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Preface

This book covers the fundamental properties of organic free radicals and their synthetic
uses. It consists of twelve chapters, starting from fundamentals and physical properties of
organic free radicals, reduction and functional group conversion, cyclization, addition,
alkylation onto aromatics, Barton reaction and related reactions, Barton-McCombie
reaction, Barton decarboxylation, free radical reaction with metal hydrides, stereo-
selective free radical reactions, free radicals in biology, and free radicals for green
chemistry. The important factors in these free radical reactions are some radical specific
reactions, as mentioned in each chapter. Since the basic study on free radical reactions
has been established by Barton, Ingold, Stork, Beckwith, Giese, efc., free radical
reactions have become an increasingly important and attractive tool in organic synthesis,
especially in the last two decades. Recently, in addition to a typical but toxic radical
reagent, i.e. tributyltin hydride, much less toxic but more effective radical reagents such
as tris(trimethylsilyl)silane, 1,1,2,2-tetraphenyldisilane, samarium (II) iodide, indium, N-
acyloxy-2-thiopyridone, triethylborane, efc. have been developed. The author hopes that
the free radical reactions will be widely applied to the synthesis of biologically attractive
compounds with high chemoselectivity and stereoselectivity, and green chemistry, based
on the advantages of free radicals.

Finally, I would like to thank Dr. Adrian Shell and Mr. Derek Coleman in Elsevier Ltd.

Hideo Togo
Aug., 2003, Chiba, Japan
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What are Free Radicals?

1.1 GENERAL ASPECTS OF FREE RADICALS

1.1.1 Aspects of free radicals

Generally, molecules bear bonding electron pairs and lone pairs (a non-bonding electron
pair or unshared electron pair). Each bonding or non-bonding electron pair has two
electrons, which are in opposite spin orientation, + 1/2 and — 1/2, in one orbital based on
Pauli’s exclusion principle, whereas an unpaired electron is a single electron, alone in one
orbital. A molecule that has an unpaired electron is called a free radical and is a
paramagnetic species.

Three reactive species, a methyl anion, methyl cation, and methyl radical, are shown in
Figure 1.1. Ethane is composed of two methyl groups connected by a covalent bond and
is a very stable compound. The methyl anion and methyl cation have an ionic bond
mainly between carbons and counter ions, respectively, and are not particularly unstable,
though there are some rather moisture-sensitive species. However, the methyl radical is
an extremely unstable and reactive species, because its octet rule on the carbon is not
filled. The carbon atom in the methyl cation adopts sp> hybridization and the structure is
triangular (120°) and planar. The carbon atom in the methyl anion adopts sp’
hybridization and the structure is tetrahedral (109.5°). However, the carbon atom in
the methyl radical adopts a middle structure between the methyl cation and the methyl
anion, and its pyramidal inversion rapidly occurs as shown in Figure 1.1, even at
extremely low temperature.

From the above, it is apparent that free radicals are unique and rare species, and are
present only under special and limited conditions. However, some of the free radicals are
familiar to us in our lives. Thus, molecular oxygen is a typical free radical, a biradical
species. Standard and stable molecular oxygen is in triplet state (°0,), and the two
unpaired electrons have the same spin orientation in two orbitals (parallel), respectively,
having the same orbital energy, based on Hund’s rule. Nitrogen monoxide and nitrogen
dioxide are also stable, free radical species. Moreover, the reactive species involved in
immunity are oxygen free radicals, such as superoxide anion radical (O, ") and singlet
molecular oxygen ('0,). So, free radicals are very familiar to us in our lives and are very
important chemicals.
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Figure 1.1

Historically, the triphenylmethyl radical (1), studied by Gomberg in 1987, is the first
organic free radical. The triphenylmethyl radical can be obtained by the reaction of
triphenylmethyl halide with metal Ag as shown in eq. 1.1. This radical (1) and the
dimerized compound (2) are in a state of equilibrium. Free radical (1) is observed by
electron spin resonance (ESR) and its spectrum shows beautiful hyperfine spin couplings.
The spin density in each carbon atom can be obtained by the analysis of these hyperfine
spin coupling constants as well as information on the structure of the free radical.

Ph,CX + Ay ———» PhyC* — Ph C$®=<
3 (-AgX) 8 2 3 Ph (1.1)

1 2

The structure of dimer (2) was characterized by NMR. Thus, one triphenylmethyl
radical reacts at the para-position of a phenyl group in another triphenylmethyl radical,
not the central sp3 carbon (to form hexaphenylethane), to form dimer (2). However,
tris( p-methylphenyl)methyl radical does not dimerize. So, the electronic effect in free
radicals is quite large.

Molecular oxygen and nitrogen monoxide are specifically stable free radicals.
However, in general radicals are reactive species, and radical coupling reaction,
oligomerization, polymerization, etc. occur rapidly, and their control is not so easy. This
is one of the main reasons why most organic chemists do not like radical reactions for
organic synthesis. However, mild and excellent free radical reactions have recently been
established. Here, the fundamentals of organic free radicals, such as the kinds of radicals,
reaction styles of radicals, etc. will be introduced.

1.1.2 Types of free radicals

Most organic radicals are quite unstable and very reactive. There are two kinds of
radicals, neutral radicals and charged radicals as shown below, i.e. a neutral radical (3), a
cation radical (4) and an anion radical (5) (Figure 1.2).
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CH CHZ0 ocH, |® )
CHy
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neutral radical OCH, anion radical
cation radical
3 4 5
Figure 1.2

Moreover, there are two types of radicals, the o radicals and the 7 radicals. An
unpaired electron in the o-radical is in the o orbital, and an unpaired electron in the
radical is in the 1 orbital, respectively. Therefore, the radicals (4) and (5) above are
radicals. #-Butyl radical (3) is also r radical, since this radical is stabilized by the
hyperconjugation. However, the phenyl radical and the vinyl radical are typical o
radicals. Normally, 7 radicals are stabilized by the hyperconjugation effect or the
resonance effect. However, o radicals are very reactive because there is no such
stabilizing effect (Figure 1.3).

C).
o Fyvon,
G radical

T radical
6 7

Figure 1.3

This result can be explained by the following fact. The bond dissociation energies of
the C—H bond in (CH3);C—H (isobutane) and C¢Hs—H (benzene) are ~ 91 kcal/mol and
~ 112 kcal/mol, respectively. So, the bond dissociation energy of the C—H bond in
benzene is 21 kcal/mol stronger than that in isobutane. This suggests that the phenyl
radical is more unstable by about 21 kcal/mol than the #-butyl radical, and therefore
should be more reactive.

1.1.3 Reaction styles of radicals

In polar reactions, heterolytic (unsymmetrical) bond cleavage (heterolysis) and bond
formation occur, while homolytic (symmetrical) bond cleavage (homolysis) and bond
formation occur in radical reactions as shown below (Scheme a).

Typical radical reactions are substitution and addition reactions as shown below
(Scheme b). A typical substitution reaction is the halogenation of methane with chlorine
gas under photolytic conditions, and generally available chlorohydrocarbons are prepared
by this method. The chlorination reaction proceeds through a chain pathway via the
initiation step, propagation step, and termination step as shown below (Scheme 1.1).

The driving force of this reaction is the heat of the formation, namely, the difference in
the bond dissociation energies of the products and the starting materials. Thus, the bond
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Polar reaction

RX —— > R®4 x° Heterolytic bond cleavage
R® + Xe —— > RX Heterolytic bond formation

Radical reaction

RX —> R* + X' Homolytic bond cleavage
R+ X° ——» RX Homolytic bond formation
Scheme a

Intermolecular radical substitution reaction (RH — RCI)

RH + CI° —— > R" + HCI

R* + Clh, —— RCl + CI°

Intermolecular radical addition reaction (C-C bond formation)

BRX + M —— > R" + MX

R + CH,=CH_ ———— RCH,CHON

CN
Scheme b
hv .
Cl, —> 2Cl Initiation step

CH, + CI° ——» CHy + HCI
CH3. + C|2 —_— CH30I + CI.

2cr’ — > Cl,

Propagation step

2 CHj' — CHj3CHj3 Termination step
CHy" + CI° —— CH,CI

Scheme 1.1

dissociation energies of CI-Cl (molecular chlorine) and CH;—H (methane) are
58 kcal/mol and 104 kcal/mol, respectively, and 162 kcal/mol in total (starting
materials), while those of H-CI (hydrogen chloride) and CH3—Cl (methyl chloride)
are 103 kcal/mol and 84 kcal/mol, respectively, and 187 kcal/mol in total (products).
Therefore, the products are in total 25 kcal/mol more stable than the starting materials
(exothermal), and this difference is the driving force of the reaction. The formation of
methyl chloride in this reaction is a substitution reaction; one hydrogen atom of methane
is substituted by one chlorine atom, through a homolytic pathway. Therefore, this type of
reaction is called the Sy2 (Substitution Homolytic Bimolecular) reaction and is the
fundamental reaction style in radical reactions. This reaction proceeds through a chain
pathway, via an initiation step, propagation step, and termination step.



1.1 GENERAL ASPECTS OF FREE RADICALS 5

When molecular bromine or molecular iodine is used instead of molecular chlorine in
this reaction, the chain reaction does not proceed effectively. The bond dissociation
energies of Br—Br and I-1 are 46 and 36 kcal/mol in the starting materials, and those of
CH;-Br, CH3;-1, H-Br, and H-I in the products are 70, 56, 88, and 71 kcal/mol,
respectively. Thus, the difference in the bond dissociation energies between the starting
materials and the products in these reactions tends to be small. Especially, iodination does
not proceed at all. Therefore, the considerable difference in bond dissociation energies
between the starting materials and the products is the driving force of radical reactions.

1.1.4 Orientation in radical additions

The addition reactions of HBr to isobutene in a polar reaction and in a radical reaction,
respectively, are shown below in Scheme 1.2, and opposite orientation is observed.

In the polar reaction, a proton in HBr first adds to the terminal sp” carbon in isobutene
to produce a stable fert-butyl cation (8), and then it reacts with the counter bromide anion
to form tert-butyl bromide. Thus, the proton in HBr adds to the less substituted sp> carbon
in alkene to produce a more stable carbocation. This is based on the Markovnikov rule. In
radical reactions, the hydrogen atom of HBr is abstracted first by the initiator, PhCO, (or
Ph’) derived from (PhCQO,),, and the formed bromine atom then adds to the terminal sp2
carbon in isobutene to form the stable (3-bromo tert-butyl radical (9), and then it reacts
with HBr to produce iso-butyl bromide and a bromine atom. This bromine atom again

Polar reaction CH CH CH
° HBr \@ e
/C=CH2 /C-CHa —> CH3;—C-Br
CHg CHg é
e) Ha
Br
8
Radical reaction  (PhCO,), — 2 PhCO,*

Initiation step
HBr + PhCO," ——> Br' + PhCO,H

CHs._ CHy A
/C=CH2 + Br® — /C'\
CH3 CH3 CHQBY
9 > Propagation step
CHa._
9 + HBr —=  JCH-CHBr + Br'
e fHe
CHa=C-CHY CHy=C-CHy
H 8’ Br 9’

Scheme 1.2
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adds to the terminal sp2 carbon in isobutene, and the chain reaction occurs. So, the anti-
Markovnikov addition product is obtained in a radical reaction, and, consequently, the
opposite addition-orientation products are obtained in a polar reaction and in a radical
reaction, respectively. However, it is an important fact that both the polar reaction and the
radical reaction do not produce unstable intermediates (8': primary carbocation) and (9':
primary carbon-centered radical), respectively; instead, they produce the more stable
intermediates (8) and (9).

Why are intermediates (8) and (9) more stable than intermediates (8') and (9')? This
can be explained by the inductive effect (I effect) and the hyperconjugation effect. The
methyl group has an electron donation ability through the o bond. So, the tert-butyl
cation and the fert-butyl radical can be stabilized by the inductive effect of the methyl
group (Figure 1.4). Normally, the inductive effect is increased in the following order:

CH3" < prim.-R*° < sec.-R " < tert-R ° (R = alkyl group)

CHj CHj
@ .
C C
CH3/ \CHs CH3/ \CH3 ~—— ! electron-donating
Figure 1.4 Inductive effect in tert-butyl cation and ters-butyl radical

Another effect is the hyperconjugation effect, which comes from the following
resonance (Figure 1.5).

Hyperconjugation in tert-Butyl Cation

IC)
CH,4 CH, H CH,4 CH,4
é@ > g > é > é ......
CHy” SCH;  CHy  CHs CHZ SCHy,  CHy  XCH,
_ H@ H@ =
Hyperconjugation in fert-Butyl Radical
CHS CH2 H. CH3 CH3
ST Sl sl S
CHy” SCHy,  CHy” CH, CH” SCH;  CHy”  ~CH,
L H. H' .
Figure 1.5

The inductive effect depends on the electronegativity of atoms and functional groups,
and works through the o bond. Hyperconjugation is like the resonance above (Figure 1.5)
and is the orbital interaction between the cation-centered p., orbital and the C—H o bond
in methyl groups, and the interaction between the radical-centered p,, orbital and the C—
H o bond in methyl groups. Thus, hyperconjugation is the orbital interaction between the
central p, orbital and the C—H o bond at the B position and is called o-p, orbital
interaction as shown in Figure 1.6.
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B (a) B (o)
P P
0.0, 80
/ «CHa / «CHg
2 _C\ HQC_C\
G CH g CH,4
Figure 1.6 o-p,; Orbital interaction in hyperconjugation

1.1.5 Reactivity in radical additions

In polar reactions, there are negatively charged nucleophilic species and positively
charged electrophilic species. On the other hand, the radical species are mainly neutral.
However, these neutral radical species can be also divided into two types, nucleophilic
radical species and electrophilic radical species. These electronic characters come from
the spin energy level of the radical species. Thus, electron density of the tert-butyl radical
is moderately high due to the inductive effect of its three methyl groups, and the spin
energy level in singly occupied molecular orbital (SOMO) is high. Therefore, when the
tert-butyl radical is treated with olefins, it behaves as a nucleophilic radical. So, -
deficient olefins such as acrylonitrile or ethyl acrylate are much more reactive than -
excess olefins such as ethyl vinyl ether, to give the corresponding C—C bond formation
products (egs. a, b in Scheme 1.3). The electron density of the diethyl malonyl radical is
rather low due to the resonance effect by two ester groups. Thus, the diethyl malonyl
radical is stabilized, and the spin energy level in SOMO is low. Therefore, when the
diethyl malonyl radical is treated with olefins, it behaves as an electrophilic radical. So,
m-excess olefins are much more reactive than m-deficient olefins in reaction with the
diethyl malonyl radical, to give the corresponding C—C bond formation products (egs. c,
d in Scheme 1.3).

CH, CHa
I, /CH rapid | .
a) CH3—(|3 + cHY oen @—— CH3—C|)—CHQCH—CN
CHj CHz
CH
i e SH _
b) CHe‘CI; + CH; OC,Hs — » horeaction
CHj,
HSCQOQC\ CH
c) /CH' + CHY \CN — = no reaction
HsC,0,C
HsC,0,C CH . HsC,0.C .
a) CH + Y NogH, 22, CH=CH,CH-0C,Hs
H5C,0,C H5;C,0,C

Scheme 1.3
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1.1.6 Reaction patterns of radicals

There are three types of typical radical reactions, in addition to the addition reactions
mentioned above in Scheme 1.3, as follows:

B-Cleavage reaction

The most typical B-cleavage reaction is the decarboxylation of an acyloxyl radical
(RCO5, oxygen-centered radical) to form an alkyl radical and CO,. These reactions are
observed in the Kolbe electrolytic oxidation and the Hunsdiecker reaction, as shown in
eq. a of Scheme 1.4. The driving force of this [-cleavage reaction is the formation of
stable CO, gas, and the formation of a more stable alkyl radical (carbon-centered radical)
than the oxygen-centered radical. Alkoxyl radicals, especially fert-alkoxyl radicals,
induce a B-cleavage reaction to generate the alkyl radicals and stable ketones. For
example, the tert-butoxyl radical readily gives rise to 3-cleavage to give a methyl radical
and acetone (eq. b). Generally, the B-cleavage reaction does not occur in alkyl radicals;
however, strained carbon-centered radicals, such as cyclopropylmethyl radical and
cyclobutylmethyl radical rapidly induce the B-cleavage reaction to give 3-buten-1-yl (eq.
¢) and 4-penten-1-yl radicals respectively.

0]
-cleavage

a) R——C// B_g» R* + CO,
o

CH
1 B-cleavage .
b) CHS—@® —> CH; + CH3?|CH3
0]

CHs
Q a B-cleavage ’
9 ot —— [\

Scheme 1.4

Cyclization reaction

A typical cyclization reaction example is the cyclization of the 5-hexen-1-yl radical,
which cyclizes to give a cyclopentylmethyl radical (primary alkyl radical) and a
cyclohexyl radical (secondary alkyl radical), as shown in eq. 1.2. Generally, the radical
cyclization proceeds via a kinetically controlled pathway, so the less stable
cyclopentylmethyl radical is formed predominantly.

Y

1> ' :
\\)/ cyclization I:§ N O (1.2)
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Hydrogen atom abstraction via 6 (7)-membered transition state

An oxygen- or nitrogen-centered radical abstracts an inert hydrogen atom at the 5- or 6-
position via a 6- (1,5-H shift) or 7-membered transition state (1,6-H shift) to form a
carbon-centered radical as shown in eq. 1.3. The driving force of this reaction is the
formation of a strong O—H or N—H bond. This is really a radical specific reaction. In an
oxygen-centered radical, i.e. an alkoxyl radical, the reaction is called the Barton reaction.
In a nitrogen-centered radical, i.e. an aminium radical, the reaction is called the
Hofmann—Loffler—Freytag reaction.

Tetrahydrofuran, tetrahydropyran, pyrrolidine, and piperidine skeletons can be
constructed by these reactions.

X+ XH ,
[(qjg Qa/\ n=1 1,5-H shift
—_—T . .
-~ ~p N= 2 1,6-H shift (1.3)
X=0,NR

1.1.7 Generation of radicals

Typical generation methods of radicals are mentioned below.

Thermolysis of peroxides or azo compounds

The formation of oxygen- and carbon-centered radicals by the thermolysis of peroxides
or azo compounds is well known. Today, these compounds have been also used as radical
initiators. For example, treatment of a CCly solution of toluene and N-bromosuccinimide
(NBS) in the presence of a catalytic amount of benzoyl peroxide in refluxing conditions
gives benzyl bromide in good yield as shown in Scheme 1.5. This is called the Wohl—
Ziegler reaction.

Refluxing treatment of a mixture of cyclohexyl bromide and Bu;SnH in the presence of
a catalytic amount of 2,2'-azobis (isobutyronitrile) (AIBN) in benzene produces
cyclohexane in good yield as shown in Scheme 1.6. The Bu;SnH/AIBN system is the
most popular radical reaction system in organic synthesis.

Decarboxylation of carboxylic acids

The Kolbe and Hunsdiecker reactions are popular, but are now old radical
decarboxylation reactions of carboxylic acids. The Barton radical decarboxylation with
N-acyl ester of N-hydroxy-2-thiopyridone is the best and most useful for organic
synthesis. The driving force of the Barton radical decarboxylation is the weak N—O bond
of the starting Barton ester (10) and the formation of highly stable CO,. Therefore, the
generation of carbon-centered radicals and their synthetic use can be carried out readily
by heating the solution at 80 °C or irradiating it with a tungsten lamp (W —hv) at room
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0 initiation step

0]
o O — G- O
O (0]
0] (o}
S
Oron- Qe — O e
O (0] > propagation step
(0] 0}
O+ D — Oyronor- e -
0] 0}
Scheme 1.5
o G ot )
A
CH3—C|)—N=N—(i‘,—CH3 e ZCHB—?' + N
CN CN CN
> initiation step
?Hs ?Hﬁ
BusSnH + CH3—C* —— BusSn® + CH;—CH-CN
|
CN <
<
QBr+ BusSn*® —— <:> + BusSnBr
> propagation step
<:>- + BusSnH —— <:> + BusSn°

Scheme 1.6

temperatures as shown in eq. 1.4.
0 7
e R iq
CH3=C-O-N_ ) —— CHg" +CO, + | —> CH;-S—
X . N (1.4)
S N~ 8

Barton ester 10

Photochemical reaction of carbonyl groups

Irradiation of ketones or aldehydes with a UV lamp induces electron transition from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
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orbital (LUMO). Here, the lone pair (n) orbital on the carbonyl oxygen atom to the w¢—q
oribital, namely, n—" electron transition, generates a biradical. The n- and Tr-orbitals
are perpendicular, and so n—m" electron transition is not favorable although it is not
impossible. After the generation of the biradical, there are two reaction pathways,
Norrisch I and Norrisch II, as shown in Figure 1.7.

In the presence of a moderate hydrogen donor such as isopropanol, the oxygen-
centered radical of the biradical abstracts a hydrogen atom from the o-position of
isopropanol to give pinacole. For example, the benzophenone biradical, generated from
the irradiation of benzophenone, abstracts a hydrogen atom from isopropanol to form an
o,a-diphenyl-a-hydroxymethyl radical, which is then coupled to give benzopinacol (12)
(eq. 1.5).

9_9 I ON P

e T 7

biradical
Tc=0 (c? -(07[..
"\,
'Y

Norrisch |
co i

11
(-C —» R' + R'—C°

Norrisch Il

]

H__R
O \ﬁ_ DH
—_— +
RS #Z s

Figure 1.7

O gD - s @o;—@ g
Il
(0]

OH

1 12
(1.5)
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Oxidative conditions

Single-electron oxidants such as Mn3+, Cu”, and Fe™' abstract one electron from the
substrates to produce carbon-centered radicals, as shown in eq. 1.6.

o O OH O o O

Mn(OAc)3 )
CH3)I\/U\CH3 CHs)\/U\CH3 “aon CHs)l\./U\CHs tHO (1e)
13a 13b

Fe”* with hydrogen peroxide is called the Fenton system. The first step in this reaction
is the electron transfer from Fe”" to hydrogen peroxide to produce extremely reactive
HO' (hydroxyl radical) and HO™ (hydroxide anion). Once HO' is formed, it rapidly
abstracts a hydrogen atom from the substrates to generate carbon-centered radicals.

Reductive conditions

Single-electron reductants such as Fe”, Cu™, Ti3+, and Sm>* give one electron to the
substrates to form carbon-centered radicals, as shown in eq. 1.7.

It - oSml, CHy CH,
miz 1
CHy “CH; TRE ~ CHZ CH; — = 3 CH3‘E—EHCH3 (1.7)
H
14 15

These radicals formed are formally neutral and, therefore, the solvent effect is smaller
than that in polar reactions. The driving force of these radical reactions is the difference in
bond dissociation energy between the starting materials and the products. Therefore,
carbonyl, ester, amino, and hydroxy groups, bearing strong bond dissociation energy, are
not affected by the radical reactions. This suggests that sugars, nucleosides, and peptides
can be used in radical reactions, without the requirement of serious protection of those
functional groups.

1.2 FAMILIAR AND CLOSE RADICALS IN OUR LIVES

The closest and most familiar radical is molecular oxygen. Molecular oxygen is a
biradical and, therefore, it can be transported to all parts of the body through the binding
and dissociation onto the heme part of hemoglobin through breathing. Molecular oxygen
is a biradical and each spin orientation is the same (parallel, triplet state) based on Hund’s
rule, as shown in Figure 1.8 (left), and this molecular oxygen is shown as O,. Nitrogen
monoxide and nitrogen dioxide are also radicals. Active oxygen radicals related to
immunity and cancer induction in living bodies are singlet molecular oxygen ('O,) and
superoxide anion radical (O, ) as shown in the middle and the right of Figure 1.8. 102 is
unstable and much more reactive than >0,, because each spin orientation is opposite.
Electronegativity of the oxygen atom is high and so molecular oxygen can be easily
reduced to O, . It is also a reactive oxygen radical, and a really reactive and important
species in immunity reactions.
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30, 10, %

Ogp*, . . -
L N . < N N
Tt AT T AT TR

oz * ) ) ‘ ) high energy

Cos* —H—.. o o

625 ~‘ e ‘q e ~q | .

a( 1 ")— —, 1 '_>— — 1 /)—

Figure 1.8 Electron configuration of molecular oxygens and related radicals.

'0, and O5 are important radical species for the maintenance of health in living
bodies. However, these radical species induce disease when they are formed in stages
where they are not required. For example, when O, is formed in healthy fatty
membranes, which consist of unsaturated fatty acids such as arachidonic acid (16), it
abstracts an allylic hydrogen atom of the unsaturated fatty acids and oxidizes it to a
hydroxy group and, finally, the functional ability of the fatty membrane is lost as shown
in Scheme 1.7. O; " also abstracts a hydrogen atom from peptides, DNA, and RNA, giving
rise to their C—C, C-0O, and C-N bond cleavages. This is one major cause of
inflammation, ageing, cancer, etc. [1, 2].

S)
O .
R — /~— ,/~— X 2 R__/ X+HOO'
arachidonic acid 16 17
OOH
eV a LV Ve ~
/ T (Cho®)
OH
R —\/— / X 16 = CHg(CH,)4(CH=CHCH,),CH,CH,CO,H
Scheme 1.7

How can we keep our health against these reactive oxygen radicals? Fortunately,
vitamin C (hydrophilic), vitamin E (hydrophobic), flavonoids, and other polyphenols can
function as anti-oxidants. These anti-oxidants are phenol derivatives. Phenol is a good
hydrogen donor to trap the radical species and inhibits radical chain reactions. The
formed phenoxyl radical is actually stabilized by the resonance effect as shown in eq. 1.8.
Thus, phenol and polyphenol derivatives are excellent hydrogen donors to inhibit the
radical reactions and, therefore, they are called radical inhibitors.

2o~ GO



14 1. WHAT ARE FREE RADICALS?

For example, when O is formed in the hydrophilic stage, vitamin C (18, L-ascorbic
acid; present in hydrophilic stage) assists the hydrogen atoms to form dehydroascorbic
acid (19) via monodehydroascorbic acid, and hydrogen peroxide (eq. 1.9).

Ho_ P . o, f . o /2
d )
02 02
[ ©o | o —_ 0
HO (-HOO®)  HO (-Ho0® O
HO-CH HO-CH HO-CH (1.9)
CH,—OH CH,—OH CH,—OH
vitamin C
18 19

Moreover, when O is formed in the hydrophobic stage, vitamin E (20, tocopherol)
creates a hydrogen atom. The hydrogen peroxide formed is decomposed to water and
molecular oxygen catalyzed by catalase enzyme (protein containing Fe-complex), and
the oxidized vitamin E radical is reduced to vitamin E again by vitamin C (eq. 1.10)

Ry Ry
HO o ‘0
CigHzy ——>= CigHas + H20;
Ry 1) CH, L-ascorbic acid Ry o CH, (1.10)
V|ta2r(;1|n E ” Ry, Ry = H, CHs

Concretely, these anti-oxidants prevent higher unsaturated fatty acids such as linolic
acid [CH3(CH,),CH=CHCH,CH = CH(CH,);COOH] and arachidonic acid
[CH5(CH,)4(CH=CHCH,),(CH,),COOH], which constitutes the cell membrane, from
oxidation by active oxygen radicals. Thus, vitamin E and vitamin C protect living bodies
against oxidation by active oxygen radicals. Oxidized vitamin E in living bodies is
regenerated by reduction with vitamin C. However, oxidized vitamin C cannot be
regenerated, and so vitamin C must be supplied constantly in living bodies.

Typical flavonol, anthocyanidine (anthocyanin is a sugar-binding anthocyanidine),
catechin, uric acid, and tannin are shown in Figure 1.9. All these compounds bear
phenolic hydroxy groups which can function as anti-oxidants [3, 4]. Green tea contains
high levels of tannin and catechin, and red wine contains a high level of anthocyanidine.

Based on these results, 2,6-di-tert-butyl-4-methylphenol (BHT) and 3-fert-butyl-4-
methoxyphenol (BHA), bearing a phenolic hydroxy group, have been used in recent
times as anti-oxidants in many kinds of foods.

Finally, the reduced active oxygen radicals formed from the reactions of >0, or O}
with vitamin E or vitamin C in living bodies become O§7 (H,0,), which can be further
reduced by catalase (to H,O and molecular oxygen) or glutathione. O is also reduced to
03~ by SOD (enzyme: protein containing Cu and Zn complex) (Figure 1.10). However,
there is no enzyme that can destroy the most reactive HO'". So, once HO' is formed in
living bodies, it destroys any kind of DNA and proteins. One typical radiation disease
comes from this radical, which is formed from the irradiation of H,O in a body (the
weight percentage of water in a living body is about 70—80%).
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Figure 1.9 Natural polyphenols and synthesized phenols.

e o e

302 > O, - 0226
hvl H@ QH@“
10, HOO " > H,0, —— HO®  +  HO®
. e l H® r
02@ : decomposed by SOD H

H,0, : decomposed by catalase HO H:0

Relative reactivity : HO® >> HOO * > 029
Figure 1.10

1.3 STABLE FREE RADICALS

Commercially available stable free radicals are shown in Figure 1.11.

Recently reported stable free radicals are shown in Figure 1.12. Most of these
stable free radicals are oxygen- or nitrogen-centered radicals, like molecular oxygen,
nitrogen monoxide, and nitrogen dioxide, where the oxygen and nitrogen atoms have
high electronegativity. Moreover, these free radicals bear quite a large resonance effect
and steric effect for high stabilization. Generally, stable radicals are stabilized by
thermodynamic control (this is by resonance effect), not kinetic control (this is by steric
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CH3>(j<CH3
N (TEMPO)

CHy N” “CHy
o
OH NH, 0
COOH
CHs CH; CH, CH; CH, CHs CH3:| | CHs
cHy N" cHy cHY N cH;  cHY N CH, cHy N” “CHy
o} (o} (o} o
CH
0 3 _CHs CHaCHa

NO
Lo o o (Y
R—@—(f :JfCHs o) CH o N-N NO,
N-T~CHj
| CH, = CHs CH, @ NO,
0 CHg CHg

CHs CHg
R =H, NO, galvinoxyl radical 2,2-diphenyl-1-picrylhydrazyl
radical
Figure 1.11 Commercially available, stable free radicals.

effect). Since general radicals are extremely reactive, it is not possible to stabilize radicals
only by steric effect. Thus, all the radicals in Figures 1.11 and 1.12 are stabilized by
thermodynamic control. These radicals are important in ESR study for analysis of
the spin density and conformation of the radicals. However, from the viewpoint of
synthetic organic chemistry, these stable free radicals are not interesting and not
attractive, since these free radicals are too stable and essentially they do not react with

CH, e
C|5 Q CHg CHa

CH, o

: CHs
R-N-N-SO;Na >< G/Qs
=

eH
R =H, SO;Na $ *

X =CO,CH(CH3),, CN,CON O
/

Figure 1.12 Recently reported stable free radicals.
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organic molecules directly. There is only one synthetic use of these stable radicals, which
is to trap reactive radical species formed during the reactions, as a radical scavenger.

Free radicals are directly observed by ESR, where the wavelength is in the microwave
range. Generally, wavelength N\ for ESR is ~ 3.2 cm. The principle is analogous to that of
NMR. Thus, the electron has a magnetic moment (spin) resulting from the rotation of a
charged particle about an axis. So, there are two spin states (4 1/2: a spin and — 1/2:
spin) corresponding to the two orientations in space (Scheme c).

AE = hv = gBH,

h=6.63 x 1027 erg - s (Plank's constant)
B=9.27 x 102" erg - G™! (Bohr magneton)
Hy = G (gauss), external magnetic field

g = g-factor

1 . .
%‘— +? a spin  (anti-parallel)
£ z it
=y + AE eeman splitting

~_$JL _% B spin (parallel)

Scheme ¢

energy

In the absence of an external magnetic field, the electron spin is oriented randomly,
with a and B spin having the same energy. However, when an external magnetic field H,
is applied to the free electrons, Zeeman splitting occurs and the energy of a and 3 spin
becomes different. 3 Spin has parallel orientation of the magnetic moment of the electron
with respect to the field, and a spin has anti-parallel orientation of the magnetic moment
of the electron with respect to the field. The population of the two spins are given by
Boltzmann’s distribution. Though exposure to an external magnetic field, transition from
B to a spin by the absorption of energy AE occurs. This transition corresponds to the ESR
spectrum. In ESR, there are three parameters, i.e. g-factor, hyperfine coupling constant «,
and line-width, and the first two parameters are the most important. The g-factor
corresponds to the electronic environment of radicals, i.e. it corresponds to the chemical
shift in NMR. Normally, the g value is in the range of 2, especially for  radicals. For
hyperfine coupling, when the electron is close to an atom with a non-zero nuclear such as
"H or '°C, interaction between the electron and the nucleus occurs, and hyperfine
coupling is observed. For example, quartet (strength: 1:3:3:1) hyperfine coupling in the
ESR spectrum of CHj is observed, and the coupling constant a is 23G. Coupling constant
a is related to the spin density p. as follows (McConnell equation):

a = Ap. A : proportional constant, p,. : spin density on carbon.

By the measurement of ESR, information on the physical character of radicals and
the spin density of radicals can be obtained [5].

Recent reports on the g factor and the coupling constants a of moderately stable
radicals are shown below. A triphenylmethyl radical, which is generated by the reaction
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of triphenylmethyl halide with Ag, does not form a head-to-head dimer, hexapheny-
lethane, as mentioned previously (eq. 1.1). However, R—Cjgq (22) couples form a head-to-
head dimer, R—Cg,—Cgo—R [6, 7]. Here, with an increase of both bulkiness and
electronegativity of the R group, R—Cg, becomes a more stable radical (eq. 1.11). This
radical is a  radical, so the g value is 2.00.

RBr, hv
. 1
CGO R- CSO —~— ? R- Ceo— CGO -R

\ RI A
50 ~ 60%

(BugSn), hv 22

(1.11)

R g value
i-Pr 2.00223
CCly 2.00341
CBrs 2.00910
CsF5 2.00289

The following a ester radical (23) is just stabilized by the resonance effect of one ester
group. This effect is not as strong, so the a ester radical (23) can be observed using ESR
only at < —30 °C, and it couples to a dimer soon at room temperature [8].

Ry R R
e (BugSn),, hv |, R
t—Bu—(ID—Cl)—Br —_— t—Bu—B(ID—aC\
3
H CO,R® H COR
23
R! R? R H. Hg Hp Hs Hs(G) g9
COCsHs H  CoHs 204 76 - 154 036 2.0035

tBu

CHs CHy CH; - 48 219 - - 20034
H CO,CH,4
CH;0,C ﬁ\v

6 (6=20°is the most stable angle)

(1.12)

Today, many stable radicals are known, as shown in Figures 1.11 and 1.12. However,
most of them are nitroxyl radicals like NO or NO,. Standard generation methods of
nitroxyl radicals are as follows. One is the oxidation of amines or hydroxyamines by
PbO,, or by less toxic oxidants such as oxone, Cu(OAc),, mCPBA (egs. 1.13 and 1.14).
Another one is the reaction of nitro compounds with Grignard reagents (eq. 1.15) [9-14].

Oxone(4 eq.)

OO 2o OO
H NayHPO, B o (1.13)

Bu,N® HsoP
buffer 24 83% ay=10.7G
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CH, QCH:; Cu(OAc), CHs QCHS
CHy "N > N

P(OEt CH
o ||( )2 o, .?(OEt)z g value 2.0059 (1.14)
OH o O o ~
o5 ay=13.8G
ap=50.0G
CHz_CH, CHg_CHs
t-BuMgBr
ether (1.15)
NO, %, CHs N, Y
cHy oHo
3 CH3 26

Reaction of nitro compounds such as nitro-fers-butane with BuzSnH or (Me;Si);SiH
produces a nitroxyl radical (27). This is just an addition product of Bu;Sn" or (Me3Si);Si’
onto the nitro group [15, 16]. This radical is also a 7 radical (eq. 1.16).

. /O.
tBuNO, + RsM ——— tBu—N
“oMR
27 8
1.16
RsM a(G) gvalue ( )
BugSn 27.9(triplet)  2.0050

(MeSi);Si 29.0(triplet)  2.0053

Generally, nitrogen-centered radicals are very reactive. However, the following
sulfenamidyl radical (28) bearing a condensed polyaromatic group is stable for a long
time (eq. 1.17), due to the resonance effect by p-nitrobenzenesulfenyl and condensed
polyaromatic groups [17, 18].

CHj3

|
CHg_C_CH3

CH;

|
CH3_C_CH3
~ ¥os o

CHs—?—CHa
CH; 28

(g value 2.0043)

(1.17)
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1.4 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FREE RADICALS

1.4.1 Orbital interactions between radicals and olefins

A free radical has an unpaired electron that has the highest energy among all bonding and
non-bonding electrons in a molecule. The orbital having this unpaired electron is called
SOMO. In the reactions of a free radical with another molecule, SOMO in a free radical
interacts with HOMO or LUMO in another molecule, and its reactivity depends on the
energy level of SOMO. Namely, an electron-rich free radical having high potential
energy, behaves as a nucleophile and interacts with LUMO in another molecule. An
electron-poor free radical having low potential energy, behaves as an electrophile and
interacts with HOMO in another molecule. This orbital interaction between SOMO-—
LUMO or SOMO—-HOMO is the initial step for the chemical reactions, and the reactions
proceed smoothly when the energy difference is small. Two examples for the interactions
of (CH3)3;C" with olefin and (C,Hs50,C),CH with olefin are shown in Figure 1.13.
(CH;);C' is an electron-rich radical because of the electron-donating effect of three
methyl groups through the inductive effect, and its SOMO has high potential energy and
nucleophilic character. Therefore, it smoothly interacts with electron-deficient olefins
such as phenyl vinyl sulfone, because of the small energy difference in the SOMO—
LUMO interaction. (C,HsO,C),CH' is an electron-deficient radical because of the
electron-withdrawing effect of two ester groups through the resonance effect, and its
SOMO has low potential energy and electrophilic character. Therefore, it smoothly
interacts with electron-rich olefins such as ethyl vinyl ether because of the small energy
difference in the SOMO-HOMO interaction.

Generally, as the potential energy level of SOMO increases (becomes a more reactive
radical), free radicals have nucleophilic character, while as the potential energy level of
SOMO decreases (becomes a stable radical), free radicals have electrophilic character.
Thus, when effective radical reactions are required, small energy difference in SOMO—
HOMO or SOMO-LUMO interactions is necessary. For example, the relative
reactivities of radical addition reactions of a nucleophilic cyclohexyl radical to alkenes,

—[LUMO]
——I[LUMO] +
[SOMO] + : AR

/' Hfwouo
\ 4 ; [SOMO] 44‘
_ﬂ_[HOMO] + ensray

CHg CO,C2Hs
CH;—C’ = ‘CH =
I SO ! 0,C,H
CHs 2 O CO,CoHs 2vet’s
nucleophilic tert-butyl radical interacts electrophilic diethyl malonyl radical interacts with
with LUMO of electron-deficient olefins HOMO of electron-rich olefins

Figure 1.13 Interaction between carbon-centered radicals and olefins.
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Addition reaction of nucleophilic cyclohexyl radical to alkenes

O +//\R—> .
: R

P CHgn FOCqHs F SCOCHy  # “CHO
1 - 84 : 3000 : 8500

Relative reactivity :

Addition reaction of electrophilic diethyl malonyl radical to alkenes

C2H5OQC CSH5 C2H5020 C6H5
. + —_—
C,H5;0,C /\R C,H50,C R
Relative reactivity : CeHs
/\ /H CGHS CSHS
N
5 /\CH3 /\Cogcsz
23.0 : 3.5 : 1.0
Figure 1.14

and of an electrophilic malonyl radical to alkenes are shown in Figure 1.14. Here, the
former reaction proceeds through the SOMO-LUMO interaction, and the latter reaction
proceeds through the SOMO-HOMO interaction. In the former reaction, an electron-
withdrawing group in alkenes increases the SOMO-LUMO interaction, while an
electron-donating group in alkenes increases the SOMO—-HOMO interaction in the latter
reaction.

1.4.2 Baldwin’s rule

One typical radical reaction is cyclization. This cyclization has been used as an indirect
proof for radical reactions and a strategic method for the construction of 5- and 6-
membered cyclic compounds. The experienced rule for the cyclization is Baldwin’s rule
[19]. There are two cyclization modes, i.e. exo and endo; moreover, there are three types
of hybridization in a carbon atom, sp’ (tetrahedral: tef), sp> (trigonal; trig), and sp
(digonal; dig). Baldwin’s rule is the cyclization rule based on the experimentally obtained
cyclization results. The cyclization mode and kinds of hybridization in an intramolecular
radical acceptor are shown in Figure 1.15.

Thus, it is called ‘exo’, when the cyclization occurs on the inside of the unsaturated
carbon—carbon bond, and it is called ‘endo’, when the cyclization occurs on the outside
of the unsaturated carbon—carbon bond. Moreover, it is ‘tet’ (tetrahedral; 109.5°), when
the carbon—carbon bond at the reaction site is sp® hybridization; it is ‘rrig’ (trigonal,
120°), when the unsaturated carbon—carbon bond at the reaction site is sp> hybridization;
and it is ‘dig’ (digonal, 180°), when the unsaturated carbon—carbon bond at the reaction
site is sp hybridization. For example, there are two types of cyclization manner in 5-
hexen-1-yl radical, exo-trig and endo-trig, based on the above classification. Since a 5-
membered cyclopentylmethyl radical is formed through ‘exo-trig’ cyclization, it is finally
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<cyclization mode 1> endo

e

\

‘exo’ cyclization ‘endo’ cyclization
endo
. )
N z
D @ -
‘exo’ cyclization ‘endo’ cyclization

<cyclization mode 2>

O ‘fet’ (tetrahedral) ﬁ ‘tet’ (tetrahedral) C/X
3

‘exo-tet’ cyclization ‘endo-tet’ cyclization
O/ tr/g (trigonal) j , _lrig (irigonal) _ D
‘exo-trig’ cyclization ‘endo-trig’ cycll;atlon
d . dig’ (digonal) k} _dig’ (digonal) _ @
‘exo-dig’ cyclization ‘endo-dig’ cycli;ation

Figure 1.15 Cyclization mode.

classified as 5-exo-trig cyclization manner. And it is classified as 6-endo-trig cyclization
manner, that 6-membered cyclohexyl radical is formed through ‘endo-trig’ cyclization.
Generally, 5-exo-trig cyclization is the main pathway, and this is the Baldwin’s rule. The
cyclopentylmethyl radical is a primary alkyl radical and the cyclohexyl radical is a
secondary alkyl radical. Thus, the formation of the cyclopentylmethyl radical suggests
that the cyclization of the 5-hexen-1-yl radical proceeds through a kinetically controlled
pathway. Most radical cyclizations occur through the kinetically controlled pathway,
since the radicals are generally extremely unstable and reactive. In view of the orbital
interaction theory, the most preferable approach angle of a carbon-centered radical onto
the unsaturated carbon—carbon bonds depends on the kind of hybridization of the
unsaturated carbon—carbon bond. Thus, the most preferable approach angle is « = 109°
(perpendicular direction to the plane), when the unsaturated carbon—carbon bond is sp>
hybridization, and the most preferable approach angle is @ = 120°, when the unsaturated
carbon—carbon bond is sp hybridization as shown in Figure 1.16.
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Sw Q 3-exo-trig _q
(I

6-endo-trig O 4-endo-trig

Figure 1.16

From the cyclization of 3-buten-1-yl radical, the cyclopropylmethyl radical through 3-
exo-trig’ manner is generated due to the preferable approach angle, not through ‘4-endo-
trig’ cyclization. Practically, when the reaction of 5-hexenyl-1-bromide with a
Bu3;SnH/AIBN system was carried out in benzene refluxing conditions, a mixture of
methylcyclopentane and cyclohexane was obtained in a ratio of 98:2. The transition states
in 5-exo-trig and 6-endo-trig cyclization are shown in eq. 1.18.

N e é O é @
R — +
CeHe
98% 2%

(1.18)

® hydrogen atom

O carbon atom

transition state for 5-exo-trig transition state for 6-endo-trig

When the two transition states are compared, the radical approach angle in the transition
state of 5-exo-trig manner is closer to a = 109° than that in 6-endo-trig manner.

The introduction of heteroatoms to a radical side chain may change the regioselectivity
for cyclization. The change in regioselectivity for cyclization comes from the change in
bond length and bond angle of the heteroatoms. In any case, the most preferable approach
angle of a carbon-centered radical onto the carbon—carbon double bond is always
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Table 1.1

Regioselectivity for ring closure of radicals 29

: X exo : endo
\( J — % + \O CH,  40:60
X X X 0 98:2
29 5-exo-trig 6-endo-trig NTs 100: 0

a = 109°. For example, the ratio of exo/endo cyclization of radical (29) is shown
in Table 1.1, which indicates the dramatic change in the exo/endo ratio for X = CH,, O,
and NTs.

1.4.3 Rate constants in radical reactions

Ring-closure

Rate constants for the ring-closure of sp carbon-centered radicals are shown in Table 1.2
[20—24]. The exo-trig mode is preferable in the 5-hexen-1-yl radical and the 6-hepten-1-
yl radical, respectively. However, the endo-trig mode is preferable in the ring-closure of
the 7-octen-1-yl radical and the 5-methyl-5-hexen-1-yl radical, respectively. The former
reaction indicates that the 8-membered-transition state is more favorable than the 7-
membered transition state, and the latter reaction indicates that the methyl group at the 5-
position retards the formation of the 5-membered transition state. The introduction of
heteroatoms such as oxygen or silicone atom changes the rate constant for ring-closure
and cyclization mode. Thus, the rate constants for the ring-closure and the cyclization
mode depends on the ring-size of transition state, substituent, and heteroatom in
substrates.

The rate constants for the oxygen-centered radical and nitrogen-centered radical
(aminyl radical and aminium radical) are also shown in Figure 1.17.

Thus, an oxygen-centered radical such as 4-penten-1-oxyl radical undergoes an
extremely rapid 5-exo-trig ring-closure, ~10®s™', to give 2-methyltetrahydrofuran.
Ring-closure of the highly electrophilic 4-pentenyl-1-aminium cation radical is also
faster than that of 5-hexen-1-yl radical and neutral 4-pentenyl-1-aminy radical,
respectively.

Rate constants for the ring-closure by the sp® carbon-centered radical are shown in
Table 1.3. The rate constants are increased more than those of sp> carbon-centered
radicals, because the sp” carbon-centered radical is much more reactive than sp> carbon-
centered radicals. This high reactivity of the sp” carbon-centered radical is reflected by
the stronger bond-dissociation energy of the sp*(carbon)—sp>(carbon) bond than that of
the sp>(carbon)—sp>(carbon) bond.

Ring-closure reaction of perfluoroalkenyl radicals, which are strong electrophilic sp’
carbon-centered radicals, is also extremely fast [25-27]. For example, ring-closure of
1,1,2,2-tetrafluoro- and 1,1,2,2,3,3-hexafluoro-5-hexen-1-yl radicals is much enhanced
relative to the parent radicals, as shown in Table 1.4.
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Table 1.2

Rate constants for radical ring closure (s™1, 25°0) (sp3 carbon-centered radicals)

.

[

1ER

Y
{

kexo kendo
23x10° 41 %103
5.4 x 103 7.5 x 102
<0.7 1.2 x 10?
5.3 x 10° 9.0 x 103
3.5x 10° 6.0 x 103
3.6 x 108 1x10°
51 x 108 1x10°
3.2 x 108 1x10°
8.5 x 108 1x10°
5x10* -
8.7 x 102 1.8 x 10°
7.4 x 10% 5.0 x 10°
2.8 x 104 6 x 102
2.9x10° 2.2x10°
5x 107 -
4 %108 8 x 10% (30 °C)

25
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4108 108 100 [57]

102 10
f b

Figure 1.17 Ranges of rate constants for 5-exo-trig cyclization of 5-Hexen-1-yl, 4-Pentenyl-1-
aminyl, 4-Pentenyl-1-aminium, and 4-Penten-1-oxyl radicals.

Table 1.3

Rate constants for ring closure (s, 25°0) (sp2 carbon-centered radicals)

kexo kendo
3.1x 108 6 x 108
L/o \
\© 5.3 x 10° 5% 107
)k/o '
\© 1.7 x 10° 3.6 x 107

In nature, many kinds of medium- and large-sized ring lactones and ketones are
known. These compounds can be also prepared by the radical ring-closure method.
However, the rate constants for ring-closure to medium- and large-sized rings are
decreased to ~ 10* s 7', and most of these ring-closures proceed via the endo-trig mode as
shown in Table 1.5. This reason can be explained as follows. There is not as much energy
difference between the transition states of exo-trig and endo-trig modes because of the
large ring and, therefore, the formation of a secondary alkyl radical through the endo-trig
mode is preferable to the formation of a primary alkyl radical through the exo-trig mode.
The introduction of oxygen atoms increases the rate constants for the ring-closure about
10-30 times as shown in Table 1.5 [28].

Now we examine the reactivity of ring-closure for an unsaturated carbon—oxygen and
an unsaturated carbon—nitrogen double bond, instead of an unsaturated carbon—carbon
double bond. Generally, the ring-closure for these unsaturated carbon-heteroatom
double bonds proceed extremely rapidly; however, the reverse ring-opening reaction via
B-cleavage also proceeds rapidly as shown in Table 1.6.



1.4 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FREE RADICALS 27

Table 1.4

Rate constants for ring closure of fluoroalkenyl radicals (s, 25°C)

kexo ksndo

| .
CF
k’O\c/ 2 38x107
Fa

| CF.
k/;c:;\c/ 2 44x107 5.2 x 108

2
2
e e
Foc”F2CF,  2.0x107 -
2

Table 1.5

Rate constants for ring closure to medium-sized and large-sized rings
0) Yt k .
ST e
= 80°C
oy
n

ring size k(s

12 1.5 x 10°

15 1.3 x 10°

18 5.1 x 10*

21 1x 10%

24 3x 104

ANV . .
-V . °
= 80°C Q

n

ring size ko (s™")

11 28 x 108

12 4.8 x 108

15 1.2 x 10*

16 1.5 x 10%

20 2.1 x 10*

These results suggest that the cyclization products to carbonyl and imino groups cannot
be obtained so easily. One practical method is to trap the cyclized oxygen- or nitrogen-
centered radicals formed through the ring-closure, by oxygen- or nitrogen-favored atoms
such as a silyl group [29-40]. Alk-5-enoyl radicals, acyl radicals, cyclize in exo and endo
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Table 1.6

Rate constants for ring closure to carbonyl and imino groups

o
k=87 x 10%°s™ (80 °C)
k=47 x 10%s7" (80 °C)

k.
.\/\)LH 1

fﬂ

D

ky=1.0 x 108s™" (80 °C)

k.4 k.y=1.1 x 107 s7' (80 °C)
0 Ks.exo 0_GePh, .
'\(\/)/\)J\ Ke-exo C?) N=1 Kg.exo= 6.4 x10° 1 (80 °C)
__ Meexo "
n GePhy == =2 Kg.oxo= 1.3 x 108 51 (80 °C)
o . '0_SiMe,But
\/\)J\SiMezBu’ —T . Ks.oxo = 5.0 x 108 571 (80 °C)
*N-OBn
. k .
\/\AN-OBH ‘_—59’(0; O Ks-exo = 4.2 X 107 5! (80 °C)
‘N-Bn
. k .
\/\AN_Bn ‘_&; O k5-exo= 6 % 106 s—1 (80 oc)
Ry |
AN Ks-exo O/N'NM62 Ks.ex0 = 3.5 x 107 571 (cis)
Ry SN-NMe, =—— 7 ot
=1.8x10" s7' (trans)
(80°C)

Ri= 7 " NNPh,

Table 1.7

Rate constants for ring closure of alk-5-enoyl radicals

I .
d .0 o)
7 1.6x10%s™
l o) o)
7T . 1.3x10%s™

2.0x10%s™

I 0
.0 :
—_— 52x10%s™"
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Table 1.8

Rate constants for ring-opening of cyclopropylmethyl radicals

. - 8 o1
_ k=1.3x10°s"" (25°C)
/ activation energy E, = 5.94 kcal/mol

AN k=16x108s7" (40°C)

VY
|

Ph—[> — . Ph/'\/\/ Ph k=3.6x108s™" (40°C)
Ph
PPT>— — = SN k=3x10 s (25°C)
EtOQC—D_- —_— EtOQC/.\/\ k=8x 1010 S—‘I (25 oC)
(F2) (Fz)
[>—' — N k=3.4x10" s (99 °C)

modes to give the corresponding cyclic ketone radicals as shown in Table 1.7, and 1,5-
and 1,6-ring closure occurs via a lower energy ‘chairlike’ transition state [29—-40].

