0OCH,

Ar

xylene

Scheme 2-V
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TABLE 2-V
Cycloadditions of Various Cyclic N-Acylimines

2. Imino Dienophiles

Entry Imine or precursor Diene Conditions Product Yield Ref.
)
1 @ HHCH I C¢Hg, RT 2% 36
2 (@ﬁ?ﬂc“s TFA, CH,, A @iﬁ/\j: s3% 37
NH
0 0
0
: h ~ 1 Ph
3 Q TFA, CeHg @“ 7% 37
0 0
TFA, CHs, A 1% 38

5 (@\)} NH BF;-Et,0, E4,0,
Aokt RT
6 @(ﬁ\)N\H Ji\ BF;-Et,0, Et,0,
7 OEt A
BF;-E1,0, Et,0

ArSO;H, CH, A

o
z)kf
8%%
wI

Dat

Ce¢H,, 25°C

-4
o ;

o

z
A\

CeHg, 25°C

(0
10 o

86%

2%

2%

50%

95%

98%

39

41

41
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TABLE 2-V (Continued)

Entry Imine or precursor Diene Conditions Product Yield Ref.

1 @ CeHg, 25°C (N 0% 41
0 CN

2 O cH25°C | %% 4l
0 CN

are listed in Table 2-V (entries 1-8). It should be noted that stereochemi-
cal and regiochemical preferences have not been established for most of
these dienophiles, and they have found little use to date.

Moore et al. have prepared some 2-cyanoaza-p-quinones via an inter-
esting thermal rearrangement of o-diazido-p-quinones [Eq. (6)]1.4!

N A
T — B (6)

These azaquinones are very reactive imino dienophiles. Some examples
of cycloadditions of this type are shown in Table 2-V (entries 9-12).

4. C-ACYLIMINES
Only a few scattered examples of Diels-Alder cycloadditions of this

type of dienophile have been described to date, and not all C-acylimines
appear to be reactive. The indolone shown in Eq. (7)

©

CeHg,25°C

)]
CeHg , A
AICL,

g
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Cl

/ Jof
=N l
55% coPh
BF:Et,0
0 Cl 3-2
P4 CH,Cl I
e 155 oy L
* (8
n
OPh
D

0 (0]
P Ph.
h_quvph —(‘—N
~OCH,Ph
26 27

Scheme 2-V1

acts as an imino dienophile, but yields for these reactions were not re-
ported, nor was product stereochemistry proven.%

McKay and Proctor prepared imine 25 and reported that under BF,
catalysis (but not thermally) it combines with 1,3-dienes to give adducts
as shown in Scheme 2-VI.** However, a recent reinvestigation of these
reactions suggests that while the adduct from 2,3-dimethylbutadiene does
have the assigned structure, the proposed structures from the cyclic
dienes are not correct.* Rather, products of electrophilic substitution are
obtained. McKay and Proctor noted that imines 26 and 27 were unreac-
tive as dienophiles both thermally and under Lewis acid catalysis.

Trost and Whitman have described the transient formation of a diimine
[Eq. (8)].

0 \(8»/9 ji Ph 0

P Ph A Ph h

"n)’\rr — ) — | Ph ®)
N, N, NN 85% N

They found that it reacted in Diels—Alder fashion with 2,3-dimethylbuta-
diene.%
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5. IMINIUM SALTS AND NEUTRAL IMINES

Cycloadditions of iminium compounds with 1,3-dienes to afford Diels—
Alder adducts seems to be a reaction of general applicability.* On the
other hand, simple electron-rich imino species are less reliable
dienophiles. Some electron-rich imines will undergo Diels—Alder reac-
tions under acid catalysis and thus are probably actually reacting as imin-
jum salts. However, inverse electron demand [4 + 2] cycloadditions of
neutral imines with electron-deficient dienes have been reported, as have
additions to exceptionally reactive dienes (vide infra).

Bohme ef al. described the initial example of a [4 + 2] cycloaddition of
an iminium salt [Eq. (9)].4

0,
Et,NCH,X === | Et,N=CH _ﬂ._, N
2 2 2 _2 7 (9)
X 3
x /\

X = Br,Cl
Et Et

In this case, an a-haloamine was used to generate the iminium dienophile
in situ.

In a related series of reactions, Babayan et al.® found that aminals, on
treatment with acetyl chloride, generated iminium chlorides which could
be trapped with isoprene to give Diels—Alder adducts [Eq. (10)].

\( NR,
CH,COCI S “0
RNCHNR, — o (Ao |~ | H z
2NR, R, A
cHCl M o N N (10)

A

R = CHy» Et, Bu, (CHp)g

The adducts themselves were not isolated but were fragmented with base
to afford amino-substituted dienes in mediocre yields.

Electron-rich oxygenated dienes react readily with iminium salts and
with imines under Lewis acid catalysis.®-3! Some examples are shown in
Table 2-VI. In all cases, only one regioisomer was detected in the reac-
tion, and in every instance product structure is in agreement with predic-
tions based on Scheme 2-1.

The Danishefsky group has examined the uncatalyzed and Lewis adic-
catalyzed cycloadditions of highly oxygenated dienes with simple imines
in preparation of yohimbine’® analogs and the indolizidine alkaloid ipalbi-
dine (Scheme 2-VII).® What is quite interesting is that some of these
dienes are sufficiently reactive that catalysis was not necessary with neu-
tral imines. Also, the reaction seems to show excellent facial stereoselec-
tivity with respect to the imine.
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TABLE 2-VI

2. Imino Dienophiles

Cycloadditions of Electron-Rich Dienes with Imines and Iminium Salts

Imino dienophile Diene Conditions Product(s) Yield Ref.
fcm CH,
CHaw s CHy Z N
K RT Me.
” | S Q o f 2 95% 49
Ph
~Ph
(Ph 4.3 equiv ZnCl,, THF, RT ﬁ 62%  S0a
0 Ph
Ph
P
J J"
| . @
) 2.3 equiv ZnCl,, THF, RT ' 47%  S0a
Ph
Ph
/ 3.8 equiv ZnCl v
[ . nCl,, THF, RT 69% S0a
0
@9 1.3 equiv ZnCl, THF, RT @ g 3 3% Slab
\.
(OIQ f ZnCl,, CH,CN, 3% Slab
N TMSO X 50°C
H H
0
w ZnCl,, CHCN, © ) 30%  Slab
50°C
0
NPh H Ph H Ph
N BF,-Et,0, Nyy-Ph N Ste
CHPh CHzclz, N
SiMe, —78°C, 5 min SiMe, SiMe,
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Et3510__0SIEt

N * 25°C
H

0,
oo, 9 %

™S
EtO,C Z
=
™ CH4CN H
H 25°C [
53% O,Et

Q\l N

0
Z chlz
e CH,Clp,25°C ‘. A
wan SO
CHy 0SiEty CH40 0 Hi

Scheme 2-VII

Recently, Larsen and Grieco discovered that iminium salts generated
under aqueous Mannich-like conditions will undergo Diels—Alder reac-
tions.? Thus, if one combines an amine hydrochloride, a 1,3-diene, and
an electrophilic aldehyde at temperatures ranging from 2510 55°C, [4 + 2]
cycloadducts can be isolated in reasonable yields. Several examples of
this process are shown in Table 2-VII. With optically active a-methylben-
zylamine hydrochloride a 4:1 mixture of diastereomeric adducts was
obtained (entry 5). The reaction could also be effected intramolecularly,
as noted in entries 6 and 7 of Table 2-VII. Although acetaldehyde could be
used successfully, it did not work as cleanly as formaldehyde, and other
carbonyl components such as acetone were not at all useful in the inter-
molecular reaction. However, a-ketoaldehydes are useful substrates. In-
terestingly, the cycloaddition with (E,E)-hexadiene gave only one ste-
reoisomeric product, which seems to point to a concerted pericyclic
mechanism, rather than a stepwise ionic one, for the cycloaddition. Fur-
thermore, the regiochemistry of the cycloaddition is again in accord with
the predictions of Scheme 2-1.

A few additional imino Diels—Alder reactions have been reported which
involve iminium salts. Bohme and Ahrens found that the perchlorate salt

in Eq. (11)
S-S CH3NO,
Ph’I‘N% : r\ 91% jl\/j‘i} an

H clo;
0, Ph
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TABLE 2-VII
Cydoadditions of Iminium Salts Generated under Aqueons Mannich Conditions*
Entry Amine Diene Conditions Product(s) Yield
1 PhCH,NH,- HCI © 37% HCHO, @\J’\Ph 35%
H,0
2 4 37% HCHO, L 45%
H,0 ]
Ph
3 z 37% HCHO, | 62%
N H,0 NW
Ph
4 NH,CI 37% HCHO, @ 44%
‘ E> H,0 NH-HCI
5 HaQ 37% HCHO, @C“S @ 86%
HCls HN” “Ph H,0
6 . — 37% HCHO, N 95%
@Hz HCI H,0, 50°C
7 PhCH,NH,* HC! Z cHo  H0, 70°C ( (# l 63%
OPh ,cor:h
8 CH3NHHC @ PhCOCHO, [CT’C 82%
H,0, RT, NCH c”3
22 hr 1.42
OCH »COCH
9 PhCH,NH,HCI CH,COCHO, ﬂj(c ? CH Ph3 86%
H,0, RT, NCHPh 2
18 hr 1:1.9

@ Adapted from Ref. 52.

reacts with 2,3-dimethylbutadiene to give a [4 + 2] cycloadduct.” The
free base derived from this salt was unreactive as a dienophile.

An imino cumulene acts as an imino dienophile with a few cyclic dienes
as shown in Scheme 2-VIIL.** However, with 2,3-dimethylbutadiene a
mixture of [4 + 2] and [2 + 2] cycloadducts were produced. With butadi-
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+
— O L eee
85%
e
- O —— Ghw
75%
BF,~

Scheme 2-VIII

ene, isoprene, and piperylene, only [2 + 2] cycloadducts were formed.
Thus, this iminium salt does not seem to be a generally useful dienophile.

Several examples are known of neutral, electron-rich imines reacting in
[4 + 2] cyclodditions with electron-deficient dienes. Bohimann et al.
found that simple imines react thermally with butadienecarboxylates to
afford Diels—Alder-type adducts [Eq. (12)].%°

130°C
o — L — QO
< EE)?O Etozc)%j (12)

CO,E

In the cases reported, only the conjugated esters, presumably formed by
isomerization of the initial unconjugated {4 + 2] adducts, were isolated.
More recently, Langlois and co-workers have adapted this methodol-
ogy to total synthesis of some complex indole alkaloids.® Cyclic imines
(Scheme 2-IX) reacted thermally in good yields with methylbutadiene-1-
carboxylate to afford a mixture of Diels—Alder adducts. Alkylation of the
enolate derived from the mixture of isomers gave a 8, y-unsaturated ester
stereospecifically. This type of compound was coverted to vindoline (28,
R = OMe) and vindorosine (28, R = H). These workers found that 1-
cyanobutadiene is also useful in this sort of cycloaddition [Eq. (13)]

CgHsCl

—
o
N ¢ N T N
ﬁ NC

CN ~
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CeHsCl
—_— — -
3 3
CH30,C
R= H,CH, L0,CHy
AHi
—— © ‘/ —— ©
R N
“H3 5cm
Scheme 2-I1X

to generate intermediates for Eburnane alkaloid synthesis.’®

Several examples exist of inverse electron demand Diels—Alder reac-
tions involving electron-deficient sym-tetrazines acting as dienes. How-
ever, the neutral, electon-rich imino compounds involved in these cy-
cloadditions do not generally appear to be useful dienophiles with other
types of dienes.

As shown in Eq. (14),

0,CH 7 -N2
NH ,},j\,: ’ 60°C \V %SZCH“ -EtOH )\N A
JL : NN h'(q\foa \ 4

Ny
PR “OE CHLOR 27% j/\Ph
COCH3 L Ph CO,CHy

an sym-tetrazine dicarboxylate will react with an imino ether, presumably
via a [4 + 2] cycloadduct, to produce a triazine, although the yield in this
case was poor.’’ In a related series of reactions, amidine 29 was found to
combine with several disubstituted tetrazines to yield a variety of hetero-
cyclic products, depending on the substitution pattern of the 47 compo-
nent.’® The results of this work are outlined in Table 2-VIII. asym-
Triazines 30 and 31 arise via a Diels—Alder addition producing an unstable
bicyclic intermediate. The sym-triazines 32 and 33 have been shown to
arise by further Diels—Alder reactions of excess amidine 29 with asym-
triazines 30 and 31 [Eq. (15)].

-R'CN

— - 32

) -NH;

R

29 + 30 I b | (15)
’N\fNHZ
Ph 2

-RCN
L—» 33
-NH,
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TABLE 2-VIII
Synthesis of asym-Triazines and sym-Triazines

1

i 2 R R'

)NH e CeHsCH, ’?‘j\f?h'?%k\(ml Ay N)\lN

PH |\NH2 N§rN N PN )\\NJ\
R

A YN SN e N PR P Ph
2 & R2
29 30 3 32 33
Yield
R! R? 30 31 32 33
2-Pyridyl 2-Pyridyl 33% 5%
Ph Ph 34% —
Ph 2-Pyridyl 7.5% 30% 28% 6%
Ph Me — 70% — 7%
2-Pyridyl Me — 35% — —

Several aldehyde N,N-dialkylhydrazones and some related imino com-
pounds have been reported to add thermally in [4 + 2] fashion to sym-
tetrazines to give adducts in good yields [Eq. (16)1.5%-63

;\]ﬁ/N H Nb| R * T‘/ ) (16)
CH,Clp CHAOAC X R
CO,CH, 32 H
0,CH3

R = H, CHy, Et, 3Pr, nPr, Ph

0,CH H
2 e, W) F s 0LH;
N ) . )k n-NMe, -N, ~NMe,
o .

A bicyclic Diels—Alder adduct is presumably in intermediate in these
reactions although it was not actually observed. Interestingly, ketone
hydrazones react with the tetrazine via their enamine tautomers, giving
diazenes as products.

In a series of papers, Kametani and co-workers reported that o-quinodi-
methanes are sufficiently reactive dienes to combine with neutral, elec-
ton-rich cyclic and acyclic imines to produce Diels—Alder adducts.®-¢ In
all cases, the o-quinodimethane was generated by thermal opening of a
substituted benzocyclobutene. Several examples of the transformations
which could be effected are shown in Scheme 2-X.

In an analogous system, it was found that a phenanthrene o-quinodime-
thane, generated by a reductive process, acted as a diene in {4 + 2]
cycloadditions with two neutral imines to give pentacyclic adducts, al-
though yields were rather low [Eq. (17)].%
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QS @

oy &) P |- pa-

© DMF © R
Br ~10%

R=H,CH,

One other isolated example of a neutral imine which was reported to
undergo a [4 + 2] cycloaddition is shown in Eq. (18).®

I )NH 100°C ] NH
S CFj YA CFy (18)
CF,

Presumably, there is some activation by the electron-withdrawing trif-
luoromethyl groups in this case.

H

CH30: a:FgN CHSZICIF neot CH30
+

CH,0 150—150 C CH30

73%

neat N © OCH3
150-160°C CH;0

N
CH30 CHy -160°
* NPh % ©
CH40 Zhd £2%  CH30 N~~Ph
N
CH30 @_/C 140-150°C
+ l N -~
NP 8%
H

Oj©j CH30 CgHg, &
CH;0 " oHy0 N 52%

Scheme 2-X
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6. AZIRINES

1-Azirines constitute another class of necutral, electon-rich imines
which will undergo [4 + 2] cycloadditions with certain types of dienes. As
can be seen in the following discussion, the initial adducts of these reac-
tions are often not isolable and that a Diels—Alder reaction has, in fact,
occurred is sometimes inferred by mechanistic reasoning.

Several examples have been published of thermal cycloadditions of
aryl- and alkyl-substituted 1-azirines to symmetrically substituted cyclo-
pentadienones, as outlined in {Eq. (19)].70-7

R R g
. @ |0 A
R R2 RA N ,
R
A R (19)
TABLE 2-IX
Thermal Cycloadditions of Snbstituted 1-Azirines and Cyclopentadienones®
Azirne Cyclopentadienone Conditions Product Yield
Ph on Wh Ph
Ph
N/ eh Toluene, A 61%
Ph  Ph
E’“ Ph
h et
fn Ph Ph Ph .
,\/A Toluene, A 66%
CHy
Et Et
fh Ph Ph
,/A Toluene, A 63%
Ph
0
/Et Ph | Ph
N&Et Q Toluene, A 90%

¢ From Refs 71, 72.
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The initial bridged Diels—Alder adducts were never actually isolated but
under the reaction conditions lost carbon monoxide to initially give 2H-
azepines. These heterocycles can undergo a thermally allowed 1,5-hydro-
gen shift, affording the isomeric 3H-azepines. Some representative exam-
ples of this reaction are shown in Table 2-IX.”! Hassner and Anderson”!
also examined the regiochemistry of addition of substituted 1-azirines to
unsymmetrical cyclopentadienones. These reactions gave varying mix-
tures of isomeric 3 H-azepines depending on the nature of the substituents
on both diene and dienophile. The results were rationalized in terms of
electronic and steric factors that might possibly influence the cycloaddi-
tion.

1-Azirines add stereoselectively to diphenylisobenzofuran to afford exo
bicyclic adducts [Eq. (20)].7>7

H
1//J<2+ : l:p CH%@&A

Ph 73-90% PhoR
Al203 (20

2 =N

1 _ -
RY = CH3, Ph, H, R® = CH3, Ph, H, tBu

R2
Ph

The exo selectivity of this process was explained on the basis of unfavor-
able secondary orbital interactions that destabilize the endo transition
state.”® Some of the products of this cycloaddition tend to rearrange to
benzazepine derivatives.”

Several research groups have reported cycloaddition reactions of 1-
azirines with electron-poor sym-tetrazines.” The nature of the products
of this type of reaction is highly dependent on the structures of the azirine
and tetrazine and on the reaction conditions. A secondary product of the
[4 + 2] cycloaddition (Scheme 2-XI) is the triazepine 34, presumably
formed through the intermediacy of a bridged adduct. However, com-
pound 34 can rearrange by successive 1,5-hydrogen shifts to triazepines
35 and 36. In addition, these triazepines can also rearrange to give pyrimi-
dines and/or pyrazoles.

1-Azirines bearing alkyl or aryl substituents apparently do not add to
simple aliphatic 1,3-dienes. However, it has been reported that a benzoy-
lazirine does combine rapidly with cyclopentadiene, affording an endo
Diels—Alder adduct [Eq. (21)].76
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Oj\/&g% D — s C‘ZZ: @1
Ph
H

Finally, Nair and Kim have found that substituted 1-azirines will undergo
[4 + 2] cycloaddition reactions with thiobenzoyl isocyanate, which acts as
a heterodiene, yielding cycloadducts [Eq. (22)].7

H

Ph S p-xylene P Sﬁ,ph
RO = W @2)
C§O 25°C N\n,N Ph

85% 0

7. OXIMINO COMPOUNDS

Oximino compounds such as 37, which bear two strongly electon-with-
drawing groups on carbon and an acyl or sulfonyl group on oxygen, are
reactive dienophiles with certain types of dienes. In an extensive study,
Fleury and co-workers have examined reactions of variously substituted
imino compounds 37 with cyclopentadiene to give adducts 38. The
results of this research are detailed in a Table 2-X. Dienophile reactivity
imparted by the carbon substituents R! and R?is CN » CO,R > CONH,
and that imparted by the oxygen substituent R? is Ts > Ms > COpNO,Ph

R AR R
/& + 'i‘J\h' — i — .“HX 3
Rz RJ Ny N l« R3 _ R
]g: R R? R2

3
T a9
s R? 2 R! = Ar, CO,CH,
R’l R 2
1 Py R Ph, H
N R R® = H, CHy, tBu
361\|l \ R3 R O R
Na 1
) N-NH
R

Scheme 2-XI
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TABLE 2-X

2. Imino Dienophiles

Cycloadditions of Isonitrosomalonate Derivatives (37) with Cyclopentadiene®

3

R OR A oRr?
o A
37 38 Rr?
Yield of
R! R? R? Conditions adduct 38
CN CN Ts Et;,0, 20°C, 12 hr 88%
CN CN COpNO,Ph Et,0, 20°C, 24 hr 90%
CN CN COPh Et,0, 20°C, 48 hr 80%
CN CO,Et Ts C¢Hs, 80°C, 3 hr 55%
CN COEt Ms Ce¢Hs, 80°C, 3 hr 51%
CN CO,Et COpNO,Ph CeHs, 80°C, 4 hr 65%
CN CO,Et COPh C¢Hg, 80°C, 8 hr 0%
CN CO,CH; Ts Ce¢Hs, 80°C, 4 hr 57%
CN CO,CH; Ms C¢Hs, 80°C, 4 hr 50%
CN CO,CH; COpNO,Ph Ce¢Hg, 80°C, 4 hr 62%
CN CO,CH; COPh C¢Hs, 80°C, 8 hr 0%
CN CONH, Ts Acetone, 60°C, 20 hr 42%
CN CONH, Ms Dioxane, 70°C, 36 hr 39%
CN CONH, COpNO,Ph Dioxane, 70°C, 48 hr 20%
CN CONH, COPh Dioxane, 80°C, 48 hr 0%
CO,Et CO,Et Ts Acetone, 60°C, 72 hr 0%
CO,Et CO,Et Ms Acetone, 60°C, 72 hr 0%
CO,Et CO,Et COpNO,Ph Acetone, 60°C, 72 hr 0%

> COPh. In general, it appears that carbonyl groups as substituent R? are
better endo directors than cyano, but the situation is sometimes compli-
cated by subsequent endo/exo equilibration of the adducts.

Several other dienes also react with the dicyano-O-tosyl compound
37.” A few specific examples are shown in Scheme 2-XII. In some cases,
the initial Diels—Alder adduct is unstable and on heating decomposes to a
2-cyanopyridine. This elimination can be effected cleanly in refluxing
ethanol and provides a potentially useful pyridine synthesis. However,
the methodology is severely limited by the fact that only very reactive
dienes undergo the initial cycloaddition. For example, butadiene, 1,4-
diphenylbutadiene, and phellandrene are unreactive.”

The reaction seems to show good regioselectivity in cycloadditions
with most unsymmetrical dienes (Scheme 2-XII). This selectivity is in
accord with FMO theory if one considers the diene HOMO and
dienophile LUMO. The results can also be qualitatively rationalized
based on Scheme 2-1 if dipolar forms B and D are considered.
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8. INTRAMOLECULAR CYCLOADDITIONS
The first example of an intramolecular imino Dieis-Alder reaction was

described by Oppolzer, who found that on heating a benzocyclobutene
derivative a mixture of epimeric tricyclic adducts was formed [Eq. (23)].%

H
0 N7 H
68%
@E H - - v @
Neoch,  195°C ~OCH, OCH,

This cycloaddition proceeds through a thermally generated o-quinodime-
thane, which is a reactive enough diene to add to an oximino group.

An elegant modification of this sort of intrmolecular cycloaddition strat-
egy was reported by Funk and Vollhardt in 1980.8' Cooligomerization of
bis(trimethylsilyl)acetylene with a substituted diyne under mild reaction
conditions catalyzed by cyclopentadienylcobalt dicarbonyl gave a trans-
fused tetracyclic adduct [Eq. (24)].

TMS

I > CDCo(CO),TMSdF(@
—
o j”?@ e SN Nock,

&

24
™S NOCH, 4

0@

™S |
w7 Ot
5%  1Ms NOCH,



62 2. Imino Dienophiles

It appears that a o-quinodimethane is also an intermediate in this transfor-
mation, and the cycloaddition must have occurred through an exo transi-
tion state which leads to the product stereochemistry observed. A similar
stereochemical situation probably applies in Oppolzer’s case [Eq. (23)],
but the trans isomer apparently partially epimerized thermally to the cis
isomer under the cyclization conditions.

More recently, Berkowitz and John have used an intramolecular cy-
cloaddition of a o-quinodimethane with an N-acylimine to synthesize a
tricyclic precursor to the antischistosomiasis drug praziquantel [Eq.
(25)1.2

CGH,, Cs”n

©{ g% v (Ir“wj% o ©15L0 (25)

CH OCH,4

Both the unstable diene and the dienophile were generated simulta-
neously by pyrolysis of appropriate precursor functionality.

Oppolzer et al. devised a clever total synthesis of lysergic acid (40) that
has as its key step an intramolecular imino Diels—Alder reaction (Scheme
2-X11I).83 A thermal retro-Diels—Alder reaction of 39 liberating cyclopen-
tadiene was used to afford a diene oxime ether which cyclized to give a
tetracyclic indole as a 3:2 mixture of diastereomers. Three additional
steps served to convert this adduct to (x)-lysergic acid (40). Of particular
interest here is the fact that simple oximino compounds are not normally
reactive dienophiles, and the intramolecularity of the conversion is appar-
ently crucial to the success of this transformation.

0,CH,
SN
/NOCH3
N /
H
H LOH
CH,
H
/
N 40
Scheme 2-XIII
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During the past few years, Weinreb and co-workers have published a
series of papers on studies of intramolecular imino Diels—Alder cycload-
ditions and applications of this methodology to alkaloid total synthesis.®
These cycloadditions have involved N-acylimines as the dienophiles, gen-
erated thermally (hot tube pyrolysis) by acetic acid elimination of methy-
lol acetates [Eq. (26)].%

x A 1 H2 Pg-C
vy~ (\% CQ e 26)

ACOJ 0 73%

This route was used in a synthesis of the simple indolizidine alkaloid 6-
coniceine (41). N-Acylimines are only transient intermediates in these
Diels—Alder reactions and are not usually detected. However, Lasne et
al.,¥ using a flash vacuum pyrolysis (FVP) technique, have generated
neutral N-acylimines and showed that they are indeed involved in Diels—
Alder cycloadditions.

In a related cycloaddition, Earl and Vollhardt used an interesting retro-
ene reaction [Eq. (27)]

ﬁ/Q:O Al NS0 i 27
|L('CH2 800°C z N @7

0

to produce a transient N-acylimine/diene which underwent an intramolec-
ular [4 + 2] cycloaddition.®® Unfortunately, the yield of product was
rather poor in this case, and the methodology does not appear to be
synthetically useful.

The Weinreb group has also applied intramolecular imino Diels—Alder
chemistry to the synthesis of the phenanthroindolizidine antitumor alka-
loid tylophorine (42) (Scheme 2-XIV).%3 In this example, a diene incor-
porated into a phenanthrene unit proved sufficiently reactive in an intra-
molecular cyclization to provide the pentacyclic alkaloid ring system. A
similar strategy was later used to synthesize the phenanthroquinolizidine
alkaloid cryptopleurine.®®

In a further application of this methodology to the Elaeocarpus alkaloid
elacokanine A, Weinreb er al. prepared Diels-Alder precursor 43
(Scheme 2-XV).8:2 On hot tube pyrolysis, compound 43 underwent a
cheletropic loss of sulfur dioxide as well as acetic acid elimination to
generate an intermediate diene/N-acylimine, which cyclized to an indoli-
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Scheme 2-XIV

zidinone. This Diels—Alder adduct was transformed in a few simple steps
to elacokanine A (44).

An intramolecular imino Diels—Alder reaction has also been used as the
key step in a total synthesis of the neurotoxic fungal metabolite slaframine
(49).%' The [4 + 2] cycloaddition of an (E,E)-diene was used to establish
the cis stereochemistry in the six-membered ring of slaframine (Scheme 2-
XVI), although relative stereochemistry in the five-membered ring could
not be controlled as efficiently. Thus, on heating, compound 45 provided
a 1:1.8 mixture of epimeric indolizidinones 46 and 47, respectively, in
good yield. The desired isomer 46 was converted in a few steps, including
a Curtius rearrangement, to carbamate 48, which by straightforward func-
tional group manipulations afforded racemic slaframine (49). The incor-
rect stereoisomer 47 could also be used to prepare the natural product via
an epimerization sequence.

The quinolizidine alkaloid epilupinine (50) has been synthesized by a

H

™S Ac T™MSO T%o
I | B
0, "4 J%O

43

e

7

68%

Scheme 2-XV
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Scheme 2-XVI

stereoselective intramolecular Diels—Alder route utilizing a formalde-
hyde-derived N-acylimine as the dienophile [Eq. (28)].%2
Ph O_-Ph

N A =N Ph ~
l — \ —
HN 0-ClLeHs H
aco” 0 93% 0 oH (28)
— Cé

50

A methylol acetate was heated to afford a single bicyclic Diels-Alder
adduct in 93% yield. The stereoselectivity in this process was rationalized
by assuming a transition state in which the carbonyl group of the acyl
imine is endo to the diene and the bridging chain has a chair-like confor-
mation with the large benzyloxy methyl group quasi-equatorial. Such a
conformation, which minimizes nonbonded and maximized secondary or-
bital interactions, would afford the observed product.

Stereochemical aspects of thermal intramolecular [4 + 2] cycloaddi-
tions of disubstituted N-acylimines have also been investigated by
Weinreb et al.? The cyclization experiments in Egs. (29) and (30)

H
CO,CH C¢HsCH
¢ 23 -
[ oAc s {H C0LHs (29
H 215°C LN
Oio 30% 0):0.

AcO

~ l/cozcr-u3
N

(30
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Scheme 2-XVII

were shown to give single bicyclic products possessing the trans relative
stereochemistry adjacent to the ring of nitrogen.

To rationalize the stereochemical outcome of these cycloadditions, the
involvement of an intermediate (E)-acylimine was postulated (Scheme 2-
XVII). The corresponding (Z)-acylimine was discounted, primarily be-
cause it would require a Diels—Alder transition state having both carbonyl
groups of the dienophile exo to produce the observed trans products. The
N-acylimine can cyclize through transition states like 51 or 52. Transition
state 51, which has the nitrogen carbonyl endo and the carbomethoxyl
group exo, leads to the observed trans products. On the other hand,
transition state 52, having the N-acy! group exo and the carbomethoxyl
group endo, would have produced the cis stereoisomers, which were not
found. From inspection of molecular models there seems to be little dif-
ference between 51 and 52 sterically or in terms of strain. However, as the

AcO H
=z CO,CH;3 ~ C0,CHy . {,-CO,CH3
NH “/ l N\g/o
0 CeHsCH; Oﬁ’ '
! A 0 83%
0 CgHy, nCgHy, 0 CgHy
53 54

nCgHy

Scheme 2-XVIII
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work of Krow indicates (Table 2-III), N-acyl groups prefer to be endo in
intermolecular imino Diels—Alder reactions, and this preference seems to
hold in intramolecular cases as well.

The findings of this stereochemical study were used to design a total
synthesis of the macrocyclic spermidine alkaloid anhydrocannabisativene
(55).% Diels—Alder precursor 53 (Scheme 2-XVIII) was found to cyclize
thermally to afford a single adduct in good yield. This transformation
presumably involves an N-acylimine, which cyclizes via a transition state
conformation as shown in 54. As in the cases shown in Egs. (29) and (30),
the adduct has the protons adjacent to nitrogen in a trans relationship.
Interestingly, the remote chiral center in the adduct was also controlled.
This result could be explained by invoking a bridging chain conformation
as shown in N-acylimine 54. Such a conformation was invoked in the
cyclization leading to epilupinine [Eq. (28)]. A series of steps was subse-
quently used to convert this adduct to anhydrocannabisativene (55).
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INTRODUCTION

A wide variety of nitroso compounds are known to react thermally with
conjugated 1,3-dienes to afford 3,6-dihydro-1,2-oxazines [Eq. (1)].!

R,ﬁ - C - s @w: )

R = alkyl, aryl, acyl, sulfonyl

In general, most types of C-nitrogo compounds appear to be reactive
heterodienophiles. On the other hand, N-nitroso compounds and nitrosyl
chloride do not usually undergo [4 + 2] cycloadditions.!» Much of the
early work in this area can be found in the Hamer and Kresze reviews,
which cover the literature through 1967.'2% This chapter will emphasize
newer aspects of [4 + 2] cycloadditions involving nitroso dienophiles.
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72 3. Nitroso and Thionitroso Dienophiles

1. MECHANISTIC AND REGIOCHEMICAL
CONSIDERATIONS

A completely clear and totally consistent picture of the mechanistic
course of nitroso Diels—Alder reactions is not yet available. It would
appear that the mechanism of this sort of cycloaddition, and often the
resulting product regiochemistry, is very much dependent on the elec-
tronic and sometimes steric nature of both the nitroso dienophile and the
diene employed. The most thoroughly studied dienophiles of this class are
the arylnitroso compounds. Kresze and co-workers,™®2 in an extensive
series of papers involving kinetic studies and investigations of adduct
regiochemistry, have proposed that these cycloadditions may vary widely
from concerted pericyclic processes to those involving dipolar intermedi-
ates. The details of Kresze’s mechanistic investigations can be found in
an excellent previous review,'® and some typical examples of regiochemi-
cal results using arylnitroso compounds are given in the following section.

Interestingly, a-chloronitroso compounds seem to react with isoprene
to given the opposite regioisomer from nitrosobenzene.>* This phenome-
non has been rationalized on steric grounds, for lack of a better explana-
tion. More recently, Boger et al.’ have studied the regiochemistry of
addition of acylnitroso dienophiles to some unsymmetrical cyclic dienes
and have suggested that these reactions involve either normal (HOMOy,eqe
controlled) or inverse electron demand (LUMOjg,eqe controlled) electrocy-
clic processes, depending on the diene (vide infra). Overall, nitroso Diels—
Alder cycloadditions do show excellent regiochemical control, but further
mechanistic studies are required to more firmly establish the basis for this
selectivity and to explain some of the apparently anomalous results.

2. ARYLNITROSO COMPOUNDS

Arylnitroso compounds of various types react with both electron-rich
and electron-deficient dienes under mild conditions (usually 0-100°C) to
produce dihydrooxazines. As mentioned in the preceding section,
Kresze’s group has looked in considerable detail at orientational prefer-
ences and kinetics of [4 + 2] cycloadditions with various phenylnitroso
compounds and substituted 1,3-dienes.!®2 Table 3-1 contains some of the
results of cycloadditions of aromatic nitroso dienophiles with representa-
tive unsymmetrical 1- and 2-substituted dienes.!® Scheme 3-1 shows the
subtle regiochemical trends that can be observed in a series of these
reactions.?® These results were rationalized based on consideration of
putative dipolar and nonpolar transition states and their relative stabiliza-
tion by aromatic electron-donating and -withdrawing substituent groups.
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TABLE 3-1
Cycloadditions of Aromatic Nitroso Compouuds with Unsymmetrical Dienes*
Dienophile Diene Conditions Product(s) Yield
Z NPh
86%
PhNO < CH,OH, RT @ , gph b
R R
¢ Ct
X ' NAr
pCIPhNO R = OAc CH;0H, RT Ar = pCIPh 35%
pCIPhNO R = CO,CH, CH;OH, RT Ar = pClPh 83%
pCIPhNO R =Ph CH;OH, RT Ar = pCIPh 70%
¢ o
~
pCIPhNO R = CH; CH;OH, RT Ar = pClIPh 33%
pCIPhNO R =CN CH;0H, RT Ar = pCIPh 70%
PhNO R ="Ph CH;0H, 0°C Ar = Ph 83%
pCIPhNO R = CF, CH;OH, RT Ar = pCIPh 61%

% From Ref. 1b.

A related study shown in Scheme 3-II indicates that substituents in the
aromatic ring of the 27 nitroso component also affect the regioisomer
ratio, again presumably by electronic stabilization or destabilization of
polar transition states leading to each product.$

One useful reaction of N-aryldihydrooxazines is their conversion to N-

CO,CH, 0,CH, CO,CH,
Z 20°C 0 Ph
s o [_ten * U

Ph CeHg
X X X

Zz=0

X Isomer Ratio
N 61 39
¢l 76 : 24
H 80 : 20
CHy 81 : 19
OCH, 78 - 22
We,, 66 : 24
Scheme 3-I
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0,CH, ACO 0,CHy 0,CH,
Ac RT < AcO
Z
T L SRS
X NAr  CHCl4 NAr
1
X
X Ar Isomer Ratio
H Ph 76 2
H pC1Ph 68 32
H PNO,Ph 54 46
H 2,8-(N0,) ,Ph I 69
CHO  Ph 62 38
Scheme 3-II

arylpyrroles. For example, Kresze and Hartner® found that adduct 1
(Scheme 3-II) can be converted to a pyrrole on treatment with silica gel
[Eq. 2)].°

OH

1 — X,©—[NS\COZCH3 2

Ar

However, this transformation may only be general if there is an electron-
withdrawing group at C-6 of the 3,6-dihydro-1,2-o0xazine. More recently,
Givens et al. reported that dihydrooxazines derived from p-carbo-
methoxynitrosobenzene on photolysis afford the N-arylpyrroles irrespec-
tive of whether an electron-withdrawing substituent is present at C-6
(Scheme 3-1II).” The N-p-carbomethoxyphenyl group was chosen to pro-
vide a good chromophore for the photochemical extrusion of water and to
allow subsequent facile Birch reduction to remove the N-aryl substituent.
Interestingly, p-methoxycarbonylnitrosobenzene gives the opposite re-
gioisomeric adduct from nitrosobenzene (see Table 3-I).
hw (254 nm)

X -0 Y
CO,CH,4

0,CH;
¢ L
THF-CH,0H N

Scheme 3-111
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51% %
—
CH.Cl, RT NPh
2
100%
N/Ph
1) 6
4

|
NPh —

100% %
—_——
H O\H
H  100% /
—
oh

Scheme 3-1V

Hart et al. studied the cycloaddition of nitrosobenzene to several conju-
gated cyclic dienones and dienols, and their results are summarized in
Scheme 3-1V.% Additions to dienones 2 and 7 produced only adducts 3 and
8, respectively. This regioselectivity can be qualitatively rationalized by
FMO theory if one considers the interaction of the dienone HOMO and
the LUMO of nitrosobenzene. The regiochemistry and syn selectivity of
the reaction with dienol 9 to give 10 may be due to hydrogen bonding in
the transition state for cycloaddition. The lack of regioselectivity in the
reaction of nitrosobenzene with permethylated dienone 4, yielding 5 and
6, is puzzling but is probably due to steric factors.

Substituted nitrosobenzenes have been reported to add both regioselec-
tively and stereoselectively to thebaine at room temperature to afford
Diels—Alder adducts in high yields [Eq. (3)].°

CH;0 CHy0
@ ArN=0
——
q cH,  CHCL S NCH, €))
O RT J ONAr
CH,0 CHy0

These reactions are generally reversible at ambient temperatures. Elec-
tron-withdrawing para substituents diminished dissociation, and the op-
posite effect was observed for electron-donating para substituents.

In recent work, Taylor and co-workers have developed a new proce-
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dure to synthesize aryl and heteroaromatic nitroso compounds from the
parent amine [Eq. (4)].101

1) Me,S

NC e mCPBA
ArNH; —— ArNSMe, ——= ArN=0 —» |
2 NA (€]
2) NaOCH, r

X

These nitroso compounds undergo [4 + 2] cycloadditions readily with 2,3-
dimethylbutadiene to yield the expected adducts. This method was used
to synthesize arylnitroso compound 11, which was in turn used to prepare
a 3-pyrrolidinone via a Diels—Alder strategy (Scheme 3-V). The initial
cycloaddition was apparently regioselective, giving only the isomer
shown (cf. Scheme 3-III)."

N-Acyl-1,2-dihydropyridines undergo regioselective Diels—Alder cy-
cloadditions with nitrosobenzene [Eq. (5)].12

Ar = 2-pyridyl, l-1soquinolyl, 2-pyrimidyl, 2-pyrizinyl, etc

Ph

B PhN=
Q\Rz iy NCOR'
CH,Cl,
2 5
R‘AD 25°%C R ( )

42-83%
R'= CHj, OCH,
R%= Ph,H, nBu

The sole regioisomer produced is in accord with the predictions of FMO
theory. 1,2-Dihydropyridines bearing a substituent at C-2 underwent cy-
cloadditions to give signals stereoisomers, but the configuration was not
established for these adducts. However, a recent reinvestigation showed
the addition of nitrosobenzene to dihydropyridine 12 gives the anti ad-
duct, as might be expected on steric grounds [Eq. (6)].7

@ PhN=0
N CH,Cl, Y VC02CH; ©)
12 | RT

CO,CHy 75%

The adducts in Eq. (5) presumably also have this anti stereochemistry.

o CH30._»
. CHCI,,0°C \(N) HCl g /P
—_— — —_—
CHy O~ 84% 2)TsCl
Y

"

1.1%
CO,CHy CO,CHy 0,CHy

Scheme 3-V
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PCIPhN=0 Ar,

C(OAC CH,CL,
——

“0A RT
@/owa CH,Cl
—_—

“~OH RT

~82% H H
S ~yH
Qcozieu cHcty o) o
- HoC CO,t8
“COgBu RT Y LC0,tBu £ v 0,tBu
77% |} COtBu W

11 CO,tBu
Ar= pCiPh

Scheme 3-VI

Cycloadditions of nitrosobenzenes with simple carbocyclic 1,3-dienes
have been known for many years.!># In a recent investigation, Kresze et
al. have added p-chloronitrosobenzene to some 5,6-difunctionalized 1,3-
cyclohexadienes (Scheme 3-VI).1 In the first example shown, only one
cycloadduct was produced, although it is not obvious why this is the case.
Also puzzling is the stereochemical result of the second example shown in
the scheme. Based on Hart’s work (Scheme 3-1V), one might have ex-
pected the syn-hydroxyl isomer to be the major product of this reaction.

Some studies have been reported recently that involve [4 + 2] cycload-
ditions of porphyrin derivatives with nitroso aromatics.!® For instance,
protoporphyrin II dimethyl ester reacts with p-nitronitrosobenzene to
give primarily a mono Diels—Alder adducts [Eq. (7)].

_ O,N @
CO,CHy 0 0,CH;

0

PNO,PhN=0

CH10,C CH40,C

On treatment of this product with excess nitroso compound, an interest-
ing vinyl to formyl group degradation occurred involving the presumed
intermediacy of the bis Diels—Alder adduct.

The reaction of propellane 13 with nitrosobenzene was found to afford a
2:1 mixture of isomeric anti/syn Diels—Alder adducts [Eq. (8)].

0 HaC
3N

N
) CH,CIL ¢
Chiyen- | 222 A g
v NAr RT @®
' §
0 7

13 ArN 241
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This result is of some theoretical interest since 13 reacts with N-methy-
Imaleimide to give only the anti product and with N-phenyltriazolinedione
to give exclusively the syn adduct.

The interesting organometallic 2-substituted 1,3-diene in Eq. (9)

= CH,CI
F/Q ' ﬁPh R2 d /@ * /CNP"
° 86% Fo PP rpnt ®)
2:3
Fp = re CgHg(CO),Fe

reacts with nitrosobenzene to give Diels-Alder adducts, but the cycload-
dition is unfortunately not regioselective even though the yield is good.!®
It was noted that the ratio was independent of the solvent used, thus
suggesting that the products are formed via a [4 + 2] cycloaddition rather
than by some other reaction pathway.

Another reaction sequence involving organometallic compounds is
shown in Eq. (10).”

NHPh NHPh
%é:)qph Fe,(COly . © . N-Ph, @
CgH ~NHA (10)

616 ]
40°C & (CO};Fe

8% 6% 8% 25%

In general, treatment of dihydrooxazines with Fe, (CO), gives mixtures of
varying composition depending on the structure of the initial Diels-Alder
adduct used. The mechanism of this reaction has been probed, and a
plausible sequence for formation of the products shown has been offered.
The synthetic potential of this type of transformation has not yet been
pursued.

3. a-HALONITROSO COMPOUNDS

Several aliphatic nitroso compounds are known to act as hetero-
dienophiles, but only the a-halonitroso type has been used to any signifi-
cant extent.! It has been known for about 40 years'? that these a-
chloronitroso compounds react readily with 1,3-dienes to yield unstable
adducts [Eq. (11)].

R ct" R
— R ¥
B | Ot | O o
Cl .

R,C(ORf,
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If these cycloaddition reactions are either run in an alcoholic solvent or if
an alcohol is subsequently added, the product that is isolated is the hydro-
chloride salt of a 3,6-dihydro-1,2-oxazine.

For example, addition of a chloronitroso compound to 1,3-cyclohex-
adiene [Eq. (12)]*

= (] =2 /é:r e /Q}
2, 0 -
%Cl/ ' o°c |4 A 4 HCL (12
K 77%

Ct

gives an unstable adduct, which when heated in methanol affords the
dihydrooxazine hydrochloride. The adduct of cyclopentadiene can be
similarly prepared (89% yield).?

The regiochemistry of the addition of a-chloronitroso compounds with
unsymmetrical acyclic dienes has been probed, and some results are
listed in Table 3-11.1032.23 In general, orientational preferences are in ac-
cord with those observed for arylnitroso compounds (cf. Table 3-I). As
noted above, a glaring exception is the case of isoprene, which gives the
opposite selectivities with chloronitroso compounds and nitrosobenzene.
It was suggested that steric factors become important in cycloadditions

TABLE 3-1I
Cycloadditions of 1-Chloro-1-nitrosocyclohexane to Unsymmetrical 1,3-Dienes”

Diene Conditions? Product(s) Yield
R = CH, R 0°C, 96 hr R %
R =Ph 6 RT, 5 hr I 53%
x> NH-HC|
R=CH; g RT, 48 hr R 80:20 32%
-’
< Chre )
R = Ph RT, 1 hr NH R NHHCl  30:70 58%
R2 R?
R'=Ph R?=CH; g 0°C, 72 hr R 33%
R!' = CH;, R = Ph z 0°C, 24 hr \b 73%
NH-HCH
0,CH, 0,CH,
ié 0°C, 14 days 7 67%
x NH-HCI
CH,

9 Adapted from Refs. 1b, 3a, and 23.
b Reactions were run in C¢He-EtOH or Et,0-EtOH.
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with chloronitroso compounds, and that the bulky alkyl group on nitrogen
will approach the least substituted end of the 1,3-diene. However, such an
argument does not satisfactorily explain the inconsistent results with 2-
substituted butadienes such as isoprene and 2-phenylbutadiene.

