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Synthesis of azaheterocycles by one electron reduction of oximes®
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Abstract

Anion radicals generated by one-electron reduction of oxime derivatives act as iminyl radical
equivalents. That is, the intramolecular C-N bond formation of y,5-unsaturated or -aryl oximes
is induced by one electron reduction to give various pyrroles, quinolines, and carbolines. The
catalytic electron transfer processes are developed by using hydroquinones or copper reagents as
electron donors. Photo-induced electron transfer is also applied to the transformation of v,5-
unsaturated oximes to dihydropyrroles.
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Introduction

Various reactions of oximes have been developed, among them, Beckmann rearrangement is
most frequently employed in organic synthesis.? In this rearrangement, C-N bond is newly
formed with the migration of anti substituent and the resulting N-substituted nitrilium ion
intermediates have been widely exploited as synthetic intermediates not only for amide
formation but also for preparation of azaheterocycles. We found that Sn2-type substitution
reaction proceeded at the oxime sp® nitrogen. For example, anti O-sulfonyloximes having an
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active methine group are cyclized by treatment with a base such as DBU, whereas the
corresponding syn isomers are not (Scheme 1).2

R N-OOMe GOMe MeO,C
MeOzCM DBU | MeO,C_ANy e
n - 2
CH,Cl, 0°c | MeOL )
CO,Me 2Cla, P R
E-isomer ) " n=1,R=Ph quant.

n=2,R=H 83%
Scheme 1

During the course of the study on this abnormal Sy2-type reaction at sp® atoms, we
observed that anion radicals of oxime derivatives acted as alkylideneaminyl radical equivalents
(vide infra), and were utilized as reactive intermediates for C-N bond formation. In this review
are described some synthetic reactions via the anion radicals of oximes that are mainly developed
in our laboratory.®

1. Cyclization of O-2,4-Dinitrophenyloximes of Phenethyl or v,5-
Unsaturated Ketones

As it was supposed that the combination of nucleophiles and leaving groups should be important
to promote the Sn2-type substitution at the oxime nitrogen, the cyclization of 2-(3-
hydroxyphenyl)ethyl ketone oximes was examined by introducing some leaving groups on the
oxime nitrogen.

N ~0SO,Me
NaH
Me >
1,4-dioxane, 50 °C
HO 1(E/Z=2/1) Me

N e

| N
+
~
N Me
HO
HO 2 20% 3 7%

Scheme 2
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When a mixture of (E) and (Z)-O-methylsulfonyloximes 1 was treated with excess
amounts of NaH, 6- and 8-quinolinols (2 and 3) were obtained in a low total yield (Scheme 2).*
In contrast, the similar reaction of O-2,4-dinitrophenyloxime 4 yielded 8-quinolinol 3 and its
tetrahydro derivative 6 in high yield without forming 6-quinolinol (Scheme 3).° More
interestingly, either E- and Z-isomers 4 smoothly cyclized to give 8-quinolinols 3 and 6.

N Me NaH _ )
HO O 1,4-dioxane N” > Me
D 50 °C, 20 h HO
4 O,N NO, - 5 -
X
—_— _— +
N Me H Me
HO 3 HO 6
from E-isomer 44% 36%
from Z-isomer 36% 41%

Scheme 3

The smooth cyclization of both (E) and (Z)-O-2,4-dinitrophenyl derivatives was not
explained by Sn2-type reaction, because the E, Z-isomerization hardly occurred under the
reaction conditions.

O—</ >—NO O—<; >—NO
N 2 N )
NO, NO,
Me NaH Me
1,4-dioxane
4 7
HO | Na*O~ (NaH), |
. ng NO2 ) Nat
single electron NO
transfer 2
_ Me =
- NaO—@NOZ N" Me
HO
8
0. | NO, 5

Scheme 4

ISSN 1424-6376 Page 247 ®ARKAT



Issue ICHC-20 ARKIVOC 2006 (vii) 245-260

Finally, it was found that the complex of phenoxide and excess NaH worked as a good
electron donor, and quinolines 3 and 6 were formed by radical process induced by intramolecular
electron transfer from the phenoxide-excess NaH complex to dinitrophenyl group in 7 (Scheme
4). In the resulting anion radical species 8, radical coupling between phenoxyl radical and oxime
nitrogen proceeds with the elimination of 2,4-dinitrophenoxide.