Ring-opening

5-Membered and 6-membered cyclic compounds are thermodynamically stable;
therefore, they do not give rise to ring-opening reactions. However, 3-membered and
4-membered cyclic compounds are thermodynamically unstable due to the ring strain.
The rate constants for ring-opening reaction of cyclopropylmethyl radicals and
cyclobutylmethyl radicals via B-cleavage are shown in Tables 1.8 and 1.9. Ring-opening
of cyclopropylmethyl radicals, especially, is extremely rapid and is nearly at the diffusion
control rate [41-48]. The introduction of a phenyl or an ester group for stabilization of
the formed radical induces a faster ring-opening reaction than the parent one, and the rate
constants are in the 10'® ~ 10" s ! order. The rate constant for the ring opening of (2,2-
difluorocyclopropyl)methyl radical is also extremely rapid, and is about 500 times larger
than that of the parent unfluorinated radical, and is about 5 times smaller than that of the
trans-(2-phenylcyclopropyl)methyl radical.

The rate constant for ring-opening of the cyclobutylmethyl radical is reduced to
5x 10° s, and again, the introduction of a phenyl group accelerates the ring-opening to
10°s~" order [49—51]. When rate constants for ring-openings of the cyclobutylmethyl
radical and the cyclobutylmethyl lithium are compared, we can see their extremely
big difference, Ak is ~10’. Thus, very slow ring-opening reaction occurs in the
cyclobutylmethyl anion. Moreover, ring-opening of cyclobutylmethyl magnesium
bromide proceeds very slowly even at 90°. Thus, there is a considerable difference in
the rate constants of ring-opening between radical and polar reactions. Therefore, the
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Table 1.9

Rate constants for ring-opening of cyclobutylmethyl radicals and anions

D/ —_— N k=5x10%s""

Ph, . on

D/ NN k=49x108571(0°C)
..0

@ k=1.1x10"*s""(-32°C)
Li ) @M
D/ Li ) half life of decay : 3 min (0 °C)
..©
® ®
[]/ MgBr —— BrMg ~ "X half life of decay : 6.5 h (90°C)
8

ring-opening reactions of cyclopropylmethyl and cyclobutylmethyl radicals can be used
for proof of a radical reaction.

Reduction

The reduction of organic halides has been well used for organic synthesis. The rate
constants for the reduction of alkyl, aryl, and vinyl radicals are shown in Table 1.10.
Generally, rate constants for hydrogen atom abstraction from Bu;SnH by R’ are
~10°M~"'s7! for the alkyl radical, and ~10®* M~ 's™! for aryl and vinyl radicals
[52-55]. Thiols and selenols are also good hydrogen donors and the rate constants for the
reaction of alkyl radicals with them are in the range of 10’ ~ 10° M~ 's™'. However,
Bu;SnH and (Me;Si);SiH are more effective hydrogen donors than thiols. The hydrogen-

Table 1.10

Rate constants for reduction of R- with Bu;SnH

R + BugSnH L>F¥H + BugSn®
27°C

sp® carbon-centered radical sp? carbon-centered radical
R’ k(Ms) R’ k(M™'s™)
CHs 1x107 CeHs 5.9x 108
CHLCH, 2.3x108 (CHg),C=CH" 3.5x10%
CH3CH,CH,CH,™ 2.4 x 108
(CHg),CH® 2.1x 108
(CHg)sC* 1.8 x 108
. 8.5 x 107
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donating ability is decreased as follows, BuzSnH > (Me;Si);SiH > Et;SiH ~ PhSH.
When a perfluoroalkyl radical is used instead of an alkyl radical, the rate constant for the
hydrogen atom abstraction from the hydrogen donor is increased about 10°—10° times as
shown in Table 1.11 [56]. This is reflected by the strong bond energy of R¢(—H (Rg:
perfluoroalkyl) as compared with R—H. Recently, it was reported that the addition of
water increases the reduction rate, about a few times [57].

Table 1.11

Rate constants for reactions of electrophilic n-C;F;5 and nucleophilic n-C;H,5 with
various hydrogen donors (M~ 's™!, 30°C)

BusSnH (Me;Si),SiH Et,SiH PhSH
n-C;Fis 2x108 5.1 %107 7.5x10° 2.8x10°
n-C;H;s 2.7 x 108 4.6x10° 8.5 x 102 1.5x108

Vitamin E and vitamin C are also good hydrogen atom donors in living bodies. The
rate constants for the reaction of an alkyl radical and an alkoxyl radical with vitamin E are
1.7 10° and 3.8 X 10° M~ ' s, respectively [58, 59]. The rate constants of hydrogen
atom abstraction from R—H such as cyclopentane, 1,4-cyclohexadiene, tetrahydrofuran,
Bu;SnH by tert-BuO' are shown in Table 1.12.

Table 1.12

Rate constants for hydrogen abstraction by tert-butoxyl
radical

(CHg)sC-0" + R-H k. (CHg)sC-OH + R°

R-H kM. s7] T[°C]

Q’H 8.6 x 10° 27

H
O/ 5.8 x 108 27

H
©/ 6.8 107 50
D\ 8.3x 108 27

0 H
Et,SiH 5.7 x 10° 22

BusSnH 5.0 x 108 30
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Reactions with Heteroatoms

Reduction of organic halides and chalcogenides with Bu;SnH has been used frequently in
organic synthesis. Rate constants for the reaction of organic halides and chalcogenides
with BusSn' are shown in Table 1.13.

Table 1.13

Rate constants for reactions of organic halides and chalcogenides with Bu;Sn

R-X k(M. s7) R-X kM. s7h
n-BuOCH,—SPh 1 %108 n-CyoHy1 —Cl 7 %108
n-BuOCH,—SePh 3 x 107 n-CgHy;—Br 3x107 25°C
EtO,CCH,—SPh  2x10°% 25 G CgHsCH, —Cil 2x108
EtO,CCH,—SePh 1 x108 CeFs—Br 1x108
EtO,CCH,—Cl 1x10° CH3OCgH, —Br 1x 108
n-BuOCH,—Cl 1x10° CHsOCeH, —I  8.8x108 [ 80°C

+ )b 3.4 %106

As can be seen in Table 1.13, organic iodides, bromides, and selenides show high
reactivity, over 10°s™', and can be adequately used for organic synthesis [60—63]. The
reactivity is roughly divided into the following groups:

~10° M~ 's™ ! alkyl iodides

108-10" M~ ' s ': alkyl bromides, aryl iodides

10°-10° M s alkyl phenyl selenides, aryl bromides, vinyl bromides,
a-chloro esters, a-thiophenyl esters

10*~10* M~ s™": alkyl chlorides, alkyl phenyl sulfides,
a-chloro and a-thiophenyl ethers.

On the other hand, reactivity of Et3Si” to organic halides and chalcogenides is much
higher than that of Bu3Sn’, as shown in Table 1.14. However, chemoselectivity of Et3Si"is
generally poor because of its high reactivity. Moreover, the hydrogen-donating ability of
Et;SiH to the alkyl radical formed is poor. Therefore, the radical chain length is quite
short, and overall the reduction of organic halides with Et3SiH does not work so well
[64, 65]. (Me3Si)3SiH is a good hydrogen-donating agent and much less toxic than
Bu3SnH. The reason for this comes from the fact that the bond dissociation energies of
Si—H in (Me;Si);SiH and Sn—H in Bu;SnH are 79 and 74 kcal/mol, respectively, and the
reactivity of the former reagent is closed to that of the latter reagent. So, recently Bu;SnH
has been substituted by less toxic (Me3Si);SiH. The rate constants for the reactions of
organic halides, chalcogenides, and xanthates with (Me3Si);S™ are shown in Table 1.15.



1.4 PHYSICAL AND CHEMICAL CHARACTERISTICS OF FREE RADICALS 33

Table 1.14

Rate constants for reactions of organic halides with Et3Si’

R-X k(M. s71, 27 °C) R-X k(M. s71, 27 °C)
(CHg),CH —I 1.4 %1010 CCly—cCl 4.6 x10°
CH3CH, —1| 4.3x10° CH,=CHCH, —CI 2.4 x107
CH;—| 8.1x10° CgHsCH, —Cl 2.0x107
CgHs—1 1.5x10° (CHg)sC —Cl 2.5x%x10°
CH,=CHCH,—Br 1.5x10° CHj3(CH,), —Cl 3.1 x10°
CgHsCH, —Br 2.4 x10° CgHs—Cl 6.9 x10°
(CH3)sC —Br 1.1x10°
CHs(CH,),—Br 5.4x108
CgHs —Br 1.1x108

Table 1.15

Rate constants for reactions of heteroatoms with (Me3Si);Si’

k(M. s71, 27 °C) k(M. s71, 27 °C)

o
O_ﬁgc- 47 %107 (CHa)aC —Br 12x 108
s

CH3CH,CH(CHz) —Br 4.6 x 107
0-C-SCH;  1.1x10° CHyCH,CH,CH, —Br 2.0 x 107

(CH3)3C _N02 1.2 % 107
n-CyoHps—SePh 9.6 x 107
n-C10H21 —SPh 5% 106

Addition Reactions

The addition of alkyl radicals to alkenes is important for C—C bond formation. A tert-
butyl radical, a typical nucleophilic radical, reacts with acrylonitrile taking a rate constant
of 2.4x 10°M ! s7! (27 °C), through a SOMO-LUMO interaction. However, it reacts
with 1-methylcyclohexene, an electron-rich alkene, taking a rate constant of
7.4x10*M~'s™! (21°C). On the other hand, the diethyl malonyl radical, a typical
electrophilic radical, shows the opposite reactivity [66—71]. Similarly, the rate constant
for the reaction of nucleophilic C,Hs and cyclohexene is 2 X 10° M~ ' s~ !, while that of
electrophilic C5F; with cyclohexene is 6.2 X 10°M ™' s~ ",

An acyl radical is also nucleophilic. For example, the rate constant of (CH3);CCO’
(tert-butylcarbonyl radical, pivaloyl radical) with acrylonitrile is 4.8 X 10° M 's™!
(25 °C), and so its addition reaction proceeds effectively [72].
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Table 1.16

Rate constants for reaction of aminium radicals with alkenes (25 °C)
OCH3 C> CN
CHy CHy
NHE 1.6% 108 <1x 108 -

@
{ NH- 3.8x 108 1.2x 107 <1x 108

Aminium radical (R;N) is electrophilic as shown in Table 1.16 [73].

Others

Nucleophilic radical, R* and activated alkyl iodides, R’I, which have electron-
withdrawing groups, react smoothly through a SOMO-LUMO (c¢”) interaction to form
RI and stable R”, as shown in Table 1.17. Here, the formed R’ is stabilized through the
resonance effect by an ester or a cyano group [74].

Radical decarboxylation of carboxyl radicals (RCO3), which are generally formed
through the Hunsdiecker reaction or Barton decarboxylation reaction, is a B-cleavage
reaction. The rate constant of decarboxylation in RCO; (aliphatic group) is quite fast
and is ~10° s~ !, while that in ArCO; (aromatic group) is ~ 10° s~ . Therefore, the

Table 1.17

Rate constants for reaction of R* with R’ I (50°C)

T p o
CeHir’ + 1=C=CO,C.Hs c_|14> CoHiyl + "C-CO,CoHs ki=18x10° M. s~
CO,CoHs e CO,C,Hs
k
CgHis” + I—CH,CN —Z> CgHyfl + "CH.CN kp=1.7x10° M". 57!
i o
k
C8H17. + |_?_COZC2H5 _3> CgH17| + .(I:-COZCZHS k3=6><108 M_1'S_1
CH, CH,
ky

CgHy7® + I—CH,CO,CoHs ——» CgHy,l "CH,CO,CoHs  ki=26x10" M5!

+

k .
CgHy;" + Br—CHoCO,CoHs —2 CgHsBr + ‘CH,COCoHs ks=7.0x10% M1 s~
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Table 1.18

Rate constants for decarbonylation of acyl radicals (s~ ', 23°C)

0
1 k .
CHy(CHp)io—C"  —> CHy(CHz)io” + CO k=21 %102 s
CHACHp. Q By CHaCH.
_,CH-C* —2 CH' + CO ko=14x10%s
CH3CH,CH,CHJ CHgCH,CH,CHy”

c’ k
<:>< — <:>\ +CO k3=52x10%s™
CHg CH,

Hunsdiecker reaction does not work so well in aromatic carboxylic acids [75, 76]. The
rate constants for decarbonylation of acyl radicals are lowered as shown in Table 1.18.

Finally, a trapping study of carbon-centered radicals by TEMPO (2,2,6,6-tetramethyl-
1-piperidinyloxyl radical) is often used as one form of proof for the formation of carbon-
centered radicals. The rate constants for the coupling of carbon-centered radicals and
TEMPO are shown in Table 1.19. Activation energy of the radical coupling reaction is
nearly zero and, therefore, this coupling reaction is extremely rapid [77-79].

Alkyl radicals (R) react with molecular oxygen with reaction rate constant,
~10°M "5 ! to give ROO'.

Table 1.19

Rate constants for reaction of R* with TEMPO (25 °C)

@*CH{ + 'O-N — @*CHfO@ k=4.9x108 M. s

CH(CHo)7—CH," + "O-N — CHy(CH,);~CH,=O-N ) k=12x10° M. s~

C|7H3 ?Ha
CHS—CIJ' + "O-N — CH3—(I)—O—N k=76x108 M. 57"
CHg CH,
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Functional Group Conversion

Generally, radicals are very reactive species, so coupling reactions, abstraction of a
hydrogen atom from the solvents or reagents, and reactions with molecular oxygen in
solution occur rapidly. In particular, since activation energy of the coupling reaction of
radicals is nearly zero, the reaction rate for the coupling reaction of carbon-centered
radicals is extremely fast, and almost reaches diffusion control rate. Thus, an increase
of the concentration of carbon-centered radicals induces the coupling reaction with
ease. The pinacol coupling reaction of aldehydes or ketones has, therefore, been well
utilized. The rate constants for the coupling reaction of carbon-centered radicals are
shown in Table 2.1.

Table 2.1

Rate constants for radical coupling reactions

R k(M. s 25°C
CHy4 4.5x10°
2R —K > R-R c-CeHy 1.4x10°
t-Bu 1.1x10°
PhCH, 1.0x 10°

2.1 RADICAL COUPLING REACTIONS

One typical radical reaction is a coupling reaction. Oxidative decarboxylation coupling
reaction of carboxylic acids by electrolysis (Kolbe electrolysis), intramolecular coupling
reaction of diesters with Na (acyloin condensation), formation of pinacols from ketones
or aldehydes with Na or Mg are well known classical methods [1, 2]. Recently, oxidative

39
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decarboxylation coupling reaction of arylacetic acids with HgF, via arylmethyl radicals
has been reported [3]. Today, Sml, is well used as a single electron transfer (SET) reagent
for organic synthesis. For example, treatment of aldehydes or ketones (1) with Sml,
rapidly forms the corresponding pinacols (2) in good yields via ketyl radicals, as shown
in eq. 2.1 [4-6]. The color of Sml, in THF solution is deep blue or greenish-blue, and that
of Sm** is colorless. Thus, the disappearance of color in the solution indicates the end of
the reaction.

R' R’
, Sm|2 . | |
2R-C-R" ———— > 2[R-C—R' | ——> R-C—C-R 21
Il THF, r.t.,1 min I [ 2.1)
o OSml, OH OH
1 2

Treatment of acyl halides (3) with Sml, provides 1,2-diketones (4) via the coupling of
acyl radicals, which are sp” carbon-centered radicals (eq. 2.2). Generally, aromatic acid
halides are more reactive than aliphatic acid halides.

I smi Q 00
m I

2R-C-Cl —————> 2|R-¢' | ———> R-C—C-R (22
THF, r.t.,70 min 4

Reactive halide (5) bearing electron-withdrawing groups, such as ester, cyano, or
sulfonyl groups, at the a-position react with Fe/CuBr to form «,B-diester (6) in good
yield, through the coupling of the a-ester radical formed via SET as shown in eq. 2.3 [7].

Br Cl
1 Fe, CuBr L.
2 CHy(CH,)3—C=C0CHy ————— 2| CHy(CHp)g—C
& DMF, r.t. 24 h CO,CH,
5 2.3)
Gl CO,CH,
_— CHa(CHz)s_?_?_(CHz):aCHa
CH0,C Cl
6 90%

Experimental procedure 1 (eq. 2.3).

To a Schlenk bottle, Fe powder (1 mmol), CuBr (1 mmol), DMF or DMSO (1 ml), and a-
bromoester (1 mmol) were added, and the mixture was stirred for 24 h at room
temperature under atmospheric pressure. After the reaction, HCI (5%, 5 ml) was added to
the reaction mixture. The aqueous solution was extracted twice by dichloromethane
(2 X 2 ml). The organic layer was dried over Na,COs5 and filtered. After removal of the
solvent, the residue was distilled at 0.01 mmHg to give diester in 90% yield [7].

The Ce/l, system also works for the reductive coupling of ketones or aldehydes to
pinacols. However, Mn(OAc);, Fe(NO3)3, and Mn(pic); (pic = 2-pyridinecarboxylate)
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are one-electron oxidants. These reagents abstract one electron from cyclopropanols to
generate cyclopropanoxyl radicals, which finally produce 1,6-diketones through the
B-cleavage of cyclopropanoxyl radicals and the subsequent coupling of the formed
[-keto radicals [8, 9].

Bis(tributyl)dithin, (Bu3Sn), is not a reductive reagent like Bu3SnH. Thus, treatment of
a-halo or a-phenylseleno ester (7) with (BuzSn), under irradiation with a mercury lamp,
produces the coupling diester (8) as shown in eq. 2.4. Initially, Bu3Sn’ is formed via Sn—
Sn homolytic bond cleavage under the irradiation, and it reacts with the a-phenylseleno
ester to give the a-ester radical. Since (Bu3Sn), is not a hydrogen donor, the coupling
reaction of a-ester radical readily happens.

t-Bu t-Bu
: (BusSN), :
COCoHy —== 25 5| A\ _-COCHs
2CH3/\S{Ph o hv CHY
e CeHs
7 CHy CHy (2.4)
t-Bu “nBu-t
—_
CoHsO.C~  COLCoHs
8

The preparation of Cgo dimers (10) by the reaction of R¢l (perfluoroalkyl iodide), Cgg
(9), and (Bu3Sn), is set out in eq. 2.5 [10—12] as an interesting study in the use of
(BU3SH)2.

2060 + 2 Rfl
9

[R] ————

Rf = CF30F20F2

Experimental procedure 2 (eq. 2.5).

A 1,2-dichlorobenzene (5 ml) solution of Cgq (0.05 mmol), R (0.25 mmol), (BuzSn),
(0.25 mmol) was irradiated with a halogen lamp (70 W) for 5 to 8 h under a nitrogen
atmosphere. After the reaction, the solvent was removed, and the residue was
chromatographed on silica gel to give Cgo dimer in 50% yield [12].

Treatment of 2,5-dimethylfuran (11), ¢-C¢F;3l, and sodium dithionite (Na,S,04) as
SET agent gives the dimerization products (12) via the coupling of the adduct radical
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formed by the addition of ¢-C¢F |5 to 2,6-dimethylfuran (eq. 2.6) [13].

CeFial

Me” ~07 "Me NayCOj Me 07 “Me\—/ “CeF1s
CH,CN/H,0

1 =21 12a 33%
0~20°C (2.6)
+ >
Me™ 0" "Me\—/ ‘CeFi3
12b 12%

The use of the above methods does not generally result in the coupling reaction of
aromatic compounds, ArX, because of the strong bond of C(spz)—X in ArX. However,
the coupling reaction of a cation radical formed from the single-electron oxidation of
aromatics readily occurs. For example, 4-methylquinoline coupled to give bis[2-(4-
methylquinolyl)] in 90% yield, by electrolysis [14—19]. Direct irradiation (300 nm) of
carbonyl compound (13) in dimethylaniline without a solvent gives rise to ethanolamine
(14) as the major product as shown in eq. 2.7 [20].

(0] hv OH I\Ille l\llle OH
—_— + ——

Ph)J\H PhNMe; Ph)'\H N , ph/N\)\Ph 2.7

13 : 14 79%

2.2 RADICAL REDUCTION

Radical reduction of alkyl and aryl halides is a fundamental and important reaction in
organic synthesis, and has been extensively used. Thus, treatment of alkyl halides,
selenides, or xanthates with Bus;SnH, Ph;SnH, (MesSi);SiH, and Ph,Si,H, in the
presence of AIBN gives the corresponding reduction products in good yields [21-36]
A typical advantage of the radical reduction is that the reaction can be used for the
substrates bearing ester, carbonyl, carbamate, and hydroxy groups under neutral
conditions. Generally, alkyl iodides, bromides, selenides, and xanthates are used. The
rate constant for the reaction of Bu;Sn’ with organic halides and chalcogenides is over
10’ M~ " 57! and can be adequately used for synthetic application. A rough order for the
rate constants of organic halides with BusSn’ is as follows: ~ 10°M ' s7! for alkyl
iodides; 10® ~ 10’ M~ " s~ for alkyl bromides and aryl iodides; 10° ~ 10° M~ "' s~ ! for
alkyl selenides, aryl bromides and vinyl bromide; 10* ~ 10> M~ s~ for alkyl chloride
and alkyl sulfides. The rate constant for the reactions of R’ (sp” carbon-centered radical)
with BusSnH to form RH is about 10°M 7! (25 °C). The rate constant of the more
reactive sp> carbon-centered radical, such as phenyl radical or vinyl radical, is about
10°M ™' s™" (30 °C).

The rate constant of R” with (Me;Si);SiH is about 10° M~ ! s~ !. The rate constants of
(Me;Si);Si” with alkyl halides and selenides are as follows: ~10° M ™' s~ ! for alkyl
iodides; 10®* ~ 10’M~'s™! for alkyl bromides and alkyl methyl xanthates;
~10" M~ s for alkyl selenides; ~10°M~'s™! for alkyl sulfides.
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Shown below are some examples of alkyl bromides bearing various kinds of functional
groups such as ester, amino, and hydroxy groups, with Bu3SnH, to form the
corresponding reduction products in good yields.

NH, NH,

f\) AIBN f\)
AcO BuySnH AcO (2.8)
—_—
%r J CeHsCHg A k ;

OAc OAc
15 16 41%

Experimental procedure 3 (eq. 2.8).

To a mixture of sugar bromide (5.84 g) in toluene (100 ml) were added BusSnH (12.34 g,
42.4 mmol) and AIBN (0.2 g, 1.2 mmol) under a nitrogen atmosphere. The mixture was
heated at 95 °C for 75 min. After the reaction, the mixture was cooled and was poured into
petroleum ether. The mixture obtained was filtered and washed with petroleum ether. The
solids were recrystallized from ethanol to give 3'-deoxyadenosine in 41% yield [30].

OA
A 5o OAc
cO 0}
AcO ACO%Q
AcO AcO

Br AcO
17a 17b
AIBN OAc OAc| AlBN
BusSnD  |AcO 0 Aco’% BusSnD

AcO AcO
AcO AcO
l (2.9)
18a ((x 18b ([3)

(from 17a) CgHsCHsy,  90°C  86% (ou: B=82: 18)
(from 17b) CgHsCH;, 90°C  65% (a:P=83:17)
(from 17a) THF, hv —20°C 80% (ot: p=98:2)

OAc AIBN OAc
Aco/ﬂ' BusSnH(dropwise) Acoﬂ
AcO P CeHe A AcO (2.10)
Bi OAc

17a ' 19 80%
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Experimental procedure 4 (eq. 2.10).

To a mixture of tetra-O-acetyl-a-D-glucopyranosyl bromide (8.22 g, 20 mmol) in
benzene (80 ml) was added dropwise, a solution of Bu3SnH (7.0 g, 24 mmol) and AIBN
(0.41 g, 2.5 mmol) in benzene (14 ml) over 10 h. After the reaction, the solvent was
removed and the residue was chromatographed on silica gel to give 1,3,4,6-tetra-O-
acetyl-2-deoxy-a-D-arabinohexapyranose in 80% yield [32].

AIBN, Nal
BusSnH
H H,CH H
20 TUEIUTT 21 909

Experimental procedure 5 (eq. 2.11).

To a mixture of alkyl tosylate (0.83 mmol), Nal (1.33 mmol) and AIBN (cat.) in 1,2-
dimethoxyethane (5 ml) was added Bu3SnH (0.83 mmol), and the mixture was refluxed
for 1h. After the reaction, the solvent was removed, and the residue was
chromatographed on silica gel to give the reduction product [33].

Br EtsB, Air CH,4
HO (0] Ph,SisHs HO o}
HO EtOH HO (2.12)
HO OCHg rt. HO OCHjs
22 23 97%

Experimental procedure 6 (eq. 2.12).

To a flask equipped with a cooler were added sugar bromide (0.5 mmol), PhySi,H,
(1.2 mmol), ethanol (2.5 ml), and lastly, EtzB (1.2 ml, 1 M THP solution). The mixture
was stirred under aerobic conditions. After 4 h, Et;B (1.2 mmol) was added again and
stirred for 12 h. After the reaction, the solvent was removed and the residue was
chromatographed on silica gel to give the reduction product [36].

For example, treatment of a-glucosyl bromide (17a) and 3-glucosyl chloride (17b)
with BusSnD in the presence of AIBN produces the corresponding reduction products,
a-D form (18a) and 3-D form (18b), with the same ratio, via an anomeric radical,
where generally the a-form is the major product (eq. 2.9). The same treatment of o-
glucosyl bromide (17a) with Bu;SnH and AIBN under highly diluted conditions of
Bu3SnH (the dropwise addition of tributylstannane) generates the corresponding 1,2-
acetoxy rearranged product (19), 2-deoxy sugar, via 1,2-acetoxy migration of the
formed anomeric radical (eq. 2.10). This is a very useful method for the preparation of
2-deoxy sugars. The same 1,2-acetoxy rearrangement also occurs with (Me;Si);SiH
and AIBN.



2.2 RADICAL REDUCTION 45

Alkyl tosylate (20) can be also reduced with a BusSnH and AIBN system in the
presence of KI, via the formation of alkyl iodide in situ (eq. 2.11).

(MesSi);SiH and PhySioH, systems initiated by AIBN or Et;B also reduce alkyl
iodides, alkyl bromides, alkyl xanthates, and alkyl selenides to the corresponding
reduction products as shown in eq. 2.12.

Radical deoxygenation of alcohols is important, and the reduction of xanthates
prepared from alcohols, with BusSnH in the presence of AIBN is called the Barton—
McCombie reaction (eq. 2.13) [37-51]. The driving force for the reaction is the
formation of a strong C=0O bond from the C=S bond, approximately 10 kcal/mol
stronger. This reaction can be used for various types of substrates such as nucleosides and
sugars. Though methyl xanthates, prepared from alcohols with carbon disulfide and
methyl iodide under basic conditions are very frequently used, other thiocarbonates, as
shown in eq. 2.14, can also be employed.

CHs CHs
1) CS,, KOH AIBN
2) CHsl BuzSnH
CO,CH, 2O s
HO” p-cymene g (2.13)
\ CHs A CHs “CH,
HO” > 0 9
\ CHz 24 CHSS_ﬁ 25 26 65%

S

Experimental procedure 7 (eq. 2.13).

A mixture of Bu;SnH (200 mg, 0.69 mmol) in p-cymene (3 ml) was added dropwise to a
solution of methyl xanthate of hederagenin (50 mg, 0.087 mmol) at 150 °C. After 10 h,
CCl, was added to the mixture and the mixture was refluxed for 3 h. After the reaction, the
solvent was removed. A solution of iodine in ether was added to the mixture. The organic
layer was washed with 10% KF aq. solution (5 ml), dried over Na,SOy,, and filtered. After
removal of the solvent, methyl oleanoate was obtained by recrystallization [38].

S
1
R-OH — R-0-C-X

[>

X = —=SCHs,—0

O L0 e
-@—OCHs, NH—@

Thiocarbonates derived from sec- and fert-alcohols are more easily reduced than those of
prim-alcohols. This is because of the slightly stronger C—O bond dissociation energy of
thiocarbonates derived from prim-alcohols than that of thiocarbonates derived from sec-
and fert-alcohols. This reaction can be carried out with Et;B at room temperature, instead
of AIBN under refluxing conditions, as shown in eq. 2.15.
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Polymer-supported di-n-butylstannane (di-n-butyltin hydride) (29) can also reduce
alkyl halides and xanthates in solid phase (eq. 2.16).

S
I} .
0-C-SCH, ETsBé AF'if
Uzon
2 . (2.15)
CeHg r.t.
27 28 93%

Experimental procedure 8 (eq. 2.15).

To a mixture of O-Cyclododecyl S-methyl dithiocarbonate (1.0 mmol), BuzSnH
(320 mg, 1.1 mmol) in benzene (5 ml) was added Et;B (1.1 ml, 1.1 mmol, 1 M hexane
solution). The mixture was stirred for 20 min, then the solvent was removed and the
residue was chromatographed on silica gel to give cyclododecane in 93% yield [40].

I
] 0-C-OPh

AIBN
olymer reagent
_poymer Teager, 2.16)
Bu,SnH 0 CoHsCHs, A
2
polymer reagent 30 31 98%

29

1) PhOCSCI, Py 95%
2) (Me3Si)sSiH, 94%
AIBN

32 33

(2.17)

HO

Experimental procedure 9 (eq. 2.17).

To a mixture of cholesterol (0.77 g, 2 mmol) in dichloromethane (10 ml) were added
pyridine (0.6 ml, 8 mmol) and phenoxythiocarbonyl chloride (0.4 ml, 2.2 mmol). After
2 h, methanol (1 ml) was added, and the mixture was washed with 1 M HCI aq. solution
twice, then dried over Na,SQ,. After filtration and removal of the solvent, the residue was
recrystallized from acetone to give phenyl thiocarbonate in 95% yield.

To a mixture of phenyl thiocarbonate (0.75 g, 1.5 mmol) in toluene (20 ml) were added
(Me3Si)3SiH (0.7 ml, 2.2 mmol) and AIBN (50 mg, 0.5 mmol) under a nitrogen
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atmosphere at 80 °C. After 2h, the solvent was removed and the residue was
recrystallized from acetone to give cholest-5-ene in 94% yield [43].

(0] (0]
OH AIBN OH
'O (Me3S|)3S|H .O 2 18
—_—
CgHsCHg A (2.18)
PhO-ICID-O O-ﬁ-OPh 35 87%
S
S 34
NH, NH,
\N \N
< | J i < | J
TrO NTN Cl—C-OPh 110 NTEN
o DMAP o
F. _— F.
OH 36 o-© 37
PhO” If
S
NH, (2.19)
~
N
ABN g AL
reagent 0 NTEN
— F
dioxane 38
A
(MegSi)sSiH -~ 78%
Ph,SiH, 74%
(0] (0]
NH
fl fLN”
0 N™ "0 AIBN
Si/ koj BUSSnD k j (2.20)
C H
/( \o O~C-NHPh e /( \
S
39 40 74%(d-content 100%)

Experimental procedure 10 (eq. 2.20).

A mixture of thiocarbamate (0.2 mmol), Bu3SnD (0.4 mmol), and AIBN (0.04 mmol) in
benzene was refluxed for 4 h under an argon atmosphere. After the reaction, the solvent
was removed, and the residue was chromatographed on silica gel (eluent: hexane /ethyl
acetate = 7/3) to give 2’-deoxy-2'-d-3',5'-O-TIPDS-uridine in 74% yield with 100% d-
content [46].
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O
>< 0-G- SCH3 AIBN >< o
Ph4S|2H2 (0]
ACOEt A (2.21)

Q 0O

>

41 42 86%

Experimental procedure 11 (eq. 2.21).

A mixture of sugar xanthate (0.2 mmol), PhySi>H, (0.22 mmol), and AIBN (0.06 mmol)
in ethyl acetate (1.5 ml) was refluxed for 16 h under an argon atmosphere. After the
reaction, the solvent was removed and the residue was chromatographed on silica gel to
give the reduction product [47].

(Me5Si);SiH can also reduce phenoxythiocarbonate derived from cholesterol (32)
(eq. 2.17), and 2,4-bis(thiocarbonate) (34) derived from 2,4-dideoxy-1,6-anhydro-D-
glucose (eq. 2.18), in the presence of AIBN under toluene refluxing conditions to
generate the corresponding reduction products (33), (35). Shown above is the
deoxygenation of 3'-OH for anti-HIV nucleoside (38) with Bu3SnH (eq. 2.19), and the
introduction of a deuterium at the 2'-position of nucleoside with Bu3SnD to form 2'-
deoxy-2'-d-3',5'-O-TIPDS-uridine (40) (eq. 2.20). Ph,Si,H, initiated by AIBN or Et;B
also reduces xanthates (eq. 2.21).

5,10-Dihydro-5,10-disilanthracene and AIBN can reduce xanthates and thiocarbonates
in refluxing cyclohexane solution. Reduction of xanthates with monosilanes such as
PhSiH; and Ph,SiHj; initiated by AIBN does not work effectively because of their strong
Si—H bond dissociation energies. However, the same reactions using either dibenzoyl
peroxide or triethylborane as an initiator do induce the effective reduction of xanthates.

2.3 CONVERSION TO HYDROXY GROUPS AND OTHER
FUNCTIONAL GROUPS

2.3.1 Conversion to hydroxy groups

The conversion of halides to alcohols is a typical Sy1 or Sy2 reaction in the polar reaction
method, and generally the reactions require basic conditions. However, the conversion of
halides to alcohols by the radical reaction method can be carried out under neutral
conditions. The treatment of alkyl halides with Bu;SnH /AIBN in toluene under aerobic
conditions (atmosphere) gives the corresponding alcohols, by means of the reaction of the
alkyl radical with molecular oxygen, and the subsequent reduction of alkyl hydrogen
peroxide (ROOH) with BusSnH (eq. 2.22) [52—57]. When '®0, is used instead of '°0, in
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atmosphere, alcohol containing '®O is obtained, as shown in eq. 2.23.

BusSnH, Air
RX » ROH
0~10°C,
CeHsCHa
BusSnH (2.22)
. O .
[R] —2—> [ROO‘] —> [ROOH]
| AIBN, '¢@, '50H
Acoﬁ‘ Bu,(+-Bu)SnCl(cat), NaBH, ACOﬁ‘
AcOA=— +BUOH 60°C - AOSTS (223)
OCHs OCHs
" 44 98%

Experimental procedure 12 (eq. 2.23).

AIBN (5.6 mg, 0.034 mmol), NaBH;CN (427 mg, 6.8 mmol), and Bu3SnCl (46.0 mg,
0.17 mmol) were added to a reactor equipped with a Latex balloon. Next, tert-BuOH
(13.6 ml) and alkyl iodide (3.4 mmol) were added to the reactor, and finally molecular
oxygen '®0, (122 ml, 5.1 mmol) was injected and the mixture was heated for 19 h at
60 °C and kept stirred. Then, after the addition of water, the organic layer was extracted
with ether four times and dried. After removal of the solvent, the residue was
chromatographed on silica gel to give '*0-alcohol in 98% yield [57].

Tetraphenyldistibane (Ph,SbSbPh,) reacts with alkyl iodides under an oxygen
atmosphere to give alcohols.

Treatment of a-iodo lactone (45) with triethylborane under oxygen atmosphere gives
the corresponding a-hydroxy lactone (46), via a-lactone radical species. This reaction
comprises of Sy2 reaction by Et on the iodine atom of a-iodo lactones, reaction of the
formed o-lactone radical with molecular oxygen, and subsequent hydrogen-atom
abstraction from the solvent to form alkyl hydroperoxide (ROOH). Finally, by the
addition of dimethyl sulfide for the reduction of the peroxide, the corresponding a-
hydroxy lactone is obtained (eq. 2.24) [58].

| OH
CHs 1) EtB, O, CHs
_— (2.24)
o X0 CH,Cl, -50°C o X0
2) CH3SCH;
45 46 82%

2.3.2 Conversion to other functional groups

In radical reactions, conversion of alkyl halides to oximes is easy. Thus, irradiation of a
mixture of alkyl halide (47) with amy] nitrite in the presence of (Bu3Sn), gives the oxime
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(48), through the reaction of the formed alkyl radical with amyl nitrite, and subsequent
tautomerization of the nitroso to the oxime as shown in eq. 2.25 [59].

(BusSn),

lAmONO
Oronsr i o 22)

47 48 63%

Removal of an amino group readily happens in radical reactions. For example, the amino
group is converted to an isonitrile group (50) by the treatment with HCO,COCH;
(formylation reagent) and subsequent dehydration of the amide with TsCl/Py, and then
the formed isonitrile is treated with Bu;SnH/AIBN to give the corresponding reduction
product (51), as shown in eq. 2.26a [60—63]. This is the sole method for the practical
reduction of an amino group to hydrogen atom (deamination).

1) HCO,COCH3 AIBN
R-NH, 2) Py, TsCl R=NC BuzSnH RH R-
49 50 CeHe, A 51
89%
AIBN
@ O BuzSnH
CHg(CHz)16CHN=C : Xylene, & CHg(CHy)16CHg (2.26b)
52 53 81%

Experimental procedure 13 (eq. 2.26b).

A mixture of 1-isocyanooctadecane (1.1 mmol) and AIBN (0.1 g) in dry xylene (50 ml)
was added dropwise to a solution of Bu3SnH (2.2 mmol) in xylene (50 ml) over 2 h. A
solution of AIBN (0.1 g) in xylene (50 ml) was also added dropwise to the reaction
mixture at the same time over 5 h. After the reaction, the solvent was removed, and the
residue was dissolved in pentane. Iodine solution in pentane was added to the residue
until the iodine color remained. After removal of the solvent, the residue was purified by
preparative TLC (eluent: pentane) to give octadecane in 81% yield [60].

An azide group is also reduced to an amino group with the formation of molecular
nitrogen gas, using Bu;SnH/AIBN [64]. As shown in eq. 2.27, protection of other amino
and hydroxy groups is not required to carry out this reaction.

NH, NH,
f J e f )
__ BuSnH _ N (2.27)
CgHeg, A
HO OH CH;CON(CHj) HO OH

54 55 92%
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The nitro group is less reactive than halide groups. However, secondary and tertiary alkyl
nitro compounds are reduced to the corresponding reduction products with BuzSnH/
AIBN under refluxing conditions in benzene [65—71]. In this case, it is known that the
reaction proceeds via SET from Bu;Sn' to the nitro group. In practice, an anion radical of
the nitro compound can be seen by ESR, and also the byproduct, Bu3Sn™, by Sn-NMR.
The formed anion radical of the nitro compound produces an alkyl radical and NO, ™~ via
B-cleavage. One example is shown in eq. 2.28)

7 CH,0 0 AIBN 0
NO, 2 NO,
é/ _AcO_ @/OAC _BusSnH OAc  (2.28)
Base CgHeg, A

56 57 83% 58 73%

Acyl halides and selenol esters can be reduced to the corresponding aldehydes with
Bu3SnH or (Me;Si);SiH initiated by AIBN under refluxing conditions in benzene
(eq. 2.29) [72, 73]. When this reaction is carried out under refluxing conditions (144 °C)
in o-xylene, decarbonylation of the acyl radical occurs to give the corresponding
hydrocarbon (60) and carbon oxide (eq. 2.29). The rate constant for decarbonylation of
the acyl radical to an alkyl radical and carbon oxide is ~4 X 10*s~'(100 °C) in acyl
radicals with sec- and fert-alkyl groups.

_SePh CHs CHs,

C AIBN -
I BugSnH CHg CH=0
0] —_— +
CgHg, A
AcO™ 60 61 (2.29)
benzene (80°C) 8% 92%
o-xylene (144°C) 67% 30%
mesitylene (164°C) 84% 13%

In contrast to eq. 2.29, eq. 2.30 shows the oxidative conversion of aldehydes (62) to
amides (63) via acyl bromides with NBS/AIBN/R5NH under refluxing conditions in CCl,
[74]. The reaction comprises of the abstraction of the formyl hydrogen atom by the
succinimidyl radical, bromine atom abstraction from NBS by the acyl radical, and lastly,
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the polar reaction of acyl bromide with RANH.

NBS, AIBN (l?
RCHO , » RC-NR)
62 R,NH, CCly, A 63
(0]
'N:; (2.30)
(6]
o | i
1l
RC* NBS - RC-Br

Irradiation with a mercury lamp of (diacyloxyiodo)benzene (64) in the presence of
disulfide, generates the corresponding alkyl sulfide (65) together with iodobenzene and
carbon dioxide (eq. 2.31) [75, 76]. This is useful for the preparation of adamantyl sulfides
or selenides, since the preparation of such caged fert-alkyl sulfides or selenide is not so
easy with polar reaction methods.

(0]

1l RSSR R-S
O—+tot THghv 4 23D

2 CHQC'Q r.t. 65

Treatment of diselenide with perfluoroalkyl iodide (66) in the presence of sodium
hydroxymethanesulfinate gives perfluoroalkyl selenide (67) in good yield (eq. 2.32). The
perfluoroalkyl radical generated by the reaction of perfluoroalkyl iodide with the SO,
anion radical, reacts on the selenium atom of the diselenide to give perfluoroalkyl
selenide and a selenyl radical which dimerizes to the starting diselenide [75, 76].

HOCH,SO,Na
CoFsl + PhSeSePh o o C,Fs—SePh
66 t 67
-+ (2.32)

HOCH,SO,Na —— > SO,

é e
CoFsl + SOL ——— = CoFs'+ | + SO,

Suitable alkylbenzene side chains are oxidized at the benzylic position under the action of
mCPBA, air, and NaHCOj; to generate the corresponding ketones. The oxygen-centered
radical formed from mCPBA, abstracts the benzylic hydrogen atom of the benzylic
substrate (68) to form a benzylic radical, and then it reacts with molecular oxygen



2.3 CONVERSION TO HYDROXY GROUPS AND OTHER FUNCTIONAL GROUPS 53

ultimately to provide benzylic ketone (69) as shown in eq. 2.33 [77].

O CH30,C ,NHCO,CH, Air O CH30,C ,NHCO,CH,
CH; 3 mCPBA, NaHCO3 _ CH; 3

CH2C|2, r.t.

68 69 80% O

. CO,"
[HO*] or [ Q (2.33)
cl
(0] H (0] H
c 3029 NHCO,CH,4 0, c 3029 NHCO,CHj
CH3 —— CH3
loloX

Experimental procedure 14 (eq. 2.33).

To a solution of indane derivative (1.0 mmol) in 10 ml of CH,Cl, were added NaHCO3
(2.0 mmol) and mCPBA (2.5 mmol). The mixture was stirred at room temperature under
air for 12 to 24 h. When the reaction was completed, the mixture was diluted with 20 ml
of CH,Cl, and washed with saturated aqueous NaHCO; and brine. The organic layer was
dried over Na,SO, then the solvent was removed, and the residue was chromatographed
on silica gel to give 1-indanone in 80% yield [77].

Secondary (3-bromo alcohol (70) can be transformed to ketone (71) in good yield via
the following radical pathway with DBPO [78]. The reaction involves the abstraction of
an hydrogen atom at the a-position of the HO group, followed by -elimination of the
bromine atom, and then the tautomerization of the formed enol to the ketone (eq. 2.34).

Br Air
Cl <& O
oH ¢CeHiz A 0
70 71
‘BuO” l(—‘BuOH) T (2.34)

Br
L] —=— (X
OH (-Br) OH

Experimental procedure 15 (eq. 2.34).

Bromohydrin (2 mmol) and di-fert-butyl peroxyoxalate (DBPO) (0.3 mmol) were
dissolved in 5 ml of cyclohexane. The mixture was purged with argon gas and warmed
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gradually from 50 °C to reflux for 15 min, and left at refluxing conditions for an
additional 10 min. After the reaction, the mixture was diluted with ether, washed with
NaHCO; aqueous solution, and dried over Na,SO,4. After removal of the solvent, the
residue was chromatographed on silica gel to give ketone in 93% yield [78].

Reaction of primary or secondary alcohols (72) with BrCCl; and tetrahydrofuran leads
to the generation of 2-tetrahydrofuranyl ethers (73) in good yields. The reaction
comprises of the abstraction of an a-hydrogen atom of THF by 'CCl;, subsequent
reaction of the tetrahydrofuranyl radical with BrCCl;, and the polar reaction of the
formed a-bromotetrahydrofuran with alcohol to form 2-tetrahydrofuranyl ether, as
shown in eq. 2.35 [79].

ROH Air , BrCCly U\
THF

72 0O~ "OR
73
I: O] .CCl3 [ o 1 Br ROH CH,OH (2.35)
ROH =
CH30,C
CHCl, ) BrCCl;  HBr |
0 0~ "OR
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Intramolecular Radical Cyclizations

3.1 CYCLIZATION TO SMALL-SIZED RINGS

3.1.1 Cyclization onto olefinic groups and acetylenic groups
by sp?® carbon-centered radicals

Formation of 5- and 6-membered rings

The formation of 5- and 6-membered rings via a radical pathway is very important in
organic synthesis. Although the most typical system is the reaction of organic halides
or selenides with Bu;SnH/AIBN, other less toxic reagent systems have been recently
developed. This cyclization reaction is based on Baldwin’s rule, as mentioned in
Chapter 1, and so, 5-exo-trig manner and 6-exo-trig manner are the most typical and
popular cyclization modes [1-4]. Eq. 3.1 shows the ratio of the reaction products in
the reduction of 1-bromo-5-hexene (1) with Bu3SnH and (Me;Si);SiH, respectively.
Generally, methylcyclopentane (2a), formed through the 5-exo-trig manner, is the
main product, based on a kinetic controlled pathway. Since (Me3Si);SiH has stronger
bond dissociation energy of Si—H (79 kcal/mol) than that of Sn—H in Bu;SnH
(74 kcal/mol), the amount of cyclized products with (Me3Si);SiH is increased, in
comparison with Bu;SnH.

| o é O /
Br D — + +
70°C
2a 2b 2c

1 3.1

(MeSi)sSiH - 93% 2% 4.1%
BuySnH 83% 1.2% 15%
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CH
8+ CHs
CsHe CHj;
4c

CH3 CH3

[BusSnH] (M) Temp(°C) Direct reduction 5-exo-trig  6-endo-trig (3.2

0.5 40 55.0 23.1 21.9
0.025 40 8.9 471 44.0
0.5 100 25.6 27.6 46.8
0.025 100 4.1 37.4 58.5

The results for the cyclization of the 1,1,5-trimethyl-5-hexen-1-yl radical, formed from
the reaction of 1,1,5-trimethyl-5-hexenyl-1-bromide (3) with BuzSnH/AIBN, are
shown in eq. 3.2. These results indicate that the ratio of 5-exo-trig manner/6-endo-trig
manner depends on both the temperature and concentration of BuzSnH. Thus, as the
concentration of BusSnH at 40 °C is decreased (which means the decrease of the
concentration of the hydrogen donor), both a decrease of the direct reduction product,
2,6-dimethyl-1-heptene (4a), and an increase of the cyclization products (4b) and (4¢)
are observed. With the same concentration of BusSnH at 100 °C, a similar tendency is
observed. However, the amount of cyclized products is further increased, particularly
that of the cyclized product via 6-endo-trig manner. Generally, cyclization requires
more activation energy than that of the direct reduction, and the formation of
thermodynamically controlled products is preferable at high temperature. The (1,2,2-
trimethylcyclopentyl)methyl radical formed via 5-exo-trig manner is a primary alkyl
radical, and the 2,2,6-trimethylcyclohexyl radical formed from 6-endo-trig manner is
a secondary alkyl radical, respectively. So, at high temperature, the formation of the
2,2,6-trimethylcyclohexyl radical is preferable.

Introduction of heteroatoms to the radical chain changes the regioselectivity of the
ring closure from 5-exo-trig to 6-endo-trig as shown in eq. 3.3, depending on the bond
length and the electronic character of the formed carbon-centered radicals (RSCH, and
RSO,CH,). This result indicates that the a-sulfonylmethyl radical proceeds mainly
through a thermodynamically controlled pathway.

\i I BusSnH )Cx . \C/\I
X 80°C X

5a 5b (3.3)
X=8 1 : 8
X =80, 1 : 37

The effect of the side-chained alkyl group on the cis/trans ratio in the cyclization must
be considered. For example, the effects of a methyl group, 2-methyl, 3-methyl, and 4-
methyl, in the cyclization of the 5-hexen-1-yl radical is shown in eq. 3.4. The main
cyclization product of the 2-methyl-5-hexen-1-yl radical is a frans isomer, that of
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the 3-methyl-5-hexen-1-yl radical is a cis isomer, and that of the 4-methyl-5-hexen-1-yl

radical is again a trans isomer, through the preferable conformation with less steric
hindrance (methyl group takes equatorial position) in the transition states.

I/L i—Cqu CHzN —>» transisomer (3.42)

favor trans/cis = 1.8/1.0
AN . .
—_— L —_— éHz —> Cis isomer
H CH, CH, (3.4b)
CHs H H H
favor cis/trans = 2.5/1.0
N ,H
— v — —>» transisomer
j\) CH27m (3 40)
CHgy H CHs
favor trans/cis = 4.8/1.0

The rate constants of these cyclizations via 5-exo-trig manner are 2.4 X 10°s™ 1,
7.0x10°s7 ", 7.5x 10° s, respectively, and they are close to that of the parent 5-
hexen-1-yl radical (2.4 X 10° s~ '). Moreover, the introduction of dimethyl groups at the
2,2-, 3,3-, and 4,4-positions of the 5-hexen-1-yl radical, increases the rate constants for
cyclization about 10 times and they become approximately 10°s~'. These cyclization
reactions proceed via the SOMO-LUMO interaction. Therefore, the introduction of
three fluorine atoms to the olefinic group in the 5-hexen-1-yl radical accelerates the
cyclization rate, 2 times. Probably, the substitution of hydrogen atoms by fluorine atoms
onto the olefinic group induces the decrease of LUMO energy [5—12].

In any case, 5-exo-trig manner via a radical pathway is the most strategic method for
the construction of 5-membered cyclic compounds [13-20]. For example, eqgs. 3.5a,
3.5b, and 3.5c show the preparation of y-lactones (7) and +y-lactols (9), (12) from the
selenide (6) and bromides (8), (11) with Buz;SnH/AIBN. The acetal and ketal groups,
which are acid-sensitive groups, are not affected during the radical reactions, and,
moreover, the starting materials are simply obtained from the reaction of vinyl ethers
with carboxylic acids or alcohols in the presence of PhSCl1 or NBS. 5-Exo-trig cyclization
onto the allene group also goes on to form antibiotics, the Batryodiplodin model
compound (16) as shown in eq. 3.5d.

CH3 CH3 _/CH3
SPh/I AIBN H

BugSnH : e
W o + O (3.5a)
0”0 e io :

6 7a  63%(4:1) 7b
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BU3SnH
C&%,

07 OC,H;s

8

AIBN
J: BusSnH_
0" NOEt CoHe. &

EtO  CH,

(0] Br

\

n-CgHy3

O~ "OEt
17

Ph
|| S\\ /SCH3

20

Ph SSnBug

|| é_SCH3
/.

EtsB, 02
Br BuzSnH

—_—
CGH50H3 -78°C

NaBHsCN
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3. INTRAMOLECULAR RADICAL CYCLIZATIONS

OoBU/ OBu/

PDC
Cfomeon 22

9 91% 10 70%

CHs, Jone's

OX|dat|on
0O~ "OEt

12 81% 13 97%

EtO  Br
CH,

EtB, O,
(Me;Si)sSiH

-78°C

R

15

EtO,  CH,
e
16 62%

(—)Batryodiplodin

OEt

t-BuOH A O
18 97%

AIBN
BuzSnCl

nCGme

19 89%

Ph

ELO
o

21 78%

TsOH
CSHG A

Et;B
BuzSnH

CeHe
-78°C, 1h

Ph—y*
SSnBu3
R
o SCH3

@' >:o
1o

|
— Y

(3.5b)

(3.5¢)

(3.5d)

(3.6)

(3.7)
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Eq. 3.6 shows the direct preparation of furan derivative (19) by the successive treatment
of vinyl ethers with propargyl alcohol/NBS, radical cyclization with Bu;SnH/AIBN, and
lastly, aromatization with p-TsOH.

Eq. 3.7 shows the cyclization of the xanthate ester (20) formed from homopropargyl
alcohol, through 5-exo-dig manner of the formed carbon-centered radical. This reaction is
not a deoxygenation reaction of alcohol, but the cyclization of the carbon-centered
radical formed from the addition of BusSn' to the thiocarbonyl-sulfur atom, onto the side-
chained triple bond to form thionolactone, the hydrolysis of which readily creates lactone
(21) [21-23].