Leonard et al. have used the major adduct from isoprene cycloaddition
to a chloronitroso compound in an efficient total synthesis of the cell
division stimulant cis-zeatin [Eq. (13)].%¢

2 H

NH
oo e e
H HOAc l H, purine KNl >
H

A key point here is that the cycloaddition process allows one to control
double bond geometry (Z) in the acyclic amino alcohol product.

Kresze and co-workers utilized several of the adducts of a-chloroni-
troso compounds and 5,6-disubstituted 1,3-cyclohexadienes in syntheses
of some inosamine derivatives.!>?-26 For example, konduramin-Fl has
been synthesized as depicted in Eq. (14).%

H-HC NH,

OAC EtOH Ac H
.l — —— (14)
OAc -20°C “OH
87 % OAc OH

Interestingly, addition of I-chloro-l-nitrosocyclohexane to the oxygenated
cyclohexadiene gave only the adduct shown (cf. Scheme 3-VI).

In a related study, Kresze et al. examined the [4 + 2] cycloadditions of
the nitrogen-containing cyclohexadienes shown in Scheme 3-VIL.2 In the

*HCI

o :
- . H
N, L7% Y

N3
-22°C

Cl\p EtOH - hexane

0=N
HHCI

OH o'
@ . NHAC
“NHAC  55%

OH

+

minor isomer

Scheme 3-VII
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EtOH—Ccu
+ Cl/b '20°C Y’ o H'HCI H-HCI

57%

Hz/Pd c

R OBz
*
08Bz HaN OH

R=H,CH; cr
Scheme 3-VIII

first example, only a single detectable adduct was formed, which has the
structure indicated. Interestingly, the acetamido derivative gave a differ-
ent regio- and stereoisomeric major product along with a small amount of
an uncharacterized minor adduct (ratio 4:1). Also rather interesting is
that p-chloronitrosobenzene gave complex mixtures of adducts with both
azido and acetamido dienes. Several of these adducts were subsequently
transformed to inosamine analogs.?

In a recent investigation, Kibayashi ez al. have used a nitroso Diels—
Alder strategy in the synthesis of tropane alkaloids (Scheme 3-VIII).?”’
The initial cycloaddition of a-chloronitrosocyclohexane with 6-benzy-
loxy-1,3-cycloheptadiene showed a 4 : 1 facial selectivity. The major iso-
mer of this cycloaddition could be converted to pseudotropane and tropa-
cocaine by a straightforward sequence of steps.

Kresze and co-workers have looked at the possibility of effecting ni-
troso Diels—Alder reactions enantioselectively. In a preliminary experi-
ment, the optically active a-chloronitroso compound in Eq. (15)

N CH;0H R H DAC
EQEO 83% NG )\co »
— i ,
S d st (15)
cl P 2
<

was combined with (E,E)-2,4-hexadiene to give an adduct in good yield.
Degradation of this dihydrooxazine to acetyl lactic acid showed that the
cycloaddition had proceeded to give the adduct having the 3R,6S configu-
ration with only 39% optical purity.28

In more recent studies, Kresze has found that by using more effective
chiral auxiliaries, high enantiomeric excesses can be achieved.? Thus,
the a-chloronitroso dienophile derived from epiandrosterone [Eq. (16)]
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e o O/ng-HCl
— %k > 16
HO\M CHCIy- R (16)
c CH,0H

69%

reacts with cyclohexadiene to afford an adduct with an enantiomeric ex-
cess of at least 95%.%°2 The configuration of this adduct is 1R,4S, which
would result if the diene approaches the dienophile from the most ex-
posed face as shown in Eq. (16).

It is possible to prepare the enantiomeric series of adducts by using a
chiral auxiliary derived from mannose [Eq. (17)].2%

~ \>< H-HCI
oo h=0> — /%B/ (17

Cl S

In this case, the adduct formed from 1,3-cyclohexadiene had the 15,4R
configuration and again was produced in greater than 95% enantiomeric
excess. It was proposed that the diene approaches the chloronitroso
dienophile as shown in Eq. (17). It thus appears that methodology is now
potentially available for synthesizing chiral dihydrooxazines of any abso-
lute configuration.

4. ACYL- AND CYANONITROSO COMPOUNDS

The pioneering studies of Kirby et al. have established that acylnitroso
compounds are useful heterodienophiles in [4 + 2] cycloadditions.!®
These species, which can best be generated by periodate oxidation of a
hydroxamic acid, are unstable and may undergo rapid solvolysis or dimer-
ization.®® However, in the presence of a diene such as 9,10-dimethylan-
thracene an isolable adduct such as 14 is produced [Eq. (18)].

0 * Ricor
RﬁNHOH tor, [RIANzo } ‘O (18)
2
%

Compound 14 undergoes a retro-Diels—-Alder reaction thermally at about
60°C to generate the acylnitroso intermediate which can be trapped by a
different diene. Some adducts of acylnitroso compounds with cyclopenta-
diene also tend to undergo facile retro-[4 + 2] reactions readily and can
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CH,Clp, 25°C COPh 0
R\@ PhCONHOH z JL PhOCN
NLONT R . R; b
Bu,.NIO,‘
R = CH,0TBDMS

R= CO,CH, ~1:3
: Scheme 3-1X

often be used as an alternative source of acylnitroso dienophile.?® One
problem associated with acylnitroso compounds is their tendency to un-
dergo ene reactions that are sometimes competitive with the Diels—Alder
process [Eq. (19)].3031.34

)\(

However, [4 + 2] cycloadditions are usually more rapid than the corre-
sponding ene reaction. Table 3-III shows some representative examples
of Diels—Alder cycloadditions of acylnitroso dienophiles.3®

Boger and co-workers have recently determined the regioselectivity of
acylnitroso compound additions to some 2-substituted 1,3-cyclohex-
adienes.’ In the cases of both electron-rich and electron-deficient substi-
tuted dienes the same regioisomer predominated by about 3 : 1 (Scheme 3-
IX). It was suggested that the first case is consistent with a normal
(HOMOg;ene controlled) Diels—Alder process, whereas the second reac-
tion is consistent with either a HOMOgne oOr inverse electron demand
(LUMOy;eqe controlled) cycloaddition.

In approaches to diamino sugars, Defoin et al. have investigated addi-
tions of various acylnitroso compounds to 1,2-dihydropyridine 15 and
found some rather interesting regiochemical preferences (Scheme 3-X).%

z
@ ey /OQN\ %
—_—
~NCOCHy  prniO, N

COR
‘ E - )\n/\NCOR (19)

|
OH

*
o COZCHD NCOZCH:,
15
CH,Cly
Ratio

1 = PhCO 0 : 100
= PhCH,CO 0 : 100
= CH40C0 50 : 50
= PhCH20C0 50 : 50
= MEZNCO 7% : 25

Scheme 3-X
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Cycloadditions of Acylnitroso Componnds with 1,3-Dienes

Nitroso dienophile

precursor Diene Conditions Product Yield Ref.
CH;0
@ R = Ph
PhCONHOH Thebaine  Et,NIO,, 0 NCH, 97% 32
EtOAc Q
CH;0” NCOR
O/
CCl,CH,OCONHOH Thebamne NalO,, R = CCI,CH.O 82% 36, 37
H,0-
COR
EtOAc, 0°C @
MeCONHOH @ Et,NIO,, R = CH, 70% 30
CH,Cl,, 0°C
CF,CONHOH BnMe;NIO,, R = CF, 78% 35
CH,Cl,,
-70°C
2,4-(NO,),CeH, BnMe;NIO,, R = 2,4-(NO,),C¢H, 82% 35
NHOH CH,Cl,,
-20°C
{BuOCONHOH NalO;, R = (BuO 70% 36
H,0-
EtOAc, 0°C
PhCONHOH Et,NIO,, 6NCOPh 84% 30a, 33
© CH,CL,, 0°C 6
COPh
14,R = Ph O CsH,, 80°C Y 61% 30a
y
Me,NCONHOH = Et,NIO;,, NC 60% 34
ONMe
I CH,Cl,, 0°C J\Cd 2
=3 CONHCH
ANCO(}}H I C.H,, 80°C jl\/:g 3 71% 34
HyC
EtOCONHOH @ Pr,NIO,, @Ncoza 71% 29
CHCl,, RT 0
PhCH,0CONHOH Et,NIO,, CO,CH,Ph 2% 36
< CH;NO,, @

—10°C
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NOz NO, o NH2
@co—{ §:> ><°mao< é Q‘
10s0,- 0 1) KOH
NO, 'NMO NO2 5 Zn- 00
2Me,CO NHy T LioAc X

TsOH )ji\
|
1§ )>
T 16
H OH
Scheme 3-XI

These results, which seem rather surprising, have not been satisfactorily
rationalized.

During the past few years, acylnitroso Diels—Alder cycloadditions have
been used as the key step in several natural product total syntheses.
Retey et al.** have used the adduct from cyclopentadiene and the acylni-
troso compound derived from 3,5-dinitrobenzoic acid®® to synthesize the
antitumor compound neplanocin A (16) (Scheme 3-XI).

Baldwin and co-workers have used a nitroso Diels—Alder reaction as a
key step in total synthesis of tabtoxin (17), a metabolite causing leafspot
disease in tobacco.*! This group has also prepared tabtoxinine B-lactam
(18), the active principle generated by in vivo enzymatic hydrolysis of 17.

/?\H/H NH2  oH /'lt‘z/* OH

' N\[H\/UL’ HO,C Oi‘\

HOZCI 0 H NH
17 18

The synthesis of tabtoxinine 8-lactam is briefly outlined in Scheme 3-XII.
The initial nitroso formate cycloaddition was totally regioselective and
provided the basic functionality needed to ultimately prepare 18.

N Ph CN NHCO,tBu
\-0CONHOH @0
—_— 1 —_—
EtNIO, NCO~, NCO,—\Ph

73% Ph
HO NHCO,tBu "
< 0=
—— org, T oo, T 18
ICOz—\Ph éof\Ph
Scheme 3-XII
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TBDMSO
HO . NCOCH,4 /ﬁ\)\/;o
THPO N 1)LDA
+ s OO
= { 2TBDMSCI
TBOMSO TBOMS
CeHyg No/Hg
80°C THPO “ N THP | -
86% N 0 H
20
TBOMS OTHP HQ 13 ,—OH HQ K ,—OH
QA s i\
N N
2 22

Scheme 3-XIII

A few examples have recently appeared involving intramolecular cy-
cloadditions of acylnitroso dienophiles in alkaloid total synthesis. Keck
has utilized such an intramolecular reaction as the key step in total syn-
theses of the necine bases heliotridine (21) and retronecine (22) (Scheme
3-XIII).#2 In this work, the dimethylanthracene adduct 19 was used as a
precursor for the acylnitroso compound. The Diels—-Alder cyclization af-
forded a 1.3 : 1 mixture?? of epimeric adducts 20, which was converted to
the individual alkaloids.

An intramolecular nitroso Diels—Alder approach to the frog neurotoxin
gephyrotoxin 223AB (25) has recently been reported (Scheme 3-XIV).4
Cyclization of the nitroso compound derived from hydroxamic acid 23
afforded the bicyclic adduct 24 in good yield, directly establishing two of
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the three chiral centers of the alkaloid. A few additional steps served to
convert 24 to the natural product.

Kirby er al. have examined the [4 + 2] cycloaddition chemistry of
nitrosyl cyanide.!** This unstable species, which can be generated from
nitrosyl chloride and silver cyanide, can be trapped in situ by conjugated
dienes. However, as with acylnitroso compounds it is often cleaner and
more convenient to use the 9,10-dimethylanthracene adduct 26 as a latent
source of nitrosyl cyanide [Eq. (20)].

| S8 o -

NOCl + AgCN —»
L 20-0% 30%

o=zZ—0

Several examples of hetero Diels—Alder reactions with nitrosyl cyanide
are presented in Scheme 3-XV. Orientation of addition to unsymmetrical
dienes generally corresponds to that of aryl- and chloroalkylnitroso com-
pounds (vide supra).

One final type of electron-deficient nitroso dienophile worthy of men-
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tion are sulfonylnitroso compounds.354> Surprisingly, these compounds
have found only scant use in Diels—Alder reactions. The sulfonylnitroso
compounds can be easily generated from an alkyl nitrite and a sulfinic acid
[Eq. 2D)]

NSO, o
ArSOH + RONO —= | || 2 . @502‘\' @n
E,0 | © 0%

and trapped in situ with a diene to give a dihydrooxazine.

5. VINYLNITROSO AND RELATED COMPOUNDS

Work has recently appeared on the synthesis and cycloaddition reac-
tions of vinylnitroso compounds.*4’ Although these compounds are ca-
pable of acting either as heterodienes or as nitroso dienophiles, their
reactivity is critically dependent on their structure. In general, if the
vinylnitroso system contains any 8 substituents, the compounds will react
as dienophiles; if there is no B substituent, the system prefers to act as the
47 component of a Diels—Alder reaction and will react with dienophiles.

Vinylnitroso compounds are generally unstable and are generated in
situ by base-promoted elimination of a-haloximes [Eq. (22)].

NOH R

2'2>’)K B Bose R'v(kN%’ 2)

X R?

These dienophiles react with various dienes to initially produce the usual
dihydrooxazine adduct, but in many cases these compounds rearrange to
epoxyaziridines. The examples depicted in Scheme 3-XVI are indicative
of the various types of reactions these systems can undergo.

The iminonitroso compound of the type shown in Eq. (23),
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which can be generated by oxidation of the corresponding oxime, revers-
ibly cyclizes. However, the nitroso intermediate can be trapped by the-
baine to give a stable Diels—Alder adduct.*8#

6. THIONITROSO COMPOUNDS

Thionitroso compounds have found very little synthetic use as
dienophiles.* In general, these species are quite unstable and are often
trapped in situ by conjugated dienes as a method of procf for their fleeting
existence.

Some early methods of generation of thionitrosobenzenes are shown in
Egs. (24)’! and (25).5
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A more recent approach to aromatic thionitroso compounds was reported
by Joucla and Rees,** which makes use of a photolytic decomposition of
an azidobenzisothiazole ring system [Eq. (26)].

Ny NC

= hy CN Q @
;):} T ©[N=s oove @ &, (26)

CF
3 CF,

X =H,Cl, Br

A very interesting method for generation of simple alkyl thionitroso
compounds has been described [Eq. (27)].%

O C
RT . - ) N
o — | MEhen, — T =, C%
Fh 3 NCH3 69% I NCH3 (27)

CH,y

The thionitroso species could be trapped with butadiene to give the ex-
pected Diels—Alder adducts. An §,N-ylid is probably an initial intermedi-
ate in this sequence.

Acyl- and sulfonyl-substituted thionitroso compounds can also be pre-
pared using an analogous strategy.>® The S,N-ylid derived from tetrach-
lorothiophene reacts with alkenes in Diels—Alder fashion to give an ad-
duct which spontaneously extrudes a thionitroso compound at ambient
temperature. These species can be efficiently trapped with 1,3-dienes [Eq.

(28)).

N/R 'I‘lR “

N A Cl NR X
C'ﬁm C (| © —|I"| — CF e®
a’ o oo T

Rz COPh,T
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One example of what is perhaps an inverse electron demand Diels—
Alder reaction of a thionitroso compound has appeared [Eq. (29)].%

Niozcua N (0,CHy 0,CH,
-N -S
| 3 ” | 2 NZ ;( (29)

+ b —_—
CeHsCl Nx_NNMe, 73% 3 NMe,

NIN A
0,CH; Me,

Interestingly, N-thionitrosodimethylamine is a relatively stable com-
pound,’ unlike the C-thionitroso compounds mentioned above.

z—Z

0,CH, CO,CH;
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INTRODUCTION

.Cycloaddition of a 1,3-diene with a carbonyl compound provides a 5,6-
dihydro-2H-pyran derivative [Eq. (1)].!

n/&w’ C — 3@“‘ (1)

5R

In general, reactions of this type proceed poorly with aliphatic and aro-
matic aldehydes and ketones unless highly reactive dienes and/or Lewis
acid catalysts are used. For example, acetaldehyde and isoprene give only
a trace of adduct at 100°C.2 Aromatic aldehydes do not react with 2,3-
dimethylbutadiene under thermal conditions, although {4 + 2] adducts
can be obtained in mediocre yields if p-tolunesulfonic acid is used as a
catalyst,34

Electron-deficient aldehydes and ketones, on the other hand, are gener-
ally more reliable dienophiles in both thermal and acid-catalyzed cycload-

94
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ditions with alkyl-substituted 1,3-dienes. These reactions can also be pro-
moted by high pressure techniques. Interestingly, carbonyl compounds
other than aldehydes and ketones (i.e., amides, esters, etc.) do not appear
to be reactive as dienophiles.

It has been suggested that cycloadditions of carbonyl dienophiles with
1,3-dienes are in agreement with FMO theory.” However, aside from
some very recent qualitative mechanistic work on cycloadditions of alde-
hydes and highly oxygenated dienes under Lewis acid catalysis (vide
infra), there are no rigorous mechanistic studies in this area. As outlined
in specific examples in the following sections, carbonyl dienophile Diels—
Alder reactions show good regioselectivity usually in accord with the
predictions of FMO theory. These reactions are syn stereoselective with
respect to the 47 component, but relatively little information is available
on endo/exo selectivity. What is known about the stereochemistry of the
process is included in some of the following sections.

1. ELECTRON-DEFICIENT ALDEHYDES

It has been recognized for many years that chloral will react with simple
1,3-dienes to afford reasonable yields of {4 + 2] adducts.®” The stereo-
chemistry of the Diels—Alder reaction of cyclohexadiene.and chloral’ has
been reinvestigated and was unambiguously established to give the endo
adduct [Eq. (2)]).2

ClyCH
CCI;CHO "
o Sy @
125°C, 26h ~cal,

30%

In order for this cycloaddition to be reproducible, it was necessary to
exclude all moisture and conduct the reaction with highly purified re-
agents under vacuum. The [4 + 2] cycloadduct is extremely acid labile,
rearranging rapidly to the {3.2.1] isomer.

[4 + 2] Cycloadditions of 1,3-dienes with glyoxylates have also been
known for quite a long time.!609.10 In recent years this reaction has been
developed into a powerful method for carbohydrate synthesis (vide in-
f‘ra).lc,d

Two groups have studied the stereochemistry of addition of (E)-1-al-
koxybutadienes with simple glyoxylate esters.?®:10 In virtually all of the
cases reported, approximately a 2: 1 mixture of cis (endo) to trans (exo)
adducts were obtained if the reaction was conducted near room tempera-
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ture and under neutral conditions, although there was some variation
depending on the solvent [Eq. (3)].

7 HyCOR ~20°C COR COR
G - i
0 35-65%
o g R 3)
| Hora }

R = CHs, Et, nPr, nBu, R' = Et, nBu

However, if the cycloaddition was run at higher temperatures (~150°C) or
ifan acid was added, the trans isomer predominated (>4: 1 ratio). It could
be demonstrated that the cis isomer is the kinetically favored product but
tends to readily isomerize to the trans under thermal or acidic conditions,
and this fact has been used in a number of synthetic applications (vide
infraf.

Jung et al. recently found that methyl! glyoxylate adds to Danishefsky’s
diene to afford, after hydrolysis, a good yield of a pyranone as an equal
mixture of cis and trans stereoisomers [Eq. (4)].!!2

TMS0~ ~ H CO,CH; 1CgHg A CO,CH;
s T 15h 0
2H,0* ©)
OCH, CH;
7%

At high pressure the initial adducts themselves can be isolated.!"® Other
highly oxygenated dienes also undergo this cycloaddition. !

The additions of glyoxylates with unsymmetrical dienes appear to be
completely regioselective. As has been pointed out by Fleming,” FMO
theory rationalizes these results, and the regiochemistry of cycloaddition
is presumably controlled by the interaction of the HOMO of the diene and
the LUMO of the carbonyl compound.

More recently, Hosomi et al.'? reported some regioselective cycloaddi-
tions of silyl-substituted 1,3-dienes with n-butyl glyoxylate to afford dihy-
dropyrans in good yields (Scheme 4-I). As in the examples cited above,
products in the last two cases were stereoisomer mixtures due to ready
epimerization at C-2. n-Butyl glyoxylate also reacts smoothly with 1,3-
cyclohexadiene under thermal conditions, affording a 9: 1 mixture of the
endo and exo bicyclic adducts, respectively [Eq. (5)].1%

© 0 120°C s
> kcozgau 21h H COz08u o)
77% 0,08u H

endo 91 exo

1 Electron-Deficient Aldehydes 97

Me3Si N nBuOCCHO Me 351 C0,nBu
3 ’\C Y
N CeHg, RT

%

Me;SI N Me;Si 0z08u
— ’
N 93%
CH; OCH,

Me3Si ~ Me3St
- — l
CgHg, A
CH, 3% OCH;4

Scheme 4-1

Diels—Alder reactions of glyoxylates have recently found application in
natural product total synthesis. For example, Schmidt and Wagner used
such a cycloaddition as a key step in synthesis of uracinine derivative 3, a
component of the nucleoside antibiotic blasticidin S (Scheme 4-II)." In-
terestingly, when unsymmetrical diene 1 undergoes [4 + 2] cycloaddition
with a glyoxylate, only one series of regioisomers is produced, which has
the incorrect orientation for synthesis of 3. However, if the o-benzoyl

0Bz 0Bz 0Bz Bz
CH;30,CCHO ACO,CHy A.-CO,CH, CO,CHy
— * I +
N 125°C
HgCH i |
HNCO,Er  CetisCHa HNCOEt  HNCO,E HNCO,Et
1 21 2
0TBDMS QTBDMS TBOMS
A PNO,PhCH,0,CCHO @ I
i —— +
~
CeHs, & 38% r NCOR COR
HNCO,Et HNCO,Et HNCO,Et
2 11
2, i
N'gO QAc
('\/Q\ SbC|5 @
3 YT NC0,CHy (V\T:s v NCO,CH;
HNCOEt @ HNCO,EL
12 SNPNoTMs
+ anomer
Scheme 4-11
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group was replaced by terr-butyldimethylsilyl, the regiochemistry of cy-
cloaddition totally reversed. It was suggested that these processes are
HOMO iene—LUMOyenophie controlled, and that by substituting an elec-
tron-donating group on oxygen for an electron-withdrawing one, the sizes
of the coefficients at C-4 and C-1 of the diene would be reversed. This
effect should thus change the regiochemistry of addition with a glyoxy-
late, which was actually observed experimentally. The appropriate ste-
reoisomer formed from diene 2 was converted to uracinine 3 as outlined in
the scheme.

Schmidt and Angerbauer have used the Diels—Alder adducts of (E,E)-
1,4-diacetoxybutadiene (4) and n-butyl glyoxylate in synthesis of carbohy-
drate pseudoglycals.’’ Cycloaddition of 4 gave a mixture of three isomeric
adducts 5-7 (Scheme 4-III). The two compounds 6 and 7 probably arise
by rearrangement of the all-cis (endo) adduct, presumably caused by a
trace contaminant of acetic acid in the glyoxylate ester which was used.
These adducts were found to react with various alcohols to cleanly yield
a-glycosides. For instance, treatment of adduct 5 with the ribose deriva-
tive shown gave greater than 95% of the a-linked disaccharide. Similarly,
adducts 6 and 7 also produced only the a anomers.

In an extensive study Jurczak et al. examined asymmetric induction in
the Diels—Alder reactions of a number of achiral dienes with several
optically active esters of glyoxylic acid.!®!” Cycloadditions were run both
at atmospheric pressure!s2c and at high pressures (6-10 kbar).!6%dc To
summarize these studies, asymmetric induction using glyoxylate esters of

Ac 0,nBu 0,nBu 0,0Bu
Z  nBuD,CCHO 0 Ac AcQ)l o
N 125°C ’ A
Ac OAc OAc

Ac Ac
4L 5 38% 6 37% 7 9%
HO CH3
0
CH3;CN , BF;
-}

5°C
0,0Bu A 0,nBu
0 40
Acl = R = R

Scheme 4-11I
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optically active menthol, borneol, 2-octanol, and 2,2-dimethyl-3-heptanol
gave rather poor optical yields in the range of 0.4-13% at atmospheric
pressure, depending on the solvent used. At high pressures, optical yields
of adducts with (R)(—)-menthyl glyoxylate esters were somewhat better
(1-21%) depending on diene, solvent, and pressure. Jurczak has proposed
a mechanistic model to account for these results.'® Unfortunately, since
the enantiomeric excesses here are so low, this process would not seem to
have much synthetic utility.

In a series of publications, David and co-workers have utilized cycload-
ditions of glyoxylates in an elegant strategy for synthesis of disaccharides
and more complex carbohydrates.!® The basic approach involves use of E-
l-oxygenated butadienes attached to various sugar derivatives in Diels—
Alder reactions with glyoxylates. The power of this method is best exem-
plified by the total synthesis of the antigenic determinant of blood group A
(9), a trisaccharide of considerable complexity (Scheme 4-1V).'% A pri-
mary feature of this particular route is that the chiral diene and chiral
dienophile reinforce each other in controlling absolute stereochemistry at
C-5 in adduct 8. An exo/endo mixture (i.e., trans/cis) was initially formed
in the cycloaddition but, as noted above, could be equilibrated by BF; to
the desired trans (a,D) configuration.

Another important feature of this synthetic approach is that even with
achiral glyoxylates cycloadditions generally show good diastereofacial
selectivity, even though endo/exo mixtures (which are subsequently
equilibratable) are usually formed. Table 4-1 shows some stereochemical

Ph

% ¢
1) R*0,CCHO . H H
L ! .| ——
\J/O J 5% R ozc\ﬁ\oj,
~ J n  2BF;-OEt g n

0,
a% R* = L-Menthyl

8

o HO _on
H o H
RO,Ca(0- . —— AcHN 0
oH 9
= 0 0Bn

CHy7—0 CHT7T=07 om

BnO OBn HO OH

Scheme 4-IV
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TABLE 4-1
Stereochemistry of Cycloadditions of Chiral Dienes with n-Butyl Glyoxylate®

. Diene a-D B-D a-L B-L Endo Face (+) Face(-)
>
>
13% 18% 9% 60% 78% 27% 73%

ANA0 0,

BnO 44% 4% 0% 52% @ 56% 4% 96%
Bn Bn
N\
N\
B;no 8%  18% 0% 4% 52% 18% 82%
Bn

n

F"%
0 1.1% 50.3% 46.5% 21% 52.4% 96.8% 3.2%
=~
J Bn

X

o]
%B n 20% 25% 47% 8% 33% 72% 28%
0
LY

2 From Ref. 18d.

results of cycloadditions of dienes bearing chiral sugar appendages with a
simple, achiral glyoxylate ester.'8

2. ELECTRON-DEFICIENT KETONES

Several electron-deficient ketones are known to participate in Diels—
Alder reactions as heterodienophiles. Carbonyl cyanide! and a-haloge-
nated ketones!'>20 have been used, but relatively little has been done with
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these dienophiles in recent years.' Diethyl ketomalonate is also a reactive
2 component,® and this ketone has been applied widely in Diels—Alder
reactions.?'-%* Some examples of cycloadditions of this type are listed in
Table 4-II. As in the case of glyoxylates, these reactions show excellent
regioselectivity and the usual cis stereoselectivity with respect to the 1,3-
diene.

Ruden and Bonjouklian have suggested that ketomalonate might serve
as the synthetic equivalent of carbon dioxide, which itself does not react
as a dienophile.?! They have found that adducts can, in fact, be trans-
formed via a Curtius sequence into B,y-unsaturated lactones {Eq. (6)].

C it G O
Q EtOZC/lkCOZEt O£t gicurtius (6)
CO,Et rearr.

A cycloaddition of diethyl ketomalonate has been used in total synthe-
sis of the perfumery product (+)-ambreinolide (12) and its C-8 epimer 14
(Scheme 4-V).” The highly congested conjugated diene 10 did not react
thermally with diethyl ketomalonate, nor did Lewis acids help. However,
at high pressure a mixture of epimeric [4 + 2] adducts 11 and 13 were
produced in a 65: 35 ratio. The major product results from attack of the
dienophile on the face of the diene opposite to the angular methyl group.
The reaction was totally regioselective, giving only the orientation prod-
ucts shown. These adducts could be converted to 12 and 14 using the
methodology of Ruden and Bonjouklian described above {Eq. (6)].2

Some other electron-deficient ketones have been used as dienophiles in
Diels—Alder reactions. Various types of 1,2,3-tricarbonyl compounds
seem to be quite reactive in this type of process, and some selected
examples are listed in Table 4-J1] 2628

EtOZC\B/tozEt —>
7
55°C
20 kbar
b 35% O,Et
10 0,Et
L_. . — <
A A
3 14

Scheme 4-V
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TABLE 4-11 TABLE 4-11 (Continued)
Thermal Cycloadditions of Diethyl Ketomalonate :
Diene Conditions Product(s) Yield Ref.
Diene Conditions Product(s) Yield Ref.
CH, CH; Ac
/ 1O
« 80 C, 1.5 hr | COzEt 52% 9b =z C6H67 140°C, 20 hr éﬁLoZEt 87% 15b
CO,Et N
& o 0
« CH;CN, 130°C, 4 hr | 0,£t 63% 21 ,Me;4
=~
O:Et COEt Xylene, A, 20 hr q/coza 12% 24
= . Ot O£t
« CH;CN, 130°C, 4 hr 0,Et = 64% 21
Ot 1:1

CH;CN, 130°C, 4 hr 74% 21

Et
O,Et
P ) | 130, @}:
EON 30°C, 6 hr ero AL JCOEt 54% 22 of
t i COEt SiMe SiMe,
ozEt EtOzé 3
CHy Z 150-160°C, 24 hr | 05t 55% 23
Y

ZN0CH;  CgHg, 115°C, 60 hr { CojE! 51% 22 0,Et b
N 1 Me:SI 63510 2
60°C, 8.5 kbar, 48br  Aco_J COE 98% Megslg\ﬁ 150-160°C, 24 hr o OzEt u4% 23
x>
C 70 _coutt Oaft
. N 80°C, 72 hr < SCont $B% 22a
Me,Si o;Et £t
( ) 150-160°C, 24 hr Me35|0 Me,Si 4% 23
NHCO,Et NHCO,Et Me3Si0 CO,EL 55:45
cH
< 80°C, 44 hr ¢< £t 4% 22b CHs 3
i PNOCH; CCL, A, 2 hr 9 copet 70% 1lc
NHCOZEt NHCOZ 3 149 ’ 2
il COsE
M%s'\ﬁ CsHs, A, 10 hr ME35|\/[:Z/‘:OZEt 7% 12 CH, CH,
£t
0 g\oc"‘s CCl,, RT, 1 hr | 0,Et 95% 1lc
CH OCHj
3 0.t
~
< CeHs, 50°C, 10 hr Me,si_A__}-COpEt 100% 12
Me3Si 0.t
2
NHCO,Et NHCO,E . . .
NHCO,Et £ Although o- and p-quinones generally react with 1,3-dienes to give
C Toluene, 110°C, 80 hr 0t Oft 56% 14 carbocycles, a few scattered examples of quinones acting as carbonyl
. COaEt gz Ot dienophiles have been reported. For example, o-chloranil and o-bromanil

4:1 react with 2,3-dimethylbutadiene to give [4 + 2] adducts [Eq. (7)].%
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Cycloadditions of Triones
Trione Diene Conditions Product Yield Ref.
\( RT, 28 days % 26
X
Ac 0 DAc
z o { 0~
CH,Cl,, 25°C, ©’ ) 1% 27
11 days )
DAc 0 dac
K
N z RT, 5 days N0 95% 26
o= h¢ o= X 4 )
R H
(fAc ﬁ Ac
Z DME, 25°C, 50% 27
~ 5 days 0 ; V
H
H
N
P '
7 Toluene, A, 92% 28
N 24 hr N
pFPh pFFl-’h
0 Q
s 8
@ ji RT, 14 days © 84% 26
N0 ~x N0
R H
@
o I RT 84% 26
0
TBDMS
= CH,Cl,, 25°C, 59% 27
>% N 9 days
AcC
=z O,
g CH,Cl,, 25°C, 56% 27

18 days
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X X
- X — 0
X X X X X
X X
X=Cl, Br

However, this is not a general reaction of o-quinones.
Barltrop and Hesp described a few photochemical [4 + 2] cycloaddi-
tions of p-benzoquinone [Eq. (8)].3°
Rl

™

\
. "r v, ®
R >400nm

2
RR= H,CH,

It was suggested that a stepwise mechanism involving a diradical interme-
diate was operating in this process.

3. ALIPHATIC AND AROMATIC ALDEHYDES
AND KETONES

As noted in the Introduction {4 + 2] cycloadditions of simple aliphatic
and aromatic carbonyl compounds with dienes which are not particularly
electron-rich are generally unreliable.!#3! However, recent papers by
Jurczak and co-workers give hope that the scope of carbonyl dienophile
cycloadditions of this type might be broadened if reactions are carried out
under neutral conditions at ultra-high pressures. (E)-1-Methoxybutadiene
was found to add smoothly at ~20 kbar to several aldehydes and ketones
that are normally not good dienophiles (Table 4-1V).3 In view of the
observations of the Danishefsky group that lanthanide reagents are mild
Lewis acid catalysts for hetero Diels—Alder reactions (vide infra), Jurczak
et al. have reported that such catalysts allow one to conduct cycloaddi-
tions with carbonyl dienophiles and 1-methoxybutadiene at lower pres-
sures (~10 kbar).3?® Some data are given in Table 4-IV. It is yet to be
demonstrated that other dienes will react as well with simple aldehydes.
Some of the adducts listed in the table have been used in short total
syntheses of two §-lactone insect pheromones.?

In an extension of this methodology, Jurczak et al. found that under
high pressure (E)-1-methoxybutadiene reacts with (R)-glyceraldehyde
acetonide to give adducts with a high degree of stereoinduction (Scheme
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TABLE 4-1V
High Pressure Cycloadditions of (E)-1-Methoxybutadiene and Carbonyl Compounds®
Carbonyl
compound Conditions Products Yield
CH, CH;
CH,COCO,CH;  50°C, 20 0 kbar CO,CH, CH, 85%
CHy  70:30 COLH;
CH, CH;
CF;COPh 20°C, 19. Y
3 0°C, 19.5 kbar | Leh CF, 81%

CHj CH,
PhCHO 50°C, 19.5 kbar | 0 & 80%
Ph ~~Ph

7525

CH; CH3

CH,CHO 65°C, 20.0 kbar | 62%
Hy ~CH3
70:30

CH, Hy
nCsH;,CHO 65°C, 20.0 kbar 0 28%
20°C, 23.5 kbar ' PN 16%

0CgHy 78:22 aCgHy,

CH, CH3

I | 0 53%

>€j\c Eu(fod), cat ,
Ho 50°C, 10 kbar

CH, CH,
Eu(fod); cat., s 50%
]

50°C, 10 kbar

4 Adapted from Refs. 32a,b.

4-VI).3*2 Significantly, the cycloaddition shows a 82 : 18 facial selectivity
with respect to the diene (i.e., anti : syn) which can be rationalized based
on a ‘‘Felkin-like’’ model of approach.!d-35 This cycloaddition also demon-
strated reasonably good endo selectivity. It was found that the ratio of
stereoisomeric products was affected by the pressure under which the
reaction was run and by the temperature. These adducts have been used
in synthesis of some 4-deoxyheptoses.3
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N Y 22 kbar
N —
one 1 50°C, Et,0
OCH,4 80%
6C H 3 syn CH 3
13% 5%
Scheme 4-VI

Another application of this high pressure cyclization technique to ste-
reochemically more complex aldehydes has recently been described
(Scheme 4-VII).3* For example, aldehyde 15 reacts with (E)-1-methoxy-
butadiene to give exclusively adduct 16, which can be epimerized to 17. A
Felkin model for cycloaddition can again be used to rationalize these
results (cf. 18). It is the greater rigidity and steric bulk of this system that
imparts the high facial selectivity relative to the glyceraldehyde derivative
in Scheme 4-VI.

HO
5 7 N\och,

20 kbar
53°C, CH,Cl,
0%
15 16
18
diene =l
H Ho

Scheme 4-VII

4. HIGHLY OXYGENATED AND REACTIVE DIENES

A major advance in the Diels—Alder chemistry of carbonyl compounds
has come with the recognition that simple aldehydes will react readily
with many electron-rich oxygenated dienes3® under Lewis acid cataly-
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H
19 20
R % Yield of y-Pyrone
H 55
CHyOCH,Ph 87
CH,SPh 70
CHZNHCbz 80
Ph 65
PNO,Ph 58
OCH;0Ph 58
CH3 17
Et 48
aPr 43
18u 7
CH=CH, 50
C(CH3)=CH2 62
E-CH=CHPh 75
Scheme 4-VIII

sis.!!® In their initial reports,’4 the Danishefsky group described the
reactions of oxygenated diene 19 with a wide range of unactivated alde~
hydes using zinc chloride or boron trifluoride etherate as catalyst to di-
rectly afford a 2,3-dihydro-8-pyrone (Scheme 4-VIII), presumably via the
intermediacy of a transient [4 + 2] adduct like 20. Interestingly, under
these conditions, «, B-unsaturated aldehydes gave y-pyrones rather than
carbocyclic adducts.*3#3 An application of this basic cycloaddition reac-
tion to unsaturated aldehyde 21 has led to a simple total synthesis of the

antibiotic LL-Z1120 (22) [Eq. (9)].4°
I
—_ O
A
22

ﬁj/wo 19 I N\ l LoMso O
7 BFyEL,0 Y H,S0, E Y/
Danishefsky et al. have also discovered that Eu(fod); is a very mild

2 THF, 40°C 5%
25%
Lewis acid catalyst that is highly effective in promoting this cycloaddition
process.*! A major advantage of using this catalyst is that one can usually
isolate the initial {4 + 2] adduct (Scheme 4-1X), which can subsequently
be converted to the y-pyrone, cleaved to the ketone, or transformed in
other ways. It might be noted that the particular cycloaddition shown in
this scheme was totally stereoselective (vide infra), giving the C-5,6 cis
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CHy
% HyC ?
—>
EtsN o;:\/?
CH, QCH; CH30H ! Ph
Ryl PhCHO HaC CH,
Xy Eulfod), I I\
Me;S CHCly Me;S10 : Ph
Hy RT 66% CH,
60% Hgi);/\;ol
e
TFA Ph
1
CHy
Scheme 4-IX

product. In an application of this lanthanide catalyst method, Castellino
and Sims found that 3-oxo-8-lactones can be efficiently prepared from
aldehydes and diene 23 (Scheme 4-X).#

The ready availability of optically active NMR lanthanide shift reagents
led Danishefsky to investigate the possibility of inducing absolute chiral-
ity in these cycloadditions.! Using Eu(hfc); as catalyst, it was possible to
induce modest (20-50%) enantiomeric excesses, depending on the oxy-
genated diene used and on the reaction conditions.*!® Equation (10) shows
one typical result.

tBu
CH HO
“eas"’f Proo TR OI:?"“ 2%ee  (10)
MeySIo Eulhic) R
CHCl3,RT Ph

In an exceptionally elegant series of papers, the Danishefsky group has
described investigations into the mechanism,* stereochemistry,* apd
synthetic applications* of this Diels—Alder process. Unfortunately, an in-

OCH,
PhCHO 20 H30" 0
r————— - i
B5% Ph  95% Ph

OCH;
P N0CH, Eulfod)y |
Me,S107 X CH,Cl,
RT OCH 0
2 3
- H30’
B
CHO ] 93% |
CH, Hy Hy
Scheme 4-X
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depth analysis of this work is beyond the scope of this chapter. The
material presented below is intended to highlight some of the important
features of this research.

Mechanistically, the cycloaddition reaction is rather complex. Depend-
ing on the catalyst or solvent used and the reaction substrates, pericyclic
and/or Mukaiyama aldol-like pathways may be involved.** The pericyclic
mechanism, generally favored by zinc chloride and the lanthanide cata-
lysts, tends to produce adducts having the cis relative stereochemistry at
C-5,6. It is assumed that chelation of the aldehyde with the Lewis acid
occurs in an anti fashion and that the steric bulk of R is less than that of
the Lewis acid—solvent complex L [Eq. (11)], thus favoring a Diels-Alder
transition state with R endo.

Me;3S10 Me;3SI0. ?CHJ
j)/_\¥OCH3 CH, -0CHy  : O/@ 1
H/-O® EZI’I(flej)or Me,Si ? “R ( )
o 03 ¢H
pericychic major
Me35|0\6‘
o610 S
d CH—Z  N—0CH| & O/J/j;?\ 12
"aidol" R P N v SR
1
L CH,

major

Interestingly, when boron trifluoride etherate was used as catalyst, 8
reversal of C-5,6 stereochemistry was observed, affording primarily trans
compounds. It was postulated that these reactions involve an aldol-like
mechanism [Eq. (12)] that is trans (threo) selective. Combinations of the
pericyclic and aldol mechanisms are probably operative in some cases.

Some interesting stereochemical results have been obtained with a-
substituted aldehydes.* These cycloadditions can show excellent facial
selectivity depending on the nature of the a substituent and the Lewis
acid catalyst used. For example, Scheme 4-XI indicates the facial controt
obtained with a-methylphenylacetaldehyde and a highly oxygenated
diene using two different catalysts.42b In both cases shown in the scheme
the facial approach was the same (i.e., the so-called Cram type), but, as
noted above, C-5,6 stereochemistry was reversed as expected.

Good facial selectivity also was found in the case of a-alkoxyaldehydes
but again was highly dependent on the Lewis acid and substrates used.
Equation (13) shows an example of this type of process.*¢
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CHy
Hl7
HC
N Br —MBr N2
MesSt 2 M635I0 |H._/ g sSh_0Bn  (13)
+ CH; OBn B
HiC
Ho 5y 0Bn €x0
\
H OBt

Using magnesium bromide as catalyst, cycloaddition apparently occurs
via a chelated aldehyde with diene attack from the least congested face.
For steric reasons, an exo transition state in a pericyclic process is fa-
vored here, leading to the trans C-5,6 stereochemistry. With other Lewis
acids, much lower facial selectivity was found in systems like this.#¢
Midland and Graham recently discovered that europium(III) complexes
give very high facial selectivity explicable by a chelation controlled model

as in Eq. (13) using diene 24 [Eq. (14)].4

Me;Si

#~NOCH, + 1) Eulhfcly |

~ WY e Bu (14
CH;0 Vg CH,

2% OMEM MEM
> 60-1

Another interesting point is that diene 24 also condenses with simple
unactivated ketones under zinc chloride catalysis to afford 8-lactones like
those shown in Scheme 4-X.

Danishefsky has looked at chiral induction in [4 + 2] cycloadditions of
aldehydes to oxygenated dienes bearing chiral auxiliaries.*d Optically
inactive europium(Ill) catalysts proved effective in promoting the cy-
cloaddition reaction but did not give favorable diastereomer mixtures
(Scheme 4-XII). However, combination of the appropriate chiral diene

OCH3
H;C HaC HiO~ 7
Hy —= H
M935IO N H)kfc : ]zc"': %Ha YR
1
Hac Ph HyC HPh
BF3 Etzo, CHZC]Z, 90% Bl 19 0
InC1,, THF, 92% 0 B9 11
Scheme 4-XI
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R* R* R
Acof cat. AcO Acoﬁ
*+ PhCHO — .
MeySIo X Me,Si Ph  Me,$i0 “Ph

at. Ratio
R* = D-Menthyl Eu(fod)3 45 : 55
Eu(hfc)3 41 - 59
R* = L-Menthyl Eu(t’od)3 55 . 45
Eu(hfv:)3 7 93

Scheme 4-XI1

with a chiral lanthanide catalyst provided the reinforcement needed to
generate one diastereomer in good excess. This is a nice example of a
reaction involving double diastereoselection.

The Danishefsky group has extensively applied this methodology to
total synthesis of a number of natural products.® In particular, the
method has provided entry to several types of carbohydrate, both simple
and complex. For example, the monosaccharide r-talose could be pre-
pared in just a few steps using a hetero Diels—Alder reaction [Eq. (15)].42

0Bz

<_0 Bz Ac AcC

n BF;ELO C

Me;&OyOCHa c——'quz HO p " AcO A (15)
Me3Si -78°C o}

42%

In a much more complicated piece of work recently disclosed, two
stereospecific aldehyde Diels—Alder reactions have been used in prepara-
tion of hikosamine derivative 29, a component of the antibacterial com-
pound hizikimycin (Scheme 4-XIII).4% Diene 25 reacted with furfural to
give cis-y-pyrone 26, which was transformed in several steps to aldehyde
27. Condensation of 27 with 25 using magnesium bromide as catalyst
afforded only adduct 28, presumably via chelated intermediate 27A.. Com-
pound 28 was converted in a series of steps to acetylthikosamine 29. The
methodlogy described here allowed total synthesis of this unusual sugar
having 10 contiguous chiral centers with complete stereocontrol.