By this transformation, two products such as quinolinols and the tetrahydro derivatives
were always produced as the result of the disproportionation of the preliminary formed
dihydroquinolinol 5. 8-Quinolinols 10 were found to be exclusively prepared from 2-(3-
hydroxyphenyl)ethyl ketone O-2,4-dinitrophenyloximes 9 by the radical cyclization and the
successive one-pot oxidation with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and acetic
acid (Scheme 5).* In contrast, when the cyclization was carried out with NaH in the presence of
a reducing reagent, NaBH3CN, instead of quinolinols, tertrahydro-8-quinolinols 12 were
obtained (Scheme 6).® Both methods exhibited wide generality and various 8-quinolinols and
tetrahydro-8-quinolinols were synthesized selectively from [-(3-hydroxyphenyl) oximes. In
addition, it was quite noteworthy that both sterecisomers of O-2,4-dinitrophenyloximes can be
employed in the synthesis of quinolinol derivatives in all cases.

Me
\{\ 1) NaH o\l\r\e
o Me 1,4-dioxane, 50 C= Me
2) DDQ, AcOH NZ O
HO

3
HO 0

0
OZN:C\NOZ

Me
9 N O\{\
_— P o Me
N
HO

10 60%

Scheme 5

Thus m-hydroxyphenethyl ketone oximes may be transformed to 8-quinolinol derivatives
by intramolecular electron transfer. In azaheterocycle synthesis, iminyl radicals have been
employed as one of the reactive intermediates,” in which oxime derivatives have been used as the
radical sources. For example, Forrester et al. reported the synthesis of quinolines by the
cyclization of iminyl radical formed by the oxidation of O-hydroxycarbonylmethyloxime
(Scheme 7).® Zard et al. have studied extensively the generation of iminyl radical species from
oximes and their addition reaction to internal alkenes.>'® Various methods have been developed
for the generation of iminyl radical species; such as the action of nBusSnH/AIBN on O-
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substituted oxime (Scheme 8), the reduction of O-acetyloxime with nickel powder, and so on.
Weinreb recently  devised an efficient  cyclization method of 0-2,6-

dimethylbenzenesulfinyloximes by applying the Hudson reaction (Scheme 9).**

NaH, NaBH;CN

1,4-dioxane
rt
12 93%
Scheme 6
Ph i Ph i
Ph K,S,04g o Ph
N Ph H,0 N“ > ph
refl L . _
OCH,CO,H W
Ph
N Ph
e
N Ph
Scheme 7
= q Me
PhSe\/O%N _ nBuSIH .N _ N
cat. AIBN
cyclohexane
reflux
Scheme 8
CARKAT
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HO.y & 26-Me,CiHsSOC, RigOmy  ~
X-Y, iPr,NEt i
%
CH,CI, I
=50 °C—rt
*0,5R X
NP '\,l

X-Y = (PhSe),, (PhS),, TEMPO, 1,4-cyclohexadiene

Scheme 9

Quinoline formation from 2,4-dinitrophenyl oximes prompted us to study the radical
cyclization of y,5-unsaturated O-2,4-dinitrophenyloximes. In this case, the addition of an
electron donor is required, and the combination of 3,4-methylenedioxyphenol (sesamol) and
excess amounts of NaH worked efficiently for the cyclization. The treatment of cis-2-allyl-4-
phenylcyclohexanone (E)-O-2,4-dinitrophenyloxime (13) with NaH, sesamol, and 1,4-
cyclohexadiene (CHD) in 1,4-dioxane at 50 °C afforded cyclic imine 14 in 91% yield (Scheme
10).** Some other radical trapping reagents such as CCls, (PhS),, and (PhSe), were also utilized
as radical terminators.