Experimental procedure 1 (eq. 3.7).

To a toluene (20 ml) solution of dithiocarbonate (1.0 mmol) and Et;B (1.0 M hexane
solution, 1.1 ml, 1.1 mmol) was added dropwise Bu3SnH (0.5 M, 1.1 mmol) at —78 °C
under an argon atmosphere. The mixture was then stirred for 30 min at the same
temperature. Next, 1| M HCI solution was added and the reaction mixture was extracted
with CHCI;. The organic layer was dried over Na,SO, and filtered. After removal of the
solvent, the residue was chromatographed on silica gel to produce a-benzylidene-vy-
butyrolactone in 78% yield [21].

As shown in eqs. 3.5 to 3.7, furan, thiophene, and pyrrolidine derivatives can be
obtained via 5-exo-trig and 5-exo-dig by the introduction of heteroatoms such as oxygen,
sulfur, and nitrogen atoms onto the 5-hexen-1-yl radical and 5-hexyn-1-yl radical chains
[24—43]. These reactions can also be carried out with a polymer-supported solid-phase
cyclization method using polymer-supported tin hydride, instead of BusSnH. 1,1,2,2-
Tetraphenyldisilane (PhySi,H,) is a stable and useful radical reagent. Treatment of 2-
bromo-3,4,6-tri-O-acetyl-1-O-allyl glycoside (22) with PhySi,H,/Et;B (r.t.) and
Ph,Si,H, /AIBN (reflux) gives the corresponding bicyclic sugar (23a) alone in both
cases, while the same treatment with Bu;SnH/Et;B and Bu3SnH /AIBN provides a
mixture of bicyclic sugar (23a) and the direct reduction product (23b), in both cases
[44]. Less toxic Ph4Si,H,/Et;B and Ph,Si,H,/AIBN systems can be used for the
preparation of various types of bicyclic sugars.

AcO
|n|t|ator
AcOr+ AcOr+ -O + AcO
AcOEt
AcO
23a CH3
MH initiator yields (%) (3.8)
Ph4S|2H2 (rt) EtsB 84
(A) AIBN 78

Bu;SnH (r.t.) EtsB 37 44

(A) AIBN 65 32




62 3. INTRAMOLECULAR RADICAL CYCLIZATIONS

Experimental procedure 2 (eq. 3.8).

A mixture of sugar bromide (0.3 mmol), Ph,Si,H, (0.36 mmol), and AIBN (0.15 mmol)
in ethyl acetate (3 ml) was refluxed under an argon atmosphere. After 4 h, K,CO;
(0.15 mmol) and water were added to the reaction mixture, and the organic layer was
extracted with chloroform. The organic layer was dried over Na,SO, and filtered. After
removal of the solvent, the residue was purified by column chromatography on silica gel
or preparative TLC (eluent: hexane/ethyl acetate = 1/1 ~ 3/1) to give bicyclic sugar in
78% yield [44].

Experimental procedure 3 (eq. 3.8).

To a flask equipped with a refluxing cooler were added sugar bromide (0.3 mmol),
Ph4SioH, (0.36 mmol), and ethyl acetate (3 ml). Et;B (0.2 ml, 1 M THF solution) was
added to the mixture under aerobic conditions at room temperature. After 1 h, K,CO;
(0.15 mmol) and water were added to the mixture, and the organic layer was extracted
with chloroform. The organic layer was dried over Na,SO, and filtered. After removal of
the solvent, the residue was purified by column chromatography on silica gel or
preparative TLC (eluent: hexane/ethyl acetate = 1/1 ~ 3/1) to give bicyclic sugar in 84%
yield [44].

Gallium hydride, HGaCl,, also acts as a radical mediator like Bu3SnH, as shown in

eq. 3.9 [45].
</ EO HGaCl, 0
Et,B

" P TTEoc 0 39)
3h CHjz ’
CHy

CHs CHs
24 25 87% (70/30)

The preparation of alkaloids (cyclic compounds containing nitrogen atoms) is very
important, as most alkaloids are biologically active. Eq. 3.10 shows the preparation of
alkaloids (27), a precursor of gephyrotoxin, via an a-amino radical formed from +y-
thiophenoxylactam (26). Other alkaloids such as indolizidine and pyrrolizidine can be
also prepared similarly via a-amino radicals and a-acylamino radicals.

N
H
X SPh AIBN
BuzSnH
N : (3.10)
H CGHG» A
o)

26 27a 51% 27b 31%
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The bond dissociation energy of C—Cl in alkyl chlorides is about 80 kcal/mol and
those of C—Br and C-I in alkyl bromides and alkyl iodides are about 68 kcal/mol and
53 kcal/mol, respectively. Therefore, the reactivity of alkyl chlorides toward BusSn’ is
rather poor, and is not useful for organic synthesis. However, the chlorine atom in the
trichloromethyl or chlorodifluoromethyl group is very reactive and it readily reacts with
Bu;Sn’ to form the corresponding electron-deficient a,a-dihalo carbon-centered radical
due to its bearing two halogen atoms at the a-position. Thus, the formed carbon-centered
radical is electrophilic and cyclizes at the olefinic group via the SOMO-HOMO orbital
interaction as shown in eqs. 3.11a and 3.11b [46—49].

AIBN cl CH
)C\Cls f BuSnH ¢
—_—
j g (.11a)

Ph” "N CeHe, &

N
70°C,3h H
28 29 79%
AIBN CHs
CICF, ¥ BuSnH  F
—a x 11
RO CeHs, A F (3.11b)
30 RO 31 599 R = SiMe,Bu
Me F F
BrF.C__Me BugSnH, AIBN Me
XN P E——— (3.11¢)
| CO,Me CgHg 40°C l?l CO,Me
R R
32 33 40%

Prolinates (33) containing o,a-difluoromethylene group can be also prepared via N-
protected a-methyl difluoroalaninyl radicals (eq. 3.11c).

Treatment of epoxide (34) with BuzSnH/AIBN in the presence of Mgl, first forms
iodohydrin synthon, which rapidly reacts with Bu;Sn" to form a cyclohexanol derivative
(35) via 6-exo-trig ring closure of B-hydroxyl radical as shown in eq. 3.12 [50—54]. Since
the epoxides can be obtained from alkenes with peroxides, this is an indirect radical
cyclization method of alkenes.

OBz AIBN oH 9Bz
BuzSnH 3
l CHj © Mgl
34 CeHe, A 35 50% OH
l Mgl T 3.12)
(:)Bz OBz

I —_— ’
| CH; OMgl | CH; OMgl
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v-Lactones containing fluorine atoms at the a-position are attractive compounds because
of their biological activity. However, a,a,a-bromodifluoroacetate (36), in eq. 3.13, does
not cyclize directly via 5-exo-trig manner, because the formed a-difluoroacetate radical
may be stabilized. Instead, only the direct reduction product is formed. Treatment of
TMS-acetal (37), prepared from the reduction of a,o,a-bromodifluoroacetate (36)
with DIBAL, with Bu;SnH/AIBN produces the corresponding lactol (38) via 5-exo-trig
manner, and finally the oxidation with PDC gives a,a-difluoro-y-lactone (39).

0] AIBN

)l\ BuzSnH Ph F
0 CFQBI’ }E F
V\Ph 0”0
36 39 95%
1) i-Bu,AlH
2) TMSOT, PDC T (3.13)
/?IMS AIBN Ph F
O~ "CF,Br BusSnH HF
v\ph CeHe, A 0~ “0TMS
37 87% 38 62%

5-endo-trig ring-closure is now considered to be a disfavored process, based on
Baldwin’s rule. However, 5-endo-trig ring-closure does occur when the reaction
proceeds via thermodynamic control, depending on the stability of the formed carbon-
centered radicals. Thus, in eq. 3.14a, the cyclized carbon-centered radical [I] formed via
5-endo-trig manner is more stable than the precursor a-acetamide radical, because
radical [I] is stabilized by capto-dative effect bearing both an electron-donating nitrogen
group and an electron-withdrawing ester group at the a-position. Thus, the cyclization
occurs through a thermodynamically controlled pathway [55-60].

BrCH, BuySnH
J\ JL AIBN O@\CO q
> 2

0~ "N” "CO,R
| 2 CeHg, A B
Bn

a0 M
(3.14a)

CO,R | 4-exo-trig ‘CH, J\ 5-endo-trig Ij\(a)
! <~ o)\r}l CO,R ™| 0P >N"TCOLR

|
Eli Bn Bn
n

[11]

Cl R BuzSnH H R
CgHsCHj, A
N"S0  CiHsCHy N0 mon es | (3:14D)

CHs CHs R=CH, 73%
42 43 R=Ph  75%

(@]
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a-Sulfonamidyl radical generated from o-halosulfonamide (44) with Bu;SnH/AIBN
prefers 5-exo-trig ring-closure to form 5-membered sultam (45) (eq. 3.15a). However,
7-endo-trig ring-closure predominates over 6-exo-trig ring closure as shown in eq. 3.15b
[61-65].

74 BugSnH NN NF oo
AIBN A “
BrCH,SO,N —_— N\ . —>\/\N\ (3.15a)
N CeHg & SO,—CH, PEN ’
44 o 0
45 80%
AIBN N A
I~ BusSnH \/\II\I \/\II\I
BrCH,SO,N R \\/\/ —_— \\/>
N CeHs . so 7
SO,—CH; 2
46 CH;
l 6-exo-trig l7—endo-trig (3.15b)

CHgy
i ()
g N.
X, 258
QO 0] JO/ o

47a 5% 47b 54%

Since Bu3SnH is a reducing agent, cyclization onto the stable aromatic ring does not
generally happen. However, when the aromatic ring is activated to an electron-deficient
ring such as the pyridinium ring, cyclization onto the aromatic ring proceeds with ease.
For example, treatment of N-iodoalkylpyridinium salts (48) with Bu;SnH/AIBN under
refluxing conditions generates the corresponding cyclization products (49) (eq. 3.16a).
By this method, quinolidine alkaloids and indolidine alkaloids can be prepared [61—64].
Using a similar method, N-(3-iodopropyl)indole (50) activated by a formyl group,
produces the cyclic compound (51), as shown in eq. 3.16b.

AIBN x
| Bu,SnH |
~Z > Z
N | CHACN, THF A oN
© Ke) |@ )n
] (3.16a)
48 49
n=1 65%
n=2 60%
n=3 58%
CH=0 AIBN CH=0

\ BU3SnH \
CeHsCHz A (3.16b)
(e N

50 51 64%
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Formation of 5- and 6-membered rings via skillful procedure

Generally, alkenyl halides are used for the radical cyclization. However, other functional
groups can also be used for the BusSnH-mediated radical cyclization. Eq. 3.17a shows
the addition of Bu3Sn’ to a formyl group in a-allyloxyacetaldehyde (52), the formation of
a carbon-centered radical, and 5-exo-trig ring closure to form a tetrahydrofuran
derivative (53), while eq. 3.17b shows the addition of Bu;Sn" to an acetyl group in bis-
(a,B-unsaturated methyl ketone) (54), the formation of ketyl radical, 5-exo-trig ring
closure, and finally, the elimination of Bu;Sn group to form trans-1,2-diacetonylcyclo-
pentane (55a) [66—77].

AIBN R
R (o] Buaan RN OSnBug Al OH
—»
J/ CeHg A J/ o (3.17a)
R=Ph,R'= 53 59%

R=R"'"=Me 64%

0} o} AIBN (0] ‘
CHSJW\/\\)LCHg _BugSnH_ "’ACHa + CHs .
CeHs A CH, i

54 4

55a
85% (3:1)

(3.17b)

OSnBug O OSnBug (0]
> s —
CH3 NN CH3 CH3 CH3 ‘./(CHa
OSnBujy

CH3

In the reaction of O-benzoyl hydroxamic acid (56) with Bu;SnH, BusSn™ adds to the
carbonyl oxygen and subsequent 3-elimination occurs to form an amidyl radical through
the weak N—O bond cleavage, where finally, y-lactam (57) via 5-exo-trig manner is
formed (eq. 3.18).

CHs O g\lag . H. O CHy,  CHs
\)\/U\ _CH,Ph BusSn 3 ?
N N CaHCHy \)\/U\N/CHZPh — N-CHPh (3 1g)
0-C-Ph 4 :
56 I 0
57 53%

Xanthates, which are easily prepared from the reaction of alcohols, carbon disulfide, and
methyl iodide in the presence of a base, or from the reaction of alcohols with N,N'-
thiocarbonyldiimidazole, can generally be used for the deoxygenation of alcohols to
the corresponding hydrocarbons. So, eq. 3.19 shows the deoxygenative cyclization of



3.1 CYCLIZATION TO SMALL-SIZED RINGS 67

5-alken-1-ol and 6-alken-1-ol derivatives (58) to form cyclopentane and cyclohexane
derivatives (60), respectively.

u Ay ABN CF,

BugSnH _ Ph
U @,\/ CGHS A (3.19)
60

n=1 69%
n=2  48%

Eq. 3.20 shows the addition of Bu3Sn’ to thiocarbonyl sulfur of compound (61) to form
carbon-centered radical, which cyclizes to olefinic group via 5-exo-trig manner to give
thiollactone (62), after hydrolysis.

s’gs O Cote s)\ssggﬁs
61 (3.20)
Ph Ph
i CHs; H,O i

O—< ® B
S CHs3 s

SSnBuj (6]

62 71%

Eq. 3.21 shows the introduction of a hydroxymethyl group at the B-position of
allylic alcohol with the silicon-tethered radical approach developed by Stork [78—-83].
Allyl silyl ether (64) was first prepared by the treatment of allylic alcohol (63) with
dimethylbromomethylsiliyl chloride, and subsequently treated with Bu;SnH/AIBN, and
finally treated with hydrogen peroxide in the presence of KF, to give a 1,3-diol derivative
(66), as shown in eq. 3.21.

CH, CH,
He, - |
HO 63 HO H 66
ot HO™
EtsN | CISi-CH,Br KF
CH, (3.21)
CHs CHs
AIBN
BU3SnH
Q CeHs of Th
CH, /Suv A 05h CHy—si

CHy 64 CH; 65 65%
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Acyl radical has a nucleophilic character and cyclizes via SOMO-LUMO interaction.
Eq. 3.22 shows the cyclization of acyl radicals formed from the reaction of selenol esters
(67) with BusSnH/AIBN or Bu;SnH/Et;B, to give the cyclic ketones (68) via 5-exo-trig
or 6-exo-trig manner through the transition state [II] [84—-90].

0 o) o)
B AorB ( (
CH; SePh ———> n + "N
o) CeHe, & CH3™ S0 CH™ ~o”
\ 68a

CO,CH, CO,CHs
68b
CO,CHj3 Method A : PhaSnH / Et;B n=1 97%(10:1)
67 Method B : PhySnH/AIBN  n=2  70% (10: 1) (3.22)
o]
CH \Z—)"J/
S0 ~Co,CH,

[l

Phenylseleno carbonate (69) bearing acetylenyl silyl ether is converted into vy-lactone
(70) with Ph3SnH/AIBN, through 5-exo-dig ring closure, intramolecular hydrogen atom
transfer from the silicon atom to a vinyl radical, and 5-endo-trig ring closure. This lactone
is the precursor of juruenolide C, an anti-fungal agent (eq. 3.23).

o "0

anti-fungal activity

(3.23)
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The same treatment of Se-phenyl selenocarbamate (71) with (Me;Si);SiH/AIBN gives
the y-lactam (72) via a carbamoyl radical, the rate constant of which for cyclization is
about 10% s_l, as shown in eq. 3.24.

j\ (MeSi)sSiH 0 o
TsN” ~SePh ABN TsNb/\/ ¢ (3.24)
W\ C6H5CH3,A
CH,
71 72 68%

Carbon-centered radicals can cyclize at N—N multi bonds such as an azo group or azide
group via 5-exo-trig or 6-exo-trig manner to give pyrrolidine or piperidine derivatives as
shown in eq. 3.25 [91, 92]. Aminosugars such as nojirimicins can be prepared by this
method.

©
®_N
_N” AIBN y
N“ BugSnH
| — = (0 (3.25)
) N h
73 2 24 =1 88%
n=2 50%

a-Haloacetamides and o,o,a-trihaloacetamides have electrophilic character and can be
easily reduced by single-electron transfer (SET) reagents. For example, as shown in
eq. 3.26, treatment of o,a,a-trichloroacetamide (75) with Cu!™ forms the corresponding
electrophilic a-amide radical, Cl1™, and Cu”, and then the formed a-amide radical
cyclizes onto a vinyl group via 5-endo-trig manner and the formed electron-rich carbon-
centered radical is oxidized by Cu®" to carbocation, together with Cu'™ [93-97]. Thus,
Cu'" acts as an electron transfer catalyst.

Cl

CIj:CIJO CuCl (0.5 eq), bipyridine C'm
07N CgHsCHg, 110°C, 12 h 0N
Bn Bn
75 76 94%
Cu® (+e9) 396
l (-cl) (-HCl) (3.26)
Cl cl cl cl
SUSIEsu-YswP=tswS
— — —
0 l}l 0 hll -e)| o ITI 0 r?l
Bn Bn Bn Bn

A variety of 3-substituted furans, including the natural perillene and dendrolasin, are
obtained in good yields via reductive annulation of 2,2,2-trichloroethyl propargyl ethers
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using Cr** generated from CrCls with Mn /TMSCI (eq. 3.27).
(0] CrCl
o (I
W é Me;SiCl /\/ﬂ
77 ° Mn 78 85%

o)

CI’2® l (—C| e) \
(+e7)

0 (+e) | (CI®)
W ) (<HC)) (3.27)

|
QoA O A

ClI Cl Cl ClI

Experimental procedure 4 (eq. 3.27).

A solution of 2,2,2-trichloroethyl propargyl ether (1 mmol) in THF (2 ml) was added to a
stirred, room-temperature suspension of dry CrCl; (15 mol%), Mn powder (4 mmol), and
freshly distilled TMSCI (4 mmol) in THF (8 ml) under an argon atmosphere. After the
addition, the reaction mixture was heated at 60 °C. After 12 h, the reaction mixture was
cooled and quenched with water, and extracted three times with ether. After removal of the
solvent, the residue was chromatographed on silica gel to give a product in 85% yield [97].

Sml, is an effective SET reagent and the end of the reaction can be noted by the
disappearance of the greenish-blue color of the Sml, solution. Treatment of w-iodo-a,3-
unsaturated ester (79) with Sml, gives a carbocyclic sugar (80) via 5-exo-frig manner
(eq. 3.28) and treatment of O-benzyl ketoxime (81) with Sml, forms the corresponding
aminocarbocyclic sugar (82) via a ketyl radical generated by SET to the ketone group
(eq. 3.29) [98-100].

t
\ / COQBU Sml2 (4 eq) \ COQBU’

/ (3.28)

-78°C,4h

07/0 THF / MeOH / HMPA o
" 79 " 80 70%
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>(O OH
Sml, (3 eq) o

~«NHOBn
THF / +BuOH
-30°C (3.29)
o

81 82 85%

This would be a good method for the preparation of carbocyclic sugar analogs, since
some sugar analogs have potent biological activities.

Reaction of cyclic y-cyanoketones (83) with Sml, in the presence of +~-BuOH as a
proton source in HMPA-THF produces the «a-hydroxycycloalkanones (84) after
hydrolysis (eq. 3.30) [101-103].

o OH Q2
( Q;/(/\ Sml, (3eq), HMPA, THF, rt
CN then H,0 @
83 84 H
n=1 77%
Sml n=2 8%
2 TH@ n=3 80%  (3.30)
n=4 74%
Smo smi,0 N Smi,0 NSml;
7AC7  5-exo-dig Sml,
( — My |
H H
R, LNO, Fz‘,,,,No2 ONO,
F f CAN L—/[
R0 Rr2Y1°0
H 85 H g6
(-e) NOS
(HO®) (3.31)

One-electron oxidation of the 3-allyloxy nitroalkane (85) by cerium ammonium nitrate
(CAN) produces a tetrahydrofuran derivative (86) (eq. 3.31).

Formation of 4-membered ring

Generally, the construction of a 4-membered ring is difficult with polar reaction methods.
Therefore, 4-membered ring compounds are prepared mainly by [2 + 2] photocycload-
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dition reactions of olefins. On the other hand, formation of a 4-membered ring via 4-exo-
trig manner with radical reactions presents difficulties because of the ring strain and
consequently, the preparation of 4-membered ring compounds with radical 4-exo-trig
manner is not useful. However, when the SOMO-LUMO or SOMO-HOMO interaction
in radical cyclization is promoted and the cyclized radical formed via 4-exo-trig manner
is stabilized, it can be a useful method for the construction of a 4-membered ring
[104—114]. For example, a radical bearing a cyclic gem-dialkoxy group at the (3-position
cyclizes via 4-exo-trig manner to generate 4-membered ring (88) quantitatively as shown
in eq. 3.32.

s ),
o_. 0O

AIBN o_.0O
Br BuzSnH
D —
0 oo A (3.32)
COZCHg COZCHS n=1 0%
87 88 n=2 100%

The reaction takes place through SOMO-LUMO interaction to form a stable a-ester
radical, and the cyclic gem-dialkoxy group (1,3-dioxane group) plays an important role in
making the conformation rigid in the transition state. However, the dioxolane group does
not induce 4-exo-trig ring closure because of the ring strain in the transition state.
B-Lactam (90) shown in eq. 3.33 is formed through SOMO-HOMO interaction to
generate the stable benzylic radical via 4-exo-trig manner. 3-Lactone (92) can be
prepared via 4-exo-trig manner from a-acyloxymethyl radicals formed with Barton
decarboxylation, as shown in eq. 3.34a. The cyclized radical is highly stabilized by two
benzylic phenyl groups. This stabilizing effect is a major driving force for cyclization to
a 4-membered ring.

OCHj
OAc
oH P CH, AIBN AcO_: H |;|CH3 oo
°s | BugSnH ‘ 3
r e b CH3 (3'33)
07N CeHsCHa, A
wH 0 =CHa
Ph” “CH, pp
89 90 78% (57:21:20:2)
Ph O  CoHs BuySnH "o
A =\ v
Ph/J\/u\o G-0-N CoHCH (3.34a)
0 80°C Ph CoHs

91 Ph g2 599
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CHj 0 CHg
CHz:\ 7/ Sml, CHgy_OH
THF / CH50H
0°C,2h CO,R (3.34b)
CHg COR o CH,CH = CH, CHs
93 94 65%

Sml, is used for the preparation of a cyclobutanol derivative (94) from «-formyl
o,B-unsaturated ester (93), via4-exo-trig ring closure of the formed ketyl radical (eq. 3.34b).

Experimental procedure 5 (eq. 3.34b).

To the solution of Sml, (0.1 M, 1.0 mmol) in a mixture of THF (10 ml) and MeOH (2.5 ml)
at 0 °C under a nitrogen atmosphere was added aldehyde (100 mg, 0.5 mmol) in THF
(2 ml). After the mixture was stirred for 2 h at 0 °C, sat NaCl aq. solution (2 ml) and citric
acid (128 mg, 0.61 mmol) were added to the mixture, and the organic layer was extracted
with ethyl acetate three times. After the organic layer was dried over Na,SO,, the solvent
was removed. The residue was chromatographed on silica gel (eluent: ethyl acetate
/hexane = 3/7) to give 67 mg of a cyclobutanol derivative in 65% yield as an oil [111].

The compound (95) bearing an active methylene group can be converted to [3-lactams
(96) via 4-exo-trig manner by oxidative reagent, Mn(OAc); as shown in eq. 3.35. The
radical formed via 4-exo-trig manner is benzylic radical which is somewhat stabilized
by the resonance effect and is one of the major driving forces for cyclization to a
4-membered ring.

CH30,C
Ph
n(OAc)s

M
AcOH
O Ph O Ph
—e,—H® A A
l( R oho .,ko ° oo, Ofte
Ph * N
CH30,C :Ph

)% Ph \T‘CHS © E*CH3

N 96a 96b (3.35)
«Ph
" Reh, ]
Ph Ph
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Cyclization of trihalo-enamide (97) with copper(I) proceeds effectively to form (-lactam
(98) via 4-exo-trig manner. The copper(I)/TMEDA (tetramethylethylenediamine) system
is the most effective for the formation of B-lactam (eq. 3.36).

CHs
cl cl
CH
ClsC 3| CHy  Gycl, TMEDA cl CHs
A CH4CN, A N
0" N 0" Bn
Bn g7 98 85-86%
Ccu® l (-Cu2®) T
CHs__cn, |© CH,
el ¢ e (3.36)
OZ\,TJ cl CHs :
Bn 0O N\Bn
l (-CI®) cu?® T ~cu®)
CHs _cH I CHs
cLc* J/ 3 ol
OAIII —_— cl CHj
N
Bn \
. o Bn -

Formation of 3-membered ring

Study for the preparation of 3-membered ring compounds via 3-exo-trig is extremely
limited because of the quite significant strain involved [115—117]. The product in eq.
3.37a seems to be formed via 3-exo-trig manner through the SET from Sml; to the iodide
(99) and subsequent cyclization of the homoallylic radical thus formed. However,
another mechanism, an anionic 3-exo-trig ring closure (intramolecular Michael addition),
cannot be ruled out either. In the presence of Sml, and a proton source, §-oxo-v,y-
disubstituted-a,3-unsaturated ester (101) readily cyclize to give trans-cyclopropanol
(102) via intermediate (IIT) as shown in eq. 3.37b.

Sml,
CcoBn —— = 5
NP2 THF / CHy0H [>\/COZBn (3.372)
99 r.t. 100 99%
n HO
CH._~_-CO2Bn Smi2
CH3” “CHy4 THF/ {BuOH CHg N'"—COZBH
rt. CHs
101 102 90%
|2Sm\o (3.37b)
R 7Y
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The following reaction is not 3-exo-trig ring closure, but the formation of 3-membered
ring compound (104) under photochemical conditions through Norrish II type reaction.

O CHs o}
hv N

e - g
103 OMs 104 87%

l':'\ ) ) )
OMCH,| j):';'*? OH CH, OH'CHy | O CH,

ph)-\H Ph™ S Ms0®) Ph)'\@/ PR~ pro~
OMs

3.1.2 Cyclization onto olefinic groups and aromatic
groups by sp? carbon-centered radicals

Formation of 5- and 6-membered rings

sp> Carbon-centered radicals formed by the treatment of aryl halides or vinyl halides with
Bu;SnH/AIBN, are o radicals and much more reactive than sp3 carbon-centered radicals
which are 1 radicals. The high reactivity of sp> carbon-centered radical reflects the
stronger bond dissociation energies of sp>(C)—H and sp*(C)—sp>(C) bonds than those of
sp3(C)—H and sp3(C)—sp3(C) bonds. For example, the C—C bond dissociation energy of
ethane is 88 kcal/mol, while that of the spz(C)—CH3 bond in toluene is 102 kcal/mol.
However, sp> carbon-centered radicals are also used for 5-exo-trig and 6-exo-trig ring
closure. Thus, treatment of o-haloaryl allyl ether or N-o-haloaryl-N-allylamine (105) with
Bu;SnH/AIBN produces good yields of 2,3-dihydrobenzofuran or 2,3-dihydroindole (107)
via 5-exo-trig manner (eq. 3.39a). This reaction can be also used for tandem intramolecular
and intermolecular C—C bond formation as shown in eq. 3.39b [118-126].

AIBN
@x\é&? BusSnH @j)\n
—eeee
Hg, A
I Gl CHy X CH, n=1 50% (3.39a)
105 106 X O n=1 99%
X NCH; n=1 78%
X O n=2 62%
AIBN
BusSnH
Br 3 CO.Et
P 2!
O/\/ CBHS!A O
60%

Experimental procedure 6 (eq. 3.39b).

To a refluxing solution of bromide (2 mmol) and ethyl acrylate (4 mmol) in toluene
(10 ml) was added dropwise a solution of BuzSnH (0.7 ml, 2.5 mmol) and AIBN (30 mg)
in toluene (8 ml) over 40 min. After the addition, the mixture was further refluxed for
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30 min. After removal of the solvent, the residue was chromatographed on silica gel to
give ethyl 2-(2',3/-dihydrobenzofuran-2'-yl)propanoate in 60% yield [123].

sp” Carbon-centered radical can be also used for 5-exo-dig cyclization with a propargyl
group. sp> Carbon-centered radical is very reactive, so phenyl radical reacts onto an
olefinic group bearing poor reactivity such as a uracil group, to form tricyclic
isoindolinone (108) as shown in eq. 3.40 [127-131].

o] o]
H H
CHs [ NH AIBN CH NH
B N/&O BuzSnH N’J*o
r > (3.40)
CGHS:A :
~o ~o
107 108 80%

Generally, sp> carbon-centered radicals do not cyclize onto an aromatic ring, due to the
high stabilization of the aromatic ring. However, sp® carbon-centered radicals readily
react at the aromatic ring via 6-exo-trig manner [132—139]. Eqs. 3.41a and 3.41b show
the preparation of natural products, aporphine (110), and phenanthrene (112),
respectively, with a radical reducing reagent, Bu3SnH, through 6-exo-trig ring closure
of an aryl radical onto electron-rich aromatic rings. In practice, the a-isobutyronitrile
radical formed from AIBN or molecular oxygen in air acts as an hydrogen-abstracting
agent of the cyclized intermediate radical formed (o complex). [S]Helicene (114) can be
prepared from 1,4-bis(2-o-iodophenylvinyl)benzene (113) with Bu;SnH/AIBN, as shown
in eq. 3.42a. Side-chained phenyl radicals cyclize onto the C3 and C, positions of indoles
(115) and (117), respectively (eqs. 3.42b and 3.42c). Eq. 3.43 show the preparation of
penta-cyclic acridine (120) using the same method.

CH30 CH30
C C
NR BusSnH NR

e CoHo & 180 oo ‘
66 O (3.41a)
O CH30
CHsO  OCH, OCHg
109 110 80%
OMe OMe

(3.41b)

| 90°C,36h ‘
CeHsCHa O
CN CN

111 112 85%

| OMe OMe
Cln e O
OMe BugSnH OMe
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"¢ e

BusSnH O
CeHsCHa, 90°C "O (3.42a)
114 58%
AIBN O
BU3SnH _
O \ Y O O (3.42b)
\
CH3 CH3
115 116  58%
AIBN
Busan R 0 O
N Q (3.42¢)
|
(:H3 CHs
117 118 90%
Br
CHS\K) s CHax O AIBN - CH O
N BusSnH N BusSnH N
O \ CgHsCHg, A O \ CgHsCHg, A O \ (3.43)
N” 50% Nig 56% N7
119 120 121

Experimental procedure 7 (eq. 3.43).

A mixture of Bu;SnH (1.0 eq.) and AIBN (0.1 eq.) in toluene was added dropwise to a
refluxing solution of 9-(o-bromoanilino)acridine (1.0 eq.) in toluene over 1 h. After 12 h,
the solvent was removed and the residue was chromatographed on silica gel (eluent: ethyl
acetate) to provide the penta-cyclic acridine in 50% yield [137].
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0\
O
AIBN
BusSnH
_— A
100°C, 72 h, ‘ /
CeHsCH3 N
123 42%
(3.44)
0\
(0]
AIBN
BuzSnH
—_— AN
80°C, 24 h, O _ ‘
CgHsCH3 N
124 125 70%

Eq. 3.44 shows the intramolecular addition of an sp” carbon-centered radical onto the
quinoline group under the same conditions.

Treatment of 2-bromo-N-alkenylpyridinium salts (127) with BuzSnH/AIBN in
acetonitrile under refluxing conditions generates the cyclized pyridinium salts (128),
through the generation of sp? carbon-centered radicals, followed by 5-exo-trig or 6-exo-
trig ring closure. After the reduction of pyridinium salts (128), the corresponding alkaloid
analogs are obtained as shown in eq. 3.45 [140-144].

N T (\/L e
SN Br r CeHscHs @\N CHs
126 \ A 12h (5 (3.45)
127 128
n=174%
n=2 53%

Radical cyclization from alkenyl iodide (129) via 5-exo-trig manner is affected by
Bu;SnH/AIBN to give cyclic exo-diene (130) fused to 5S-membered rings (eq. 3.46) [145,
146]. Treatment of o-bromobenzamide (131) bearing a uracil group with Bu;SnH or
(Me;Si);SiH/AIBN generates the corresponding tricyclic isoindolinone (132) as shown
in eq. 3.47a. Reactive vinyl radical cyclizes at the imino-nitrogen atom via 5-exo-trig
manner to give S-membered cyclic enamine (134) which is further trapped by PhCOCI to
provide compound (135), as shown in eq. 3.47b.

AIBN T™S CO,Me
MS S | BugSnH
_o_Ah_come —— (3.46)
(o)
129 130 75%
0
CHa NH AIBN NH
/& BusSnH CH FO
N o or (MegSiJgSiH 3 N (3.472)
o CgHg, A o

131 132 80%
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0

o Mcozeut AEN M co Ph%
N _Ph BuzSnH )N\ PhCOCI / CO,Bu! (3.47b)
b CeHe, & Pn” ~Ph )N\
Ph” ~Ph

Ph
133 134 135 54%

Experimental procedure 8 (eq. 3.47a).

To a refluxing solution of o-bromobenzamide (2.6 mmol) in benzene (50 ml) were added
BusSnH or (MesSi);SiH (3.2 mmol) and AIBN (0.15 mmol). After 2h, AIBN
(0.15 mmol) was added again. The mixture was refluxed more 12 h. After the reaction,
the solvent was removed and the residue was chromatographed on silica gel to give the
tricyclic isoindolinone in 80% yield [129].

Skillful methods through the ring closure

Eq. 3.48 shows a specific radical reaction. Thus, the formed sp” carbon-centered radical
cyclizes at the vinylic position via 5-exo-trig manner and subsequent (3-cleavage to
produce an o-hydroxystilbene skeleton (137), together with evolution of SO, [147, 148].
This reaction has the appearance of a 1,4-transfer of the phenylvinyl group from the
sulfur atom to an sp” carbon atom.

O. \D OH
O S05 AIBN O
Br BuzSnH
A

137 50%

T

_ o -
O (3.48)
L O LPh .
T(—Soz)
[ 0S0; |
B-cleavage ‘O
_— »
L LPh _

By a similar method, Ar groups can be transferred via 1,4-Ar migration to form biaryls
as shown in eqs. 3.49 to 3.52 [149-156]. Treatment of N-methyl-N-(2-bromophenyl)
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arenesulfonamide (138) with 1,1,2,2-tetraphenyldisilane (Ph4Si,H,) in the presence of
AIBN under heating conditions gives the corresponding biaryl (139a) by means of the
intramolecular radical ipso-substitution. 1,1,2,2-Tetraphenyldisilane is the most effective

reagent for 1,5-ipso-substitution on the sulfonamides among typical radical reagents
such as Ph,SiH,, Bu3SnH, (Me;Si);SiH, and Ph,Si,H, [154].

°N //O

138 \\S// CHs 3\ //
NH
AIBN
Reagent
(3.49)
m-Xylene A

1393 139b 139c
Reagent 139a 139b 139¢
Ph,SiH, 20% 23% -
BuzSnH 1% 37% 18%
(Me3Si)3SiH 56 % 22% -
Ph,SisH, 60% 31% -

d 1) BugSnH, ABN  CHs< _-OH
7 CgHg, 0.05 M O

> (3.50)
CHa O 2) MeLi O
Br
1M 71%
140
o)
Br ), /@ AIBN
, PhySnH O
©;/o “Xylene & OH (3.51)
CH, CH,
142 143 58%
0
Il excess |
] N @
CH=0 X
144
(3.52)

OH O

= O C
(-S0;) -

145 80%
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Preparation of biaryl (141) via intramolecular 1,5-Ar transfer from the silicone atom in
silyl ether (140) to the sp” carbon with Bu;SnH in the presence of AIBN is similarly
possible, as shown in eq. 3.50. Phosphinate (142) also give a biaryl (143) with Bu3;SnH
in the presence of AIBN through the migration of the Ar group from the phosphorus
atom to the sp® carbon as shown in eq. 3.51. Generally in these Ar-transfer reactions
with Bu;SnH, the concentration of BuzSnH must be quite diluted (~0.03 M) to reduce
the formation of the direct reduction products. 2-Hydroxydiarylketone (145) can be
prepared by means of the hydrogen atom abstraction from the formyl group by r—BuO’
formed, and subsequent intramolecular 1,5-Ar transfer from the sulfur atom to the acyl
carbon, by the reaction of aromatic aldehyde (144) with di-#-butyl peroxide as shown in
eq. 3.52.

A more interesting reaction is the shift of an sp® carbon-centered radical to an sp’
carbon-centered radical via 1,5-H shift as shown in eq. 3.53. The formed sp? carbon-
centered radical abstracts a hydrogen atom via 1,5-H shift to generate an sp® carbon-
centered radical which then cyclizes at the olefinic position via 5-exo-trig manner to
produce a cyclopentane derivative (147) [157—160]. The rate constant of this 1,5-H shift
is approximately 3 X 10" s™', and is quite fast.

R R CHs Br AIBN R, A CHs
(0] BusSnH >Q\\/O
=z e ¢ OCH,

146 R = CO,Et 147 75%
l T (3.53)
R R CHs R R CHs

))%/O\(> 1,5-H shift /M/O\( )
—_—
= OCH, Z OCH,

Experimental procedure 9 (eq. 3.53).

To a refluxing benzene solution (0.01 M) of arylbromide (1.0eq.) and AIBN
(0.1 eq.) under an argon atmosphere was added dropwise using a syringe pump a
benzene solution of BusSnH (1.3 ~ 1.5 eq.) and AIBN (0.3 eq.) over 10 to 15 h. After
the reaction, the solvent was removed. Ether was added to the residue, and DBU
(2.0eq.) and iodine solution of ether (1 M) were added, and the mixture was
stirred for 20 min. After removal of the white solids by filtration, the solvent was
removed and the residue was chromatographed on silica gel to give a cyclopentane
derivative [157].

Since a vinyl radical is also an sp2 carbon-centered radical, a similar 1,5-H
shift from the sp® carbon-centered radical to the sp® carbon-centered radical
occurs, as shown in eq. 3.54, which finally produces heliotridanes (149) via the
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subsequent 5-exo-trig ring closure.

[ > 5, BusSnH ABN \CH3
K/K CoHg A 3h

149a 67% (13:1) 149

l T (3.54)

D 1,5-H shift O . L—bi
N N — | :
K/.\ K/\

Spirocyclic pyrrolidin-2-ones (151) are prepared through the initial 1,5-radical
translocation by an sp® carbon-centered radical, followed by cyclization as shown in
eq. 3.55 [161].

|
‘% _BusSnH ABN N,
/@[ C6 5CHa, 110°C CH30/©/ %
151 \
l <5%
73%

71%
70%

N
N O o
O 4% (3.55)
CH,0 ’ )
l 1,5-H shift

¢

5-exo- tr:g
@ ") ?%
CHaOO . )n CHSO

50 35 35 35 3
I
abh wN =

L ]|
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OCH
OCHs 4y Ph,c=0, MsS 4A ¢

NH2 ) Bu,SnH, AIBN

- N
Ce¢Hs 80°C
Br Ph)\ Ph
152 153 70%
l TS-exo-trig (3.56)
OCHs OCHs

Br NYPh . NYPh

Ph Ph

Treatment of ketimine formed from the reaction of o-bromophenethylamine (152)
and benzophenone in sifu, with BuzSnH/AIBN produces 2,3-dihydroindole (153) via
5-exo-trig manner which indicates the sp> carbon-centered radical reacts at the nitro-
gen atom of the imino group as shown in eq. 3.56 [162]. The treatment of aromatic
diazonium salt with Nal, Cu'", Sml,, or Co®" also generates the corresponding sp”
carbon-centered radicals together with N, gas via SET, which can be used for the
cyclization [163-165].

3.1.3 Generation of sp carbon-centered radicals

Alkynyl radicals (sp carbon-centered radicals) are a highly energetic and highly reactive
species. Therefore, the generation of an sp carbon-centered radical is rather difficult. The
instability of the alkynyl radical is reflective of the strong bond dissociation energy of the
C(sp)—H bond, which is estimated to be approximately 130 kcal/mol, nearly 20 kcal/mol
higher than that of alkene, C(sp®)—H. The study on alkynyl radicals is therefore
extremely limited, and only one method for the generation of phenylethynyl radical from
phenyliodoacetylene has been reported [166].

3.1.4 Cyclization to carbonyl groups by sp® or sp? carbon-centered radicals
and other related reactions

The rate constants for the ring closure of a carbon-centered radical to a formyl
group via 5-exo-trig and 6-exo-trig manners are close to those for the ring closure of
5-hexen-1-yl and 6-hepten-1-yl radicals (1.4 X 10°s™ "', 4.3 x 10*s™" at 80 °C). This
result is reasonable when we consider SOMO-LUMO orbital interactions between
nucleophilic carbon-centered radicals and olefinic groups. There is, however, one big
difference. The reverse reaction, i.e. B-cleavage of the formed cycloalkoxyl radical is
extremely rapid, because the formed cycloalkoxyl radical (oxygen-centered radical)
is unstable and much more reactive than the corresponding cycloalkylmethyl radical.
Thus, radical ring closure to a formyl group does not generally work effectively.
Radical ring closure to a ketone group becomes more difficult because of the steric
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hindrance. So how can we promote the radical ring closure to a carbonyl group and
reduce the reverse ring-opening of the cycloalkoxyl radical? There are two possi-
bilities; one is the design of compounds, i.e. retard of the ring-opening of cycloalkoxyl
radicals formed by rigid conformation or structure, and the second is the rapid trap of
the formed cycloalkoxyl radical by an oxygen-favored group such as a silicone group.
Eq. 3.57 show two examples of the former [167].

AIBN N0
o) Ph
P % 0 Bu,SnH 0%
—_—
= CoHo, A . (3.57a)
O=CH OCHs ) OCH, 6116 HO OC|_|30(3|-|3
154 [ 155 85%
AIBN -0
Ph 53\ o BuSnH " O&OI
—_—
CeHo, A (3.57b)
0=~ , OCH HOZ ] OCH,
156 157 73%

The formation of a cyclohexyloxyl radical via 6-exo-trig manner is promoted by the
rigid bicyclic structure derived from the sugar benzylidene group (eq. 3.57a).
Moreover, eq. 3.57b indicates that radical ring closure to a formyl group is preferable
to that onto an olefinic group.

An example of the latter possibility is the ring closure of formyl bromide (158) with
PhSiHj; instead of BuzSnH, where silyl radical has strong affinity to an oxygen-centered
radical, to form cyclohexyl silyl ether (159) via 6-exo-trig manner (eq. 3.58).

0. H O« _H _-* _PhH,SIO
IfBr PhSiH, U 6-exo-trig \Q
—_— —_—
THF, A (3.58)

R” R R R R” R
158 159
R=H 52%

R=CO,CH; 85%

Treatment of bromoalkyl silyl ketone (160) with BusSnH/AIBN generates cycloalkyl
silyl ether (161), through ring closure of a carbon-centered radical onto ketone group to
generate an oxygen-centered radical, Brook 1,2-rearrangement of a silyl group to form a
carbon-centered radical, and finally abstraction of a hydrogen atom from Bu3SnH, as
shown in eq. 3.59. The tendency of 1,2-rearrangement of a silyl group is as follows:
Me;Si < Me,PhSi < MePh,Si. The experimental key point in this reaction is the slow,
dropwise addition of Bu;SnH, in order to keep the concentration of Bu3SnH, a hydrogen
donor, quite low [168—171].
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OSiRs
0 AIBN
)j\/\M’\ BugSnH
. —_—
R3Si n Br CoHe, A )
160 161
l n=1,2 R=Me, Ph (3.59)

Brook ._OSiR,

0
Q SiRs | rearrangement
. | —m - =
RySi A )

)n

Treatment of an enal or enone compound with Bu;SnH can be used for the formation of
cyclopentanols and cyclohexanols through the formation of an O-stannyl ketyl radical
and subsequent ring closure. The example in eq. 3.60 shows the 5-exo-trig ring closure of
the formed ketyl radical onto the olefinic group to generate cyclopentanol (163a) and its
cyclized lactone (163b). The example in eq. 3.61 shows 5-exo-trig and 6-exo-trig ring
closure of the ketyl radicals formed onto the formyl group to generate cyclopentan-1,2-
diol and cyclohexan-1,2-diol (165) respectively [172—178]. This type of reaction does
not occur in diketone, due to steric hindrance.

AIBN
N COCHy  BUaSTH O/\COQCHS O\/>.=
eHs
162

163a  81% (58:42) 163b

i T (3.60)

BuSSnO/.\/\/\/COZCHa 5-exo-trig Ot‘/\ CO,CHj4
—_—
O-stannyl 0SnBus

AIBN HO OH
BusSnH

N A - @ )
CBHG! A n

164 12h 165

(3.61)

n=1 46% cis:trans=98:1
n=2 84% cis:trans=1:2.4

Bu_ BU
Bu;SnO, O

@)n o U)

BusSn0” "0

Experimental procedure 10 (eq. 3.61).

A benzene (36 ml) solution of dialdehyde (0.89 mmol), Bu;SnH (311 mg, 10.7 mmol),
and AIBN (15 mg, 0.089 mmol) was refluxed under a nitrogen atmosphere. After 3 h,
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AIBN (0.089 mmol) was added again to the solution. After 12 h, the solvent was removed
and the residue was chromatographed on silica gel to give the corresponding diol as an
oil [175].

With this method, treatment of aldehydes (166) bearing a methoxy imino group with
Bu;3SnH in the presence of AIBN generates the cyclic 1,2-aminoalcohols (167) with trans
configuration (eq. 3.62).

AIBN HOQ, cNHOCH3
BusSnH \
NN s
(@) n - N-OCH3 CoHo, & )n
166 17 h 167
n=1 73% trans:cis=18:1
l n=2 67% trans:cis=3:1 T (3.62)
. « @/N-OCHS
BusSnO” " ®SNOCH, | T .
OSnBus

Eq. 3.63 shows the preparation of O-benzyl cyclopentanone oxime (169) by means of the
generation of an sp” carbon-centered radical, cyclization onto the imino carbon via 5-exo-
trig manner, and elimination of the Ph;Ge" group (3-cleavage). Here, the same reaction
can be observed with the Bu;Sn group, instead of the Ph3;Ge group. Eq. 3.64 is the 5-exo-
trig ring closure of sp> carbon-centered radical to imino carbon to generate N-benzyloxy
cyclopentylamine (171) [179—-187]. The rate constant for 5-exo-trig ring closure is 100
times faster than that for the ring closure of the 5-hexen-1-yl radical. This can be
explained by the stabilization of the N-benzyloxy aminyl radical formed, similar to stable
NO gas.

N-OBn N-OBn
GePh, MgV
r.t. 90 min
Br
168 169 95%
[‘GePhg] 4% (3.63)
N-OBn ‘N-OBn

GePhg
GePh3 .

'\f-OBn HN-OBn
Br Bu3—an> Ks.oxo (N=1)=4.2x 1075 »
)n ngSéA ), Keex(n=2)=24x 1085 (3.64)

170 17
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As previously mentioned, the rate for the 5-exo-trig ring closure of an sp> carbon-
centered radical onto a carbonyl group is a little bit faster than that for the 5-exo-trig ring
closure of an sp® carbon-centered radical onto an olefinic group. This result is supported
by the following experiment shown in eq. 3.65. Treatment of the iodide (172) bearing
both formyl and olefinic groups at the &- and &’-positions, with BuzSnH initiated by AIBN
under benzene refluxing conditions, generates a cyclopentane derivative (173b) bearing a
formyl group as a major product, which indicates that the reaction proceeds via a
thermodynamically controlled pathway. However, the same treatment with Bu3SnH
initiated by Et3B at room temperature generates a cyclopentanol derivative (173a)
bearing an olefinic side chain as a major product, which indicates that the reaction
proceeds via a kinetically controlled pathway. These results indicate that at a lower
temperature, 5-exo-trig ring closure of an sp> carbon-centered radical onto a carbonyl
group is kinetically more preferable than that of the sp* carbon-centered radical onto an
olefinic group [188].

RN J O\\/j\// HO o
— - \O/\/+ W
| 173a 173b (3.65)
172
BusSnH, AIBN, CgHg, A 21% 63%
BuzSnH, EtsB, rt.,CqHsCH; —78°C =0°C  87% 0%

Radical ring closure of an sp> carbon-centered radical to a hydrazone group in
compounds (174) can be carried out via 5-exo-trig manner. The silicon connection (Si-
tethered) is removed by oxidative treatment with H,O, to generate 2-amino-1,3-diols
(175) (eq. 3.66) [189-191].

o NNPh, BusSnH NHNPh,
H AIBN R
Oc . CgHg, A \g_g
Si° Br ~
/\ I
174 (3.66)
NHNPh,
KF, KHCOs, H202 R z
ET Y IR T R=Me 76%
THF, MeOH (1 : 1
(t:1) OH OH R=/iBu 68%
175 R=iPr 80%

R=Ph 57%
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R

R
usSnH HO
I J)\Fp A|BBNn BuSSnO\L /’2\R1 () SR
—
“CeHo & 0 o (3.67)

177
R=Ph,R'=H 59%(de.=1:1)
R=R'"=Me 64% (d.e.=1:1)

N R-SOCI, ProNEt
N CH,Cl, SPh
—-50°C =»r.t. o
178 179 70% CHs
l T R Q (3.68)
0
A CH,

BusSnH-mediated cyclization of aldehyde (176) bearing an allyloxy group generates a
cyclopentanol derivative (177) via the addition of Bu3Sn" onto the formyl group to form
an O-stannyl ketyl radical, and subsequent 5-exo-trig ring closure (eq. 3.67). The imino
radical generated from the thermal decomposition of O-sulfinyl oxime (178) formed in
situ, cyclizes at the olefinic group via 5-exo-trig manner to give S-membered cyclic imino
compound (179), as shown in eq. 3.68.

Irradiation with a mercury lamp of bromoacetal (180) bearing an alkynyl group in the
presence of Et;N, produces the corresponding cyclic acetal (181) through the initial SET
from Et;N to bromoacetal, generation of an sp” carbon-centered radical via a-cleavage of
the anion radical, ring closure via 5-exo-dig manner, and finally abstraction of a hydrogen
atom from the solvent (eq. 3.69).

Hg-hv(254 nm)

Q EtsN (10 eq) 0...0
CHsCN O""ﬁ
Br | 30 min 1

180 181 94%

~ —Bro©
© l (=8r®) Thydrogen atom abstraction (3.69)

O | —— C’)ﬁ.‘.‘.i}
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OCH,Ar
2 o Ar
0 Hg-hv H OH
quartz cell
Ar™ o CeHg rt,1h A0
182 183 68%
l T (3.70)
OCH,Ar CHA
s (1,6-H shift) O-CH-Ar 0
. _— Ar=
con [
Ar ©
0 Ar (o)
Ph
6 0 HO X
Ph O—(CH,),-XCH,Ph _ Hehv __ Ph j
- 2)2” 2 .
CH, i (19-Hshift) o 0 (3.71)
184 1,9-H shift position 0 X=0  76%

185 x_CH, 50%

Irradiation of ketone (182) with a mercury lamp generates biradicals which are formed
via n-m* electron transition. The reactive oxygen center of the biradical abstracts a
hydrogen atom via 1,6-H shift, and the formed carbon-centered biradical couples
intramolecularly to produce 5-membered compound (183) (eq. 3.70) Eq. 3.71 shows the
same type of photochemical cyclization through the generation of a biradical, 1,9-H shift,
and finally intramolecular coupling of the formed carbon-centered biradical [192—199].

Generally, 1,5-H and 1,6-H shifts through 6- and 7-membered transition states are
favored, while 1,9-H shift through 10-membered transition state is disfavored. However
in this case, the stabilized benzylic radical is formed via the 1,9-H shift, and so its
transition state is not so disfavored thermodynamically.

Treatment of an isocycanobenzene derivative (186) bearing an alkenyl or alkynyl
group at the o-position, with BusSnH/AIBN generates an indole derivative (187) as
shown in eq. 3.72 [200-203].

x-CO,CH 1) AIBN, A

@(\/ 2- 3 BusSnH, CH;CN ©j/\002CH3
® o >
N=C: 2) H,0® N

H
186 187 91%
Bussn-l T
(3.72)
CO,CHs CO,CHg
X CO5CH3 .
O O, — O
NQC' N SnBujy H SnBug

~SnBuj,
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Experimental procedure 11 (eq. 3.72).