Recently, an a-oxoquinodimethane has been used as a highly reactive
diene in cycloadditions with simple aromatic aldehydes [Eq. (16)].4

Me,
@(T Al O QU S © @ S D)
CH3CN ArCHO I.
A

coct A
0
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5 Ketenes
CH, = BnO-.__CHO
=z 1} Z LCHO 8z0 xojé
x> ——— ———
T8DMS! Eulfod), Z 0 .b‘o
z  2) TFA —(\
26 27
25
Mg8r, %
CH,0Bn CH,0Ac
BnQ—4—H AcO0——H
8n0——H AcO0——H
H——0Bn H——0Ac
H-—~08n H~—1—0Ac
BnO H AcO—1+—H
.. K?;%
AcNH CH
bﬁ DAt
29 he
Scheme 4-XI11
5. KETENES

On rare occasion, Ketene carbonyl groups can act as heterodienophiles
with all-carbon dienes. Other cycloaddition pathways, such as [2 + 2]
addition, are usually preferred, and this Diels—Alder reaction is certainly
not of general utility.*-* Equations (17) and (18) indicate how relatively
small structural changes in reactants can affect the nature of the cycload-
dition products.*®

gwcu3 0 CH,
- N ” 28%
~ U w )

E40
cu,o\ﬁ 1 e% ]
+ —— > t
X Et)ks 180°C CHBO/@/Et CH, X (18)
u

Bu Bu
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OCH,4 StMe,
7 i Et,0 B A or R
* i Cl -
MeySI0- N c|)kc1 RT 07 0CH, | Hi0 o
Cl 56% o]

i
SiMe, o )kH 8% a ] H,
ZCH,
Me SI07 ﬁ
k 5 en. A |
v Npn 0% Hy

Ph

Scheme 4-XIV

A recent report by Brady and Agho has shown that highly oxygenated
dienes will give [4 + 2] cycloadducts with ketenes (Scheme 4-XIV).%° The
initial adducts were not actually isolated since they readily rearranged to
4-pyrones in good yields.

6. INTRAMOLECULAR REACTIONS

A few instances of intramolecular carbonyl dienophile Diels— Alder cy-
clizations are known. In the first reported example, Oppolzer found that
an aldehyde benzocyclobutene on heating afforded a 25% yield of two
epimeric cycloadducts [Eq. (19)].5!

"

Hgl )H3 H i N;CHB
155°C P
@/:% ZO/: © ) H + O‘H (19)

An o-quinodimethane is presumably the diene in this reaction.

Using their novel cobalt-catalyzed oligomerization method, Funk and
Vollhardt discovered that condensation of 30 and 31 afforded exclusively
a bridged adduct [Eq. (20)].%2

™S

| o0 CpColCOl, | TMS z
. ) e T <

| P 4L9% T™MS H

™ms 7
30 3 (20)

1)
T™S it

_.TMS (.)

H
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Interestingly, the putative o-quinodimethane intermediate in this case un-
dergoes cyclization with regiochemistry opposite to Oppolzer’s system.
Whether this result is due to the nature of the bridge between diene and
dienophile or to some sort of polar interaction is not clear. From the
product stereochemistry it is evident that cyclizations must have occurred
via an endo-phenyl transition state.

The intramolecular cycloaddition of a furan ester was reported several
years ago to yield a tricyclic adduct [Eq. (21)].%

Et Et
\
+ /Cl'
R T 100°C 3 (21)
o o
90h
/\OCH3 85%

This is apparently the only example reported to date of a simple ester
carbonyl group acting as a heterodienophile.

Snider, Phillips, and Cordova very cleverly combined two consecutive
ene reactions with a formaldehyde Diels—Alder cycloaddition to produce
a dihydropyran that has previously been used in a total synthesis of
pseudomonic acid (39).%% Thus, 1,5-diene 32 underwent dimethyla-
luminum chloride-catalyzed ene reaction with formaldehyde to afford 33
(Scheme 4-XV) as a 8:1 mixture of trans:cis isomers (80%). Isomers
were not separated since the cis compound did not undergo the subse-
quent Diels~Alder reaction. Treatment of acetate 34 with ethylaluminum
dichloride and formaldehyde in CH,Cl,~CH3;NO, (25°C, 12 hr) gave a 37%
yield of adduct 38. This transformation presumably involves initial ene
reaction of 34 to give 35, which reacted with formaldehyde to produce
complex 36. A quasi-intramolecular Diels~Alder cycloaddition then en-
sued that led to 37. Hydrolysis of aluminum complex 37 gave the desired
pyran 38.

In a more recent example of an intramolecular carbonyl Diels-alder
process, Trost et al. prepared a diene aldehyde [Eq. (22)],

0,CH, CH,Cly H  COCH,
A MeAlCl,, RT 7
0,CH — OCHy 22
i 75% , @
HoH

which under Lewis acid catalysis cyclized via an endo transition state to
give only the stereoisomer shown.5

Rigby and co-workers have also looked at some intramolecular Lewis
acid-catalyzed cyclizations of dienic carbonyl compounds.> The systems
examined to date by this group have involved the cycloheptadienes
shown in Eq. (23),
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R
H
BFjEtZO
0 ——
CH,Cl, y “H

R = H, CHy, 1Pr
R' = CHyC0, CHy. CHPh

which give bridged Diels—Alder adducts in good yields.

E:lelu2
+
HCHO H\Oﬁmz
Me,AIC Acy0 o~
AR I s
80% Lo Ac HCHO
32 13 3% EtnICl,

“Csz)

Ac x HCHO Ac X
I — l ‘0\ ———
ClL A7 N
35

(
/\
¥ of ¢

H,0 Ac?\/ @’\CHpH
38

H
: HO, ~\(\g/01CHz)aCOz“
OH 39

Scheme 4-XV
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INTRODUCTION

Cycloaddition of a thiocarbonyl compound and a 1,3-diene affords a
5,6-dihydro-2H-thiapyran [Eq. (1)].!

2
S & A or 3 1
Ao 0 O 5 (G O
5 R‘
Virtually all types of thiocarbonyl compounds have been found to react as
heterodienophiles. In general, thiocarbonyl compounds are more reac-
tive, versatile dienophiles than are the corresponding carbonyl com-

pounds. One major difference between the two types of dienophile is that
a dihydrothiapyran formed from a thiocarbonyl group often has a ten-
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dency to undergo a thermal retro-Diels—-Alder reaction, whereas the cor-
responding dihydropyran shows less of a proclivity to do so (see Chapter
4). As noted in Section 8, selenoaldehydes are rare species that have only
recently been used as heterodienophiles (vide infra).

Mechanistic studies in this area are essentially nonexistent. Recently,
the regiochemistry of some [4 + 2] cycloadditions of thioaldehydes has
been rationalized based on FMO theory.? It is difficult to generalize the
resulting stereochemistry of this type of Diels—Alder reaction since sys-
tematic studies are lacking and since many structurally diverse kinds of
thiocarbonyl dienophiles have been used as 27 components.

1. THIOKETONES

Thioketones of various types are readily available!'*¢ and are well docu-
mented as effective dienophiles.3-'2 Representative thioketone cycloaddi-
tions are listed in Table 5-1. In general, it appears that thioketones usually
add to most dienes in high yield at exceptionally low temperatures to
afford stable adducts, although some of these adducts tend to undergo
retro-Diels—Alder reactions.>¢ Very little has been done toward establish-
ing the regiochemical selectivity of thioketone additions to unsymmetrical
1,3-dienes, and the few such entries in Table 5-I indicate that mixtures
were obtained. The exo/endo stereochemistry of [4 + 2] cycloadditions
with unsymmetrical thioketones has not been probed to date. It has been
reported that Diels—Alder cycloadditions of thioketones can also be pho-
tochemically induced.!3-14

Relatively little in the way of further chemistry has been performed on
these adducts,® although Biellmann has found an interesting rearrange-
ment of some 6,6-disubstituted thiapyrans [Eq. (2)].1%3

- Ph
S nBuli m
Qph CH,1 G’Ph Ph CHy )
Ph Ph

The carbanion derived from such a system rearranges to a cyclopropane
derivative which can be S-alkylated to give the cis-thioether. Several
possible mechanisms have been offered for this rearrangement.

2. THIOALDEHYDES

Until recently, thioaldehydes found little application in Diels—Alder
cycloadditions!® owing to their relative unavailability and pronounced
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TABLE 5-1
Cycloadditions of Thioketones

5. Thiocarbonyl and Selenocarbonyl Dienophiles

Thioketone Diene Conditions Product(s) Yield Ref.
S
J f Neat, —78°C l_JcFy 9% 3a
FC” NCF, S ’ :
CFy
s
O Nea, -7 @ca 85% 3a
CF;
. s
D Nea, -mcC @/cpa 73% 3a
CF3
) CFCF7CF4
Jsk 0°C © ‘© 95% 3a
CFyCFy ~CFy
H z
Z
I Neat, 200°C 6% 4
GO
i X
Chrer ek N Pentane, RT D/CFZCI 84% 3a, Sh,
6
Cl
() -
@ @ o Et,0, —5°C 82% S
Cl
S
Neat s
e £ oNmE o Uo7
3
Ph 1:12 Ph
S
i z N (s R s
o e, K cat, RT, 10hr Ph Ph 100% 7
R = CH,4 PRy PP
R=Cl Neat, RT, 10 hr 1:1.8 100% 7
ONH
NHzocj\corqHz © DMSO, 25°C L | 60% 8
2
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TABLE 5-1 (Continued)

Thioketone Diene Conditions Product(s) Yield  Ref.
Ph Bh
Z O
4 DMSO, 25°C q‘:w{z 40% 8a
Bn 1 Conn,
S
A X T coen
CH30,C7 ~CO,CH, X Acetone, 0°C 3 0% 8b
CO,CH;
S Neat, 100°C, 24 ! 60% 9
< hr
0
S 7 | y
{PhCH,J,N NICH,Ph, N CH,CL,, RT NICH,Phl; 87% 10
OZR(CH,Ph),
J ~ T
MesSi 7 “SiMe, j: Neat, A SiMey 46% 11

SiMe,

0
o cHY,, RT @I‘O %% 12
" &

tendency toward polymerization. However, during the past few years
improved synthetic methods for preparation of these compounds have
been developed, and thioaldehydes have proved to be useful hetero-
dienophiles.

Vedejs et al. have used a versatile photochemically initiated fragmenta-
tion of a-thioacetophenone derivatives to generate a variety of thioalde-
hydes which have been trapped in situ by substituted 1,3-dienes [Eq.

3127

X = L — 3, @
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=z hv RO
Jow L = T, O
Phv ~ RO Y RO wy

Y R Ratio (% Yield)
N £t 13:1 (76)
N TBOMS 18:1 (74)
coph TBOMS 12:1 (64)
C0,2Pr TBOMS 6:1 (62)
COCH TBOMS 3.5 :1 (55)
COCH, Et 7:1 (38)
CH,CH,Ph TBOMS 0: 100 (23)

TBOMS 111 (72)
Ph TBOMS 1:2 (15)
StMe, TBOMS 1- 10 (33)
SD,Ph TBOMS 9.5 :1 (63)
POPh, TBOMS 100 : 0 (75)

Scheme 5-1

Several such reactions were conducted using 2-alkoxy- and 2-siloxybuta-
dienes, and product regiochemistry was determined. Some results are
shown in Scheme 5-1.%!7 Moreover, additions to 1,3-dioxygenated dienes
were conducted and found to be completely regioselective (Scheme 5-1I).2
As can be seen from these data, a reversal of adduct regiochemistry
occurs as thioaldehyde substituent Y becomes more electron rich. This
phenomenon has been rationalized by FMO theory.? The orientation in
these reactions was suggested to be related to the size of the LUMO
coefficients at C versus S of the thioaldehyde. These coefficients are
strongly affected by the nature of substituent Y. Strong electron-with-
drawing groups enlarge the sulfur LUMO coefficient and thus make the
sulfur terminus more electrophilic. Electron-donating groups have the
opposite effect.

o]
ph/lk/s\/iph T8DMSO.

—— |
90% \?\coph
CH,
OCH, Q CH,
J O L &
TBDOMSO X W% TBDMSO Ph

J\/S OCH3
Ph ~"Ph S
- .

8% TBDMSO Ph
Scheme 5-11
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0Ny DBU SCHy
Ph
Ph
TBDMSO l
\QH/Ph
1
TBOMSO }"/ DBU
A T — Ph 0TBOMS
Ph
CH;0Tf CH,S

Scheme 5-111

Several interesting and potentially useful transformations of these ad-
ducts have been described.!’* For example, Scheme S5-III indicates some
of the chemistry possible for derivatives of adduct 1, in these cases lead-
ing to cycloheptenones and cyclopropane derivatives via [2,3]-sigmatro-
pic rearrangements.

Kirby et al. have recently described some new fragmentation methods
for generation of thioaldehydes and their subsequent trapping by conju-
gated dienes.'®2! One approach involves base-promoted elimination of
HCl from a sulfenyl chloride [Eq. (4)].1

X
S 4

i ELN j\c
t0,CCH —— —
0,CCH,SC CeHg H O,Et 65% :O\C 0,

CH40H

Cycloaddition of this thioaldehyde with thebaine gave predominantly one
regioisomeric adduct as the kinetic product (2) [Eq. (5)].

CH,0 ©

2 (major} 3{minor}

Interestingly, isomer 2 is opposite to what one obtains from thebaine and
glyoxylate esters (see Chapter 4). If isomer 2 is warmed, it isomerizes to 3
via a retro-Diels—Alder process. One major drawback of this methodol-
ogy is that the starting sulfenyl chloride has a tendency to react directly
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with the 1,3-diene. These workers have therefore looked at several other
routes for generating thioaldehydes that do not suffer from this limitation.

One such method shown in Eq. (6)"° makes use of a fragmentation of
phthalimide derivative 4 to generate ethyl thioxoacetate.

o] S l A ¢
Et0,C” H

e | | O
E10,CCH,SN B — @\ . @ (6)
i ° CO,Et “CO,Et
exo endo

o
4

This thioaldehyde could be trapped by 1,3-dienes in good yields. With
cyclopentadiene, a 7:3 endo: exo kinetic stereoisomer mixture was ob-
tained. Heating either pure isomer in toluene afforded a 3:7 endo:exo
equilibrium mixture via a retro-Diels—Alder pathway.

Another efficient procedure developed by the Kirby group to produce
thioaldehydes, using Bunte salts 5, is outlined in Scheme 5-IV.20 Stereo-
chemical results of cycloadditions with cyclopentadiene are also shown in
the scheme. As one might have anticipated, endo adducts predominate as
the kinetically favored products. Thiotosylates 6 could also be used to
generate thioaldehydes, and trapping results with cyclopentadiene were
similar to those with the Bunte salts.2!

EtyN 7
ZCH,SX = . . /U\H Y @ . @
CH40H :> ~Z Y4

5 X:S0,Na  SoC2

6 X=5S0,%
Z Ratic (% Yield)
CO.EL 7:3 (67)
PhNHCO 6:1 (66)
PhCO 7:3 (65)
N 2:1 (77}
PNO,Ph 7:1 (88)

Scheme 5-1V

Baldwin and Lopez have formed both aromatic and aliphatic thioalde-
hydes by pyrolysis of thiosulfinates like 7, and they were able to trap
these species as Diels—Alder adducts [Eq. (7)].2

0 910DMA AL - g00Ma
2SN 0.0/ O I~ D G
PRS7>~Ph concH, ' CeHsCHy Ph @)
A

7 A '

87% Z 9R2%
X
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02Nj© -
R\[/S\S H M R
SiMe,Ph @ R H
8
R Ratio (Yield)
CHy 7:2 (B9%)
Et 6 :1 (92%)
ner 9 :2 (94%)
nBu 9 :2 (91%)
iPr 7:1 (66%)
PhCH, 7:2 (80%)
Scheme 5-V

Addition of thiobenzaldehyde to 9,10-dimethylanthracene gave a [4 + 2]
cycloadduct, which on heating in the presence of another diene gave a
new dihydrothiapyran, again via a facile retro-Diels—Alder reaction.'®-*!

An interesting method for preparation and trapping of alkyl and aryl
thioaldehydes was recently disclosed.? Fluoride-induced fragmentation
of a-silyldisulfides such as 8 gave thioaldehydes which were trapped in
situ by cyclopentadiene in high yields (Scheme 5-V). In all these systems,
endo adducts were the predominant stereoisomers.

Recently, Lee et al. found that compound 10, prepared from 9 and
sulfur dichloride via a complex mechanistic pathway, on thermolysis in
the presence of a 1,3-diene afforded dihydrothiapyrans [Eq. (8)].%

Et0,C~ H
Clac\—— SCl, %Hﬁl\é‘ A j@s\ ®
c cel, CO,Et

HN'  COfEt 5055° Z
2 N 18%

9 10
+ other products

This transformation undoubtedly occurs via a retro-Diels—Alder reaction

of 10 to give a thioaldehyde.

Baldwin and Lopez reported the first example of an intramolecular
thiocarbonyl dienophile [4 + 2] cycloaddition.?”® Thermolysis of diene
thiosulfinate 11 afforded a 1:1 mixture of bicyclic adducts that are the
result of exo and endo intramolecular cycloadditions [Eq. (9)].

/\/x/\/\| H-. H..
S o A L0 % 4 4
— H “H
\/\/\/\j/o CgHsCHy ! S * | S (9)
g
1:1

96-97°C
N
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Scheme 5-VI

Vedejs and Eberlein have observed that several diene thicaldehydes gen-
erated by their photochemical process [cf. Eq. (3)] undergo stereoselec-
tive intramolecular Diels—Alder cycloadditions.!”® Some examples are
shown in Scheme 5-VI.

3. THIOESTERS, DITHIOESTERS,
AND RELATED COMPOUNDS

A number of different types of thio- and dithioesters have proved to be
reactive heterodienophiles. The majority of the examples of this type of
cycloaddition involve systems bearing an electron-withdrawing group on
the thiocarbonyl carbon. For example, the thiooxalates in Scheme 5-VII
give Diels—Alder adducts in high yields.?S A rather interesting feature of
these thiooxalates is that they will also react as heterodienes with some
simple alkenes.?
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}_{ Et,0,A ﬁ
CHy CH, 2%n = IEL/CO"FH
7 CH;

« —

ccl,, 20°c S ﬁ
CH,S CH, 3h

SCH,4

Scheme 5-VII

Vedejs and co-workers have developed a clever method for generation
of monothiooxalate derivatives by the dithiolanium ylide cycloreversion
shown in Eq. (10).26

9 q s
Se

[;yu\g E_.‘Zfzgliz EéylkR CH;S)kn’R 10)
i 0

R = OEt,CH,,Ph

These thiocarbonyl compounds were not isolated but were trapped as
formed by 1,3-dienes to afford good yields of Diels—Alder adducts
(Scheme 5-VIII). 1,3-Dimethylbutadiene gave only a single regioisomer
(>98%), having the orientation shown. This regiochemistry is in line with
that found previously in cycloadditions of some cyanothioformamides
with unsymmetrical dienes (vide infra).

Q r 75% i
SCH, — —_ SCH
Eto)J\E/ 3 X 20°C }
0.t
=z 65%
— . | SCH,4
SCH COCH,
HaC 3
S
P 82%
L K QSCH:
COCH,

Scheme 5-VIII

Several years ago Middleton found that highly fluorinated dithioesters
and -lactones are good dienophiles [Eq. (11)].32
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S 0°c i
EtS” CF;  90% CFs
SEt
7 ] (11)
"
S 0°c S

I - .
S 75% _}s
Fg Fe

These reactions proceed in good yield at very low temperatures.

Some simple alkyl and aryl thioesters have been used as dienophiles.?’
These cycloadditions require much more vigorous conditions than do
related systems bearing electron-withdrawing substituents (Scheme 5-
IX). The regiochemistry and stereochemistry of these reactions were also
briefly investigated (Scheme 5-X).?” No regioselectivity was found in the
cycloaddition of methyl dithioacetate and isoprene. Slightly more regiose-
lectivity was seen with trans-piperylene, but little in the way of stereose-

lectivity was observed.
r 160°C s
R=Ph > 3 doys Ph

CgHg or CgHsCH3 SCH;
5 6 e 0%
R) k's.cb-l3 ]
N R
R=CHy 60% SCH,4
= Et 50 %
=1Pr 20 %
Scheme 5-IX
Z S
+
. ’—77;’ \O/CHJ /C*/CH:,
] SCH3 .., SCH;
CH3) kscr-q3 —
]
“
¢ — CrowrChon
34% 28%

Q/C"h
SCH,

111, 37%])
Scheme 5-X
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Scheme 5-XI

In what may be inverse electron demand Diels—Alder reactions, Seitz
and co-workers found that electron-deficient tetrazines act as dienes with
thioformates and thioamides to give heterocyclic products (Scheme 5-
XI).2 In neither case was the initial Diels—Alder adduct detected.
Thiobenzaldehyde was also found to react in a similar manner with these
tetrazines.

In a recent report Hungarian workers found that sugar-derived thiofor-
mates undergo cycloadditions thermally or under high pressure (2.5
kbar).? In general, high pressure reactions showed better facial selectiv-
ity than did thermal ones. An example is shown in Eq. (12).

O
X%:K - 5
) X — g W)
0 OAv

1somer ratio

toluene, 150°C, 10 - 16h 11

25 kbar, 6 d 5 2

Unfortunately the stereostructures of the adducts were not determined,
and thus a mechanistic rationale for the stereoinduction was not offered.

Dithiophthalimide 12 is also known to be a reactive thiocarbonyl
dienophile.?® A few examples of cycloadditions of 12 with unsymmetrical
dienes are shown in Scheme 5-XII. In general, these cycloadditions show
excellent regioselectivity with dienes other than isoprene. In addition,
they proceed with fair stereoselectivity. These reactions, like many of the
thiocarbonyl additions discussed in this chapter, are reversible on heating
at about 90°C.

Some isolated examples of thioacyl halides acting as dienophiles have
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Ph
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Scheme 5-XII

been described. Middleton found that thioacyl fluorides undergo rapid
cycloadditions [Eq. (13)].32

2 =~
e - O o G & i,
3

CFy

With butadiene, the adduct tends to lose HF on standing. With cyclic
dienes, however, more stable products are formed.

In 1981 Martin et al. reported that thiophosgene reacts with dimethy-
lketene to yield a bis(thioacid chloride) that combines rapidly in Diels—
Alder fashion with cyclopentadiene, leading to a [4 + 2] cycloadduct [Eq.
(14)1.3

5
0
i . j\ 25-45°C c @ S
J cr el 89% cl . a (14)
cl

0 71%

4. THIOPHOSGENE AND RELATED COMPOUNDS

Although carbon disulfide does not normally react with 1,3-dienes,
other thiocarbonyl compounds in this oxidation state are generally reac-
tive dienophiles. Thiophosgene has been added to several different
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TABLE 5-11
Cycloadditions of Thiophosgene

Entry Diene Conditions Product Yield Ref

S
1 @ Neat, 0°C @u 84% 3a, 33

Cl
2 6 CH,CL,, 0°C A 74% 34
Ci

eI
3 OOO Xylene, 25°C, 2 hr ©' © 65% 35

R c cl
R
R
4 R = CH; THF, 35°C — 36
5 R=H Pentane, A 50% 36
Ph Ph
" cr
“ =
6 < CHq, A, 2 hr g 85% 37
Ph Ph

dienes, and some examples are listed in Table 5-11.3-37 Adducts of this
type are usually unstable and undergo hydrolysis in the presence of water
to a thiolactone [Eq. (15)],

R H,0 C%l LAH (15)
/2> ’_ /Aé >

or they may oxidize to a thiopyrrylium salt (Table 5-11, entry 6). Reduc-
tion of these adducts with lithium aluminum hydride will remove the
chlorines, giving compounds equivalent to thioformaldehyde Diels—Alder
products.3® Thiocarbonyl fluoride has also been used as a dienophile.3?

Larson and Harpp have prepared the bis(triazole) 13 and found that it
undergoes cycloaddition with 1,3-dienes to afford stable adducts in high
yields (Scheme 5-XIII).3 These adducts, on treatment with dry methano-
lic HCl, can be opened to mercaptoesters [Eq. (16)].
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SH
S HCH HCl
| — — | (16)
NR;
0 CHyOH- CH4O0H
H0 NRq CO,CH,

Under slightly different conditions, the thiolactone can be obtained.
Trithiocarbonate S,S-dioxides 14 are also reactive thiocarbonyl

dienophiles (Scheme 5-XIV).** Addition of 14 to cyclopentadiene afforded

a high yield of a 3:1 mixture of the endo and exo adducts. The corre-

~ 83% R i S .
X - NR, R R,
CgHg, B

NR, NR,
N 11
Ph Ph
2 67% l
— - NR
N CeHg, & 2
Ph 62h PR
N e ]
Ly NHC=S
13
88%
I = . Ry
CgHg, B
18h NR2
R2N NR
— LS (S
CeHsCH3, A
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Scheme 5-XIII
. . + S
@ ASAH ASOZAF
RT,CH,Cly SO,Ar Sar
S 3:1
_ 1009
ArSOz)kSAr' 0%
i
X s XX
X S bi
ase Zsar'

SO,Ar
Ar - ECHSPh, pCtPh, Ar' - Ph, pCIPh

Scheme 5-XIV
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sponding adducts with acyclic dienes are unstable and readily eliminate
arylsulfinic acids to provide thiopyrans. Similarly, a trithiocarbonate de-
rivative is a good dienophile and reacts with cyclopentadiene to give a
mixture of exo and endo adducts [Eq. (17)).9

S

5
. . 1
PhS)J\SSTs @ @SSTS (17)

SPh

Vyas and Hay reported that methyl cyanodithioformate (15) will func-
tion as a dienophile (Scheme 5-XV).#! Addition of 15 to cyclopentadiene
gave a quantitative yield of exo and endo adducts in a 40 : 60 ratio. When
1-methoxybutadiene was used, dihydrothiapyran 16 was the major reac-
tion product along with traces (<20%) of regioisomer 17 which was not
characterized fully. The endo-cyano stereochemistry was established for
16 by extensive NMR studies. An interesting point here is that the regio-
chemistry of the major product of addition of 1-methoxybutadiene and 15
is like that found with some types of thioesters (Scheme 5-VIII) and
thioimides (Scheme 5-X1I). Similarly, cyanothioformamides of type 18

R = CF5, Ph, CH s 0
R' - Ph, Aryl, CH
3 Nc)l\g R

18

were shown to be reactive thiocarbonyl dienophiles, and additions to
several cyclic and acyclic 1,3-dienes have been described.? With cyclo-
pentadiene, exo/endo mixtures were obtained.

— / SCHy *
o°c g 3 CN
SCH
S 2:3 3
CH;SJ\CN
15 OCH,
“ S S
Qy - E;‘--SCH; . Qscm
CN N
OCH, CH40 ¢
16 17

Scheme 5-XV
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5. THIENIUM SALTS

A rather interesting route to 3-cyclopentenones has been developed by
Corey and Walinsky (Scheme 5-XVI), which uses a dithienium salt as a
heterodienophile in the initial step.*® This species adds regioselectively to
2,3-dimethylbutadiene to give an adduct that can be transformed as
shown via a vinyl cyclopropane to the unsaturated ketone in good overall
yield. In related work, it was found that several substituted acyclic
thienium salts will also provide vinyl cyclopropanes [Eq. (18)].4:4

)SiH3 SnCl, /@Ha BN CHS
—_—
RNCI CH,Cl, R ' R>V<— (18)
~
/Q R = COZCHT C(}CH3. COPh, CN

In these cases, the intermediate Diels—Alder adducts were not isolated or

characterized.
\ +

. . BF,”
c PhCBF, ‘g
G- S oo L)
CH,Clp,A s 0°C 95%

92% CH,Cl,
B ~ S
0-Buls :EC :> A I>< :> HgCl, I)_:O
THE S CaCO,
-78°C 9%
Scheme 5-XVI1

A clever route to thienium salts from a nitro olefin like 19 has recently
been described.* Treatment of 19 with aluminum chloride provides a
thienium intermediate that adds to various 1,3-dienes. The product of [4 +
2] cycloaddition was not detected, rather a ring-opened compound was
produced (Scheme 5-XVII). Some additional examples of this reaction are

0 OAICI
ﬁ OAICI, ﬁ OAICI
N~ AICH NP A
Sl Nle wlE e S
g CHClL £t L
19 0°C €t~

Scheme 5-XVII

7 Sulfines and Related Compounds 137

NO, SEt
- QO o p
— 58%
CHCl,

02N"’\\[/>=<\SB
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NO, = NO,
SE x
— Et
68%
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Scheme 5-XVIII

shown in Scheme 5-XVIII. The cycloaddition with trans-piperylene was
totally regioselective, whereas with isoprene a 6: 1 product mixture was
obtained. In all cases, only the (Z)-alkene was produced. Cyclohexadiene
affords the cis product exclusively. These results are all circumstantial
evidence for a pericyclic process having occurred, although no firm mech-
anistic data are available.

6. THIOKETENES

Although monomeric thioketenes are generally highly unstable, Raasch
has found that bis(trifluoromethyl) thioketene (20) is stable enough to
handle and that it is excellent dienophile. Some examples of its reactions
are compiled in Scheme 5-XIX.3447

7. SULFINES AND RELATED COMPOUNDS

Sulfines, which are thiocarbonyl mono-S-oxides, represent another
type of reactive C=S heterodienophile.”® This functional group is nonlin-
ear and can exist as (Z)-21 or (E)-22 isomers which have good configura-
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Scheme 5-XIX

tional stability. [4 + 2] Cycloadditions of sulfines are stereospecific syn
processes.*® Zwanenburg’s group has reported several Diels—-Alder cy-
cloadditions of sulfines,®-%2 as have others,’*% and some results are
listed in Table 5-IT1. Entries 5-8 demonstrate the syn selectivity of the
cycloaddition. The product of addition of thiofluoxene S-oxide and cyclo-
pentadiene (entry 1) is unstable, and the exo:endo ratio was found to
change with time. It is therefore not clear which is the kinetic product of
the reaction. The mixtures of isomeric products in entries 3 and 4 are
probably due to an equilibration either of (E)- and (Z)-sulfines or of adduct
stereoisomers during workup. The AST values were measured for these
two reactions and were found to be —15 and —20 e.u. (electron units),

respectively. Such parameters are indicative of a concerted [4 + 2] cy-
cloaddition mechanism.%
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TABLE 5-1II
Cycloadditions of Sulfines
Entry Sulfine Diene Conditions Adduct(s) Yield Ref.
+ 0 ) "
i i )  cH.rT o 0 8% 49
©.© :_ exo:endo = 4:1
$—0
5 Cli-f}—Cl
2 &N OOO C¢Hs, 36 hr y @ 75% 49, 51
CI/U\CI
R 2.0 0
3 j:o I RT, 2 days Ij’Cl U Lo 9% 49,50
N i \
1 Ph h
¢ 67:12
Ows
4 S RT, 7 days 18:70 88% 49, 50
e
5 3O
s ~8 20°C, 4 days /\(\/i/scw 79% 49
Ph)lSCN F
6 EtOL CH,CL,, 59% S2a
PhHN /5 5\0_ 25°C
7 0 CH,Cl,, 55% 52b
s N
o, ©
8 b . i CH,Cl,, 59% 52b
CH30)J\‘4S ~0 20°C,
Ph 24 hr
9 CH,Ch, 84% 52b
0 . ~78°C,
PH\?S\O 0.5 hr
H

CH,Cl,, 7 68% 52b
0°C, 8 hr |

(continued)
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TABLE 5-III (Continued)

Entry Sulfine Diene Conditions Adduct(s) Yield Ref.
+ N
11 ~o Et,0, 25°C, { 45% 53
6 hr >
S S é
0, 0 -

2
-~ . (' . -
12 i @ CHiCN, @ ° @’0 100%  54b
—-20°C 9:1

. +.0
. .~
13 j\/o r CH,Cl,, L Tcog 53% 52b, 58
S -20°C, 1
Et0,C” “COEt 0

hr £

In recent studies, Zwanenburg and co-workers looked at reactions of
several sulfines bearing chiral auxiliaries.’®” (Z)-Sulfine 23 prepared from
camphor was found to undergo totally stereospecific Diels—Alder cy-
cloaddition with 2,3-dimethylbutadiene giving only one diastereomeric
product [Eq. (19)].

(19
70°C
14d

80%

It was assumed that cycloaddition occurs via the sulfine conformation
shown in 23 and that the diene approaches from the least congested Cg,S;e
face, giving the observed adduct stereochemistry.’ It was also found that
the relative stereochemistry between chlorine and the sulfur bearing oxy-
gen is retained (syn) in the product.

Another type of chiral sulfine 24 was prepared from an optically active
sulfoximine [Eq. (20)].56

i —_— H
Ph\!:)J\ ggohc Ph\zéi 1 (20)
AR NR
24 R=CH3,Ts 25
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Cyclization of either the N-methyl or N-tosyl sulfine with 2,3-dimethylbu-
tadiene gave a single diastereomeric adduct, assumed to have structure
25.

Some additional chiral sulfines prepared from (S)-proline have also
been prepared and their reactions with 2,3-dimethylbutadiene studied.’’
(E)-Sulfines of type 26 all reacted to afford mixtures of diastereomeric
adducts [Eq. 21)].

0. + = - -

O3 j; I:%:O :.0

= 2 . e

R’)LsozNP R Ij[ R
OR'

L- Q, 1
2Ur95% SO,N SO,N QN
R R

1.
R* = CH3. CHZPh, CPh

26

3

. CH,Ph

2 _
RE = €1, Ph, CHys CHy

Unfortunately, diastereomeric excesses in this system ranged from 0% to
a maximum of only 60%. A mechanistic model was offered to rationalize
the selectivities observed here.

Thione S-imide 27, which is the nitrogen analog of a sulfine, reacts with
acyclic dienes to afford [4 + 2] cycloaddition products. With isoprene and
1,3-dimethylbutadiene the reactions were totally regioselective (Scheme
5-XX). However, cyclopentadiene afforded only a product of a 1,3-dipo-
lar cycloaddition, not a Diels—Alder adduct.

Block et al. have discovered that sulfenes 28 can be generated by a
desilylation route and that these reactive intermediates act as Diels—Alder
dienophiles with cyclopentadiene (Scheme 5-XXI).54b It is of interest to
note that other methods of generating sulfenes did not produce (4 + 2]
adducts.>* Moreover, with substituted sulfenes endo stereoisomers pre-
dominated.

2 CICH,CH,C
oo ™
27
=
Ji

RT, 6d

Scheme 5-XX
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Scheme 5-XXI

8. SELENOALDEHYDES

Selenocarbonyl compounds have been virtually ignored as hetero-
dienophiles. Recently, Krafft and Meinke have found a novel method to
generate various selenoaldehydes (Scheme 5-XXII).*® These compounds
are reactive dienophiles and can be trapped in situ with cyclopentadiene
to give Diels—Alder adducts. As can be seen in the scheme, endo adducts
predominate in these cycloadditions. Similar results were found in
thioaldehyde additions to cyclopentadiene (cf. Scheme 5-1V).

PhSiMe, Se 5
T || = *((x
Z~ ~SeCN Z H 7 v
nBu,NF @

CH,Cly

THF z % Yield endo : exo
H 66%
CH3 83% 2.3 1
Et 78% 4.3 : 1
npr 76% 3.4 : 1
Ph 81% 2.6 : 1
CHZPh 89% 3.5 ¢ 1
t8u 39% 9.0 : 1

Scheme 5-XXII
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1. NITRILES

Introduction

The ability of a nitrile to act as a Diels—Alder dienophile has been
kr}own since 1935 when Dilthey et al. discovered that tetracyclone reacts
with nitriles at high temperatures to afford substituted pyridines [Eq.
(D13

Ph Ph
Ph
Ph m 200- Ph -co O Ph
+ — N —
Ph | 300°C oy Ph R )
B R Ph R

R =Ph,Pyr, COPh
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One of the features of Diels—Alder reactions with most alkyl and aryl
nitriles as well as cyanamides that has made them rather unattractive as
heterodienophiles is the requirement of very high reaction temperatures
for cycloaddition.! Under these extreme conditions the initial 3,6-dihy-
dropyridine reaction products of nitriles and simple acyclic 1,3-dienes
invariably oxidize to the corresponding pyridines [Eq. (2)].

P 200- N 21 R
( 500°¢C | — ©/ 2

Although perhaps useful in industrial processes, the methodology is not
well suited to general laboratory-scale preparations.

The various aspects, including kinetic and thermodynamic parameters,
of this type of reaction have been thoroughly reviewed! and need not be
reiterated here. Only more recent events of potentially wider synthetic
utility are included in the following discussion.

=z

n—

Sulfonyl Cyanides

Sulfonyl cyanides, which are readily prepared by reaction of an alkyl or
aryl sodium sulfinate with cyanogen chloride [Eq. (3)],

RSO;Na* + CICN — RSO,CN +  NaCl

3)

R = aryl, benzyl, alkyl

are exceptionally reactive dienophiles.*> Cycloaddition of a sulfonyl cya-
nide with a diene at reasonably low temperatures affords an initil 3,6-
dihydropyridine, which under the reaction conditions is oxidized to a 2-
sulfonylpyridine or is hydrolyzed in situ, probably by a trace of water, to
give a 2-pyridone [Eq. (4)].

y RSO,CN IS: ﬁ
— ~ — + ~ 4
ﬁ A RSO3 N RSO; CN) Jﬂt @

Table 6-1 contains some typical examples of these cycloadditions. A
clever total synthesis of an unusual isonitrile fungal metabolite has been
achieved using the bicyclic adduct prepared from tosyl cyanide and cyclo-
pentadiene (Scheme 6-I).6
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TABLE 6-1
Cycloadditions of Snifonyl Cyanides (RSO,CN)
R Diene Conditions Product(s) Yield Ref
pCH,Ph I 20°C, 60 hr /((5/24% ﬁ 55%  4b
X RSO; N N
pCH;Ph 72°C, 2 hr 28% 38% 4b
PhCH, 20°C, 20 hr 20% 22% 4b
Ph Ph
Ph Ph Ph
pCH;Ph 175°C, 45 min O 89% 4b
Ph RSO, "N~ “Ph
Ph

N
pCH,Ph O RT, 30 min sop 95%  4c

cl
CHj cl cl
pCIPh o 0CH;  150°C, 10 hr O 76%  Sa
CO,CH,

RS0; N

al
~ SOR
pCH;Ph E\ CsHg, 80°C go 9%  Sb

LiCH,CO,CH;
® T
TS CO;CH:‘

NaBH;CN-TFA

@CHO
HCOOH , Ac,0/pyr ~~C0LH,
MCPBA NCHO
A0, CHy
NHCHO
KOtBu {

Xogen,
NzC

- é;\

0,CH,
Scheme 6-1
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NMe, r
NMe, gl CU Rme,
x
ko cocr, RCN Et;N
J — — | ——
EtN . R J ~60%
N\Me,
s ct NM62
) O
R
R-CHj,
CH=CH,
Scheme 6-11

Cycloadditions with Reactive Dienes

Ghosez et al. have recently prepared so-called push—pull dienes
(Scheme 6-II).7 These dienes are sufficiently electrophilic to react at
relatively low temperatures with unactivated, electron-rich nitriles, af-
fording initial [4 + 2] adducts which tautomerize to 2-aminopyridines.
This method would seem to offer a potentially efficient approach to syn-
thesis of certain substituted pyridines. An s-tetrazine dicarboxylate is also
a sufficiently electrophilic diene to combine with an N-substituted cyana-
mide to afford a triazene in good yield [Eq. (5)).8

)c\ojcm N WL LOLH, N io:cua
g [ d N )

1 + i —_— l\f Y, E— | |
N N C  C.HCl 78% Nﬁ/kNMe
6''5 CH 2
T A 30C Me,

C0,CH

Intramolecular Cycloadditions®

A few scattered examples of intramolecular Diels—Alder cycloadditions
of nitriles have been documented. Oppolzer has synthesized some benzo-
cyclobutene nitriles (Scheme 6-I1I) and found that on pyrolysis they were
transformed into isoquinoline derivatives in excellent yields.!? 0-Quinodi-
methanes are assumed to be transient dienes in all of these cycloaddi-
tions.

A brief report has appeared describing an interesting synthesis of an
annulated pyridine by thermal intramolecular cycloaddition of a diene
nitrile. Unfortunately, neither yields nor a detailed account of reaction
conditions were provided [Eq. (6)].!!
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—_—

Z ¢ — SN 6
~ N 500°C N )

A furan ring has been reported as the diene in some intramolecular [4 + 2]
cycloadditions of nitriles [Eq. (7)]."

R R
\
+ -
Cl
\
S 100°C [CHaln M
AR — l
+*N—R 60h N = 12
(CH,)LCN ’
R=CHg Et

These are the only examples to date of a furan reacting as a diene with a
cyano dienophile. Taylor and French have recently reported two intramo-
lecular cyclizations of nitrile dienophiles with triazines to give fused het-

erocycles [Eq. (8)] in modest yields.!?
NS

Phr«v L 225- PhICN) y
Ph ‘M\@ 235°C PR ®
X = 0,NCOCF

2. PHOSPHORUS-CONTAINING DIENOPHILES
Phosphoalkenes and Related Compounds

Several structurally different types of phosphaalkenes containing a
phosphorous—carbon double bond have been found to undergo [4 + 2]

CH3
NCH3
(Z 180°C A
m —
N 6% NH
’? 155°C N
1 —_— NH
N 87% ~

CHy

Hal ONCOSE
@N 155°C X
i -
N 82% NH

Scheme 6-I11

NCO,Et
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TABLE 6-11
Cycloadditions with Phosphorus-Containing Dienophiles
Entry Dienophile Diene Conditions Product(s) Yield Ref.
~R R
1 I X oo src o 82% 14
Ph” ~SiMe, ~
SiMe;
R = OCH;
2 R = N=CPh, C¢H,, 60°C 53% 14
3 R = nBu C¢Hq, RT, 2 hr 84% 14
PCl ~Cl ~Ct
.
Me S17 51 Meg @ RT, 6 hr Me, Q\/{_SIMQ’ 15
SiMey 9.1 SMes
PCF, p-CFs
5 A CH,ClL, —15°C, 85% 16,
F
15 hr 17
F
PPh = Ph
p~
6 | NMe, I hv, CH;CN | 80% 18
NMe,
x =
, X >
o N Ss, neat, 100°C, lr 85% 19
24 hr 1
S Ph
0= X
8 o X 120°C, 120 hr Y ) 55% 20
‘Y
Bh Phey
Tewico) ~ :f
9 CH, 5 x Toluene, 65°C, 4 hr | ) wICOss — 19a
Ph
Ph
2 ~SMe; _~SIMe3
e e
10 i I CeHg, 2 h |
N r
Me,si S|M93 ™ (3813 SiMe3 80% 21
SiMe,
, /COCH
7\ PfN‘ 3
1 R |:> 15°C, 5 min @%‘ 65% 22d
COCH,
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cycloadditions with 1,3-dienes. The electron demand of such dienophiles
has been calculated using FMO theory,!® and, at least for simple phos-
phaalkenes, these appear to be normal (HOMOge, controlled) Diels—
Alder reactions. Table 6-II lists a number of Diels—Alder reactions involv-
ing this type of dienophile. It should be noted that these cycloadditions
are often readily reversible, and diastereomer mixtures can be formed
depending on whether the reactions are run under conditions of kinetic or
thermodynamic control (cf. entries 1-5).2%
It was recently reported that the phosphole in Eq. (9)

Z Ph
\@\S 10°C fg 1 m’ 9
=p 67% ©

Ph Ph

rearranges thermally in the presence of excess 2,3-dimethylbutadiene to
give a [4 + 2] adduct which could be isolated in excellent yield.?? It was
postulated that a transient 2H-phosphole was the dienophile in this case.
Similarly, on heating an arsole [Eq. (10)]

Ph

Ph
B 160°C =\ _ph | 8%
P"’Q"’h Ph/Q<Ph ‘—’I | L 10
=

|
Ph Ph
x

in the presence of 2,3-dimethylbutadiene, a Diels-Alder adduct was iso-
lated.? In this case the 2H-arsole is believed to be the reacting species.

Other Dienophiles
Phosphonodithioic anhydrides react regioselectively with unsymmetri-

cal dienes to give Diels—Alder adducts.?* For example, isoprene and
trans-piperylene react to form adducts shown in Scheme 6-IV. Yields

Z5
— L — CF
N S

5
X S

Scheme 6-1V

Ro >P//S 80-100°C

A

2 Phosphorus-Containing Dienophtles 153

with most dienes are in the 70-90% range. It was suggested that a biradi-
cal mechanism is most consistent with the regiochemical results.2¢

It has been proposed that a phosphinidene sulfide, formed by magne-
sium metal reduction of a dichloro precursor, can be trapped by 2,3-
dimethylbutadiene to yield an adduct [Eq. (11)].%

5 =
Il Mg I T3

PhPCl, —— [pap=g] —— Pon

—_—

1n

Il
X

However, the initial Diels—Alder product was not isolated, but rather two
further transformation products were. It was postulated that these species
are artifacts produced during the workup procedure; however, this inter-
pretation has been questioned.2®

It has recently been found that a diphosphene [Eq. (12)]

]FI'N(SlMeslz @ CeHg ~NISiMe,)
. _ F 12
{Me3S1),NP 40°C T
N(SIMCZ)Z

can act as a dienophile.? Reaction with cyclopentadiene forms exclu-
sively the trans adduct, but at 40°C the adduct undergoes a retro cycload-
dition. In what appears to be a similar type of transformation, it was found
that cyclophosphanes on irradiation in the presence of a diene give Diels—
Alder adducts [Eq. (13)].240:27

R
(R-P), . r L. [
X P<R

R =CHy,Et

(13)

El“he corresponding cycloarsanes undergo the same reaction in good yields
Eq. (14)].