NG, - NO, -
on)-o 0 (560~ ~C

radical acceptor

1,4-dioxane
13 50 °C
Ph - Ph -

radical acceptor

. . @ 91% (Y = H)

CCl,  75% (Y =Cl)
L Ph _ Ph (PhS),  70% (Y=SPh)
14 (PhSe), 69% (Y = SePh)

Scheme 10

ISSN 1424-6376 Page 250 ®ARKAT



Issue ICHC-20 ARKIVOC 2006 (vii) 245-260

2. Cyclization of O-Acetyloximes of v,8-Unsaturated Ketones by
Photochemical Electron Transfer

Although it becomes apparent that one electron reduction of O-2,4-dinitrophenyloximes induces
the radical cyclization to afford azaheterocycles, the reaction has to be performed under strongly
basic conditions, and 2,4-dinitrophenyl group is not a good leaving group in atom economy.
Accordingly, we next tried to modify this radical reaction to catalytic processes.

Photo irradiation (A > 320 nm) of a mixture of y,5-unsaturated O-(p-cyanophenyl)oxime 15
and 1,5-dimethoxynaphthalene (DMN) in acetonitrile gave 3,4-dihydro-2H-pyrrole 18 (Scheme
11)." The reaction is initiated by one-electron transfer from the exited DMN to 15, and the thus
formed anion radical 16 cyclizes to generate alkyl radical intermediate 17 with the elimination of
p-cyanophenoxide. Then alkyl radical 17 is trapped with 1,4-cyclohexadiene to yield cyclic
imine 18. To make the electron transfer efficient, a p-cyanophenyl group was introduced as a
substituent of the oxime oxygen, but it was not easy to prepare the O-p-cyanophenyoximes. It
was desired to replace p-cyanophenyl group with simple substituent that was more readily
available as a starting material.

CN _NC 1=
/< j hv (A > 320 nm) \©\
Nnro cat. DMN Q (\O
)J\/\/ ehb I ~
/ -
R CH4CN, rt R

: Me

N| CHD D
R R
17 18 75%

DMN = 1,5-dimethoxynaphthalene, CHD = 1,4-cyclohexadiene

Scheme 11

Of course, y,0-unsaturated O-acetyloxime 19a was hardly cyclized by photo-induced
electron transfer with DMN (yield of 20a and 21a is 4%), because the O-acetyloxime did not act
as a good electron acceptor. The addition of acetic acid, however, accelerated the electron
transfer, in which the protonated O-acetyloxime, generated in equilibrium, might work as a good
electron acceptor. That is, in the presence of 10 molar amounts of acetic acid, y,d6-unsaturated
ketone O-acetyloxime 19a cyclized to 4-acetoxymethy-3,4-dihydropyrroles 20a and 2l1a in
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acetonitrile under photo irradiation (A > 300 nm) in the presence of 1,5-dimethoxynaphthalene
(DMN) as a catalytic sensitizer (Scheme 12).}* The addition of a small amount of 1,4-
cyclohexadiene (20 mol%) made the reaction cleaner. It presumably acted as a scavenger of
some radical species such as those generated from the solvent.