A mixture of isocyanobenzene derivative (0.85 mmol), Bu;SnH (0.93 mmol), AIBN
(0.04 mmol) in dry CH3CN (5 ml) was refluxed for 1 h under an argon atmosphere. After
the reaction, 3 M aq. HCl was added to the mixture and the obtained mixture was
extracted with ether. The organic layer was washed with aq. sat. KF solution and was
dried. After removal of the solvent, the residue was chromatographed on silica gel to
provide indole derivative [200].

Recently, Barton reported that H;PO, works as a radical reagent and a hydrogen atom
donor. Based on this result, thioamide (188) was treated with H;PO, instead of toxic
Bu3SnH, in the presence of AIBN to generate the corresponding indole skeleton (189) via
5-exo-trig manner, as shown in eq. 3.73 [200—203].

AcO | AIBN AcO
s HsPO, : ]
EtsN |
NJ\R i-PrOBH,A N" 'R
H H
188 189
leﬁog ~— HpO, T(—Hspog& (3.73)
AcO | . OAc OAc
. —
- R R R
H/VS—PO?_HZ N s-PotH, N s-PosH,
AcO
AIBN
3P02 (3.74)
come— NEts i 0 CO,Me
190 +)-Catharanthine

This method can be used for the stereocontrolled synthesis of (4 )-catharanthine, an
anticancer alkaloid, shown in eq. 3.74

Divalent chalcogens are radicophilic. Thus, refluxing treatment of 2-(o-halophenyl)-
propyl benzyl selenide or telluride (192) with (Me;Si);SiH in the presence of AIBN in
benzene generates benzoselenophene or benzotellurophene (193), through the formation
of an sp” carbon-centered radical, followed by Syi reaction on the selenium or tellurium
atom to form a 5-membered skeleton together with a stable benzyl radical, and its
dehydration as shown in eq. 3.75a [204—-210]. The same refluxing treatment of thiolesters
(194) bearing both iodophenyl and azide groups with Bu;SnH/AIBN or (Me;Si);SiH/
AIBN system in benzene promotes 5- and 6-membered cyclization onto the azide group by
the acyl radical (Syi reaction), to give benzolactones (195) together with dihydroben-
zothiophene, as shown in eq. 3.75b. This type of substitution reaction does not occur at
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91
tri-coordinated or tetra-coordinated chalcogenides, because of steric hindrance.
CHj
OH
Y=Bn  (MesSi);SiH CHs,
X CGHGY A Y
192 193
X=1,Br Y=Se k=3x10"s7"(80°C)
l Y =Se, Te (-HzO)T Y=Te k=5x10%s1(80°c) (-7°8)
CHj
OH Sy CHs
—_—
(=Bn*) OH
Y-Bn Y
BusSnH
AIBN
CGHG'
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O (% N3 n=1 87%
194 n=2 87%
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(0]
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) (COCl)y, CgHg
HO 2) NaO-N , DMAP
CH,40 CHy 2) Na / HO
R S -
o mCHa
SeCH,Ph  3) BBrs, CHCl, S€ R
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R = butyl 48%
R = 4,8,12-trimethyl tridecyl @29, (3.76)
I ICI) _ T(—PhCstPy)
o 0O-C-C-0O-N / CHZ0 . .
3 R g (—2002)
SeCH,Ph
SeCH,Ph
197

Treatment of 1-(2-benzylselenenyl-5-methoxyphenyl)-3-methyl-3-heptanol and 1-(2-
benzylselenenyl-5-methoxyphenyl)-3,7,11,15-tetramethyl-3-hexadecanol (196) with
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oxalyl chloride and sodium salt of 2-mercaptopyridine N-oxide generates the oxalate
diesters (197) (Barton oxalate ester). Refluxing treatment of oxalate esters (197), followed
by deprotection with BBr;, gives rise to moderate yields of the selenium-containing
a-tocopherol analogues (198) (eq. 3.76).

p-Toluenesulfonyl iodide is a rather unstable yellowish solid, and easily decomposes.
p-Toluenesulfonyl bromide (TsBr) is less unstable than p-toluenesulfonyl iodide, yet a p-
toluenesulfonyl radical can be readily generated by the addition of AIBN, irradiation, or
heating conditions, and can be used for the following cyclization with N,N-diallyl
sulfonamide (199) via a radical chain process (eq. 3.77). The product contains all groups
of the p-toluenesulfonyl bromide, which means that this reaction does not lose any
functional groups, and is an atom(group)-transfer reaction [211-218].

hv or A
TsX —= Ts' + X' X =1, Br, SePh
Ts
N ABN
Ts- SePh (3.77)
CsHe
SePh SePh
9 200a 200b
97% (57 : 43)
7 HTs
. AIBN -
. N/\/ TsBr TeN :
S —_—> Ts
N CeHsCHs , 90°C (3.78)
AN 4 h H Br
201 202 73%

Regio- and stereoselective toluenesulfonyl bromide-mediated radical cyclization
of bis(allene) (201) in the presence of AIBN also goes ahead to give rise to the trans-
fused 5-membered ring (202) containing vinyl sulfone and vinyl bromide as shown in
eq. 3.78.

Experimental procedure 12 (eq. 3.78).

A solution of p-toluenesulfonyl bromide (94 mg, 0.4 mmol), bis(allene) (100 mg,
0.36 mmol) and AIBN (0.2 eq.) in 4 ml of toluene was degassed and heated in a pressure
tube at 90 °C for 4 h. After the reaction, toluene was removed in vacuo, and the residue
was chromatographed on silica gel (hexane/ethyl acetate = 2/1) to give a product in 73%
yield [218].

Stereoselective synthesis of (+)-botryodiplodin was carried out by a radical
cyclization of dibromoacetal (203) containing an allene group, with Bu3SnH initiated
by Et;B, through the 5-exo-trig cyclization, and the subsequent debromination with bulky
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(Me3Si)3SiH for the stereoselective reduction (eq. 3.79) [219].

B0 CHs g g o, | EO Et;B, O, EtO
Br Bu,snH 2 Br (MegSi);SiH ‘. CHa
O Br —_— O —» 0 K
\_\ -78°C / CHs -78°C \ ;
\ 204 62%
203 cis-Botryodiplodin (3.79)

7/~ H-Si(SiMe3)s
o@'\cw3
B0 =
(vl

3.2 CYCLIZATION TO MEDIUM-SIZED AND LARGE-SIZED RINGS

Preparation of medium- and large-sized rings such as 12 ~ 20-membered rings can be
constructed by radical cyclization with highly diluted Bu3SnH using a syringe-pump,
with endo cyclization [220—-227]. The reason for this can be explained as follows: there is
not much energy difference between the transition state of exo cyclization and that of
endo cyclization, because the ring strain in the formation of these transition states is
somewhat reduced due to their large ring-sized transition states. Consequently, tertiary or
secondary carbon-centered radicals are predominantly formed via endo cyclization. In
nature, there are many kinds of 12 ~ 20-membered lactones and cyclic ketones, and
some of them show potent biological activity. Therefore, preparation of large ring-sized
compounds with a radical ring closure method is very important. Eq. 3.80 shows the
preparation of 10-, 14-, and 18-membered cyclic ketones through SOMO-LUMO
interaction of the formed radicals, by the reaction of iodoalkyl vinyl ketones with
Bu3SnH in the presence of AIBN, under highly dilute conditions.

0 (0]
(|3| 0
| 0 oy ABN
\ N 2”2 BusSnH
(CHy, ~ “cH” C“;”,
Ho, A
616 » .
n=7,11,15 (3.80)
205
206 207 208
n=7 n=11 n=15
15% 65% 54%  (3-80)

Preparation of highly functionalized medium-sized carbocycles (210) and (212), derived
from carbohydrates, can also be carried out with the same procedure via 8-endo-trig and
7-exo-trig manners, as shown below (eqgs. 3.81, 3.82). Moreover, preparation of (3-C-
disaccharide (214) proceeds selectively via 8-endo-trig radical cyclization of two
temporarily tethered monosaccharide (213), by means of the addition of a carbohydrate-
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derived radical onto an anomeric exomethylene group, as shown in eq. 3.83.

Ol,.

0" \__/""OH (3.81)
O
210 50%

COQMG

O, Bu;SnH :—HCOQMe
AIBN
o] / OBn CoHsCHa , A ‘OBn (3.82)
o><o
211
Ph
_/\o BnO_ ph,, O
BnO o) L, A BusSnH  BnO.,,
AIBN ' 0
(3.83)
BnO O\S'/O CGH5CH3 ,A BnO Y Y OMe
[ 17 h A 5
OBn VARN OMe O\S/O
213 N
214 37%

The same 8-endo-trig cyclization can also be carried out with sp® carbon-centered
radicals, as shown in eq. 3.84. Thus, the preparation of trans-pyrano[3,2-c][2]benzox-
ocines (216) was produced in good yields through 8-endo-trig manner of aryl radicals
derived from D-mannose pyranosides (215), using the Bu3SnH /AIBN system.

BusSnH
AIBN
—_—

H

+OCH,4 R

CeHg , A 2 s
(6] 6''6 1 R
H O7L (38 )

H
07L
215 R -RZ<H 216 60 ~75%

R'= H R2 = OCHj

R'=R?=0OCHj,4
CHO O CHZ0
AIBN
_ BusSnH
CH50 CGH50H3 CH;0 (3.85)
217 Br 218 55% (S)-Zearalenone

Eq. 3.85 shows the preparation of (S)-(+)-zearalenone, a natural product, via 14-endo-
trig manner of the cinnamyl radical formed [228, 229].
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Lactones can be prepared through the reverse mode, the SOMO—-HOMO interaction,
as shown in eq. 3.86 [230-233]. Some medium-sized lactones are obtained by this mode
under highly dilute conditions with the Bu3;SnH/AIBN system; however, ring closure
reactions via 7-endo-trig, 9-endo-trig, and 10-endo-trig are generally not preferable.

0]
/7
0-C BuzSnH 0
Ph “—pr ___ABN PN (3.86)
Va CgHg, A, 6h
219 220 52%

Experimental procedure 13 (eq. 3.86).

To a benzene solution of bromoacetate (0.015 M) was added dropwise a benzene solution
of BusSnH (1.4 eq.) and AIBN (0.1 eq.) over 5 h. After the reaction, the solvent was
removed and the residue was chromatographed on silica gel to give lactone in 52% yield
[230].

Treatment of 4-pentenyl iodoacetate (221) with bis(tributyltin) at room temperature
under irradiation with a sun lamp generates y-iodoheptanolactone (222a), which is an
atom-transfer cyclization product (eq. 3.87) [234].

BuzSnSnBug |
q hv(sunlamp) DJ
CeHe, 1t o T o™ (3.87)
0] (0)
221 222a 70% 222b 15%

Experimental procedure 14 (eq. 3.87).

Boron trifluoride etherate (0.37 ml, 3 mmol) was added to a benzene (33 ml) solution of
4-pentenyl iodoacetate (1.0 mmol) under a nitrogen atmosphere at room temperature.
Bis(tributyltin) (0.1 mmol) was added and the mixture was irradiated with a 300 W sun
lamp at 20 °C. After 6 h, the solvent was removed and the residue was chromatographed
on silica gel (hexane /ethyl acetate = 2/1) to produce the iodolactone in 80% yield
[234].

Eq. 3.88 shows the preparation of a furanocembrane unit (225) through SOMO-
LUMO interaction by an acyl radical, with BusSnH [235]. The reaction shown in
eq. 3.89 comprises of the initial addition of BuzSn" to a styrenyl group in compound
(226) and subsequent 22-endo-trig ring closure of the formed benzylic radical to give
compound (227) [236]. This rate constant for 22-endo-trig ring closure is not so
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small because it is 5.1 X 10*s™! at 60 °C

AIBN
BuzSnH TsOH
—_—
CGHG , A CHC|3 (3.88)
X

224 40%
BU3Sn
=~ ~
i AIBN
Bu,;SnH
o0 0 —l 00 °b (3.89)

0.0
CeHg , A
226

More interestingly, as an oxidative condition with Mn(OAc);, various macrolide
compounds (230) are obtained in high yields by the treatment of bis(acetylacetate)
(228) and bis(olefin) (229) with Mn(OAc); in acetic acid under highly diluted
conditions (2 mM of substrate) [237,238]. This reaction proceeds as follows. The
initial formation of a (-keto ester radical via single electron oxidation by Mn(OAc);
and its addition to olefin occur; the formed benzylic radical is oxidized by
Mn(OAc); to form a benzylic cation, then cyclization by oxygen of the enol form of
the B-keto ester occurs, and again this reaction sequence is repeated in another -
keto ester group to ultimately form the macrolide compounds.

227 74%

o O o0 O
KAy oo A e
(0] (0]
CH O—tCH,¥-0 CH
¢ Oy ° CH, CHs
228 Mn(OAc)3
—_—
Ph Ph AcOH 0 (CHa)x 0
\/\(CHZ)X/\/ 100°C, 0.5h Ph Ph Ph Ph
Ph Ph 230
229 (3.90)
X y ring-size  Yield (%)
1 2 11 0
2 2 12 71
2 3 13 64
2 4 14 66
4 3 15 75
4 4

16 74




3.3 RING EXPANSIONS 97

0 O

(@)
MeM 0 Me 0
N Mn(OAc), <
CH s —— CH
( 2)n AcOH O, ( 2)n
Ph %\/O Ph Ph o
231 232 (3.91)
Ph
n ring-size Yield (%)
2 8 55
3 9 82
4 10 94
6 12 51
8 14 51

The same Mn(OAc);-mediated oxidation of 3,3-diphenyl-2-propenyloxyoligomethy-
lene 3-oxobutanoate (231) in boiling acetic acid provides moderate to good yields
of macrolides (232) via oxidative intramolecular radical cyclization, as shown in
eq. 3.91.

As a reductive condition, treatment of «,a,«a-trichloroacetate (233) with a Cu't-
tris(pyridylmethyl)amine complex generates macrocyclic polyether (234) through initial
SET from Cu'" to trichloride, generation of o,a-dichloroacetate radical, 18-endo-trig
ring closure, and abstraction of a chlorine atom from the a,o,a-trichloroacetate (233) by
the formed carbon-centered radical as shown in eq. 3.92 [239].

o™

Lig.
=\_o/—f\o/§—\3 5 C,,O CuCl [O 0
-— —_—
CCly o 0]
233 80°C K/O . (3.92)
Cl
Lig: z | (0]
SN N 234 70%
3

3.3 RING EXPANSIONS

Cyclopropylmethyl (cyclopropylcarbinyl) radical can be observed by ESR at — 140 °C.
However, on increasing the temperature to — 100 °C, B-cleavage occurs to form a 3-
buten-1-yl radical. The rate constants for 3-cleavage of cyclopropylmethyl radicals are
shown in eq. 3.93, and are quite rapid [240—-243]. The driving force for the rapid ring
opening comes from the ring strain of the cyclopropyl ring. Similarly, ring opening of
cyclopropyloxyl radicals is quite rapid for the same reasons. Here, the synthetic use of
ring-opening reactions via 3-cleavage will be mentioned, since radical ring-expansion
reactions are based on (3-cleavage reaction.

>— L |/= Ky =1.3x 10871 (25°C) (3.93a)

E, = 5.9 kcal/mol
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P> A.Ph—l/= k=3x10''s™" (25°C) (3.93b)

As a synthetic use of the ring-opening reaction of cyclopropyloxyl radicals, treatment of
an a-bromomethyl compound (236) derived from a-methoxycarbonyl-cyclopentanone
(235), with BusSnH in the presence of AIBN generates one-carbon-expanded f3-
methoxycarbonylcyclohexanone (cyclic y-keto ester) (237), through the formation of a
primary carbon-centered radical, 3-exo-trig ring closure onto the carbonyl group, (-
cleavage of the formed cyclopropyloxyl radical to give a stable a-ester radical, and
finally abstraction of a hydrogen atom from Bu;SnH (eq. 3.94) [244-253]. By this
method, 6-membered and 7-membered cyclic vy-keto esters are obtained from 5-
membered and 6-membered cyclic B-keto esters respectively.

AIBN

I Cﬁ EP Busoni
CO,CH a _ BuSnH
235 / 236 67% 237 75% C02CHs
T (3.94)

0]

(0]
. 3-exo- tng ﬁ B cleavage é\
CO,CH CO,CH
; ; L3 2L CO,CHa

OH OH

AT ABn
o BugSnH_ e" . (3.95)
Br CeHg
A

238 239 81%

This reaction is further applied to the construction of a bridged bicyclic system (239),
through 7-endo-trig ring closure of the vinyl radical, 3-exo-trig ring closure, and
subsequent (3-cleavage of the fused cyclopropyloxyl radical as shown in eq. 3.95.

One-carbon expansion of the ring-open-chained [-keto ester (240) also readily
happens to form a good yield of y-keto ester (241), (eq. 3.96), and the rate constant of the
one-carbon expansion is approximately 10* s~ ' at 25 °C.

o AIBN O GCH,
H BusSnH
CH3)1>ECOZC2 P CHs)l\)\Cogcsz (3.96)
cHy g, CeHs, A 241 64%

240
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0 0 0
Br MH CHg
coMe — ABN + COLMe
CGH5CH3 y A CO2Me
242 243a 243b 3.97)
MH Yield (%) Yield (%)
Ph,Si>Hy 75 trace
(MeSi);SiH 52 18
BusSnH 20 63
o MH O CHs (0]
Br CH
AIBN 3
CoHs CH, Chch A chg,)l\)\cogEt + CgH5)KﬁCH3
CouEt  CeHsCHs, & CO,Et
244 245a 245b
. , (3.98)
MH Yield (%) Yield (%)
Ph,SisH, 75 trace
(Me3Si)3SiH 76 trace
BuszSnH 42 36

The same ring-expansion reactions are also observed with less toxic PhySi,H, and
(Me3Si)3SiH as shown in egs. 3.97 and 3.98. Under the same conditions, Ph,SiH, and
(Me3Si);SiH are more effective than BuzSnH, in terms of yield and selectivity of ring-
expansion/direct reduction products.

Experimental procedure 15 (eq. 3.97).

AIBN (1.5 ~ 2.5 mmol) in toluene (10 ~ 15 ml) was added dropwise over 8 h by means
of a dropping funnel to a refluxing solution of «-halomethyl cyclic B-keto ester
(0.5 mmol) and Ph4Si,H, (0.6 mmol) in toluene (10 ml). After 12 h, the solvent was
removed and the residue was purified by column chromatography (eluent: hexane/ethyl
acetate = 5/1 ~ 10/1) to provide the ring-expanded cyclic y-keto ester [253].

Moreover, in addition to the ring expansion of a cyclopropyloxyl radical, the present
reaction can be applied to the ring expansion of a cyclopentyloxyl radical and a
cyclohexyloxyl radical. Thus, 3-carbon and 4-carbon ring-expanded cyclic keto esters are
obtained in good yields under highly diluted conditions as shown in eqs. 3.99b and 3.99c.
However, 2-carbon ring-expanded cyclic keto ester cannot be formed, since the
formation of 4-membered cyclobutyloxyl radical is highly disfavored (eq. 3.99a).
Consequently, it is concluded that the driving force for these ring-expansion reactions is
the formation of a stable a-ester radical, not reduction of the ring strain in cycloalkoxyl
radicals. Eq. 3.100 shows the preparation of (R)-(— )-muscone (253) via the B-cleavage
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of a cyclopentyloxyl radical.

AIBN o

O B
BUSSI‘IH CH3 (3.99a)
CO,CoHs Catle, & 0202H5 CO,C,H: 00202H5 :
246 247
(0]
o AIBN ‘0
Buaan 5-exo-trig é} . (3.99b)
00202H5 CGHG \ ;icogch5 CO,CoHs '
248 CO,CoHg
249 69%
o | AIBN o
Bu;SnH . 6-exo- tng
—_—
CO,C,H5 CgHg, A 0202H5 CO,CoHs (3.99¢)
250 00202H5
251 71%
OR |
CH, 1) Buy,NF
NaH I 2)Ph,PCl, I, :
— CHy ———— > CHj
Br OR
252
3.100
R=TBS Q ( )
NaBH;CN CHs
Ph,SnCl
—_—

253 (R)-(-)-Muscone

FeCl; is a single-electron oxidant. Treatment of cyclopropyl silyl ether derivative (254)
with FeCl; in DMF generates a cyclopropyloxyl radical initially, and subsequent [3-
cleavage and 5-exo-trig ring closure produce a bicyclic ketone (255) as shown in eq.
3.101. The product contains a chlorine atom, deriving from FeCl;. A similar reaction
using the Fe(NO;);/1,4-cyclohexadiene system is also effective [254—256].

TMSO,
<|.H ~ FeClg
DMF

(3.101)
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Experimental procedure 16 (eq. 3.101).

To a dry DMF (40 ml) solution of cyclopropyl silyl ether (2 mmol) was added dropwise a
mixture of anhydrous FeCl; (4.4 mmol) and dry DMF (40 ml) over 40 min at 0 °C. The
yellow solution obtained was further stirred for 1 h under an argon atmosphere at 0 °C.
After the reaction, the mixture was poured into water (500 ml) and extracted with ethyl
acetate three times (3 X 200 ml). The combined organic layer was washed with water
(2 X 200 ml) and dried. After removal of the solvent, the residue was chromatographed
on silica gel (ether/petroleum ether = 1/10) to give a bicyclic ketone in 64% yield [325].

Similarly to the cyclopropyloxyl radical, an epoxycarbinyl radical formed through the
Barton—McCombie reaction rapidly gives rise to 3-cleavage with 10° s~ ' rate constant.
Eq. 3.102 shows the formation of a medium-ring sized cyclodecenone through C-O -
cleavage of an epoxycarbinyl radical to generate an oxygen-centered radical, then second
B-cleavage to generate a stable a-ester radical [257-260].

§>_o—c—N"n AIBN g
I \—=/ BusSnH
CgHg , A
CO,C,H;5 CO.CoHs
256 257 64%
l T (3.102)
O o’ o}
(jij' C-0 cleavage (jij
R — . —_—
CO,CoHs CO,C,Hs CO,C,oHs

Bu;Sn’ adds to an olefinic group, so treatment of o,-unsaturated epoxide (258) with
Bu;SnH generates bicyclic exo-methylene alcohol (259), through an epoxycarbinyl
radical, an alkoxyl radical via its C—O B-cleavage, 1,5-H shift, 5-exo-trig ring closure,
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and finally B-elimination of the BusSn group, as shown in eq. 3.103 [261-266].

AIBN 4 CHs BusSn CHa
BuzSnH B-cleavage
—_— -
O GH, CeHe 30 A
258 OH OH
l 259 60%

-Buasn
3.103
@VCHs 5-exo-trig ( )

l

Bu3Sn BU3Sn
(1,5-H shift)
O CHs OH cH,

y

(\/SePh AIBN
BusSnH
N -
L CeHs N

Boc
26 261 58%

0
¢ T (Book0 (3.104)

(\ ) 5-exo-trig B-cleavage
N ———>| N - > | N

5-Exo-trig ring closure of a 3-(2-methyleneaziridin-1-yl)propyl radical leads to the
generation of 3-methylenepiperidine (261) through the formation of a strained bicyclic
aziridinylcarbinyl radical, and subsequent C—N [B-cleavage to an aminyl radical, as
shown in eq. 3.104.

Eq. 3.105 shows the reaction of 2-(3-bromopropyl)methylenecyclopropane (262)
with Bu;Sn' to form exo-methylenecyclohexane (263), through 5-exo-trig ring closure
to exo-methylene, and subsequent P-cleavage of the formed cyclopropylcarbinyl
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radical [267-270].

AIBN
\/A BUSSnH
_—
Ph A"’:/\/Br CgH5CH3
%

262 A 263 71

| 5-exo-trig 7
Ph ) ™| Ph | P

(3.105)

The Barton—McCombie reaction of bicyclo[3.1.0]-, [4.1.0]-, and [5.1.0]-imidazoylthio-
carbonates (264) induces the formation of cyclopropylcarbinyl radicals, and subsequent
[B-cleavage, to generate one-carbon ring-expanded 6-, 7-, and 8-membered compounds
(265) in good yields [271]. The driving force of these reactions is the reduction of ring
strain (eq. 3.106).

? N\:/N BUS—SnH» : — —
CeHe (Q ( (
n n n (3.106)
'n 0,B

( CO,Bn
COan 2 COQBn C H>bn
264 he1 83% 265
n=2 82%
n=3 71%

As a combined reaction of [(-cleavage of a cyclopropylcarbinyl radical and
intermolecular addition, treatment of vinylcyclopropane (266) and activated alkyne
in the presence of PhSSPh and AIBN forms a cyclopentene skeleton (267), through the
initial addition of a thiyl radical to the vinyl group, PB-cleavage of the
cyclopropylcarbinyl radical, addition of the carbon-centered radical to the alkyne,
ring closure of a vinyl radical via 5-exo-trig manner, and finally subsequent
B-elimination of the thiyl radical, as shown in eq. 3.107 [272-276]. Here, PhSSPh
acts as a catalyst, since the thiyl radical is regenerated. Aliphatic disulfides such as
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BuSSBu also work well.

CH, (PhS), SO,Ph
r-Buoch/g ¢ =—sopn 2BV, ,@«/
CGZ'VG A 1BUO,C
266 267 53%CH3
cis: trans=3.8: 1
PhS" T (3.107)

CHg

t-BuOZC\V)\/SPh *[ t‘Buozcﬁ orn| ™

SO,Ph
} ~

t—BUOzC \C{Hs
SPh

This reaction looks like [3 4 2] annulation with cyclopropane and alkyne derivatives.

What, then, about the cyclobutylcarbinyl radical ? Eq. 3.108 shows the treatment of
tricyclic cyclobutylmethyl iodide (268) with Bu;SnH in the presence of AIBN in
refluxing benzene solution to generate bicyclic exo-methylene compound (269), via B-
cleavage of the cyclobutylcarbinyl radical. This bicyclic exo-methylene (269) is the
skeleton of a terpenoide natural product, guaiane alismol [277-280].

AIBN
Bu3SnH
CGH5 15h, A

CHl |
0 3
268 269 90% OH
Guaiane alismol
(3.108)
O:Q B-cleavage
—_—
(e} )

Treatment of tricyclic cyclobutylmethyl iodide with Sml, generates the same ring-
expanded compounds via SET [281].

The cyclobutoxyl radical also induces (-cleavage. Thus, treatment of 2-(3-
bromopropyl)cyclobutanone derivatives (270) with BuzSnH in the presence of AIBN
forms the ring-expanded bicyclic ketones (271), through 5-exo-trig ring closure onto a
carbonyl group, and subsequent 3-cleavage of the cyclobutoxyl radical formed, as shown
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in eq. 3.109 [282-287].

Br AIBN h
BU3SnH o
"y O CeHg . A nt
0 n=1 68%
270 271 n=2 65%
n=3 67%
l n=5 45% (3109)
H . H H
{;I:\C/ 5-exo-trig {;IID
—_— —_—
In H o) n H - ”HO

0
o X BugSnH
I AIBN
_—
CeHe , A
)
272
i (3.110)

)

0 X 5-exo-trig
—_—
0}

A highly strained cyclopentyloxyl radical formed from compound (272) in situ induces
[B-cleavage as shown in eq. 3.110.

Sml, can be also used for the same ring-expansion reaction. Thus, radical ring-
expansion reaction of bicyclo[4.2.0]octanone (274) promoted by Sml, provides a mixture
of cyclooctanol (275a) and lactone (275b) (eq. 3.111). In this case, CO,Me, CN, and Ph
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groups play an important role for the ring expansion.

0
cone COzMe
Sml, , MeOH 5
HMPA, THF, r.t.
o}
274 275a 18% 275b 55%
Sml, ¢
CO,Me
(3.111)
OSml,
COMe CO,Me CO,Me CO,Me
® ®
H H
Sml2 Sm|2 Sm|2
—_— —_— —_—
i OSml, o} 0Sml, oSml,

In a similar way to the cyclobutylcarbinyl radical, cyclobutylaminyl and cyclopropy-
laminyl radicals also induce rapid -cleavage reactions as shown in eq. 3.112 [288-292].

EL — E (3.112a)

ky =5 x 10%~
R

D—N e I/—N (3.112b)

R ky=2.5x107s™"

3.4 CYCLIZATION TO SPIRO SKELETON

Hydantocidin, which bears a spiro skeleton, is a natural product and a herbicide.
Eq. 3.113 shows the typical preparation method of spiro-diketone (277) from the reaction
of a-diazoketone (276) with Rh,(OAc), via a carbenoide species. However, this spiro
skeleton can be also constructed by radical reactions. Treatment of 3-keto ester (278)
with Mn(OAc); in the presence of electron-rich olefin generates spiro-cyclic thioketal
(279) through the formation of a B-keto ester radical, intermolecular radical addition to
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olefin, and oxidative spiro-cyclization as shown in eq. 3.114 [293, 294].

HO o H\fo

NH
0
HO OH
Hydantocidin (3.113)
(0]
—_— M —_—
o H =0
276 277 40%
N Ph
; SN CO,CoHs
CHa~ .~CHao_ ._OC,Hs S Ac
C (¢} —_— | |
I M Ph
1 Mn(OAc), s 0 STON]
278 AcOH 279 48% Ac
l(de, _Ho) T (3.114)
0=cZ s OH
CHz~ .-CH< SCH CHj
R N N e
I COCHs gL\ | 0) ® >‘A
Ao CO,CHs c
o CHg._ o
OH c ® ,L/CHs
O‘ —_— ~—| =
CHs CH,
0 O /~cH
280 281 519% © 0 ?
CH
3\IN 0 Mn(OAG)s CHs\NH o
-
CHs)\./U\CHa
CHs CH,
_ o

00H
! ). l—cHs|  (3.115)

s -
\N _CHg CH,

O /~cH
(0] I 3

i } e H®) T

R g " cH oo
L oo
7 CH, (-e,-H®) 7 CH,
0 0
CHy Yo CHy Yo

Mn(OAc);3-promoted oxidative reaction of 2-hydroxy-1,4-naphthoquinone (280) with a
[B-enamino carbonyl compound generates a spiro-lactam (281) as shown in eq. 3.115.
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Spiro cyclization can be carried out by the treatment of organic halides or selenides
with BusSnH. Thus, treatment of vinyl iodide (282) with BuzSnH in the presence of
AIBN produces a spiro-ketal (283), through the formation of a vinyl radical, abstraction
of a hydrogen atom from the methine position via 1,5-H shift (from sp” carbon-centered
radical to sp” carbon-centered radical), and 5-exo-trig ring closure (eq. 3.116) [295—298].
This reaction requires highly diluted conditions (0.01 M) of Bu;SnH, to suppress the
formation of direct reduction product. Treatment of cycloalkanone (284) bearing a 3-
iodo-a,3-unsaturated ester or a nitrile side chain, with BuzSnH in the presence of AIBN
forms spiro-cyclic ketone (285) through 1,5-H shift (from sp* carbon-centered radical to
sp> carbon-centered radical) and subsequent 5-exo-trig ring closure (eq. 3.117). By this
method, the preparation of spiro-nucleosides may be possible. Preparation of spiro-
dilactone (287) via the intramolecular free radical Michael addition onto the enol ester
can be carried out as shown in eq. 3.118. The product is the skeleton of a natural product,
altenuic acid II.

O
CHj
Bu38nH AIBN
|
(C@\ ToHea
o O
282 283

n
l n
0]
‘j (1 5 H shift) ‘j 5-exo-trig . CHj3
—_—

1 30%
2 50% (3.116)

(0)
E
Q AIBN 9
BusSnH
| CgHg , A
285
284
E E=CO,CH;z 70% (2: 1)
l E=CN 76% (1.8:1) (3.117)
. O E
1,5-H shift 5-exo-trig
—_— _—

b ?
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OCH

(o]

M93$| 3SiH
v OCH, ABN

CGHG
n=1,2

CHs0 (3.118)
CHO  OCH,4 OH
O
o o; : g ;o; 0
o) o ©

Altenuic aC|d Il

NHOCH; o
Br Bu,SnH, AIBN N-OCH,
~N-OCH3  CzHsCH; A

3~5h
288 289 46%

(3.119)
5-exo-trig

: 5-exo-trig | p-cleavage
_N-OCHg| —> _N-0CH,| = [ LA A _N-0CH,

Eq. 3.119 shows the preparation of a spiro compound (289) through 5-exo-trig ring
closure to form a cyclopropylcarbinyl radical, followed by (3-cleavage, and subsequent 5-
exo-trig ring closure to imino-carbon [299-301].



110 3. INTRAMOLECULAR RADICAL CYCLIZATIONS

PhI(O,CCFj3),-induced intramolecular cyclization of a-(2-arylethyl)cyclic-1,3-dike-
tone (290) generates a high yield of a spiro-benzannulated compound (291), via SET [302].

CH30 CH,O
Q /
o PhI(OCCF,),

o
\

“ (3.120)

3.5 TANDEM CYCLIZATION TO POLYCYCLIC RINGS

The formation of a bicyclic skeleton from the reaction of alcohol with Fe** comprises of
an alkoxyl radical, followed by B-cleavage to form a carbon-centered radical, and
subsequent ring closure. For example, eq. 3.121 shows the reaction of TMS-protected
cyclopropanol (292) with Fe(NO3); in 1,4-cyclohexadiene to give bicyclo[3,3,0]octan-3-
one (293), through the generation of a cyclopropoxyl radical, its B-cleavage, and
subsequent 5-exo-trig ring closure [303, 304].

OTMS
) LDA
TMSCI NOa
EtQZn

CHyly 292

293 51%
ether
l (3.121)

o)

o
5-exo-trig
— Huee?

One-pot construction of a polycyclic skeleton with tandem radical cyclization is possible.
Thus, treatment of iodoazide (294) with (Me;Si);SiH gives a tetracyclic alkaloid (295),
through the 5-exo-trig ring closure by an sp carbon-centered radical, followed by the
second 5-exo-trig ring closure onto the azide group, together with the formation of
molecular N,. This tetracyclic compound is the skeleton of a natural product,
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aspidospermidine. This type of reaction is a radical specific reaction (eq. 3.122)
[305-312].

(Me3Si)3SiH
C{ _ABN

SOQCHg SOZCH3 Aspldospermldlne
294 295 83%
T(_N2) (3.122)
® 0
Ny N=N=N
X E) -
I \
SO,CHj SO,CHj3
E
17X Et;B
E | BugSnH
| CGHG Y (3123)
CO,Me E = CO,CH,4 COzMe CO,Me
296 297a 83% (4:3) 297b

The same cascade reaction of the iodo-triene (296) with BuszSnH produces
tricyclic esters (297a) and (297b) via triple 5-exo-trig ring closure as shown in eq.
3.123.

Eq. 3.124 shows the preparation of a polyhydroxyindolidine skeleton that is expected
to be a glycosidase inhibitor and have anti-AIDS activity, from the reaction of compound
(298) with Ph;SnH. This reaction proceeds as follows. Initially comes the 5-endo-trig
manner controlled thermodynamically, and the formed radical [V] is stabilized by capto-
dative effect with amino and ester groups. Then, 6-endo-trig manner controlled
thermodynamically occurs to form a bicyclic amide (299) [313]. This second 6-endo-trig
cyclization is also controlled by a 5-membered ring formed through the initial
cyclization. This tandem cyclization method may be useful for the construction of
alkaloids, since naturally occurring alkaloids such as polyhydroxyindolizidines have
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recently been recognized as a glycosidase inhibitor.

Cl
l J\ PhsSnH, AIBN COCfQH5
s ——— 5
(o} N CO,CoHs CaHe A 07N
K/\\/CH:; 5h

298 299 40%

l J
OH
_ B} HO
I Y
07 N7 ~CO,CoHs N oH (3.124)
K/\/CH3 glycosidase inhibitor
l 5-endo-trig
D\ CO,CsH;5
2 6-endo-tri
07 N7 CO,CoHs . 0PN CHs
L~ CHs .
vl

Another alkaloid, the paniculatine skeleton, can be constructed by the following
procedure. Treatment of the a-iodo cyclic ketone (300) bearing TMS-protected acetylene
and vinyl silyl groups, with BusSnH provides a tricyclic ketone (301), through the initial
5-exo-dig ring closure onto the acetylene group, followed by the second cyclization via 5-
exo-trig ring closure onto the vinyl silyl group as shown in eq. 3.125 [314]. Here, TMS
plays an important role to increase the electron density of the acetylenic group against the
electron-deficient a-ester radical.

SiMe,Ph
Q |
BugSnH
2 SiMe,Ph A?BN
CHj H A
™
300 301 82%
| T
N
(0]
" SiMe,Ph
2 H (3.125)
CHj X
A
H ™S CHg H
v Paniculatine
5-exo-dig
SiMe,Ph SiMe,Ph
(0] « —TMS [e] TMS
—_—
CH3 CHj

H

An acyl radical formed from Se-Ph selenoester, can be used for the construction of a
polycyclic skeleton in one-pot reaction [315, 316]. In this way, triquinane (4)-
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pentalenene was obtained by the reaction of a,3-unsaturated Se-Ph selenoester (302) with
Bu3SnH in the presence of AIBN, through sequential 5-exo-trig and 5-exo-dig radical
cyclization involving a ketene intermediate as shown in eq. 3.126.

(3.126)
0
| O ABN
| N BusSnH
—_—
PhSe CGHG
o) 304
(3.127)
(6-endo-trig) x 3
—_— >
305 90%
o CHs; CH, AIBN CH
JK/WW BusSnH CHy CH, §Ha CHs | C‘i\
PhSe A OH —> M%
CeHs, A | £
306 0
(3.128)

(6-endo-trig)
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Eq. 3.127 shows the cascade radical cyclization of an acyl radical leading to a steroid ring
(305) with high regio- and stereo-selectivities and high yield, via triple 6-endo-trig ring
closure, from tri-olefinic Se-Ph selenoester (304). The reaction in eq. 3.128 is the ultimate
radical cyclization of hepta-olefinic Se-Ph selenoester (306) with Bu3zSnH to form hepta-
cyclic ketone (307) with high stereoselectivity (all trans form) in one-pot reaction,
through septet 6-endo-trig ring closure [317—324]. This is a very impressive reaction.

Experimental procedure 17 (eq. 3.128).

A mixture of Se-Ph selenoester (23.9 wmol) and AIBN (1 mg) in dry benzene (6 ml) was
degassed and substituted by argon gas. Benzene (2 ml) solution of BuzSnH (29.8 pmol)
and AIBN (1 mg) was added dropwise to the refluxing mixture over 8 h. After the
addition, the mixture was refluxed further 3 h. After removal of the solvent, the residue
was chromatographed on silica gel (eluent: ether and petroleum ether) to obtain a hepta-
cyclic compound in 17% yield [322].

As an oxidative cascade reaction with Mn(OAc);, treatment of tetra-olefinic [3-keto
ester (308) with Mn(OAc); in acetic acid generates a steroidal skeleton (309) via quartet
6-endo-trig ring closure, in one-pot reaction (eq. 3.129).

| Mn(OAc); I
AN Cu(OAc), X
[ Tov Taeon [_Jon
(0] (0) .
CO,CoH5 CO,CoHs
308 (3.129)
(6-exo-trig) x 4
—_—
[0)
CHO:C M e a5
0 HO, HO
Smi, _ T
S H —_— > Y + Y
O\/§ HMPA, I—BOUOH O\// O\//
THF 0°C
310 311a 63% (10: 1) 311b
©
(S] e
e l H@T (3.130)
@O Oe . eO eC)
M 5-exo-trig w 5-exo-dig
. —_— . —_— 5
s H : Y ", .
S i H z S
O_= 3 0?2 o/
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As a reductive cascade reaction with Sml,, treatment of methylenecyclopropyl ketone
(310) with Sml, in a mixture of HMPA and -BuOH at 0 °C generates bicyclic alcohols
(311a) and (311b) which are the skeleton of a natural product, paeonilactone, as shown in
eq. 3.130.

These cascade reactions are very attractive in view of multi-C—C bond formation in
one-pot and are a typically radical specific reaction.
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Intermolecular Radical Addition Reactions

4.1 ADDITION TO OLEFINS

As mentioned previously (Chapter 1.1.4), there are two types of radicals: nucleophilic
radicals (Ry, SOMO energy level is high, such as ¢-CgHj, and #-Bu’) and electrophilic
radicals (Rg, SOMO energy level is low, such as EtO,CCH)). The reactivity of
these radicals with olefins depends on the electronic character and density of olefins in the
addition reactions. Thus, based on the electron density of radicals, either electron-rich
olefins (ED: electron-donating group) or electron-deficient olefins (EW: electron-
withdrawing group) must be selected, to increase SOMO—-HOMO orbital interaction or
SOMO-LUMO orbital interaction. The yields can be increased when these orbital energy
gaps are reduced. Mode A indicates that nucleophilic alkyl radical, Ry, prefers to react with
electron-deficient olefins, and Mode B indicates that electrophilic alkyl radical, Rg, prefers
to react with electron-rich olefins. Therefore, the reaction with the opposite combination,
such as Ry with electron-rich olefins, or Ry with electron-deficient olefins, does not
proceed effectively.

SOMO-LUMO orbital interaction with electron-deficient olefins (Mode A)

. EW
R _—
Nt /\ EW RN/\-/

SOMO-HOMO orbital interaction with electron-rich olefins (Mode B)

. ED
R e ——
g+ /\ED RE/\./

4.1.1 Reductive conditions

Addition reactions with Mode A are popular, and most addition reactions are classified
into this group. The most typical experimental procedure is the treatment of alkyl
halides (RBr, RI) and electron-deficient olefins with Bu3;SnH in the presence of
AIBN. Bu;GeH or Ph;GeH can be also used instead of BusSnH; however, there are
rather expensive and less reactive. Typical addition reactions are shown below, in
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the reactions of alkylhalides or nitroalkane with acryronitrile, acrylic acid, methyl

acrylate, or butyl acrylate [1-17].

CH,4
I Et;B, BuzSnH
PhCHZCHQ
CH3 I’t
HOOC
1
OAc /\
AcO (0] Bu3SnH
AcO r EtQO
O g Hg-hv
3
CO,CHs
OAc P(OCHg)
AcO Q O
AcO (Messl)sslH
AcO Br
3
OAc Z>Co,But
ACO o) AIBN, Bu3SnH
AcO SePh T Cch A
AcHN
B-gluco selenide 6
AIBN, Bu3SnH
CGHG,
CH3
002(:H3
Wl\ _AIBN, BugSnH
CGHBv

10

CHa

HOOC
72%

ﬂm

4 72%

OCH3

80% CO,CH,4

/%\/COQBL"

7 76%

9 65%

)Q‘\cm

62%

“.1

4.2)

4.3)

4.4)

4.5)

(4.6)
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Generally, the reactions are carried out in refluxing benzene solution, since the yield
in benzene is better than that in other solvents. Probably, the radicals formed may be
somewhat stabilized by the weak orbital—orbital interaction between the radicals and
benzene. However, from the environmental point of view, toluene or dioxane is
recently used. As substrates, alkyl bromides or alkyl iodides are used, and the
reactivity increases in the order: prim-alkyl < sec-alkyl < tert-alkyl. Sugar anomeric
bromide (3) is generally not so stable, so the reaction is carried out under irradiation
conditions with a mercury lamp at room temperature (eqs. 4.2 and 4.3). There are two
types of anomeric glycosyl radicals as shown in Figure 4.1. One is the axial radical
[1], and the other is the equatorial radical [I']. The axial radical is more nucleophilic
than the equatorial radical due to the stereoelectronic effect, where this effect comes

AcO Q
AcO™ N\~ = A =
AcO AcO 2
AcO H

axial form [ 1] equatorial form [ 1']

Figure 4.1

from the interaction between axial SOMO orbital and the axial lone-pair orbital on
the neighboring oxygen atom (anti-periplanar relationship). Thus, electron density
of the radical center in the axial form [I] is higher than that of the equatorial form [I'].
Therefore, the reactions of glucosyl bromide (3) with acrylonitrile and a-phosphonoa-
crylate in the presence of Bu3SnH generates the addition products (4) and (5) with a-
form alone, respectively. Sugar anomeric phenyl selenide (6) is stable, so the same
reaction can be carried out under refluxing conditions as shown in eq. 4.4. Nitro
compound (10) bearing a fert-alkyl group can be used for the addition reaction
(eq. 4.6), however, nitro compounds bearing sec-alkyl and prim-alkyl groups are inert,
and can not be used for the addition reaction. Xanthates derived from alcohols, and
aromatic halides (Arl, ArBr) can be also used for the same addition reactions under
heating conditions. Here, aryl radicals also behave as nucleophilic radicals, similarly
to alkyl radicals.

Addition reactions with Mode B are not popular, but are occasionally useful. Eq.
4.7 indicates the reaction of ethyl bromoacetate and sugar vinyl ether with Bu;SnH
initiated by AIBN. The ethyl acetate radical is electrophilic and it reacts with electron-
rich sugar vinyl ether through SOMO-HOMO orbital interaction to form a ribosyl
anomeric radical, as shown below. Then, the formed ribosyl anomeric radical abstracts
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a hydrogen atom from Bu;SnH through the less-hindered (-side, not through the
a-side [18-20].

BrCH,CO,CoHs
AIBN

o] F BusSnH
_—
K<Q=<F CeMlo m LGt
o 0 00 O °?

12 13 51%

4.7

Treatment of «,a-dicyanoalkyl phenyl selenide (14) with vinyl ether initiated by
AIBN under benzene refluxing conditions generates methyl ketone (15) (eq. 4.8). An
electrophilic a,a-dicyanoalkyl radical is first formed, and then it adds to vinyl ether,
followed by hydrolysis. Diethyl 3-iodoalkylphosphonate (17) can be formed through
AIBN-initiated addition reaction of diethyl 1-iodomethylphosphonate (16) to alkene
(eq. 4.9). This is an atom-transfer reaction. Both reactions (eqs. 4.8 and 4.9) do not
require BuzSnH.

Eq. 4.10 shows addition—cyclization reaction of tributylstannyl a-iodoacetate (18)
with 1-hexene. Here, BusSn' is regenerated from the cyclization and, therefore, addition
of Bu3SnH is not required [21-24],

NC_CN AIBN NC_CNo
+ Oo._Ph
CHa\/\XSePh \( e m ehts CH, (48
14 CHs 15 50%
i o) '
AIBN
(CoHs0)P—CHl  + I~ A~
2eez 2 SN CGT6A>(02H50)2P (4.9)

16 17 67%
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n
| A CHy" CyHy
Cha AIBN o

COQS”BUg CGHB’ A, 8h
18 19 O 76%
l/‘ (BusSn'] \{ (4.10)
. /\/CAHQ,7
CH, - CHy 4
N\
[ \0028n8u3] c”
OSnBu;"

Se-Ph selenoester is a good precursor of an acyl radical where it behaves as a
nucleophilic radical. Treatment of Se-Ph selenoester (20) and benzyl acrylate with
BusSnH generates a y-keto ester (21) as shown in eq. 4.11a. 2-Indolylacyl radical can be
generated from Se-Ph selenoester (22) by this method (eq. 4.11b) [25-30].

o Z>C0,CH,Ph
CH OOB Soph —on BusSH OO—C/’O (4.11a)
— —_— .
¢ ¢ CeHg A 8 ~">C0,CH,Ph
20 21 60%
2 C0,CH,
| sepn AIBN,BugSnH ©j\
AIBN, BugsnH _ CO,CH
N CoHo A N (4.11b)
CHz O CHz O
22 23 82%

Intermolecular alkyl radical addition to imino compound can be also carried out as
shown in eq. 4.12 with RI/Bu3SnH/Et;B system or RI/In (indium) system. Here indium is
used as an electron transfer agent to RI [31-33].

iPrI, In ) COQCHg

CH302C\¢N—NPh2 IPr_<
CH3OH/H,0=1/1 N-NPh, 4.12)
H

24
25 98%

It is well known that Bu3SnH is a highly toxic reagent. Thus, LDsy/kg in
Me;SnCl, BuszSnCl, and Bu3SnH is 9-20 mg, 122 mg, and 127 mg, respectively. In
1989, (Me;Si);SiH was developed as a new, less-toxic radical reagent. The bond
dissociation energy of Si—H in (Me;Si);SiH is 79 kcal/mol, while that of Sn—H in
Bu;3SnH is 74 kcal/mol; however, the reactivity of (Me3Si);SiH is rather close to that
of BusSnH. This slightly stronger bond dissociation energy (5 kcal/mol) of
(MesSi);SiH suggests that the hydrogen-donating ability of (Me3Si);SiH is lower
than that of Bu3SnH, and this further suggests that (Me;Si);SiH is better than
Bu3SnH for carbon—carbon bond forming reactions. For example, when the reactions
of 6-bromo-1-hexene with BusSnH and of 6-bromo-1-hexene with (Me3Si);SiH were
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compared, % ratio of the direct reduction product, 5-exo-trig cyclization product, and
6-endo-trig cyclization product was 15, 83, and 1.2% in the former reaction, and 4,
93, and 2% in the latter reaction. Thus, reaction with BusSnH generates the direct
reduction product and cyclization products in 15 and 84% yields, respectively, while
reaction with (Me3Si);SiH generates them in 4 and 95% yields, respectively.

Sml, can be used for SET reagent to carbonyl groups. Thus, eq. 4.13 shows the initial
SET from Sml, to a carbonyl compound (26) to generate a ketyl radical, a nucleophilic
radical, which then reacts with electron-deficient ethyl acrylate through SOMO-LUMO
interaction to form vy-lactone (28) [34—-36].

Ry Ry R, Rs Ry
c=0 + CH=C —_— 1
/ \ ROH o
R> CO,CHs THF R, ©
26 27 28 ROH
-
l (4.13)
R1 RS R4 R3 R4
—osml, |—=| RS —° .| n 0
M2 ' CO,CoHs ' CO,CoHs
R R, "0Sml, R, "OSml,

Treatment of o,a-bromochlorocarboxylate ester (29) with CuBr/Fe generates the
corresponding a-chloro ester radical which further reacts with electron-rich olefins such
as l-octene as shown in eq. 4.14 [37]. CuBr/Fe works as a SET reagent. This reaction is
an atom-transfer reaction through the chain reaction. Atom-transfer reactions do not lose
any atoms or functional groups during the formation of products, so they are completely
combination reactions and, therefore, environmentally friendly reactions, if the reactions
proceed quantitatively without using any toxic solvent or reagents. Here, o,ac-dichloro
esters do not react effectively under the same conditions.

Br Cl Cl COQCH3
+ /\(CHg)sCHg M» Br
R” ™ CO,CH, DMF/CH,Cl, R
29 30 31 60% (CH2)sCHa
e R=n'C4H9
(-Br) T (4.14)
_ Gl Cl. CO,CH,
R”Cco,CH ~ | R
S (CHZ)sCH,

Na,S,0,4 works also as a SET reagent. Treatment of R¢l (perfluoroalkyl iodide) with
Na,S,0, generates electrophilic radical, R;, which reacts with electron-rich ketene
dithioketal (32) through a chain pathway, to form Rssubstituted ketene dithioketal (34)
via the elimination of hydrogen iodide. So, it looks like a substitution reaction of
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a hydrogen atom by R¢ group [38—43].

S N328204 S
NaHCO, C4Fo"
s ¢ NGyl ———S s Ng
Q DMF/H,O

OR 33 CO)R 4.15)

o] _ o]
32 R=CH, 34 44%

Experimental procedure 1 (eq. 4.15).

To a mixture of DMF (10 ml) solution of Na,S,0,4 (1.74 g, 10 mmol), NaHCO; (0.84 g,
10 mmol) was added n-C4Fol (5 mmol). The mixture was warmed under stirring at
50 °C for 4 h. After the reaction, water (10 ml) was added to the mixture and the
obtained mixture was extracted with ether. The organic layer was dried over MgSOy4
and evaporated. The residue was chromatographed on silica gel to give the product in

44% yield [67].

Triethylborane generates Et via the reaction with molecular oxygen under air,
and its reacts with R to generate R; and Etl via Sy2 reaction pathway. So,
Et;B/R¢/electron-rich olefin system can be used for the carbon—carbon bond forming
reaction.

Secondary phosphine (35) reacts with N-vinylpyrrole (36) in the presence of AIBN
to give the adduct (37) via a phosphorous-centered radical (eq. 4.16a). Treatment of
secondary phosphines, R,PH, with vinyl chalcogenides provides the corresponding
tertiary phosphines in good yields with anti-Markovnikov regioselectivity. Treatment of
a thiophosphite, but not a phosphite, with alkene (38) and triethylborane generates
reductive addition product (39) under mild conditions, through the initial hydrogen atom
abstraction from thiophosphite by the ethyl radical to form a phosphorous-centered
radical, followed by the addition to alkene, and then (3-cleavage, as shown in eq. 4.16b.
Sodium salt of hypophosphorus acid acts as a double radical precursor, initiated by
peroxide (eq. 4.17) [44—48].