= CH
{CH;As)g + I ;‘T‘:/. msf 3 (14)
(]

S<CH,
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3. AZO COMPOUNDS

Introduction

The first [4 + 2] cycloaddition of an azo dienophile described by Diels
et al. in 1925 [Eq. (15)]

N/CozEt %
. @ — o (15)

lf
Et0,c-N CO,Et

is of historical importance since it was one of the earliest examples of a
Diels—Alder reaction.? Since then, acyclic and cyclic azodicarbonyl com-
pounds have proved to be among the most reactive dienophiles and have
been used extensively in synthesis.!?® In general, [4 + 2] cycloadditions
with azodicarbonyl compounds appear to be concerted, stereospecific
processes that can be rationalized nicely by F theory.’® The high
reactivity of these systems is due to the lower LUMO of the N=N bond
relative to that of a C=C bond. Incorporation of the azo system into a
ring lowers the LUMO further, and consequently cyclic compounds such
as 1,2,4-triazoline-3,5-diones are among the most reactive dienophiles
known.3! Azodicarboxylates also undergo facile ene reactions,?®32 which
can sometimes lead to undesired side products.

Space limitations make it impossible to thoroughly survey this exten-
sive area of hetero Diels—Alder chemistry. The following sections will
highlight some of the more recent advances and previous reviews which
should be consulted for additional information.!?

Acyclic Azodicarboxylates and Related Compounds

Various azodicarboxylate esters have been used extensively as
dienophiles.!? Several representative examples of this type of cycloaddi-
tion are listed in Table 6-II1.3>-% As mentioned above, these reactions
appear to be concerted processes that retain the 1,3-diene configuration in
the adducts.’® The more bulky esters tend to react more slowly with
dienes. Thus, dimethylazodicarboxylate reacts 5-6 times more rapidly
with cyclopentadiene than does the ethyl ester,** whereas the tert-butyl
compound reacts sluggishly.*

Kresze et al. have described an interesting pyrrole synthesis based on
an azo Diels—Alder reaction [Eq. (16)].4
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TABLE 6-111
Cycloadditions of Acyclic Azodicarboxylates
Azodicarboxylate Diene Conditions Product Yield  Ref
AC ~OAc
NCO,R Toluene, 80°C, i NCO,E 89% 33
ROQCH . -0CH; 100 min CO,Et
OCHy
R = Et
R = Et “O Neat, 160°C, 6 hr (O‘O NCO,E 56% 34
O Qo
Ph =z Ph
R = Et I CeHip, 25°C, 24 hr ><°r"°°25' 8% 35
Phxﬁ N " oL NCo,Et °
0
R = Et é Toluene, A, 48 hr Coset 65% 36
NCo,Et
AcO-. e
R = CH, AC hy, CeHyy, 46— NCO,CH 5% 37
- 50°C 23
OAc CO,CH,
Ph Hs Hy
R = CH, o CeHs, RT P%CO—‘;CHJ 95% 38
h
CHy Ph" Ch, COoCHs
R = CH,CCl, CH::O) CH, CO,CH,CChH 79% 39
CHy CHy C0,CH,CCl3
R = CH;Ph Oy RT, 1 hr Z\NC%CHW - %
NCO,CH,Ph
g i
R = Et Ph, \( CeH,, 150°C, 3 hr phzﬁ\@wﬂ 8% 4l
x CO,Et
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CO,CH,
AcO CAH 0,CH,4
& . AcO 7 NCOLCHCCly
”/COZCH2CC'3 NCO,CH.C L,
= 6
CCI3CH0C N (16)
Ac
Zn/HOAC /\
——————eeeee
55°C S CO,CH,
H

In this particular example, reduction of the initial adduct with zinc gave a
trisubstituted pyrrole in 33% overall yield. The mechanism of this trans-
formation is not immediately obvious.

Diels—Alder adducts of various azodicarboxylates have been used ex-
tensively in synthesis of cyclic azoalkanes* and pyridazine deriva-
tives.!? Since previous reviews have adequately dealt with this material,
it will not be reiterated here.

Although simple azobenzenes do not usually undergo [4 + 2] cycloaddi-
tions,** Ahern, Gokel, and co-workers have found that arenediazo-
cyanides are effective dienophiles.*® These compounds are prepared by
addition of potassium cyanide to diazonium salts in the presence of 18-
crown-6 [Eq. (17)].

. . KeN P

Ar-1, BF, — Ar-N=N—CN —F— [ NeN a7
18-CrowWn-6 A NAC
CH,Cl,

Addition of these dienophiles to a number of dienes gave good yields of
cycloadducts. Four representative examples of this cycloaddition are
shown in Scheme 6-V. In general, the p-methoxy-substituted aromatics
werg less reactive than those bearing electron-withdrawing groups. Ki-
nep/i data have indicated that these cycloadditions probably proceed via a
concerted mechanism with the transition state having dipolar character.¥
The regioselectivity of the process is also in accord with this mechanistic
postulate.

Cyclic Azodicarboxylates and Related Compounds

Since their introduction in 1962 by Cookson, 4-substituted 1,2,4-triazo-
line-3,5-diones have become some of the most widely used dienophiles in
organic chemistry.“8 This type of dienophile has found such extensive use
that it is not possible to more than touch on its applications here.® Pre-
vious reviews contain more detailed information."?3% Table 6-IV con-
tains a few recent representative examples of Diels—-Alder reactions with
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Nop n R @ 100% NCN
P -
EN02
NN ﬁ L7% @cw " NPRpOCH,8
PCH3OPAN N NPhpOCH, NCN
8 1
NCN = 55% NCN NPhpCl
” + —_— I | | b
pCIPhN x NPhpCl NCN
10 1
G A
+ —_—
)\JCN
pCIPhN 4 PhpCl

Scheme 6-V

triazolinediones.’-57 In a thorough study, Stevens and co-workers’® have
measured the kinetics of addition of a number of 4-substituted triazoline-
3,5-diones with some dienes and concluded that the reaction is best ra-
tionalized by an FMO model.

One important use of triazolinediones as dienophiles has been to pro-
tect conjugated dienes, particularly in steroids and related compounds.®
Several methods have been developed for conversion of the adducts back
to the starting diene functionality [Eq. (18)],

e
RO N or A RO (18)
N7 or “OH
b
R
0

including reduction, thermolysis, and basic hydrolysis.

In a recent elegant synthetic application of this methodology, Vande-
walle and co-workers have prepared some vitamin D; derivatives.®
Scheme 6-VI shows a synthesis of 12-hydroxy vitamin D; from 7-dehy-
drocholesterol. The key feature of this route is the protection of the
sensitive triene moiety as its Diels—Alder adduct with N-phenyltriazoline-
3,5-dione.

In general, hydrolysis of adducts of triazolinediones to the hydrazines
requires rather vigorous conditions. To solve this problem, Corey®'? and
Beak®'® have independently generated 1,3,4-thiadiazole-2,5-dione, which
can be trapped with reactive 1,3-dienes at 0°C or below [Eq. (19)].
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Cycloadditions of N-Substituted 1,2,4-Triazoline-3,5-diones

Triazolinedione Diene Conditions Product Yield Ref.
<N
on &ﬁ @ CHLCL,, 0°C @ |:§F’h 67% 50
¥ o
CH3 QCH3
7 Neat, RT J:/b,' Ph 65% 51
Me;SI07 o N
SePh SePh
1 1 j
Z N
o CH,Cl,, —50°C ! \‘(NP"‘ 60% 52
I 1 0
AcO
A AcO:
N
p8renN ) C[O Me,CO, 0°C AN 70% 53
Ac &/NPh_ Br
g
e Me,CO, RT, 0.5 hr v 8% 55
N N Y
go 0
A
CHN N CHCl;, —35°C N {CH: 9% 56
oA
O hy, 18°C [%h {cn3 0% 57
& 6 )
PN I
'\Z(N — N 78% 54
Ph
7% 58

B2 aa%s

© CHLCN, RT
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i 1] O
iy A Poioac, Y " LiOH %H 9
HNTSS or CuCly ng L~ ™0 Nf (19)
or 1BUOCI js 259 31
81°/1o

Since this dienophile is thermally unstable, it cannot be used effectively
with relatively unreactive dienes that require heating for cycloaddition to
occur.

CagHny CgHry

HO~"

gHi7

KOH

- I
CH;0H H
80°C
2%h

HO-~ OH
Scheme 6-V1

Keana and co-workers have recently developed some sulfonated 4-
aryltriazolinediones which are sufficiently stable to hydrolysis that they
can be used for aqueous Diels—Alder reactions.®” Thus, the triazoline-
dione sodium sulfonate shown in Eq. (20)

« " )eHy),050N0
-N

OiiLO °C oﬂEN)% (20)

- 5
« I \eposoNe =
J\@:ﬁ\ H,0
SOyNa SO,Na

has been synthesized and was found to react rapidly in water with various
dienic detergents to give [4 + 2] cycloadducts. This reagent allows one to

N=N

P

@/\/\ NH—S0,

A
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ﬁ H A ) \_
2

NH OXSYO EtOAc 65°C
=N

%\?0 ;—3%-; -tenantiomer

N {~}barnyl

+
/Z\ N’N:‘f — {*) enantiomer
N (-)bornyl

s

remove this and other new 1,3-diene-containing detergents®® and phase
transfer catalysts®® since the adducts are highly water soluble. In addi-
tion, these workers have prepared a silica gel immobilized reagent (A),
which can be used to remove 1,3-diene from solution.6%-<

Paquette’s group has recently synthesized and evaluated chiral 4-sub-
stituted triazolinediones in Diels—Alder cycloadditions.® For example,
endo-(—)-bornylamine has been converted to an azo dienophile, which
has been used to resolve 1,2 3-trimethylcyclooctatetraene (Scheme 6-
VID). In addition, triazolinediones derived from a-methylbenzylamine and
dehydroabietylamine have been prepared and their reactions with achiral
1,3-dienes were investigated.5*® Unfortunately, these dienophiles did not
show good kinetic enantioselection, but they are useful for the type of
resolution shown in Scheme 6-VII.%%¢

Other types of cyclic azo compounds have also been used as
dienophiles, and a few representative systems are shown in Scheme 6-
VIIL.*-% Previous reviews should be consulted for additional exam-
ples.b.?®

Scheme 6-VII

Aromatic Diazonium Salts and Other Charged Azo
Dienophiles

The observation that diazodicyanoimidazole added to butadiene to af-
ford a Diels—Alder adduct [Eq. (21)]%°
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Scheme 6-VIII

led Sheppard and co-workers™ to reexamine the reaction of aryldiazo-
nium compounds and 1,3-dienes first reported by Meyer in 1919 to afford
simple acyclic substitution products.”! In fact, aryldiazonium salts react
with electron-rich 1,3-dienes to initially give Diels—Alder adducts, which
tautomerize to 1,6-dthydropyridazines [Eq. (22)].

. | CHCN Ai\@/ Ar\,@ Arg\,ij/
ArN,PFg S 25°C P > [0 x (22)

PRy PFg

In those cases where Ar is p-nitrophenyl, these compounds can be iso-
lated. However, with other diazonium compounds in situ oxidation oc-
curs to afford pyridazinium salts. Several examples of this cycloaddition
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are compiled in Table 6-V.7-2 More recently, Bronberger and Huisgen
have reinvestigated this cycloaddition from a mechanistic viewpoint and
have concluded that the cycloaddition probably proceeds via a concerted
process.”

Although the [4 + 2] cycloaddition of a simple azoalkane is not an
energetically favorable process, Nelsen and co-workers have discovered
that such a reaction can be catalyzed by HBF,.” The sequence shown in
Eq. (23) exemplifies this methodology.

2}, H@ZO M NaOH M
2 N — N/

CH4CN,0°C W (23)

© S56%,

TABLE 6-V
Cycloadditions of Substituted Aryldiazoninm Salts

Yield
Diene Product H pCl mF pF pNO, Ref.
XCH~ Ny
i N(NJ/ — — — — 73% 70
=

XCeHane N

UPF{ Trace 26% — — — 70
=
XCeHi~
r o N@\ — — — — 79% 70
Rxn Z

XCSH,.\* _
'@\P& 42% 60% 2% 2% — 70
Ph
2 XCeHu M ~Ph
S ,L/J/ - — — — 69% 72
Ph
Ph
Ph

XCeHi~
~ 6‘/«@/ _ _ _ — 39% 7
PN
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Interestingly, only the stereoisomer shown was produced. This may, in
fact, be the thermodynamically most stable product and may not reflect a
kinetic preference.

4. OTHER DIENOPHILES

Steliou et al. have described a method for generation of what may be S,
from silyl and germanyl trisulfides [Eq. (24)].7*

CH,Cly P
e L A RN D Gl § S e

R = Ph, C6H11’ ECHaPh, M= S1, Ge

In the presence of a 1,3-diene this species produces [4 + 2] cycloadducts.
The exact nature of this reactive intermediate has not yet been deter-
mined. It was found that a boron imide undergoes a Diels—-Alder cycload-
dition with cyclopentadiene under mild conditions {Eq. (25)].7

-3 0,
CeFsB=NIBU —— oe | [CYIB“ (25)
CHCl, BCgFs
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Chapter 7

Oxabutadienes

NN AW

Introduction

. a,B-Unsaturated Carbonyl Compounds (1-Oxabutadienes)

Simple 1-Oxabutadiene Systems

1-Oxabutadiene Systems Bearing C-2, C-3, or C-4
Electron-Withdrawing Substituents

1-Oxabutadiene Systems Bearing C-3 or C-4 Electron-Donating
Substituents

. Intramolecular 1-Oxabutadiene Diels—Alder Reactions

. 0-Quinone Methides

. Acyl Ketenes and Allenes

. 0-Quinones and 1,2-Dicarbonyl Compounds (1,4-Dioxabutadienes)
. Hetero-1-oxabutadienes

. Cationic Oxabutadienes, [4* + 2] Cycloadditions

References

INTRODUCTION

Since the thermal dimerizations of acrolein and methyl vinyl ketone
were shown to provide the 3,4-dihydro-2H-pyrans 1,2 an extensive range
of related observations have been disclosed. This work has been the
subject of several reviews.>'* Only the work reported since the extensive
Desimoni and Tacconi account® of the Diels-Alder reaction of a,8-unsatu-
rated carbonyl compounds, 1-oxabutadienes bearing an oxygen atom at
the diene terminus, has been detailed herein. The prior reviews should be
consulted for an excellent discussion of the mechanism, scope, and appli-
cation of the [4 + 2] cycloaddition reactions of a,8-unsaturated carbonyl
compounds as well as for extensive tabular compilations of the work

through 1974 .3-6
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The [4 + 2] cycloaddition reactions of 1-oxabutadienes generally ex-
hibit excellent, predictable regioselectivity, and 2-substituted 3,4-dihy-
dro-2H-pyrans are formed nearly exclusively at the expense of the 3-
substituted isomers [Eq. (1)].}

R/QO ' “\g/R _. Rs/(?j\zg/ﬂ (1)

1

Predictions based on rigorous or simplified theoretical calculations sup-
port the formation of the predominant 2-substituted 3,4-dihydro-2H-pyran
regioisomer and accommodate a preferred endo approach of the reactants
in which the carbon—carbon bond formation is more advanced than car-
bon-oxygen bond formation, i.e., a concerted but nonsynchronous [4 +
2] cycloaddition.!5-2 Notable exceptions to the predicted regioselectiv-
ity of the Diels—Alder reactions of oxabutadienes have been observed,
and without exception the examples have involved the poorly matched
reaction of electron-deficient «,B-unsaturated carbonyl compounds (47
component) with electron-deficient dienophiles (27 component), e.g.,
methyl crotonate or methacrolein.’2!2

Although the first recognized Diels—Alder reactions of oxabutadienes
detailed their 4+ participation in [4 + 2] cycloadditions with electron-
deficient olefins, e.g., the thermal dimerization of «,B-unsaturated car-
bonyl compounds,!?53-25 [-oxabutadiene systems are electron-deficient
and consequently participate preferentially in inverse electron demand
(LUMOgene controlled) Diels—Alder reactions with electron-rich,
strained, or simple olefinic and acetylenic dienophiles.>%® The addi-
tional, complementary substitution of the 1-oxabutadiene system with an
electron-withdrawing group lowers the LUMO yabutadicne €nergy level, ac-
celerates the rate of I-oxabutadiene 47 participation in inverse electron
demand (LUMOyen. controlled) Diels—Alder reactions, and generally en-
hances the observed regioselectivity of the cycloaddition reaction. In
selected instances, the C-4 addition of strong, electron-donating substi-
tuents is sufficient to promote the nucleophilic participation of the oxabu-
tadiene system in [4 + 2] cycloadditions with reactive, electrophilic ole-
fins, e.g., ketenes, and represent examples of cycloaddition reactions
proceeding through polar intermediates.?

The entropic assistance provided in the intramolecular Diels—Alder re-
action is sufficient to promote reluctant oxabutadiene participation in [4 +
2] cycloadditions with electron-rich, unactivated, and electron-deficient
dienophiles.?” In addition, Lewis acid catalysis and pressure-promoted

1 a,B-Unsaturated Carbonyl Compounds (1-Oxabutadienes) 169

reaction conditions?®-3° have been successfully utilized to accelerate the
rate of 4ar participation of thermally sensitive oxabutadiene systems in
thermally slow or sluggish Diels—Alder reactions. These latter techniques
have proved exceptionally useful for promoting the typically poor reac-
tions of simple «,B-unsaturated carbonyl compounds.

1. a,B-UNSATURATED CARBONYL COMPOUNDS
(1-OXABUTADIENES)

Simple 1-Oxabutadiene Systems

Simple a,B-unsaturated aldehydes, ketones, and esters participate pref-
erentially in inverse electron demand (LUMO;ene controlled) Diels—Alder
reactions with electron-rich, strained, or simple olefinic and acetylenic
dienophiles.>S The thermal reaction conditions for promoting the [4 + 2]
cycloadditions of simple 1-oxabutadienes (R = H > alkyl, aryl > OR), cf.
Eq. (1), are relatively harsh (150-250°C), and the reactions are character-
ized by competitivé a,B-unsaturated carbonyl compound dimerization or
polymerization. Usual experimental techniques employed to compensate
for poor conversions include the addition of radical inhibitors to the reac-
tion mixture and the use of excess 1-oxabutadiene for promoting the [4 +
2] cycloaddition. Recent efforts have demonstrated that Lewis acid catal-
ysis and pressure-promoted reaction conditions?*-* may be used success-
fully to conduct the [4 + 2] cycloaddition under mild thermal conditions
(25-100°C).

Early extensive accounts of the 4 participation of a,B-unsaturated
carbonyl compounds in [4 + 2] cycloadditions detailed their reactions
with electron-deficient dienophiles including o, 8-unsaturated nitriles, al-
dehydes, and ketones; simple unactivated olefins including allylic alco-
hols; and electron-rich dienophiles including enol ethers, enamines, vinyl
carbamates, and vinyl ureas.?-231-3 Subsequent efforts have recognized
the preferential participation of simple «,B-unsaturated carbonyl com-
pounds (c,3-unsaturated aldehydes > ketones > esters) in inverse elec-
tron demand [4 + 2] cycloadditions and have further explored their [4 +
2]-cycloaddition reactions with enol ethers,-# acetylenic ethers,** ke-
tene acetals,6% enamines,*S!-6% ynamines - ketene aminals,% and
selected simple olefins®65 (Scheme 7-I). Additional examples may be
found in Table 7-1.

The most extensively studied Diels—Alder reaction of a,-unsaturated
carbonyl compounds is their [4 + 2] cycloaddition with enol ethers. Desi-
moni, Tacconi, and co-workers have conducted careful, detailed investi-
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Scheme 7-1

gations of the [4 + 2] cycloadditions of 1-aryl-4-arylidene-5-pyrazolones
(2) with electron-rich olefins including enol ethers as a representative
example of the 4 participation of «,8-unsaturated carbonyl compounds
in Diels—Alder reactions. Pyrazolone C-3 substituents (R’) have no effect
on the rate of reaction; increasing the electron-withdrawing character of
substituent X' increases the rate of reaction, and a good correlation be-
tween log & and o((X') was obtained; increasing the electron-withdrawing
character of the substituent X increases the rate of reaction, and a good
correlation of log & and o*(X) was obtained; and increasing the electron-
donating character of R increases the rate of [4 + 2] cycloaddition, and a
good correlation of log & with o*(R) was observed [Eq. (2)].48—
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6-7% yield
35-40% yield

160°C, 1 hr 73%
yield

C6H6, ZOOOC, 2 hr

CH,
+ —_—
Hac)k/OH E }_

Diels—Alder reaction
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Intermolecular Diels—Alder Reactions of Simple a,B-Unsaturated Carbonyl Compounds:

Representative Applications to the Total Synthesis of Natural Products

TABLE 7-1.
R = CH;
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TABLE 7-1 (Continued)

Ref.

Natural product

Conditions

Diels—Alder reaction

@\ CsHyy 92

180°C, 40 hr, 30-
60% yield

|
,,/Ctj\ocn-u3

CgH

0 ) U\OCH3

Z
N

Adaline

93

Chalcogran

25°C, 4-6 days,
82% yield

= G

47

H
0

1PrO

B-L-Boivinoside
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Various experimental techniques for estimating the relative energy of the
LUMOyabutadiene, including one-electron half-wave reduction potentials
(E5%), were employed, and good correlations of LUMO,,raz00ne With Ki-
netic cycloaddition results were obtained. The results confirmed the 4
participation of the pyrazolones in inverse electron demand (LUMOg;eqe
controlled) Diels—Alder reactions under FMO control although Sus-
tmann’s approximations® of the general perturbation theory could not be
used to adequately explain the experimental results. The Diels—Alder
reactions of the 4-arylidene-5-pyrazolones, characteristic of the [4 + 2]
cycloadditions of enol ethers with a,B-unsaturated carbonyl compounds,
proceed with maintenance of dienophile olefin geometry preferentially,
though not exclusively, through an endo transition state.’*

The Diels—Alder reaction of simple «,8-unsaturated carbonyl com-
pounds generally proceed only under vigorous thermal reaction condi-
tions (150-250°C),323-25:% even when electron-rich dienophiles are em-
ployed. Under vigorous thermal conditions, dimerization and
polymerization of the «,8-unsaturated carbonyl compounds or thermally
sensitive electron-rich dienophiles will compete effectively with the de-
sired [4 + 2] cycloaddition.”> Two experimental methods have been em-
ployed to facilitate the 4 participation of simple «,B-unsaturated car-
bonyl compounds in Diels—Alder reactions. Lewis acid catalysis has
proved effective in accelerating the rate of [4 + 2] cycloadditions of
simple «,B-unsaturated carbonyl compounds with electron-rich olefins
[Egs. (3)-(5)),%-"! and it is surprising that this technique has not been

5
R® R,
RL R1 R? o R" R RZ
60-80°C
3 ! - I
Xy R
R“ N0 CH0” “OCH; (ot 0 T>0CH;3
Zncl, OCH,
60-80°C ZnClycat
51 32 53 54 35 Cond’|t’mns(ZnC1z cat) 68
CHy H H H 60°C, 0 5h 75-85%°
CHy W H CHy 80°c, 1h 70-80%
CHy H H CHy H 80°C, 1h 70-75%
0,
CHy M CHy H H 80°C, 0 5h 85-90% 3)
CHy M CHy H 0CH, 80°C, 5h 40-50%
CHy H Ph H H 80°¢ 1h 70-80%
CHy  CHy H H H 60°C, 2h 75-85%
OCHy M H H H 60°C, 2h 70-75%
OCHy OCHy M H H 80%, 2h 70-75%
’dl
. — ! OCH
Qo R/U\OCH:, (o} 3
R
R Conditions (cat )
H 140%, 12h E ---) 44358b
H 90°C, 0 5h (chlzg 35%

CH, 60°C, 1 5h (ZnC15 61%



176 7 Oxabutadienes
R
Z Ybifod) R
(O LU i [ R=H  80%
OEt 25°C ot -CH3
R R
é R=CHj,Ph
o e ' @
60-80% 0~ SOEt
endo
( . @ Yblfodly m X= H 55%
i -
o 07y so°C 00 = OEt 30%
80h
T
+ —_— |
N
0 OCH,Ph OCH,Ph
Catalyst Temp Time
none 250°C 10h 13% (5)
AICT,y (1 equiv) 25%¢ 3h 63%
Eu(fod); (0.05 equiv) 30°C 720h 0%
V0{C,0,) H,0 100°¢ 5h 16%
(0 02 equiv)
Mo0, (acac) 100%¢ 5h 58%
(0 02 equiv)

more extensively employed. The zinc chloride-catalyzed reaction of ke-
tene acetals with a,8-unsaturated ketones and aldehydes at low tempera-
tures was shown to provide kinetic [2 + 2] oxetane cycloadducts, which
were subsequently converted to the observed [4 + 2] cycloadducts at
higher temperatures [Eq. (3)].%82 A common problem accompanying the
use of Lewis acid catalysts to promote such reactions has been the ex-
pected and documented instability of the 3,4-dihydro-2H-pyran [4 + 2]
cycloadducts to the reaction conditions.*¥!

An additional and exceptionally useful technique for promoting the
Diels—Alder reaction of simple «,8-unsaturated carbonyl compounds with
electron-rich or simple olefinic dienophiles employs the use of liquid high
pressure techniques [Eqgs. (6)—(8)].23:28-30.69.72-73

C - W — O 0,

OEt
ether,  15kbar, 25°C,  20h,  69% -3 (6)
heptane, 2kbar, 120°C,  24h, 3% 8a%’3
heptane, 1 atm, 120°%,  24h, O 6% 17973
none, 1atm, 140%, 12h,  84% .5
none, 1atm, 25°%C, 24h,  80% - 68

cat Vb(fod)3
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)
A L

acetone,  1akbar, 80%C, 5h, 357 60%7§
none, 1 atm, 2300C, 5h, 8n nd :
J T o §
R0 koat R” 07 NOE
R=H ether, 15kbar, 24h, 75°C, 89%  (100% endo)30
R CH3 ether, 15kbar, 20h, llOQC‘ 68 (10 1 endo exo) 30

Examples of the 44 participation of simple «,B-unsaturated carbonyl
compounds in Diels—Alder reactions and their application to the total
syntheses of natural products are summarized in Table 7-1. Reports of
simple a,B-unsaturated carbonyl compounds participating in [4 + 2] cy-
cloadditions with heterodienophiles have been detailed [Eq. (9)].7*7

S
fl

Ph
s4p $

Ph I | Y/
ph” o P

£ Q.
P N0 0CH,
Ph

ﬂ| l N~S0CH ®
|
NSO,CI Ph" 0

1-Oxabutadiene Systems Bearing C-2, C-3, or C-4
Electron-Withdrawing Substituents

Perhaps the most successful approach for promoting the 4w participa-
tion of 1-oxabutadiene systems in intermolecular Diels—Alder reactions
employs a,B-unsaturated carbonyl compounds substituted with an addi-
tional C-3 (a) electron-withdrawing group. The addition of the C-3 elec-
tron-withdrawing substituent increases the electron-deficient character of
the oxabutadiene system, decreases the LUMOxabutadienes and as ex-
pected, enhances the observed [4 + 2] cycloaddition rate and regioselec-
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tivity with polarized, electron-rich dienophiles in inverse electron demand
Diels—Alder reactions. These observations, first pursued by Tietze and
co-workers?-97:9134-137.145 andq subsequently investigated by a number of
groups,’®1%0-112 haye been found to possess considerable potential in natu-
ral product total syntheses.!%

Both the endo stereoselectivity and the potential enantioselectivity
[Eq. (10)]%*

H
0 } o
_____ @ - .
OCH CO,CH
-3
R= CO,CH, Ho / én' 0CHa
0
= 200h,20°C  R=H 60% 3 : 1
R 8h ,20°C zAC100% 1 + 2
R 4% 1 12 52%de
(10)
CH;0 CH
CHy : Do
— g — - A
. Y R Y R
Rt= R=H H H HéH
- R = CHO 31
200h, 20°C 2 COLH; 351 82%

of the room temperature intermolecular regiospecific, inverse electron
demand Diels—Alder reactions of triacyl compounds including 2-for-
mylmalondialdehyde [Eq. (11)]%

QH
OHC~_A__R?
e ¢ R
Et t
R2
OHC@H H oW 22°C, 26h, 65% 5 : 4
1 CHy M 22°, sh, 85% 1 : 3

H Chy 22°%, sh, 70% 7 : 1 43))
OH OH
oHe M TP
— A, D LD
R ~0 .‘X
) i R
X R
0 H 22°%, 2n, 73% 4 ;1
s H 22°C, 200h, 303 3 : 1
CH,  OCH, 22°, 1h, 80% 3 1
CHy  0SiMe,tBu 5% 8h, 63% 6 1

with electron-rich olefins have been investigated by Tietze and co-work-
ers and have been shown to proceed with good to modest selectivity.
Olefin geometry of the electron-rich dienophile is maintained in the course
of the [4 + 2] cycloaddition and this observation is consistent with a
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concerted cycloaddition proceeding predominantly through an endo tran-

sition state.

A simple, one-flask stereoselective approach to the preparation of se-
coiridoids based on the [4 + 2] cycloaddition of alkylidene-1,3-dicarbonyl
compounds has been described by Tietze and co-workers [Eq. (12)].%

/(CHO

OHC

OH OH Oj/\go 0 . m\ .
CH30 ONa

%ajvym

CHO

CH3

} o4

H
cHO 12)
= £ e o e (

Sk QCHy

OCH,

HO
S 48%

Treatment of the sodium salt of malondialdehyde with the monoacetal 3
(5°C, 48 hr), followed by the addition of (Z)- or (E)-1-methoxy-1- -butene
provides 4 and 5, respectively. The secologanin derlvatlve 5 possesses the
relative configuration typical of the secoiridoids.”’

Schreiber and co-workers have detailed the utility of the Tietze reagent,
2-formylmalondialdehyde, in stereoselective [4 + 2] cycloadditions with
the Paterno—Buchi photoadducts derived from furan and aldehydes for
use in the stereoselective assemblage of highly oxygenated aliphatic sub-
strates [Eq. (13)].%

: 0T0%;
; 67°C, 4 HOHowo (13)
CHOIS 4% g gAY MY
04
HOH

Additional, related efforts have illustrated and defined the [4 + 2] cy-
cloadditions of N-acyl-2-methoxycarbonyl enaminecarboxaldehydes [Eq.

(14)]
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HCOR NHCOR
CHy0, ZNHCOR CH40,C CH40;
. lk — ] + |
OEt 0 Et ~~OEt

€0,CH, 90°, 12h, 59%
NHPh 95%c, 96h  71%

11
11

R
H 90°%, 12h 933, 1 19
;o (14)
tBu 120°%, 20n, 724 1 12
oty 2%, 20n, 3% 1 13
Ph 70°%, 25h, 86% 1 17
pNo,ph  22°C,  72n, 633 1 20
1
1

in the development of an approach to the branched amino sugars.*

The reported thermal [4 + 2] cycloaddition of arylmethylenemalon-
dialdehydes with electron-rich olefins including enol ethers, ketene ace-
tals, enamines, and cyclopentadiene (benzene, 25°C) or their Lewis acid-
catalyzed reaction with simple olefins including isobutylene and
1,1-diphenylethylene (Znl, catalyst, benzene, 25°C) further illustrates
the Diels—Alder rate acceleration accompanying the substitution of an
a,B-unsaturated aldehyde with a C-3 electron-withdrawing group [Eq.
(15)1.

Ar Ar
OHC\< CeHe OHC
e —— R=CH,,Ph
R 25°%C LA ¥
cat.znl, R

A

| C@CHO (l 5}
25°¢

Ar

25°%C OH Cﬁ
Ly 2. '
t 0

. OEt
cHaeN/ K cghy,™ 3

The small solvent rate dependence observed for the [4 + 2] cycloaddition
(Kacetomtrate/Keyclohexane = 3) is consistent with a concerted cycloaddition re-
action. !

3-Acylchromones behave as 47 components of stereoselective [4 + 2]
cycloadditions with enol ethers which proceed predominantly through an
endo transition state.!”! The reactivity of the diene component was shown
to be strongly dependent on the acyl substitution (R = H > CHj > Ph)%
[Eq. (16)].
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* @ 3
ao -78% 0 Okt
R'= HCH ClBr
R\ ' E ,L R - HCH;,Ph R REH 75°/ms% (16)
oA 0CH;§
H

O —
R'=CHy R=H

Benzylidenemalonaldehyde has been shown to exist in equilibrium with
its dimer at room temperature [Eq. (17)].1%

Ag,0 )
Q 92 ©)\< = Phj%\ﬂ_'o (17)
HONZ CHO o ~eno 250 gue N

The reaction of substituted benzlidenemalondialdehydes with dimethy-
lcyanamide provides the corresponding 4-aryl-2-dimethylamino-4H-1,3-
oxazine-5-carboxaldehydes [Eq. (18)].!%

Ar r

OHC\< N OHCﬁ
* . ! (18
§ CeHls OJ\NMe2 )

NMe, 80°C

In addition to studies detailing the effective use of electron-deficient «,3-
unsaturated aldehydes, a number of related investigations have described
the inverse electron demand Diels—Alder reactions of additional «,B-un-

saturated carbonyl compounds bearing a C-3 (a) electron-withdrawing
substituent and include 2-acetylcyclohex-2-enone [Eq. (19)], 104

75%
&/% >95°/. endo (30 70)

H' (19)

1 Et
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alkylidene derivatives of Meldrum’s acid and 1,3-indandione [Eq. (20)],1%

* eno?S -
CH30 OCHa
41-86%
CH, (20)
R R CH3

N
——

CHao)LOCHa 7(0

R=aryl olkyl 10 7 keyon/XcHsCers

methyl methoxymethyleneacetoacetate and methoxymethyleneacetoace-
tone [Eq. (21)],'%

Dt — e O

CHy0”

100-140°C 241
R= CHy,0CH, @1
ocH 69-96%
| 3 R NZ0
0 ’
CHy CH,0 Y CH,
OcH,

methylene-1,3-dicarbonyl compounds [Eq. 2],

3h 1
—_— R R
R)LQR (ﬁ\w‘ 25°C | Q3 ( 22)

CgHg R?
2 CHyEt  R2CHy,Ph

R’- H Rz Ph, OEt 96-99%

as well as a range of a-cyano- and a-methoxycarbonyl «,B-unsaturated
esters [Eqgs. (23)-(26)].1%-112

R? R* R
R‘ R’ R
9 0 — '
CH,y0 ‘ R CH,0 OR*

oo 23)
N H H iPr 25°C, Che 62%
N N H Ph 25%, cocl, 56%
CN C0,CH, H iBu 25%, €C1, 75%
CO,CHy €O,CH, H 1By 25°%, cociy 70%
N CO,CH, € 18u 70°C, CH4EN 343
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0,CH, 0,CH,

R
|
\L©\ CH30 (24)
0CH,8 R=CO,CH, 0-30% OCH
=CN 0 - 50%
NC A other
IO ‘LO - jl\/j\ —_— roducts (25)
CHy0 Bu CH,0” ~0” ~0Bu P
Ph
Lo+ L . (26)
0  ocH, CH,

The endo stereoselectivity ( > 95%), the preservation of dienophile olefin
geometry, and the enhanced reactivity of (E)-1-ethoxypropene versus Z)-
1-ethoxypropene [k(E)/k(Z) = 35] in the [4 + 2] cycloadditions of 2-ace-
tylcyclohex-2-enone with electron-rich olefins have been interpreted as
being consistent and characteristic of a concerted inverse electron de-
mand Diels—Alder reaction [Eq. (19)].1™

Until recently, the reaction of «,8-unsaturated esters with electron-rich
olefins has been reported to afford cyclobutane [2 + 2] cycloaddition
products. Amice and Conia first proposed the intermediacy of [4 + 2]
cycloadducts in the reaction of ketene acetals with methyl acrylate, 18 and
the first documented example of the 47 participation of an «,B-unsatu-
rated ester in a Diels—Alder reaction appears to be the report of Snider
and co-workers of the reversible, intramolecular cycloaddition of 1-
allylic-2,2-dimethyl ethylenetricarboxylates.!¥? Subsequent efforts have
recognized that substitution of the a,B-unsaturated ester with a C-3 elec-
tron withdrawing substituent permits the 4z participation of such
oxabutadiene systems in inverse electron demand Diels—Alder reactions
with electron-rich olefins. In the instances studied, the rate of the [4 + 2]
cycloaddition showed little dependence on solvent polarity [kacetontnte/Keycio-
hexane = 35 EQ. (15);Kacetomtnte/ ktotuene = 10, Eq. (20)], and reactions generally
proceed with a maintenance of the dienophile stereochemistry consistent
with a concerted [4 + 2] cycloaddition.

In the selected instances of the observation of ring-opened products,
copolymerization reactions, and the loss of dienophile stereochemistry in
the [4 + 2] reactions of a,B-unsaturated esters bearing an additional C-3
electron-withdrawing group as well as the lack of an observed rate depen-
dency on the solvent polarity have led Hall and co-workers to conclude
that such cycloadditions may proceed with the generation of biradical
intermediates. However, such conclusions have been further cautioned
by the detailed investigations of Hall and his co-workers in which they
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demonstrated that the primary [4 + 2] cycloadducts may not be entirely
stable under the reaction conditions and may revert to biradical and dipo-
lar intermediates at higher temperatures. This temperature dependency
on the extent of products derived from biradical or dipolar intermediates
and the demonstrated thermal instability of the primary [4 + 2] cycload-
ducts suggest that care should be taken in drawing conclusions on the
concerted versus stepwise addition—cyclization [4 + 2] mechanisms
based on such observations.

a,B-Unsaturated acyl cyanides, an oxabutadiene system possessing
a C-2 electron-withdrawing group, have been shown to participate
as 47 components in thermal and Lewis acid-catalyzed [4 + 2] cy-
cloadditions with electron-rich and simple olefinic dienophiles [Eq.

@2n).1
Ncﬁ; © e —’ Nc/fg/d

R
. a @7
0Pr  H 160°C, 10h, neat 76%
CH,S1Me, H 25°, 24, 0 5 equiv AICTy, Gy 48%
Ph H 25°, 18h, 0 2 equiv AICHy, CGHe 413
CH=CHCH, H 25%,  3n, 0 2 equiv AICl,, C e 521
cHy oy 5%, 3n, 0 2 equiv AICIy, CHe  35%

In selected instances, their 4+ participation in Lewis acid-cata-
lyzed Diels-Alder reactions with dienes have been observed [Eq.

(28)].113
[::::> — !:Zi::tfii~4ili * E:I::]ffi;/1:rq ¢ “:::]Ei:f}l\~(:"

[ |

Et,AlCL, 25°C

(28)

In studies extending the thermal and Lewis acid-catalyzed [2 + 2] cy-
cloadditions of electron-rich olefins with carbonyl groups and electron-
deficient olefins, the reactions of ketene acetals with extended 7 systems
including B,B8-dicyano a,B-unsaturated carbonyl compounds have been
investigated.'¥ The reaction of 6 with ketene acetals and tetramethox-
yethylene provided the regiospecific [4 + 2] cycloadducts with no appar-
ent competing [2 + 2] cycloaddition [Eq. (29)].'"
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N
Ph RzIO‘ 2+2
> D S —
PhoN CHa0” “OCH,

6

29

135°C
442

—

R= R% CH,, OCH,

The reaction proceeds under mild conditions and zinc chloride could be
used to accelerate the rate of reaction. The observed regiospecificity of
the [4 + 2] cycloaddition is not obvious, and the potential of an unde-
tected reversible, kinetic [2 + 2] cycloaddition preceding the formation of
the thermodynamically stable [4 + 2] cycloaddition products was not
ruled out.

1-Oxabutadiene Systems Bearing C-3 or C-4
Electron-Donating Substituents

The addition of electron-donating substituents to C-3 or C-4 of a 1-
oxabutadiene system would be expected to decrease the facility with
which the system participates as the 47 component of Diels—Alder reac-
tions. As a consequence of this expected behavior only a select set of
such systems have been investigated and shown to successfully partici-
pate as 47 components of Diels—Alder reactions.

3-Trimethylsilyloxybut-3-en-2-one [Eq. (30)]'!

2 Me; 510 z Me;S1 H,0
S — { OCH, —* e GO)
SiMe, H

59%

and 3-phenylthiobut-3-en-2-one [Eq. (31)]!16.118

PhS< - 25°C, th  PhS
L ow Ay
==
230°C
PhS 31D

PhS
L L = )
OEt 0”7 MOEt

95%
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Scheme 7-I

readily dimerize with 277 and 47 Diels—Alder participation of the substi-
tuted a,B-unsaturated ketones. Subsequent studies have detailed effec-
tive intermolecular Diels—Alder reactions of 3-phenylthiobut-3-en-2-one
with electron-rich olefins [Eq. (31)).1!¢ 8-Acyloxy-a-phenylthio a,B8-un+
saturated ketones react with ethyl vinyl ether under surprisingly mild
conditions to provide endo-specific 3,4-dihydro-2H-pyran [4 + 2] cy-
cloadducts, which have been employed as precursors for deoxysugars
with excellent diastereocontrol and modest enantiocontrol of four chiral
centers [Eq. (32)].'7

~ AEt
n/()Et
0
Z0 25°C jl/\OJ.OEt_ bH
PhS 3-7d PhS Y
COR bR A AOH
]
Rz CH, 0% HO

= PhY 60% (2:1) OH

(++)

(32)

0OCH;,
Clear demonstrations of the expected rate deceleration of the 4 partici-
pation of a,B-unsaturated carbonyl compounds possessing a C-4 electron-
donating group in inverse electron demand Diels—Alder reactions with
enol ethers have been detailed [Eq. (33)].!%1%

CHy
CHy

O — .

240° 3
OCH, ég./fm

_ 33
R0 CH, CHy
HO-.,
0
45%"° oleandrose
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However, the C-4 substitution of the 1-oxabutadiene system with strong
electron-donating substituents (—OR, —NR;) does serve to increase the
nucleophilic character of the «,8-unsaturated carbonyl compound to the
extent that stepwise, addition—cyclization [4 + 2] cycloadditions, often in
competition with [2 + 2] cycloadditions, with reactive electrophilic ole-
fins, e.g., ketenes'2-127 or sulfenes,'?-13 have been observed and exten-
sively investigated (Scheme 7-II). For early investigations, prior reviews
should be consulted.’

2. INTRAMOLECULAR 1-OXABUTADIENE DIELS—ALDER
REACTIONS

An effective approach to promoting the 47 participation of oxabuta-
diene systems in Diels—Alder reactions employs the intramolecular cy-
cloaddition reactions of a,B-unsaturated carbonyl compounds.? If this
intramolecular variant of the oxabutadiene [4 + 2] cycloaddition is com-
bined with the use or generation of a,B-unsaturated carbonyl compounds
bearing an additional C-3 («) electron-withdrawing group, exceptionally
effective room temperature, regio-, diastereo-, and enantioselective [4 +
2] cycloadditions are observed.'3*-13 Table 7-II details the intramolecular
[4 + 2] cycloadditions of a,B8-unsaturated carbonyl compounds.?’-131-143

The reports of simple a,8-unsaturated aldehydes, ketones, or esters
participating as 47 oxabutadiene components of Diels—Alder reactions
are limited. Cyclization of aldehyde 7 in the presence of Lewis acid cata-
lysts provides the bridged [4 + 2] adduct 8 exclusively and the cis-enal 9 is
considered to be the reactive intermediate. The exclusive formation of the
bridged product has been attributed to electronic effects.”®! In contrast,
mild thermolysis of aldehyde 7 in the gas phase provided the fused [4 + 2]
cycloadduct 10, albeit in low yield, and subjecting 7 to more vigorous
thermolysis conditions provided mixtures of 8 and 10 [Eq. (34)]'*' and
intramolecular ene reaction products.