This cyclization is induced by single electron transfer (SET) from excited DMN to
protonated oxime 19a and the cyclization with the cleavage of the N-O bond gives alkyl radical
species 22 (Scheme 12). Back electron transfer (BET) from 22 to the cation radical of DMN
regenerates the sensitizer, DMN, and cationic species like 23 is trapped with AcOH immediately
to give acetoxymethyl 2H-dihydrpyrrole 20a. Methylated dihydropyrrole 21a is formed from
alkyl radical species 22 by abstracting hydrogen from 1,4-cyclohexadiene (CHD).

hv (A > 300 nm)

AcOH
(~OAC cat. , cat. CHD )N§ )N\J>
OMe | |
Ph(CHz)z)W CHLCN - R TR
19a 20a73% 21a 9%
ACOH T 1
+ *
H OMe hy OMe n
— N
f OMe OMe - ’
Single Elect
Tlra%sfer ectron Back Electron
\ Transfer
((/OAC)'(\ .
+ +
TSN [ ome e N L\ cHp
-
R OMe — AcOH R - OMe

Scheme 12

Various y,5-unsaturated O-acetyloximes of alkyl ketones were converted to
dihydropyrroles (Table 1). Cyclization of 19 having a terminal vinyl group gave acetoxymethyl
cyclic imine 20 and a small amount of hydrogenated one 21 (run 1), while oximes having an
internal alkenyl moiety gave acetoxymethyl imines 20 exclusively (runs 2-4). From y-substituted
v,0-unsaturated oxime 19, pyridine 24 was formed in 15% vyield via 6-endo cyclization along
with a 58% total yield of 5-membered cyclic imines (run 5).
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hv (A >300 nm)
O cat. DMN, AcOH
cat. CHD
W 2 >
Ph(CHy); R CH.4CN, rt
19 R3 Rl OAc Rl H
R2 R2
R3 R3
I + I

Ph(CH,), Ph(CH,),
20

Table 1. Photochemical cyclization of O-acetyloximes 19

Run R R”” R 20/%  21/%
1 H H H 73 9
2 H Me H 82 0
3 H Ph H 76 0
4 Me Me H 80 0
52 H H Me a7 11
a) 24 was obtained in 15% yield

NN Me

I =

Ph(CH,),

Thus the cyclization of alkyl ketone O-acetyloximes 19 proceeded by photo-sensitized
electron transfer in the presence of acetic acid, whereas acetic acid did not show any effect in the
cyclization of aryl or conjugated ketone oximes 25. The cyclization of 25 finished within a
shorter time as compared that of non-conjugated oximes 19, and 2-methyldihydropyrroles 26
were obtained instead of 2-acetoxymethyl derivatives (Scheme 13). Because the cyclization
proceeded quite slowly in the absence of DMN, the reaction seemed to be initiated by energy
transfer through the exciplex formation between DMN* and conjugated oximes.

Me
N-OAC hv (A >300 nm) D
cat. DMN, CHD
)J\/\/ , > |
R CH4CN, 1t R
25 26
R =Ph 05h 77%

R =(E)-Ph-CH=CH, 5h 63%
Scheme 13
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Concerning photochemical radical reaction of oximes, Zard et al. reported an efficient
radical chain cyclization of O-methylthiothiocarbonyloxime initiated by homolytic cleavage of
N—O bond by photo irradiation (Scheme 14).*

Me NaH, CS Me
)
HO”‘N 2 Me Mel MeS\H/O,,"N e
THF S
Me Me
Me
Me
SCOSMe
hv N
CH,Cl,
rt, 1 h Me 84%
Scheme 14

3. Hydroquinone-catalyzed Cyclization of O-Acetyloximes of y,5-Unsaturated
Ketones

In addition to the photochemical one electron reduction, catalytic radical cyclizations of
v,0-unsaturated O-acetyloxime were explored by employing electron donor catalysts. In the first
example, dihydroquinone (or 1,5-naphthalenediol) was found to catalyze the cyclization with the
coexistence of acetic acid. When a 1,4-dioxane solution of y,3-unsaturated O-acetyloxime 19a,
acetic acid, CHD, and a catalytic amount of hydroquinone was heated, methyl-dihydropyrrole
21a was obtained in 53% vyield along with the Sy2-type substitution product, acetoxymethyl
derivative 20a (Scheme 15).%

AcOH R
ACO. Z  hydroguinone N
CHD |
Ph(CHy); 1,4-dioxane Ph(CH,),
19a reflux

20a R =0Ac 32%
2la R=H  53%

Scheme 15

As shown in the Scheme 16, one-electron transfer occurs from hydroquinone to the
protonated O-acetyloxime 19, and the resulting protonated anion radical 27 cyclizes to generate
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alkyl radical 28, which abstracts hydrogen from 14-cyclohexadiene.  The catalyst,
hydroquinone, is regenerated from phenoxyl radical by hydrogen abstraction from 1,4-
cyclohexadiene.