AIBN
(PhCH,CHp),PH + >N : T (PhCHZCHz)ZP\/\N ~
35 36 37 91% =

T (4.16)

(PhCH,CHp)oP_~
(PhCH,CH),P* . 2RI :l
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CHs S CHy $
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Experimental procedure 2 (eq. 4.16b).

To a solution of (1R)-(+ )-a-pinene (136 mg, 1 mmol) and diethylthiophosphite (200 mg,
1.3 mmol) in toluene (5 ml) was added dropwise triethylborane (1 ml, 1 M solution in
hexane) under aerobic conditions. After 15 min of additional stirring, the reaction
mixture was poured into 2 M aq. solution of NaOH (15 ml), extracted with ether, dried

over Na,SQO,, and evaporated. Distillation of the residue gave the product in 91% yield
(170 °C/0.1 mmHg) [45].
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4.1.2 Oxidative conditions

Carbon—carbon bond formation reactions with peroxides are quite limited, in view of the
synthetic features. However, the following atom-transfer reaction may be useful.
Treatment of iodomethyl phenyl sulfone (45) with benzoyl peroxide generates an
electrophilic benzenesulfonylmethyl radical, which adds to electron-rich 1-hexene to
give the addition product (46) (eq. 4.18) [49—-51]. The same treatment of bromoacetic
acid and I1-hexene with benzoyl peroxide affords <y-butyl-y-lactone through the
cyclization of the formed y-bromoctanoic acid.

!
PhCO
PRSOCHl + A\ CHs (00022 PhSOWVCHS

2
45 CeHe, 4,50 46  70%

[Ph°] T (4.18)
Phl

. - A CH
[PhSO,CH,"] [ PhSOz/\/\/\/ 3

Arenesulfonyl iodide and bromide are rather unstable compounds because of low
bond dissociation energies of their SO,—I and SO,-Br. Therefore, treatment of p-
tosyl bromide (47) with alkene or allene (48) produces 1,2-adduct (49) through the
addition of the formed p-tosyl radical onto the allene as shown in eq. 4.19 [52]. Here,
the p-tosyl radical attacks the central sp carbon of the allene group to generate the
stable allylic radical, and then it reacts with p-tosyl bromide to give 1,2-adduct (49)
and a p-tosyl radical again, i.e., chain pathway. So, this is also an atom(group)-transfer
reaction.

\ Ts
A AIBN (cat.
TsBr + N\ ANTs T(), Br\MNHTs
a7 48 sHsCHa, A 49  65%
<‘}TsBr (4.19)
Ts*®
Ts

[Ts’] - NHTs

Treatment of arenesulfinate salts with Cu®?", Mn>T, or Ce** generates arenesulfonyl
radicals, via single electron oxidation. Thus, reaction of alkene (50) with p-TsNa in the
presence of Cu(OAc), in AcOH gives p-tolyl allyl sulfone (51) through the addition of a
toluenesulfonyl radical onto alkene, oxidation of the formed carbon-centered radical
with Cu”*, and then deprotonation (eq. 4.20a). This reaction requires acidic conditions
for effective oxidation with Cu** or Mn>* [53-58]. Eq. 4.20b is the same addition
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. . 4
reaction with Ce*™.

OCH, TsNa OCHs
—_—
L/©/ Cu(OAc),, AcOH TS\/\/©/

50 90°C, 36 h 51 56%
.. cu®
[Ts']<«——TsNa (-H®) (4.20a)
OCH,4 o OCH,4
——- @
TS\/.\/©/ TS\/\/©/
TsNa, Nal
N Ce(NH,)2(NOs)g T8
—_—— (4.20b)
CchN r.t.
52 53 76%

Experimental procedure 3 (eq. 4.20b).

A mixture of styrene (1 mmol), sodium p-toluenesulfinate (1.2 mmol), and Nal
(1.2 mmol) in dry CH3CN (10 ml) was treated with CAN (2.5 mmol) in dry CH3CN
(15 ml) for 45 min under an argon atmosphere. After the reaction, the reaction mixture
was washed with water, and extracted with CH,Cl,. The organic layer was washed with
sat. aq. NayS,0;5 solution and dried over Na,SO,4. After removal of the solvent, the
residue was chromatographed on silica gel to give the product [58].

1,3-Dicarbonyl compounds such as ethyl a-methylacetoacetate (54) can be efficiently
alkylated in good yields with vinyl ethers in the presence of Cu®" and Mn>* as shown in
eq. 4.21 [59].

O O Mn(OAc)3, O O
CH Moa CulOAcly CH OEt
—_—

o CH,Cl,, 40°C, oH
s CH,=CHOBU s [
54 55 92% O
M 3@
l n ﬁ 4.21)
o 9 CH,=CHOBu Q Q
. —_—
CHs OFt CH3 OFt
CH, CH}
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Experimental procedure 4 (eq. 4.21).

To ethyl a-methylacetoacetate (0.2 g, 1.38 mmol) in degassed dichloromethane (10 ml)
was added butyl vinyl ether (0.77 g, 8.32 mmol) followed by Mn(OAc);-2H,O (0.86 g,
3.19 mmol) and Cu(OAc),-H,0 (0.09 g, 0.41 mmol). The mixture was heated to reflux
overnight (18 h). Then dichloromethane was added to the reaction mixture and the
resulting mixture was filtered. The filtrate was washed with water (10 ml), and dried
over MgSO,. After removal of the solvent, the residue was purified by column
chromatography on silica gel (eluent: dichloromethane/ethyl acetate = 7/3) to give ethyl
o-methyl-a-(oxoethyl)acetoacetate in 92% yield [59].

Ce** can be also used for the same type of reaction, since it is a strong one-electron
oxidant. Generation of sp” carbon-centered radicals such as aryl radicals, is not so easy,
except for the reactions of aryl halides with Bu3SnH or Ph,Si,H,. However, treatment of
arylhydrazines with Cu®" generates aryl radicals through the initial oxidation to the
arenediazonium ion with Cu®", and subsequent SET from Cu™. Aryl radicals are much
more reactive than alkyl radicals, and rapidly react with alkenes or imines as shown
below (eq. 4.22) [60-63].

Cu2+
Br@NHNHZ + ZC0.L0H; — Br@x
AcOH CO,CHs
56

H,0O 57 85%

cu2® ‘ u® 1® (4.22)
O 5| =0 O
Br N®| — | Br + | ——|Br
(-N,) \—CO,CH,

Ceo, a typical fullerene, has high energy level of HOMO and low energy level of
LUMO. This suggests that single electron oxidation and single electron reduction of Cg,
may occur smoothly. Practically, treatment of Cgq with peroxide, (RCO,),, induces SET
from Cg to peroxide to generate 1,2-adduct, R—Cgy—O,CR, via the combination of cd
R’, and RCO, .

4.1.3 Photochemical conditions

Selenide (58) shown in eq. 4.23 is reactive, because its a-position is substituted by two
electron-withdrawing groups. Irradiation of the selenide (58) with a mercury lamp in the
presence of electron-rich 1-octene generates 1,2-adduct (59) with atom(group)-transfer
addition reaction, through the initial homolytic bond cleavage of the C—SePh bond,
addition of the formed carbon-centered radical onto 1-octene, and the reaction of the
newly generated carbon-centered radical on the selenium atom of the starting selenide
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(chain reaction) [64—-67].

7 ol 7 SePh
(CoHsO),P_ PN (CHORP
_JCH-SePh ————— SoH AN @423)
(CoH50),P CeHe (CoHs0),P
i I
58 O 59 83%

Experimental procedure 5 (eq. 4.23).

A benzene (2 ml) solution of selenide (0.33 mmol) and 1-octene (1 mmol) in a screw-
cap pyrex test tube was bubbled with argon gas for 30 min., then the mixture was
irradiated with a 450 W mercury lamp (Hanovia lamp) under an argon atmosphere
(48 ~ 72 h). After the reaction, the solvent was removed and the residue was chromato-
graphed on silica gel (eluent: acetonitrile/ethyl acetate = 1/5) to give 1,2-adduct in 83%
yield [65].

Irradiation of Cgg (60) with a mercury lamp in the presence of electron-rich
keteneacetal generates 1,2-adduct (61), through the initial SET from keteneacetal to Cqp,
radical coupling reaction of the formed Cgy and keteneacetal cation radical, as shown in
eq. 4.24 [68, 69].

Ceo + =X OTMS Hg-hv @.i
60 OC2H5 CeHe, r.t. 0 ‘ COQCzHS
61 71%
l (4.24)

OTMS Srus H,0

c )j\OCZHS > | Ceo \)L002H5

Benzophenone (A, = 340 nm, log € = 2.5, n-w" electronic transition) can be used as
a photochemical reagent and eq. 4.25 shows a radical Michael-addition reaction with
benzophenone. The formed benzophenone biradical (triplet state, T;) abstracts
an electron-rich a-hydrogen atom from methyl 3-hydroxypropanoate (62) to
generate an electron-rich a-hydroxy carbon-centered radical [III], then its radical adds
to the electron-deficient -carbon of o,B-unsaturated cyclic ketone (63) through the
radical Michael addition. The electrophilic oxygen-centered radical in the benzophenone
biradical abstracts an electron-rich hydrogen atom from methyl 3-hydroxypropanoate
(62) [70]. So, an a-hydroxy carbon-centered radical [III] is formed, and an
electron-deficient a-methoxycarbonyl carbon-centered radical [III'] is not formed.
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OTr/—CO2CHs
Hg -hv
/\/COQCHa %
HO TPhC=0

63 OCoHs g4 75% OC2Hs
l[Phgé-é <~ phc=0] f
. o OTr/~CO.CHs (4.25)
[ HO~\_-CO.CHs } oA o
L Tr = PhyC © OCHs

[ HO™\-C0:CHs ]
[’

4.1.4 Addition-elimination reactions

The Bu3Sn group is a good radical leaving group. When it is substituted at the olefinic
position, radical substitution reaction occurs. For example, treatment of alkyl bromide
(65) and B-stannyl acrylate in the presence of AIBN gives (3-alkyl substituted acrylate
(66) through the addition—elimination reaction at the sp2 carbon [71, 72]. Here, BusSn’
functions as a chain reaction mediator (eq. 4.26).

AIBN
CH3 CHS BU3Sn COQC2H5 CHS CHS
—

o—

0._0O -_— )

\E CgHsCH; A
Br L

65 66 52% CO.C,Hs
lﬂ[Bussn.] W*elimination (4.26)
CHs CHg CH; CH,
( ( addition
OTO —> | O (0]
: \L,A'cozcsz
SnBuj

Since ArSO, group is also a good radical leaving group, irradiation of a mixture of
anomeric sugar bromide (67) with benzenesulfonyl oxime ether in the presence of
Bu3SnSnBu; produces sugar oxime ether (68) as shown in eq. 4.27 [73-77].

CH,
OBn S=N-0CH,Ph  0Bn CHs
Br PhSO; N-OCH,Ph
Hg-hv
L, g - L, + BuSnsOPh  (4.27)
BnO' ‘OBn Bu;SnSnBuy BnO' ‘OBn
OBn CsHs OBn
67 68 53%

Here, rate constant for the addition reaction is about 10°-10°M ' s,
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Similarly, irradiation of a mixture of alkyl iodide (69) and trifluoromethanesulfonyl-
acetylenic derivative in the presence of Bu;SnSnBujz with a mercury lamp generates an
alkyl-substituted acetylenic derivative (70) through the same addition—elimination
reaction at the sp carbon (eq. 4.28) [78].

Hg-hv i(j-
(BugSn); (cat.) y Si(-Pr)s
AcO/\/\/l CF3SO,—=—Si(i-Pr)3 . AcO/\/\/ (4.28)
69 CeHg, 35°C 70 77%
16h

In the presence of peroxide, the same type of addition—elimination reaction with alkyl
iodide (71) and ethyl vinyl sulfone can be carried out as shown in eq. 4.29 [79]. However,
the reaction pathway is rather complicated.

(tBuO), —2 > 2tBuUO"

+tBu0® —— CHg" + CH3C|)|CH3

o)
__Ph _Pn
S + CH3® —» f— + C,HsSO,"
C,HsS0} ® CH Zevhe
CzH5SOQ' —_— CQH5. + 802
0 M 0
0 C,HsS0% 0 4.29)
. (+BuO), ,
CeHeCl, A Ph—
71 72 57%
C2H5"/l/ [CoHs '] + SO, <—— [C,H5S0, "] 4
0 0
% CHsS0, P
—_—
Ph

The methyl radical is formed from 3-cleavage of the -butoxyl radical derived from di-#-
butyl peroxide (cat.), and it reacts with ethyl styrenyl sulfone to generate an ethanesulfonyl
radical and trans-(3-methylstyrene. The ethyl radical formed from (-cleavage of the
ethanesulfonyl radical, at last, reacts with alkyl iodide (71) via Sy2 pathway to produce an
alkyl radical and ethyl iodide. Here, the alkyl radical should be more stable than the ethyl
radical. Therefore, alkyl radicals should be sec- or tert-alkyl radicals. The formed alkyl
radical reacts with ethyl styrenyl sulfone to give addition—elimination product (72),
together with ethanesulfonyl radical as a radical chain precursor.

Treatment of 2-aryl-1-nitroalkene (73) and 1-adamantyl iodide (74) with triethylbor-
ane under air produces frans-2-aryl-1-adamantylalkene (75) through the following
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reaction mechanism [80—82].

Ar H Et,B, Air Ar H
>=< + Q [ ——"

CHY  NO, THF,rt.  CoHe
73 74 75 74%
Ar= 3,4‘(MeO)QCBH3

]
(E:Z=96:4)
(=NOy)

l(—Etl)
J
Arg . Ar., NO
@ ) NO, CaHs

(4.30)

4.2 ALLYLATION REACTIONS

Radical allylations may proceed through Sy;2 or Sy2’ pathway, similarly to Sy2 or Sy2/
pathway in polar reactions (eqs. 4.31a and 4.31b).

However, radical allylations mainly proceed through Sy2' pathway (eq. 4.31b). For
example, treatment of adamantyl iodide and allyl-3,3-d,-triphenyltin in the presence of
AIBN generates mainly 3-adamantyl-1-propene-3,3-d,, together with a minor amount of
3-adamantyl-1-propene-1,1-d,.

polar allylation

Nu® /\{}X e /\/Nu + X© (82

N (4.31a)
Nu@’\‘@BX — e N+ X0 (B2

radical allylation

M x
A — A v xT )
SnPhS k R R
Rl + AN\ — X+ IS + PhgSnl (4.31b)
(Do) 50°C  (Dy) (Do)

88% (>10: 1)

R=@ k=10*~10°M"s~"

The most well-known radical allylation reagent is allyltributyltin. Typical radical
allylations are carried out by the irradiation of a benzene solution of alkyl bromide or
selenide and allyltributyltin in the presence of AIBN with a mercury lamp. Eqs. 4.32a and
4.32b show the allylation of a-bromosulfone (76) and a-phenylselenyl-cyclopentanone
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derivatives (78) [83—95]. The olefinic group of allyltributyltin is electron-rich, and so an
electrophilic radical such as a-sulfonyl radical or a-keto radical is preferable for efficient
radical allylation. Moreover, perfluorinated allylic compound (81) can be obtained
effectively from the reaction of perfluoroalkyl iodide (80) and allyltributyltin in the
presence of AIBN under refluxing conditions of hexane (eq. 4.32c).

Br P
O( /\/SnBus AIBN O(\/ i
SO,Ph SO,Ph J32a
2 CeHe, A, 2h 2 ( )
76 77 85%
0 SnBu, 0
SePh CO,CHj ~-‘\n/\/\,COQCH3
A~ CHs Hg-hv AL CHy (4.32b)
RO : CgHe, 2 h RO H
OR OR
78 79 76% R=SiMe,Bu!
AIBN
/\/SnBUS
CeFi7l ————— >  CgF;\F 4.32¢
sF17 80°C.2h sF17 ( )
80 n-CGH14 81 83%

Experimental procedure 6 (eq. 4.32a).

A mixture of a-bromosulfone (2 mmol), allyltributyltin (1.32 g, 4 mmol), and
AIBN (65 mg, 0.4 mmol) in dry benzene (12 ml) was refluxed for 2 h under an argon
atmosphere. After the reaction, the solvent was removed. The residue was dissolved in
ether (30 ml) and the organic layer was washed with 10% KF aq. solution thrice
(3 X 5ml), and dried over Na,SQ,. After removal of the solvent, the residue was
chromatographed on silica gel to give a-allyl sulfone in 85% yield [91].

Hydroxy groups in sugars and nucleosides can be also converted to allyl groups
via xanthate. Thus, eq. 4.33a shows the preparation of pyrimidine 3'-allyl-2’,3'-
dideoxyribonucleosides through the Barton—McCombie type radical allylation, and
here, the allyl group is introduced into the less-hindered side. Eq. 4.33b shows
the preparation of 3,3-diallyl sugar (86) using (-cleavage of a cyclopropylmethyl
radical, followed by allylation.

0
o CHs CH,
O OA OA
)\ CHjl RO o ~~~SnBuz RO 0
RO o NaH, CS, AIBN (4.33a)
0-G=SCHs go°C, 15h
OH

82 R =SiMe,Bu’ 83 84
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CHO— _~SnBu;
AIBN
? CgH
(0] 66
ﬂ\ 80°C, 12h
Br 85

(4.33b)

Experimental procedure 7 (eq. 4.33b).

A mixture of cyclopropylmethyl bromide derivative (0.4 mmol), allyltributyltin
(0.8 mmol), and AIBN (5 mol%) in dry benzene (3 ml) was degassed by bubbling
argon gas for 30 min. The mixture was refluxed for 12 h. After removal of the solvent, aq.
KF solution (5 ml) and ether (10 ml) were added to the residue and stirred for one hour.
After filtration and separation, the organic layer was dried over Na,SO,. After removal of
the solvent, the residue was chromatographed on silica gel using ethyl acetate/hexane to
afford a diallyl product [95].

Allyltributyltin can be used in combinatorial radical allylation. Moreover, a polymer-
supported reagent bearing an allyltin group was also developed and it can be used for the
radical allylation of alkyl halides.

Allyl[¢ris(trimethylsilyl)]silane (87) and allyl alkyl sulfone (93), instead of toxic
allyltributyltin, can be used for the allylation of alkyl halides under the same conditions
as shown below (eqgs. 4.34a—4.34c) [96—104].

o 0
ASiEMes)s o\b,sr ___ABN O\b/\/ (4.34a)
87 CeHe,A

88 89 87%
CN
Si(SiMeg)s <:>_ AIBN
/\/ + o (4.34b)
90 91 CN
92 81%
BzQ: H o qu 'Z‘
; ___ABN
2 o3 0~/ heptane A (4.34c)
H —| /
94 95 75%

(exo: endo=285:15)

Allyl halides and allyl sulfides can be also used for the same radical allylation;
however, the reactivity is rather decreased. Radical addition of an allyl group to aromatic
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aldehydes was reported. This reaction proceeds through the addition of a tris(trimethyl-
silyl)silyl radical onto the formyl group in compound (96) to generate a benzylic radical,
and subsequent Sy2’ reaction onto allyl[#ris(trimethylsilyl)]silane derivative (97) to form
homoallyl silyl ether (98) (eq. 4.35) [105].

2 3
CHO + e QCH (4.35)
Q =&S|(S|Me3)3 CeHg, A \)l\cogng
96 97 98 81%

Under the oxidative conditions, allylation of active methine or methylene groups can
be carried out with allylic sulfide/Mn**, Cu®*. Eq. 4.36 shows the reaction of a-
ethoxycarbonyl cyclopentanone (99) and 2-methyl-2-propenyl 7-butyl sulfide (100) in the
presence of Mn(OAc); and Cu(OAc), in acetic acid to form a-allyl-a-ethoxycarbonyl
cyclopentanone (101) in good yield. Allyl sulfides are more effective than allyl sulfones
[106, 107].

0 Mn(OAGC)s 0
é/COQCQH5 + =&CH3 CU(OAC)Z - CH3
99 SBut CH3C02H COZCZHS
l 100 r.t., 2 day 101 91%
0 o} SBu! (4.36)
é-/COzCsz —_— é<_°<;|.| s _
CO,C.Hs (-t-BuS’)

CH, CHa

CHj CHj
reactivity : < < <
=&SOQBU’ =&802Ph =&SPh =&SBU"

Treatment of p-TsBr with allene (102) in the presence of AIBN generates tosyl-
substituted primary (E)-allylic bromide (103) via the addition of p-Ts’ to the central sp
carbon of the allene group (eq. 4.37) [108].

O\/./ + Tepr —ABN O\/[Br
y CeHsCHs, A At

102 103 87%

(O --Q
A 1 N Ts

(4.37)

S
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4.3 ADDITION-CYCLIZATION REACTIONS

Irradiation of a refluxing mixture of 4-iodo-1-butyne (104) and electron-deficient olefin
(105) in the presence of Bu;SnSnBuj with a tungsten lamp generates addition—
cyclization products (106a) and (106b) as shown in eq. 4.38a. Bu3Sn’ reacts with 4-iodo-
1-butyne (104) to generate a 3-butynyl radical, then it reacts with methyl methacrylate via
intermolecular addition and then cyclizes via 5-exo-dig manner to form an exo-methylene
radical. This radical reacts again with the starting 4-iodo-1-butyne to form an exo-
iodomethylene product (106a) and 3-butynyl radical through a radical chain reaction. So,
this is an atom-transfer reaction. This methodology can be used for the construction of
bicyclic and tricyclic compounds [109-117].

r\ CHgYCOQCHa (Buﬁsn)g [f ©(CH3
CO,CH
l 104 10 CoHs. & coon3 2
exo 106a endo 106b

[|( ] { COZCH3

T 56% {exo | endo = 23/ 1) (4.38a)

J_l CHs
CO,CH,

Z > CO,CH
COCoHs  Gunames CO,CoHs
N\ (BusSn)2 \__COLHa (4.38b)
N | CGHGY 80 °C N
107 L~ 108 60%
CH50,C
TIN=_ CO,CHs
CO,CHj ~CO,CH4
0 Sunlamp :
©\/\>’C// (BugSn), . N\ o (4.38¢)
\
N seph N
CHs CHs
109 110 45%
Ph, 1) CF4(CFy)sl, (BuzSn), NHANH. - ACOH (CF2)iCFs
C=CH, hv, Oy, CgHg _ 2N - AC M \N
o’ 2) NayCOs, EtsN EtOH PR
L 112 59%
CF4(CFo)sl + BugSn' NH,NH,
Ph (CF2),CF. (4.384d)
(-BuySni) YO
O F
(=HCI)
Et3NT (—HF)
. Ph\ 0, Ph\
[CF3(CFo)s ] —> /Q_CHz(CFz)SCFa — /C_CHQ(CFz)sch
c CI" OH

The benzindolizidine skeleton (108) can be generated in moderate yield by a hexabutyl-
ditin-mediated consecutive radical addition and cyclization, from 1-(2-iodoethyl)indole
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(107) and methyl acrylate (eq. 4.38b). The acyl radical formed from Se-phenyl selenoester
(109) with hexabutylditin can be also used for consecutive radical addition with dimethyl
fumarate (eq. 4.38c).

One-pot synthesis of pyrazole (112) bearing a perfluoroalkyl group is performed by the
treatment of a-chlorostyrene (111), perfluoroalkyl iodide, and Bu3;SnSnBus, followed by
reaction with hydrazine (eq. 4.38d).

Experimental procedure 8 (eq. 4.38d).

A solution of perfluoroalkyl iodide (0.4 mmol), a-chlorostyrene (1.2 mmol) and
Bu3SnSnBuj; (0.44 mmol) in benzene (3 ml) was irradiated using a metal halide lamp
(National Sky-beam MT-70) in Pyrex tube under O, atmosphere for 5 h. After removal of
the solvent, ethanol and hydrazine acetate were added. The resultant solution was stirred
under refluxing conditions for 2 h. After removal of the solvent, the residue was
chromatographed on silica gel using a mixture of hexane and dichloromethane as an
eluent, to give perfluoroalkylated pyrazole in 59% yield [117].

Co-cyclization of 1,6-diene (113) with a thiyl radical can be carried out involving the
addition of thiyl radical to an olefinic group, cyclization via 5-exo-trig manner with a
chair-like transition state, and termination by homolytic substitution at the sulfur (Sgi).
Preparation of cis-fused thiabicyclo[3.3.0]octane (114) is shown in eq. 4.39.

. (£BUS)y, EtB, n-CgHy,, H
X or (+BuS),, n-CgHyg :
113 hv, 10°C, 5 h H
114 73%
t-BuS * 4.39
l Sy T (=t-Bu”) ( )

S—-But

= . :
@\ SBu-t 5-exo-trig W
H HH

Radical addition—cyclization of substrate (115) bearing two different radical acceptor
such as acrylate and aldoxime ether moieties generates (3-amino-y-butyrolactones (116a)
and (116b) (eq. 4.40) [118-120].

C,H NHOBn  CyHs NHOBN
Gl T S e
+
CGHSCHS 1) R 0 R (4.40)

o 0
115 20°C 116a 116b

R = CH,0SiPh,Bu! 53% (18: 1)

Radical iodine atom transfer [3 4 2]-cycloaddition with alkene (118) using dimethyl 2-
(iodomethyl)cyclopropane-1,1-dicarboxylate (117) forms cyclopentane derivative (119),
through the formation of an electron-deficient homoallyl radical, followed by the addition
to alkene, and cyclization via 5-exo-trig manner as shown in eq. 4.41.
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CH30,C_ CO2CHg Yb(OTf)3

Et;B, O CH30,C
ﬁ\; + /\C4H9 —>3 2 o ><:(\I
CH,CI CH30,C
"z 118 e e C4Hg
119 82%
(cis/ trans = 11/1)
4.41)
CH30,C,_ COCHs CHZ0,C_ CO2CHs CH30,C_ CO-CHs

L A ﬁ
. 7 /" C4Hg

Experimental procedure 9 (eq. 4.41).

To a solution of dimethyl 2-(iodomethyl)cyclopropane-1,1-dicarboxylate (149 mg,
0.5 mmol), 1-hexene (0.13 ml, 1 mmol), and Yb(OTf); (310 mg, 0.5 mmol) in dichlor-
omethane (4 ml) was added Et;B (0.5 ml, 1 M hexane solution). After being stirred for 5 h at
0 °C under an argon atmosphere, the mixture was poured into aq. NH4ClI solution and
extracted with ether. Ether extracts were washed with brine, dried over MgSQO,, and
evaporated. Purification of the residue by silica-gel column chromatography gave a mixture
of cis- and trans-cyclopentane derivative in 82% yield (cis/trans = 11/1) [159].

Free radical cyclization of 1,6-diene (120) using diethyl phosphite or diphenylpho-
sphine oxide initiated by peroxide, produces an organophosphorus compound (121) via
the addition of a phosphonyl radical to an olefinic group (eq. 4.42a). Radical addition of
PH; to limonene (122) results in the formation of 4,8-dimethyl-2-phosphabicyclo[3.3.1]-
nonane (123) (eq. 4.42b) [121, 122].

(PhC02)2
CH
\L J/ (EO), P H (EtO)zﬁ/\U/ ¢
dloxane A 0 o (4.42a)
120 121 79%

(CoH 50)2 : phosphonyl radical

CH,

PHj, AIBN
CeHsCH;  100°C

H
CH3 CHs
122 (S)-(-)-Limonene R,P": phosphinyl radical 123 85%
"PH, «——————— PHy + >TCN
(—(CH3),CHCN) (4.42b)
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[3 + 2] Reaction of the Barton ester (124) with vinyl sulfone can be carried out under
irradiation with a tungsten lamp (eq. 4.43) [123].

W hv SO,Ph
mo N > SOzPh H
H
PyS” “SO,Ph
l 125 74% (4.43)
. SO,Ph S0,Ph
[@/.}*{G/_\SOQNT}_» @ - H
’ H H

PhSO,"*

Bond dissociation energies of C—Br and C-1 in BrCCl;, CBry, CHI;, etc. are lower, so
treatment with AIBN promotes the radical reactions. Eq. 4.44 shows that the refluxing
treatment of ene-yne-ketone (126) with bromotrichloromethane in the presence of AIBN
generates cyclopentanone (127) bearing an exo-methylene group, through the addition of
CClI; to an electron-rich olefinic group, followed by 5-exo-dig cyclization and then
bromine abstraction from bromotrichloromethane by the formed exo-vinyl radical [124].
This is an atom(group)-transfer reaction.

o Bre__CeHys
CH
8 CHaz o ABN o
/ —_—l
BrCCly, A
z rCCly ClsC CH,
126 CHg
127 78%
l ["CCle] i (4.44)
. ~CeHia

CHs CH; __GCeHys
CbCW 5-exo-dig
—_— (0]
o ClC oo
CHgy

As an oxidative addition—cyclization reaction, treatment of 1,4-naphthoquinone (128)
and diethyl phenylmalonate (129) with Mn(OAc); in acetic acid generates benz[a]an-
thraquinone (130) as shown in eq. 4.45 [125-132].

_LCO,C,Hs O
‘+ SHERSS Ntee
so c 8h COCoH

CO,CaHs
J 130 59%

(4.45)

CO,C5Hs

©/<00202H5
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Experimental procedure 10 (eq. 4.45).

Acetic acid (10 ml) solution of 1,4-naphthoquinone (0.49 mmol), diethyl malonate
(1.98 mmol), and Mn(OAc); (798 mg, 2.99 mmol) was heated at 80 °C for 16 h. After the
reaction, ethyl acetate (100 ml) was added to the solution and the mixture was washed
with sat. ag. NaHSOj solution (25 ml), sat. aq. Na,COs solution (50 ml X 3), and water
(25 ml X 3). The organic layer was dried over Na,SO4. The solvent was removed and
the residue was chromatographed on silica gel (eluent: dichloromethane/hexane = 3/1)
to give a product [126].

The following quinoline alkaloids (132) and (134) are prepared by the same addition—
cyclization reaction with Mn(OAc)s;.

CeHis
OH Mn(OAc); o
I Z o >
N0 AcOH, 60°C ) NS0
| |
131 CH, CHj
132 50%
o, T (4.462)
o) o - CeHia o9 Cetia
LY |- @ﬁj = @ff
NS0 N0 -e) N0
CHj CH; CHs
Mn OAc
O S OV
ACOH r.t. = CH
134 7% O COCHs

o o A
I 1
CHz—C-CHy—C-CHg $

/O/CH3
O‘ (4.46b)
COCH,4

COCH;4
T e

(0] CHj CHs
- N

i — O‘

COCH3 COCH;

O COCH, O COCH,

CHy=C-CH-C~CHq -~
- (-e)
(-H®)
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o] o OH
NHCH, N
O™ _ewsmon (1 Y p-on
CAN
o) CHzOH 0  COCH,

135 136 76%

0 o)

C
CH3/ \?H/ \CHS

o=

4.47)

O (0]
NHCH,4 NHCH,
—_—_—
O‘ COCHj4 (-H® —e) O‘ COCHj,
O COCHjz O COCHjz;

Treatment of 2-amino-1,4-naphthoquinone (133) and acetylacetone with Mn(OAc);
generates an oxidatively condensed alkaloid (134) (eq. 4.46b). The same oxidative
reaction of 2-amino-1,4-naphthoquinone (135) and B-diketone with cerium(IV)
ammonium nitrate (CAN) can be performed (eq. 4.47).

Mn(OAc);-mediated reaction of acetylacetone with 1,5-cyclooctadiene (137) leads
to the formation of a cis-fused bicyclic compound (138), through the addition of a
acetylacetonyl radical to 1,5-cyclooctadiene and subsequent intramolecular radical
cyclization (eq. 4.48).

Mn(OAc)z, Co(OAc),
O (CH3CO),CH
AcOH, 90 °C
137 H 138 70%
O

() CHS_ICI_CHZ_E:’I\_CHS
(—H®) (4‘48)

y CH(COCH),

Y

1] 1]
CHy—C-CH-C-CHj

CH(COCHj),
OCH(COCHs)z <:E§

Ceric (IV) ammonium nitrate (CAN) works as the same oxidative radical reagent as
Mn(OAc)s. Diethyl 3-furylphosphonates was prepared in good yield under mild
conditions by a simple two-step procedure using CAN-promoted oxidative addition of
[B-ketophosphonate (139) to vinyl acetate (140), followed by acid-catalyzed cyclization
as shown in eq. 4.49.

\
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(CoHs0)

O o R
1 CHs CAN 2
(CaH50)P I o, * B /n

OAc  CHZOH, r.t. CHs o CH,

139 140
141 70%
(-e)
CHe) (~AcOH)
1 i CHs
ﬁ o) (C2Hs0)2P_~ o 4.49
CoH50),P (4.49)
( 2115 )2 \,)J\CHa CH3
l - T OAc
o o Q b CHa
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AcO CH(COCHgz),
142 143 70%
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l (-H®)
OAc OAc
AcO 0 AcO 2
AcO . (-e) AcO ®
CH(COCHj3), CH(COCHj3),

CAN-mediated radical addition of acetylacetone to glycal (142) affords O-methyl
glycoside (143) (eq. 4.50).

Experimental procedure 11 (eq. 4.50).

A solution of CAN (2—4 eq.) in methanol (20—40 ml) was added to a solution of glycal
(2 mmol) and dimethyl malonate (2.64 g, 20 mol) in methanol (5 ml) at 0 °C. After the
disappearance of glycal (2—5 h) by TLC, ice-cold aq. diluted Na,S,0, solution (100 ml)
was added to the mixture, and the obtained mixture was extracted with dichloromethane
(40 ml X 4). The organic layer was dried over Na,SO,. After removal of the solvent, the
residue was chromatographed on silica gel with a mixture of hexane and ethyl acetate [131].

As a reductive addition—cyclization reaction, treatment of allyl 4,6-di-O-acetyl-2,3-
dideoxy-a-D-erythro-hex-2-enopyranoside (144) with CF;(CF,)/I and Na,S,0,4 as SET
reagent at 5°C generates 4,6-di-O-acetyl-1,2,3-trideoxy-4'-(2,2,3,3,4,4,5,5,6,6,7,7,
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8,8,9,9,9-heptadecafluorononyl)-2',3',4’,5'-tetrahydro-3-iodo-a-D-glucopyranoso[1,2,-
b furan (145) (eq. 4.51), through the initial SET from Na,S,0,4 onto CF3(CF;)/I to form
electron-deficient CF;(CF,);, addition of CF5(CF,); to the terminal olefinic group of the
substrate, 5-exo-trig cyclization to the another olefinic group, and finally abstraction of an
iodine atom from CF;(CF,)/I [133]. So, this is an atom(group)-transfer reaction.

AcO CF5(CFy),l AcO
(0] Na,S,0,4, NaHCO
Acob---o e 5 o AcOr
_ CH4CN, H,0

124 \_\\ 0°C [

145 CHo(CF,),CF,
73% (59 : 14)

zso,j - 5,0,
CF5(CFo)l T [-CFs(CFl| (451

CF3(CFy)l (-S0y)
AcO

. AcO
CF3(CFy);" [—> 0 —>| AcO'-
AcOr e .
. < CH,(CF,),CF4
(CF2);CF3

4.4 REACTIONS WITH CARBON MONOXIDE

As shown in Hunsdiecker reactions and Barton decarboxylation reactions, radical
decarboxylation of an alkylcarboxyl radical (RCO>) via B-cleavage is extremely rapid to
form R and carbon dioxide, and the rate constant is ~ 10° s~ 1, while that of an
arylcarboxyl radical (ArCO5) is ~ 10° s ', Thus, decarboxylation is very rapid, and so it
suggests that the synthetic use of the radical coupling reaction of alkyl radical and carbon
dioxide to get carboxylic acid, i.e. the reverse reaction, gives disappointing results.
However, decarbonylation of acyl radical (RCO’) via a-cleavage to form R and carbon
monoxide is not so rapid, and the rate constant is about ~ 10371, So, the synthetic use of
the radical coupling reaction of alkyl radical and carbon monoxide may be possible.
Practically, treatment of octyl bromide (146) with Bu;SnH/AIBN under high-pressured
carbon monoxide with an autoclave generates the corresponding aldehyde (147) via the
formation of an acyl radical as shown in eq. 4.52 [134—136].

CO (50 atm)
BusSnH, AIBN
NNy TN\/\/\CHO NN
146 80°C, 3h 147 63% 36%
l T (4.52)

The yields dramatically depend on the pressure of carbon monoxide and the
concentration of Bu;SnH, and the coupling reaction of the alkyl radical and carbon
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monoxide is the rate-determining step. The same treatment in the presence of electron-
deficient olefin and allyltributyltin produces the corresponding ketones (149) and (150),
respectively, through the addition reaction of acyl radical to olefins as shown in eq. 4.53
[137-141]. Generally, the acyl radical has a weak nucleophilic character.

Z>CN
CO (80 atm)

BusSnH, AIBN N
/" 80°C,2h A
O 149 46% (4.53)
Q I co (3g aém)
Pl NnBusz
148 AN @‘N

80°C, 12h
O 150 60%

Eq. 4.54 shows the reaction of n-heptanol (151) with Pb(OAc), under high-pressured
carbon monoxide with an autoclave to generate the corresponding 8-lactone (152). This
reaction proceeds through the formation of an oxygen-centered radical by the reaction of
alcohol (151) with Pb(OAc)4, 1,5-H shift, reaction with carbon monoxide to form an acyl
radical, oxidation of the acyl radical with Pb(OAc),, and finally, polar cyclization to
provide d-lactone [142—146]. This reaction can be used for primary and secondary
alcohols, while (3-cleavage reaction of the formed alkoxyl radicals derived from tertiary
alcohols occurs.

CO (80 atm) o
CHs\/\/\/\OH Pb(OAc), CH3\/\@
151 i CeHg, 40°C 152 51%

[CHs\/\/\/\O- ] (4.54)

¢(1 5-H shift)
0

o}
|
[CHs\/WOH] E— CHS\/\C.)OH —_— CHs\/\C'iOH

Experimental procedure 12 (eq. 4.54).

To a benzene (40 ml) solution of alcohol (0.4 mmol) in a stainless reactor of autoclave
was added Pb(OAc), (295 mg, 0.6 mmol). The inside of the reactor was flashed twice
with 10 atm of carbon monoxide. Then the reactor was pressured at 80 atm with carbon
monoxide and heated at 40 °C with stirring for 3 days. After the reaction, the mixture was
poured into 0.4 M aq. HCI solution, and extracted with ether thrice (20 ml X 3). The
organic layer was dried over Na,SO, and filtered. After removal of the solvent, the
residue was chromatographed on silica gel (eluent: ethyl acetate/hexane = 1/9) to obtain
d-lactone in 51% yield [144].
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Radical carbonylative ring-closure of 6-iodohexyl acrylate (153) with (Me;3Si)s.
SiH/AIBN in supercritical CO, as reaction media affords the 11-membered macrolide
(154) (eq. 4.55).

CO (295 atm) 0

AIBN
Me3Si);SiH O
/\H/O\/\/\/\I (Me3Si)sSi - (4.55)
80°C,2h o)
O super critical CO,

153 154 68%

CO (80 atm)

SNTN"NEy BUSSnH AIBN
¢ (;“Q—‘

155 156 81%

l o
OO OO

Eq. 4.56 shows the formation of y-lactam (156) from imino bromide (155), through the
formation of an acyl radical with monoxide, 5-exo-trig ring closure at the nitrogen atom
by the nucleophilic acyl radical, and finally abstraction of a hydrogen atom from Bu;SnH
[147].

Instead of BuzSnH, Mn>* can be also used for the same carbonylation reaction with
carbon monoxide in an autoclave [148].

(4.56)

4.5 ADDITION TO ACETYLENES

Radical additions of BuzSnH and (MesSi);SiH onto acetylene derivatives (157), (159),
and (161) initiated by AIBN or Et;B smoothly proceed to give the corresponding
addition products, vinyl silane (158) and vinyl stannanes (160) and (162), via -silyl
vinyl radical and B-stannyl vinyl radicals, respectively (eqs. 4.57-4.59) [149-158].
Reactions with terminal alkynes provide the (E)-isomer as a major adduct, due to
the steric hindrance in the hydrogen-abstraction by vinyl radicals. However, (E) and (Z)
selectivity generally depends on the substituent of alkynes, and radical reagents,
Bu;SnH and (Me;Si);SiH.

initiator
Me;Si)3SiH
@—CEC—H _(MesSSH H
H Si(SiMej)
157 3)3 .
5 158 4.57)
initiator

AIBN 90°C 88% Z:E=84:16
EtaB, 02 25°C 85% Z.E=99:1
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OH
/ OH AIBN OH
7 Bu3—8nH> BuSn +  BugSn (4.58)
159 OH OH
1602 88% (95:5) 160b
EtsB  n-CyoHyy n-CioHa
Croby—C=CH —o vad s s
- —-C= —_— = =
ot CeHsCH, AN PN (4.59)
161 rt H SnPh; H H

162a 80% (79:21) 162b

Experimental procedure 13 (eq. 4.57).

AIBN method: To a flask were added phenylacetylene (4 mmol), AIBN (0.96 mmol), and
toluene (40 ml). After flash the flask with argon gas, (Me;Si);SiH (4.8 mmol) was added,
and the obtained mixture was heated at 70 °C for 2—4 h. After the reaction, the solvent
was removed, and the residue was distilled to give 2-[fris(trimethylsilyl)silyl]styrene
(b.p. 170 °C/0.02 mmHg).

Et3B method: To a mixture of phenylacetylene (4 mmol), (Me;Si);SiH (5.2 mmol) in
dry toluene (40 ml) were added Et;B (0.8 mmol, 1 M hexane solution) and air (10 ml)
over 6—24 h with syringe pumps. After the reaction, the mixture was poured into water
and extracted with ether thrice. The organic layer was dried over Na,SO,. After removal
of the solvent, the residue was chromatographed on silica gel (eluent: pentane) to give the
adduct [155].

Experimental procedure 14 (eq. 4.59).

Et;B (0.1 mmol, 1 M hexane solution) was added to a mixture of 1-dodecyne (1 mmol) and
triphenyltin hydride (1.2 mmol) in toluene (8 ml) at room temperature under an argon
atmosphere. After 20 min the reaction mixture was poured into water and extracted with
ethyl acetate thrice. The organic layer was washed with brine and dried over Na,SO,. After
removal of the solvent, the residue was treated with preparative TLC to give a mixture of
(E) and (2)-1-(triphenylstannyl)-1-dodecene in 80% yield (E/Z = 79/21) [160].

The intermediate vinyl radicals, such as (-stannyl vinyl radicals and B-silyl vinyl
radicals are a very reactive species because of the sp> carbon-centered radicals, so, these
reactive intermediates can be used for the cyclization. Thus, treatment of ene-yne
compounds (163) ans (166) with the Bu3SnH/AIBN or (Me;Si);SiH/AIBN system
generates (exo-tributylstannylmethylene)cyclopentane (164) (eq. 4.60), a-(exo-tributyl-
stannylmethylene)cyclopentanone (167) (eq. 4.61), respectively. Treatment of yne-
oxime ether (169) with Bu;SnH/AIBN provides methyl 3-amino-y-(exo-methylene)cy-
clopentanecarboxylate (170) (eq. 4.62). Treatment of propargyl O-glycoside (171) with
Bu3;SnH/AIBN gives a bicyclic sugar (172) bearing an exo-(tributylstannyl)methylene
group (eq. 4.63). Eq. 4.64 shows uncommon 7-exo-trig cyclization of a sugar ene-yne
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compound (173). In these reactions, the tributylstannyl group of the products is easily
removed on silica-gel treatment or acid treatment.

E_E
AIBN
Busan silica geI
SnBujy
163 E=CO,CH, 164 85%
0]
AIBN SnBu
A BUsSnH 8 H®
AN _—
\ CeHs Et,O
Ri
Rz (4.61)
R1 = R2 = CH3 910/0 880/0
Ry=Ph,Ry=H 92% 92%
R; = CO,C,H5,R, =H 88% 82%
NOBn
CO,CHjy AIBN
BusSnH H®
CeHe A Et,0 _ (4.62)
\\ 6Me 2 3
169 CO,CH3
170 82%
OAc AIBN OAc
AcO/EO)\ BusSnH AO o
— 0
= / o) (4.63)
171 BusSn
172 75%(E: Z=3:1)
AIBN
BusSnH
(4.64)

CeHsCH;  80°C

174 60%

Experimental procedure 15 (eq. 4.60).

To a flask were added ene-yne diester (0.1 mol), Bu3SnH (0.104 mol), AIBN (0.25 mmol)
under an argon atmosphere. The mixture was heated at 75—-85 °C for 0.5—1 h. After
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the reaction, the mixture was added into a mixture of dichloromethane (1000 ml) and silica
gel (350 g), and stirred for 24—48 h. After the reaction, the mixture was filtered and washed
with ethyl acetate. After the Celite filtration of the filtrate, the solvent was removed and the
residue was distilled to give dimethyl 3-methylene-4-isopropyl-1,1-cyclopentanedicar-
boxylate in 85% yield (b.p. 80—85 °C/0.2 mmHg) [150].
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_5_

Alkylation of Aromatics

5.1 OXIDATIVE CONDITIONS

The Friedel-Crafts reaction is polar (ionic) alkylation or acylation of electron-rich
aromatics by alkyl cation or acyl cation species, derived from the reactions of alkyl
halides or acyl halides with AlCls. Therefore, electron-rich aromatics such as anisole are
very reactive, but electron-deficient aromatics such as pyridine are inert.

As mentioned before, alkyl radicals and acyl radicals have a nucleophilic character;
therefore, radical alkylation and acylation of aromatics shows the opposite reactivity and
selectivity to polar alkylation and acylation with the Friedel-Crafts reaction. Thus, alkyl
radicals and acyl radicals do not react with anisole, but may react with pyridine. Eq. 5.1
shows the reaction of an alkyl radical with y-picoline (1). The nucleophilic alkyl radical
reacts at the 2-position of y-picoline (1), where electron density is lower than that of the
3-position. So, 2-alkyl-4-methylpyridine (2) is obtained with complete regioselectivity.
When pyridine is used instead of vy-picoline, a mixture of 2-alkylpyridine and 4-
alkylpyridine is obtained. Generally, radical alkylation or radical acylation onto
aromatics is not a radical chain reaction, since it is just a substitution reaction of a
hydrogen atom of aromatics by an alkyl radical or an acyl radical through the addition—
elimination reaction. Therefore, the intermediate adduct radical (o complex) must be
rearomatized to form a product and a hydrogen atom (or H" and e ). Thus, this type of
reactions proceeds effectively under oxidative conditions [1-6].

Reactivities of n-Bu’ (sp3 carbon-centered radical) and Ph’ (sp2 carbon-centered
radical) to benzene, y-picoline, protonated vy-picoline, protonated benzothiazole are
shown in Table 5.1. As can be seen here, the reactivity is greatly increased in both
radicals, as the electron-density of aromatics is decreased. Therefore, the reactivity of
heteroatomatic bases such as y-picoline and benzothiazole, can be increased by their

157
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Table 5.1

Rate constants for reactions of n-Bu’ and Ph’ to aromatics (M~ s~ 1)

k1 (n'BU.) kQ(Ph.)
© 3.8 x 102 1.0 x 10°
CHg
X
@ 1.3x 103 3.2x10°
o
N
CHj
X
(j 1.1 x10° 1.8 x 10°
o
No
S
Q| 9.9 x 10° 7 x10°
No

protonation. Moreover, the sp® carbon-centered radical is much more reactive than the
sp> carbon-centered radical. This characteristic reflects the fact that the bond dissociation
energy of C(sp®)-H is ~ 15 kcal/mol higher than that of C(sp>)-H.

Reactivity of nucleophilic alkyl radicals is increased in the following order,

CH; < prim-R* < CH;C(0O) < PhC(0O) < sec — R < tert — R’

Since radical alkylation of heteroaromatics is consequently the substitution reaction of
a hydrogen atom by an alkyl radical as shown in eq. 5.1, oxidative conditions are
generally preferable. Thus, in the alkylation of heteroaromatics, (RCO,),/SET metal
agent (such as Cu™, Fe?*, Ag™) system is the typical method. The Fenton system with
Fe?* and H,0, generates HO', HO ™, and Fe> " through the SET from Fe*" to H,O,. Once
HO' is formed, extremely reactive HO' rapidly abstracts a hydrogen atom from the
substrate. For example, treatment of a-hydroxycarboxylic acid with the Fenton system
gives a-keto acid through the abstraction of an a-hydrogen atom from o-hydroxy-
carboxylic acid. Here, Fe*" functions as a SET catalyst.

Eq. 5.2 shows the preparation of 3-chloro-4-acetyl-6-methylpyridazine (4) by the
treatment of 3-chloro-6-methylpyridazine (3) and acetaldehyde in an aq. acidic solution
with the Fenton system. HO  formed from the Fenton system, abstracts a formyl hydrogen
atom from acetaldehyde to form a nucleophilic acetyl radical. This radical reacts at the
electrophilic 4-position of 3-chloro-6-methylpyridazinium salt formed in acidic solution,
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to give 3-chloro-4-acetyl-6-methylpyridazine as shown in eq. 5.2 [7-9].

Fe?® + H,0, —> Fe®® + [HO'] + HO®

o)
CHsCHO + [HO'] —— |:CH3—ICI:':| + HO

N-N 0 N-N’
7 N\ I /
3 CH3_|C|: (.)
0
N-N
Fe*®  c—  H—cH,
(-Fe?®) —
(He) TR g

Experimental procedure 1 (eq. 5.2).

To a mixture of 3-chloro-6-methylpyridazine (1 mmol), H,SO4 (3%, 6 ml), acetone
(3 ~5ml), and acetaldehyde (20 mmol) were added hydrogen peroxide (34%,
20 mmol) and sat. aq. FeSO, (20 mmol), simultaneously over 10 min. During the
addition, the temperature of the reaction mixture must be kept in the range of 30 to
35 °C. The reaction mixture was then stirred for 5 min. After the reaction, water and
20% aq. Na,CO; were added to the reaction mixture, and the organic layer was
extracted with dichloromethane, and dried over Na,SO,. After filtration and removal of
the solvent, the residue was chromatographed on silica gel to give 3-chloro-4-acetyl-6-
methylpyridazine in 37% yield [8].

With diacyl peroxide and SET metal ions such as Cu™, alkylation of heteroaromatics
such as pyrazine can be carried out. This method can be also used for alkylation of a
ferrocene complex. Eq. 5.3 shows alkylation of quinoxaline (5) with diaceyl peroxide
and Cu™.

cu® S -
S .
(RCO,), m [(RCOg),] (—RCOQG’) [RCO,"] (-CO,) (R°]

L) @f o ©EI

When carboxylic acids are used as an alkyl radical precursor (R’), the RCO,H/
Na,S,04/AgNO; system is often used. Moreover, radical acylation and alkoxycarbony-
lation can be also carried out by using the RCOCO,H (a-keto acid)/Na,S,0s/AgNO;
system and RO,CCO,H (half ester of oxalic acid)/Na,S,0s/AgNO; system, respectively.

(5.3)
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Eq. 5.4 shows radical alkylation, acylation, and alkoxycarbonylation of vy-picoline (1)
with the RCO,H/Na,S,05/AgNO; system, RCOCO,H/Na,S,05/AgNO; system, and
RO,CCO,H/Na,S,05/AgNO; system, respectively. These reactions comprise of the
initial oxidation of Ag" to Ag®" by peroxide, oxidation of RCO,H, RCOCO,H, and
RO,CCO,H to RCO5, RCOCO; and RO,CCO5 with Ag”", their rapid decarboxylation to
R, RC(0), and RO,C, then reaction at the electron-deficient a-position of y-picoline (1),
and finally oxidation of the adducts to form 2-alkyl-4-methylpyridine (2), 2-acyl-4-
methylpyridine (7), and 2-alkoxycarbonyl-4-methylpyridine (8), respectively [10—13].

Na,S;05, Hp50, M8 2Ag® + 5,029 —2Ag2® 250,2©
RCO,H ,AgNO 7
2 A g 3 - - I R002@+ Ag2® _>R002' + Ag®
N2 R RCO,* —»R* + CO,
CHy | O CHs CH, CH,
z RC_COQH, HQSO4 = = . =
| Il r L IU+R il . | 5.4
N NaQSZOg ,AgN03 A N C/ N N
1 H® R He
1 7 0
O CH, CH, CH,
ROC-CO,H, H,SO, -~ 7 z
— 4‘@ OR Hm”‘gze > o J+HO 4 Ag®
NayS,0g ,AgNO3 ,A SN“>¢” N N
g U R He R He

Experimental procedure 2.