S |
9% X X

9 Z 9 8
H/“\rf::r ]
’ s
350°C < 5-10% 0

ﬁ AlCly  33% . @
2~ CH,Cly, 25°C, th
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TABLE 7-11 (Continued)
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A related Lewis acid-catalyzed intramolecular formation of a bridged [4 +

0 — o

i = s 2 g 2] cycloadduct derived from an in situ generated alkene a,3-unsaturated
ketone had been previously observed (Table 7-11, entry 3).'3 The revers-
S 8 X N § § 8 SRR ible, Lewis acid-catalyzed formation of intramol.ecu1ar Diels—'Alder 4 +
% = 2 abEe 0 % % 2] cycloadducts have been observed as competing intermediates gener-
g ated in the Lewis acid-catalyzed irreversible ene reactions of «a,8-unsatu-

s rated ketones!'® (Table 7-1I, entry 4).
B In what may prove to be a general and useful observation, the Lewis
,:- acid-catalyzed intramolecular [4 + 2] cyclization of (Z)-enal 11 has been
o,@ P < shown to afford the cis-fused cyclopentapyrans stereoselectively while

the isomeric (E)-enal 11 provided all four stereoisomeric products under
identical conditions [Eq. (35)].'%

o
Pl
(
H ;\ 0:

1:1 Diels—Alder:ene products
1:9 Diels—Alder:ene products
3:7 Diels—Alder:ene products

o z—
A4 SCH,
BF,-OE CH
X -78°C ,15min
1" 91%

The formal total syntheses of the heteroyohimbine alkaloids tetrahydroal-
stonine (12) and akuammigine (13) have been described in which the D/E
ring system of the naturally occurring materials was constructed through
the 4 participation of an a,8-unsaturated aldehyde in [4 + 2] cycloaddi-

VY tion with an electron-deficient «,B8-unsaturated amide [Eq. (36)].*!
eV e)
[ o]
= = 5ExxE L o @ QL A
- -~ ggaog %%9 N 190°C ‘ Nl Lo
. U 1 == — > | —_—— > .~
g ) 2 SOUY e g EJ{ e O ¢ "o 08
:: i -; E E palial c-gg § % Lh x 0 CHgOIEC
Q 5 £ S Q) 73% 451 12 W
™ @] (7] s
§ 2 T T @ =
5 = = SSST SPSR s ttrons a wh
. o o a,B-Unsaturated carbonyl compounds bearing an additional electron-
X 5 £ > 38 withdrawing substituent at the o position do participate readily in intra-
. m\; gEOLE OO0 molecular Diels—Alder reactions even at room temperature with electron-
£ V - oo cq o . . . . . .
> \_U & RIS ol rich or simple alkenes. The required alkyliden- or aryliden-1,3-dicarbony!
2 o Y systems may be obtained by the in situ condensation of 1,3-dicarbonyl
S Y - S compounds with aldehydes. This simple, in situ generation of the hetero-
OITO A . . . .
MRS diene has proved to be a technically effective and efficient approach to
MM E implementing the use of [4 + 2] cycloadditions of 47 oxabutadiene sys-
tems. Much of this work has been reviewed.'¥
. . The condensation of N,N-dimethylbarbituric acid, barbituric acid,
vy 5 - . . . .
= = b1 = = Meldrum’s acid, and substituted cyclohexa-1,3-diones with (R)-citronellal

each provided a single enantiomerically and diastereomerically pure tricy-



192 7 Oxabutadienes

clic dihydropyran possessing a trans ring junction. The enantio- and dias-
tereoselectivity of the intramolecular cycloaddition was shown to arise
from a preferred exo [4 + 2] transition state possessing a chair conforma-
tion and an equatorial methyl group. The E/Z stereochemistry of the
reacting oxabutadiene system, the type and size of the oxabutadiene-
alkene linking unit, and the alkene substitution each may have a pro-
nounced effect on the rate, observed stereochemical course, and regiose-
lectivity (fused versus bridged cycloadduct) of the intramolecular [4 + 2]
cycloaddition.'® Entries 7-13 of Table 7-1I detail the results of much of
this work.' The application of these observations in the enantio- and
diastereospecific total syntheses of either enantiomer of hexahydrocanna-
binol (14) [Eq. (37)]134135

A

16
(37)
H 1) PhSeCl 65%
H —
65% o 2) MCP8A 64%
n M (-) - 3R-14

and 3-hydroxyhexahydrocannabinol (15) [Eq. (38)]'* have been detailed.

—_—
1) Me5SiCl
2BH

Ao]

60%

"4 MesS1 Oﬁ\/\/\"":&s@é ?
CsHy

(38)
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In studies which represent the first carefully documented example of
the 47 participation of an «,B8-unsaturated ester in a [4 + 2] cycloaddi-
tion,'*? Snider and co-workers systematically investigated the competing
thermal, intramolecular Diels—Alder and ene reactions of l-allylic-2,2-
dimethyl ethylenetricarboxylates [Eq. (39)].'#

j\cha 0,CH3 0,CH;
Qj CO,CH; 0LH; ~0CH;

Ny 0

0,CHjy 02CH8H
L_——— 0,CH4 N 3

0,CH, 0,CH3
00H; =— Sy 0CHs
Ph 0 AH= 14,3 keal/m

85°C 21 .
e o1 Ph AS = -4leu

l

I

(39)

Lower reaction temperatures favor the reversible formation of the Diels—
Alder products, and higher reaction temperatures promote the irrevers-
ible ene reactions. Related observations of the competing or predominat-
ing intramolecular Diels-Alder reactions of a-cyano or a-acetyl
a,B-unsaturated esters have been reported in studies of the thermal and
Lewis acid-promoted ene reaction (Table 7-II, entry 16).!4* The comple-
mentary use of o-quinone methide intermediates in intra- as well as inter-
molecular [4 + 2] cycloaddition reactions is discussed in the following
section.

3. 0-QUINONE METHIDES

The various methods of generating o-quinone methides,* including the
thermal or (Lewis) acid-catalyzed elimination of a phenol Mannich
base, 149:150.160.161,163 the thermal or (Lewis) acid-catalyzed dehydration of
an o-hydroxybenzyl a]COhOl (ether),‘47““9~‘51"53~‘5"~‘57~162~163'165"68~‘71“75~‘78'
18 the thermal 1,5-hydride shift of an o-hydroxystyrene,!7!-173.175.178-183 the
thermal dissociation of the corresponding spirochromane dimer,!s8.163-
164,166 the oxidation of substituted o-alkylphenols,'*>!™ and the thermal or
photochemical-promoted cheletropic extrusion!s*!155 139 of carbon monox-
ide, carbon dioxide, or sulfur dioxide (Scheme 7-III), as well as their
subsequent in situ participation in regiospecific, intermolecular [4 + 2]
cycloadditions with simple olefins and acetylenes,!47149.151,152.153.159.162-164
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dienes, 151152 eno] ethers,!51.152153.163,164 ke tene acetals,'s>!* enamines,'®
electron-deficient olefins or alkynes,47-152:160,161,163-166 and in dimerization—
trimerization reactions!47-149:152,156,157,158,163,164,166,167 (Scheme 7-IV) have
been extensively reviewed.*’ Only the more recent observations on the
generation and [4 + 2] cycloadditions of o-quinone methides are detailed
herein, and prior reviews should be consulted for a full discussion and
citations.

The general approach employed for the in situ generation of o-quinone
methides relies on the elimination of water [Eq. (41)], alcohol, or second-

— i 0L
@Q\/ X 07 ~Ph
- — L7

a0
g )

CO,R R_zN)(Rz* sz

[ NR,

cor — - 00,

Scheme 7-1V
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ary amine from a phenol Mannich base or o-hydroxybenzyl alcohol
(ether). In many instances these methods are not suitable, and undesired
side reactions are observed.!®* In the case of 1,2-naphthoquinone 1-
methide (18), the thermal dissociation of the spirochromane dimer 19
provides a more suitable source of o-quinone methide than these meth-
0ds!63:164.166 and permitted a careful study of its [4 + 2] cycloadditions with
simple, electron-rich, and electron-deficient olefins.!6*!%* This approach
has been successfully employed to demonstrate that dienophile olefin
geometry is often, though not always, maintained in the course of the [4 +
2] cycloaddition with an o-quinone methide [Eq. (40)] and to promote the
[4 + 2] cycloadditions of 18 with sensitive electron-deficient heterocy-
cles. 166

Ph

Ph
10% 07 >Ph

(40)

Ph % o

89% 0" Ph
(COzEQ 0,Et
- — OCL,

@Cﬁu 185°C 5%
41
H /“,COzE' @L/;(co JEt
——
Ph “Ph

175°C 43%

The reaction of chlorotrimethylsilane with hydroxymethylspiroepoxycy-
clohexadienone (20) affords the spiroannelated chroman 21. The reaction
presumably proceeds through an o-quinone methide intermediate which
dimerizes to the chroman [Eq. (42)].17

/@UH MeasiCl
—
0

Two recent reports have detailed the [4 + 2] cycloadditions of o-quinone
methides with heterodienophiles, thiones [Eq. (43)]'6¢8

(42)
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o™ - g 8% @foj@ @3)
9%

OH

and nitriles.!® These studies complement the earlier reports of the {4 + 2]

cycloadditions of o-quinone methides with carbonyl compounds.*?
Since the remarkable demonstration of the facility of an intramolecular

Diels—Alder reaction (dimerization) of an o-quinone methide, generated

by the oxidation of a substituted o-alkylphenol in the development of a

biomimetic synthesis of carpanone [Eq. (44)],1"

(44)

corpanone V'

a number of additional investigations have served to further develop and
extend the scope of the intramolecular [4 + 2] cycloaddition reactions of
o-quinone methides. Thermolysis of 22 at 147°C resulted in dehydration to
the styrene derivative, and prolonged warming of 23 at 270°C provided the
[4 + 2] cycloadducts 24 and 25 in a combined yield of 69%. Presumably a
1,5-hydrogen shift provides the o-quinone methide which participates in a
Diels—Alder cycloaddition to provide the fused and bridged [4 + 2] cy-
cloadducts [Eq. (45)].171-173

&W H R
R é/\\/\/v“

— —

22 23

R= H|7lll72
- ph!73
(45)

([
— O -

07 ™R 0

24 25
R=H 40% 29%
=Ph 75% -

The pyrolysis of 23 at 600°C has been reported to provide 24 in 12%
yield.”2 In one instance, the 27 participation of a carbonyl group in an
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intramolecular Diels—Alder reaction with an o-quinone methide has been
reported to provide a bridged [4 + 2] cycloadduct [Eq. (46)].7*

O | SO, [

Full details of a careful study of the regio- and stereospecific intramolecu-
lar [4 + 2] cycloadditions of o-quinone methides generated by the thermal
or acid-catalyzed (CF3CO,H) dehydration of o-hydroxybenzyl alcohols
have been described!”” and have found application in the total synthesis of
enantiomerically pure (3R)-26 and (3R)-27 possessing the ring system and
correct absolute configuration of the cannabinol family {Eq. (47)].

R
A H
180°C \ﬁa/ H
95% H
0.25h 2%

@7

A or
0,
CF4CO,H, 25°C

The exclusive formation of a single diastereomer with a trans ring fusion
in the intramolecular Diels—Alder reaction of the o-quinone methide is
consistent with the cycloaddition reaction proceeding through a preferred
exo transition state from a chair conformation possessing an equatorial
methyl substituent. The similar preference for a chair-exo transition state
in the intramolecular [4 + 2] cycloadditions of substituted «,B8-unsatu-
rated carbonyl compounds!4’ and substituted o-quinodimethanes!’® has
been observed. A variant of these observations utilizes the room tempera-
ture fluoride-induced 1,4-elimination of trimethylsilynol for the in situ
generation of an o-quinone methide enroute to the total synthesis of (+)-
or (—)-hexahydrocannabinols [Eq. (48)].17

(48)
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hydes including citral or farnesal to provide citrans [Eq. (49)]

N2
Y
OH
H CgHgN l;N,__. §\<O :_—_:c_'—?__
HO " M 10C | —. l HP ;A ',B\

49

H H H
OH $
16H . PN
HO shift
X Scheme 7-V
28

2 0%

The condensation of polyhydroxylated benzenes with unsaturated alde- '\JIU

has been interpreted as proceeding by the intramolecular [4 + 2] cycload-

dition of intermediate o-quinone methides because of the pronounced NR |
stereoselectivity of the observed reactions.!”8-18 Both the acid- and base- — - o’t
catalyzed reactions are stereospecific, and consequently both are pre- HR I NR
sumed to proceed with the in situ generation and subsequent [4 + 2] i
cycloaddition of an o-quinone methide. The two processes differ only in /ﬂ\ —_— ‘ lo’?_“
the mode of catalysis of o-hydroxystyrene to o-quinone methide tauto- RTOR R
merism.'®® The intermediate chromenes 28 have been isolated and ther- # ] N

mally converted to the observed citrans 29.'% The application of these ::\<0 — i — l

observations in the development of a two-step, biomimetic total synthesis

|
R
of (+)-deoxybruceol (30) [Eq. (50)]'™ AR N R
— I —
]
OH ?OICH:’ 11.0°C ° R
i citrol R I
@ . CsHsN \n/R—_’ ®
HO OH ZnCl, H H 96h H - Ll
L MR — I& e
50) RJ ' oin
1 R
_ B
| R
[ NR,
TN
0% 30 n/lLon ﬁ—w
deoxybruceol R

and in the preparation of cannabinoids!™-!#2 has been detailed. Scheme 7-V1
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4. ACYL KETENES AND ALLENES

The methods for generating acyl ketenes (Scheme 7-V) and their subse-
quent in situ participation in [4 + 2] cycloadditions with a wide range of
hetero- or olefinic and acetylenic dienophiles (Scheme 7-VI), including
acyl ketenes, 8186197 carbonyl compounds,!86-188 pitriles, 1872.189.191 jsocya-
nates and isothiocyanates,!862.1%0.191 ketenes, ! imines, 862,1872,19L.192 ¢carpg-
diimides,!87¢190.190193  ypamines,'®  ketene  acetals,!86219  epol
ethers,186a9L1%  and  N-sulfinylamines!’” have been extensively re-
viewed.>®!12 Two reports have detailed the 4« participation of allenic
ketones in [4 + 2] cycloaddition reactions [Eq. (51)].1%:1%

@%2 /(o/@ — f:)f} )

5. 0-QUINONES AND 1,2-DICARBONYL COMPOUNDS
(1,4-DIOXABUTADIENES)

The thermal and photochemical [4 + 2] cycloadditions of o-quinones
with olefinic and acetylenic dienophiles have been extensively re-
viewed*>2® and include their 47 heterodiene Diels—Alder reactions with
olefins,?!-24 vinyl ethers,”* enamines,?® selected dienes,’-2% dipheny-
Iketenimines,?'® ketenes,?®?!° fulvenes,?!! and selected heterocycles in-
cluding furan,207-20:212 benzofuran,®212215 indoles, ' azepines,?'* and 1,2-
diazepines.?¥ The tetrahalo-substituted o-quinones, tetrachloro- and
tetrabromo-o-quinone, generally participate in heterodiene [4 + 2] cy~-
cloadditions at an increased rate over the unsubstituted systems and gen-
erally provide higher overall yields of the Diels—Alder products.*’ With
simple olefins, the dienophile geometry is maintained in the course of the
thermal [4 + 2] cycloadditions [Eq. (52)],203.24

WL ~(— — G- OO
{I: 2)
Y —f — g O

and this observation is consistent with the 47 heterodiene participation of
the o-quinone in a concerted Diels-Alder reaction. With olefins and
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dienes, the competitive and often times predominate o-quinone all-carbon
4ar and o-quinone olefin or carbonyl 27 participation in [4 + 2], [4 + 6],
and [2 + 2] cycloadditions has been observed.0!211:212:214.216-219

Ketene acetals, e.g., 1,1-dimethoxypropene and tetramethoxythylene,
generally afford [2 + 2] oxetane cycloadducts with carbonyl compounds
including a-diketones. However, the dihydrodioxin [4 + 2] cycloadducts
of a-diketones with 1,1-dimethoxypropene and tetramethoxyethylene
have been observed in thermal and Lewis acid-catalyzed reactions when
the {4 + 2] cycloaddition is accompanied by an increase in the stabiliza-
tion energy of the diketone moiety, e.g., phenanthrene generation [Eq.
(53)].20

R R
H R?
4 3
rig" CH, RS = CHy
N ; R3 ROCH
R’z REHICH, CHy s
4 1 2 CHs
R R
XX, - 2
R CH;0” ~OCH, - CH,
RZ Rz Ph Ph CHy
RY2: ocH, Ph OCH,

110°C,ZnCl, 80%

6. HETERO-1-OXABUTADIENES

An extensive range of hetero-1-oxabutadiene systems containing nitro-
gen (Chapter 9) and sulfur (Chapter 8) have been investigated and have
been found to participate as 4w components of Diels—Alder reactions.
Several reviews have treated aspects of this work.>%10-11.22! In summary,
the incorporation of an additional heteroatom into the oxabutadiene sys-
tem generally increases its electrophilic character and facilitates the 4w
participation of the diene system in inverse electron demand Diels—Alder
reactions with electron-rich dienophiles. This is especially evident in the
studies of azaoxabutadiene systems (Chapter 9).

Hetero-1-oxabutadiene systems that have been shown to participate as
47r components of Diels—Alder reactions include vinylnitroso compounds
(31, 2-aza-1-oxabutadiene, Chapter 9, Section 3), N-acylimines (32) as
well as aromatic and aliphatic acylisocyanates (33, X = O) and isothiocya-
nates (33, X = S, 3-aza-1-oxabutadiene, Chapter 9, Section 3), acylnitroso
compounds (34, 2-aza-1,4-dioxabutadiene, Chapter 9, Section 3), selected
4-aza-1-oxabutadienes, e.g., 35, including o-quinone monoimines (36,
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Chapter 9, Section 1), azodicarboxylates and related acyl and aroyl azo
compounds (37, 2,3-diaza-1-oxabutadiene, Chapter 9, Section 5), acy-
Isulfines (38) and -sulfenes (39, 4-oxa-1-thiabutadiene, Chapter 8, Section
5), N-sulfinylurethanes (40), and N-sulfonylamides and -urethanes (41, 2-
aza-4-oxa-1-thiabutadiene, Chapter 9, Section 3). Chapters 8 and 9 detail
the investigations on each of the systems indicated and should be con-
sulted for citations and full discussions of their 4 participation in Diels—
Alder reactions.

7. CATIONIC OXABUTADIENES, [4+ + 2]
CYCLOADDITIONS

The generation of a limited number of oxabutadiene systems bearing a
formal cationic charge and their subsequent in situ participation in [4* +
2] polar cycloadditions have been detailed. The classification of cationic
oxabutadiene [4* + 2] cycloadditions as ‘‘polar’’ cycloadditions is not
derived from an implied stepwise addition—cyclization reaction mecha-~
nism but was terminology introduced to distinguish cycloadditions em-
ploying cationic or anionic components from those employing dipolar or
uncharged components, 222,223

The o-hydroxybenzyl cation, generated in situ by the action of protic
acid on an o-hydroxybenzyl alcohol or by the Lewis acid treatment of an
o-hydroxybenzyl chloride, has been shown to participate in a range of
regio- and stereospecific [4* + 2] cycloadditions [Eq. (54)].224.225
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The dienophile olefin geometry is maintained in the course of the cycload-
dition reaction.

Schmidt has demonstrated that selected B-acylvinyl carbocations, gen-
erated from B-chlorovinyl ketones?? or from the in situ acylation of acety-
lenes, react with acetylenes to provide pyrylium salts presumably with 47
participation of the cationic oxabutadienes in {4* + 2] cycloadditions [Eq.
(55)).26

Ph Ph

ArCOCl
n — hf - »ﬁ (55)
o snci, | PPy S0 Ph
SnCls'

The generation and subsequent in situ 4 participation of the related N-
methyl N-methylenium amides (42), simple N-methylenium amides (43),
and related cationic 3-aza-1-oxabutadiene systems in [4* + 2] cycloaddi-
tions are detailed in Chapter 9, Section 10.22223 These simple aliphatic
cationic heterodiene systems have been more thoroughly investigated
than any other aliphatic system. The maintenance of dienophile geometry
in the [4* + 2] cycloaddition,??” the lack of observed rearrangement prod-
ucts potentially derived from dienophiles susceptible to carbocation rear-
rangement,?? and the clean regioselectivity observed in the [4* + 2] cy-
cloadditions of N-methylenium amides??”-2 are consistent with the 4=

RI

R}

o
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participation of 42 and 43 in concerted but nonsynchronous {4t + 2]
cycloaddition reactions (Chapter 9, Section 10).
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INTRODUCTION

In contrast to the thorough studies of the Diels—Alder reactions of other
heterodienes, the [4 + 2] cycloaddition of 1-thia-1,3-butadienes bearing a
sulfur atom at the diene terminus have not been extensively investigated.!
In a large measure this may be due to the difficulty currently encountered
in the preparation, stability, and handling of the thiocarbonyl derivatives.
In general, thiabutadienes that participate as effective 47 components of
Diels—Alder reactions are electron-deficient systems and consequently
should be ideally suited for regiospecific [4 + 2] cycloaddition reactions
with electron-rich or strained dienophiles in inverse electron demand
(LUMOy;ene controlled) Diels—Alder reactions. While this general feature
of the Diels—Alder reactions of thiabutadienes has been recognized and
experimentally verified, most investigations have detailed the 47 Diels—
Alder reactions of thiabutadiene derivatives in normal (HOMOyeqe cON-
trolled) Diels—Alder reactions with typical, electron-deficient dienophiles.
In such instances, the complementary addition of electron-donating sub-
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stituents to C-2/C-4 of the 1-thia-1,3-butadiene system increases both the
rate and regioselectivity of the normal (HOMOy,.,. controlled) Diels—Al-
der reaction. In contrast to the results obtained with many oxabutadiene
systems, simple FMO theory has been used to accurately predict the
regioselectivity of the [4 + 2] cycloadditions of thiabutadienes.?

1. a,f-UNSATURATED THIOCARBONYL COMPOUNDS
(1-THIABUTADIENES)

Thiocarbonyl compounds have been employed in Diels—Alder reac-
tions to prepare thiopyranyl systems,! and generally the carbon-sulfur
double bond serves as the 27 dienophile component of the [4 + 2] cy-
cloaddition (Chapter 5). However, there are several reported examples of
a,B-unsaturated thioaldehydes, thioketones, and dithioesters participat-
ing as the diene partners of Diels—Alder reactions in which the thiocar-
bonyl group comprises a component of the 47 diene system.

The in situ generation of methyl vinyl thioketone in refluxing pyridine
provided each of the four possible mixed Diels—Alder products derived
from 4#r and 27 methyl vinyl thioketone participation in [4 + 2] cycloaddi-
tions with methyl vinyl ketone [Eq. (1)].3

30% %
z RS Z
s 3ol A TTT A (1)

CsHgN 15% O .
2p C=C
- | ]
0 0
13"/0s 1%

Interestingly, no a,B-unsaturated thiocarbonyl dimer and no products
derived from the 27 thiocarbonyl participation in Diels—Alder reactions
were observed although the potential, reversible generation of such prod-
ucts could not be ruled out. In contrast, the low temperature dimerization
of a,B-unsaturated thioketones including methyl vinyl thioketone, gener-
ated by flash vacuum pyrolysis (FVP), provided 1 derived from the clean,
regiospecific Diels—Alder dimerization with 47 and 27 thiocarbonyl par-
ticipation {Eq. (2)].4
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The in situ generation of the a,8-unsaturated thioaldehyde, thiometha-
crolein, has been reported to provide a 2:1 ratio of the Diels—Alder
dimerization products 2 and 3 derived from the 4z and carbon~-carbon
double bond 27 participation of thiomethacrolein in a [4 + 2] cycloaddi-
tion which proceeds with little regioselectivity [Eq. 3.}

R S10

l CHl | Y 210°C ﬁ/ﬁﬂ
\©<B/n A oM | 13,31 5P 10min 3
4 > 5 6 J
L[+
[(3 JLCHO} ©)

S
P
\( 4Sig \6 | . |
No  CsHsN NS
A
2 2:1 3

The in situ conversion of methacrolein dimer to the corresponding
thioaldehyde is followed by a [3,3]-sigmatropic rearrangement, providing
5. On prolonged warming (110°C) or on rapid thermolysis, 5 cleanly isom-
erizes to 6 via a retro Diels—Alder reaction and regioselective [4 + 2]
recombination [Eq. (3)].5 Consequently, the accurate interpretation of the
preferred kinetic mode and regioselectivity of the Diels—Alder dimeriza-
tion reactions of a,B-unsaturated thioketones and thioaldehydes presently
is clouded by the reversible nature of many of the observed cycloaddi-
tions and the potential participation of the products in subsequent, low
temperature rearrangements.

The C-2/C-4 addition of conjugating substituents (e.g., thiochalcone
and related compounds)®’ or electron-donating substituents (e.g., B-
enaminothioketones,!5 -thioaldehydes,!® -dithioesters,'* and «,B-un-
saturated dithioesters!6-18 or thioamides?!) to the «,-unsaturated thiocar-
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bonyl compounds stabilizes the monomeric forms. It also slows the [4 +
2] dimerization reaction, improves the 47 participation in Diels—Alder
reactions with typical electron-deficient dienophiles, and predictably im-
proves the observed regioselectivity of the intermolecular [4 + 2] cy-
cloadditions. The initial observations® on the reversible and apparently
regioselective dimerization of thiochalcones and related a,8-unsaturated
thioketones [Eq. (4)]

PS1o o
CS,,EtyN, 20°C

Ph Ph
\/WA/ } Ph Ph g
A A i
gt e LE LT
\/\n/ 25°C ph X

3 S7Ph  Ph- S~ Ph

thN\/\[(Ph }
S PhMgBr

have been carefully investigated.®’ The kinetic [4 + 2] dimerization prod-
ucts are derived from 47 and 27 carbon—carbon double bond participation
of the «,B-unsaturated thioketone in a Diels—Alder reaction which pro-
ceeds with complete regioselectivity exclusively through an endo transi-
tion state. Prolonged warming of the Kinetic [4 + 2] dimer provides the
thermodynamically more stable product derived from a regiospecific, exo
Diels—-Alder reaction [Eq. (4)]. Warming the dimers reversibly regenerate
the monomeric «,8-unsaturated thioketones, which have been shown to
participate in regioselective Diels—Alder reactions with a range of
dienophiles, including electron-deficient,’®® strained,” and electron-rich
olefins™ as well as cumulenes,’ to provide dihydrothiopyrans in good to
excellent yield (Scheme 8-I).

The formal 4= participation of the monomeric 2-arylmethylene-1-tetra-
linthiones in Diels—Alder reactions with isoprene and (E,E)-1,4-diphenyl-
1,3-butadiene provides 3,4-dihydro-2H-thiopyran derivatives [Eq. (5)].7
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Scheme 8-1

At present it has not been determined unambiguously whether this reac-
tion constitutes an example of direct «,8-unsaturated thioketone 47 par-
ticipation in a [4 + 2] cycloaddition or 27 thiocarbonyl Diels—Alder reac-
tion with the dienes followed by an undetected [3,3]-sigmatropic
rearrangement.’

B-Enaminothioketones and -enaminothioaldehydes («,8-unsaturated
thiocarbonyl compounds bearing a C-4 electron-donating substituent have
been the most thoroughly investigated thiabutadiene system capable of
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regiospecific 47 Diels-Alder reactions with typical, electron-deficient
dienophiles®-!! or reactive olefins including ketenes'?!' and sulfenes.!?13
The B-enaminothiocarbonyl compounds do exist as monomers at room
temperature, and those bearing C-4 secondary amines exist predomi-
nantly in the S-cis diene conformation, thus facilitating their 47 participa-
tion in Diels—Alder reactions.® Proper choice of the reaction conditions
often permits the clean isolation of the primary Diels—Alder products, 4-
aminodihydrothiopyrans, or secondary products derived from a subse-
quent elimination of the C-4 amino group (Scheme 8-II). In the carefully
examined cases, the regiospecific Diels—Alder cycloadditions have been
shown to proceed preferentially through an endo [4 + 2] transition state.
Unambiguous labeling studies have determined that the [4 + 2] Diels-
Alder reaction mechanism is operative for the reaction of the g-
enaminothioketones with reactive, electron-deficient alkynes. The plausi-
ble and precedented alternative mechanism of [2 + 2] enamine-alkyne
cycloaddition followed by subsequent electrocyclic cylobutene ring open-
ing and an electrocyclic thiahexatriene ring closure is not observed® (cf.
11). The extension of these observations to the generation and subsequent
Diels—Alder reactions of g-enaminothioaldehydes has been reported [Eq.

6.
X )
\B);lcozcrﬁ
R=H

| | CH,Clp A
CHyC” 13n 98%
R
Ph | Ph R SR

i CO,CH,
NMe, CO,CHy NMe; “PhCN NMe, ©)
80-91% CH302? CH,Cl, A
2V
RT, CH,Cly 0 | cen d%

CH302L | CH40,C S -CO5CHy

CH30,C 0,CH;
NMe,
R=CO,CHy

The Diels—Alder dimerization of «,8-unsaturated dithioesters has been
reported to proceed with complete regioselectivity and exclusively
through an endo [4 + 2] transition state to provide the cycloadducts, e.g.,
12, derived from 47 and 27 carbon—carbon double bond participation of
E-a,B-unsaturated dithioesters [Eq. (7)].16-18
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With the development of dependable approaches to the generation of «,3-
unsaturated dithioesters!'s-!8 and with the recognition that additional alkyl
substitution stabilizes the monomeric form,'® a study of their intermolecu-
lar Diels—Alder reactions has been described (Scheme 8-III).'® Represen-
tative electron-deficient, strained, and electron-rich olefins participate in
[4 + 2] cycloadditions with the in situ generated a,B-unsaturated dithioes-
ters. The HOMOy,ne controlled Diels—Alder reactions proceed preferen-
tially through an endo [4 + 2] transition state, and the LUMOgene con-

CO,CH,
| -—
CH3S

58%

n,cozc:»43

f
CHyS NS

|II D *m

|
CHyS7 S

96%
Scheme 8-HI
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trolled Diels—Alder reactions with electron-rich olefins proceed with the
greatest facility.

The reaction of methyl dithiocrotonate with cyclopentadiene was
shown to provide the cycloadduct 13. The initial assumption that the
product was derived from dithioester 27 participation in an all-carbon
Diels-Alder reaction with cyclopentadiene followed by a {3,3]-sigmatro+
pic rearrangement was shown not to be operative. Consequently, the
generation of 13 resulted from the direct 4w participation of the «,3-
unsaturated dithioester in a Diels—Alder reaction with cyclopentadiene
[Eq. (8)].1

H
L0 T LD
CHyS CH,S sF=i g
3 ®)
20°C

SCH,

The stable, monomeric ﬁ-enaminodlthloesters, like their thioketone
counterparts, have been shown to participate in regiospecific, intermolec-
ular Diels—Alder reactions with a range of representative electron-defi-
cient and reactive dienophiles (Scheme 8-1V).? Cinnamic acid
thioamides exist in equilibrium with their dimers at room temperature,
although to date no reports of their cycloaddition with other dienophiles
have been detailed [Eq. (9)].%

N
Ar | 25°C NC :Qi
P | [-CSNH, )
ch\(s H,N Ar
NH,

The [4 + 2] Diels— Alder dimerization is regiospecific and proceeds exclu-
sively through an endo transition state.

An interesting and reactive class of 47 thiabutadienes capable of useful
participation in normal (HOMO,q controlled) Diels—Alder reactions are
the stable thioacylketene thioacetals,?? generated by the photoaddition of
olefins to 1,2-dithiole-3-thiones?® {Eq. (10)].

R R?
S
R R._R? e R /\2&;’32
g DG O (10)
h
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Scheme 8-IV

Olefinic, acetylenic, and typical electron-deficient dienophiles participate
in apparent concerted [4 + 2] cycloadditions with the thioacylketene
thioacetals (Scheme 8-V), while enamines provide modest yields of [4 +
2] cycloadducts via a polar, stepwise addition—cyclization.?¢

S g CO,CH /<, > 5 z
e — —
L]
Ph CO,CH,

Ph —» | Ph
Ph” S
zCHa
8% l I 67%
CONH,
0%
Ph” ~6~~CONH,
Scheme 8-V
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The photochemical-promoted reaction of 1,3-dimethyl-2-thioparaba-

nate with dimethyl acetylenedicarboxylate provided the 1:2 adduct 15
[Eq. (11)].%

Y |

! cozcu3

OzCH3

ZjN O 0,CH,
o -
K? 2ty or Y—CO,CH,
0

CHy (n

| CO,CH,

*15 63%
CHy0,C—= COZCH:, OZCH-3

The final reaction of the sequence was the [4 + 2] cycloaddition of the
thioacyl ketene aminal 14 with dimethyl acetylenedicarboxylate.

2. ARYL THIOKETONES

Since the initial report of the photochemical-promoted [4 + 2] cycload-
dition of thiobenzophenone with acetylenic compounds [Eq. (12)],%

' |T| h_v.\\SR'_’ \

(12)

R R

COZH H 26%
Ph H S6%
CHZOH H 28%
CN H 20%
C02CH3 CO CH 3 28%
OEt H 0%

a reaction initially investigated in anticipation of promoting a [2 + 2]
acetylenic thioketone Paterno—Buchi reaction, a number of additional and
selected examples of the photochemical and thermal 44 [4 + 2] cycloaddi-
tions of aryl thioketones have been described. The photochemical-pro-
moted {4 + 2] cycloaddition does proceed by a stepwise, radical addition—
cyclization,?-?" and the thermal, dark Diels—Alder reactions of most aryl
thioketones with reactive, electron-deficient alkynes including dimethyl
acetylenedicarboxylate proceed by a stepwise, polar addition-cycliza-
tion.26:27 Competitive [2 + 2] cycloaddition often is observed. Representa-

3 o-Thiobenzoquinone Methides 225

O..1 . Ou.
gl g

CH,

HH
Scheme 8-VI1

tive examples of the [4 + 2] cycloadditions of aryl thioketones are summa-

rized in Scheme 8-VI.
Reports of the 47 participation of 2-thienyl and 2-furyl thioketones [Eq.

13)1#
&, °
0 0
™™o &f” / 0
R0
7\ S (13)

X —_ Ar Ar

Ar

and of 1,8-naphthalic trithioanhydride [Eq. (14)]*

D — ©‘ ') (14)

in Diels—Alder reactions represent apparent concerted cycloaddition pro-
cesses. The first two represent the 4 participation of an aryl thioketone
in a normal (HOMOg,ne controlled) Diels—Alder reaction while the last
represents the 4 participation of an aryl thiocarbonyl compound in an
inverse electron demand (LUMOg.n controlled) Diels—Alder reaction.

3. 0o-THIOBENZOQUINONE METHIDES

The efforts on the generation and subsequent in situ Diels—Alder trap of
o-thiobenzoquinone methide (16) are limited.>*-32 The successful methods
employed in the preparation of 16 are summarized in Scheme 8-VII, and
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initial proof of its generation rested on a single successful Diels—Alder
reaction with N-phenylmaleimide under selected conditions (benzene sol-
vent).303! Efforts to trap o-thiobenzoquinone methide (16) with other rep-
resentative dienophiles or the use of alternative reaction solvents initially
proved unsuccessful. The more recent reversible, thermal or photolytic
generation of 16 from benzothiete (17) has proved to be the most depend-
able and convenient source of o-thiobenzoquinone methide, and its par-
ticipation in a number of representative [4 + 2] cycloadditions with elec-
tron-deficient dienophiles including regioselective Diels—Alder reactions
with unsymmetrical dienophiles has been described.

A series of stabilized and isolable o-thiobenzoquinone methides and
related o-thioquinone methides, initially prepared by the photochemical
addition of olefins to 1,2-benzodithiole-3-thione [Eq. (15)],3**

S R
= (CHy )y

have been shown to participate in a range of Diels—Alder reactions with
representative olefinic and acetylenic dienophiles (Scheme 8-VIII).»* The
o-thiobenzoquinone methide ketene thioacetals, ketene aminals, and ke-
tene acetals have been prepared and the scope of their Diels—Alder reac-
tions examined. Electron-rich and reactive olefins including enamine and
ketene derivatives provide Diels—Alder products derived from stepwise,
polar addition—cyclization [4 + 2] reactions. Neutral and typical electron-
deficient dienophiles appear to participate in concerted Diels—Alder reac-
tions with the o-thiobenzoquinone methide ketene thioacetals and related
o-thioquinone methide ketene acetal derivatives. Interestingly, no reports
of the generation and subsequent in situ 4w heterodiene participation of o-
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monothiobenzoquinone or o-dithiobenzoquinone and related thio-o-
quinones have been detailed.®

4. 1,2-DITHIOCARBONYL COMPOUNDS
(1,4-DITHIABUTADIENES)

The reactivity of the thiocarbonyl group of 1,2-dithiocarbonyl com-
pounds is well suited for 27 participation in Diels—Alder reactions with
typical dienes (Chapter 5). In addition, frequent and well-defined
Diels—Alder reactions with 47 participation of symmetrical 1,2-dithio-
carbonyl compounds with olefinic and acetylenic dienophiles have been
detailed.36-3
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The stability of the a-dithiocarbonyl compounds follows closely their
potential utility for 4 participation in Diels—Alder reactions with typical
olefinic and acetylenic dienophiles [a-dithioamide > a-dithionoester > a-
dithionothioester (dimer equilibrium at 25°C) > a-dithione > a-dithiocalde-
hyde]. The a-dithiocarbonyl compounds are electron-deficient and conse-
quently react rapidly with electron-rich and strained olefins in inverse
electron demand (LUMOg,n. controlled) Diels—Alder reactions and more

4 1,2-Dithtocarbonyl Compounds (1,4-Dithiabutadienes)

¢
»

CH;XIS
CHX s
X= S * 90%

CH3XI m
CH4X

slowly with unactivated or electron-deficient dienophiles in apparent nor- Xz S 37(7,:/,1

mal (HOMOy,ne controlled) Diels—Alder reactions (Scheme 8-1X). 36 Sub- CHXS

tle differences in the reactivity and observed course of reactions of the I i :IL

various a-dithiocarbonyl compounds have been detailed.% o CHX =5 7Ph
The in situ photochemical generation of 1,2-dithioketones and -alde- x= g 316://1

hydes including dithioglyoxal, 3,3-dimethyl-2-thioxobutanethial, and
camphor dithioquinone was confirmed by the subsequent trap of the 1,2-
dithiocarbonyl compounds in [4 + 2] cycloadditions. The 1,2-dithioke-
tones and 1,2-dithioaldehydes exhibited a preference for 47 participation
in inverse electron demand (LUMOyeq controlled) Diels—Alder reactions
with electron-rich dienophiles (Scheme 8-X).%

The stable of 3,4-bis(trifluoromethyl)-1,2-dithietene (18)*® [Eq. (16)]
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2nCyH, 95%

Ph CF S<,--Ph
L . 3
Wkph Islph 36% Scheme 8-IX

and the in situ generated 3,4-dicyano-1,2-dithietene (20)* [Eq. (17)] suffer thermal cyclobutene electrocyclic ring opening to provide the cor-
responding electron-deficient 1,2-dithiocarbonyl compounds 19 and 21,
which participate as 47 components in a range of [4 + 2] cycloadditions.
Reactions with electron-rich dienophiles proceed with the greatest facil-

NC ¢ NC~ S NC
| —_— —_——
ch:é N CIS NC Izj\OEt an ity

2 Apparently, the instability of simple 1,2-dithiocarbonyl compounds and
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the lack of dependable or general synthetic entries into this class of com-
pounds have precluded additional studies including those that would pro-
vide regiochemical information derived from the reactions of unsymmetri-
cal 1,2-dithiocarbonyl compounds with unsymmetrical dienophiles.

5. VINYL AND ACYL SULFINES, VINYL AND ACYL
SULFENES

Electrophilic sulfenes, R,C=SO0,, are recognized for their ability to
react with nucleophiles and for their 27 participation in [2 + 2] and [4 + 2]
cycloadditions (Chapter 5). Less well recognized is the demonstrated 47
participation of vinyl sulfenes in Diels—Alder reactions with a select set of
dienophiles. Thermolysis of thiete 1,1-dioxides including the parent thiete
1,1-dioxide (22) in the presence of norbornenes provided the Diels—Alder
products derived from 4= participation of the vinyl sulfenes [Eq. (18)].40

Lo, —= [Cso,} ' @ — @ (18)

2
22 23

Neutral, unstrained olefins were essentially unreactive toward 23,4 and
typical electron-rich olefins apparently provide low yields of products
derived from [4 + 2] cycloaddition.!

The in situ generation of the a,B-unsaturated sulfine 24 via thermolytic
retro Diels—Alder reaction of its dimer and subsequent reactions with the
representative dienophiles, acrylonitrile and styrene, provided a regioiso-
meric mixture of Diels—Alder products in modest yields [Eq. (19)].
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Maleic anhydride and electron-rich olefins failed to undergo [4 + 2] cy-
cloaddition with 24.4

Acyl sulfines, a-oxo sulfines, participate readily as 2w components of
Diels—Alder reactions with a range of dienes (Chapter 5).4-% In addition,
stable acyl sulfines (Scheme 8-XI) have been shown to participate as 4
components in Diels—Alder reactions with ethyl vinyl ether”® and isobu-
tylene.*

Acyl sulfenes, like all sulfenes, prefer to participate as 27 components
of [2 + 2] or [4 + 2] cycloadditions (Chapter 5). Nonetheless, a range of [4
+ 2] cycloaddition reactions of acyl sulfenes have been described?+’
(Scheme 8-XII), including their 47 participation in dimerization reac-
tions*—8 and reactions with imines,* carbodiimides,” ketenimines,! I-
azirines,*? vinyl ethers,*® and ketenes.¥’ The reactions often provide mix-
tures of [4 + 2] and [2 + 2] cycloadducts, and the observed course of the
reaction usually depends on the reaction conditions. Consequently, many
of the observed [4 + 2] cycloadditions of acyl sulfenes proceed by a
stepwise, polar addition—-cyclization reaction.

OEt
Et 0'3
oo —  of
X
X=CH, 59%
=S 80%
oY — o
S S 37%
0, 0,

Scheme 8-XI
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6. HETERO-1-THIABUTADIENES

The 4-oxa-1-thia-1,3-butadienes, the acyl sulfines 25 and acyl sulfenes
26, which have been shown to be capable of 47 participation in selected
Diels—Alder reactions, have been summarized in the preceding section. It

2 2 2
RS0 RS0, R\KS
R‘ . R‘ \O R’ \O

25 26 27

does not appear as if there has been a report of 47 participation of a
monothio-1,2-dicarbonyl compound, e.g., an acyl thione 27, in Diels—
Alder reactions, and this may reflect the difficulty in securing such com-
pounds for further study. Their 27 thione participation in Diels—Alder
reactions (Chapter 5) and their [2 + 2] dimerization have been detailed.

The aza-1-thia-1,3-butadienes are the most widely recognized and thor-
oughly investigated hetero-1-thiabutadienes capable of 47 Diels—Alder
participation. A single report has detailed the [4 + 2] cycloaddition of the
selected 4-aza-1-thia-1,3-butadiene 28 as the 47 component of a Diels—
Alder reaction [Eq. (20)].%
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Ph 0,CH, Ph Ph
N-gzS ? N~ -5~ ~CO,CH3 S ~CO,CH;
= Lo 1 — | <Y,
P éozcm PhoN O pr N C0H,
28
(20
0,CH;,
R A -COCH,
B TN CO,CH,

A wide range of 3-aza-1-thia-1,3-butadiene systems has been extensively
investigated as 47 components of Diels—Alder reactions. The work with
each of these systems is summarized in Chapter 9 and includes the 4=
Diels—Alder reactions of appropriately substituted N-thioacylimines
(e.g., 29, Chapter 9, Section 3),47-% thioacyl isocyanates (e.g., 30, Chapter
9, Section 3),57-8 thioacyl isothiocyanates (e.g., 31, Chapter 9, Section
3),57% and N-thioacyl dithioimidocarbonates (e.g., 32).2%% Examples of

R\(S RYs Ph\[/S
Ny Nay x-S
3 Xy R
" NMe,
30 X=0
29 N =g 3
30 NZS0 fsoz )
@ R0J§0 RX0 R’Kx
35 R=Ph X=CR
3 34 3% = OEt ¥ 70,8

the 47 Diels—Alder participation of 2-aza-1-thia-1,3-butadiene systems
include N-sulfinylaniline (33) and related N-arylsulfinylimines (Chapter 9,
Section 3),% N-sulfinylurethanes (e.g., 34, Chapter 9, Section 3),% N-
sulfenylamides and -urethanes (e.g., 35 and 36, respectively, Chapter 9,
Section 3).6! No reports of the 47 participation of vinyl- or acylthionitroso
compounds (e.g., 37) have been detailed.®

7. CATIONIC THIABUTADIENES, [4* + 2]
CYCLOADDITIONS

A growing class of potentially useful polar [4* + 2] cycloadditions
employing in situ generated 2-thieniumbutadienes have been reported.®-
6 The apparent 4 participation of arylthienium salts in polar [4* + 2]
cyclizations with alkenes,®% alkynes,® and nitriles®® has been detailed
[Egs. (21)-(23)],
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and it complements the 27 participation of simple thienium salts in [4 +
2+] cycloadditions (Chapter 5).% Thioamidomethylium cations generated
in situ from the corresponding hydroxymethylthioamides by acid cataly-
sis participate in regio- and stereospecific [4% + 2] cycloadditions with
olefins to provide 5,6-dihydro-4H-1,3-thiazinium salts [Eq. (24)]¢

/?H 14 X g
HX N R R s R
HN H _ HN R (24)
R/&s -H,0 RANS RZJER3 - /Q/I 2
- R7 SR
X R

although the isolated yields of product are lower than that derived from
the reaction of amidomethylium cations (Chapter 7, Section 7).68:69
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Chapter 9

Azabutadienes

Introduction

. 1-Aza-1,3-butadienes

. 2-Aza-1,3-butadienes

. Hetero-2-aza-1,3-butadienes

. 1,2-Diaza-1,3-butadienes

. Hetero-1,2-diaza-1,3-butadienes

. 1,3-Diaza-1,3-butadienes

. 1,4-Diaza-1,3-butadienes

. 2,3-Diaza-1,3-butadienes

. 1,2,4-Triaza-1,3-butadienes

. Cationic Azadienes, [4+ + 2] Cycloadditions
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INTRODUCTION

The observation that conjugated systems containing nitrogen, typified
by the 1- and 2-aza-1,3-butadiene systems,'~'7 show diminished reactivity
toward representative electron-deficient dienophiles has focused atten-
tion on the fact that the introduction of a nitrogen atom into conjugated
systems will confer electrophilic character to the system. These observa-
tions and the recognized shortcomings of attempting Diels—Alder reac-
tions with 27 and 47 components of a similar electrophilic nature have led
to development of several general approaches to the implementation of
useful azadiene Diels—Alder reactions.