CHj,

e~ cat. hydroguinone
M CHD, AcOH h
R ~ R

19 21
PRI & gl Sh
HO 5
] Ho/ij+ H @
(0Ac . :
H el CH
/
R N
AcOH R
27 28

Scheme 16

By the reaction of O-acetyloxime 19 having an electron-rich olefinic moiety, the olefinic
moiety acted as a nuceophile and acetoxymethyl derivative 20 was obtained as a major product
by Sn2-type cyclization (Table 2, runs 2 and 3). In contrast, only radical cyclization products 21
were obtained from oximes 19 which had electron-deficient olefinic moiety (runs 4 and 5). O-
Acyloximes of phenyl ketone and o-keto ester also cyclized to give only radical cyclization
product, dihydropyrroles 21 (run 6 and 7).

RZ
AcO,, 3 cat. 1,5-naphthalenediol
N R AcOH, CHD
Rl 1,4-dioxane -
19 reflux
R3 R3

R2 OAc R?2 H

N N
| + [

Rl Rl

20 21
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Table 2. Cyclization of O-acetyloximes 19 catalyzed by paphthalenediol

run R R R®  syn:anti time  20/% 21/%
1 Ph(CH,), H H 1:1 6h 34 52

2 Ph(CH,), Me H 1.1 6h 67 16

3 Ph(CHy), Me Me 1:1 6h 72 5

4 Ph(CH,), CN H 1:1 12 h 0 69

5 Ph(CH,), COEt H 1.2 12 h 0 72

6 Ph H H >90:<1 8h 0 75

7% Ph(CH,);0,C H H >09<1 6h 0 67

a) O-Pivaloyloxime was used instead of O-acetyloxime

This method could be applied to the preparation of pyrroles from y,5-unsaturated O-
acetyloximes having an alkynyl moiety as shown in Scheme 17.2® Both alkyl and aryl
ketoximes 29 having a terminal alkynyl group were converted to 2,5-disubstituted pyrroles 30 in
good yield irrespective of the terminal substituent on the alkynyl group.

R? R2
AcO,, I cat. hydroquinone
N AcOH, CHD HN ™\
Rl 1,4-dioxane R1 =
29 reflux 30
Rl RZ
Ph(CH,), H 67%
Ph H 67%
Ph Me 2%
Ph CO,Et  83%

Scheme 17

4.  Cyclization of O-Acyloximes of y,6-Unsaturated or -Indolyl Ketones
with Copper-Catalysts

It was expected that oxime derivatives would be reduced with low valent transition metal
compounds. Such an example was reported by Zard. That is, the treatment of y,3-unsaturated O-
acetyloximes with nickel powder and acetic acid in 2-propanol leads to the cyclization to
dihydropyrroles.* The reaction, however, requires large excess amounts of nickel powder, and it
is desirable to conduct such a transformation in a catalytic manner.
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Copper(l) was found to work as a redox catalyst.® When a syn/anti (1 : 1) mixture? of O-
methoxycarbonyloxime of y,5-unsaturated ketone 31a and 5 mol% of CuBreSMe; in 1,4-dioxane
was heated to 80 °C, cyclic imine 21a was obtained in 39% yield (Table 3, run 2). The product
yield was improved by the addition of LiBr, and 4-bromomethyl-3.4-dihydropyrrole 32a was
obtained in 86% (run 1). As well as O-methoxycarbonyloxime, O-pentafluorobenzoyloxime was
cyclized in high yield, whereas the corresponding O-2,4-dinitrophenyl and O-acetyloximes were
not appropriate for this catalytic system. The reaction probably proceeds by electron transfer
from copper(l) salt to the oxime 31, generating anion radical, which in turn cyclizes to give 32
with the elimination of Cu(l) methyl carbonate.