A flask equipped with an addition funnel and mechanical stirrer was charged with
1-N-methyl-1,2.4-triazole (10 g, 0.12 mol), water (10 ml), and trifluoroacetic acid
(27.8 ml, 0.36 mol). The mixture was heated to 70 °C. Then, homogeneous solution of
(NH4),S,05 (68.66 g, 0.30 mol), water (69 ml), cyclopropanecarboxylic acid (0.24 mol)
and 5 M NaOH (48 ml, 0.24 mol) was charged to the additional funnel. A solution of
AgNOs;, prepared by dissolving AgNO3 (2 g, 0.012 mol) in water (6 ml), was charged to
the reaction flask. Dropwise addition of a mixture of (NH,4),S,0g and carboxylic acid
solution was initiated and in the space of 5 to 10% of the addition, the temperature began
to rise rapidly and gas evolution was observed. The temperature was maintained between
80 ~ 90 °C by controlling the rate of addition. After the addition, the reaction mixture
was stirred for one hour as it cooled to room temperature. Conc. aq. NH,OH was slowly
added until the pH was adjusted to about 12 at 0 °C. The mixture was extracted with ethyl
acetate, and the organic layer was dried over MgSQ,. After filtration, the solvent was
removed and the residue was chromatographed on silica gel (eluent: ethyl acetate/
hexane = 1/1) to provide 1-N-methyl-5-cyclopropyl-1,2,4-triazole in 60% yield [13].

With the Fenton system, treatment of excess crown ethers (9) and 2-methylquinoli-
nium salt in the presence of FeSO, and #-butyl hydrogen peroxide generates crown-
substituted 2-methylquinolines (10) in good yields. Here, the crown ether is selectively
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introduced into the electron-deficient 4-position (eq. 5.5) [14].

N
O o[ O
L 9 J #mwooH | L 9 [

Lo g
9

(5.5)

r.t.

As a unique reaction with the Fenton system, the alkylation of heteroaromatics with
alkyl iodide, hydrogen peroxide, and dimethyl sulfoxide in the presence of FeSO,4 can be
carried out. This reaction comprises of the initial formation of reactive HO" by the
reaction of FeSO,4 and hydrogen peroxide, reaction of HO on the sulfur atom of dimethyl
sulfoxide to form CH3 and methanesulfinic acid (Sy2 reaction), reaction of CH; on the
iodine atom of alkyl iodide via Sy2 pathway to form more stable R and methyl iodide,
and then addition of R to the a-position of +y-picoline (1) to form an addition-
intermediate radical which is rearomatized under oxidative conditions to 2-alkyl-4-
methylpyridine (2) [15, 16].

CHjy o CHjy
z 4 FeSO, =~
- || + Rl + Hy0p + CHySCHy — o [+ CHyl + CHsSO,H + H,0
N N R
H® H®
1 2
H0p + Fe?* —  HO® + HO® + Fe®®
(0]
| 0" P-cleavage (5.6)
CHzSCH; + HO® — CH;—S-OH —> CHj" + CH3SO,H :
CHj

Rl + CH" — R" + CHjl

CHj CH; CHs
. \ FeS+ -z
|+ R® —— | H —> | + H®
X * +
NZ "R (-Fe™) N5 R
Ne Ne Ne

(Diacyloxyiodo)arenes (11) generate the corresponding alkyl radical through single
decarboxylation under heating or irradiation conditions, and it can be used for the
alkylation of heteroaromatics, as shown in eq. 5.7. However, one of two acyloxy groups
in (diacyloxyiodo)arene generates an alkyl radical and the other acyloxy group must
be recovered as a carboxylic acid [17—-19]. The same alkyl radicals can be generated
from alcohols through double decarboxylation by changing the acyloxy groups
in (diacyloxyiodo)arenes, with half esters of oxalic acid prepared from alcohols and
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(I? <’|§j12 X®
QI(OCR)Q o Hgm RQ + ©—| + RCO,H
1 12
i CO0y) T (5.7)

oxalyl chloride.

CH

o] H 3
Oivoba e | QO-QC Q0
' R e N® SN SN

Treatment of carboxylic acids with Pb(OAc), can also be used for the alkylation of
heteroaromatics, but it is toxic. Eq. 5.8 shows the introduction of a phenyl group to the
cubane by the treatment of 1,4-cubanedicarboxylic acid monoester (13) with Pb(OAc), in
benzene [20].

—_—
O CeHg, hV, A Ox¢ (5-8)
| |
CHO 4y CHO 14 669

Ce*" and Mn’" can generate an electrophilic malonyl radical from malonate diester.
Thus, the introduction of a malonyl group to an uracil derivative is effective by treatment
of the uracil derivatives (15) with CH,(CO,R), and Mn(OAc); in acetic acid under
heating conditions as shown in eq. 5.9 [21, 22].

0 OAc
R R
Ny | Mn(OAC), , 2H,0 1\N)JE/C(COZQHE,)Z
5 A+ CHACOLCoM, AGOH. 70°C O)\N
| 10~17h |
15 Rz 16 Ro
Ry R TACOH
CHj CHs 85% - o
o ®
H . H 74% R, \N C(00202H5)2
e) Lo 0 I
H OAc  63%
o, e OAW‘ (5.9
AcO ,
H 0 60% i R
AcO OAc E:ﬁe@)))
o] o)
w RiN AN CHCOAC.Hs), RN N2 CH(CO:CoHs)
["CH(CO,CoHs),] — H —
2L2M5)2 O)\N . Ce) O)\N |
| (H®) I
Ry Ro
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Experimental procedure 3 (eq. 5.9).

Diethyl malonate (481 mg) was added to acetic acid (4 ml) solution of N,N'-
dimethyluracil (70 mg, 0.5 mmol), Mn(OAc)3-2H,O (804 mg, 3 mmol) at 70 °C under
a nitrogen atmosphere, and the mixture was stirred for 12 h at the same temperature.
Then, the reaction mixture was filtered. Ethyl acetate was added to the filtrate and the
organic layer was washed with sat. aq. NaHCO3, and then water. The organic layer was
dried over Na,SO, and filtered. After removal of the solvent, the residue was
chromatographed on silica gel (eluent: ethyl acetate/hexane = 1/1) to give diethyl
a-acetoxy-a-(N, N -dimethyluracil)malonate in 85% yield (151 mg) [21].

5.2 NON-OXIDATIVE CONDITIONS

From the practical point of view, alkylation of heteroaromatics with Barton
decarboxylation of N-acyloxy-2-thiopyridones (17), prepared from carboxylic acids
and N-hydroxy-2-thiopyridone, is very useful, since it can be used for various kinds of
carboxylic acids such as sugars and nucleosides [23—26]. This reaction comprises of the
initial homolytic cleavage of the N—O bond in N-acyloxy-2-thiopyridone to form an
acyloxyl radical and PyS’, B-cleavage of the acyloxyl radical to generate an alkyl radical
and CO,, addition to the electron-deficient position of heteroaromatics by the alkyl
radical to form the adduct, and finally, abstraction of a hydrogen atom from the adduct by
PyS’, as shown in eq. 5.10.

@ e, 1n, O PySH
-+-
R-G-0-N o CHLClL,rt RN y

R
12
CH NHCOPHh
/<-> (\ CH3 f _CHj IgN
J R | </ (5.10)
OH ,& \ N/)\R
84% 64% 76% Ha 66 %

(a:y=43:41)

Q Esm

Experimental procedure 4 (eq. 5.10).

A solution of N-adamantanecarbonyloxy-2-thiopyridone (145 mg, 0.5 mmol), cam-
phorsulfonate salt of lepidine (1.23 g, 3.27 mmol), and dichloromethane (6 ml) was
irradiated with a tungsten lamp (200 W, W-hv) under nitrogen atmosphere at the
range of 20 ~ 25 °C for 1 h. After the reaction, the reaction mixture was poured into
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sat. ag. NaHCO; and extracted with ether. The organic layer was dried over MgSO,
and filtered. After removal of the solvent, the residue was chromatographed on silica
gel (eluent: dichloromethane) to give 2-adamantyl-4-methylquinoline in 97%
(135 mg) yield [23].

Here, biologically interesting heteroaromatics such as thiazole, caffeine, adenine, etc.,
are easily alkylated. In nature, biologically active C-nucleosides such as showdomycin,
pyrazomycin, formycin, oxetanocin-A that have potent antiviral and antitumour
activities, are known. The present method can be used for the preparation of these
C-nucleosides through radical coupling reaction of the sugar moiety and the base moiety,
via sugar anomeric radicals, as shown in eq. 5.11 (Figure 5.1).

’d
Phcog—%i)« HO—I@ PhCOQ—%i)“Q Q
CO,H ¢-0-N

— S,
PhCO, pee PhCO, 19  °
18
CHg CH, (5.11)
I\ Z |
N’ PhCO
HE x@ 2 OSSN
W-hv
CH,Cl, , rt. PhCO; 20

70% (o: p=13:87)

O N/> W N
HO— o N HO— o N HO— & HO \
(0] OH
) HO OH

o)
HO (OH) HO (OH HO  OH
N-Nucleoside C-Nucleoside Showdomycin Pyrazomycin
NH,
~N
N
< 1
HO o P
OH
Formycin Oxetanocin-A

Figure 5.1
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Experimental procedure 5 (eq. 5.11).

Carboxylic acid (0.5 mmol) derived from 2-deoxy-D-ribose was dissolved in dry THF
(3 ml), and then N-hydroxy-2-thiopyridone (0.53 mmol) and DCC (0.6 mmol) were
added to the solution at 0 °C. After being stirred for 1.5 h at room temperature in the
dark, the reaction mixture was filtered under an argon atmosphere. To the filtrate,
4-methylquinolinium camphorsulfonate (3.5 mmol) and dry THF (4 ml) were added. The
yellow solution obtained was stirred under an argon atmosphere and irradiated with a
500 W tungsten lamp for 2.5 h at 30 °C. The reaction mixture was quenched with sat. aq.
NaHCOj; solution, extracted with CH,Cl,. The organic layer was dried over Na,SOy,.
After filtration and removal of the solvent, the residue was chromatographed on silica gel
(eluent: ethyl acetate/hexane = 1/3 ~ 1/1) to give C-nucleoside in 70% yield
(a/p = 13/87) [26].

When the introduction of a carbocylic acid group to the sugar anomeric position is
difficult, sugar anisyl tellurides can be used as the precursor of sugar anomeric radicals,
through Sy?2 reaction on the tellurium atom of sugar anisyl tellurides by the ethyl radical
derived from triethylborane (eq. 5.12) [27-30].

OCHs
PhCHZO—%i?W /©/ Et,B , Air PhCH?O—%i?
Te —_— =

r.t.
PhCH,O0  (OCH,Ph) PhCH,O  (OCH,Ph) (5.12)

21
+ Et—Te—@—OCHS

Since Sml, is an effective SET agent, coupling reaction of 1,10-phenanthroline and
ketone is promoted by Sml, via a ketyl radical, to produce 2-(1-hydroxyalkyl)-1,10-
phenanthroline (23). Thus, various kinds of a-hydroxyalkyl-substituted 1,10-phenan-
throlines, which can be used as a metal ligand, are prepared (eq. 5.13) [31].

ale
=N N= |
O:O _ Smb [O-_os,mzl . 7 (5.13)
THF, 1. OH |

Ny
22
23 88%

Bu;SnH is an effective reducing agent, so generally it cannot be used for the alkylation
(substitution) of heteroaromatics due to the rapid reduction of the alkyl radical formed.
However, (Me;Si);SiH can be used for the alkylation of heteroaromatics in the presence
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of excess AIBN, as shown in eq. 5.14 [32-35].

N
@ =1°-, 2%, 3°-alkyl
A M X© (Me;Si)sSiH, AIBN /(,\,) y (5.14)
CgHg, A RT™S @ = pyridine, thiazole,
24 pyrimidine, etc

45 90 %

Experimental procedure 6 (eq. 5.14).

To a mixture of adamantyl bromide (0.5 mmol) and trifluoroacetate salt of lepidine
(2.5 mmol) in benzene (6 ml) were added tris(trimethylsilyl)silane (1.0 mmol) and AIBN
(1.0 mmol). The mixture was heated at 80 °C for 14 h under an argon atmosphere. After
the reaction, the reaction mixture was washed with sat. aq. NaHCO5. The organic layer
was dried over Na,SO,. After removal of the solvent, the residue was chromatographed
on silica gel to give 2-(1-adamantyl)-4-methylquinoline in 90% (125 mg) yield [33].

1,1,2,2-Tetraphenyldisilane (TPDS) is a new stable radical reagent (crystalline solid);
no decomposition was observed for 3 months under air at room temperature, and it is
sufficiently stable in ethanol. Treatment of alkyl bromides, TPDS, and heteroaromatics,
which were activated by protonation with trifluoroacetic acid, in ethanol at refluxing
temperature gives good to moderate yields of the corresponding alkylated hetroaro-
matics, as shown in eq. 5.15 [36—38].

AlBN _CHs
O B e D4
Br Ny TEOHA Ko (5.15)

25 x© Hs H,

26 27 55%

Experimental procedure 7 (eq. 5.15).

AIBN (0.45 mmol) was added 5 times over 8 h (2h intervals) to a solution of
trifluoroacetate salt of heteroaromatics (1.5 mmol), alkyl halide (0.3 mmol), and 1,1,2,2-
tetraphenyldisilane (0.45 mmol) in ethanol (4 ml) at refluxing temperature. 1,1,2,2-
Tetraphenyldisilane (0.45 mmol) was added again after 4 h. The solution was stirred for
22 h at the same temperature. The resulting solution was quenched with sat. aq. NaHCOs.
The organic layer was extracted with ethyl acetate and dried over Na,SO,. After removal
of the solvent, the residue was chromatographed on silica gel to give the product [37].

Intramolecular radical cyclization of N-haloalkyl pyridinium salts (28) with Bu;SnH
readily takes place to generate cyclic pyridinium salts (29) (eq. 5.16), although
intermolecular radical alkylation with Bu3SnH does not work due to the direct reduction
of the alkyl radical [39]. Since it is well known that natural quinolidine and indolidine
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alkaloids bear potent biologically activity, the present reaction becomes a ring-
construction method of these alkaloids, by the reduction of the formed cyclic pyridinium
salts. Here, the a-isobutyronitrile radical formed from AIBN play an important role as
a hydrogen acceptor to form the cyclization adduct.

HQ OH
Z z HOL~E
| BusSnH, AIBN | ;
\N I rhen o \N N
[©) CHZCN / THF ®
N A )y HO (5.16)
n 29 . .
28 n=1 65% natural indole alkaloid
n=2 60%
n=3 58%

Eq. 5.17 shows ipso substitution of imidazoles (30) at the 2-position by an sp> carbon-
centered radical. Here, the tosyl group plays an important role in both activation of the ipso
2-position and as an effective leaving group, Ts [40—46]. The phosphoryl group also shows
the same leaving ability as the tosyl group. Preparation of [1.2-b]-fused bicyclic pyrazoles
(33) from 1-(phenylselenoalkyl)pyrazoles (32) also works well, as shown in eq. 5.18.

N N
[ H—Ts BusSnH, AIBN [ \3]
N A N
\—] seph A )n

31

30 n=1 52%
=2 48%
l o3 ea% .17)
N N Ts
ST |: BusSnH
[N>_ S| — l NZj Ts" ——» TsH
\_(_/)n ),,
R Q
C,Hs0-C ACCN, C,Hs0-C
\ BuzSnH \
I N — - /N (5.18)
PhSe N CsHsCHg A N
(Y% n=1 38%
n n=2 63%
32 33 n=3 37%

5.3 PHOTOCHEMICAL CONDITIONS

It is well known that benzophenone generates a biradical through n—#" electronic
transition under irradiation (~ 340 nm). [rradiation of a mixture of 1,4-benzoquinone (34)
and aromatic aldehydes in the presence of benzophenone generates 2-aroyl-1,4-
dihydroxybenzene (35) [47—-49]. This reaction comprises of the abstraction of a formyl
hydrogen atom of an aromatic aldehyde by the oxygen-centered radical of the
benzophenone biradical to form an aroyl radical and a 1,1-diphenylhydroxymethyl
radical, and addition of the nucleophilic aroyl radical to 1,4-benzoquinone (34) to form a
phenoxyl radical derivative, which finally abstracts a hydrogen atom from an aromatic
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aldehyde to give 2-aroyl-1,4-dihydroxybenzene (35) as shown in eq. 5.19. As an
environmentally benign method, this reaction also proceeds in supercritical CO, under
the same conditions without toxic benzene.

o= OO

pinacol coupling

(0] OH O
X'@'CHO Hg-hv O O
CGHG! PthO, r.t. X (5 19)
OH X=0CHs 72%
34 35 =CH;  65%

= COQCHg 58%

Ao

Experimental procedure 8 (eq. 5.19).

A benzene (240 ml) solution of 1,4-benzoquinone (4.8 g, 44.4 mmol), o-chlorobenzal-
dehyde (20 ml, 346.7 mmol), and benzophenone (2.5 mmol) was bubbled with nitrogen
gas for 15 min. Then the mixture was irradiated with a high pressure mercury lamp under
a nitrogen atmosphere for 5 days. After the reaction, the solvent was removed and the
residue was chromatographed on silica gel to give o-chlorobenzoyl-1,4-dihydroxyben-
zene in 78% yield [47].

5.4 OTHERS

In the previous sections, the reactions of nucleophilic alkyl and acyl radicals with electron-
deficient aromatics via SOMO-LUMO interaction have been described. At this point, we
introduce the reactions of electrophilic alkyl radicals and electron-rich aromatics via
SOMO-HOMO interaction, though the study is quite limited. Treatment of ethyl
iodoacetate with triethylborane in the presence of electron-rich aromatics (36) such as
pyrrole, thiophene, furan, etc. produces the corresponding ethyl arylacetates (37) [S0—54].
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This reaction comprises firstly of Sy2 reaction on the iodine atom of ethyl iodoacetate by an
ethyl radical, formed from triethylborane and molecular oxygen, to form a more stable o-
ester radical and ethyl iodide. Electrophilic addition of the a-ester radical to electron-rich
aromatics (36) forms an adduct radical, and finally abstraction of a hydrogen atom from the
adduct by the ethyl radical or oxidation by molecular oxygen generates ethyl arylacetate
(37), as shown in eq. 5.20. Here, a nucleophilic ethyl radical does not react with electron-
rich aromatics (36), while only an electrophilic a-ester radical reacts with electron-rich
aromatics via SOMO—-HOMO interaction.

ICH,CO,CsHs5
/T\ Et;B . ﬂ\
X DMSO X CH,CO,CsHs (5.20)
36 37 X=NH 47%
=0 60%
=8 56 %

Experimental procedure 9 (eq. 5.20).

To a mixture of pyrrole (10 mmol), ethyl iodoacetate (1 mmol), and DMSO (5 ml) was
added Et;B (1 ml, 1 M hexane solution) under aerobic conditions. After 45 min, Et;B
(1 ml) was added again. After the reaction, water was added to the mixture, and the
organic layer was extracted with ether, and dried over Na,SO,. After filtration and
removal of the solvent, the residue was chromatographed on silica gel to obtain the
product in 47% yield [51].

Irradiation of ethyl iodoacetate in the presence of pyrrole (38) and Na,S,0; provides
ethyl pyrrolylacetate (39) as shown in eq. 5.21.

Hg-hv
/ \ N323203 ﬂ\
ZNX T IGHC0CH, = K N CH,C0,6,Hs (5.21)
b H
38 39 90%
Mn(OAc)
QNHNHZ.HCI > Q_U
N A X (5.22)
40 X 41 X=0 60%

X=8 70%

Arylation of furan and thiophene with arylhydrazine (40) and Mn(OAc); gives 2-aryl
substituted furan and thiophene (41) as shown in eq. 5.22.
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Intramolecular Hydrogen-Atom
Abstraction

6.1 HYDROGEN-ATOM ABSTRACTION BY OXYGEN-CENTERED
RADICALS: BARTON REACTION

The Barton reaction is as follows. Irradiation of alkyl nitrite, RO—NO, with a mercury
lamp generates the corresponding alkoxyl radical, RO through homolytic cleavage of the
weak O—N bond. The formed reactive alkoxyl radical abstracts a hydrogen atom to form
a carbon-centered radical and a strong O—H bond, via 6-membered transition state (1,5-H
shift) or 7-membered transition state (1,6-H shift). The formed carbon-centered radical
reacts on the nitrogen atom of alkyl nitrite to give d-nitrosoalcohol or g-nitrosoalcohol,
and alkoxyl radical again. This reaction takes place through a chain reaction. Generally,
nitroso compounds tautomerize to oximes, when they have an a-hydrogen atom. The
general scheme of the Barton reaction and a typical example are shown in egs. 6.1 and
6.2, respectively [1—4]. The 1,5-H shift is approximately 10 times faster than the 1,6-H
shift.

Barton reaction

I _H hv I_H . (1,5-H shift) I,
*/C\C/Co. \C/C C\C/C
B (6.1)
H
|5 R\ ~ N-OH
chain reaction R_(I:'NO ?H CID/ (I)H
_— —_—
“/C\C/ca C\C/C
B
CHgy CH4 __~u CHs
10-position |ONQ R C(H);N OHT &
T Hg-hv 62)
AcO T A ‘

1 Yeposiion g_ o< 2 51%

In eq. 6.2, the initially formed axial oxygen-centered radical at the 6-position of the
steroid abstracts a hydrogen atom of the axial methyl group at the 10-position through

171



172 6. INTRAMOLECULAR HYDROGEN-ATOM ABSTRACTION

the 6-membered transition state with chair form. The driving force of this hydrogen
atom abstraction from the inert methyl group is the formation of a stronger O—H bond
(~ 103 kcal/mol) than C—H bond (89 ~ 96 kcal/mol) in methyl or alkyl groups. The
Barton reaction is a typically radical specific reaction, and is very useful for the
introduction of a functional group to the inert alkyl side chain. Barton discovered this
reaction mainly with steroids, and applied it to develop steroidal pharmaceutical
compounds. In recognition of the major contribution these reactions made to the
stereochemistry of organic molecules, Barton, along with Hassel, received the Nobel
Prize in 1969. I greatly respected him as a chemist and a gentleman.

When compound (3) was treated under an oxygen atmosphere, the formed carbon-
centered radical via 1,5-H shift reacts with molecular oxygen to form ultimately alkyl
nitrate (4) via the formation of peroxy nitrite (eq. 6.3).

(6.3)

Instead of alkyl nitrite, other alkoxyl radical precursors such as ROOH, ROOR’, ROI,
ROCI, etc. can also be used for the same type of reaction. The high reactivity of these
compounds comes from the weak bond dissociation energies in O—0, O-I, and O-Cl
bonds. Another simple method is as follows. Photolytical treatment of alcohol (§) with
NIS (N-iodosuccinimide) provides the tetrahydrofuran skeleton (6), through the
formation of alkyl hypoiodite (ROI), homolytic cleavage of the O—I bond to form an
alkoxyl radical, 1,5-H shift to form a carbon-centered radical, reaction with ROI to form
d-iodoalcohol, and finally ionic cyclization to form a tetrahydrofuran skeleton, together
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with HI. Eq. 6.4 shows the formation of TBS-protected y-lactol (6) from TBS-protected
alcohol (5) under photolytic conditions [5—8].

0)
NIS, NaHCO3 , W-hv oTBS 0TBS
/\/\/OTBS 3 _ /\/Y
HO CeHg , 35°C g (=HI) HO
5 6 72% |

(0]

(NIS) <NI (6.4)

0O

o /\/\/OTBS

TBS = SiMe,Bu!

1,5-H shift

OTBS OTBS
. O/\/\/ H O/\/\-/

TBS-Protected v-lactol is obtained through the formation of hypoiodite, followed by
the formation of an alkoxyl radical, 1,5-H shift, and then formation of 8-iodoalcohol, and
finally polar cyclization. The Fenton system with ROOH and Fe*" also generates alkoxyl
radical, RO. These reactions indicate that the Barton (-type) reactions are remote
functionalization of non-activated C—H bonds at the 8- or e-position.

Sulfenate ester (RO-SAr) (7) has a weak S—O bond, so the corresponding alkoxyl
radical is formed under photolytic conditions with a mercury lamp, followed by 1,5-H
shift where the formed carbon-centered radical reacts with the starting sulfenate ester to
give 8-hydroxy sulfide (8) via a chain pathway, as shown in eq. 6.5 [9, 10].

CH;  O-SAr (350 nm) ArS=CH,  OH

CHa i CHj
CHj CHj

7 8 62%

l T 6.5)

CH; o° "CH,

CH CH
CH # 3 } 15Hsh|ft CHsﬁ 3 ’ Arc —©—N02
RJ\ BuzSnH N\ -OH
O-SPh CGHG

10 36% O 6.6)

1) TsCl, Py
—_—
2) NaH, DME

11 76% O
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Under the same photolytic conditions together with Bu3SnH, annulation of the
cyclohexane ring can be carried out through the generation of an alkoxyl radical from
sulfenate ester (9), 1,5-H shift, nucleophilic addition of the formed carbon-centered
radical to methyl vinyl ketone, and finally, treatment with a polar sequence method as
shown in eq. 6.6.

Since the 1960s, Pb(OAc), has been used for the generation of alkoxyl radicals from
the alcohols. However, it is a toxic reagent, so recently less-toxic hypervalent iodine
reagents, such as (diacetoxyiodo)benzene along with molecular iodine, have been used
for the same types of reaction. Treatment of alcohol (12) with (diacetoxyiodo)benzene in
the presence of molecular iodine under irradiation with a tungsten lamp generates
tetrahydrofuran derivative (13), by means of the formation of hypoiodite, generation of
the alkoxyl radical, 1,5-H shift, formation of a carbon cation by the oxidation with
(diacetoxyiodo)benzene, and finally, polar cyclization [11-20]. Eq. 6.7 shows the
formation of spiro-ketal (13). In this case, ultrasonic conditions can be also used instead
of photolytic conditions.

W-hy
CHa _Phi(OAc), I,
T oCetg 24h 0" “CH, "

3 53%
6.7)

In nature, there are many kinds of polycyclic ether antibiotics, so this method can be
used for the construction of polycyclic ethers. Eq. 6.8 shows the preparation of spiro
sugar ketals (15) at anomeric position [21—-23]. Biologically attractive spiro-nucleosides
at the anomeric position may be prepared by this procedure.

W-hv
BnO Phi(OAc) 2’ 2 Bno + BnO
OBnO - CGH121 BnoBnO BnO (6.8)
40°C,1h

15a 51% 15b 17%
| AcOH

Since aromatic carboxylic acids (ArCO,H) are more acidic than acetic acid,
(diacetoxyiodo)benzene is not effective for the formation of carboxyl radicals, ArCO5.
However, treatment of aromatic carboxylic acid (16) with [bis(trifluoroacetoxy)iodo]-
benzene in the presence of molecular iodine under irradiation with a tungsten lamp
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effectively generates benzo-y-lactone (17) [24]. Decarboxylation of the aromatic
carboxyl radical is not so fast (~ 10° sfl), so the 1,5-H shift readily occurs.

Ph
©iCH2Ph Ph|(o;/¥:_glv=3)2, Iy ©:;o
COOH rt,5h
16 17 62% O
(6.9)
Ph Ph

CH,Ph CH,Ph . /s
O~ CC |~ -
cool coo* COOH COOH

The 1,5-H shift or 1,6-H shift of alkoxyl radicals generated from prim-alcohols or sec-
alcohols usually occurs easily, and so (3-cleavage of these alkoxyl radicals does not
proceed. However, B-cleavage reaction (~10° s, 60 °C) of the alkoxyl radicals derived
from tert-alcohols becomes faster than that of the 1,5-H shift reaction. Part of the reason
behind this B-cleavage reaction is the steric hindrance in the radical center of the fert-
alkoxyl radical. Reduction of steric hindrance happens readily via the 3-cleavage to
generate a carbon-centered radical and a stable ketone. Eq. 6.10 shows the treatment of
unsaturated 8a-decanol (18) with (diacetoxyiodo)benzene in the presence of molecular
iodine under irradiation with a tungsten lamp to generate 1-iodomethyl bicyclo[5.3.0]-
deca-2-one (19), through B-cleavage of the formed terr-alkoxyl radical and 5-exo-trig
cyclization [25-35]. This method can be used for the preparation of ring-expanded
steroidal analogues from steroidal alcohols.

(0]
HO W-hv !
Phl(OAC),, I,
C'CGH12,A o
CH; CHs
18 19 78%
l (6.10)
‘0 0 Q
B-cleavage 5-exo-trig @
—_— —_—
CH, CH, CHs

Synthetic application of the (3-cleavage reaction to sugars is useful for the preparation
of new types of sugars. For example, as shown in eq. 6.11, the same treatment of
protected glucose (20) bearing Bn group at 2, 3, and 4 positions, with iodosylbenzene and
molecular iodine generates an arabinose derivative (21), through the formation of an
anomeric alkoxyl radical, followed by B-cleavage reaction of the C;—C, bond, and then
polar cyclization by the 6-OH group. These new types of sugars can be used as chiral
building blocks for organic synthesis [36—43].
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HO
6} PhIO, 1,
OBn y~QOH - BnO OH
BnO c-CeHi2 HC-O
20 OBn 5
21 86%
oa:p=1:
(6.11)
HO O
O-CH B
B-cleavage OBn HC—O nO OBn
—>| BnO . > n

OBn

Experimental procedure 1 (eq. 6.11).

To a mixture of glucopyranose (0.22 mmol) in dry cyclohexane (24 ml) under an argon
atmosphere were added iodosylbenzene (0.43 mmol) and iodine (0.22 mmol) at room
temperature. The mixture was stirred for 20 h at the same temperature. After the reaction,
the reaction mixture was poured into water and extracted with ether. The organic layer
was washed with aq. sodium thiosulfate solution, water, and dried over Na,SOj,.
After removal of the solvent, the residue was chromatographed on silica gel (eluent:
hexane/ethyl acetate = 65/35) to give D-arabinose derivative in 86% yield [68].

AcO

AcO |
O»CH  PhI(OAG),, I
W AcO Y R
O PAAV] o
AcO R \ HCO, OAc (6.12)
AcO 23 R=F 96%
22 R=Cl 95%
R=Br 99%
R=1  92%
R
R-NH !
K&mOH PhIO, I, w0
—_—
R CH,ClI ~ g )(
O><O rzt 2 HCO, (0} (6.13)
24 25 R=Boc 76%

R=P(O)(OPh), 72%

Treatment of protected glucose halohydrin (22) with (diacetoxyiodo)benzene and
molecular iodine in refluxing dichloromethane under irradiation with a tungsten lamp
generates 1-halo-1-iodo-arabinitol derivative (23) (eq. 6.12). Amino sugars (aza sugars)
of the piperidine and pyrrolidine types (25) can also be obtained by the same treatment of 5-
amino-5-deoxyfuranopentose (24) and 6-amino-6-deoxyhexose respectively, by means
of B-cleavage and subsequent polar cyclization as shown in eq. 6.13 [44, 45]. Since
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it is well known that nojirimycin, a piperidine-type sugar, has potent biological activity
as glycosidase inhibitor, the present method for the preparation of new aza sugars
is attractive. One-pot synthesis of aryl glycine from the protected serine (26) with
(diacetoxyiodo)benzene and molecular iodine in the presence of arene proceeds effectively
as shown in eq. 6.14.

PhCONH CO,CHy W-hv PhCONH.__ _CO,CHs
PhI(OAC),, I hd
—_—m
naphthalene OAc
OH CH,Cl,
26 r.t.
PhCONH_ _CO,CHs (6.14)
BF3'Et20
— O
27 63%
0
Py
Pb(OAc),, Cu(OAc), (j:g
CoHo A © HCO;U Y (6.15)
Va
29 82%

Treatment of lactol (28) with Pb(OAc)4 and Cu(OAc), in refluxing benzene provides the
corresponding 8-vinyl carbonyl product, 5-vinyl[4.3.0]nonane as shown in eq. 6.15.

6.2 HYDROGEN-ATOM ABSTRACTION BY NITROGEN-CENTERED
RADICALS: THE HOFMANN-LOFFLER-FREYTAG REACTION

Heating or photolytic treatment of N,N-dialkyl-N-haloamine in sulfuric acid or
trifluoroacetic acid, followed by neutralization with a base, generates a pyrrolidine or
piperidine skeleton. This is the Hofmann—Loffler—Freytag reaction, and the reaction
comprises of the formation of an electrophilic aminium radical, 1,5-H shift (6-membered
transition state) or 1,6-H shift (7-membered transition state), formation of 4-haloalkyl
ammonium or 5-haloalkyl ammonium, and its polar cyclization by neutralization with a
base. Eq. 6.16 shows the formation of N-alkyl pyrrolidine (31) from N-chloro-N-alkyl-N-
butylamine (30) in sulfuric acid [46, 47].

® A or hv / 5
R—NH(CH,)sCH >
VH(CH2)sCH, H,S0, N
Cl 30 !
R 31
f neutralization (6.16)

]
R=NH,—(CH,)3—CH,Cl

f chain pathway

® 15-Hshift [ ® .
R_NH(CH2)30H3 ] —— R_NH2_(CH2)3_CH2 ]
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The driving force in this reaction is the weak N—Cl bond in the starting haloamine
and the formation of a strong N—H bond in the product. Moreover, the N-H bond
dissociation energy in amine is about 103 kcal/mol, while that in ammonium is
approximately 112 kcal/mol. So, under strong acidic conditions, an electrophilic and
reactive aminium radical abstracts a hydrogen atom to form ammonium, through 5- or 6-
membered transition state (1,5-H shift and 1,6-H shift). However, this reaction requires
quite acidic conditions, so it is not very useful. Recently, hypervalent iodine reagents
such as (diaceoxyiodo)benzene, have become popular, as the reactions can be carried
out under neutral conditions. Thus, photolytic treatment of N-nitroamine (32) or N-
cyanoamine with (diacetoxyiodo)benzene in the presence of molecular iodine generates a
pyrrolidine skeleton (33) as shown in eq. 6.17, through the formation of the N—I bond and
its homolytic cleavage to form an aminyl radical, 1,5-H shift, formation of 8-iodoamino
compound, and finally polar cyclization [48—53]. It is important to introduce a cyano or
nitro group at the amino group, in order to increase the acidity and electrophilicity of the
formed nitrogen-centered radical. The homochiral 7-oxa-2-azabicyclo[2.2.1]heptane
(35) ring can be constructed by the same photolytic treatment of a phosphoramidate
derivative (34) of carbohydrate with iodosylbenzene and iodine, as shown in eq. 6.18.

on SeHr o SeHr
W-hv
CH3 Phl(oAC)2, |2
90°C, C'CGH12, - N_NO2
1h
NH-NO, 33

!
[féi/% 'C”m (6.17)
3

HN-NO,

}
ol

*N-NO, HN-NO,

1,5-H shift

\J

(PhO)2(O)R 0)(OPh),

k@,“' _Puot, E 7
N—om Tohgoh >/’_OM9 (6.18)

e

35 75%
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Experimental procedure 2 (eq. 6.18).

A solution of amide (0.053 mmol) in a mixture of CH,Cl, (1.5 ml) and cyclohexane
(1.5 ml) containing iodosylbenzene (0.106 mmol) and iodine (0.064 mmol) was
irradiated with a tungsten lamp for 80 min at room temperature. After the reaction, the
mixture was poured into chloroform, and washed with aq. Na,SO; solution, and dried
over Na,SO,. After removal of the solvent, treatment of the residue by column
chromatography (eluent: hexane/ethyl acetate = 85/15) produces cyclized sugar in 75%
yield [53].

When this system is applied to sulfonamide (36) bearing an aromatic ring at the
o-position, the corresponding N-sulfonyl o-arylpyrrolidine (37) is obtained in
good yield [54]. Thus, this method can be used for the preparation of aza-C-
nucleosides.

W-hv
@ANNHZ PhI(OAG),, I N
CICH,CH,Cl, 60°C z (6.19)

36 oh
z= 50,4 _)-No,

37 84%

Experimental procedure 3 (eq. 6.19).

To a mixture of sulfonamide (0.5 mmol) in 1,2-dichloromethane (7 mL) were added
(diacetoxyiodo)benzene (0.8 mmol) and iodine (0.5 mmol) under an argon atmosphere.
The mixture was warmed in the range of 60 to 70 °C under irradiation with a tungsten
lamp for 2 h. After the reaction, the mixture was poured into chloroform, and washed
with aq. Na,SOj; solution, dried over Na,SO,4. After removal of the solvent, the residue
was chromatographed on silica gel with preparative TLC to obtain a pyrrolidine
derivative in 84% yield [54].

The same treatment of N-methyl(o-methyl)arenesulfonamide (38) generates the
corresponding 1,2-benzisothiazoline-3-one 1,1,-dioxide (N-methylsaccharins) (39),
through triple 1,5-H shift and hydrolysis of the formed N-methyl(o-triiodomethyl)ar-
enesulfonamides [55]. This method is very useful, since biologically attractive 1,2-
benzisothiazoline-3-one 1,1-dioxides bearing various kinds of substituents on the
aromatic ring can be prepared under neutral conditions.
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0O

W-hv
PhI(OAC),, |
/C[ (OAC) Iy /@:‘{N_CHS
CHs SO,NHCH; CICH2CH:CL A 6y S
38 2h 39 99% °
CH /©:
/@[ s CHg SO,NHCH;
CHg SO,NCH;4 * (6.20)
| X

.0
Cla

| CH,l

l oH;

CHs CH,
/@: 1,5-H shift /@:
—_—
CH SO,NCH;z CH SO,NHCH,

3 3

SO,NHCH;

Experimental procedure 4 (eq. 6.20).

To a mixture of sulfonamide (0.5 mmol) in 1,2-dichloromethane (7 mL) were added
(diacetoxyiodo)benzene (1.5 mmol) and iodine (0.5 mmol) under an argon atmosphere.
The mixture was warmed to refluxing conditions under irradiation with a tungsten lamp
for 2 h. After the reaction, the mixture was poured into chloroform, and washed with agq.
Na,SOj5 solution, dried over Na,SO,4. After removal of the solvent, the residue was
chromatographed on silica gel with preparative TLC to obtain N-methylsaccharin in 99%
yield [55].

6.3 HYDROGEN-ATOM ABSTRACTION
BY CARBON-CENTERED RADICALS

Since the Barton reaction and the Hofmann—Loffler—Freytag reaction generate very
reactive oxygen-centered and nitrogen-centered radicals respectively, the next 1,5- and
1,6-hydrogen atom abstraction reaction readily happens. However, 1,5-H shift does not
proceed effectively by carbon-centered radicals, because there is not so much energy
difference between the C—H bond before and after 1,5-H shift. So the reactions are quite
limited. Eq. 6.21 shows iodine transfer from reactive 1-iodoheptyl phenyl sulfone (40) to
a mixture of 5-iodoheptyl phenyl sulfone (41a) and 6-iodoheptyl phenyl sulfone (41b)
initiated by benzoyl peroxide, through 1,5-H shift by an sp® carbon-centered radical
[56-58].



6.3 HYDROGEN-ATOM ABSTRACTION BY CARBON-CENTERED RADICALS 181

PhSO, Phso2 PhSO,

O™ s T
CeHe
Ha 89% (5: 1)
Ph* | (-Phl) (6.21)

i CHs CHs
U 1,5-H shift U
—— .

However, the sp® carbon-centered radical does not generally give rise to 1,5-H shift,
although the sp2 carbon-centered radical can be used for 1,5-H shift, since it is more
reactive than the sp” carbon-centered radical and it can form a strong C(sp®)-H bond
(10 ~ 15 kcal/mol stronger than that of C(sp’)-H). Eq. 6.22 shows the product
distribution of a direct reduction product (43a) and an indirect reduction product (43b)
via 1,5-H shift, in the reaction of arylbromide (42) with Bu;SnD. It suggests that more
than half of the amount of reduction product is formed via 1,5-H shift [59].

PhSO, PhSO,

D
AIBN

BugSnD (0.01 M)
Ij H@ H@
43b

21% 32%

©/\/\x Wx CH2 1% 67%
. 1,5-H shi o .
\© 5-H shift \© S  20% 30%

NH 55% 45%

AIBN 0

/j@ BusSTH (0,005 M)
w CsHe

45 79%

T B cleavage(-PhCH,") (6.23)

WAQ UL WAQ

As a synthetic use of 1,5-H shift by an sp” carbon-centered radical, treatment of o-
bromobenzyl 4-tert-butylcyclohexyl ether (44) with BusSnH in the presence of AIBN
generates 4-tert-butylcyclohexanone (45) by means of 1,5-H shift by a phenyl radical,
followed by (3-cleavage, as shown in eq. 6.23 [60]. The reaction looks like oxidation.

Treatment of the following indole amides (46) and (48) with Bu;SnH in the presence of
AIBN provides spiroindolenine (47) and hexahydropyrrolo[3,4-blindole (49), through
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1,5-H shift followed by 5-exo-trig and 5-endo-trig cyclization, respectively (egs. 6.24
and 6.25) [61, 62].

R
( BusSnH
N __ABN
N”CN N CN
Me 46 Me
¢ 47 53%
R O
( p N Ph
N - (6.24)
| o“ R
“~CN
I\N/Ie CN R/‘|e
R
(
N
Cr ¥ -
N”~CN
Me

AIBN
O _ BuSH
T CoHiCHa &

48 49 54%

(6.25)

Instead of a hydrogen atom transfer, 1,5-Ar transfer by an sp® carbon-centered radical
(eq. 6.26) and 1,4-Ar transfer by an sp> carbon-centered radical (eq. 6.27) proceeds via
radical ipso-substitution [63—67]. Thus, treatment of N-methyl-N-(2-bromophenyl)-1-
naphthalenesulfonamide (52) with Bu3;SnH/AIBM, (Me;Si);SiH/AIBN, and Ph,Si,H,/
AIBN generates good yields of biaryl (53) with high ipso-selectivity, especially with
(Me3Si);SiH/AIBN and PhySi,H,/AIBN, respectively.

R H R
\ /
OH CH Ph28|\ AIBN PhSi\o CH
3 Hs  BugSnH (0.05 M) v3
e —» :
CHQ,/'\/k )\/'\ CeHe, & CHa)\/\Ph
50 51 70%
(6.26)
R
o S/ Ph\S-/ R\S./.Ph
-Sj i i
R=SiMe; [ 729!\ . o . o’

) Ph
CH )\/“CHa CHs CHs CH )\/\CHa

3
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AIBN CH3NH
CHs N \\/‘
m-xylene, A

52 \

MH 53 54

BusSnH 41% 37%

(Me3Si);SiH  56% 22%
Ph,SioH, 60% 31% (6.27)

o CHa 9‘3"0 CHs_ _$0,

o\ N N
CHy_ S N

—

\ &
i~\0+ steiulete

Experimental procedure 5 (eq. 6.27).

A solution of AIBN (1.0 mmol) in m-xylene (10 ml) was added dropwise over 22 h to
a refluxing solution of N-methyl-N-(2-bromophenyl)-1-naphthalenesulfonamide
(0.5 mmol) and 1,1,2,2-tetraphenyldisilane (1.0 mmol) in m-xylene (2 ml). After a few
hours, 1,1,2,2-tetraphenyldisilane (1.0 mmol) was added again. After the reaction, the
solvent was removed and the residue was purified by preparative TLC (eluent:
hexane/ethyl acetate = 4/1 ~ 10/1) to provide the biaryl [67].

Ju—s

REFERENCES

. DHR Barton, JM Beaton, LE Geller and MM Pechet, J. Am. Chem. Soc., 1960, 82, 2640.

2. J Allen, RB Boar, JF McGhie and DHR Barton, J. Chem. Soc., Perkin Trans. 1, 1973,

[V, B SO

2402.

. J Kalvoda and K Heusler, Synthesis, 1971, 501.
. ML Mihailovic and Z Cekovic, Synthesis, 1970, 209.
. CE McDonald, TR Beebe, M Beard, D McMillen and D Selski, Tetrahedron Lett., 1989, 30,

4791.

. Z Cekovic and D Ilijev, Tetrahedron Lett., 1988, 29, 1441.

. Z Cekovic and MM Green, J. Am. Chem. Soc., 1974, 96, 3000.

. Z Cekovic, L Dimitrijevic, G Djokic and T Srnic, Tetrahedron, 1979, 35, 2021.
. DJ Pasto and F Cottard, Tetrahedron Lett., 1994, 35, 4303.

. G Petrovic and Z Cekovic, Org. Lett., 2000, 2, 3769.

. H Togo, G Nogami and Y Hoshina, Yuki Gosei Kagaku Kyokaishi, 1997, 55, 90.
. H Togo and M Katohgi, Synlett, 2001, 565.

. R Baker and MA Brimble, Chem. Commun., 1985, 78.



6. INTRAMOLECULAR HYDROGEN-ATOM ABSTRACTION

. R Baker, MA Brimble and JA Robinson, Tetrahedron Lett., 1985, 26, 2115.

. MA Brimble and GM Williams, Tetrahedron Lett., 1990, 31, 3043.

. K Furuta, T Nagata and H Yamamoto, Tetrahedron Lett., 1988, 29, 2215.

. PD Armas, JI Concepcion, CG Francisco, R Hernandez, JA Salazar and E Suarez, J. Chem.

Soc., Perkin Trans. 1, 1989, 405.

. JI Concepcion, CG Francisco, R Hernandez, JA Salazar and E Suarez, Tetrahedron Lett., 1984,

25, 1953.

. SCP Costa, MISM Moreno, MLS Melo and ASC Neves, Tetrahedron Lett., 1999, 40, 8711.
. LA Paquette, LQ Sun, D Friedrich and PB Savage, Tetrahedron Lett., 1997, 38, 195.

. A Martin, JA Salazar and E Suarez, Tetrahedron Lett., 1995, 36, 4489.

. A Martin, JA Salazar and E Suarez, J. Org. Chem., 1996, 61, 3999.

. RL Dorta, A Martin, JA Salazar and E Suarez, Tetrahedron Lett., 1996, 37, 6021.

. H Togo, T Muraki and M Yokoyama, Tetrahedron Lett., 1995, 36, 7089.

. CG Francisco, R Freire, MS Rodriguez and E Suarez, Tetrahedron Lett., 1987, 28, 3397.

. R Hernandez, SM Velazqueg and E Suarez, J. Org. Chem., 1994, 59, 6395.

. CW Ellwood and G Pattenden, Tetrahedron Lett., 1991, 32, 1591.

. CE Mowbray and G Pattenden, Tetrahedron Lett., 1993, 34, 127.

. T Arencible, JA Salazar and E Suarez, Tetrahedron Lett., 1994, 35, 7463.

. A Boto, C Betancor and E Suarez, Tetrahedron Lett., 1994, 35, 5509.

. A Boto, C Betancor, R Hernandez, MS Rodriguez and E Suarez, Tetrahedron Lett., 1993, 34,

4865.

. R Freire, R Hernandez, MS Rodriguez, E Suarez and A Perales, Tetrahedron Lett., 1987, 28,

981.

. R Freire, JI Marrero, MS Rodriguez and E Suarez, Tetrahedron Lett., 1986, 27, 383.

. R Hernandez, JJ Marrero and E Suarez, Tetrahedron Lett., 1989, 30, 5501.

. R Hernandez and E Suarez, J. Org. Chem., 1994, 59, 2766.

. PD Armas, CG Francisco and E Suarez, J. Am. Chem. Soc., 1993, 115, 8865.

. PD Armas, CG Francisco and E Suarez, Angew. Chem. Int. Ed. Engl., 1992, 31, 772.

. RL Dorta, A Martin, JA Salazar and E Suarez, J. Org. Chem., 1998, 63, 2251 see also 2099.
. PD Armas, FG Tellado, JJIM Tellado and J Robles, Tetrahedron Lett., 1997, 38, 8081.

. CC Gonzalez, AR Kennedy, EI Leon, C Riesco-Fagundo and E Suarez, Angew. Chem. Int. Ed.,

2001, 40, 2326.

. JH Rigby, A Payen and N Warshakonn, Tetrahedron Lett., 2001, 42, 2047.

. A Boto, R Hernandez, A Montoya and E Suarez, Tetrahedron Lett., 2002, 43, 8269.

. CG Francisco, R Freire, AJ Herrera, I Perez-Martin and E Suarez, Org. Lett., 2002, 4, 1959.
. CG Francisco, R Freire, CC Gonzalez and E Suarez, Tetrahedron: Asymmetry, 1997, 8, 1971.
. CG Francisco, R Freire, CC Gonzalez, EI Leon, C Riesco-Fagundo and E Suarez, J. Org.

Chem., 2001, 66, 1861.

. RS Neale, Synthesis, 1971, 1.
. ME Wolff, Chem. Rev., 1963, 63, 55.
. PD Armas, R Carrau, JI Concepcion, CG Francisco, R Hernandez and E Suarez, Tetrahedron

Lett., 1985, 26, 2493.

. PD Armas, CG Francisco, R Hernandez, JA Salazar and E Suarez, J. Chem. Soc., Perkin

Trans. 1, 1988, 3255.

. R Carrau, R Hernandez and E Suarez, J. Chem. Soc., Perkin Trans. 1, 1987, 937.

. RL Dorta, CG Francisco and E Suarez, Chem. Commun., 1989, 1168.

. CG Francisco, AJ Herrera and E Suarez, Tetrahedron: Asymmetry, 2000, 11, 3879.

. CG Francisco, AJ Herrera and E Suarez, J. Org. Chem., 2003, 68, 1012.

. H Togo, Y Hoshina, T Muraki and H Nakayama, J. Org. Chem., 1998, 63, 5193.

. M Katohgi, H Togo, K Yamaguchi and M Yokoyama, Tetrahedron, 1999, 55, 14885.
. M Masnyk, Tetrahedron Lett., 1997, 38, 879.

. J Brunckova, D Crich and Q Yao, Tetrahedron Lett., 1994, 35, 6619.

. JC Baldwin, D Brown, PH Scudder and ME Wood, Tetrahedron Lett., 1995, 36, 2105.
. D Denenmark, P Hoffmann, T Winkler, A Waldner and AD Mesmaeker, Synlett, 1991, 621.
. DP Curran and H Yu, Synthesis, 1992, 123.



REFERENCES 185

61. ST Hilton, TCT Ho, G Pljevaljcic and K Jones, Org. Lett., 2000, 2, 2639.

62. GW Gribble, HL Fraser and JC Badenock, Chem.Commun., 2001, 805.

63. R Loven and WN Speckamp, Tetrahedron Lett., 1972, 1567.

64. A Studer, M Bossart and H Steen, Tetrahedron Lett., 1998, 39, 8829.

65. 1] Kohler and WN Speckamp, Tetrahedron Lett., 1977, 635.

66. A Studer, M Bossart and T Vasella, Org. Lett., 2000, 2, 985.

67. A Ryokawa and H Togo, Tetrahedron, 2001, 57, 5915.

68. CG Francisco, EI Leon, P Moreno and E Suarez, Tetrahedron: Asymmetry, 1998, 9, 2975.



-] -

Synthetic Uses of Free Radicals for
Nucleosides and Sugars: Barton—-McCombie
Reaction

Deoxygenative reduction of alcohols via xanthates (1), with Bu3SnH in the presence of
AIBN, is known as the Barton—McCombie reaction [1-3]. The reaction mechanism is
shown in eq. 7.1. The driving force of this reaction is the formation of a strong C=0 bond
from the C=S bond, and the former bond is approximately 10 kcal/mol stronger than the
latter bond. Generally, alkyl (RX) or aryl (ArX) halides are used as radical precursors for
R’ or Ar’; however, halogenation of sugars and nucleosides, which have many OH groups
and other delicate functional groups, is rather difficult. So the Barton—McCombie
reaction is very useful for the radical reactions in sugars, nucleosides, and peptides. Other
thiocarbonyl derivatives formed from alcohols (down side in eq. 7.1) with phenox-
ythiocarbonyl chloride (PhOC=SCl), N,N’-thiocarbonyl diimidazole, etc. can also be
used instead of methyl xanthate. The deoxygenative reduction of sec-alcohols was
studied to begin with, then later, it was found that the same deoxygenative reduction of
tert-alcohols and prim-alcohols could be carried out.