Recognition of the electrophilic character of azadienes led to the inves-
tigation, demonstration, and subsequent development of the inverse elec-
tron demand (LUMOy.n. controlled) Diels—Alder reaction. Substitution
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of an azadiene system with complementary electron-withdrawing groups
accentuates the electron-deficient nature of the azadiene and permits the
use of electron-rich, strained, or even simple olefins as dienophiles. It is
the magnitude of the LUMOgene—HOMOgienophiie €n€rgy separation that
has been related to the rate of inverse electron demand [4 + 2] cycloaddi-
tion. Consequently, the addition of features to the azadiene system that
lower the LUMO,,.q.ne further accelerates the rate of azadiene participa-
tion in an inverse electron demand (LUMOy,,. controlled) Diels—Alder
reaction. {6

Alternatively, the complementary addition of strong electron-donating
substituents to the azadiene system increases the nucleophilic character
of the azadiene system and permits the use of conventional electron-
deficient dienophiles in Diels—Alder reactions. In such instances, the aza-
diene systems are participating in normal (HOMOyen controlled) Diels-—
Alder reactions. The appropriate introduction of electron-donating
substituents to the azadiene system raises the HOMO,zagiene, reduces the
magnitude of the HOMO,zadiene— LUMOgienophile €NETEY separation, and ac-
counts for the accelerated participation of nucleophilic azadienes in nor-
mal Diels—Alder cycloadditions.'¢®

In many instances, the entropic assistance provided in the intramolecu-
lar Diels—Alder reaction is sufficient to promote azadiene participation in
Diels—Alder reactions.!?> The incorporation of the azadiene system, or
dienophile, into a reactive or sensitive system, €.g., heterocumulene or
strained olefin, allows a number of specialized azadiene Diels—Alder reac-
tions. Many such examples may represent stepwise, polar [4 + 2] cy-
cloaddition reactions.

1. 1-AZA-1,3-BUTADIENES

Early reports of the successful participation of 1-aza-1,3-butadienes in
Diels—Alder reactions include only the reactions of benzisoxazole'® and
unsaturated 3,4-dihydroisoquinolines® [Egs. (1)-(3)]'®#

0
O o O
17%

MeO MeO
i —
MeO #N 18% MeQ
Ph

)

@
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MeO

MeO : 2N

and represent the early exceptions to the general observations that such
systems fail to undergo [4 + 2] cycloaddition. Attempts to repeat and
confirm the initial work with benzisoxazole has led to the recognition of
the sensitivity of the attainable Diels—Alder products to further transfor-
mations. ¥ More recent work utilizing selected 1-aza-1,3-butadienes in-
corporated into unsaturated heterocyclic systems is summarized in Table
9.1, and in each instance required the use of reactive dienophiles for
observable reaction.20-3 2H-1,3-Oxazin-2-ones (Table 9-I entries 13 and
14) failed to react with dimethyl acetylenedicarboxylate, diethyl azodicar-
boxylate, or enamines, and their reactions with ynamines took a different
course.?

Unsaturated imines, simple 1-aza-1,3-butadienes, participate in Diels—
Alder reactions with typical electron-deficient dienophiles preferentially
through their enamine tautomer [Eq. 41,*

3)

t Et 0 £t
{ = L —0p—- “)
B BN Et
NPh HNPh 0 PhNH O

and in instances where isomerization is prevented [2 + 2] cycloaddition
usually intervenes [Eqgs. (5) and (6)].252:b:26
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TABLE 9-1 (Continued)

TABLE 9-1
Diels—Alder Reactions of Unsatnrated Heterocyclic 1-Azadienes Entry 1-Azadiene Dienophile Conditions Product Yield Ref.
Entry 1-Azadiene Dienophile Conditions Product Yield Ref.
Il
6 ] Xylene, 140°C 11% 18d
i I \eh Neat, 125-130°C, 17% 18a-¢ Ph N™ “Ph
1hr
7 | — 5% 18e
N
2 N CN
Xylene, reflux, 20 — 18b 8 P ! Cj(c Neat, 140°C 4-15 18f
hr Q Ph ~Z  NC N min, reversible
R
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?OZCH:; C02CH3 R = H 33%
2 i - O - 1’ ko %
E N+ CO,CH4 c{ 0
0,CH; 0. |“ NP
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? %XCN 5 i ’ ¢ 10 CIN (|)| Xylene, reflux 10 eh Ph 22
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Xylene, 138°C " NJ—fN 37% Ar = pCIC{H, 48%
H l _ Ar = pNOzC6H4 78%
C J
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n= 25% Ar = C¢Hjs 49%
5 Mew Xylene, 150°C n=3 19% 18¢ Ar = pCICH, 38%
LEHan 4 6%
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Reported exceptions to this observation include the [4 + 2] cycloadditions
of selected imines with diphenylketene, 2 chlorocyanoketene,? dich-
loroketene, 4%  chlorophenylketene, " benzoylsulfene,”” maleic
acid,?® and (Z)-3-phenyl—3-trimethylsilyloxyacrylonitﬁlez”b [Egs. (5)-
(9)] ’25a,b,c,2&28
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t-Bu Ph Ph B6% -- -
CGH‘ 3 Ph Ph 5B% 36% -
p_—CH30C6H4 Ph Ph 90% --
Ph Ph
R COPh R COPh
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N S0, r}t’ 2 (8)
k 10 - 43% I
R = H, ATkl
R'= Aryl, Alkyl
i R
z COzH COzH
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?‘ COH NTCOH
Ar Ar
R = H, CH3, Ph, furvl, thienyl (9)
FArs Ph
R=Ar=Ph ICN \
—
80°C, 15 min Ph OSIME:, || on 98%

The acid-catalyzed reaction of methanimines with B-substituted
enamines, utilized for the preparation of symmetrical 3,5-disubstituted
pyridines?? [Eq. (10)], has been carefully investigated and shown to pro-
ceed by in situ generation and subsequent [4 + 2] cycloaddition of electro-
philic 1-aza-1,3-butadienes with the electron-rich enamine.?® Additional
studies have reduced this process to a controlled [4 + 2] reaction of the
isolated N-tert-butyl-1-aza-1,3-butadienes with enamines or related elec-
tron-rich olefins including ketene 0,N-acetals? [Eq. (11)].
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X A~ X ‘
NKN:'\l E'TS—_O’H )%: —‘.RJl/:\le_’ RUR

+ 20-87 % N ; (10)

R=H
(! T:”:Zﬁ

R r'
>< R~ ) R R
N=\ —_— - i
R' 8 -58% \—T- 32- L% -T- NR)

(1D

1
o — '
RONTTSL_ - HINR "

The full scope of the acid-catalyzed one-step conversion of N-fert-bu-
tylmethanimine, generated in situ from 1,3,5-tri-rert-butylhexahydro-
1,3,5-triazine, to symmetrical 3,5-disubstituted pyridines employing
enamines has been detailed.?® The generation of 2,3,5,6-tetrasubstituted
pyridines from the thermal reaction of enolizable ketones with hex-
amethylphosphoric triamide has been proposed to proceed by in situ gen-
eration and subsequent [4 + 2] cycloaddition of N-methyl-1-aza-1,3-buta-
dienes with intermediate dimethylamino enamines.*

In efforts to increase the reactivity of simple 1-aza-1,3-butadienes to-
ward typical electron-deficient dienophiles, Ghosez and co-workers found
that the a,B-unsaturated hydrazone 1 behaves as a well-defined electron-
rich diene in regioselective, normal (HOMOy,ne controlled) Diels—Alder
reactions with a number of representative dienophiles.3! Reductive cleav-
age of the nitrogen—nitrogen bond concurrent with reduction of the car-
bon—carbon double bond has provided substituted piperidines, and aro-
matization with elimination of dimethylamine has provided substituted
pyridines (Scheme 9-I).3! Similar reactions of simple*® or functiona-
lized* o,B-unsaturated oximes failed to provide an observable [4 + 2]
cycloaddition. It remains to be determined whether this process is general
for a,B-unsaturated hydrazones capable of tautomerization.

Reports of the effective in situ generation of unstable 1-aza-1,3-butadi-
enes and their subsequent intramolecular Diels—Alder reactions have
been described3?-3 (Table 9-1I). Fowler and co-workers have shown that
the gas-phase pyrolysis of N-acyl-O-acetyl-N-allylhydroxylamines gener-
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250 9 Azabutadienes

Scheme 9-I*!

ates N-acyl-1-aza-1,3-butadienes capable of participation in intramolecu-
lar Diels—Alder reactions [Eq. (12)].

< ( R } R
R N _ N
ACO(QS 650°C )Nﬁ 60-90% '0 (12)
0

FVP

The entropic assistance provided by the intramolecular cycloaddition, the
inability of the dienes to tautomerize, and the relative stability of the
product (acyl versus alkyl enamine) contribute to the success of this
process. A total synthesis of (—)-deoxynupharidine based on the imple-
mentation of the in situ generation and subsequent intramolecular Diels—
Alder reaction of an N-acyl-1-aza-1,3-butadiene has been detailed [Eq.
(13)]'32c

. - H
~CHyy meppa <M soay, CHy
TR - J‘\/N
2 H* HO,C 5| |
3 HIQ,, CrOy J\/I]IH AcO
OAc
B ¢Hs y s w s (13)
4 ¥ —— i
E—
70% <N N CH3
1:3 0 S
0

deoxynupharidine
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The intramolecular Diels—Alder reactions of N-acyl-1-aza-1,3-butadienes
proceed preferentially through an exo transition state.

Kametani and co-workers have demonstrated what may prove to be the
most convenient and effective approach to the utilization of 1-aza-1,3-
butadienes for intramolecular [4 + 2] cycloadditions.? Treatment of o,3-
unsaturated enamides with trimethylsilylchloride-zinc chloride provides
in situ generation of 2-trimethylsilyloxy-1-aza-1,3-butadienes which are
capable of effective intramolecular [4 + 2] cycloaddition (Table 9-1I, en-
tries 12—14). Selected conditions have permitted this in situ generation
and subsequent intramolecular Diels—Alder cycloaddition of 2-trimethy-
Isilyloxy-1-aza-1,3-butadienes to be conducted at 25°C,*” and these ob-
servations have found application in the total syntheses of (+)-epilupinine
and (+)-tylophorine [Egs. (14) and (15)].37®

(;OzEt
EQ02C—\ TMSCH Et0,C : ’?
LD e | LD —
ZnCl, Z N
H
EtyN ™S OTMS
180°C (14)
CO,Et /OH
—
55% 77%
epilupinine
0,Et 0,Et
x . N ?0‘?'5(
25°C Ar Ar, AU
—_— —
Me,S1tBu(0Tf) AL NP AT
SiMe,tBu 0SiMeyBu

(15)

tylophorine
OCH4

Studies of the generation and properties of o-quinone methide imines®-
42 (Table 9-I1I) suggest that with continued investigation they will prove to
be useful synthetic intermediates comparable to the o-xylylenes® and o-
quinone methides.*# Although a few notable examples of successful ef-
forts to trap the unstable o-quinone methide imines in intermolecular [4 +
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Intermolecular Diels—Alder Reactions of 0-Quinone Methide Imines
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2] cycloadditions have been described*%2-4 (Table 9-11I), 1t is their intramo-

Subst hil Cond Product Yield Ref . .
ubstrate Dienophile onditions rodue © ° lecular Diels—Alder reactions3-* that have proved most useful (Table 9-
i 1840 II, entries 15-20). A mild, fluoride anion-induced 1,4-elimination of [o-
CKN o-Quinone methide Imines - [(trimethylsilyalkylamino]benzyl] trimethylammonium halides generates
R 0 0 the o-quinone methide N-alkylimines*? (Table 9-1I, entries 15-17) capa-
@:\ 200°C 0 ble of effective intramolecular Diels—Alder reactions, and this methodol-
NPh |_NPh N NPh - 2 ogy has been applied to the total synthesis of 9-azaestro-1,3,5(10)-trien-
Ph 17-one [Eq. (16)]*%2
COM COH
Qg 7 » o - e
o N7 Cl " NMe,
CHy CHy 1. CsF
?och3 CH30,C CH, | — i:f | — H
2.H SN N (16)
ll hy 8%  40c Meysi~ kb:} 0% L
CO,CHy H3C CO,CHy Q 0
Q
@IB:O [ NPh v, E4,0, 6 hr pn 14% 40¢
B N and gephyrotoxin [Eq. (17)].3%
hv, Et,0, 8 h iy T
, Et,0,
nEE r 8% 40c Me,Si10 X Me;Si0
*NMe, R=Ph " SiMe, N
d CsF, CH;CN, R = CH, 77%  38a fe C;Z
NSiMes reflux CHyO 'NMe, 7?% CH30
CH4CN
NR, N-Ph RaN_ SCHy 3
Cé\scm it — NPh — 40d a7
NPh X N’&X H H
Ph
X=0,8
40 “H —e—
<IN Ketene o-quinone methide imines  See Eq (18) 41
R Review, CH30
41a 4:1cis:trans gephyrotoxin
qz o-Quinone 1mines See Scheme 9-11 42a,b
R Until recently, attempts to trap the unstable o-quinone methide
Co.cH imines generated by this fluoride-induced 1,4-elimination in inter-
o @i%c ek oIcoz(;Ha molecular Diels—Alder reactions with typical dienophiles were unsuc-
u R
et i DME, reflux @N' cocn. T0-9%8% 4 cessful >
0. CO,CH, on 20 Successful and effective examples of the in situ generation and subse-
R quent intermolecular [4 + 2] cycloaddition of apparent ketene o-quinone
qw o-Quinone dumines See Section 7 42¢ methide imines® have been detailed in the completion of total syntheses

of evodiamine and rutecarpine [Eq. (18)].41
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evodiamine CHy

GS%T -
R 25 c "-CHa

1

H SOCl;
s ,
ok, = o — O O

o, |R=H
esal 0] 25°C

rutecarpine

With the exception of studies with o-quinone mono- and diimines, -4
which exhibit accelerated participation in {4 + 2] cycloaddition reactions
with electron-rich dienophiles (Table 9-III and Scheme 9-1I*%), only two
additional reports of [4 + 2] cycloaddition reactions of hetero-1-aza-1,3-
butadienes have been detailed [Egs. (19) and (20)].434

o —— ¢ et
ct OI/) @ L@ cl Z]Q@B
NG,
& SET P e
— - — u
c GD Q cl 0 - INEt2

Ciﬁ%;d%—~——ﬂ?nif48
DD 0 — g,

R’z OCHy > H

Scheme 9-114*
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phro (ﬁ P"Iz
N ﬁph (19)
PR N Ph) ‘\Ph PN ey,
NMe; NMe,
02CH3 CO.C Th OZCH3
2CH; COCHy
41 —+HIL-0 © D
NH 0,CHj N CO,CH,
cozcua I

2. 2-AZA-1,3-BUTADIENES

A selected number of [4 + 2] cycloadditions of simple 2-aza-1,3-butadi-
enes have been described [Egs. (21)-(27)],4-%

CHs CH,
CO,CH,
CH40 | /h(\ -Illli /:ICOZCH:,
N:l Wl 2000c 7S | ong g cocH; (21)
100 % COLH;
cCly,h 46 %
¥ CH R
N z 3
A\ Iy \Jl/\ — \@
NMe, 340°C 3 | CO,CH, 22)
NMe, COCH3 (
CHiCN,-20°C  72% R= H
57% = CO,CHy
R1
Me,N 7 Me,N R
g [(p— ‘
) -
s R 0,CH
five CO,CH, Lo 3
2 -70°c R ”? I 23)
H H CO,CH; 6%
Ph H CO,CH3 50%
Ph H H 29%
H Ph H 2%
H Ph CO,CH, 27%

p
h%—{ PhS - N) €0,CHa CO,CH
S S & - F T
150°C

37%
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s‘\—l— 65%
R
i — aoC
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CO,CHy i
RTH,COCH;
0,CH
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80°C Phw 25°¢ | P CO,CH,
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CHy0,C CH30,C 0,CH
N 2 \% 7 ou,c COLCHy
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CHCN, A
70-82% R 15-41%
R

and in each instance the diene is substituted with strong electron-donat-
ing substituents capable of enhancing its reactivity toward representative
electron-deficient dienophiles. The apparent ease of preparation of the
1,3-bis(tert-butyldimethylsilyloxy)-2-aza-1,3-butadienes from imides and
the facility with which they participate in Diels—Alder reactions with a
range of typical electron-deficient dienophiles [Eq. (25)] should prove
exceptionally useful.’! Products derived from the apparent [4 + 2] cy-
cloaddition of simple, unactivated 2-aza-1,3-butadienes have been iso-
lated from the flash vacuum pyrolytic (FVP) generation of imines and 2-
aza-1,3-butadienes,** and a [4 + 2] product of a simple, unsaturated imine
with 4-phenyl-1,2,4-triazoline-3,5-dione has been characterized.>*

Substituted 1,3-oxazin-6-ones participate in exothermic inverse elec-
tron demand Diels—Alder reactions with electron-rich or reactive
dienophiles® [Eq. (28)]°®
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NEt
lh 2 CHy NEt,
— o
CH, I 3
CH:,\qO 67 - 89%
Ny -
R
EtO__NMe, CHy NMe, 28)
e Ty
R 80-94%
N, NEt,
CHy
1, —i— O
N>R éH N R
: 1-94%

including ynamines,’®" enamines,** ketene N,O-acetals,**® ketene ace-
tals, enol ethers,’ benzynes,® strained olefins,”® and reactive
dienes.%? Selected electron-deficient®< and neutral alkynes** and se-
lected heterodienophiles including azirines’? have also been shown to
undergo Diels—Alder reactions with 1,3-0xazin-6-ones. The potential utili-
zation of such systems would seem to be limited only by the stability and
ease of preparation of the parent ring system.®% 4H-1,3-Benzox-
azinones behave similarly with selected electron-rich dienophiles, but the
solvent, diene substituent (R), and dienophile play an important role in
determining the course of the reaction [Eq. (28)].°*! Enamines, for in-
stance, react with the 4H-1,3-benzoxazinones in a different manner.>*
Comparable, selected observations on the [4 + 2] cycloadditions of
2(1H)-pyrazinones and 2(1H),5(4H)-pyrazindiones have been detailed
(see Chapter 10, Section 10, Table 10-VID).

2H-Pyrroles, cyclic 1-aza-1,3-butadienes, including pentachloro-2H-
pyrrole (2) and the alkenyl 2H-pyrrole 3, rearrange to the corresponding
3H-pyrroles, cyclic 2-aza-1,3-butadienes, prior to participating in inter- or
intramolecular Diels—Alder reactions®’-® [Eq. (29)] (see top of p. 258).
The initial reports of 2 participating directly in inverse electron demand
Diels—Alder reactions as a cyclic 1-aza-1,3-diene have been shown to be
incorrect.5™ The in situ generation of 2,4,5-triphenyl-3 H-pyrrol-3-one and
its subsequent Diels—Alder reaction with dimethyl acetylenedicarboxy-
late represents an additional example of 3H-pyrroles participating as 2-
azadienes in {4 + 2] cycloadditions.

Several examples of the intramolecular Diels—Alder reactions of unac-
tivated 2-aza-1,3-butadienes have been detailed'>%-%2 [e.g., Eq (30)].5%
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It is the entropic assistance provided by the intramolecular reaction that
provides the driving force necessary to overcome the reluctant participa-
tion of the 2-azadiene in a Diels—Alder reaction. Prior reviews'? should be
consulted for compiled, tabulated examples.

Imines derived from anilines and arylaldehydes are a class of widely
recognized and extensively studied 2-aza-1,3-diene systems that have
been shown to participate in a range of [4 + 2] cycloadditions with elec-
tron-rich olefins in the presence of protic or Lewis acid catalysts [Eq.
(31)].4963.64 These systems failed to participate in Diels-Alder reactions
with typical electron-deficient dienophiles.!®

In efforts to increase the rate of simple 2-aza-1,3-butadiene participa-
tion in [4 + 2] cycloadditions, Mariano and co-workers investigated the
related boron trifluoride etherate-catalyzed intermolecular cycloaddition
reactions of (LE,3E)- and (1E,3Z)-phenyl-2-aza-1,3-pentadiene with a

(30
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range of representative electron-rich dienophiles including enol ethers
and enamines. Reductive work-up (sodium borohydride) of the cycloaddi-
tion reactions (benzene, 25°C) provided piperidine products derived from
regio- and stereoselective [,2 + 4] cycloadditions [Eq. (31)].6%

O R R
Y. i Q
©£f“ O, "
R
Ph 63
N Ph  pTsOH BF;Et,0 N Ph

50-91%5*
Ph 1 ( Ph
H¢[O - rﬁ o, HN(::( G1)
N N
Pho A FBY 3 A 27 0" Ph
33% Ph °
|
oYy
N A = 25°C, Cgh
shIde h
A
N N
HN Y OHNA
H H
Ph 1% Ph 8%

Only the 1E,3E stereoisomer of the 2-azadiene was found to be reactive
under the reaction conditions. Consequently, each of the piperidine prod-
ucts was found to possess the cis 2-phenyl, 5-methyl relative stereo-
chemistry. Moreover, the cycloaddition products derived from reactions
of enol ethers possessed the all-cis 2-phenyl-4-alkoxy-5-methyl stereo-
chemistry necessarily derived from exclusive endo cycloaddition.
Dienophile geometry is maintained during the course of the [4 + 2] cy-
cloaddition, and no products derived from a potential stepwise, addition—
cyclization reaction were detected. Representative neutral and electron-
deficient dienophiles failed to undergo cycloaddition. A related boron
trifluoride etherate-catalyzed [4 + 2] cycloaddition of simple 2-aza-1,3-
butadienes with carbonyl compounds provides 5,6-dihydro-2H-1,3-0x-
azines and appears to proceed preferentially through an endo [4 + 2]
transition state although evidence supporting a stepwise, addition—cycli-
zation was occasionally detected.53¢

The incorporation of a 2-aza-1,3-diene into reactive systems including
N-arylketenimines, 2% N-arylvinylketenimines,%*% aryl and vinyl isocy-
anates,5”68 vinyl isothiocyanates,® and vinyldiimides® has been shown to
provide 2-aza-1,3-diene systems capable of participating in [4 + 2] cy-
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cloaddition reactions with hetero- or electron-rich dienophiles [Eq.
(32)] .7,65,67,68

NEt, NEt,
Q. o — ol
X — —
N NEt2 SN Q XH
X = CR,,0 il 10 - 85%%%
(!:H3 NEtz NE‘Z ch
™ et — ¢
l\Né//x X u X
X=0,S R:Ar,H 3 - 81%°°
ﬁ‘% ? (32
0 Toinn O
4
L
<N
7
@ TEtz E'ZN N
i O
| CHy
CHy
100%°

In the instances studied,®-¢7 the effect of solvent polarity on the rate of [4
+ 2] cycloaddition is consistent with the reactions proceeding by
stepwise, addition—cyclization reactions.
6-Phenyl-5-azaazulene™ [Eq. (33)]

Z~N

@Ph -
(33)
= Y on

If i
-

R
D
=R
& R
R
N PhCN

N \P
h

and 3,5-dimethylthio-1,2,4-triazepine™ have been shown to participate in
Diels—Alder reactions. The [4 + 2] cycloaddition occurs across the 2-
azadiene system.

3. Hetero-2-aza-1,3-butadienes 261
3. HETERO-2-AZA-1,3-BUTADIENES

N-Acylimines, e.g., 4, are the most widely recognized and the most
extensively investigated hetero-2-azadiene system capable of participa-
tion in Diels—Alder reactions, and comprehensive reviews have been pub-
lished.””! In general, substituents X and Y are strongly electron-with-
drawing groups and consequently the N-acylimines participate as
electron-deficient partners in cycloaddition reactions with electron-rich
dienophiles. Diels—Alder reactions of electron-deficient N-acylimines
with vinyl ethers, enamines, olefins, sulfenes, acetylenes, and the car-
bon-carbon or carbon-oxygen double bond of ketenes have been de-
tailed.>7.71 This 47 participation of electron-deficient N-acylimines does
complement the ability of many simple N-acylimines to behave as 2m
dienophile components in Diels—Alder reactions with typical electron-
rich dienes.®

e Fow
e x

& X=CCly, Y-H 5 6
X= y:= CF3

Selected examples of N-thioacylimines, e.g., 5, have been investigated
and shown to behave in a similar manner.”!72 N-Thioacyl dithioimidocar-
bonates (€.g., 6), 4-thia-2-aza-1,3-butadienes possesing two electron-do-
nating substituents, have been shown to undergo regiospecific, normal
(HOMOene controlled) Diels—Alder reactions with typical electron-defi-
cient alkynes and olefins including dimethyl acetylenedicarboxylate, N-
phenylmaleimide, methyl acrylate, and methyl vinyl ketone (22-84%).7%

The intramolecular 4 participation of an N-acylimine in a Diels—Alder
reaction” and the use of N-acylimines bearing chiral auxiliaries in inverse
electron demand Diels—Alder reactions with an observable high degree of
asymmetric induction™ illustrate additional capabilities for the applica-
tions of such systems which have not been fully explored [Egs. (34) and
(35)).7™

i% H
e &Y o

N 34
= - HOAc X 64% ' 4

H
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An extensively investigated and useful hetero-2-azadiene system capa-
ble of 4 participation in Diels—Alder reactions is the vinylnitroso com-
pounds.”> The complementary addition of electron-withdrawing substi-
tuents to the 3 position of the vinylnitroso system enhances the rate of
diene participation in inverse electron demand Diels—Alder reactions with
electron-rich or neutral dienophiles (simple olefins).”>’¢ Table 9-IV sum-
marizes a series of representative examples of the 4 participation of
vinylnitroso compounds in Diels—Alder reactions, and an extensive re-
view has summarized much of this work.>”

RO%:YIR‘
HoN
"HO SR

\|

Q R ! R R

— G L — WJG
. g
=X

R

0
Jo G

3 3 4
R3 R R foH R OR
2)( 1" l 2 + 2. O
R~ “OR No R H R¥RE CHy
0-
R = COCH, L2-70%
2
R
R R _R? B
S e
R R?  Fe,(COM H
N
Lo [ j
0

Scheme 9-111

3. Hetero-2-aza-1,3-butadienes

TABLE 91V

Diels-Alder Reactions of Vinyinitroso
Compounds (477 Component) with
Representative Olefins and Dienes®

Vinylnitroso Dienophile Product
} 4
X ol Rec
N N R2 RS R2
R! R? R? R* Yield
Ph Morpholine Ph H 92%
Ph Morpholine (CH,), 91%
CO,Et Morpholine (CH,), 100%
Ph OEt H H 87%
CO,Et OEt H H 82%
CO,Et Ph CH, H 43%
CHO Ph CH; H 43%
COCH; Ph CH, H 44%
Ph Ph CH, H 26%
4-NO,C¢H; Ph CH, H 83%
COCH; Ph H Ph  46%
CHO Ph H Ph  13%
Ph Ph H Ph 5%
4-NO,C¢H, Ph H Ph  57%
CHO H (CHy)s 42%
COCH, H (CHy)4 22%
Ph CH; C(CH;=CH, H 41%
)
X R X
@ Il | )
R! X Yield
CO,Et CH, 79%
Ph CH, 9%0%, 87%
4-BrCsH, CH, 79%
2-Furyl CH, 62%
H CH, 19%, 13%
CH,C1 CH, 2%
CH, CH, 23%
CN CH, 40%
Ph CH,CH, 48%
CO,Et 0 46%
COCH, 0 75%
Ph (6] 45%
% From Ref. 75.

’

263
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The use of the 4x diene participation of vinylnitroso compounds in
Diels—Alder reactions in the preparation of aryl pyruvate oximes,’s<.c&h
amino acids,’°# y-hydroxynitriles,’®# y-lactones,’®® pyridine N-ox-
ides,’ and pyrroles” is summarized in Scheme 9-III. The intramolecular
Diels—Alder reactions of in situ generated and unactivated vinylnitroso
compounds have been shown to proceed readily employing electron-rich
olefins, and the course of the reaction has been shown to proceed prefer-
entially through an endo transition state [Eq. (36)].”

[
+s0., R WO R
oeny x\/ H
CoF | NS e N (36)
CH,CN Y
3
X 20°C H X
RZOCH; X=H,CH, 65-70%

One report has described the use of thiocarbonyl compounds as the he-
terodienophile 27 component of a Diels—Alder reaction with vinylnitroso
compounds.’

Vinylnitroso compounds may act as 27 or 4w components of Diels-
Alder reactions with typical dienes [Eq. (37)].

O, —— /70
- < 37

Mo

Of the four possible pathways, it has been empirically determined that
vinylnitroso compounds bearing B substituents participate as 2w
dienophile components in Diels—Alder reactions with dienes [Eq. 37,
path b]6® whereas vinylnitroso compounds lacking g3 substitutents partic-
ipate as 47 diene components in their Diels—Alder reactions with dienes
[Eq. (37), path a).576 The potential that the observed 4w participation of
vinylnitroso compounds in Diels—Alder reactions with dienes [Eq. (37,
path c] may arise from a sequence initiated by the all-carbon Diels—Alder
reaction [Eq. (37), path d] followed by a [3,3]-sigmatropic rearrangement
to the observed oxazine product [Eq. (38)]

/IQ . j‘\> (38)

3 Hetero-2-aza-1,3-butadienes 265
has not received experimental verification. The related N-vinyl-N-alkylni-
trosonium ions, participate in similar cycloaddition reactions (Section 10).

Acylnitroso compounds are best recognized for their ability to partici-
pate as dependable 27 components of Diels—Alder reactions with dienes,
and these observations have found substantial application in the total
synthesis of natural products (Chapter 3).8! However, Mackay and co-
workers have detailed the isolation of 5,6-dihydro-1,4,2-dioxazine 9a
(10%) from the reaction of acylnitroso 7a with cyclopentadiene [Eq.
(391.2

R'I
,— o'y
.
8a R'=tBu

R'\VO 70 R'= t8u
N l

7b  =4-CgH,NO, (39)

¥ R R el
B -
R ’\Lo '
!
RZ RZ
9 R:tBu RZ=R'=H
9b R'z4-CgH,NO, R¥=CH; R Ph

Although this product may arise from the [3,3]-sigmatropic rearrangement
of the oxazine 8a, the acylnitroso 7b provided 5,6-dihydro-1,4,2-dioxazine
9b in excellent yield without the apparent intermediacy of the oxazine
8b.%2 These observations suggest the potentially useful 47 participation of
acylnitroso compounds in Diels—Alder reactions.

A number of heterocumulenes have been shown to function as hetero-
2-azadienes in [4 + 2] cycloadditions with appropriate dienophiles. Alkyl-
and arylacyl isocyanates (10, X = Y = O), isothiocyanates 10, X = O, Y

R\'éx
Ns Sy

10

= §), thioacyl isocyanates (10, X = S, Y = O), or thioacyl isothiocyanates
(10, X=Y=S) will participate in selected [4 + 2] cycloaddition reactions,
and substantial differences in reactivity exist between these related he-
tero-2-azadienes. Much of this work has been reviewed.”!
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Because of their predictable behavior and reactivity, thioacyl isocya-
nates comprise the bulk of this work, and extensive studies of their [4 + 2]
reactions with olefins,® enamines,® enol ethers 32 thioacyl isocyanates,
imines, %48 carbodiimides,3%" isocyanates,¥? azirines,¥® B-enaminoke-
tones,® dianils,¥ azines,” hydrazones,”! imidazoline-4,5-diones,” aryl
cyanates,” disubstituted cyanamides,” aldehydes,* ketones,** ketenes,®
alkyl or aryl iminodithiocarbonates,” and the carbon-carbon double bond
of ketenimines® have been detailed. In an extensive comparative study of
the [4 + 2] cycloaddition reactions of thioacyl isocyanates, the heterocu-
mulenes bearing strong electron-withdrawing substituents were found to
be more stable and less prone to participate in cycloaddition reactions.54
Representative examples are summarized in Scheme 9-1V.

Aromatic and aliphatic acyl isocyanates participate in a similar range of
[4 + 2] cycloadditions although [2 + 2] and simple addition reactions often
are observed. The acyl isocyanate substituents may determine or alter the
observed course of the reaction, and the substituent effects have been
detailed in extensive reviews.””! Observed [4 + 2] cycloadditions of acyl
isocyanates with selected olefins, p-quinones, allenes, the carbon—carbon
double bond of ketenes, electron-rich acetylenes, imines, dianils, ethy-
lenediimines, enamines, enol ethers, ketene acetals, carbodiimides,
azirines, and vinyl sulfides have been described.”™ The reaction of aro-
matic acyl isocyanates with carbodiimides is not a simple, direct [4 + 2]
cycloaddition but proceeds by a kinetic [2 + 2] cycloaddition followed by
a subsequent rearrangement to provide the observed [4 + 2] cycloadduct
[Eq. (40)).”
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R
0 N~ 0
N It RN~ RNj\N
. —_— ——
a0 H\R g7 NCOAT AN ar
(40)

< 0D 0
C(:,c)% Cl3c)\0 i H30 HO

Acyl isothiocyanates have been shown to participate in [4 + 2] cycload-
ditions with enamines,?® imines,” ketenimines,'® and hydrazones.'®! Sim-
ilar reports have detailed the [4 + 2] cycloadditions of thioacyl isothiocya-
nates with the carbon—carbon double bond of ketenes, ketenimines, and
enamines as well as the carbon—nitrogen double bond of imines, carbodii-
mides, and isocyanates.!?

N-Sulfinylaniline and related N-arylsulfinylimines participate as 2w
components of [4 + 2],8[2 + 2], and [3 + 2] cycloadditions in addition to
their observed 4 participation in Diels—Alder reactions with strained and
reactive olefins [Eq. (41).]'®

N
@ + I SN 41)

=

N—Sulﬁnylurethanes and N-sulfonylamides and -urethanes similarly par-
ticipate in Diels-Alder reactions with strained and electron-rich olefins
[Eq. (42)).'%

o0
Rw (R NI’ Ep
NfSOz R = ph OEt P Et

o (42)
e &
A e

R = OEt
4. 1,2-DIAZA-1,3-BUTADIENES

Electron-deficient azoalkenes, 1,2-diaza-1,3-butadienes, have been
shown to participate as 4w components in [4 + 2] cycloadditions with
selected dienes (Table 9-V)™6b and electron-rich or reactive olefins
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TABLE 9-V
Diels—Alder Reactions of Azoalkenes (477 Component) with Dienes
Azoalkene Dienophile Product
R’ ]
RZ\') X Rz X
N\\'\{ “/\/> | /
R® B3
R! R? R3 X Yield
H Ph 2,4-(NO,),C¢H; CH, 96%
H Ph SO,C¢H.CH; CH, 2%
H Ph CO,Et CH, 96%
H CH; 2,4-(NO,),C¢H; CH, 78%
CO,Et CH; 2,4-(NO,),C¢H; CH, 83%
CO,Et CH;, 4-NO,CiH, CH, 88%
CO,Et CH; Ph CH, 61%
H H Ph CH, 14%
H Ph 2,4-(NO,),CsH; 0 89%
H CH, 2,4-(NO,),CsH; 0 22%
CO,Et CH, Ph 0 0%
H CH; 2,4-(NO,),CsH; C=C(CH;), 68%
R
| |
a Y
L3
R
R! R? R3 Yield
H Ph 2,4-(NO;),CsH; 67%
R?
M I
Me;Si0 CH, NW CH,
R30SIMe,
R! R? R? Yield
H Ph 2,4-(NO,),CsH; 32%

(Scheme 9-V)!%-17 in processes best characterized as concerted, inverse
electron demand Diels—Alder reactions. Careful studies have demon~
strated that the [4 + 2] cycloadditions show high endo selectivity and no
rate dependency on the polarity of the reaction solvent.1%

The feasibility of the 47 participation of azoalkenes in intramolecular
Diels—Alder reactions with unactivated olefins has been detailed [Eq.
(43)].1060
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| oAl ol
N’i‘ SCgH,OCH; l\s,ceHLOCH3 |\oa “LN OEt
CO,CHy | CO,CH,
72% 70%
JOZCH3 °
Ny
[
COCH,

| |
CO,CH, ‘kAr CH40,C
CO,CH,
i
N\f"l Ar
CO,CH,
Scheme 9-V
l R CH,Cly ]
—
S R 2h, 25°C 2 (43)
23-80%

In a complementary series of observations the simple azoalkenes, 1,2-
diaza-1,3-butadienes, were shown to participate in apparent normal (HO-
MOy,ene controlled) Diels—Alder reactions with typical electron-deficient
dienophiles [Eq. (44)]'%®

{ Q NC CN ™
| Ph -— [ NPh— — — . N
| h N§N NCJ(CN N\N CN (44)
| I CN
Ar Ar

Ar
73-75% 25°C, CgHg, 24h 47-70%

!
as well as in [4 + 2] cycloadditions with electrophilic heterodienophiles
including azodicarboxylates [Eq. (45)],'®

R’ ] )
RZ\(\N/R NR R R2 I COR
. — 1 — v I \h’ 45)
N'é%o
Ls

~
Ny
is \,],3 NCOR NN;N\COR
R
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thioisocyanates [Eq. (45)),"1° thiones,'!" and sulfines.!" Selected reactive
olefins including ketenes provide mixtures of [2 + 2] and {4 + 2] cycload-
dition products with the simple azoalkenes. '

5. HETERO-1,2-DIAZA-1,3-BUTADIENES

Azodicarboxylates are best recognized for their ability to participate as
27t components in normal (HOMOiene controlled) Diels—Alder reactions
with dienes (Chapter 6)>7!11* and for their effective participation in ene
reactions with reactive olefins.!’ In addition, electron-rich or reactive
olefins that do not contain a reactive allylic hydrogen atom and conse-
quently cannot enter into an ene reaction do possess the ability to partici-
pate in competing [2 + 2] and [4 + 2] cycloadditions with azodicarboxy-
lates.571113 The Diels—Alder [4 + 2] cycloaddition of azodicarboxylates
with olefins provides 1,3,4-oxadiazines (Scheme 9-VI) and is sensitive to
solvent and substituent effects.!4-120 In general, the competing [2 + 2]
cycloaddition to provide 1,2-diazetidines intervenes and predominates as
the olefin nucleophilicity and the reaction solvent polarity are increased
[Egs. (46) and (47)).'8

PhO R PhO R PhOT COR
LI A RO S u

|
COR COR

R = O(IHZCCI3 85% >95 <5
R = OCH. 73% 77 23
3

R = OEt 847 65 35 (46)
R = Ph 66% <5 >95

Solvent
R = ()CH3 CH3CN 80 20

neat 65 35

Etﬁﬂ 33 67

CG 5 33 67

Ar
0. OCH H )\
+ Y } —_— ArO\[O“/OC 3 + COZCH3
2 N NCO,CH,

A 25°C |
0 COLCH; CO,CHy
én
0CH3 82. 13 87
CH 85% 16 84

o

73% 23 77
56% 33 67
407 95 5

> x> >
womonmouwon
Zz 0T
-
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Scheme 9-V1

Alkoxycarbonylaroyldiimides (11a, R! = OR, R? = Ar),!!6:120:122 djaroyl
diimides (11a, R! = R? = Ar),!16-118.121 and arylaroyldiimides (11b, R' = R?

0 R1 0 R
- N
COR R

1ia 11b

= Ar)'2 participate with increasing selectivity as 47 components in [4 +
2] cycloadditions, and much of this work has been reviewed.>7H113 In
selected instances, the expected bicyclodiazine products of the normal
Diels—Alder reaction of cyclopentadienes and stable cyclopentadienones
with 27 participation of azodicarboxylates and diacyldiimides may rear-
range to the corresponding 1,3,4-oxadiazines, the formal products of
Diels—Alder 4 participation of the azodicarboxylate or diacyldiimides
with the dienes [Eq. (48)).'2

?OR
COR N
low =+ O — nocag‘@ — D 48)

R

R= t-Bu> Ph> CHy> OR
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6. 1,3-DIAZA-1,3-BUTADIENES

A select group of 1,3-diaza-1,3-butadienes has been reported to un-
dergo [4 + 2] cycloadditions, but the lack of extensive efforts with this
system reflects the current difficulty encountered in the preparation of
stable 1,3-diaza-1,3-butadienes and their reluctance to participate in the
Diels—Alder reactions. Successful efforts which have been described in-
clude the thermal isomerization of an unsaturated N-silylurea with the in
situ generation and subsequent Diels—Alder reaction of a 2-trimethylsily-
loxy-1,3-diaza-1,3-butadiene [Eq. (49)],'*

5

i rTR1 i H20 Hi NR

— | —_—
i 80 - 90% Oé\ril

Ph Ph 0 Ph
N)\Ph — O/ﬁ:Ph 49)
Oé\r‘\l&Me; Me,Si \ or oh
Ph h CO,CH; COCH
' I 11 CH30H HN -3
é 35% 0)\N CO,CH;3
0,CH4 L

the [4 + 2] cycloadditions of 4,6-diaryl-1,2,3,5-oxathiodiazine 2-oxides
with nucleophilic heterodienophiles'? or electron-rich olefins'* [Eq.

(501,

Ar
Ar — = Wy
Ao P 2502 ac A Phr
e R (50)

L9% Ar )QN

the in situ generation and subsequent intramolecular Diels—Alder reac-
tions of 2-thiomethyl-1,3-diaza-1,3-butadienes [Eq. (51)},'%"

Ar CO,CH4
Ar-—~/\< OZCH3
I L
N R [
\

N _N
R RxRI
selected examples of the Diels—Alder reactions of 1,2-dihydro-1,3,5-

triazines,'?™ and two examples of stable, simple 1,3-diaza-1,3-butadienes

6. 1,3-Diaza-1,3-butadienes
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TABLE 9-VI
[4 + 2] Cycloadditions of Heterocyclic 1,3-Diaza-1,3-butadienes
1,3-Diaza-1,3-butadjene Dienophile Conditions Product Ref.
- R ™ o
X B Xylene, reflux, R 131
X =0,S, NR;R = 4 50-91% yield @:%’N
NO,CH,, 4- X
NMe,C¢H,, 4-
CH;0C¢H,
NPh %_N h
I }NMQ
X = S; R = Me,N H _ @'Sz 2 132
S
X =0,NH;R = 4 CHCl;, reflux, < N: 136
NO,CH, 33-37% yield ©:N>= R
X
Ph~ -Ph i
Ph
N~ R g — 131
- W Vi NN )R
X 33-87% yield [
R = Ph, Chy, H; X = O, 8 Ry
S, Se; R! = Ar
NAr
Ar
(3 u — Q§ e, 132
S -
; 2w
{37 O - 01
N 7
O
le R!
@ i‘; — = l‘\l" 133
N?\R NS N/d\R
R = OEt, Ph R' = Ph, SiMe;
rR.__R ,
R = =0, =S hd - @ﬁ\l(" 135
g INTR
R'=H
R = Ph, OEt R! = Cl — 134
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which provide [4 + 2] cycloaddition products with selected dienophiles
[Egs. (52) and (53)).1%12

Ph ‘ Ph Ph
NR
N//I\Ph [l N =y (52)
Ph/k\ N I(% Ph
' &
R
CF, CF,
ek N O Wﬁ} (53)
3 — —_— e | NCO,Et
Prg\l‘ ¢ Ph)\rlq CO£ {
Ar CO,Et Ar
25% L7%

The incorporation of the 1,3-diaza-1,3-butadiene system into a reactive
heterocumulene system, imidoyl isothiocyanates and imidoyl isocyanates
[Eq' (54)],130,137

O i

A, neat
N
0 ] R=CgHg  77%
0 =C0,CHy 58%
<" 2-ha 3 (54)
: ?OZCHa
t
CgHg, 100°C

22%

or its incorporation into aromatic and heteroaromatic systems (Table 9-
VI)31-136 have permitted the observation of selected [4 + 2] cycloaddi-
tions with reactive olefins or heterodienophiles and represent processes
proceeding through discrete dipolar intermediates.

7. 1,4-DIAZA-1,3-BUTADIENES

Only a select group of 1,4-diaza-1,3-butadienes has been shown to func-
tion as 4 components of [4 + 2] cycloadditions. Dehydroindigo affords
Diels—Alder products on reaction with styrene, vinyl aryls, acrylonitrile,
methyl acrylate, and methyl propiolate under forcing conditions [Eq.
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(54)],1%7 the cyclic thiocarbamate diimine 12 affords products derived from
an initial [4 + 2] cycloaddition with dimethyl acetylenedicarboxylate [Eq.
(55)),%

Ph H  (0LH, Ph H Ph
NN 02CH3 N OLH
S#Nﬁ < — 5= I ]i —— = O £H3 (55)
S N tocH SN NCO,CH, S OLH,
2 HCH3 Ph 0,CH,

and N-aryl-1,4-diaza-1,3-butadienes have provided Diels—Alder products
on reaction with reactive dienophiles [Eq. (56)].'%

Ar
N
| C
N
Ar Ar 0
2 26-55%

\Ar (56)

Ar
30-46%

— jNPh _— l ﬁr’i‘ jNPh
m\% EN(N\%

Early studies on the dimerization of substituted o-benzoquinone
diimines!3®* and their reactions with diarylketenes!¥® [Eq. (57)]'%

CHy, MR
O
' R'= 0 CH, Hy
. R=COPh R
X 57
R
[ ﬁ RL@[Eﬁ
EY R
R

R3

revealed that the reactions exhibit solvent effects, substituent effects, and
activation parameters consistent with a moderately polar transition state
with the diimines participating as electron-deficient heterodienes. Contin-
ued investigations have highlighted the heterodiene participation of o-
benzoquinone diimines in inverse electron demand Diels—Alder reactions
with electron-rich or strained, reactive olefins.*13% o-Benzoquinone
diimines do participate as all-carbon 477 components of Diels—Alder reac-
tions with typical electron-deficient dienophiles.!3%®

Diiminosuccinonitrile readily participates in [4 + 2] cycloadditions with
electron-rich olefins [Eq. (58)].140
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NC 7 SNH OCH,

H
NC /NH OCH:, NC N OCH:!
DN ¢ — (58)
NC” N7 TOCH,
H
76%

A common and competing reaction of a-diimines, 1,4-diaza-1,3-butadi-
enes, with electron-rich or reactive olefins is [2 + 2] cycloaddition to
afford azetidine or B-lactam cycloaddition products [Eq. (59)],

ArN
Ar R
S [
w L (59)
Y, el i
R ArR

and early reports of apparent [4 + 2] cycloaddition reactions often are
incorrect. !