O

2
JJO&OMe cat. CuBreSMe, CHR(aR )Br
LiBr N
> |
le R? 1,4-dioxane Rl
31 RS 80 °C 2

Table 3. Cu-catalyzed cyclization of O-methoxycarbonyloximes 31

run R! R? R® Yield/%
1 Ph(CH,), H H 86
28 Ph(CH,). H H 39 (21a)
3 Ph(CHy) Me H 85
4 Ph(CH,), Ph H 74
5 Ph(CH,), H Me 53
6 Ph H H 83
7 CO,Et H H 53

a) Without LiBr. b) 24 was obtained in 16% yield.

|
Ph(CH,);” >
24

The catalytic process with CuBreSMe,-LiBr could be applied to the cyclization of various
v,0-unsaturated ketone O-methoxycarbonyloximes as shown in Table 3. Cyclization of oximes
having v,5-disubstituted alkenyl moiety gave cyclic imines in high yield (runs 3, 4). From y-
methyl substituted oxime, 5,5-disubstituted dihydropyrrole was obtained in 53% yield along with
16% yield of disubstituted pyridine 24 (run 5). Phenyl ketone and o-keto ester oximes were
smoothly transformed into 2-phenyl and 2-ethoxycarbonyl dihydropyrroles, respectively (runs 6,
7).
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This copper-promoted cyclization of y,6-unsaturated oximes was applied to the
construction of the key framework of peduncularine (33),"" 6-azabicyclo[3.2.1]octene.”® That is,
O-pentafluorobenzoyloxime having 7-oxa-bicyclo[2.2.1]octene moiety 34 was cyclized to the
desired tricyclic imine 35 in good yield as a mixture of the endo and exo bromides by the
treatment with either a stoichiometric or a catalytic amount of CuBreSMe,. The reductive ring
opening of 35 proceeded smoothly with lithium naphthalenide to afford the desired 6-
azabicyclooctene 36.

o)
7 Br O
CuBreSMe,
\ 0 LiBr X — 5
s O\) 1,4-dioxane J
Ce¢Fs O rt, 2 h o)
\g/ 34 35 Stoichiometric 98%
cat. CuBreSMe, 75%
H_ _OH
lithium naphthalenide N~
-~ o ! =
@
36 peduncularine (33)
Scheme 18

Furthermore, a-carbolines 38 were prepared by radical cyclization of -3-indolyl ketone
O-pentafluorobenzoyloximes 37 with a catalytic amount of copper powder in dichloroethane and
by the successive oxidation with chloranil (Scheme 19)."° In this radical cyclization, copper
powder gradually reacted with 1,2-dichloroethane to generate copper(l) salt, which acted as an
active redox catalyst for the anion radical generation.

1) cat. Cu powder

MeN(CH,CH,NMey), _
CICH,CH,CI, 80 °C
wMe e \ 2 ~Me
N N

\

N 5 2) chloranil, CH,ClI,, rt N
Ac  OCOCeFs Ac
37 38 75%

Scheme 19
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This cyclization made a clear contrast to the Sy2-type cyclization of the similar 3-indolyl
oximes 39, which gave spiro[indoline-3,2’-pyrrolidine] derivatives 40. Thus, by the choice of
the reaction-types, a-carbolines 38 and spiroindolines 40 can be prepared from B-indolyl oximes
37 and 39.%°

tBuO,C
MeSO,ClI tBuO,C S—Me
2 Et;N M
\ Me A — N
N N\ CH2C|2 N (»\ N O
H OH 0C H 0OSO,Me N
39 40 68%
Scheme 20
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