1) NaOH s

CS, 0 Bu,SnH, AIBN
R-OH ————» R—OCSCHs —— > RH

2) CHal 2
methyl xanthate
~ BusSnH
l([Buasn |
SSnBu3 .
R-0— g SCH, [F*l (7.1)

‘.?
BusSnS—-C—-SCH3;

s x=-soy -0, O, N —oD)F
R-0-C-X
—0{_)-ocH, —NH-L)

187
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(7.2)

AIBN
BusSnH

p-cymene CH:™
150°C, 10 h  CHy

Eq. 7.2 shows a typical deoxygenative reaction of hederagenin (3) via methyl xanthate
(4) with BusSnH in the presence of AIBN under benzene refluxing conditions.

Experimental procedure 1 (eq. 7.2).

A solution of Bu3SnH (200 mg, 0.69 mmol) in p-cymene (3 ml) was added dropwise over
2 h to a solution of methyl xanthate of hederagenin (50 mg, 0.087 mmol) in p-cymene
(3 ml) at 150 °C. After the addition, the mixture was stirred at the same temperature for
10 h. After the reaction, CCl; was added and the mixture was refluxed for 3 h. After
removal of the solvent, molecular iodine in ether was added until the iodine color
remains. Then, the solution was washed with 10% aq. KF solution (5 ml), and the organic
layer was dried over Na,SOy. After removal of the solvent, the residue was recrystallized
to give the deoxygenated product [2].

In detailed reaction mechanism, two pathways are proposed, as shown in eq. 7.3. Path
a is the formation of an alkoxy thiocarbonyl radical [I], together with Bu;SnSCH3, while
path b is the formation of an adduct radical [II] onto methyl xanthate (1) by Bu;Sn'.
Based on the study with '"’Sn-NMR, it was found that the deoxygenation reaction
proceeds via path b [4, 5]. Other examples are shown in Tables 7.1 and 7.2.

f—b BusSn® Patha [R ~0-¢ ]
0 'S BusSnSCH,) (-COS)
R-0-C-SCH,
1 \ / (7.3)
path b [ ?—SnBu;,] BuzSn—S- C SCHa)

R-0-C-SCHj,
[n]
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Table 7.1

Barton—McCombie reaction of imidazole thiocarbonates with Bu;SnH

s
]
N\:\,N'C'N\/:,N 5 BﬁIEg’:H
R-OH —— =~ & R-0-C-NN 3 R—H
_ CeHsCHs A
6 =/ 2
~+1OCHg 94% 92%
0Bz 5, _pnco
0
Phe(
o -OBn 59% 57%
HO WA o

One great advantage of the Barton—McCombie reaction is that acetal, ketone, ester,
hydroxy, and amino groups are not affected during the reaction [6—18]. Polystyrene-
supported di-n-butylstannane can reduce a thiocarbonyl derivative under the same

Table 7.2

Barton—McCombie reaction with Bu,POH and (PhCO,),

082 BUQPOH
R-OH 2) CHal o dioxane, A, 24 h R-H Reaction Mechanism
(0] S o)
1 \\
>< R-0-C—SCHj PBu,
o 0 .
OH 93% ?
0] R-0-C-SCHj
0] !
BU2P=O
ol T
OH 90%
< H o0
| _ BUQP_S_C

CH3(CH,)1,CH,—OH 87% Bu,P=0 *SCH,
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conditions, and here the reduction product can be obtained by the simple filtration of the
reaction mixture (eq. 7.4).

OCOPh

AIBN

8 98% (7.4)

Polystyrene-supported
di-n-butylstannane A

n—Bu—Sln—Bu—n
H

) PhOCSCI, Py
CH >Cl, 95%
> (7.5)
) (Me3Si)3SiH
AIBN
10

CeHsCHg, A 94%

The (Me3Si)3SiH/AIBN system, instead of the BusSnH/AIBN system can also be used
for the same reduction (eq. 7.5).

Experimental procedure 2 (eq. 7.5).

To a solution of cholesterol (0.77 g, 2 mmol) in dichloromethane (10 ml) were added
pyridine (0.6 ml, 8 mmol) and phenoxy thiocarbonyl chloride (0.4 ml, 2.2 mmol). After
2 h, methanol (1 ml) was added, and the mixture obtained was washed with 1 M
hydrochloric acid solution twice, and dried over Na,SO,. After removal of the solvent, the
residue was recrystallized from acetone to give phenyl thiocarbonate in 95% yield. Then,
(Me5Si);SiH (0.7 ml, 2.2 mmol) and AIBN (50 mg, 0.5 mmol) were added to the solution
of the phenyl thiocarbonate (0.75 g, 1.5 mmol) in toluene (20 ml) and the obtained
mixture was heated at 80 °C for 2 h under nitrogen atmosphere. After the reaction, the
solvent was removed and the residue was recrystallized from acetone to give cholest-5-
ene in 94% yield [14].

o) AIBN o
Og (Me3Si)sSiH OcH>
. .
s s CoHsCHa A (7.6)

I} 1}
PhO—-C-0 O0—-C—-0OPh 12 87%
1
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NH, NH, NH,
N d N\ N v N\ N v N\
R L LD R
NT N NT N N~ N
CICOPh
TrO DMAP TrO AIBN TrO
O\F —_— O\F - > O\F (1.7)
CH3CN CgHsCH3  or  dioxane :
A
OH 0-C-OPh 15
13 Tr=PhsC S (Me3Si)sSiH  78%
14

Ph,SiH, 74%

2,4-Bis-dithiocarbonate (11) is reduced to 2,4-dideoxy-1,6-anhydro-D-glucose (12)
(eq. 7.6) and 3'-OH of nucleoside (13) is deoxygenated to anti-HIV nucleoside (15)
(eq. 7.7).

N-Phenyl thiocarbamate (16) is also reduced with the Bu3SnD/AIBN system to provide
2-deoxy-2-d-3',5'-O-TIPDS-uridine (17) with 100% of d-content (eq. 7.8). The less
toxic 1,1,2,2-tetraphenyldisilane (Ph,Si,H,)/AIBN or Et;B system also reduces methyl
xanthate (18) in good yield (eq. 7.9).

NH

NH
4< 0 lN’J§ AIBN _< Y

- O
\rsél % o 2 Bu38nD \(O % 7 (7.8)
N C6H6’ S'\O D

16 17 74%
(d-content 100%)

0 s
><o 0-C-SCH, AIBN ><

0 _ PhSiH, o
“CHiCOCHs A (7.9)
o><o
18 19 86%

Experimental procedure 3 (eq. 7.8).

A mixture of substrate (0.2 mmol), BusSnD (0.4 mmol), and AIBN (0.04 mmol) in
benzene was refluxed for 4 h under an argon atmosphere. After the reaction, the solvent
was removed and the residue was chromatographed on silica gel with column (eluent:
hexane/ethyl acetate = 7/3) to give 2'-deoxy-2'-d-3/,5'-O-TIPDS-uridine in 74%
yield [17].
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Experimental procedure 4 (eq. 7.9).

A mixture of methyl xanthate (0.2 mmol), Ph,Si,H, (0.22 mmol), and AIBN
(0.06 mmol) in ethyl acetate (1.5 ml) was refluxed for 16 h under an argon atmosphere.
After the reaction, the solvent was removed and the residue was chromatographed on
silica gel with column to obtain the reduction product [18].

Experimental procedure 5 (Table 7.2).

A mixture of methyl xanthate (0.4 mmol) and Bu,POH (dibutylphosphine oxide,
2.0 mmol) in dry dioxane (3 ml) was refluxed under an argon atmosphere, and then a
solution of benzoyl peroxide (0.4 mmol) in dioxane (3 ml) was added dropwise to the
mixture. After 90 min, the solvent was removed and the residue was chromatographed on
silica gel to give the reduction product [22].

Deoxygenative reduction can be carried out at room temperature with Et;B as an
initiator [19,20]. However, this reaction is limited to thiocarbonates derived from
sec- and tert-alcohols, since the C—O bond cleavage of thiocarbonates derived from
prim-alcohols does not occur easily at room temperature.

11 .
0-C-SCH,4 EtsB, Air

_ BuSnH (7.10)

20 21 93%

Experimental procedure 6 (eq. 7.10).

To a solution of O-cyclododecyl S-methyl dithiocarbonate (1.0 mmol), and Bus;SnH
(320 mg, 1.1 mmol) in benzene (5 ml) was added Et;B (1 M hexane solution, 1.1 ml,
1.1 mmol). The mixture was stirred for 20 min at 20 °C. After the reaction, the solvent
was removed and the residue was chromatographed on silica gel with column to provide
cyclododecane in 93% yield [19].

Instead of BusSnH, other less toxic silanes such as (Me3Si)3SiH, PhsSi,H,, 5,10-
dihydro-5,10-disilanthracene (B), PhSiHj;, or Ph,SiH,, or trivalent phosphorus
compounds such as (EtO),POH, Bu,POH, or H3PO,, in the presence of AIBN or
peroxide can be used for the deoxygenative reactions, as shown below (eqs. 7.11-7.14)
[21-33]. However, monosilanes are rather less reactive, so it is recommended to use
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benzoyl peroxide or Et;B as an initiator to carry out the chain reduction effectively.
NH, NH,
N 3 N
< 1l HsPO <
3P0,
0] o NN agn. O ©x N (7.11)
CHZOCH,CH,OCH,
A 23

H H
si’ o o
CLO S o s 0
! /Si\H 0, — > |lo (7.12a)
Si~0  0-C-0OPh \rSi\o
W/ i )_

S
24 25 96%

(7.12b)

27 85%

S
I
CHZOCO—OF (PhCO,), CHs
9)0—0 ﬂ» 9)0—0
CgHsCHs, A (7.13)
— © — o
ojg

(0}
28 29 95%
EtsB, O,
Ph,SiH,
CHS(CH2)1GCH2OICI>O F CH—A> CH3(CH2)1GCH3 (714)
6''6
30 S 3 87%

Treatment of 1,2-dixanthates (32) derived from 1,2-diols, with Bu;SnH in the presence
of AIBN under refluxing conditions generates the corresponding olefins (33) via radical
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[B-elimination, as shown in eq. 7.15 [34—38].

R R AIBN
Bu,SnH R
CHS—C—0  O=C—8CH, — >  “—
I 1l CeHe R’
S
32 33
l BugSn* T (-CH3SCOS")  (7.15)
H R' ’I
CHS=6=0  0—C=8CH,| ————| "\ 0¢ 7
397 1 8] (-BugSnSCSCHa) ,
SSnBu; S : R

In general, thermodynamically stable trans olefins are formed, while cis olefins are
obtained in the case of 1,2-dixanthates derived from cycloalkan-1,2-diols. Here, instead
of the Bu;SnH/AIBN system, environmentally benign Ph,Si,H,/AIBN, Ph,SiH,/AIBN,
and N-ethylpiperidine hypophosphite/AIBN systems can also be used. As a typically
useful method, preparation of D4T (2',3'-didehydro-3'-deoxythymidine) analogue, which
has the same potent anti-HIV activity as AZT, is shown in eq. 7.16. In practice, D2C
(2/,3'-dideoxycytidine) and D4C (2',3'-didehydro-2',3'-dideoxycytidine) were also
prepared by this method [39, 40].

NH; NH,

4
t-BuMezsiO—p/ f\) ,SLB';H t BuMeQS|O < f)

80~ 110°C
CH3S—ﬁO Oﬁ—SCHs CeHsCHg 35 95%
S S 0

34 CHs\kaH
HO :o: NS0

DAT

(7.16)

Experimental procedure 7 (eq. 7.16).

A mixture of AIBN (262 mg) in toluene (6 ml) was added over 30 min intervals to a
refluxing solution of 2’,3-dixanthate of adenosine (0.4 mmol) and Ph,SiH, (0.8 mmol) in
toluene (3 ml) under an argon atmosphere. After 90 min, the solvent was removed and the
residue was chromatographed on silica gel to give 2',3'-dideoxy-2',3'-didehydroadeno-
sine in 95% yield [36].

Treatment of cyclic thionocarbonate (36) derived from 1,3-diol, with the Buj
SnH/AIBN system generates the corresponding monodeoxygenated product (37), as
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shown in eq. 7.17. In this case, selective O—C bond cleavage of the O-sec-alkyl group
occurs, not that of the O-prim-alkyl group [41].

S (0] AIBN BuzSnS- C
i 0 Bu3SnH NaOH
CHz0 CoHsCHy, & CH30 CH;0
CH:O  ocH, CHSO OCH, CHsO  ocH,
36 38 61%
{ T (7.17)
?nBus ?nBus
S<¢® SN
0 ] —_— o - 0
CHz0 CH;0
CHsO ocH CHsO ocH

As an oxidative condition, refluxing treatment of methyl xanthate (39) with
[CH3(CH,),0CO,], (lauroyl peroxide) in isopropanol generates the corresponding
reduction product (40). Here, the formed CH3(CH,);, plays the same role as BusSn’,
and isopropanol donates an o-H hydrogen atom, as shown in eq. 7.18 [42, 43].

Xojr\oké)/—()# [CH3(CHy)10CO2)2 >< \:LX/—F

o -PrOH, A
39 O_ﬁ_SCHg
S
[CH3(CH3)10°] <——— [CH3(CH2)10,CO,l, i-PrOH

(-CO,) (7.18)

ST o

[=CHa(CH2)10SGSCH]

O—(;J—SCH3 o
S(CHy)1oCHg
I Ph,SnH, Et;B
RO—C—Ph . > ROCH,Ph
r.t
M 42 97%
| s (7.19)
SSnPha SSnPh3
] | PhgSn*
RO-C-Ph |—» RO-C—Ph
: H (=Ph3SnSSnPhy)
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As a unique reaction, treatment of thionoesters (41) or thionolactones with Ph3;SnH in
the presence of Et;B at room temperature provides the reduction products (42) of
thiocarbonyl groups to methylene groups (eq. 7.19) [44, 45]. Thus, this is the indirect
reduction of esters to ethers, and lactones to cyclic ethers, since thionoesters and
thionolactones are prepared from the corresponding esters or lactones with Lawesson’s
reagent.

Finally, acetate ester (43) and trifluoroacetate ester can be reduced with silane in the
presence of peroxide under sealed conditions (eq. 7.20) [46, 47].

(+BuO),

PhQS|—©—SlPh2

>

140 °C, sealed tube

o—-

(7.20)

43 44 89%
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Barton Decarboxylation Reaction with
N-Hydroxy-2-thiopyridone

The Barton decarboxylation reaction is very useful for organic synthesis. In the early
1980s, radical decarboxylation of O-acyl esters prepared from carboxylic acids and
N-hydroxy-2-thiopyridone, was first reported by Barton. This reaction does not require
any toxic radical reagents such as Bu3SnH, and the decarboxylatively formed alkyl
radicals, derived from the corresponding carboxylic acids, can be used for functional
group conversion and C—C bond formations [1-5]. Sodium salt of N-hydroxy-2-
thiopyridine is commercially available, and its aqueous 40% solution is also available as
sodium omadine for keeping microorganisms active. Free N-hydroxy-2-thiopyridone is a
stable crystals or solids under protection from light. O-Acyl esters of N-hydroxy-2-
thiopyridone can be purified by flash column chromatography on silica gel. The esters are
light-sensitive yellow solids or oil and have typically strong absorption in the range of
1800 cm ™" on the IR spectra.

Under refluxing conditions in benzene or toluene, or by irradiation with a tungsten
lamp (100-300 W) at room temperature, N—O bond cleavage of the O-acyl ester (2)
readily occurs to generate a carboxyl radical and a pyridine 2-thiyl radical. 3-Cleavage of
the formed carboxyl radical rapidly occurs to form an alkyl radical and CO, (the rate
constant for B-cleavage of RCO) is approximately 10°s™"). The formed alkyl radical
then reacts on the thiocarbonyl sulfur atom of O-acyl ester (2) to generate alkyl 2-pyridyl
sulfide and carboxyl radical again. So this reaction proceeds via a chain pathway (eq. 8.1).

5 W-hv ,
or
r-cooH 1992 o L oy _/ S —\
12 HO—I\Q g oo (8.1)
g 2

yellow solids or oil

Half-life of the decay of O-acyl esters (2) at 80 °C is shown below (eq. 8.2) and it
depends on the used primary-, secondary-, and tertiary-alkyl chained carboxylic acids.

199
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Thus, the reactivity is increased as follows: prim-R < sec-R < tert-R.

0o
2 =z
R=C-O-N | R=cHy(cH
o = tl=-31
;:> 80°C R—S/El\lj 3(CH)14 0 5 min 82)

) S R = (CHg)2CH : t ] = 26 min
3 R=(CHg)sC:t}=14min

When an O-acyl ester (2) derived from phenylacetic acid is irradiated, a beautiful
hyperfine structure of a benzyl radical can be observed by ESR [6]. This can be explained
by the fact that the rate constant for the reaction of the formed R" and O-acyl esters (2) is
about 10° s~ ! and it is rather slower than that of decarboxylation of RCO; (eq. 8.3) [7, 8].
Generally, under photolytic conditions, approximately 100% of the chain reaction occurs,
and under benzene refluxing conditions, approximately 80% of the chain reaction and
approximately 20% of the caged reaction takes place.

0
I = k .
R-C-0O-N /> + [R7] —> + [RCOO"]
W-h
d (8.3)
2
R = CHy(CHy) 14— 4°C k=0.87x 108 M1 s~

80°C k=4.2x10° M~ 57"

8.1 REDUCTION

Refluxing or photolytic treatment of O-acyl esters (2) in the presence of a hydrogen donor
such as BuzSnH or fert-BuSH, provides the corresponding reduction products via alkyl
radicals. This reaction can be applied to primary-, secondary-, and tertiary-alkyl chained
carboxylic acids, and can also be used for steroids, sugars, and peptides as shown in
eq. 8.4 [9—-14]. Racemization does not occur at other chiral centers.

COOH
% NaO— N PN y
(COCh, Q £BuSH

AcO E DMAP CGHG

A 80°C
4 0.5h 6 82%
(PyS) T (8.4)
o
n.
c-0
(-COy)

Experimental procedure 1 (eq. 8.4).

To a solution of N-hydroxy-2-thiopyridone (140 mg, 1.1 mmol) and pyridine (0.1 ml) in
toluene (10 ml) was added a solution of 3[-acetoxy-11-ketobisnorallocholanic acid



8.2 CONVERSION TO HALIDES 201

chloride (1 mmol) in toluene (1 ml) under a nitrogen atmosphere at room temperature.
During the reaction, the reaction vessel was protected from light with aluminum-foil.
After 10 min, the reaction mixture was filtered quickly, and the filtrate was added
dropwise over 30 min to a refluxing solution of fert-BuSH (0.5 ml) in toluene (20 ml).
During this addition, the dropping vessel was again protected from light with aluminum-
foil. After 1h, the solvent was removed and the residue was purified by column
chromatography on silica gel to give 33-acetoxy-5aH-pregnan-11-one in 82% yield.

The same reaction can be carried out by the dropwise addition of 33-acetoxy-11-
ketobisnorallocholanic acid chloride (1 mmol) in toluene (5 ml) to a refluxing solution of
dried sodium salt of N-hydroxy-2-thiopyridone (1.2 mmol), 4-(dimethylamino)pyridine
(0.1 mmol), and tert-BuSH (4.5 mmol) in toluene (20 ml), over 15 min [1].

With this reduction method, P-stereoselective preparation of O-glycosides and
C-glycosides can be carried out as shown in eq. 8.5 [15-19].

1) NaOH
e
BnO CO,CHj S CH; BnO_ CHg
GhHe o gngﬁgﬁo&rocm (8.5)
BnO CO,CH
O% 2 3 ) +BuSH H H
7 OCH;4 8°C, W-hv 8 76%
CHs
Bro= 0
n
; CHs Bro=
ALY 0 OCH3 (8.6)
OCHj3
equatorial radical [ 1] axial radical [ I ]

B- O—gly005|de

The formed anomeric radical adopts both a form (equatorial radical) [I] and 3 form
(axial radical) [II], and these are in equilibrium state. However, the B form radical is
more reactive and nucleophilic, because of its orbital interaction between the singly
occupied radical orbital and the axial lone-pair on the neighboring ring-oxygen atom (like
anti-periplanar effect) [20—22]. Therefore, the B form radical (axial radical) [II]
predominantly reacted with a hydrogen donor to generate B-O-glycoside.

8.2 CONVERSION TO HALIDES

Photolytic treatment of O-acyl esters (2), derived from primary-, secondary-, and tertiary-
alkyl chained carboxylic acids, in CCly, BrCCl;, and CHI; with a tungsten lamp
generates good yields of the corresponding alkyl chlorides, alkyl bromides, and alkyl
iodides (9), respectively, via Hunsdiecker-type reaction (Table 8.1). Here, the by-
products are 2-Py-S-CCl; for CCl, and BrCCls, and Py-S-CHI, for CHI3, respectively.
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Table 8.1

Conversion of carboxylic acids to alkyl halides

RCO,H RX + PySCCl,
l 9
: 1
R-C-0-N"y — W _ g+ pys +co,
20°C
2 S XCCls (X = Cl, Br)
or CHIz3(X=1)

RCO,H RX Yield
CHy(CHp)14—CO,H  CHy(CHy)14Cl 70%
CHy(CHz)14—CO,H  CHy(CHy)14Br 95%
CHg(CHz)14—CO,H  CHy(CHo)y4l 74%

m—coz @—Br 98%
ol .
CHs COH 72%

The same treatment of O-acyl ester of N-hydroxy-2-thiopyridone, derived
from cubanecarboxylic acid in CF;CH,l gives iodocubane in good yield. As an
interesting result, refluxing treatment of the O-acyl ester (10) derived from optically
active a-fluorocyclopropanecarboxylic acid, in BrCCls, provides the corresponding o-
bromo-a-fluorocyclopropane (11) with retention [23]. Generally, radical inversion at
the cyclopropane ring rapidly occurs (10''—10'*s™"). However, radical inversion
of the a-fluorocyclopropyl radical is rather slow relatively (~10°s™'), as shown in
eq. 8.7.

Ph,  F _ X Ph,  F Ph,  F
PhTNYC-0-N ) —— PN [ e P N B
i BrCCl,
0 11 78%
10 S

complete retention

Hooy (8.7)
AL vQH k=10""~10"?s7'(71°C)

Foo
NO —— vQF k'=10%s7'(-108°C)

activation energy 10.5 kcal/mol
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One great advantage of the decarboxylative halogenation with O-acyl esters of
N-hydroxy-2-thiopyridone is that the reaction does not require any heavy metal such
as Ag or Hg, unlike the Hunsdiecker reaction [24, 25]. Moreover, decarboxylative
bromination of p-methoxybenzoic acid can be also carried out in good yield, while it does
not proceed with the Hunsdiecker reaction; instead, electrophilic bromination on the
aromatic ring occurs.

8.3 CONVERSION TO CHALCOGENIDES

As mentioned before, thermal or photolytic treatment of O-acyl esters (2) generates the
corresponding alkyl 2-pyridyl sulfides. Oxidation of the sulfides with mCPBA provides
the corresponding sulfoxides, which can be further derived to olefins under heating
conditions via Ei mechanism. One example is shown below (eq. 8.8) [26].

OAc OAc OAc

1) (COCI),

—_—
2) NaO-N_ ), A

* COOH s

(8.8)

13

The same photolytic treatment of O-acyl esters (2) in the presence of disulfides,
diselenides, and ditellurides effectively produces the corresponding alkyl sulfides, alkyl
selenides, and alkyl tellurides respectively, through Syi reaction on the chalcogen atoms
by alkyl radicals, as shown in eq. 8.9. The reactivities somewhat depend on the kind of
chalcogenides. Thus, the effective formation of alkyl sulfides requires 30eq. of
disulfides, that of alkyl selenides requires 10 eq. of diselenides, and that of alky] tellurides
requires 2 eq. of ditellurides [27, 28].

W-hv

0
1l -
R-C-O-N_ _AXXAT _ Rar - PySXAr (X=S, Se, Te) (3.9)
;:) 0°C
14

2 g

It is well known that trace amounts of seleno-amino acids like selenocysteine play an
important role in living bodies, probably for oxidation and reduction. Seleno-amino
acids too can be prepared by this method. In this way, seleno-methionine (17) can be
prepared from glutamic acid under mild conditions, without racemization (eq. 8.10) [29].
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Vinyl-glycine with 100% e.e. can also be prepared from low-temperature elimination of
the selenoxide, derived from seleno-amino acid.

1) CICO,BU/ o
1l —
(lleCHQCOOH CHaN,_\O OH,CH,C~O-N />
/
Boc—NHCH )—> Boc—NHCH
: —
HO-N
CO,CH,Ph ):/> CO,CH,Ph
s 15
Et;N (8.10)
W-hv CH,CH,SeCH
CHSeSeCH, s 8 CFsCOH g CHoCH SeCH;,
—_— BOC-NH(;)H —> H,;N-CH
1
CO,CH,Ph cof
16 17

8.4 CONVERSION TO OTHER FUNCTIONAL GROUPS

It is rather difficult to convert carboxylic acids to decarboxylative alcohols. However,
treatment of O-acyl esters (2) in the presence of Sb(SPh); and molecular oxygen,
followed by hydrolysis, generates the corresponding decarboxylative alcohols. Eq. 8.11
shows the preparation of a sex pheromone of the citrus mealybug from (4-)-cis-pinonic
acid [30-32]. When 1802 instead of 1602, is used in this reaction, 80-alcohols can be
obtained.

ﬁ =\ 1) Sb(SPh)g, Air(O,)
R-C-O-N » R-OH o)
2) H,0 18
2 s
THzo COOH (8.11)
Sb(SPh), 0, i (+) cis-Pinonic acid
——— > R-Sb(SPh), —> RO-Sb(SPh), = =RCOOH
(-PhSSPy)
%00 o a(s),—sPy NEBHs o oH
®n~SPy ThonH
Q 19
R g onN W-hv s S0,, -10°C A_SO.SP
7 " Chon 0:SPY (8.12)
2 S CH3SO,CN, 0°C
S

R-CN + CH4SO,SPy

Photolytic treatment of O-acyl esters (2) with sulfur (Sg), SO,, and CH3SO,CN
provides the corresponding thiols (19), 2-pyridyl thiolsulfonates (20), and nitriles (21)
in good yields, as shown in eq. 8.12 [33-35]. Here, the rate constant for decomposition
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(B-cleavage) of RSOj. is not as rapid (4 X 10°M ™~ 's™! at 25 °C), as with that of RCO5.
The formed RSO, readily reacts with O-acyl esters (2) via a chain process, before the
reverse [(3-cleavage reaction.

Experimental procedure 2 (eq. 8.12).

A solution of sulfur (Sg, 74 mg, 0.29 mmol) and adamantanecarboxylate ester of N-
hydroxy-2-thiopyridone (290 mg, 1 mmol) in dichloromethane (15 ml) was irradiated
with a tungsten lamp for 1 h under a nitrogen atmosphere at 0 °C. After the reaction, a
solution of NaBH, (20 mmol) in methanol (10 ml) was added dropwise over 15 min to
the reaction mixture at room temperature, and the mixture was stirred for one hour. After
the reaction, 1 M sulfuric acid (60 ml) was added to the mixture, and then the solution
was extracted with dichloromethane (4 X 20 ml), and dried over Na,SO,. After removal
of the solvent, the residue was purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 97/3) to provide adamantanethiol in 88% yield [33].

8.5 CARBON-CARBON BOND FORMATION

8.5.1 Intramolecular radical cyclization

Preparation of cyclic compounds via 5-exo-trig or 6-exo-trig manner with O-acyl esters
(2) proceeds effectively [36—40]. Eq. 8.13 shows the preparation of biologically active
perhydroindole-2-carboxylic acids (22a) and (22b) from an aspartic acid derivative via
5-exo-trig manner.

= . n
1) HO—N):/> , FBUOCOCI, CHs=N_O

Ac O
O s =
l 4 o) W-hv,rt1h

COOH 5.13)
A A .
H R H 0
QK\N)‘\C_OBN C’EN)‘\C—OBU‘
: . .
Pys Pys
22a 69% 22b

8.5.2 Intermolecular coupling reaction

Photolytic treatment of O-acyl esters (2) at —64 °C gives the corresponding radical
coupling products, R—R via R, since the radical chain reaction is retarded due to the low
temperature [41].

8.5.3 Intermolecular addition reaction

Intermolecular addition reaction is important. Generally, alkyl radicals derived from O-
acyl esters (2) are nucleophilic, so treatment with electron-deficient olefins such as
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nitroethylene, vinyl phosphonium, or vinyl sulfone generates the corresponding addition
products effectively. Eq. 8.14 shows the photolytic reaction of O-acyl esters (2) with
nitroethylene and 2-nitropropene to form the corresponding addition products (23) and
(25) respectively. The addition products (23) with nitroethylene are further converted to
one-carbon homologenized carboxylic acids (24) by treatment with H,O,/K,CO; (pK,, of
nitromethane is approximately 10), as in the Arndt-Eistert reaction, and the addition
products (25) with 2-nitropropene are further treated with TiCl; to give methyl ketones
(26) [42-51].

o W-hv
i =\ Z NO,, -10°C N0, H,0, A
R-C-O-N_ RCH,CHZ_ ——— RCH,COOH
“spy  KpCOs
2 s 23 CH30H 24
(8.14)
=<N02 W-hv NO
CHs 0°C 2 TiClyrt
RCH2 C CH3 _> RCH200H3
THF
SPy
25 26
R-CH,CH, RCH,CH,SO,Ph
28 29

xS
R—Ni ebo‘a\(\ 0.>
EtOH/H,0, A y¢& \o‘?‘

W-hv

0
[l SO,Ph 21 mCPBA (1 eq. s
R-C-O-N_ ) ————— R-CH,CH _mCPBA (1 ea) R=CH,CH

27 SPy 0°C 30 SPy
S
2 NaOH Al 0]
CoHsBr
2'’s 3 ,SO.Ph
HCI, A _S0,Ph ,CH=CH (8.15)
RCH2CCZH5 e — RCHzC\ R 31
I H,O/CH30H | "CoHs Na,Te
SPy
26 34 oH=CH,
mCPBA (2 eq.) R 32
r.t.
SOPh o,
RCH,CH = ——» RCH,COOH
) 2V2
SO:Py  CH,OH 24
33

Experimental procedure 3 (eq. 8.15).

To a solution of 3,B-diphenylpropionic acid (2 mmol) in CHCI; (8 ml) were added oxalyl
chloride (1.5 g) and DMF (one drop). After stirring for 1 h, the solvent and excess oxalyl
chloride were removed. The residue was dissolved in CHCI; (6 ml) and then N-hydroxy-
2-thiopyridone (2.2 mmol) was added to the mixture under a nitrogen atmosphere at 0 °C.
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Then a mixture of pyridine (5 mmol) in CHCI; (2 ml) was slowly added dropwise.
During this reaction, the vessel was protected from light by aluminum-foil. After 30 min,
the reaction mixture was filtered quickly. CHCl; (5 ml) and phenyl vinyl sulfone
(10 mmol) were added to the yellowish filtrate, and the mixture was irradiated with a
tungsten lamp (200 W) for 20 min under a nitrogen atmosphere at 20 °C. After the
reaction, the solvent was removed, and the residue was dissolved in THF (15 ml).
NH,;NH,-H,0 (1.6 g) was added to the solution and the mixture was stirred for 15 min.
After the reaction, the solvent was removed and the residue was chromatographed on
silica gel to give 4,4-diphenyl-1-benzenesulfonyl-1-thiopyridylbutane in 74% yield [43].

The addition products (27) formed from the same photolytic treatment of O-acyl esters
(2) with phenyl vinyl sulfone, can be converted to various kinds of compounds (24), (26),
and (28) to (34), as shown in eq. 8.15, and this method really becomes valuable
chemistry.

Generally, treatment with electron-deficient olefins such as nitroethylene or vinyl
sulfone is effective for radical addition reactions, since alkyl radicals derived from O-acyl
esters (2) are nucleophilic and take SOMO-LUMO interaction. However, treatment of
O-acyl esters (2') derived from perfluoroalkyl carboxylic acids (R¢{CO,H) generates
electrophilic radicals, Ry, which react preferably with electron-rich olefins such as vinyl
ether, as shown in eq. 8.16 [52].

NaO—ND o
OFt
i =\ —

0}
<R_(L1 o — S 5 R-C-O-N / — R Ot
f W-hv
, SPy
2' S 35 (8.16)
unstable
[Ry] —— Rf/\./R ]
0 F Cl
I = F o W-hv AgNO
R-C-O-N_ » ————— RCF,CCl,~SPy s RCF,COOH  (8.17)
rt. THF=H,0
2 ¢ 36 37

Treatment of O-acyl esters (2) with 1,1-dichloro-2,2-difluoroethylene provides
a,a-difluorocarboxylic acids (37) through photolysis, followed by the hydrolysis of the
adducts (36) with AgNO; (eq. 8.17) [53]. Eq. 8.18 shows the preparation of a-keto
carboxylic acids (40) from carboxylic acids, by means of the radical addition to ethyl
acrylate, oxidation to the sulfoxides by mCPBA, the Pummerer reaction with
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(CF5CO0),0, and finally their hydrolysis under basic conditions [54].

0
Y ]
Q H OCCF
i - COoEt ! 1) mCPBA ek
R-C-O-N_ ) —————> RCH,C-SPy —————> RCH,~C-SPy
W-hv Lo 2) (CF4C0),0 i
E E
2 S g UOF g9 COEt (8.18)
Ko00% _  RCH,~C-COOH
—_— —C-
CH4CN 2
H,0 40
o
11
\\‘ H,N—C
Ho ZHN_‘<\7= HoNOC,
N 2!
Mo O Ad DCC QN Ad Y __H cogn oM
e ZH':l co Sépy
o o B OO
" © 43 (8.19a)
CONH, C:DONHQ
: Ad i Ad
4 O o
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CeHe, A o NH,
N SN
44a 44b Ad=¢ T )
NN
PhsP 1)(;%0
Be)
O 8
CH,CO0H  @N”“sSgN CH,—C-O-N_ o oH
: o e | W-hv {2 0
AT i S: el il .19
CH,COOH 2Clo SH—c-0-N —/ 2) silica gel CH, 0]
1]
S | ©
CHs

0]
45 74% Tyromycin

As a synthetic application to biologically active compounds, eq. 8.19a shows the
preparation of nucleoside antibiotics (44a) and (44b). Tyromycin (45) inhibits
the leucine and cysteine aminopeptidases, and it can be prepared in good yield from
the photolytic treatment of the N-acyloxy diester with citraconic anhydride, followed by
silica gel treatment, as shown in eq. 8.19b [55-60]. Other synthetic applications using
intra- and intermolecular tandem reactions were also studied [61, 62].

8.5.4 Alkylation of aromatics

Bu3SnH cannot generally be used for radical alkylation of heteroaromatics, since it is
a reductive radical reagent. However, O-acyl esters (2) are not a reductive reagent.
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Thus, photolytic treatment of O-acyl esters (2) with electron-deficient heteroaro-
matics salts prepared from the reaction of heteroaromatics with camphorsulfonic acid
or trifluoroacetic acid, effectively produces the corresponding alkylated heteroaro-
matics. Details on the alkylation of heteroaromatics with O-acyl esters (2) are given
in Chapter 5.

Benzoquinones are not aromatics, but electron-deficient compounds. Photolytic
treatment of O-acyl esters (2) with benzoquinones generates the corresponding 1,2-
adducts. Practically, 1,2-disubstituted benzoquinones (46) bearing both alkyl and 2-
thiopyridyl groups can be obtained. Since the initially formed product is 1,2-disubstituted
dihydrobenzoquinone, it is smoothly oxidized to 1,2-disubstituted benzoquinone by
excess benzoquinone, due to the difference in their oxidation potential, as shown in
eq. 8.20 [63, 64].

0] OH
0]
e O ’
-C-0- / —_» >
CH,Cl,, W-hv SPy
2 S o OH
46 o .
oxidation | reduction (8.20)
0] ] 0]
R R
[R]—— — - A
’ SPy
0 0] o]

Me

> Me Me "—,ﬁ o) - Me' Me _"f{
8.21)
HO (0]
oY% rx
=N (0] (0) OMe

48 75% 49 llimaquinone

As a synthetic application, stereoselective synthesis of potent anti-HIV (—)-
ilimaquinone, is shown in eq. 8.21.

Experimental procedure 4 (eq. 8.20).

A mixture of O-acyl ester (1 mmol) of N-hydroxy-2-thiopyridone and benzoquinone (5—
7 mmol) in degassed dichloromethane (20 ml) was irradiated with a 300 W tungsten lamp
for 30 min. under a nitrogen atmosphere at 0 °C. After the reaction, the solvent was
removed and the residue was chromatographed on silica gel to give 1,2-disubstituted
benzoquinone [63].
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8.5.5 Others

The tellurium atom has high radicophilicity. Thus, photolytic treatment of 2,3,4,6-tetra-
O-acetyl-D-glucosyl p-anisyl telluride (50) with N-hydroxy-2-thiopyridone-O-acetate in
the presence of methyl acrylate provides the C-glycoside (51), through Syi reaction on
the tellurium atom by a methyl radical, to form 2,3,4,6-tetra-O-acetyl-D-glucosyl radical
and methyl p-anisyl telluride [65—69]. The driving force of this reaction is the high
radicophilicity of the tellurium atom and the stability of the 2,3,4,6-tetra-O-acetyl-D-
glucosyl radical as compared with the methyl radical. Here, nucleophilicity of the methyl
radical is much lower than that of the 2,3,4,6-tetra-O-acetyl-D-glucosyl radical, so
the addition of the methyl radical to methyl acrylate does not proceed.

9
CHSC-O-N;:/>
OAc S OAc
2
ACO o) oA COCHs  aco 0 H
2c0 eAn ———— > "0
AcO b CHZC|2, W-hv AcO SPy 1) mCPBA
50 51 89% _ CO,CHj4 2) CgHsCHsg, A
[CH3] | (-CH3TeAn) Ohe
(8.22)
AcO O H
AcO
AcO
52 76% C0CHs
OAc OAc
ACO o == AN Q H| —| A0\ 0
AcO
A AcO
CO,CHj

Unlike N-hydroxy-2-thiopyridone, N-hydroxy-2-selenopyridone is rather unstable and is
easily oxidized. However, once photolytic treatment of O-acyl ester (53) of N-hydroxy-2-
selenopyridone is carried out, the formed 2-pyridyl selenide is very useful. Thus, elimination
of the selenoxides, formed from the oxidation of the selenide with mCPBA or ozone,
proceeds effectively at low temperature. For example, eq. 8.23 shows the preparation of (L)-
vinylglycine (56) from (L)-glutamic acid without racemization at all [70].

(1 CO,CHzPh Weby CO,CHzPh
N Se BocNH=——H — m» BocNH=—=H
I CH,CH,C-O-N p '~ CH,CH,—SeP
OH 2 28 / L2 y
unstable 53 Se 54 82% (8.23)
CO,CH,Ph CO,H
o) v 2L e ® 2
—— > BoocNH=——H % Cl HaN=—=H
—78°C CH=CH, CH=CH,

55 81% 56 79% (e.e. 93%)
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Carbonate and carbamate derivatives, prepared from the reaction of alcohols and amines
with phosgene and N-hydroxy-2-thiopyridone, provide the corresponding alkoxyl radicals
and aminyl radicals respectively, via radical decarboxylation [71-81]. For example,
photolytic treatment of carbamate (57) derived from 4-pentenylamine generates the
corresponding 4-pentenylaminyl radical, as shown in eq. 8.24. Under neutral conditions in
the presence of fert-BuSH, a direct reduction product (A) of 4-pentenylaminyl radical is
formed, while, in acidic conditions, cyclized product (C), pyrrolidine, via 5-exo-trig manner
from 4-pentenylaminyl radical is formed. Under the latter conditions, the real reactive species
is an electrophilic 4-pentenylaminium radical which rapidly cyclized via 5-exo-trig manner.

R R RSPy
R (0] \, | |
N g oN_ Additive NH @/ (b/
-C-0- —_— — + +
NN J CeHg 25°C O
57 S A B ¢
Additive  Yield(%) A B c
+BuSH 80 100 0 0
CFsCOOH 90 0 0 100
R\ (I:I) [ H\ 1 (824)
n-d_or N t+BuSH A
L/\ L/\
l CF4CO,H
R H
R =—(CH,)3CH3 \NH ® 5exotig | R=N®
R * |—C
(_/\

Refluxing treatment of oxalate esters (59), prepared from the reaction of alcohols, oxalyl
chloride and N-hydroxy-2-thiopyridone, generates the corresponding alkyl radicals via
double decarboxylation. Thus, when these reactions are carried out in the presence of fert-
BuSH and CCly, the corresponding reduction products RH and alkyl chlorides respectively,
are provided [82—85]. However, this double decarboxylation reaction is limited to secondary
and tertiary alcohols. Double decarboxylation of the oxalate ester derived from primary
alcohol does not take place; instead, 2-pyridyl alkyl thiocarbonate is obtained through single
decarboxylation, because the bond dissociation energy of the primary alkyl C—OH bond is
strong (eq. 8.25) (Figure 8.1).

tBuSH
NaO-N |
(COCI), ] g t+BuSH .
ROH ———— ROCCCI > R-H = R
CeHe, . 58 DMAP 60 (~t-BuSPy)
CeHe A ‘X—COg)
R = 2°-, 3°-alkyl l (8.25)
N 2% it
RO-C-C-0O-N — | RO-C-C-0" | —=* | RO-C"
w0 ; /> (-Pys") (-COy)

oxalate ester
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of

0 0 9 0
I Ph Il I =
R-C-0-N=<X R-C-O—-N C-0-N
Ph
le} (0]
D E F

Figure 8.1

Finally, as examples of similar types of reactions, photolytic treatment of O-acyl ester (D)
benzophenone oxime, N-acyloxy-phthalimide (E), and O-acyl ester (F) of N-hydroxy-2-

pyridone with a mercury lamp generates the corresponding alkyl radicals via decarboxyla-
tion. However, these reactions can be used only for the alkylation of aromatics (solvents such

as

R L

benzene) and reduction [86—89], so their synthetic utility is extremely limited.
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Free Radical Reactions with Metal Hydrides

Free radicals mentioned in this chapter are not useful for organic synthesis. However, it
is important to know the radical character of metal hydride reagents, since metal
hydride reagents sometimes behave not only as a polar (ionic) hydride donor species,
but also a single electron donor species, depending on the substrates and reaction
conditions.

Single electron transfer (SET) reactions with metals such as Fe, Cu, Mn, Ce, Sm,
etc. have been described in the previous chapters. So here, SET with metal hydrides
is described. It has been long believed that treatment of alkyl halides or ketones with
metal hydrides such as LiAlH; or NaBH, produces the corresponding reduction
products by the reaction with a hydride species (H: ). However, in the 1970s some
evidence for radical interventions was reported, especially radical reactions via SET,
and a radical cyclization method with 5-exo-trig manner, was mainly used as an
indirect proof for radical reactions therein, and often direct ESR observation of the
radical intermediates was tried. This chemistry was well studied especially by Ashby
[1-8]. Treatment of 2,2-dimethyl-5-hexenyl-1-iodide (1) (primaryl, but sterically
hindered neopentyl-type iodide) with LiAlH, generated the corresponding cyclized
1,1,3-trimethylcyclopentane (2) in 96% yield, together with a direct reduction
product, 5,5-dimethyl-1-hexene (3), in 2.5% yield. Moreover, treatment of the same

LiAIH,

CHs o CHy CHs
3 : 3
\\/\)</I _UAD, _ M = g'ﬁ
) (SET) :
r.t.
9.1)
LiAIH, LiAID,
CHq CH,D
/\/><CH3 + ﬁ /\/><CH2D+
CHy' CH3  CHj, CHs CHg' CH;  GH, CH,
3 25% 2 96% 3' 5.5% 2' 69%
(dy, 65%) (dy, 57%)

215



216 9. FREE RADICAL REACTIONS WITH METAL HYDRIDES

neopentyl-type iodide with LiAID, gave the corresponding 1,1,3-trimethylcyclopen-
tane (2) in 69% yield with 57% d, and 43% d,, together with 5,5-dimethyl-1-hexene
(3) in 5.5% yield with 65% d, and 35% d,, as shown in eq. 9.1. Here d; means the
abstraction of a deuterium atom from LiAID4, and dy means the abstraction of a
hydrogen atom from the solvent, by the radical species. These results indicate that
most reactions of 2,2-dimethyl-5-hexenyl-1-iodide (1) with LiAlH, proceeds via SET,
not a polar pathway, and the reaction proceeds through cyclization of the 2,2-
dimethyl-5-hexen-1-yl radical derived from the 2,2-dimethyl-5-hexenyl-1-iodide
anion radical formed by SET reduction with LiAlH4 (eq. 9.1).

When steric hindrance in substrates is increased, and when the leaving anion group in
substrates is iodide, SET reaction is much induced (Cl < Br < I). This reason comes
from the fact that steric hindrance retards the direct nucleophilic reduction of substrates
by a hydride species, and the o energy level of C—I bond in substrates is lower than that
of C—Br or C—ClI bond. Therefore, metal hydride reduction of alkyl chlorides, bromides,
and tosylates generally proceeds mainly via a polar pathway, i.e. Sy2. Since LUMO
energy level in aromatic halides is lower than that of aliphatic halides, SET reaction in
aromatic halides is induced not only in aromatic iodides but also in aromatic bromides.
Eq. 9.2 shows reductive cyclization of o-bromophenyl allyl ether (4) via an sp? carbon-
centered radical with LiAIH,.

0 LiAIH, 0
Et,O r.t
Br Ea CHj

4 5 90%
l 9.2)
é
O (0]
C[ L © ©/ L
Br X (-Br®) . SN
Ph H . Ph H Ph D
LiAID,4
— B — ——( + =
6 7a 7b
l 1 : 1 (9 3)
N J :
'
Ph H Ph 3 dy/ dy=63/37
H H H

Though reduction of aromatic halides with NaBH, does not proceed at all,
photolytic treatment of the same aromatic halides and NaBH, with a mercury lamp
provides the reduction products via SET pathway. Eq. 9.3 shows the reduction of
trans-B-bromostyrene (6) with LiAlID, via SET pathway. The vinyl radical rapidly
inverses on the sp” carbon-centered atom, so a mixture of cis- and trans-styrenes (7a)
and (7b) with d,/d, = 63/37 is formed. d,-Styrene is again formed through the
abstraction of a hydrogen atom from the solvent by the vinyl radical. Since the
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activation energy of cis/trans inversion in the vinyl radical is ~2 kcal/mol, this
isomerization occurs even at lower temperature. As an interesting study, the results on
the treatment of bicyclic cyclopropane-1,1-dibromide (8) with LiAlH,, Bu;SnH,
CH;MgBr, and NaBH, are shown in eq. 9.4. Isomeric ratios with LiAlH,, CH;MgBr,
and NaBH, are close to that with a typical radical reagent, Bu;SnH. Moreover, all
these reactions have an induction period of about 5 ~ 10 min, and molecular oxygen
retards these reactions. Based on these results, these reactions proceed via SET
pathway and a bicyclic 1-bromocyclopropyl radical is the key intermediate [9—13].

H H H
O - - O
EE— + Y,
n Br DMF % % Br
H H H
8 9a cis 9b ftrans
MH Yield cis / trans ©-4)
LiAIH, 73% 3.0
Bn,SnH 82% 25
CHzMgBr 72% 25
NaBH, 79% 1.8
LiAIH
CH3 _He 1 cHg -
CHy CH; THF-d, rt. CHj; CHj4
10 9.5)
CHs CH,D
ey VN v end VK
CH CHs CH, CMs
11a <0.5% 11b 95%

When 2,2-dimethylhexyl-1-iodide (10), a saturated neopentyl-type halide, was
treated with LiAlH, in THF-dg, the corresponding reduction products (11a) and (11b)
were obtained quantitatively, and 95% of the reduction product contains d;, as shown
in eq. 9.5 [14]. This result again indicates a 2,2,-dimethylhexyl radical is the real
intermediate for the reduction product.

Treatment of perylene (12) with LiAlH, at room temperature induces the appearance
of deep blue color. This color corresponds to the perylene anion radical formed by the
SET from LiAIH4 to LUMO of perylene. ESR measurement indicates that ~ 80% yield of
the perylene anion radical is formed [15]. Properly, formation of the anion radical
depends on the kind of metal hydride reagent as shown in eq. 9.6.

)
MH Yield of anion radical
0 L | QO]
‘ , ‘ NaAlH, 80 %
THF, r.t. AlHg 31 % (9.6)
ORI RN
HMgCI 20 %
perylene anion radical
12 blue
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Treatment of aromatic ketones with LiAlH, or AlH; induces the formation of ketyl
radicals via SET. As mentioned above, SET is induced when the substrates have steric
hindrance at the reaction position, and when LUMO energy level is lower, such as in
polycondensed aromatics and ketones.

These types of SET reactions are not useful for organic synthesis; however, it is
important to know about the SET character of metal hydride reagents.
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Stereochemistry in Free Radical Reactions

Stereochemistry in radical reactions for organic synthesis has not been studied very
extensively, because mild or low temperature-promoted radical reaction methods are
extremely limited and the stereoselectivity in radical reactions is generally rather poor.
Recently, however, stereoselective organic synthesis with radical reactions has become
popular, since mild radical reaction methods such as the Barton decarboxylation, Et;B-
initiated Bu3zSnH reaction, etc. have been developed. Normally, low temperature-
initiated radical reactions induce high stereoselectivity.

10.1 REDUCTION

Since Et;B-initiated radical reactions with BusSnH under aerobic conditions, can be
carried out at 0°C or lower temperature, stereoselective reduction of reactive a-
haloesters or a-haloketones can be performed. Eq. 10.1 shows Et;B-mediated Bu;SnH
reduction of B-methoxy-a-bromo ester in the presence and absence of MgBr, (Lewis
acid) at 0 °C. Anti/syn diastereoselectivity depends on the absence or presence of a Lewis

(’PCHsco on, DusSTH. BB C?JCHSCO CH ?CHaoo CH
- 2¥s . By N\U2UHs + 5CHy
f BUCH‘.' B CH2C|2Y 0°C t-Bu I t BU/Y
S CHs, CHj
1 2a syn 2b anti
Yield  syn anti
MgBry(5eq.)  91% (33 1) (10.1)
— 75% (1 : 21)
t-Bu BUsSn_|;| (I.:HS
CH, CO,CHs @ anti H_ i O----Mg?* @syn
CHO™ T H (without MgBr,) | CHs c=0 | with Mgery)
BusSn—H +Bu OCHj4

[1] [n
acid, and can be explained as follows. Both transition states [I] and [II] in the hydrogen
atom abstraction from Bu3;SnH by a-methoxycarbonyl radical are shown below. BuzSnH
donates a hydrogen atom to the a-methoxycarbonyl radical from the less-hindered side to

219
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provide anti-isomer in the absence of a Lewis acid as shown in [I], while the opposite
syn-isomer is formed by the chelation between Mg>" and two oxygen atoms of the
methoxy and carbonyl groups in the presence of MgBr, as shown in [II]. Thus, Bu;SnH
donates a hydrogen atom from the less-hindered side of the formed a-methoxycarbonyl
radical in both cases [1-4].

Experimental procedure 1 (eq. 10.1).

To a solution of MgBr,-Et,0 in dichloromethane was added a-bromo ester (0.1 M) of
dichloromethane. The mixture was stirred for 5 min at 25 °C, and then cooled at 0 °C.
After addition of Bu3SnH (2 eq.), EtzB (1 M, hexane solution), divided to 3 parts
(0.2eq. X3 =0.6eq.), was added to the mixture within 15 min. After 2 h at 0 °C,
m-dinitrobenzene (0.5 eq.) was added to the reaction mixture, which was further washed
with aq. NaHCOj5 solution, extracted with dichloromethane, and dried over MgSO,.
After filtration and removal of the solvent, the residue was poured into hexane and
Bu,NTF~ (2.5 eq.) was added to the hexane solution and stirred for 5 min at 25 °C. After
column chromatography (eluent: ethyl acetate/hexane = 15/85), a reduction product was
obtained in 91% yield with syn:anti = 33:1 [1].

The following boronate derivative, formed by the reaction of 1,3-diol (3) with Et3B in
the presence of air, reacts with Bu;SnH to form anti reduction product (4) with high
stereocontrol (eq. 10.2) [1-4].