8. 2,3-DIAZA-1,3-BUTADIENES

Conjugated dienes possessing the 2,3-diaza-1 ,3-butadiene system rarely
participate in effective [4 + 2] cycloadditions. Typical efforts to promote
the Diels—Alder cycloadditions of such systems with representative
dienophiles afford 2:1 adducts or [3 + 2] criss—cross products.'!

In selected instances 2,5-diphenyl-1-3,4-diazacyclopentadienone (3,6-
diphenyl-4H-pyrazole-4-one) [Eq. (60)],'?

Ph

r—'——’ | ! »—Ph
K R

HoF>h "\(&’P /Ph/’
po O SN, SN G
H

N-N

I_@_* @@

4,4-dimethyl-3,6-diphenyl-4H-pyrazole [Eq. (61)],143
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= N.% — Nj 61
A;>< Coe 0 AR \\{Wh (61)
2,5-diphenyl-6-oxo0-1,3,4-oxadiazine [Eq. (62)],'*
108"/0
h

o O Q00
N;irkfo Ph .

NEt Ph
Ph I 2 EtoN
I
e CHi™Y
: Ph

and the 2,3-diazadiene 13 [Eq. (63)]'¥

- o = AN ©

13

afford products derived from their [4 + 2] cycloaddition with dienophiles.
3,6-Diphenyl-4H-pyrazole-4-one [Eq. (60)]'? fails to react with conven-
tional dienophiles including maleic anhydride, dimethyl acetylenedicar-
boxylate, diphenylacetylene, dimethyl fumarate, isobutyl vinyl ether, cy-
clopentene, and cyclohexene.?® The [4 + 2] cycloadditions of
2,5-diphenyl-6-ox0-1,3,4-oxadiazine [Eq. (62)] and related 6-oxo-1,3,4-
oxadiazines with strained and reactive olefins or alkynes including cyclo-
propenes, cyclobutenes, norbornene, norbornadiene, styrenes, benzynes,
ynamines, and cycloctyne have been detailed, and their participation in
intramolecular Diels—Alder reactions with unactivated alkenes and al-
kynes has been investigated.'# The reactions of 6-oxo-1,3,4-0xadiazines
with simple and electron-rich dienophiles may often take an unanticipated
course, 144,144

Additional examples of the Diels—Alder reactions of cyclic 2,3-diazabu-
tadienes include the reactions of 4,5-dihydropyridazines, the products of
the Diels—Alder reactions of 1,2,4,5-tetrazines with olefins. Specific ex-
amples of these reactions are summarized in Chapter 10, Section 14.

9. 1,2,4-TRIAZA-1,3-BUTADIENES

One selected heterocyclic 1,2,4-triazadiene system has been reported
to participate in a range of [4 + 2] cycloadditions [Eq. (64)],"6
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and the reaction of the formazan 14 with dimethyl acetylenedicarboxylate
provides a mixture of products which includes the [4 + 2] adduct 15 [Eq.
(64)].14 Intramolecular [4 + 2] cycloadditions of an electron-deficient
1,2,4-triaza-1,3-butadiene have been detailed [Eq. (65)).1¥

u “NH NZRH
@ =~ CeHs @N)(LR
2 2
oJﬁ . 80°C, 2-3h 0 (65)
R R
H H  63%
CHy H  69%
H Ph 79%

10. CATIONIC AZADIENES, [4* + 2] CYCLOADDITIONS

The preparation or generation of azabutadiene systems bearing a formal
cationic charge, a quaternary iminium salt, provides an enhancement of
the electron-deficient nature of the azabutadiene systems and increases
their potential for participation in cycloaddition reactions with electron-
rich or neutral dienophiles. The classification of cationic azadiene {4* + 2}
cycloadditions as ‘‘polar” cycloadditions is not derived from an implied
stepwise addition—cyclization mechanism for the reaction but was termi-
nology introduced to distinguish cycloadditions employing cationic or
anionic components from those employing dipolar or uncharged com-
ponents.%

The most thoroughly investigated and widely recognized class of cat-
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ionic azadiene systems capable of participation in [4* + 2] cycloaddition
reactions is the aromatic quaternary salts including the acridizinium and
isoquinolinium cations. Extensive studies of Bradsher,'*#® Fields,'® and
co-workers have outlined the scope, synthetic applications, and mecha-
nistic details of cycloaddition reactions of the cationic aromatic azadienes
typified by the acridizinium/isoquinolinium cations, and much of this
work has been reviewed.!® Nucleophilic alkenes including ketene acetals
react in minutes at room temperature with acridizinium and isoquinoli-
nium cations while typical electron-deficient dienophiles require more
vigorous reaction conditions (100-160°C, 10-90 hr) (Scheme 9-VII).

The [4* + 2] cycloadditions proceed in a regiospecific manner with the
nucleophilic carbon of the electron-rich dienophile attaching to the ex-
pected electrophilic site of the aromatic quaternary salt (e.g., C-6 for
acridizinium salts, C-1 for isoquinolinium salts) and the rate of reaction
(ketene aminals, ketene acetals, enamines > cyclopentadiene > 2,3-di-
methylbutadiene > styrene > dihydropyran > 2-butene > maleic anhy-
dride) does increase as the nucleophilic character of the dienophile is
enhanced [Eq. (66)].!4%:14°

X
| 656 7 X"
3~ Z 8 /‘
x©) o0, — 66)

1 110

X = CH30 (4.3), CH3 (1.7}, 0 (1 0), NO, (0.34)

In the exploration of an effect comparable to the recognized Alder and
Stein endo addition rule' for the normal (HOMOyqe controlled) Diels—
Alder reaction, Bradsher and co-workers have carefully defined and ex-
plored the stereoselectivity of the acridizinium/isoquinolinium salt [4™ +
2] cycloadditions. 48 The observed stereoselectivity may be best ration-
alized by electrostatic interactions at or enroute to the transition state for
the [4* + 2] cycloaddition. Electron-withdrawing dienophile substituents
often are found cis to the quaternary nitrogen in the cycloaddition pro-
ducts'#8v.¢ while electron-donating or alkyl/alkenyl dienophile substituents
are found trans to the quaternary nitrogen'#®-¢ (Scheme 9-VII). Although
most investigators in this area are content to represent the [4* + 2] cy-
cloaddition of aromatic quaternary salts as stepwise, addition-cyclization
reactions, the experimental results to date are consistent with the partici-
pation of the aromatic quaternary salts in concerted, but nonsynchronous
[4* + 2] cycloadditions in which polar influences dominate the regio- and
stereospecificity of the cycloaddition processes. !4e:150



280 9 Azabutadienes

COR COR
RO,C
COR 2
: : COR COR &
z :\l - D: A - 2 )
N COR RO,C X
H
H

— +
'z

t
a0
]
-
OF
1

7\ i/
x =2'r =
S
75
t
o
L
[
=
0
!
7\
2.
o

EtO] -OEt

Et0 OEt

R=CH4
25°C '60-97%

8
RS i e
H

R= NO, {120)>NHAC (2)>H
X= CH30 >H

Scheme 9-VII

10 Cationic Azadienes, [4+ + 2] Cycloadditions 281

Two experimental techniques have improved the observed participa-
tion of simple aromatic quaternary salts in [4* + 2] cycloadditions. The
addition of hydroquinone, which forms a stabilized 1:2 complex with the
isoquinolinium salts, to the reaction mixture accelerates the rate of ob-
served isoquinolinium salt [4* + 2] cycloaddition. 8 In addition, the use
of 2,4-dinitrophenyl aromatic quaternary salts, prepared from the parent
base and 2,4-dinitrophenyl bromide or chloride, accentuates the electron-
deficient character of the quaternary salt and accelerates their participa-
tion in [4* + 2] cycloadditions with electron-rich dienophiles.’’? These
observations of Falck and co-workers have proved useful for promoting
the [4* + 2] cycloaddition of isoquinolinium systems previously regarded
unmanageable. The application of these observations in the total synthe-
ses of 14-epicorynoline (16) and methyl arrnothanamide (17) have been
detailed [Eq. (67)],'32

O
MsO N Br Br 40°C
+ e
M :@;; U: C:] CH;0H-
= j@\ r CH Ll
ON NO,

3d,75% 0N

CH30 0
CH30 @ @@ o’ 17
CH;0 NCHO

CHy

and the utility of the [4* + 2] cycloadducts as precursors in the prepara-
tion of 1-naphthaldehydes [Eqgs. (68) and (69)]
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have been reported. 52153

A one-step synthesis of the protoberberine alkaloid karachine (18), em-
ploying a presumed Mannich reaction of 4-methyl-2-trimethylsilyloxy-
2,4-pentadiene with berberine, has been detailed by Stevens and Pruitt.!s¢
It is plausible that the initial step of the one-flask reaction sequence lead-
ing to karachine is, in fact, a [4* + 2] cycloaddition of the quaternary
aromatic salt, berberine chloride, with the terminal electron-rich olefin of
the silyloxydiene [Eq. (70)).

ar CH3

. CHy
100°C
66%

+

\[ 0SiMeg
DMSO
G
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The thermally induced intramolecular [4+ + 2] cycloadditions of iso-
quinolinium salts bearing an unactivated alkenyl side chain have been
investigated and shown to proceed with addition across the isolated dou-
ble bond and the 1.4 positions of the isoquinolinium system to produce
tetracyclic adducts [Eq. (71)).'%

A

X CH4CN 7 H,0
——o—’ Br‘ —
2 145°C "
Br~ R:-H RN,
4L6%
P L

2 COCHy  56%

,H

89%

(7

In related efforts, the reaction of N-methylquinolinium iodide with
ynamines [Eq. (72)],%

m |ll R | 15-75% @b/n'

J — rRT —_— 2

ol 1 M = (72)
90-95% © "
-OH

|

the reaction of isoxazolium salts with enamines [Eq. (73)1,17

Pn];}) E\N/D th (73)

r! S b

and the reaction of benzofuroxans with enamines's and ynamines'*® have

been shown to afford products derived from [4* + 2] cycloadditions.
The acid-catalyzed, in situ generation of N-alkylaryliminum salts, e.g.,

19 [Eq. (74)],'60-162
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provides a cationic azadiene system which has been shown to be capable
of participating in formal [4* + 2] cycloadditions. An exceptionally versa-
tile and useful procedure has been developed for the preparation of tetra-
hydroquinolines and julolidines utilizing the in situ generation of N-
methylaryliminium salts and their subsequent participation in [4* + 2]
cycloadditions with electron-rich or simple olefins. For example, treat-
ment of N-methyl-N-phenylmethoxymethylamine with Lewis acids
(TiCl,, BF;-OEt,, —78°C) in the presence of electron-rich or neutral ole-
fins provides the N-methyltetrahydroquinolines in excellent yield [Eq.
(74)].162

The early observation'®® that treatment of N-methylacetanilide with
phosphoryl chloride provides 20 presumably by the [4* + 2] reaction of an
a-chloroenamine with its tautomeric iminium ion [Eq (75)),

oL = O

! - -
— | PAN ¢ For

TP PR
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has provided the basis for the development of a controlled approach to the
preparation of isoquinolines. Treatment of N-methylformanilide with
phosphoryl chloride in the presence of electron-rich alkenes provides N-
methylquinolinium salts, presumably by way of a [4* + 2] reaction [Eq.
(76)).1¢4

@T/CHO& ©\7)i - (j;gj (76)
QN@ 79%

Related studies employing N-protonated vinyl-' or aryliminium
salts 64161 Lewis salts of aryl-5* and vinylimines,5 1,3 4-oxadiazolium
salts,'®® and nitrilium salts!'¢’ constitute additional examples of reaction
processes proceeding through cationic azadienes which formally partici-
pate in [4* + 2] cycloaddition reactions.!6

The preparation of N-vinyl-2-ethoxypyrrolidiniminium tetrafluoro-
borate (21) and its subsequent cycloaddition reactions with terminal
akenes have been detailed [Eq. (77)]).'%

U\ OEt H
(o R %R LIAIK, %R
B N CHaNO, ' THE, A an

21 4,48n BF, 2th 1% 3%

R=Ar, olkyl,OR

The unstable [4* + 2] cycloadducts were reduced with lithium aluminum
hydride to provide the cis/trans isomeric octahydroindolizines in low
yields. At present, the reported regioselectivity of this [4* + 2] cycloaddi-
tion is not easily rationalized. Typical, electron-deficient dienophiles were
unreactive toward 21.

Two cationic heteroazadiene systems that participate in well-defined
[4t + 2] cycloadditions have been investigated extensively. The N-
methyl-N-methylenium amide'™ or carbamate'” cations as well as simple
N-methylenium amides'™!7! and vinylnitrosonium cations'”*-'> have
been shown to participate as effective cationic azadienes in [4* + 2]
cycloadditions. N-Methyl-N-methylenium amide cations, e.g., 22, partici-
pate in [4* + 2] cycloadditions with neutral or conjugated dienophiles
[Eq. (78)],'™
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and the simple N-methylenium benzamide cation (23) participates in re-
gio- and stereospecific'”! [4* + 2] cycloadditions with a range of represen-
tative electron-rich, neutral, or electron-deficient dienophiles (Scheme 9-
VIII).'70171 The demonstration that the stereochemistry of the olefinic
dienophile is preserved in the course of the [4* + 2] cycloaddition satisfies
an important requirement for concerted cycloaddition. While this obser-
vation does not exclude the possibility of a two-step addition—cyclization
reaction, it does require that for such a mechanism to be operative the
cyclization must be more rapid than carbon—carbon bond rotation.

/? " H30" g Sl Nj |
HN Ead HNZ bl H
PnN0 PhANQ PhJ%O
23
|
X T I [ 1
||” ( )r H CJ\COZCH:, U\R

Ph l L
HN X NN HR
PhAloph Ph)'\o . ph)N'\/oI Ph)\0~ H3 ph)\/j\ﬁ

CO,CHy

X=N 3%8% R= Ph
=CH 99% = CH=CH,
= OAc

Scheme 9-VIII

In attempts to promote the acid-catalyzed intermolecular Diels—Alder
reactions of the acylimine 24 with neutral dienes the predominate forma-
tion of a-acylamino-8-alkenyl-8-butyrolactones was observed. It has been

suggested that the major products are derived from the 4« participation of

the acyliminium salts in a [4* + 2] cycloaddition with the dienes followed
by a subsequent acid-catalyzed rearrangement to the observed products
[Eq. (79)]."2
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The in situ generation of N-vinyl-N-cyclohexylnitrosonium cations
from the corresponding a-chloronitrone, e.g., N-(2-chloroethylidene)cy-
clohexylamine N-oxide (25), and their subsequent [4* + 2] cycloaddition
with electron-rich, neutral, or selected electron-deficient dienophiles have
been extensively investigated (Scheme 9-IX).3-'7 The intermediate im-
inium salts which are derived from the regio- and stereoselective [4* + 2]
cycloadditions are not generally isolated but are subjected to the useful
transformations illustrated in Scheme 9-IX. The intramolecular [4+ + 2]
cycloadditions of vinylnitrosonium cations and nitroalkenes have been
detailed.17¢
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Heteroaromatic Azadienes*

Introduction
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. Pyrazoles
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. Pyndazines (1,2-Diazines)

. Pynmudines (1,3-Diazines)

. Pyrazines (1,4-Diazines)

. 1,2,3-Triazines

. 1,3,5-Tnazines

. 1,2,4-Triazines

. 1,2,4,5-Tetrazines

. Cationic Heteroaromatic Azadienes
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INTRODUCTION

Since the early demonstrations of the participation of substituted
1,2,4,5-tetrazines! and oxazoles? in Diels—Alder reactions with olefinic
and acetylenic dienophiles, the potential utilization of the [4 + 2] cycload-
dition reactions of heteroaromatic systems possessing a suitable azadiene
arrangement has been the focus of extensive investigations.-® In general,
the heteroaromatic systems which possess an electron-deficient azadiene

* Adapted with permission from Boger, D. L. (1986). Chem. Rev. 86, 781.
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are ideally suited for participation in inverse electron demand (LUMOgene
controlled) Diels—Alder reactions. The recognition of the electron-defi-
cient nature of heteroaromatic azadienes led to the proposed potential and
subsequently demonstrated reversal of the diene/dienophile electronic
properties in the Diels—Alder reaction and led to the full investigations of
the inverse electron demand (LUMOy,,. controlled) Diels—Alder reac-
tion.! Since the initial investigations, several general approaches have
been investigated and shown to promote or accelerate the participation of
a wide range of electron-deficient heterocyclic azadienes in Diels—Alder
reactions.

The additional substitution of the heterocyclic azadiene system with
electron-withdrawing groups accents the electron-deficient nature of
the heterodiene and permits the use of electron-rich, strained, or even
simple olefins as dienophiles.>*¢ Substitution of the heterocyclic aza-
diene with strongly electron-donating substituents in many instances
is sufficient to overcome the electron-deficient nature of the azadiene
and permits the use of conventional electron-deficient dienophiles in
normal (HOMOg,n controlled) Diels—Alder reactions.*¢ The entropic
assistance provided by the intramolecular Diels—Alder reaction is suf-
ficient in most instances to override the reluctant azadiene participation
in Diels—Alder reactions.” The incorporation of the heterocyclic aza-
diene, or the dienophile, into a reactive system, e.g., heterocumulene,
allows a number of specialized [4 + 2] cycloaddition processes which
are best characterized as stepwise addition—cyclization [4 + 2] cyclo-
additions.®

1. OXAZOLES

Since the initial report that alkyloxazoles participate in Diels—Alder
reactions with maleic anhydride,? extensive efforts have defined the scope
and synthetic utility of the [4 + 2] cycloadditions of oxazole derivatives.
This work has been the subject of several reviews.??

The course of and facility with which the Diels—Alder reaction of
oxazoles proceed are dependent on the dienophile structure, the
oxazole/dienophile substitution, as well as the reaction conditions.
Olefinic dienophiles provide pyridine products derived from the
fragmentation of the initial [4 + 2] cycloadducts 2 to provide 3 which
subsequently aromatize to provide the substituted pyridines [Eq.

(D).



302 10. Heteroaromatic Azadienes

3

'Hzo R
R

R

R?
(4
4
]
OH
&
Rh
]

w

@)
E@[R

M

Simple dehydration of 3 provides pyridines (R? = R, H), and 3-hydroxy-
pyridines are formed from 3 by the elimination of R?H (e.g., EtOH, R =
OEt) or R*H (e.g., HCN, R* = CN and R? = H) or by simple dehydro-
genation (R? = H, —H;). In many instances, more than one pathway is
followed and a mixture of pyridine products is obtained. Appropriate
selection of the substituted oxazole (e.g., R? = OEt, OSiMe;, CN), com-
plementary selection of an olefinic dienophile (e.g., R* = alkyl versus CN),
and conduction of the reaction under defined reaction conditions (HOAc
versus C¢Hg) can determine the observed course of the reaction. The
addition of electron-donating substituents to the oxazole nucleus (OR >
alkyl > 4-phenyl > COCH; > CO,R >> 2-phenyl, 5-phenyl) increases its
rate of participation in normal (HOMOg;eq. controlled) Diels—Alder reac-
tions with typical electron-deficient and simple olefinic dienophiles. Al-
though the number of studies of the regioselectivity of the Diels—Alder
reaction of oxazoles with unsymmetrical olefinic dienophiles are limited,
the generalization has been made that the strongest electron-withdrawing
olefinic substituent is found at position C-4 of the pyridyl products. A
number of exceptions to this generalization have been observed.>®
Since the annual commercial requirements for pyridoxol (5), one of the
three equally active forms of vitamin B, are in excess of 200,000 pounds
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OH
H4C OH
H
5 pyridoxol
HyC a HaC "
3N~ 0, 1A 3 H
L O %, MO
N= 2 H" HO
5,m% M

per year, the potential for the development of a commercially viable
process for the preparation of pyridoxol based on the Diels—Alder reac-
tions of substituted oxazoles played a major role in the initial investigation
and development of the scope of the oxazole [4 + 2] cycloadditions. Much
of this effort is summarized in Table 10-1.1-%

Despite the early recognition that heterocyclic azadiene systems are
typically electron-deficient,! little effort has been devoted to the explora-
tion of the potential participation of electron-deficient oxazoles in inverse
electron demand (LUMOgeqe controlled) Diels—Alder reactions with elec-
tron-rich or simple olefinic dienophiles. One study has demonstrated the
potential of such investigations (Table 10-1, entry 26).3 Breslow and co-
workers have adapted the oxazole olefin Diels—Alder reaction for the
preparation of a tetrahydroquinoline-based analog of pyridoxamine with
the stereochemically defined placement of a catalytic group [Eq. (2)].37

Et H

Et
CO,R
< + — N 2. @ ’
EtOH,H’ COR
CO,Et CO,Et 0,Et (2)
HN ,$/\/\NMe2
HO.
- @)

The pyridoxamine analog was shown to be capable of converting keto

acids to amino acids with good enantioselectivity.

A key step employed in the Kozikowski-Hasan approach to the antitu-
mor agent ellipticine (6) was the regioselective [4 + 2] cycloaddition of

acrylonitrile with the oxazole 7 [Eq. (3)].
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The cycloaddition provided the expected 4-cyanopyridine 8 albeit in mod-
est yields.?®

Weinreb and Levin have detailed a total synthesis of eupolauramine
(10), an azaphenanthrene alkaloid, which is based on an intramolecu-
1ar¥®40 alkene oxazole Diels—Alder reaction and illustrates the condition-
dependent fragmentation of the initially formed olefin oxazole Diels—Al-
der products [Eq. (1)]. Thermal cycloaddition of 11, even with the
rigorous exclusion of oxygen from the reaction mixture, provided a mix-
ture of 13a and 13b resulting from the previously observed but rare dehy-
drogenation of the dihydropyridine intermediate [Eq. (1), —H]. The de-
sired and expected Kondrat’eva fragmentation involving the elimination
of water [Eq. (1), —H,0] could be observed if the reaction was conducted
with a nonnucleophilic base (DBU) present in the thermolysis reaction
mixture. Furthermore, the thermal cycloaddition of 11 represented a rare
example of a 2-phenyloxazole effectively participating in an olefin oxazole
Diels— Alder reaction, and it is the entropic assistance provided by the
intramolecular reaction which accounts for the observed reaction [Eq.

).

OH H

CO,CH.
QU O
70 -76%

CO,CH { A s
e (O o Bb
N s, N )]
1 2 CO,CH,
DBU NO NO CHy
——
6% CH,
1% 10 eupolauramine

In contrast, acetylenic dienophiles including benzynes’! participate in a
well-defined [4 + 2] cycloaddition with oxazoles to provide substituted
furans 15 which arise from the retro-Diels—Alder reaction with loss of
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R’CN from the initial alkyne. oxazole Diels-Alder adduct 16 [Eq.
(5)].3941-58

N 2 j
R 2
R? 4 R
R R iR S R
o — | | T ©)
" | R R
R! RL Q‘ R‘
1
% 5

Efforts to isolate the initial alkyne oxazole [4 + 2] cycloadducts have been
unsuccessful, and only the furan cycloaddition products have been de-
tected in the reaction mixtures. The Diels—Alder reaction of alkyl- or aryl-
substituted oxazoles with neutral, conjugated, or electron-deficient al-
kynes displays little regioselectivity whereas polarized, electron-rich
oxazoles (e.g., 1, R? = OEt) do participate in regioselective, intermolecu-
lar alkyne oxazole Diels—Alder reactions. In such instances, mixtures of
isomeric products are still often observed, and the alkyne carbon bearing
the strongest electron-withdrawing substituent preferentially attaches to
oxazole C-5.32#! The facility with which the substituted oxazoles partici-
pate in [4 + 2] cycloadditions with electron-deficient alkynes follows the
identical order of oxazole reactivity observed with electron-deficient ole-
fins (OR > alkyl > 4-phenyl > COCH; > CO,CH; >> 2-, 5-phenyl).
Table 10-1I summarizes representative work.#-*® Jacobi and co-workers
have systematically investigated the scope of the intramolecular alkyne
oxazole Diels—Alder reaction and have applied their findings in the total
syntheses of (*)-ligularone (17) and (+)-petasalbine (18) [Eq. (6)],

H »—Ql\i A H
- aE W
65 (6)

X
17 X=0 92% ligularone :]

- OH
18 = <H 84% petasalbine

A
— CH 30 l ——
CeHsEt
9% 0

@)

19 peniculide A
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and (+)-gnididione (20) and (*)-isognididione (21) [Eq. 8)].%°

1 R

R R? RR
0
G A

160°C
- . ™ ) ®
0 i K R LS
=/ CHy H  45% 0 gnididione 20

G
H CH3 $S7% 0 sognididione 21

2. THIAZOLES

Thiazoles have been shown to be much more reluctant than oxazoles to
participate in Diels—Alder reactions, and only two successful intermolec-
ular Diels—Alder reactions have been described. Like oxazoles, olefinic
dienophiles provide pyridine products via a Kondrat'eva dehydration

[Eq. 9)1.%

OH
HO—\_/—OH HyC

r — Kj?w

S OH

Ot

H5C \é (9)
Nz

OH

| ROLC 7T CoR HyC COR
(@)
COR

R=CHy 63%

A selected intramolecular Diels—Alder reaction of an acetylenic thiazole
provided the expected thiophene product [Eq. (10)].%%

Hy Et OEt
d IIR R
. J—
0 0 (¢11)
R = CHOCH; 57%
CO,CH;,CHy 0%

Unlike the case of oxazoles, the attempted intramolecular Diels—Alder
reactions of thiazoles bearing electron-deficient alkynes have proved un-
successful . %

6 Imidazoles 3n
3. [ISOXAZOLES

There are no reports of simple isoxazoles participating in [4 + 2] cy-
cloadditions in which the isoxazole nucleus functions as a heteroaromatic
1-azadiene system. However, one of the early reports of the successful
participation of a 1-azadiene system in [4 + 2] cycloadditions does include
the Diels-Alder reactions of benzisoxazoles (Chapter 9, Section 1, Table
9.1, entries 1-7).8! An additional report has detailed the participation of
substituted 4,5-dihydro-3-vinylisoxazoles in [4 + 2] cycloadditions (Chap-
ter 9, Section 1, Table 9-I, entry 8).6%* Isoxazolium salts react with
enamines to provide pyridinium salts via a [4* + 2] reaction (Chapter 9,
Section 10).62>

4. PYRROLES

There are a number of examples of substituted pyrroles participating as
47 components of all-carbon Diels—Alder reactions.® However, their re-
ported participation as a 1- or 2-azadiene system in [4 + 2] cycloadditions
are limited to selected pyrroles.5 Pentachloro-2H-pyrrole has been
shown to participate in inverse electron demand Diels—Alder reactions
with electron-rich dienophiles exclusively in the form of the 2-azadiene
system, pentachloro-3H-pyrrole,* and one example of an intramolecular
Diels—Alder reaction of a substituted, in situ generated 3H-pyrrole has
been described (Chapter 9, Section 2).%

5. PYRAZOLES

There are no examples of pyrazoles participating as 47 components of a
Diels—Alder reaction with cycloaddition occurring across N-2/C-5 of the
pyrazole nucleus. The reports of their participation in [4 + 2] cycloaddi-
tions have been shown to have been interpreted incorrectly.%

6. IMIDAZOLES

Two imidazoles bearing selectively disposed functionality have been
shown to participate in [4 + 2] cycloadditions. Dimethyl imidazole-4,5-
dicarboxylate has been reported to behave as a well-defined, electron-
deficient 1,4-diazadiene in an inverse electron demand Diels—Alder reac-
tion [Eq. (11)],%
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CH30,C CHy0,C
R ‘ (11
CH3o,cj:NN E@\ CH302CI I @\0 )
OCH, CH,
and a series of fused imidazoles have been shown to participate in Diels—
Alder reactions with dimethyl acetylenedicarboxylate [Eq. (12)].%8

CH30,G
cozcu3 C0LHs COZCH3
,Ss:l’j—pp 43/ —R \ COZCH3 (12)
Lo,cm
R’ 27 R’ 50-76%

7. PYRIDINES

The independent observations of Neunhoeffer and Lehmann® and
Gompper and Heinemann™ that dimethyl acetylenedicarboxylate is suffi-
ciently reactive to participate in an apparent Diels—Alder reaction with
dimethyl 2,6-bis(dimethylamino)pyridine-3,4-dicarboxylate represents
the first evidence that pyridine systems appropriately substituted with
strong electron-donating groups (pyridyl C-2/C-6) may function as a 2-
azadiene system in [4 + 2] cycloadditions with reactive, electron-deficient
dienophiles [Eq. (13)].

0,CH,

e COLH; IT| : CH30,C 0LHs 3
NS#SCo,CH, | CH;30,C 0,CHy )
NMe, COLCH, NMe,

The generality of this process as well as confirmation that the reaction
proceeds by a [4 + 2] cycloaddition remain to be determined.
The studies of the Diels—Alder reactions of 2-pyridones (22) and 3-

N
(A7 % »
N NH

H

hydroxyisoquinolines (23) have been reviewed.” While constituting mem-
bers of the heteroaromatic systems capable of participating in [4 + 2]
cycloadditions, reactions, the systems participate as all-carbon dienes in
the Diels—Alder reactions.

The participation of aromatic quaternary salts, including the acridizi-
nium and isoquinolinium salts, in inverse electron demand [4* + 2] cy-
cloadditions with electron-rich, nucleophilic dienophiles as well as typi-
cal, electron-deficient dienophiles represent well-defined examples of
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activated heterocyclic azadiene systems containing a pyridyl nucleus
which are capable of useful 47 participation in Diels—Alder reactions.
Details of this work may be found in Chapter 9, Section 10.

8. PYRIDAZINES (1,2-DIAZINES)

Pyridazines, 1,2-diazines, substituted with additional electron-with-
drawing substituents participate in well-defined inverse electron demand
[4 + 2] cycloadditions with electron-rich dienophiles.”>” In nearly all
reports, cycloaddition occurs across C-3/C-6 of the 1,2-diazine nucleus,
and the regioselectivity of the reaction can be predicted based on the 1,2-
diazine substitution pattern [Eq. (14)].72

\]
R
2 2
R \r\il MezN\“/OCH:; R X
SO — 8 (14)
Rt R
X = NMe,, OCH,

Exceptions to this generalization are restricted to the reactions of
ynamines with electron-deficient 1,2-diazines, where both C-3/C-6 and C-
4/N-1 1,2-diazine cycloaddition have been observed [Eq. (15)].7

y]
W) R , T
I R NEt,
NEt R CH
[ 2 4 3
I — R 15
(IZH 2 (15)
3 R3 H
3
o
RSN NEt,
NEt,
. A

The number and position of electron-withdrawing substituents on the 1,2-
diazine nucleus control the mode and regioselectivity of the ynamine 1,2-
diazine cycloaddition, and in each case studied, only one reaction product
was detected.” Much of this work is summarized in Table 10-II1.
Intramolecular Diels—Alder reactions of unactivated and highly substi-
tuted alkenyl™ and alkynyl? 1,2-diazines have been explored [Eq. (16)].

R
>
0 — CIp. 09
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TABLE 10-1II

Intermolecular Diels— Alder Reactions of 1,2-Diazines

10. Heteroaromatic Azadienes

1,2-Diazine Dienophile Product(s)
] ) R/
2
R Me; OCH,4 R NMe,
.J o er 3 (OCH,)
R N R
R R
R! R? R} R* Yield NMe, : OCH; Ref.
CO,CH; H H H 60% 15:1 72
H H CO,CH; H 57% 12:1 72
H CO,CH; CO,CH; H 80% 3:1 72
CO,CH; H CO,CH; CO,CH; 93% 2:1 72
CO,CH; CO,CH; CO,CH; CO,CH; 88% 10:1 72
TEtz R
Ill
CH, g
R R? R} R* Ref,
CO,CH; H H H 23% —_ 73
H H CO,CH; H — 30% 73
CO,CH; H H CO,CH; — 75% 73
H CO,CH; CO,CH; H 74% —_ 73
CO,CH; H CO,CH; CO,CH; — 85% 73
CO,CH; CO,CH; CO,CH; CO,CH; 73% — 73

The reaction is sensitive to the diene/dienophile spacer as well as subtle
features apparently important for substrate/product stability under the
reaction conditions (200-230°C). Table 10-1V summarizes the intramolec-
ular Diels—Alder reactions of 1,2-diazines. These observations have
found application in the total synthesis of the cCAMP phosphodiesterase
inhibitors PDE-I and PDE-II (24), constituting the central and right-hand
segments of the potent antitumor antibiotic CC-1065 [Eq. (17).%

/
|

\
05—

N
A
NS

COCH,

230°C

—_—

2L PDE-I

R= NH,

PDE-II = CH,

\/ 00H
+-Si0
H
——
il O an
82% s COCH, CHyO 1., Cor
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TABLE 10-1V
Intramolecular Diels—-Alder Reactions of 1,2-Diazines
1,2-Diazine Product(s)
2
RZ. R
R‘ /N\Fj R1\©Ib)
. x* In x "

R! R? X n Yield Ref.
H H NCO,CH; 1 85% 75
H CH, NCO,CH;, 1 77% 75
H CH,OTBDMS NCO,CH; 1 92% 75
Cl H NCO,CH; 1 91% 75
Cl H NCO,CH; 2,3 0% 75
Cl H 0] 1-3 0% 75
Cl CH, NCO,CH; 1 85% 75
Cl CH,OTBDMS NCO,CH; | 2% 75
CH; H S/SO/SO, | 0% 99d

\/
Si—+ \/
S 0S—
)
CH;07 Y
COCH,
76
10
R ’N\T"
RJYk
RE
RI-R? = R Yields Ref.

H Cl — 80% 74
R’ =Cl Cl — 58% 74
R’ = Cl Cl — 75% 74
R’ = OH Cl — 30% 74
R’ = CH; H — 28% 74
H CH, — 35% 74
R! = CH, a — 20% 74
R? = CH; al 99% — 74
R? = CH; Cl — 98% 74
R’ = CH;, Cl — 79% 74
R’ = CH;, Cl — 64% 74

R® = CH; Cl — 89% 74

R? = CH;, Cl — 65% 74

R} = CH,, R* = Cl Cl — 60% 74

(continued)



TABLE 10-1V (Continued)

1,2-Diazine Product(s)

R'-R° = H R0 Yields Ref.
R’ = OCH, Cl —_ 87% 74
R’ = OCH; Cl —_ 78% 74
R® = OCH; Cl —_ — 74
R® = OCH; Cl — 18% 74
R! = CH;, R” = OH Cl —_ — 74
R3} = CH;3, R” = OH Cl —_— 14% 74
R2 = CH3 CH3 60% _ 74
R? = R” = CH; Cl 94% — 74
R? = R’ = CH;,4 Cl 79% — 74
R} = R’ = CH; Cl — 66% 74
R3 = R” = CH;, Cl —_ 61% 74
R* = R® = CH; Cl — 76% 74
RS = R” = CH;, Cl — 72% 74
R? = CH;, R” = OCH; Cl 44% — 74
R} = CH;, R = OCH; Cl — 100% 74
R = CO;CHg Cl 13% b 74
R? = CH(CHj;), Cl — 45% 74
R’ = CH=CHCH, Cl — 59% 74
R’ = CO4Et Cl 13% — 74
RS = (Bu Cl — 70% 74
R? + R? = (CH=CH), Cl — 64% 74
R% + R? = (CH,), Cl — 90% 74
R2=CH,, R’ = CO,Et Cl 11% — 74
R? = CH,, R* + R® = (CH=CH), Cl 72% — 74
RS = CH;, R® + R® = (CH=CH), Cl — 88% 74
H Ph 83% — 74
R’ = Ph Cl — 45% 74
R’ = Ph Cl — 91% 74
R? = Ph Cl — 98% 74
R = Cl Ph 68% — 74
R} = Ph, R” = OH Cl —_ 26% 74
R’ = NO, Ph 46% — 74
R? = CH; Ph 88% — 74
R?® = CH; Ph 73% — 74
R’ = CH; Ph 100% — 74
R? = CH;, R” = Ph Cl 79% — 74
R} =Ph, R’=CH;, Cl — 65% 74
R} = Ph, R’ = OCH, Cl — 87% 74
R’ = SCH; Ph 73% — 74
R* = R® = CH, Ph 78% — 74
R’ = C(CH,),Ph Cl — 69% 74
R’ = CO,Et Ph 100% —_ 74
R? + R? = (CH=CH), Ph 97% — 74
R? = CH;, R® + R® = (CH=CH), Ph 60% — 74

9 Pynimidines (1,3-Diazines) 317
TABLE 10-V
Intermolecular Diels—Alder Reactions of Pyrimidines (1,3-Diazines)
7
1,3-Diazine Dienophile
r3 CHs
2 & 2
R R
YN I
NN |
\5 NEt,
R! R? R3 R* R’ Yield Ref.
H COEt H H NEt, CH; 10% 77a
H H COEt H NEt, CH, 90% 77a
H COzEt COzEt H NEt, CH3 80% 77a
COEt CO,Et H H CH; NEt, 81% 77a
H COEt H CO,Et NEt,/CH;, 2.5:1 89% 77a
CN CN H H CH; NEt, 97% 77b
CN CN CH; H CH; NEt, 36% 77b
NO,
JC Q)
X Y R
X
X = morpholine, R = H 49-57% 78
X = pipenidine, R = H 52% 78
X = OCH;, R = CH3 17% 78
2
RY\I(R3 C0LCH; R O CO,CH,
N N
. ! e
R CO,CHy R
R! R? R} Yield Ref.
NMe, NMe, NMe, 53% 79
NMC; NMC; H 10% 79
NMC; NMC; OCH; 70% 79
OCH3 NMC; NMC; 30% 79
OCH; NMe, OCH, 55% 79
OCH; OCH; OCH, 12% 79
NMC; OCH3 OCH3 40% 79
NMe, OCH; H 16% 79
CH, OH OH 62% 80

9. PYRIMIDINES (1,3-DIAZINES)

The addition of strong electron-withdrawing substituents to the pyrimi-
dine nucleus increases the facility and rate with which the system partici-
pates in inverse electron demand [4 + 2] cycloadditions with electron-rich
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dienophiles. The mode of cycloaddition (C-2/C-57 versus C-4/N-17) and
the observed regioselectivity of the C-2/C-5 cycloaddition are dependent
on the dienophile employed as well as the position, type, and number of
electron-withdrawing substituents present on the pyrimidine nucleus [Eq.
(18) and Table 10-V].

R® (CH)
{R4)RZ NEt,
Rr? - N
RI'\H\(Rz |tz .t
2 NEL,)
Nl |||| R INEL) (18)
\& CHy R®
. R R
AN CH, - NO -
~
NEY, Net,

Complementary substitution of the pyrimidine nucleus with two (or three)
strong electron-donating groups at C-2 and C-4 (and C-6) is sufficient to
permit the 47 participation of the pyrimidine in apparent normal (HOMO-
aene controlled) Diels—Alder reactions with dimethyl acetylenedicarboxy-
late [Eq. (19)7:8 and Table 10-V].

' CO,CH
R R" %13 '

z R CO,CH
RO — o

Y I CO,CH 19)

73
R (202CH3 R
R, R', R NMe,, OCH,3 0-70%

The intramolecular Diels—Alder reactions of simple, 4-hydroxy- or 4-
alkyl-6-oxopyrimidines®®8' bearing olefinic, acetylenic, or nitrile
dienophiles have been investigated (Table 10-VI). In many instances, the
initial intramolecular pyrimidine Diels—Alder products are thermally sta-
ble due to the formation of a bicyclic amide. The elimination of cyanic
acid (HNCO) apparently requires thermal tautomerization of the amide to
the hydroxyimine and subsequent retro-Diels—Alder reaction. The appli-
cation of these observations in the total synthesis of (%)-acetinidine has
been detailed [Eqs. (20) and (21).%2

=x
NTNH ' " (@ | (20)

T

R

TABLE 10-VI
Intramolecular Diels—Alder Reactions of Pyrimidines (1,3-Diazines)
1,3-Diazine Product(s)
2 H 2
R 0, R
i\ 2
NJ\ NH N
AN i Q g .
In n
R! R?2 n Yields Ref
OH CH, 1 98% 0% 80
OH Ph i 59% 0% 80
CH, CH, 1 0% 65% 80
CH, CH;, 2 0% 56% 80
Ph CH;, i 0% 51% 80
OH CH; 2 44% 0% 80
/2 ] g
A NH [ R
R‘ =~ ”l Rl /l
R! R? R? Yield Ref
OH CH; H 46% 80
CH, CH;, H 60% 80
OH Ph H 40% 80
R? /}J?:
ZNH N
A I r j‘%
R! = OH, R? = CH, Yield not reported 80
Ré
R
4 R Q2
N 2 RY S0
RS R R
]
RI-R” = H Yields Ref
Ré¢ = Cl 24% — 81
RS = Br —_ 27% 81
R* = OCH;, R¢ = Br, R’ = CH;,4 25% — 81
R* = NO,, R’ = CH3, R¢ = Br, R” = CH; 24% — 81
R3 + R* = (CH=CH),, R’ = CH3, R¢ = Br, R’ 43% — 81
O @)
;](/\/(J n X e
X=S8, S0, SO;;n=1 1%, 0%, 53% yield 99d
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T oD
Nx NH 87% HN«# NO (21)

acetimdine

10. PYRAZINES (1,4-DIAZINES)

The addition of electron-withdrawing substituents to the 1,4-diazine
nucleus increases its participation in inverse electron demand [4 + 2]
cycloadditions with electron-rich dienophiles.® Both the rate and regiose-
lectivity of the reaction are dependent on the number and position of the
electron-withdrawing substituents present on the 1,4-diazine nucleus [Eq.
(22) and Table 10-VII].

NEt,
~ 1 -RCN R CH,4
R 3 CN> ‘
4 R3
R NEt,
\
o e o
1
R' NEH, /2 5 P
(22)
. et
= -Rleny R Hy
4 3 O 2
R3 R™ °N R
CHy |~ NEt,
Rr? NEt, 4r%cn R O CH,
. R R

The addition of strong electron-donating substituents to the 1,4-diazine
nucleus permits the observation of [4 + 2] cycloadditions with electron-
deficient or strained, reactive dienophiles® [Eq. (23) and Table 10-VII].

CO,CH,
on cogh, CH0,G o P
HO N CH,04C
/N]\)O ol — M . TN (23)
SNTNOH (I‘,o N 60°c &/ N 150°C CHL0,C7 Sy MM
Ph 2LHs Ph oo P

11. 1,2,3-TRIAZINES

The first successful preparation of 1,2,3-triazine and substituted deriva-
tives has been realized, and preliminary studies have confirmed their
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TABLE 10-VII
Diels-Alder Reactions of 1,4-Diazines

1,4-Diazine Dienophile Product(s) Yield  Ref.
CH,
NEt,
N Et
G ! Lo, ™ ®
N"CO,CHy I N~ CO,CHy
CH,
NE,
iNl CO,CH, HC O CO,CH;, 5% %
SNNCO,CH, N~ NCO,CH;
CH,
NE
L X —®
CH40,C” N7 CO,CH;, CH40,” N > C0,CHy
CH302C\CNICOZCH3
- 78% 83
N7 CO,CH, ’
Rl
CH30,C COLH CH30,C R?
S Gl S - "
CH{0,07 SN CO,CH CH30,C7 N CO,CH;
2 23 32
Ph h
CO,CH,
HOY(N | CHy0C A . a4a

=

N j)\oH fi CH3 0,0
P éOZCH3 P

RW‘ CO,CH, CHy0,C R
0,CH

NY% s/léjizz 3 CHsoij;X 84b
R N

r? R2

R! = Ph, R? = CN, R} = Cl 30: 1 70%
R! = Ph,R? = C], R} = C] 1:20 63%
R! = Ph, R? = OCH;, R* = Cl 15: 1 83%
R! = CH,, R? = CN, R} = Cl 55. 1 92%
R!=Ph,R2=CN,R*=H 4: 5 59%

potential for participation in inverse electron demand [4 + 2] cycloaddi-
tions [Eq. (24)].%

CHg I N
R L o
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A total synthesis of fabianine, a simple terpenoid alkaloid, based on the
implementation of an enamine 4-methyl-1,2,3-triazine Diels—Alder reac-
tion has been detailed.%

12. 1,3,5-TRIAZINES

The 1,3,5-triazine nucleus is sufficiently electron-deficient and suscepti-
ble to nucleophilic attack that it is well-suited for participation in [4 + 2]
cycloaddition processes with electron-rich dienophiles,?*” and addition
of electron-withdrawing substituents to the 1,3,5-triazine nucleus acceler-
ates the rate of 1,3,5-triazine participation in inverse electron demand
cycloaddition reactions [Eq. (25) and Table 10-VIII].?

c02CH3 cH
Yé ‘—(z NY—~m—- O e
R CO,CH,
co,cr-q
R=H 62%
TABLE 10-VIlI
[4 + 2] Cycloadditions of 1,3,5-Triazines
1,3,5-Triazine Dienophile Product(s) Yield Ref.
2 2 NEt, NEt
RN AN R 2
Y i \‘/
NYN | H3
Rl CHy o
Ri=H, R!=H 97% 86
R! = H, = CH;, 80% 86
= CO,CH;, R? = CO,CH,4 88% 86
CHy0~ e, Y
Ri=H, R!=H X% 86
RJ
G &G
(RL N 4
Ri=H, R!=H R? = Et, R* = CH;, 80% 87
Ri=H, R!=H R} + R* = (CHy)s 75-93% 87
R'=H, R!=H R? + R* = (CHy), 47% 87
Ri=H, R!=H R} + R* = (CHy)s 76% 87
Ri=H, R!=H R3 = c¢C¢H,;;, R*=H 66% 87
Ri=H, R!=H R3=Ph,R*=H 80% 87
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There are sufficient examples of the interception of dipolar intermediates
in the observed or attempted inverse electron demand [4 + 2] cycloaddi-
tions of selected 1,3,5-triazines to infer that the reaction proceeds with the
generation of discrete dipolar intermediates.888 The intrinsic reactivity of
the 1,3,5-triazine nucleus does not preclude its participation in Diels—
Alder reactions with typical electron-deficient dienophiles® [Eq. (25)],
and the full scope of this process remains to be investigated.