Et
I
oH OH 2 Et,B, air O’B\Q o/ Bu;SnH oH OH 2
X oBu — ; — OoBu  (10.2)
Me SePh MeOIBu He
3 4
(anti:syn=20:1)

'BUO—N=N-O0Bu! (initiator)

0 (MooSi)sSiH OH OH
R €351)39l 0Si(SiMes) R R
%CH:g — >R 3/3 — CH3 i >/\CH3
PH 30°C *“CH,4 Ph Ph (10.3)
5 Ph 6a 6b
R=Me (2.9:1)
=Pr(12.6: 1)
=Buf(5.3: 1)

Reduction of chiral ketones (5) with the (Me;Si);SiH/C,H,5sSH/initiator system
generates alcohols with moderate anti/syn diastereoselectivity as shown in eq. 10.3 [5].
Chiral reduction of a-haloesters (7), (11) and a-haloketone (9) with chiral trialkyltin
hydrides (A), (B), (C) isknown, as shown in egs. 10.4—10.6 [6—8]. All these reactions were
carried out at — 78 °C initiated by Et;B. Chiral binaphthyl-based organotin reagents (A)
and (B) generate the corresponding reduced ester (8) and ketone (10) with moderate %e.e.,
respectively, while bis[(1S, 2S, 5R)-menthyl]phenyltin hydride (C) provides the
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corresponding reduced ester (12) with 86%ee, in the presence of a Lewis acid.

‘B
é fii\ air /ﬁu
n
/I Eth Buf A
Ph”% "CO,Me ———= =Y — ph71>co,Me (10.4)
H By =aMe ELO  |Ph CO-Me H bMe
7 -78°C 8
A 93% (52% e.e)
air
Me Et;B Me
B L
B e oy
o CgHsCH; ~78°C ) (10.5)
9 10
30% (41% e.e.)
B
CH3 air EtsB
Cols g, Lewis acid 92H5
COCoHs —C & CO,CaHs
S SnH -78°C (10.6)
A~ J 1 CgHsCHg 12
CHy”™ "CH, Ph 75% (86% e.e.)
c

When the formed a-ester radicals (7 radicals) abstract a hydrogen atom from the tin
reagents, one of the two sides is preferential in the transition states.

10.2 CARBON-CARBON BOND FORMATION

Since Barton decarboxylation can be performed under mild conditions, thermal or
photolytic treatment of the Barton ester (13) of propionic acid with N-hydroxy-2-
thiopyridone in the presence of chiral menthyl acrylates generates addition products
(14). However, diastereoselectivity is rather poor, since the chiral menthyl center is too
far away from the C—C bond-forming position, as shown in eq. 10.7. When the chiral
center is adjacent to the reaction position, stereocontrol is significantly affected, as
shown in eq. 10.8 [9-12].

CO,R*

(0]
— 1

I}
CHgCHg_C_O—N / + — ,C_OR* E— CHacHQ

SPy
13 ¢ 14

Conditions Yield de. (10.7)

Et,0 W-hv, 15°C 45% 8%
CeHsCHa A 44% 4%
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0-_»C0CH3 o)
CH3}< :l, _ W-hv CHj \< j/
CH3 — > CHj ’

O "'ﬁ_o_N / (¢] "Spy (108)

CO,CH3

15 S 16 78%

Stereoselective addition of an alkyl radical to the C—C double bond bearing a chiral
sulfoxide has been reported. Thus, eq. 10.9 shows the addition of a tert-butyl radical
formed from fert-butyl iodide with Et;B via Syi reaction, to electrophilic vinyl sulfoxide
(17), which takes a 6-membered chair conformation through intramolecular hydrogen
bonding between the sulfoxide and OH groups. Since the carbon-centered radical formed
by the addition of a tert-butyl radical abstracts a hydrogen atom of Bu3SnH from the
less-hindered side (opposite side to the 3-methyl group, [III]), the syn form becomes the
major product [13-17].

OH ¥ s BugSnH OH T & OH 7 ..
LS. t-Bul /'\/s‘ S
CH > ————— CH: Y + CH N

;W Tol ~Ch,CH,, 5 Y Tol S/I Tol
17 -78°C ~But Bu!

18a syn 18b anti

H-SnBug 600, i o8 2 (10.9)

t-Bu O— 6 (syn: anti=98 : 2)

j\ j\/ Prl, BusSnH j\ /loj\j’\i
1) N /\Ph Lu(OTys, EtzB e} N Ph
7 CH,Cl,, THF /
CHPh, -78°C CHPh,

19 20 90% (d.e. 98%)

(10.10)

(vl

When the same kind of reaction is carried out in the presence of a Lewis acid, instead
of intramolecular hydrogen bonding, the formation of addition product with high
diastereoselectivity can be achieved [18—23]. Eq. 10.10 shows the chiral addition of an
isopropyl radical to Lewis acid-chelated chiral o,f-unsaturated-N-enoyloxazolidinone;
6-membered rigid ring [IV] in the presence of Lu(OTf); (Ty = CF3S0,).

Radical-mediated reaction of y-hydroxy or +y-alkoxy-a-methylene ester (21) with
iso-Prl in the presence of MgBr, gives the syn-adduct (22a) predominantly via the
intermediate [V] as shown in eq. 10.11. The same chelation-controlled radical 1,3-stereo
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induction with +-alkyl-a-methylene ester (23) in the presence of MgBr, gives
predominantly the syn adduct (24b) via the intermediate [VI] (eq. 10.12).

MgBrg-Eth
EtsB, O,
th\n/cozEt Prl BugSnH Ph__~_ CO,Et  Ph CO,Et
Y —_— Y Y + T
2 CH.Cl, S V\(
MeO 0°C MeO Npyi MeO pri
21 22a syn 22b anti
45 1)
(10.11)
CH,R3 R3CH, CO,Et
Mg'Z@
anti [V']
MgBrz'Etzo
'BuBr ¢
Me BusSnH, Me Bu
/'\)L EtsB, O .
MeO,C CO,Me —°> MeO,C CO,Me
23 -78°C
t t
e I8
MeOZC/'\/\002Me " Meo,C CO,Me
(10.12)
24a anti 24b syn

83% (2 : 98)

OMe
(e} CHj
=

[vI] e H-SnBus

Based on a chiral template or chiral catalyst, radical allylation via Sy2’' can be
carried out with high diastereoselectivity [24—31]. Eq. 10.13 shows the allylation of
a-phenylseleno-acetylacetamide (25) bearing a chiral oxazolidine group with allyltribu-
tyltin at —78 °C under irradiation with a mercury lamp. Et;B-initiated 1,3-diastereose-
lective radical allylation of a-hydroxy-o’-bromoketone (27) with allyltributyltin in
the presence of ZnCl, or MgBr, provides superior diastereoselectivity, as shown in
eq. 10.14. Radical reaction of ethyl y-methoxy-a-methylenealkanoate (29) with EtI
and allyltributyltin in the presence of MgBr, initiated by Et;B and air at 0 °C generates
exclusively ethyl (2R,4R)-2-allyl-4-methoxy-2-propylalkanoate (30a) in good yield,
through the addition of Et to the reactive methylene group and subsequent Sy2’
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allylation, based on the chelation of methoxy and ester carbonyl groups on Mg*"
(eq. 10.15a and 10.15b). The same type of addition-allylation of fumarate (31) with RI
and allyltributyltin in the presence of Sm(OTf); at — 78 °C initiated by Et;B-air generates
1,2-disubstituted succinate (32) with high diastereoselectivity (eq. 10.15b).

O OCH; CH, Hg-hv O OCH; CHy
P = SnBu, y
CHs)I\(U\N o 2" 5wy N0
SePh L/ CHxCl, -78°C ! (10.13)
#BU || #BY
25 26 100% 0°C de.=32:1
-78°C d.e.=100:1
Br MgBr, H Br
—_—
HO Pr-n -78°C, SO Y Prn
O CH2C|2'Et20 Mg'2+
27 (10.14)
\/\SHBU:; =/\ AN
—_— : +
Et3B, O, HO Pr-n HO Pr-n
-78°C o} o
28a 81%(100: 1) 28b
Etl, MgBr, Et,0 |
Buasn/\/ /Et J
Bt 8,0, M Mim w015
— =
Ph COEt  CR,Cl, Ph COEt © Ph CO,Et
29 0°C 30a  53%(12:1) 30b
~_-SnBug
o o RI, Et;B, O Q o R
3 3P, W2
OJ\NJ\/\H,OBu’ Sm (OTf, O)LNJJ\)\IrOBu'
_ Y
/ o) -78°C
a1 32 ”/ (10.15b)
R =Et 87 %
-Bu  85%
=Pr 82%
=Bu 64%
Prl
] BusSnH
NkaNOBn Et,B, O, J\rNHOBn
-» Amino acids (10.16
SO, H CH,Cl, ( )
Me" Me ~78°C e

33 34 73% (94 : 6)
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BU3Sn/\/
O o Lewis acid, Prl,
O)LN)J\/\Ph EtzB, Op, CH,Cly
\_/ O O,'
35 N N../
% (bisoxazoline) (10.17)
Temp  Yield e.e.
Lewis acid (eq) °C %) de (%)
Mgl (1) -78 82  19:1 86
Mgl, (0.3) -78 93 371 93
Mgl, (0.3) —40 70  36:1 65

Highly diastereoselective alkyl radical addition to Oppolzer’s camphorsultam
derivative (33) of oxime provides enantiomerically pure a-alkyl-a-amino acid derivative
(34) at — 78 °C by the same method as shown in eq. 10.16. Moreover, enantioselective
tandem radical 1,2-difunctionalization of cinnamamide (35) can be carried out with
high stereoselectivity, using the chelation manner of the cinnamamide and a chiral
bisoxazoline ligand on Mgl,, as shown in eq. 10.17.

In stereoselective cyclization reactions [32—39], treatment of 2-bromoacetal (37) bear-
ing an allene group and a chiral template with Bu;SnH/Et;B generates the corresponding
chiral B-vinyl-y-lactone (38) via 5-exo-trig manner, as shown in eq. 10.18. Here, [VII] is
the transition state for the cyclization. With the same method, but using chiral perhydro-
1,3-benzoxazine, preparation of 3-alkylpyrrolidines and lactams with high %e.e. can be
carried out.

Ph 1) BusSnH, Et,B 88%
O'"O g 2HCOLTHF 3%
r— # IPCC A0,  90% /
o) : 38
a7 7 (99% e.e.)
(10.18)
o, 1
s A
H H
(v
BusSnH / cat. Et;B
—_—
4...H
OBn (10.19)
Lewis acid Yield
THF 92% (90 : 10

© =
=

EtAICI  CgHsCHy 86% (10: 90
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Bn AIBN, BuaSnH
W/\SGPh Lewis acid (3 eq) BH\ONN
O CgHg hv, 17°C 0
M 42

Lewis acid Yield cis/ trans
— 77% 1/4.5

MezAl 74% 5.8/1
(FBu)zAl 69% 6.8/1
Transition states for radical cyclization (10.20)
trans isomer <—R"2 E)’/ ,\R/-f 9/ with Lewis acid (L.A.)
O v LA-O
[ |
(@] o)
\ W LA \ [ C?‘ —» cisisomer
ﬁ A |'q X
[IX]

Treatment of a-alkylidene-vy-lactones (39) with the BusSnH/Et;B system produces
the corresponding S-exo-trig cyclization products with high stereoselectivity (eq. 10.19).
The effect of Lewis acids in the radical cyclization of (-allyloxyalkyl phenyl selenide
(41) was investigated, as shown in eq. 10.20. Normal cyclization without a Lewis acid
occurs to give mainly trans-2,4-disubstituted tetrahydrofuran (42), while cyclization
in the presence of a Lewis acid such as trialkylaluminium predominantly provides
the corresponding cis isomer (42). Both transition states [VIII] and [IX] are shown.
Inexpensive carbohydrates can be used as removable chiral scaffolds for 5-exo-trig
cyclization. Eq. 10.21 shows the preparation of ester (44) with high diastereoselectivity
from compound (43).

Q BusSnH 0

MgBr2 OEtz

217 Et,B, O,
" CH2C|2

H ©0Bn -78°C H OBn
43 44 85% (100: 1) (10.21)

H

SCo,H
LiOH
_ boH

45
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Me_ Me
O O o) le)
vy
( r” "Me Mg(ClOy),, tBu +Bu
"\ Et;B, O,, -78°C
Me” Me CsHsCH3
46
Me_ Me Me__Me 10.22
O @ O e 1o
N N
Mg Mg

disfavored favored [X]

Chiral Lewis acid-catalyzed atom-transfer cyclization is performed by the reaction of
a-bromo-a-methyl-B-keto esters (46) in the presence of Mg(ClO,), and a chiral ligand
such as bisoxazoline, initiated by Et3B, as shown in eq. 10.22. The Lewis acid promotes
not only the atom-transfer radical cyclization, but also high stereoselectivity through the
chelation onto Mg*". Intermediate [X] is a plausible chelated radical intermediate.

As a further stereoselective organic synthesis [40—47] using reactive sp® carbon-
centered radicals, eq. 10.23 shows the preparation of chiral 4-fert-butylcyclohexene (49)
from the optically pure o-bromophenyl sulfoxide (48) through 1,5-H shift by sp® carbon-
centered radical, followed by B-elimination. This reaction looks like a thermal concerted
intramolecular elimination reaction (Ei).

Busan AIBN O .
T 300W, Wohv, Bu

CGHG 10 C 49 70% (80% e.e.)
l T(—PhSO') (10.23)
o O
(1,5-H Shlft)

OU OU

Since the amide group and the aromatic ring are perpendicular (atropisomer) in N-
methyl-N-(2-iodo-4,6-dimethyl)phenyl acrylamide, free rotation between the C—N bond
does not occur, so each enantiomer can be separated. Once an sp carbon-centered radical
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is formed from each enantiomer, chiral oxindole (51a or 51b) with high %e.e. can be
obtained via 5-exo-trig cyclization as shown in eq. 10.24a and 10.24b.

O O
\)LN/CHS \)LN/CHS
CH
CHj | Et,B 3, .
Bu,SnH (10.24a)
—_— —
CeHg, 25°C
CHgy CHg CHg
50a 51a (84% e.e)

o} (0}
\)I\N/CHB \)’LN/CHS
N
| CH; EtyB . CH,
BusSnH (10.24b)
—_—_ e
CeHg, 25°C
CH CHj CHj3
50b 51b (82% e.e.)

ANNF

BnO 0._.0 Eu(OTf)s
%% sk XX
., e ——
'll CH2CI2

BrCHg-ICli-O (0) /\/\/\/C (@)

-78°C
°© s Br 53 71%(125:1) (10.25)
KaCO, /\/\&
—_—
THF, H,0 0o

54 (74% e.e)

Diastereoselective atom-transfer addition reaction of bromoacetate (52) derived
from D-xylose as a chiral auxiliary, with 1-hexene initiated by Et;B at —78 °C proceeds
effectively, as shown in eq. 10.25. Treatment of the adduct (53) under basic conditions
generates (S)-y-butyl-y-lactone with 74%e.e.

Under oxidative conditions, treatment of chiral menthyl B-ketoesters (55) with
Mn(OAc)3/Yb(OTy); (Lewis acid) in CF;CH,OH generates the corresponding cyclized
products with high diastereoselectivity. Eq. 10.26 shows the treatment of chiral
menthyl B-keto esters (55) with Mn(OAc);-mediated oxidative free radical cyclization
to form a single isomer (56a) predominantly. This method can be applied to the
enantioselective synthesis of (+)-triptophenolide with 90%e.e., which is a biologically
active natural product.
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OCH3 H
O
Y O"
R
(0]
55
(10.26)
R de. Yield
Ph 38:1 77 %
3,5-(Me0),CgHy  86:1 75%
3,5-(i-PrO),CeHz  >99:1 53%
2-naphthyl >99:1 67 %

(+)-Triptophenolide

Recently, as mentioned above, stereoselective organic synthesis with high d.e.

(diastereomer excess) and high e.e. (enantiomer excess) by means of the radical
reactions, has been partly established under mild conditions.

—
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Free Radicals Related to Biology

Molecular oxygen and related oxygen-centered radicals were mentioned in Chapter 1
as typical free radicals in living bodies. However, other radicals such as carbon- and
nitrogen-centered radicals also exist in living bodies. Vitamin B, is the most typical.

11.1 VITAMIN B,,

Vitamin B,, the coenzyme, is sometimes called cyanocobalamine, and is contained in
the liver in ppm level. It is comprised of Co”", porphyrine, cyanide, and porphyrine-
side chained nucleoside, and is a complicated complex, as can be seen in Figure 11.1.
It is well known that the first total synthesis of vitamin B, was carried out by
Woodward. Vitamin By, plays a variety of important roles such as rearrangement
of C-C bonds (1,2-acyl transfer) and rearrangement of C—-N bonds, through
radical species. Eq. 11.1 shows a typical acyl-transfer between glutamic acid and

S :
() '
l CHs N CONH,
G- TS
| vl
o
\P/O HO
N\,
o O/ Yo R=CN cyano cobalamine

OH R =CH;3 methylcobalamine

Figure 11.1 Structure of vitamin Bj,.
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[B-methylaspartic acid.

NH, NH,

\

—— CH
HO,C COH = Vitamin By HO,C ¢

glutamic acid COH
B-methylaspartic acid

H (11

3-exo
NH, -trig NH, B-cleavage NH,
—_— —_—
- O |*—
HO,C Y CO.H HO,C HO,C
H COEH

This reaction mechanism is similar to the chain-extension reaction of (B-ketoester to
v-ketoester, and ring-expansion reaction of cyclic B-ketoester to cyclic y-ketoester,
through the formation of the corresponding cyclopropanoxyl radicals (3-exo-trig),
followed by the B-cleavage reactions, as mentioned in Chapter 3. It is the formation
of cyclopropanoxyl radicals that is the key point. Eq. 11.2 shows a model reaction
of vitamin B, with Co>* complex (A). Reduction of the Co** complex (A) with
NaBH, or an electrochemical method generates a Co'" complex that has high
nucleophilicity (super nucleophile). This super-nucleophilic Co'* complex reacts with
alkyl bromide (RBr) (1) bearing a cyclohexenone group, to form R—Co complex.
Once it is formed, R" is generated under thermal or irradiation conditions, followed by
thermodynamically stable 6-endo-trig cyclization to give bicyclic ketone (2) [1].

o)

o
?I‘ o BF(CH2)4\© (C|_I|2)4
: NH,Br :
[ ey

[ |
Br Br

(0] (0] (0]
6/) 6-endo-trig é@ éo (11.2)
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[ a  Co*®.ClpPy / c /
Br > o) N CH
© ﬁ CH, /N\ ! N 3
NaBH ~ >col
S cEBHe o - e, (11.3)
Ph” Ph tOH, NaOH, Ph 3 / P 3@
50°C, 1h y/ =Co*®.ClI-Py

3 4 85% CN

The same radical cyclization can be performed using a more simplified vitamin B,
model, such as bis(dimethylglyoximato)(pyridine)Cobalt chloride: Co>*-Cl™-Py
complex (B), as shown in eq. 11.3. Treatment of propargyl B-bromoethyl ether (3)
with NaBH, and a catalytic amount of the cobalt complex (B) provides B-exo-
methylene tetrahydrofuran via 5-exo-dig manner [2-7].

As a model study of methyl cobalamine (methyl transfer) in living bodies, a methyl
radical, generated by the reduction of the bis(dimethylglyoximato)(pyridine)Co’"
complex to its Co'™ complex, reacts on the sulfur atom of thiolester via Sy2 to generate
an acyl radical and methyl sulfide. The formed methyl radical can be trapped by TEMPO
or activated olefins [§—13]. As a radical character of real vitamin B ,, the addition of zinc
to a mixture of alkyl bromide (5) and dimethyl fumarate in the presence of real vitamin
B, at room temperature provides a C—C bonded product (6), through the initial
reduction of Co®* to Co'" by zinc, reaction of Co'" with alkyl bromide to form R—Co
bond, its homolytic bond cleavage to form an alkyl radical, and finally the addition of the
alkyl radical to diethyl fumarate, as shown in eq. 11.4 [14].

CO,CH;  vitamin By, (cat)  CH30,C

Zn
Br " Jf o . (11.4)
CH30,C Et;N CH30,C
DMF, H,0,
5 rt,20h 6 74%
CH |cI hv 0
-
N (BusS), I
AN — > CHiCCH,GH=CO,CoMs
CH,l c- , Lt
C2H50_ﬁ 2 6r112 CH3
o 7 8 23%
T (11.5)
I T_on ?
H _ .
c 3C\C/CH3 CHa=CT/7™ | o CHsCCHQ(.\‘,H—COQCQHs
C—CH
AN 3
CH," / CH
C2H50,C 2 CoHg0,C ¢

Vitamin B, also plays a role in 1,2-acyl transfer. A related model reaction is shown
in eq. 11.5. Photolytic treatment of methyl a-methyl-a-iodomethylacetoacetate (7)
with (BusSn), generates the corresponding a-substituted methyl radical. The formed
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a-substituted methyl radical cyclizes onto the carbonyl group to form a cyclopropoxyl
radical derivative via 3-exo-trig manner, then its [3-cleavage occurs to form the stable
a-ester radical. This is the 1,2-acetyl transfer from the quaternary carbon to a primary
carbon. This then, is the model experiment in the 1,2-acyl transfer with vitamin By, [15].

11.2 ENE-DIYNE REACTIONS: BERGMAN CYCLIZATION

The ene—diyne reaction (Bergman cyclization) chemistry described below is not part
of the biologically related radical reactions. However, after the successive discovery of

SSSMe
Il -\~ OH O Me

o- Me
o ssoruie R

\\OﬁH_ MeO o]
oM
0 NHCOMe 5 Mo MeO we

Calicheamicin Y1 OH

SSSMe

HO... 0 O0—\Me / SMe

\\£
OMe .
Mem 0 NHCOMe O NHPr'
O%\WOMe Esperamicin A4

Neocarzinostatin Dynemicin A

Figure 11.2 Natural ene—diyne products.
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natural ene—diyne products in 1985, many natural and unnatural ene—diynes have been
prepared, because most natural ene—diyne products do have potent antitumor and
cytotoxicity activities (antibiotics), and their structures are really beautiful, systematic,
and artistic. The structures of esperamicins, dynemicins, calicheamicins, and
neocarzinostatins are shown in Figure 11.2. These compounds bear an aromatic
group and a sugar group for DNA recognition site. The aromatic group acts as an
intercalation and the sugar group acts as molecular recognition via hydrogen bonding.
The essential role of these ene—diynes is the formation of two reactive sp” carbon-
centered radicals and their hydrogen atom abstraction from substrates. Their potent
biological activity has been ascribed to DNA damage resulting from hydrogen atom
abstraction from the sugar backbone by the sp” carbon-centered biradical species
formed through Bergman cyclization of the ene—diyne upon triggering [16—23]. The
mechanism of the Bergman cyclization and hydrogen atom abstraction from the sugar
backbone is shown in eq. 11.6. The p-phenylene biradical abstracts hydrogen atoms
from the 4- and/or 5-position of the sugar moiety in nucleosides to generate an sp’
carbon-centered radical, which further reacts with molecular oxygen. The formed
peroxide reacts with glutathione RSH (tripeptide bearing L-cysteine), and induces O—C
bond cleavage via hydrolysis to form the aldehyde and the phosphate groups. These
ene—diynes induce DNA cleavage. The driving force of these reactions is the
conversion of rather reactive sp® carbon-centered radicals to sp’ carbon-centered
radicals. This is a reflection of the difference of bond dissociation energies between
C(spz)—H (approximately 112 kcal/mol) and C(SpS)—H (91 ~ 98 kcal/mol). The
hydrogen atom abstraction by the sp* carbon-centered radical to form the sp® carbon-
centered radical is an exothermic reaction, and AH is approximately — 15 kcal/mol.

Ro

/  \

Rq

Figure 11.3 shows the result on the direct observation by NMR of the interaction
between duplex DNA and esperamicin. Thus, the planer aglycone group E in
esperamicin intercalates between C7'---G2 and C6'---G3 of the duplex DNA, and the
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. C1-G2 -G3 -A4 -T5 -C6 -C7 -G8
© G8'-C7'-Ce'-T5'-A4'-G3'-G2'-C1’

DNA

|
intercalation group

ene-diyne group
—
recognition group

: cytosine
! guanine
: adenine
: thymine

—->00

Figure 11.3 Interaction between DNA and esperamicin.

C; position of the ene—diyne group R in esperamicin is close to the sugar group Cy—H
in cytosine of the duplex DNA, about 2.1 A distance. Once the Bergman cyclization
occurs, both hydrogen atoms of Cs—H in cytosine C6 and sugar group Cgy—H in
cytosine C6' are abstracted [24]. It is a really artistic structure and an intelligent reaction

mechanism, and it is also surprising that microorganisms produce these beautiful
compounds in their living bodies.

=

1,4-cyclohexadiene
| _ e

unstable E, = 32 kcal/mol

4
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L g = 25.1 kcal/mol

@ 1,4-cyclohexadiene
_—

(11.7)

Now we turn to the Bergman cyclization with simple ene—diynes. Eq. 11.7 shows the
thermal Bergman cyclizations and their activation energies E, in the presence of
1,4-cyclohexdiene, as a hydrogen atom donor, to generate benzene derivatives [25—34].
Thus, E, in the most simple cis-hex-3-ene-1,5-diyne is 32 kcal/mol, and the rate
constant at 156 °C is approximately 10~ *s~'. As the alkyl group or benzo group is
introduced into the basic structure, E, in the Bergman cyclization is decreased.
Generally, the rate-determining step in the Bergman cyclization is the cyclization
step via 6-membered transition state, to generate a p-phenylene biradical. Once this
p-phenylene biradical is formed, it rapidly abstracts hydrogen atoms from other
molecules, since the sp” carbon-centered radical is extremely reactive. The formed
p-benzophenylene biradical can be trapped by TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxyl radical) to generate a radical coupling product, followed by O—N homolytic
bond cleavage to provide 1,4-naphthoquinone as shown eq. 11.8 [35].

—J_}: 0—N 0
% *0-N
—— |0, |00 s
S PhCI
g 150°C |
O—N 2N ) O
10 65%

An ene—diyne compound (C) bearing a pyrene group, a large  planar group, can
intercalate into the space between the base pairs of the DNA (Figure 11.4). When this
ene—diyne is irradiated in the presence of DNA plasmid, this large m planar group
intercalates into the space between the base pairs of DNA, and the Bergman cyclization
occurs to destroy the DNA plasmid through hydrogen atom abstraction [36].

The following are examples of other generation methods of the same kind of reactive
sp” carbon-centered radicals. Treatment of aromatic diazocarboxylate ester (11) at pH 7.2
forms the phenyl radical, through hydrolysis of the ester, decarboxylation to the
phenyldiimide, and finally, reaction with molecular oxygen (eq. 11.9a). Electron transfer
reduction of 1,4-diazonium (12) with Cu™ generates the corresponding p-phenylene
biradical (probably step-by-step formation) (eq. 11.9b). These simple sp> carbon-
centered radicals also destroy DNA plasmid at pH 7.6, under living-body conditions, like
esperamicin [37-39].
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By the photolytic treatment of p-bromoacetophenone derivative (13) in the presence of
supercoiled DNA, the formed phenyl radical derivative abstracts a hydrogen atom from
the sugar moieties of DNA to induce the DNA destruction [40]. Another reactive
hydrogen atom-abstraction species is superoxide anion radical, O, which is formed by
the single electron reduction of molecular oxygen. The superoxide anion radical also
abstracts a hydrogen atom from DNA sugar moieties. Figure 11.5 shows the iron—
molecular oxygen complex of bleomycin (D), and fullerenes (E), (F) bearing side-chain
carboxylic acid. The fullerene carboxylic acid displays inhibitory activity toward various

(11.10)
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Figure 11.5

enzymes, cytotoxicity against tumor cells, and DNA cleaving activity, under irradiation
with visible light, through the formation of a superoxide anion radical [41-43].

11.3 RADICAL 1,2-ACYLOXY TRANSFER

Alkyl or aryl 1,2-transfer reactions like the Wagner—Meerwein rearrangement and the
Stevens rearrangement are well known in polar reactions. 1,2-Acyloxy rearrangement,
on the other hand, is recognized in radical reactions. This radical 1,2-acyloxy
rearrangement is interesting and important; probably, it is related to the evolutionary
progress from D-ribose to 2-deoxy-D-ribose and RNA to DNA. The most popular
method for generation of the initial B-acyloxyalkyl radical is the reaction of [3-
acyloxyalkyl halide (15) with BusSn’ initiated by AIBN, as shown in eq. 11.11a, where
the rearranged radical then abstracts a hydrogen atom from Bu3SnH to complete the
rearrangement. The driving force of radical 1,2-acyloxy rearrangement is the formation
of a more stable B-acyloxyalkyl radical [44—56]. That is, therefore, rearrangement from
a primary alkyl radical to a tertiary alkyl radical, and from an alkyl radical to a benzylic
radical. This 1,2-acyloxy rearrangement of [B-acyloxyethyl radical can be applied to
the B-phosphate ethyl radical, B-nitrate ethyl radical, and -sulfonate ethyl radical.
Thus, treatment of a-phenyl-3-bromoethyl phosphate (16), 3-bromobenzocyclopentyl
nitrate (18), and a-phenyl-B-bromoethyl sulfonate (20) with Bu3SnH in the presence
of AIBN under benzene refluxing conditions generates the corresponding
radicals. These radicals rearrange to the corresponding benzylic radicals via radical-
1,2-phosphate, -1,2-nitrate, and -1,2-sulfonate rearrangement, like 1,2-acyloxy
rearrangement to provide the corresponding rearranged-reduction products (17), (19),
and (21) in good yields, respectively (eqs. 11.12a—11.12c). Here again, the driving
force of the 1,2-rearrangement is the formation of more stable benzylic radicals, through
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a thermodynamically controlled pathway.

RCOOQ Bu,SnH | RCOO OCOR
R AIBN R (11.11a)
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Generally, radical 1,2-acyloxy rearrangement proceeds through the 5-membered
transition state as shown in eq. 11.13. The rate constant for 1,2-acyloxy transfer is
about 10%s~! at 75°C (eq. 11.11b). Treatment of 1-bromo-3,4,6-tri-O-acetyl-2-O-
benzoyl-[lgO]—D—glucose (22) with Bu3SnH in the presence of AIBN under benzene
refluxing conditions generates 1,2-benzoate rearranged product (23), in which the '*0
atom is directly bonded to the glucosyl anomer carbon. This indicates that the 1,2-
rearrangement proceeds via 5-membered transition state [I]. What is its driving force?
The initially formed radical, 3,4,6-tri-O-acetyl-2-O-benzoyl-D-1-glucosyl radical,
adopts B, s conformation (boat form), and the rearranged 3,4,6-tri-O-acetyl-1-O-
benzoyl-p-2-glycosyl radical adopts a more stable “C; conformation (chair form), so
the driving force comes from the conformational stabilization effect [57—-64].
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Experimental Procedure 1 (eq. 11.13).

To a refluxing benzene (80 ml) solution of 3,4,6-tri-0-acety1-2—0-benzoyl—[180]-0L—D-
glucopyranosyl-1-bromide (1.8 g, 3.8 mmol) under an argon atmosphere was added
dropwise a benzene (20 ml) solution of Bu3SnH (4.8 mmol) and AIBN (80 mg) over 8 h.
After the reaction, the solvent was removed and the residue was recrystallized from a
mixture of z-butyl methyl ether and hexane (1:1) to provide 3,4,6-tri-O-acetyl-1-O-
benzoyl-['*0]-a-D-glucose in 71% yield [58].

Experimental Procedure 2.

To a benzene (80 ml) solution of 2,3,4,6-tetra-O-acetyl-a-D-glucopyranoyl-1-bromide
(8.22 g, 20 mmol) was added dropwise a benzene (14 ml) solution of Bu;SnH (7.0 g,
24 mmol) and AIBN (0.41 g, 2.5 mmol) over 10 h under an argon atmosphere. After the
reaction, the solvent was removed and the residue was chromatographed on silica gel to
give 1,3,4,6-tetra-0O-acetyl-2-deoxy-a-D-arabinohexapyranose in 80% yield [59].

Instead of Bu;SnH, treatment of 2,2,2-trichloroethyl carboxylate (24) with CuCl (SET
agent) in the presence of bipyridyl (1:1) generates a-chlorovinyl carboxylate (25)
through the same radical 1,2-acyloxy transfer, as shown in eq. 11.14.

@j@ oo, CCL biyridy oo @@
-0- - — > =C-0-
2" Ciomor,c, o O

24 cl 25 93%

© l(-me) -0 T(‘C'@) (11.14)

0 0
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@—co —CH,-Cel, | — QO » 'CHZ—CCIQ—O-C—Q
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Related reactions are outlined in eqs. 11.15 and 11.16. Eq. 11.15 shows the reductive
conversion of bicyclic 6-membered carbamate (26) to 5-membered bicyclic carbamate
(27) through radical 1,2-acyloxy transfer. Eq. 11.16 shows the radical conversion of
1,3,2-dioxaphosphepane (28) to 1,3,2-dioxaphosphorinane (29) with retention of
configuration at the phosphorus atom. These reactions proceed through the generation
of carbon-centered radicals, heterolytic (polar) bond cleavage of B-acyloxy and (-
phosphate groups, polar cyclization to form stable benzylic radicals, and finally,
hydrogen atom abstraction from Bu;SnH.

EtsB
Bu,SnH
(11.15)
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Ph 0 0 ph N~/
q s OPh
H H

An interesting feature of radical 1,2-acycloxy rearrangement is probably reflected in the
conversion of D-ribose to 2-deoxy-D-ribose, and D-glucose to 2-deoxy-D-glucose [65].
Thus, it seems that DNA derived from RNA.

The 4'-nucleotide radical is a very important species in biology. O5 (or HOO') and 'O,
play important roles in human immunity for defense against viruses. However, these
reactive radicals also induce cancer, since they rapidly react with DNA, RNA, and
peptides. So, these oxygen-centered radical species not only kill viruses, but also induce
cancer, depending on the environment or field of these radicals generated. An important
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intermediate in this process is the formation of a 4’-deoxyribonucleotide radical, as
shown in eq. 11.17.

0 Base 0 Base O—IID—Oe
_— . —_—— + Base (11.17)
-
=0

Once a 4'-nucleotide radical is formed, it induces direct fragmentation via B-cleavage
as mentioned above, or reacts with molecular oxygen. The following eq. 11.18, is a
model reaction, and the rate constant for B-cleavage of the 4'-nucleotide radical [II]
is about 10®s™!, which is rather rapid. The 4'-nucleotide radical [II] is formed by
the addition of a thiyl radical to 4’-exo-methylene nucleotide (30). B-Cleavage of the
4'-nucleotide radical is the key step in DNA cleavage. Therefore, when an aqueous
solution of oligonucleotide (31) is irradiated with a mercury lamp for 1h under
aerobic conditions, cleavage product (32) is predominantly obtained. This model
study indicates that the 4’-nucleotide radical [III] cleaves off the oligomeric phos-
phates at the 3’- or 5-positions. In the RNA model, the same cleavage was also
observed [66—75].

N 0 Base Phs\giy/Base
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Free Radicals for Green Chemistry

Green chemistry means environmentally friendly organic synthesis. The essential aims
are to reduce the amounts of dangerous, toxic starting materials and byproducts (waste
disposal), and to reduce damage to the natural environment. Thus, green chemistry is the
study to remove these risks fundamentally during the preparation and isolation of
chemical materials, based on molecular chemistry; it is not, therefore, the treatment of
symptoms [1]. What it does do is substitute solvents and reagents with safer ones.

In the previous chapters, Bu;SnH has been used as a typical and useful radical reagent
in a benzene solvent. Generally, radical reactions with BuzSnH initiated by AIBN,
proceed effectively in benzene, which bears a conjugated m-system. Probably, the formed
radicals are somewhat stabilized through the SOMO-LUMO or SOMO-HOMO
interaction between the radicals and benzene.

Occasionally, it may be required to study the fundamental radical reactions with
organotins in benzene. However, the use of radical reactions with such toxic reagents and
solvents cannot be considered in the chemical and pharmaceutical industries, even if the
results in terms of organic synthesis are excellent and effective. Even in a fundamental
study, it might not be wise to use 1 g of Bu3SnH and 5 ml of benzene. Hence, radical
chemists should develop new and less toxic radical reagents and reaction media in order
to reduce the damage to nature.

Fortunately, radicals are a neutral species in general. Thus, they are not affected by the
various kinds of solvents (reaction media), i.e. protic polar solvents such as ethanol and
water, aprotic polar solvents such as acetonitrile, dimethyl sulfoxide, and non-polar
solvents such as hexane and benzene. Moreover, radicals are not affected fundamentally
by basic species or acidic species. Radical reactions should take place not only in
benzene, but also in water, and proceed not only in 1 N aqueous HCI solution, but also in
1 N aqueous NaOH solution. This is the fundamental character of radicals and radical
reactions, and is a great advantage; an advantage that should be reflected in green
chemistry.

12.1 DESIGN OF FREE RADICAL PRECURSORS

BusSnH is rather expensive, highly toxic, and has an unpleasant odor; furthermore, it is
rather difficult to remove organotin species completely from the reaction mixture. These
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factors mean that reactions with organotin species cannot be used in pharmaceutical
companies. Therefore at this juncture, we introduce the study on the improvement of
radical reactions with organotin reagents.

Bis(tri-n-butylstannyl)benzopinacolate (A) generates Bu3Sn’ under heating conditions
through the homolytic C—C bond cleavage of compound (A), followed by B-cleavage of
the formed radical as shown in eq. 12.1. BuySn'’ is formed without a radical initiator such
as AIBN.

BusSnO  OSnBug (I)SnBus 0

80°C 11
1 Ph:H\Ph Ph—C-Ph —= PhCPh + BugSn"  (12.1)
2 pn Ph
A
CH3, OCH\,3 CH3 OCH3
o 10 mol% BusSnCl E{o
PMHS, aq. KF (12.2)
B CH '
r CHa AIBN, A 3
1 2 55%

Bu;SnX can be reduced by NaBH, or hydrosilane. Thus, radical reactions with a catalytic
amount of BuzSnCl in the presence of NaBH, or PMHS (polymethylhydrosiloxane) can
be used for the same reactions as use Bu3SnH (eq. 12.2). The BuzSnCI/PMHS system
does not reduce any carbonyl groups [2—4] (Figure 12.1).

In order to simplify the removal operation of organotin species from the reaction
mixture, organotin reagent (B) bearing a pyridyl group was prepared. After the radical
reaction with reagent (B), the organotin species can be removed by treatment with 6 M
hydrochloric acid solution. However, reagent (B) is not particularly stable and has to be

?nMeg
H
% ®
PhySn N I (CeF 13~ CHaCHyp)sSnH ‘O
X
; ; ®

D

~CH,-CH}- + + ~CH,-CH}-

CH, ?Hz /\//

C|:H2 O_('CH2)3_SnBU2
Bu,SnH HBu,Sn ., G
E F

Figure 12.1
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(CHzOCH,CH,OCH,CH,CH,)SnH CH, Sn CH,
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H //C - C\\
o) o]

Figure 12.2

used within two days [5]. Tris(2-perfluorohexylethyl)tin hydride (C) is soluble in
C¢H;5CF; and has no unpleasant odor like Bu3SnH, while C¢HsCF; is insoluble in general
organic solvents. Thus, after the radical reactions with reagent (C) in C¢HsCF;, the
organotin species derived from reagent (C) can be removed from the product by ether
extraction of the reaction mixture [6—8]. An advantage of the method is the easy
separation of the tin species from the reaction mixture. Pyrene-supported dimethyltin
hydride (D) can be used for easy isolation of the product by the adsorption of the pyrene-
supported tin species with activated carbon [6—8]. Moreover, polystyrene-supported
di-n-butyltin hydrides (E) and (F), polystyrene-supported allyldibutyltin (G) are
regenerative and reusable organotin reagents, and can be used for the reduction and
allylation of halides and xanthates, respectively [9—14]. However, these reactions still
use toxic organotin species.

As water soluble organotin reagents, tris[3-(2-methoxyethoxy)propyl]tin hydride (H)
and bicyclic tin reagent (I) can reduce alkyl halides in water [15, 16]. The solubility of the
former reagent in water is about 30 mM, and the latter reagent requires NaBH, to
generate a tin hydride species bearing two carboxylates in water (Figure 12.2).

This reaction in water appears to be attractive and environmentally friendly, since we
do not need to use toxic solvents. However, if the water-soluble organotin species can
not be recovered completely from the water used as a reaction medium, it becomes more
toxic and dangerous than Bu;SnH.

12.2 APPLICATION OF FREE RADICALS TO ENVIRONMENTALLY
BENIGN SYNTHESIS

Against this background, #ris(trimethylsilyl)silane, (Me3Si);SiH (J) was developed as an
alternative to Bu3;SnH. Bond dissociation energy of Si—H in (Me;Si);SiH is about
79 kcal/mol, while that of Sn—H in Bu3SnH is about 74 kcal/mol. This indicates that
(Me3Si);SiH is less reactive than Bu;SnH. However in practice, the former reagent shows
the same reactivity as the latter, and can be used for the reduction of halides,
chalcogenides, xanthates, ketones, and C—C bond formations [17]. It is commercially
available (Figure 12.3).

Similarly, heptamethyltrisilane (K), heptamethyltrisilanethiol (L), 5,10-dihydro-
disilanthracene (M) also reduce organic halides and xanthates, though the reactivities
are decreased and they cannot be used for C—C bond formation [18, 19]. Reagent (N) is
water-soluble monosilane and it can reduce sugar halides and halo-nucleosides in water
[20]. However, the reactivity is low and it can only be used for the reduction of organic
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halides. Treatment of organic halides and xanthates with a triphenylphosphine—borane
complex (O) in the presence of peroxide generates the corresponding reduction products
respectively, and here the reactive species is a triphenylphosphine—boranyl radical,
Ph;P-BH, [21-27]. The amine—borane complex/peroxide system can also be used for
the same radical reduction of organic halides.

Generally, potassium persulfate in the presence of Ag™ is used for the Hunsdiecker
type radical decarboxylation of carboxylic acids in water. (BuyN1),8,03~ (P) is soluble
in THF, and a sulfate anion radical [I] is formed under refluxing conditions. Thus,
refluxing treatment of bis(tetrabutylammonium) persulfate (P) in the presence of alcohol
in THF provides tetrahydrofuryl-protected alcohol (4), through the abstraction of a-H
from THF by sulfate anion radical [I], followed by oxidation to a tetrahydrofuryl cation,
as shown in eq.12.3 [28].

(0} (o}
1 1l A I
BU4N® eO-ﬁ-O-O-ﬁ-Oe NBu4® TRF 2BU4N® eo‘ﬁ‘o.
[1] 0

CH, CH,

ROH:CH WOH (12.3)
[ j :
0

3
U U ROH U
—_— —_—
(-Bu,N® €0SOH)| Yo~ " [ ® RO” YO
3 4 88%

(0)

(Me3Si);SiH is a less stable oil and is oxidized under aerobic conditions, while 1,1,2,2-
tetraphenyldisilane (TPDS) (Q) is stable crystal under aerobic conditions, and remains
stable even when left on a table for 6 months. TPDS can be used for the reduction of
organic halides, chalcogenides, and xanthates, and can be used for C—C bond formations
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in ethanol or ethyl acetate [29—34]. Now it is commercially available and three examples
of reactions in ethanol are shown in eq. 12.4.

—— > RH

6 99%

Ph Ph e
Q, AIBN SO,Ph
Ph-Si—Si-Ph  RBr > [R'] 2 > R7\LSO:Ph
! ! EtOH,A CH
H H 3 7 62% (124)
Q 3 CHs
L N~ o 3

R N

RBr = 8 73%
Br

Experimental Procedure 1 (eq. 12.4).

A mixture of 3-bromocholestane (0.3 mmol), phenyl vinyl sulfone (0.9 mmol), TPDS
(0.75 mmol), and AIBN (0.15 mmol) in ethanol (3.6 ml) was refluxed for 14 h under an
argon atmosphere. After the reaction, the solvent was removed and the residue was
purified by column chromatography on silica gel to give the reductive addition product in
62% yield [30].

Experimental Procedure 2 (eq. 12.4).

To a mixture of 1-bromoadamantane (0.3 mmol), TPDS (0.45 mmol), and caffeine salt
(1.5 mmol) with camphorsulfonic acid was added AIBN (0.45 mmol) over 8 h (5 times in
2 hintervals). After 4 h, TPDS (0.45 mmol) was added again. After a total of 22 h, sat. aq.
NaHCO; solution was added and the mixture was extracted with ethyl acetate. The
organic layer was dried over Na,SO,. After removal of the solvent, the residue was
chromatographed on silica gel to provide 2-(1-adamantyl)caffeine in 55% yield [30].

TPDS can be also used for the preparation of biaryl through the intramolecular free
radical ipso-substitution of N-(2-bromoaryl)arenesulfonamide (9) and radical ring
expansion of a-haloalkyl cyclic B-keto ester (11) (eqs. 12.5a and 12.5b).

CHs\O‘\S”O ‘ Q CHs\o\\S//O ‘ CHS\NH
Nig AIBN N’
BN - (12.52)
Br\© CeHsCHz A | - © (=S0,) O O

9 10 65%
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(e} o . 0
Br Q
co,Me __AIBN CO,Me
CegHsCH3 A
e COLCHs  (12.5b)
1 12

TPDS (@)  64%
(MegSi)sSiH  52%
Bu,SnH 24%

Hypophosphorus acid, H3PO, in the presence of AIBN and a base (amine or NaHCO;)
can reduce organic halides and xanthates in dioxane or aqueous alcohols. Eq. 12.6a to
12.6d shows the reduction of xanthate, thionocarbonate, and iodoarene, and 5-exo-trig
cyclization respectively [35—-43].

oL N,-SC0H;
>< o AIBN, Et;N ><
0 -0 __HsPO, o (12.6a)
o) dloxane A O
13 0 14 91%
S
o/’/ AIBN OH
H H3PO. H
CO,CH,3 3T 2 > A CO,CH4 (126b)
CH302C/\L.~/ dioxane, 80°G CH30,C”
(0]
15 16 70%
-CgH1,0 n-CgHy70
n-Gghly7 HyPO, 817
NaHCOs, AIBN
—_—
EtOH, A (12.6¢)
|
17 18 98%
H3POy, CN_Et c 0
CioHa1. 0O~ Et,B, Air 10Hz1
2 CO,Et 3 . ( CO,Et (12.6d)
(B—pr EtOH n
19 rt 20 n=1 90%
n=2 85%

H,PO,, CN-Et

[( ] Et,8, O, @\A (12.6¢)
Z ’
N L /\COZCHS dioxane N CO,CHj3

21 rt. 22 80%
| solvent Yield
N EtaB O, CH3(CHy),CHs 0%
o CeHe 0% (12.6f)
o] H,O 30ml 67%

24 H,O 100 ml 78%
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i-Prl, EtsB

Me0,C._.NOBn > MeO,C.__NHOBn
e H,O : MeOH = 1: 1 Y (12.62)
25 20°C iPr 08
26 99%

Experimental Procedure 3 (eq. 12.6b).

A mixture of cyclic thionocarbonate (0.36 mmol), H;PO, (50% aqueous solution,
0.13 ml, 1.26 mmol), and AIBN (12 mg) in dioxane (3 ml) was heated at 80 °C under an
argon atmosphere for 30 min. After the reaction, dichloromethane was added to the
reaction mixture. The obtained mixture was then washed with sat. aq. NaHCO5 solution.
The organic layer was dried over MgSQO,. After removal of the solvent, the residue was
chromatographed on silica gel (eluent: hexane/ethyl acetate = 8/2) to give the reduction
product in 70% yield [38].

Experimental Procedure 4 (eq. 12.6g).

To a mixture of glyoxylic oxime ether (0.26 mmol) in H,O/MeOH (1/1, 10 ml) were
added isopropyl iodide (7.8 mmol) and Et;B (1 M hexane solution, 1.3 ml, 1.3 mmol) at
20 °C. After 2 h, the solvent was removed, and the residue was diluted with aqueous
NaHCOj5 solution and then extracted with dichloromethane. The organic layer was dried
over MgSO, and the residue was chromatographed on silica gel (eluent: hexane/ethyl
acetate = 12/1) to give the adduct in 99% yield [40].

Treatment of adamantyl iodide (21) and methyl acrylate with H;PO,/N-ethylpiperidine
in the presence of Et3B induces a radical chain reaction to form the addition product (22)
(eq. 12.6¢e).

Et;B (cat.)-induced radical cyclization of allyl a-iodoacetate (23) readily happens in
water to give the corresponding y-lactone (24) in good yield (eq. 12.6f). Interestingly,
v-lactone is not formed in organic solvents such as hexane or benzene. This is an atom-
transfer reaction, because there is no hydrogen atom donor. Under the same conditions,
Et;B-initiated reaction of glyoxylic oxime ether (25) and isopropyl iodide provides
a-(N-benzyloxy)amino ester (26) (eq. 12.6g).

Sunlight irradiation (solar photochemical synthesis) of 1,4-naphthoquinone (27) in the
presence of aldehyde (28) in a mixture of #-butanol and acetone gives a good yield of the
corresponding acyl hydroquinone (29) through the abstraction of the formyl hydrogen
atom of aldehyde by the excited triplet biradical derived from 1,4-naphthoquinone,
followed by the reaction of the acyl radical with 1,4-naphthoquinone (eq. 12.7). Here,
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kg-scale preparation is possible with sunshine [44].

OH O
O‘ + GH.CH.CH.CH=O Sunlight OO CH,CH,CHj
ittt +BuOH (12.7)
28 acetone
0 OH
27 29 90%
CHs CH,Br
/©/ Conditons AorB O
C,Hs0,C Solvent free C,H50,C
30 31 A 68% (12.8a)
B 73%

Condition A : NBS(1.05 eq.), (PhCO,),(0.04 eq.), 90 ~ 95°C
Condition B : NBS(1.2 eq.), AIBN(0.1 eq.), 60 ~ 65°C

/@/CH3 Conditions /@/CH2B'
.—>
C,H50,C [bmim]PFs ¢ H.0,C

30 31
. —\® e
[bmim]PFg : CHg-N ,N-C4Hy" PFg

Condition A:

(12.8b)
Regeneration 0 1 2 3 4

Yield(%) 76 74 72 69 73

Condition B:

Regeneration 0 1 2 3 4
Yield (%) 79 79 78 78 78

Wohl-Ziegler bromination generally requires carbon tetrachloride as a solvent. However,
Wohl-Ziegler bromination of a benzylic methyl group bearing various other functional
groups on the aromatics, with N-bromosuccinimide (NBS) can be effectively carried out in
a solvent-free system (eq. 12.8a) and in an ionic liquid (1-butyl-3-methylimidazolium
hexafluorophosphate) system (eq. 12.8b) respectively [45]. The ionic liquid can be used
repeatedly, maintaining high yields. Particularly in the solvent-free system, the crude
product can be easily obtained from the filtrate without further purification, by the addition
of ether to the reaction mixture for the removal of succinimide.

® o0
Fe® PF, AN
Mns(CO)1q & e ",Fe“c—/Fe\
R o/’C g
s T

Figure 12.4
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Experimental Procedure 5 (eq. 12.8a).

To a flask were added ethyl p-toluate (6 mmol), NBS (7.2 mmol), and AIBN (0.6 mmol)
under an argon atmosphere. The mixture was well mixed and stirred for 2 min. Then, the
mixture was heated at 60 °C for 1 h. After the reaction, ether was added to the mixture,
and the formed succinimide was removed by filtration. The filtrate was evaporated and
the residue was chromatographed on silica gel (eluent: hexane/ethyl acetate = 1/1) to
provide ethyl p-(a-bromo)toluate in 73% yield [45].

Other organometallic radical reagents are shown in Figure 12.4, though environmental
requirements are not satisfied. Dimanganese decacarbonyl (R), ferronium cation (S)
containing Fe>", and an iron—carbonyl complex (T) reacts with alkyl halides to generate
the corresponding alkyl radicals [46—48].

Finally, atom (group)-transfer reaction is also important for green chemistry, since the
atom-transfer reaction does not lose any functional groups. Thus, those functional groups
can be used for the next functional group conversion. One example is the thermal reaction
of propargyl cyclohexenyl ether (32) with Se-phenyl selenosulfonate in the presence of
AIBN (cat.). This is just a coupling reaction to form the addition-cyclization product (33)
bearing phenylselenyl and p-toluenesulfonyl groups. By treatment of the addition-
cyclization product (33) with mCPBA, the corresponding olefin (34) is obtained, as
shown in eq. 12.9 [49-51].

0N ABN SO, Tol H SO, Tol
@ TolSOSePh, & mCPBA (12.9)

SePh
32 33 54% 34 74%

The study of green chemistry with free radical reactions has just begun; work on reagents,
procedures, and reaction systems is in progress and not yet established. Therefore, to
move toward green chemistry based on the advantages of free radical reactions, much
hard work will need to be done in the future.
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