13. 1,2,4-TRIAZINES

In addition to the [4 + 2] cycloadditions of oxazoles (Section 1) and
substituted 1,2,4,5-tetrazines (Section 14), the Diels—Alder cycloaddi-
tions of substituted 1,2,4-triazines constitute one of the most thoroughly
investigated heteroaromatic azadiene systems capable of 47 diene partici-
pation.>® In contrast to the oxazole or sym-tetrazine series, two potential
and observed modes of cycloaddition are open to 1,2,4-triazines: cycload-
dition across C-3/C-6 or C-5/N-2 of the 1,2,4-triazine nucleus, and the
former is subject to 1,2,4-triazine substituent control of the observed
regioselectivity.® The complementary addition of electron-withdrawing
substituents to the 1,2 4-triazine nucleus generally increases its rate of
participation in inverse electron demand Diels-Alder reactions, influ-
ences the mode of [4 + 2] cycloaddition (C-3/C-6 versus C-5/N-2 cycload-
dition), and controls the observed regioselectivity. In addition, the reac-
tivity of the electron-rich dienophile as well as the reaction conditions,
polar versus nonpolar solvent, have a pronounced effect on the observed
course of the [4 + 2] cycloadditions.?

All electron-rich dienophiles including O,O0-ketene acetals, O,S-ketene
acetals, S,S-ketene thioacetals, O,N-ketene acetals, N,S-ketene acetals,
N, N-ketene aminals, enol ethers, enamines, and reactive or strained ole-
fins cycloadd exclusively across C-3/C-6 of the 1,2,4-triazine nucleus [Eq.
(26)].90-92. %4

2 2 p 2
R R
Rs\(‘\N X R R il R B
(R N \|( g — Rt 4 X
N R d g 1 L R?
(26)
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The exception to this generalization is the cycloadditions of ynamines
with 1,2,4-traizines where the C-5/N-2 cycloaddition process is generally

observed [Eq. 27)].%

13. 1,2,4-Triazines 325

+ 2] cycloaddition. Figure 10-1 summarizes many of these generaliza-
tions. An extensive study by Sauer has illustrated the expected and unan-
ticipated, subtle features of dienophile reactivity which effect the 1,2,4-
triazine C-3/C-6 cycloaddition regioselectivity [Eq. (28) and Table
10-1X].91®

2 , R? , R
n3\|2\w . N . P@X * R\@
g N N (28)
N A Y -~

R

XYz OR, NRp, SR

I\fN /2 T 3 R?
3 R NEt,
R
Ve, o
, R CHy Rlz :
R N o2
R3\(|§N TEB ] N/N R R O CHy
N |“ CH, N NE} (27)
R L, R'R?'NEL, y 2
3 W R? ,
R O NEt,

N
g AN~ CHs N
NEt, R

L

Since C-5 of the simple 1,2,4-triazine nucleus is the site of attack by
conventional nucleophiles, it is likely that the observed C-5/N-2 ynamine
1,2,4-triazine [4 + 2] cycloadditions proceed in two steps with the genera-
tion of discrete, dipolar intermediates.

The regioselectivity of the C-3/C-6 cycloaddition process is subject to
control by the electronic and steric properties of the 1,2,4-triazine substi-
tuents, the electronic and steric properties of the electron-rich dienophile,
as well as the reaction conditions. There is a strong preference for the
nucleophilic carbon of the electron-rich dienophile to attach to C-3 of the
1,2,4-triazine nucleus. The complementary positioning of additional elec-
tron-withdrawing substituents on the 1,2,4-triazine nucleus (e.g., either
C-6 or C-3/C-5/and C-6) increases the rate of 1,2,4-triazine participation in
the [4 + 2] cycloaddition and can enhance (e.g., C-6) the observed re-
gioselectivity. In addition, the correct positioning of strongly electron-
withdrawing substituents on the 1,2,4-triazine nucleus (e.g., C-3 or C-3/C-
5) is sufficient to reverse this normal regioselectivity and illustrates the 4
+ 2] regiocontrol available through proper selection and positioning of the
1,2,4-triazine substituents."*2 Moreover, the electron-rich dienophile can
control or alter the expected course of the [4 + 2] cycloaddition reaction.

The more reactive, electron-rich olefins participate in the [4 + 2] cy-
cloadditions under mild conditions generally with increased regioselectiv-
ity although a number of unanticipated observations have been detailed
including the loss or reversal of the expected regioselectivity which ac-
companied the addition of alkyl substitution to the dienophile,”-% the use
of morpholino enamines,* % and the use of ketene aminals.?'® Many of
these observations have been attributed to steric effects of the dienophile
which may preclude an endo transition state required for the expected {4

These observations have found application in the formal total synthesis of
streptonigrin (25) [Eq. (29)],%

X = morpholine

= pyrrolidine

= OSiMe3

C

NNsCO,CHy

l —
AN 80°C

82%

Conditions
CHCl,, 45 - 80°C
CHel,, 120°C

CHa

trace
68%

CHyCN, 80°C 41 20%
CH,C1,, 25°C 1.4: 1 58
272" 62 kbar *

CHC14, 45 - 120%

CHyCN, 45 - 80°C

CH,C1,, 25°C
272 672 kbar

02
07
65%
0z

29)
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Ref

CO,CH;
0,CH;
Yield

Product(s)
C

%

RZ

Y

1

Dienophile
?OZCHa
CO,CH,

12 4 Tniazine

R?

R!

TABLE 10-1X (Continued)
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z gglrig TABLE 10-X
z (Dz)_’m % B & Intramolecnlar Diels-Alder Reactions of 1,2,4-Triazines”
z 3
& ;.e 1,2,4-Tnazine Product
gER o N
15858 &~ o FIES T X Ny X
z O R/ ||| R Din
mo:_é'o—s—'o: m NO
~ Z R X n Yield
CH, S,S0,80, 1 69%, 69%, 15%
CHMe), S, S0,S0, 1 nr,” 84%, nr
Ph S, SO, SO, 1 nr, 95%, nr
CH, S, 80,80, 2 57%, trace, 99%
4-CICH, S,S0,S0, 2 67%, 0%, 21%
R? R?
wﬁ)m R
4
LA 1@\
X\ﬂ)n X n
R! R? X n Yield
Ph H S, SO, SO, 1 93%, 79% ,78%
Ph Ph CONH 0 60%
CH; CH; CONH 0 52%
Ph H CONH 0 63%
Ph Ph o 1 97%
Ph Ph 0 2 7%
H H S 1 88%
H H S 2 73%
. H H 0 1 96%
g T H H o 2 61%
=0 CH, CH, 0 1 100%
CH, CH, 0 2 80%
Ph Ph 0 3 8%
H H S 3 24%
CO,CH, CO.CH; NH 3 11%
H H NH 1 51-73%
Ph H NH 1 44%
4-CICH, H NH 1 61%
Ph Ph NH 1 20%
o P CH, CH; NH 1 —
L O m -
$$E p? |8 4-CICH, H S, SO, SO, 2 67%, 0%, 21%
= ZZz0o mm mommxT| § Ph H CH(CO,CHy), 1 41%
= 4CICH, H CH(CO,CH,), 1 49%
o o oo sal B 4CICH, H CH(CN), 1 80%
£8z3 = 888 52| % 4CICH, H CH(CN), _ 2 84%
mEZZ ¢ 4-CICH, H CH(CN)COEt 2 74%
- 5 (continued)
588 #|Eff 288 |-
2282 $88=822x
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TABLE 10-X (Continued)
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1,2,4-Tnazine

Product

R'\%\N
NN
YAJ

x U X
R! R? n Yield
Ph H 0 1 95%
Ph H 0 2 68%
4-CICH, H o) 1 90%
4CICH, H 0 2 20%
Ph Ph
SN S
N | @
X
X Y Yield
[0} CH 64%
NCOCF, CH 74%
(0] N 46%
NCOCF; N 36%
(+47%, 5,6-C=N)
< nr, Not reported.
R CO,CH; 0.LHy
RN VKN | RN CO0,CH,3 31)
Nﬁ,ﬂ - NQN
NR, CO,CHy NR,
55-80 %

14 1,2,4,5-Tetrazines 335

NﬁR/N 7
R (32)
RLA R
\K\W Il - NO (
x M 'n

X

Two reports of the use of heterodienophiles, amidines'® and aldehyde
N,N-dimethylhydrazones,'™ in [4 + 2] cycloadditions with 1,2,4-
triazines have been detailed (Table 10-1X).

14. 1,2,4,5-Tetrazines

Since the initial report of symmetrical 3,6-perfluoroalkyl-1,2,4,5-tetra-
zines participating in [4 + 2] cycloadditions with representative olefins in
a study which constituted the first demonstration of the viability of the
inverse electron demand Diels—Alder reaction,! extensive investigations
have defined the scope and potential of 1,2,4,5-tetrazine participation in [4
+ 2] cycloadditions.!?-12 For most purposes, only a limited number of
symmetrical 1,2,4,5-tetrazines have been investigated, and to a large ex-
tent this reflects the current difficulty in the preparation'®*-" and stabil-
ity'™ of the 1,2,4,5-tetrazine system. A wide range of dienophiles (Table
10-XI) and heterodienophiles (Table 10-XII) are capable of participation
in Diels—Alder reactions with the electron-deficient 1,2,4,5-tetrazines and
include electron-rich, neutral, and electron-deficient olefins, acetylenes,
allenes, dienes, enol ethers and acetates, enamines, ynamines, ketene
acetals, enolates, benzynes, selected aromatics, imidates, amidines,
thioimidates, aldehyde N,N-dimethylhydrazones, imines, azirines, and
cyanamides. Electron-rich dienophiles usually participate in the 1,2,4,5-
tetrazine [4 + 2] cycloadditions at room temperature, and the simple,
neutral olefinic or typical electron-deficient dienophiles require higher
reaction temperatures (50-200°C) [Eq. (33)].

This additional substitution of the 1,2 4-triazine nucleus with electron-
donating substituents does not preclude the ability of the 1,2,4-triazine to
participate in [4 + 2] cycloaddition processes with electron-rich
dienophiles including ynamines.?” The [4 + 2] cycloadditions of electron-
rich 1,2,4-triazines are summarized in Table 10-IX.

Recent studies have explored and detailed the utility of the intramolec-
ular Diels—Alder reactions of alkyne 1,2,4-triazines [Eq. (32) and Table
10-X1.%

Q NéN Rp‘ i ]
N Z
. 1o t\’f‘/@x —_— h TX
R
R R / R
d N I/ X -HX
NN MR (33)
\Rf R \X:=R?
R R g R
] 1
; I” N R] —_— ) N i
| N 7 N ZNR?
R2 R R?
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In the few cases studied,’® unsymmetrical and electron-deficient
1,2,4,5-tetrazines participate in predictably regioselective Diels—Alder re-
actions with electron-rich dienophiles [Eq. (34)].

Ph Ph

A EtO_ OFt OEt 4
“u')\'\f Bt @ 90% (34)
NN Nx

Recent reports have described the first examples of intramolecular alkyne
1,2,4,5-tetrazine Diels—Alder reactions.%b:c

Extensive reviews have summarized!®'2-* and compiled'®!c the results
of many of the studies to date, and Table 10-XI summarizes representa-
tive inter- and intramolecular Diels—Alder reactions of 1,2,4,5-tetrazines
with carbon dienophiles. Extensive investigations of the participation of
electron-deficient 1,2,4,5-tetrazines in inverse electron demand Diels—Al-
der reactions with electron-rich heterodienophiles have been described,
and much of this work is summarized in Table 10-XII.

The use of the Diels—Alder reactions of dimethyl 1,2,4,5-tetrazine-3,6-
dicarboxylate in the formal total synthesis of streptonigrin [Eq. (35)],%:144

NO,
CH,0

N’N\YCOZCHS
A

CHy0L o
X SCH3 dioxane, 80°C 82%

OEt 33%

MR, 0%

in the total synthesis of PDE-I, PDE-II, and CC-1065 [Eq. (36)},76-116

streptonigrin

N/)\‘\“/COzCH:}
o0 SN oo
B

7%
CHsonO
CH,

octamethylporphin (OMP) [Eq. (37)],19

NS -CO,CH;
l ——
CHH0,C~
CHy0

{‘(’NYCOZCHZI
CH 0,6~ N 25°C

N
_ N ' CO,CH,
SiEt, 87% CH30,C7 CH,
“ ~CH, CHy
Hy

37

oMp
(Text continues on p 348)

TABLE 10-XI

Diels-Alder Reactions of 1,2,4,5-Tetrazines with Dienophiles

Product(s)

Dienophile

Rate of reaction

1,2,4,5-Tetrazine

Ref

Z
o

H>>
= CH3 >
= CO,Et,

CH; > X = 0oOCH;, R!
pOCH;, R!

CH, >>> X

Ph
R!

=H>X=R=

pOCH;, Rl
pOCH;, R!
H, R!

X =H, R!

X
X
X

CHFCF,

R =

Ref

Yield

Conditions

X

60%

Et,0, 25°C

jso}

CHFCF,;

100%

Neat, 0°C

105
107
107
107

80%
98%
62%

Dioxane, 25°C
Dioxane, 25°C
Dioxane, 25°C

soffeoffieofies

pOCH3
pNO,

CO,CH,
CO,CH;,
CO,CH;

Ref.

Yield

Conditions

R3

R!

62%

Neat, 25°C

H
H

C(CH;)=CH,

CH,

CH,

CHFCF,

105

88%
64%
98%

Neat, 25°C

(CHa),

jso}

CHFCF,
CF;

Toluene, 100°C
CH,Cl,, 25°C

CN
H

H
H

sofffes}

CO,CH;3

(continued)
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TABLE 10-XII

Diels—Alder Reactions of 1,2,4,5-Tetrazines with Heterodienophiles

10 Heteroaromatic Azadienes

1,2,4,5-Tetrazine Heterodienophile Product(s)
J “
z X~ ~R' A~R'
Y Y e
Ny
NH N
T T
R X R’ Conditions Yield Ref.
Ph OEt Ph Dioxane, 60°C 0% 108
Ph NH, Ph Dioxane, 60°C 34% 144b
CO,CH; OEt CH, Dioxane, 60°C 13% 108
CO,CH; OEt Ph Dioxane, 60°C 27% 95, 108, 144a
CO,CH;, NH,, NR, 2-Py Dioxane, 25°C 0% 144a
CO,CH; OEt 2-Py Dioxane, 80°C 43% 95, 144a
CO,CH, SCH, 2-Py Dioxane, 80°C 68% 95, 144a
CO,CH;, OEt 2-Quinolyl Dioxane, 80°C 33% 95, 144a
CO,CH, SCH; 2-Quinolyl Dioxane, 80°C 70% 95, 144a
2-Py NH, Ph Toluene, 110°C 33% 144b
R
HaCa X NG Z~NHR'
Y= k)
NR HNR
R
R X R’ Conditions Yield Ref.
Ph Piperidine CH(Me), Toluene, 110°C 89% 147b
Ph Piperidine tBu Toluene, 110°C 22% 147b
2-Py Piperidine CH(Me), Toluene, 110°C 78% 147b
2-Py Piperidine tBu Toluene, 110°C 76% 147b
CO,CH;, OCH, CH, Toluene, 110°C 19% 147a
CO,CH; OCH;,3 Ph Toluene, 110°C 21% 147a
R
CH,0 CH30_N AR
\Eh> — D) Lo L O
R
R = CO,CH;, n=1-3 8-47% yield Ref. 147a
R
1
NRI [}IJ\N/ R
H)‘\RZ Nﬁ)\ r?
R
R R! R? Conditions Yield Ref.
CO,CH; NMe, H CHCl,, 25°C 90% 145¢
CO,CH; NMe, CH, CHCl,, 25°C 81% 145a
CO,CH;, NMe;, Et CHCl,, 25°C 79% 145a

13. 1,2,4-Triazines 347
TABLE 10-XI1I (Continued)
R
NR' ril)\N/R1
HJ‘\RZ Ny g
R
R R! R? Conditions Yield Ref.
CO,CH;, NMe, iPr CHCl,, 25°C 76% 145a
CO,CH, NMe, nPr CHCl,, 25°C 56% 145a
CO,CH; NMe, Ph CHCl, 25°C 70% 145a
CO,CH; Piperidine H CHCl,, 25°C 99% 145d
CO,CH; Morpholine H CHCl,, 25°C 99% 145d
CO,CH;, NMe, CH=CHPh CHC}, 25°C 78% 145b
CO,CH, Ph Ph CHCI,, 25°C A% 145¢
CO,CH; pCH;0C¢H, Ph CHCl,, 25°C 85% 145¢
CO,CH; pCH,0CH, pCH,OC¢H, CHCl,, 25°C 90% 145¢
Heterocyclic imines 145¢
R
|NR' — « HNR' v I R
K A g
R R R
R R R R Yield Ref.
CO,CH; OH H CH; 43% 146
CO,CH; NMe, H CH, — 145a
C02CH3 NMCZ (CHz)g — 145a
CO,CH; NMe, (CH,), — 145a
R
N N~
i s N,
NMe, R
Conditions: 78% yield Ref. 148
? C¢H;Cl, reflux
i t . 1
i 5 j«
NN N/
i A
Ar ?:N ‘ R
Conditions: 10-30% yield Ref. 149
C¢Hs, 80°C
Thiocarbonyl
compounds Ref. 148, 150
Azirines Ref. 151
Azetines Ref! 152
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and prodigiosin [Eq. (38)1,'"

N/N\ 0,CH, N/N o.cH
! 25°C N 2LHy
CHaozc/kN/’N ~ . ——
* 95% CH0C
CH30 CH,
CH40 prodigiosin

and in the preparation of anthraquinones [Eq. (391

(39
and pyridazine-substituted pyrimidine nucleosides [Eq. (40)]'5?
0,CHy
H ’ﬁj/& 0,CH HN :
23
R N S A S ST
0 * fil\ N d 0
oxone
0,CH, 71%
OH H

have been detailed.

15. CATIONIC HETEROAROMATIC AZADIENES

A select set of cationic heteroaromatic azadienes including acridizi-
nium, isoquinolinium, quinolinium, and isoxazolium salts have been
shown to participate as useful 47 components of [4+ + 2] cycloadditions.
These systems have been discussed in Chapter 9, Section 10.
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Index

A

Acetaldehyde, 51, 94
Acetinidine, 318
Acetyl lactic acid, 81
2-Acetylcyclohex-2-enone, 181, 183
Acetylhikosamine, 112
Acridizinium, 312

salt, 279
Acrolein, 167, 171, 172, 175-177, 223
Acrylonitrile, 218, 223, 224, 229, 231, 250,

274, 303, 306

Actinidine, 173
Acyl cyanide, 184
Acyl isocyanate, 266
Acyl isothiocyanate, 267
Acyl ketene, 200
Acyl sulfene, 230-232
Acyl sufine, 230-232
N-Acyl-O-acetyl-N-allyhydroxylamine, 245
3-Acylchromone, 180
Acylimine, 286
C-Acylimine, 47-48
N-Acylimine, 261

acyclic system, 38-43

cyclic system, 43-47
N-Acyliminium, acyclic system, 38-43
N-Acyl-2-methoxycarbonyl enaminecar-

boxaldehyde, 179

Acylnitroso compound, 82-88, 201, 265
N-Acyltetrahydropyridine, 39
Adaline, 174
Akuammigine, 191

Aldehyde, electron-deficient, 95-100
Alkaloid synthesis, 86
Alkoxycarbonylaroyldiimide, 271
a-Alkoxyaldehyde, 110
1-Alkoxybutadiene, 95
Alkyl isocyanate, 265
N-Alkylaryliminium salt, 283
Alkyloxazoles, 301
Allylic sulfoxide, 24
Ambreinohde, 101
Amidine, 54
Amidomethylium cation, 234
Aminals, 49
Amino sugar, 15

branched, 180
2-Aminopyridine, 149
Anhydrocannabisativene, 67
Anilines, 258
Anthraquinone, 348
Arsole, 152
Aryl 1socyanate, 259
Aryl thioketone, 224-225
Arylacyl isocyanate, 265
Arylaldehyde, 258
Arylaryldiimide, 271
1-Aryl-4-arylidene-5-pyrazolone, 170
N-Aryl-1,4-diaza-1,3-butadiene, 275
Aryldiazonium compound, 161-163
N-Aryldihydrooxazine, 73
N-Aryl-3,6-dihydrothiazine 1-oxide, 29
4-Aryl-2-dimethylamino-4H-1,3-oxazine-5-

carboxaldehyde, 181

4-Arylidene-5-pyrazolone, 175
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N-Arylketenimine, 259
Arylmethylenemalondialdehyde, 180
2-Arylmethylene-1-tetralinthione, 217
Arylnitroso compound, 72-78
N-Arylpyrrole, 21-22, 73-74
N-Arylsulfinylimine, 259
Arylthienium salt, 233
4-Aryltriazolinedione, 159
N-Arylvinylketenimine, 259
Azabutadiene, 239-299
1-Aza-1,3-butadiene, 240-255
intramolecular, 246251
2-Aza-1,3-butadiene, 255-260
hetero, 261-267
Azadiene
cationic, 278-288
heteroaromatic, 348
heteroaromatic, 300-357
1-Azadiene, heterocyclic, unsaturated,
242-243
9-Azaestro-1,3,5-thien-17-one, 253
2-Aza-1-oxabutadiene, 201
Azaphenanthrene alkaloid, 306
Azaquinone, 47
Aza-1-thia-1,3-butadiene, 232-233
1-Azirine, 57-59
Azirine, 232, 257
Azo compound, 154-163
Azoalkene, 267-270
cyclic, 156
Azobenzene, 156
Azodicarboxylate, 202, 269-271
acyclic, 154-156
cyclic, 156-160
ester, 154

B

Barbituric acid, 191
Benzisoxazole, 240, 242-243
Benzocyclobutane, 114
Benzocyclobutene nitrile, 149-150
1,2-Benzodithiole-3-thione, 226
Benzofuroxan, 283
p-Benzoquinone, 105
0O-Benzoquinone diimine, 275
Benzoylazirine, 58
Benzoylsulfene, 220, 232, 244
Benzylidenemalonaldehyde, 181
Benzyne, 243, 277, 306
Berberine, 282

Index

1,1’-Bicyclohexenyl, 7

Bis-carbamate, 39

1,3-Bis(tert-butyldimethylsilyloxy)-2-aza-
1,3-butadiene, 256

N,N'-Bis(p-toluenesulfonyl)sulfur diimide,
8

3,4-Bis(triftuoromethyl)-1,2-dithiete, 228

Bis(trimethylsilyl)acetylene, cooligomeriza-
tion, 61

Blasticidin S, 97

Blood group A, antigenic determinant, 99

Borneol, 99

Bornylamine, 160

Boron imide, 163

Boron trifluoride etherate, 108, 110, 187,
188, 191, 258, 259

Brevicomin, 171

o-Bromanil, 103

Bunte salt, 126

Butadiene, 60, 132, 160, 194, 264, 279, 336

Butadienecarboxylate, 53

n-Butyl glyoxylate, 96

C

Campbhor, 14, 139
Cannabinoid, 198
Cannabinol, 197
Carbodiimide, 266
Carbohydrate pseudoglycal, 98
p-Carbomethoxynitrosobenzene, 74
Carbon dioxide, 193

synthetic equivalent of, 101
Carbon monoxide, 193
a,B-Carbonyl compounds, unsaturated,

169-187

Carbonyl cyanide, 100
Carbonyl dienophile, 94-119
Carpanone, 196
CC-1065, 347
Chalcogran, 174
Chiral dihydrooxazine, 82
Chloral, 95
o-Chloranil, 103
Chlorocyanoketene, 244
a-Chloroenamine, 284
a-Chloronitroso compound, 72, 78-82
1-Chloro-1-nitrosocyclohexene, 81
Chlorophenylketene, 241, 244
Chloroprene, 8
Chlorosulfoxide, 31

Index

Chlorotrimethylsilane, 195

B-Chlorovinyl ketone, 203

Chroman, 195

Cinnamic acid thioamide, 222

Citrans, 198

Citronellal, 191

Coniceine, 63

Cumulene, 52

2-Cyanoaza-p-quinone, 47

1-Cyanobutadiene, 53

Cyanogen chloride, 147

a-Cyanomethoxycarbonyl ester, 182

Cyanonitroso compound, 8288

Cyanothioformamide, 129, 135

Cycloarsane, 153

Cyclobutane, 183

1,3-Cycloheptadiene, 115, 137

1,3-Cyclohexadiene, 14, 36, 79, 82, 95, 96,
137, 263, 268

Cyclopentadiene, 13, 36, 59, 79, 82, 85,
126, 127, 132, 134-135, 139, 142, 147,
153, 154, 163, 180, 184, 222, 263, 265,
268, 271, 277, 280, 281

Cyclopentadienone, 271

substituted, azirine addition, 57-59
3-Cyclopentenone, 136
Cyclophosphane, 153

D

Danishefsky’s diene, 96

Dehydrohydantoin, cycloaddition, 43-45

Dehydroindigo, 274

Deoxybruceol, 198

4-Deoxyheptose, 106

Deoxyprosopinine, 38

Deoxysugar, 186

1,4-Diacetoxybutadiene, 98

Diacyldiimide, 271

C,N-Diacylimino system, 39

N,N-Dialkylhydrazones, 55

Diamino sugar, 83

Diaryl diimindes, 271

4,6-Diaryl-1,2,3-oxathiodiacine 2-oxide,

272

1,2-Diaza-1,3-butadiene, 267-270
hetero, 270-271

1,3-Diaza-1,3-butadiene, 272-274

1,4-Diaza-1,3-butadiene, 274-276

2,3-Diaza-1,3-butadiene, 276-277
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2,3-Diazadiene, 277
1,2-Diazine, 313-317
1,3-Diazine, 317-320
1,4-Diazine, 320
Diazodicyanoimidazole, 160
N,N-Dichlorocarbamate, 3
Dichloroketene, 186, 241, 244,273, 275,276
Dichlorosulfimide, 3
N,N-Dichlorosulfonamide, 3
Dicyano-O-tosyl compounds, 60
3,4-Dicyano-1,2-dithiete, 228
Diethyl ketomalonate, cycloaddition, 101-
103
5,6-Dihydro-1,4,2-dioxazine, 265
3,4-Dihydroisoquinoline, 240
Dihydrooxazine hydrochloride, 79
3,6-Dihydro-1,2-oxazine, 71-81
Dihydropyrans, 96, 115
cycloaddition, 176, 229, 280, 282
3,4-Dihydro-2H-pyrans, 167, 168
1,6-Dihydropyridazine, 161
1,2-Dihydropyridine, 76, 83
3,6-Dihydropyridine, 147
Dihydrothiapyran, 127, 135
5,6-Dihydro-2H-pyrans, 94
3,4-Dihydro-2H-thiapyran derivative, 217
Dihydrothiazine imine, 20-29
Dihydrothiazine oxide, 14, 24
bicyclic, 15
conformation of, 17-20
reactions of, 20-29
substituted formation, 4-7
5,6-Dihydro-4H-thiazinium salt, 234
Dihydrothiophene dioxide, 30
1,2-Dihydro-1,3,5-triazine, 272
Diiminosuccinonitrile, 275
1,1-Dimethoxyethylene, 175, 182, 201, 271,
325, 348
1,2-Dimethoxyethylene, 182, 271, 276
1,1-Dimethoxypropene, 175, 201
Dimethyl acetylenedicarboxylate, 194, 219,
223, 224, 230, 233, 242, 252, 256, 257,
272, 275, 278, 312, 318, 320, 321, 334
Dimethyl 2,6-bis(dimethylamino)pyridine-
3,4-dicarboxylate, 312
Dimethyl imidazole-4,5-dicarboxylate, 311
Dimethylamine, 245
9,10-Dimethylanthracene, 82, 127
Dimethylazodicarboxylate, 154
N,N-Dimethylbarbituric acid, 191
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1,3-Dimethylbutadiene, 129, 142
2,3-Dimethylbutadiene, 23, 36, 48, 52, 76,
136, 141, 152, 268, 276
Dimethylcyanamide, 181
4,4-Dimethyl-3,6-diphenyl-4H-pyrazole,
276
2,2-Dimethyl-3-heptanol, 99
Dimethylketene, 132
1,3-Dimethyl-2-thioparabanate, 224
3,5-Dimethylthio-1,2,4-triazepine, 260
2,4-Dinitrophenyl aromatic quaternary salt,
280
2.4-Dinitrophenyl bromide, 281
1,4-Dioxabutadienes, 200-201
1,4-Diphenyl-1,3-butadiene, 60, 217
2,5-Diphenyl-3,4-diazacyclopentadienone,
276
Diphenylisobenzofuran, 58
Diphenylketene, 227, 241, 243, 244, 255,
266, 273, 275, 276
2,5-Diphenyl-6-0x0-1,3,4-oxadiazine, 277
Disaccharide synthesis, 99
Disulfur monoxide, 31
1,4-Dithiabutadiene, 227-230
1,2-Dithioaldehyde, 228
1,2-Dithiocarbonyl compound, 227-230
Dithioester, 128-131, 220-221
1,2-Dithioketone, 228
Dithiolanium ylide, 129
Dithiophthalimide, 131
1,2-Dithio-3-thione, 222

E

Eburnane alkaloid synthesis, 54

Elaeokanine A, 63-64

Ellipticine, 303

Enamine, 257

cycloaddition, 169, 170, 181, 221, 231,

247, 254, 259, 262, 266, 273, 283,
317, 322, 328, 329, 338, 339, 340

B-Enaminodithioester, 222

B-Enaminothioaldehyde, 218

B-Enaminothiocarbonyl compound, 218

B-Enaminothioketone, 218

Epi-B-santalol, 172

Epiandrosterone, 81

14-Epicorynoline, 281

Epidesosamine, 15

Epilupinine, 64—65, 251

Index

B-Epoxysultam, 28-29

E-Erythro vicinal diamine, 27

1-Ethoxypropene, 178, 181, 183

Ethyl sorbate, 13

Ethyl thioxoacetate, 126

Ethyl vinyl ether, 173, 174, 176, 177, 178,
180, 181, 182, 186, 228, 229, 230,
231, 254, 269, 282

Ethylmagnesium bromide, 23

Eupolauramine, 306

Europium(11I) catalyst, 111

Evodiamine, 253

Fabianine, 322

Formaldehyde, 51
2-Formylmalondialdehyde, 178, 179
Fromazan 14, 178

Frontalin, 171

Furans, substituted, 306-307
2-Furyl thioketone, 225

G

Gephyrotoxin, 253
223AB, 86
Germanyl trisulfide, 163
Glyceraldehyde acetonide, 105
Glyoxylate, 125
cycloaddition, 95-100
Gnididione, 310

H

a-Haloamine, 49
a-Halonitroso compound, 78-82
Heliotridine, 86
Heteroyohimbine alkaloid, 191
Hexadiene, isomerization, 6
2,4-Hexadiene, 13, 20, 26-27, 81
Hexahydrocannabinol, 192, 197
Hikosamine derivative, 112
Hizikimycin, 112
Hydroquinone, 281
Hydroxamic acid, 82, 86
12-Hydroxy Vitamin B;, 157
a-Hydroxybenzylamine hydrochloride,
194, 197, 202
(E)-threo-Hydroxycarbamate, 23
3-Hydroxyhexadrocanninol, 192

Index

3-Hydroxyisoquinoline, 312
Hydroxymethylspiroepoxycyclo-
hexadienone, 195
Hydroxymethylthioamide, 234
3-Hydroxypyridine, 302
o-Hydroxystyrene, 193, 198

Imidazole, 311-312
Imidoyl isocyanate, 274
Imidoyl isothiocyanate, 274
Imine, neutral, cycloaddition, 49-56
Iminium salt, 49-56
cycloaddition, 49-56
quaternary, 278
Imino dienophile, 34-70
mechanism, 35-36
Iminonitroso compound, 88
1,3-Indandione, 182
Indole alkaloid, 53
Ipalbidine, 49
Iridoid, 173
Iridomymecin, 173
Irradiation, 153
Isobutylene, 231
Isognididione, 310
Isoiridlomymecin, 173
Isoprene, 8, 31, 53, 72, 79, 80, 94, 130,
131, 137, 142, 152, 217, 263, 336
Isoprosopinine B, 38
Isoquinoline, 149, 285
Isoquinolinium, 312
Isoquinolinium salt, 279, 280, 281
Isothiocyanate, 201, 265
Isoxazole, 311
Isoxazolium salt, 283, 311

J
Julolidine, 284

K
Karachine, 282
Ketene

acetal, 170, 175, 176, 182, 184, 201, 257,
313, 314, 322, 325, 327, 328, 339,
343
cycloaddition, 113, 223, 243
Ketone, :lectron-deficient, 100-105
Konduramin-FL, 80
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L

Lanthanide reagent, 105, 109, 110, 176

Lavendamycin methyl ester, 326

Lewis acid, 13, 39, 107, 110, 168, 175, 180,
184, 187, 191, 201, 202-204, 233-234,
258, 259, 284, 286

Ligularone, 307

Lithium aluminum hydride, 29, 285

Lysergic acid, 62

M

Magnesium bromide, 111, 112

Maleic acid, 244

Maleic anhydride, 218, 220, 221, 225, 229,
231, 240, 241, 256, 275, 280, 301, 303

Malondialdehyde, 179

Mannose, 82

Massoic lactone, 172

Meldrum’s acid, 182, 191

Menthol, 99

Mercaptoester, 133

Methanimine, 244

1-Methoxybutadiene, 105, 135

1-Methoxy-1-butene, 179

p-Methoxycarbonyl nitrosobenzene, 74

4-Methoxyhydantoin, 43

Methoxymethyleneacetoacetone, 182

Methyl acrylate, 183, 220, 221, 256, 274

Methyl arrnothanamide, 281

Methyl cyanodithioformate, 135

Methyl dithioacetate, 130

Methyl dithiocrotonate, 222

Methyl methoxymethyleneacetoacetate,
182

Methyl propiolate, 219, 220, 255, 256,
274

N-Methyl sulfine, 141

* Methyl vinyl ether, 174, 175, 182, 186

Methyl vinyl ketone, 167, 171-174, 219,
220, 223, 227, 250

Methyl vinyl thioketone, 215

N-Methylacetanilide, 284

Methylene-1,3-dicarbonyl compound, 182

N-Methylenium amide, 203, 285

N-Methylenium benzamide cation, 285

N-Methylformanilide, 285

Methyllithium, 26

N-Methylmaleimide, 78, 226
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N-Methyl-N-methylenium amide, 203
cation, 285
N-Methyl-N-phenylmethoxymethylamine,
284
N-Methylquinolinium iodide, 283
N-Methylquinolinium salt, 285
N-Methyltetrahydroquinoline, 284
Monothiooxalate derivative, 129
Morpholino enamine, 324

N

1-Naphthaldehyde, 281
1,8-Naphthalic trithioanhydride, 225
1,2-Naphthoquinone 1-methide, 194, 195
Neplanocin A, 85
Neurotoxin, frog, 86
Nitriles, 146-150

intramolecular, 149-150
Nitrosobenzene, cycloaddition, 72—78
Nitrosyl cyanide, 87

()

Octamethylporphin, 347
2-Octanol, 99
Oxabutadiene, 167-213
cationic, 202-204
1-Oxabutadiene
electron-donating, 185-187
electron-withdrawing, 177-185
hetero, 201-202
intramolecular reaction, 187-193
simple system, 169-177
1,3,4-Oxadiazine, 270-271
4-Oxa-1-thia-1,3-butadiene, 232
1,3-Oxazin-6-ones, substituted, 256
Oxazole, 301-310
intermolecular alkyne, 308-309
Oximino compound, 59-61
cycloaddition, 59-61
a-Oxo sulfine, 231
3-Oxo-8-lactone, 109
a-Oxoquinodimethane, 112

P

PDE-1, 347

PDE-II, 347

Paniculide A, 307
Pentachloro-2H-pyrrole, 257
Pentachloro-3H-pyrrole, 311

Index

Pertrifluoroacetic acid, 28
Petasalbine, 307
Phellandrene, 60
Phenanthrene o-quinodimethane, 55
Phenyl-2-aza-1,3-pentadiene, 258
6-Phenyl-5-azaazulene, 260
2-Phenylbutadiene, 80
Phenylmagnesium bromide, 23-27
Phenylnitroso compound, 72
Phenylsulfinyl chloride, 31
3-Phenylthiobut-3-en-2-one, 185
N-Phenyltriazolinedione, 78
3-Phenyl-3-trimethylsilyloxyacrylonitrile,
244
Phosphaalkenes, 150152
Phosphinidene sulfide, 153
Phosphole, 152
Phosphonodithioic anhydride, 152—153
Phosphoryl chloride, 285
Phthalimide, 126
Piperidine, 259
substituted, 245
Piperylene, 8, 53
trans-Piperylene, 130, 137, 152
Potassium rert-butoxide, 25
Praziquantel, 62
Prodigiosin, 348
Protoporphyrin II dimethyl ester, 77
Pseudomonic acid, 115
Pseudotropane, 81
Push—pull dienes, 149
Pyrazine, 320
Pyrazole, 311
Pyrazolone, 170
Pyridazine, 313-317
Pyridine, 2, 302, 312-313
product, 310
substituted, 146, 245
synthesis, 60
Pyridinium salt, 311
2-Pyridone, 147, 312
Pyridoxamine, 303
Pyridoxol, 302
synthesis, 304-305
Pyrimidine, 317-320
Pyrroles, 311
synthesis, 154
trisubstituted, 156
3H-Pyrrole, 257
3-Pyrrolidinone, 76
4-Pyrone, 114

Index

Q

0-Quinodimethane, 30, 55, 62, 114, 149
0-Quinone, 103

1,2-dicarbonyl compound, 200-201
0-Quinone methide, 193-199
0-Quinone methide N-alkylimine, 253
0-Quinone methide imine, 251-253
0-Quinone monoimine, 201
p-Quinone, 103

R

Retronecine, 86
Rutecarpine, 253

Secoiridoid, 179

Secologanin derivative, 179

Selenium dioxide, 31

Selenoaldehyde, 142

Silica gel, 74

Silyl trisulfide, 163

a-Silyldisulfide, 127

N-Silylurea, 272

Slaframine, 64

Sphingosine, 15, 24

Stannic chloride, 13, 203, 234

Streptonigrin, 45, 325, 336

Styrene, 274

Sulfenate ester, 24

Sulfenyl chloride, 125

Sulfine, cycloaddition, 137-142, 186, 220,
223

Sulfinic acid, 21

N-Sulfinyl carbamate, cycloaddition, 13-
14, 15-16

N-Sulfinyl dienophile, 5-16

N-Sulfinyl-8-phenylmenthol carbamate, 13-
14

N-Sulfinylaniline, 1, 7, 13, 233, 267

N-Sulfinylbenzenesulfonamide, 8

N-Sulfinylbenzyl carbamate, 8, 20

N-Sulfinylethyl carbamate, 7

N-Sulfinylsulfonamide, 7

N-Sulfinylurethane, 233, 267

N-Sulfonyl compound, reaction, 29

Sulfonyl cyanide, 147149

N-Sulfonylamide, 268

N-Sulfonylimine, 29, 36-38

carboxy-substituted, 38
cycloaddition, 36-38
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Sulfonylnitroso compound, 88
2-Sulfonylpyridine, 147
Sulfoximine, 140
Sulfur dichloride, 127
Sulfur diimide, 16-19
cycloaddition
symmetrical, 1617
unsymmetrical, 18-19
preparation and structure, 2-4
reactions of, 22
Sulfur dioxide, 30-31, 193
cycloaddition, 30-31
Sulfur trioxide, 29
Sultam, 27-28

Tabtoxin, 85
Tabtoxinine B-lactam, 85
L-Talose, 112
Tecostidine, 173
Terpenoidal alkaloid, 322
Tetracyclone, 146
Tetrahydroalstonine, 191
trans-Tetrahydrocannabinol, 173
Tetrahydroquinoline, 284
Tetramethoxyethylene, 175, 184, 185, 201
Tetramethylbutadiene, 21
sym-Tetrazine dicarboxylate, 54, 336348
Tetrazine, 131, 336-348
Thebaine, 75, 84, 89, 125
Thiabutadiene, 214-234

cationic, 233-234
1-Thiabutadiene, 215-224

hetero, 232-233
Thiadiazolidine, 27
1,3,4-Thiadiazole-2,5-dione, 157
Thiazole, 310
Thienium salt, 136137
2-Thieniumbutadiene, 233
2-Thienyl thioketone, 225
Thioacid chloride, 132
a-Thioacetophenone derivative, 123
N-Thioacyl dithioimidocarbanate, 261
Thioacyl fluoride, 132
Thioacyl isocyanate, 265-266
Thioacylketene thioacetal, 223
N-Thioacylimine, 261
Thioaldehyde, 121-128
Thioamidomethylium cation, 234
Thiobenzaldehyde, 127, 131



366

Thiobenzophenone, 224
o-Thiobenzoquinone methide, 225-227
Thiobenzoyl isocyanate, 59
Thiocarbamate diimine, 275
Thiocarbonyl fluoride, 133
Thiochalcone, 216
Thioester, 128-132
Thiofluorene S-oxide, 139
Thioformate, 131
Thioimide, 135
Thioketene, 137
Thioketone, 121-123
Thiolactone, 133-134
Thiomethacrolein, 216
2-Thiomethyl-1,3-diaza-1,3-butadiene, 272
Thione S-imide, 141
Thionitroso compound, 89-91
Thionitrosobenzene, 89-90
N-Thionitrosodimethylamine, 91
Thionyl chloride, 2, 15
Thiooxalate, 128
Thiophene product, 310
Thiophenol, 23
Thiophenoxide ion, 23
Thiophosgene, 132-136
Thiophosgene, cycloaddition, 133
Thiosulfinate, 126, 127
E-threo-Vicinal diamine, 25
Tietze reagent, 179
Titanium tetrachloride, 14
p-Toluenesulfonamide, 36
p-Toluenesulfonic acid, 94
Tosyl cyanide, 147
N-Tosyl sulfine, 141
Trialkyloxonium tetrafluoroborate, 3
1,2,4-Triaza-1,3-butadiene, 278
1,2,4-Triazadiene, 277-278
Triazine, 149

synthesis, 55
1,2,3-Triazine, 320-322
1,2,4-Triazine, 323-334, 335
Triazole, 133
1,2,4-Triazoline-3,5-dione, 156
Triazolinedione, 159
1,3,5-Tri-tert-butylhexahydro-1,3,5-

triazine, 245

Trichloromethylimine, 36-38
Triethylamine, 2
Trifluoromethylimine, 36-37
Trihalomethylimine, 36

Index

Trimethyl phosphite, 23
1,2,3-Trimethylcyclooctatetraene, 160
Trimethylsilylchloride-zinc chloride, 251
Trimethylsilylmethylmagnesium chloride,
25
3-Trimethylsilyloxybut-3-en-2-one, 185
Triones, cycloaddition, 104
2,4,5-Triphenyl-3H-pyrrol-3-one, 257
Trithiocarbonate S,S-dioxide, 134
Tropacocaine, 81
Tropane alkaloid, 81
Tylophorine, 63, 251

U

Uracinine derivative, 97

v

Valerianine, 173

Vindoline, 53

Vindorosine, 53

Vinyl aryl, 274

Vinyl cyclopropane, 136

Vinyl isocyanate, 259

Vinyl isothiocyanate, 259

Vinyl sulfene, 230-232

Vinyl sulfine, 230-232

Vinyldiimide, 259

N-Vinyl-N-cyclohexylnitrosonium cation,
288

N-Vinyl-2-ethoxypyrrolidiniminium tetraf-
luoroborate, 285

Vinylmagnesium bromide, 24

Vinylnitroso compound, 8889, 201, 262-
265

Vinylnitrosonium cation, 285

Vitamin B, 302

Vitamin D,, derivative, 157

Y

Ynamine, 257, 283
Yohimbine analog, 49

z

cis-Zeatin, 80
Zinc chloride, 108, 110, 175, 176, 185, 201
Zinc iodide, 180



