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The Favorskii Rearrangement

A.A.Akhrem, T.K.Ustynyuk, and Yu.A.Titov

The skeletal rearrangement of a-halogeno-ketones, which is known as the Favorskii rearrangement, is met most frequently
in aliphatic monocyclic, and polycyclic halogenated ketones. This molecular rearrangement is used in the synthesis of
branched carboxylic acids and cis-o8-unsaturated acids and for obtaining smaller rings in alicyclic and to a less extent
heterocyclic compounds. The sterochemistry and the mechanism of the Favorskii rearrangement are also considered, these
being of great interest for theoretical organic chemistry. A list of 261 references is included.

CONTENTS
I. Introduction 732
1. The Favorskii rearrangement as a synthetic method 732
1. Mechanism of the Favorskii rearrangement 738

I. INTRODUCTION

The rearrangement of the carbon skeleton of a~halo-
geno-ketones (I) (here and subsequently X denotes a halogen
and B~ the anion of a base), which occurs under the influ-
ence of bases, is termed the Favorskii rearrangement.
Various derivatives of carboxylic acids (II) containing the
same number of carbon atoms as in the initial ketone can
be formed depending on the base used and the number of
halogen atoms in the ketone. The a-halogeno-ketones
are extremely reactive compounds, and in the presence of
bases they yield also products in which the halogen has
been replaced (III) or eliminated (IV), oxides (V),
a-hydroxy-acetals (VI), saturated ketones (VII), etc.
Which reaction occurs depends on the structure of the
initial ketone and the conditions.
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The rearrangement of the carbon skeleton .of o-halo-
geno-ketones was described for the first time as a general
reaction by Favorskii' ™ in 1892, although isolated exam-
ples of such rearrangements had been known earlier *”®,
There have been several reviews”™'? of the Favorskii
rearrangement, covering the literature up to 1959.

II. THE FAVORSKII REARRANGEMENT AS A SYNTHETIC
METHOD

The chief synthetic uses of the Favorskii rearrange-
ment are the preparation of branched carboxylic acids,
the stereospecific synthesis of cis~af-unsaturated acids,
ring contraction in alicyclic and heterocyclic compounds,
and the modification of steroids.

The Favorskii rearrangement is usually effected by
adding the halogeno-ketone to a solution or a suspension of
the base. Hydroxides of alkali or alkaline-earth metals,

alkoxides, alkali-metal carbonates and hydrogen carbo-
nates, ammonia, and amines are used as the bases. The
first two groups are strong bases, and the latter two weak
bases. The solvents used can be divided into protic
(water, alcohols) and aprotic (ether, dioxan, dimethoxy-
ethane). The course of the reaction depends primarily on
the structure of the initial halogeno-ketone; hence no
general recommendations can be given on the choice of
optimum conditions for the reaction: they must be chosen
separately for each type of ketone.

1. Aliphatic Halogeno-ketones

This is the most numerous group of halogeno-ketones.
Favorskii's first work on @-monochloro-ketones was done
as early as 1901 3 The principal synthetic application of
these compounds is to the preparation of branched alipha-
tic acids, which can be illustrated by the preparation of
derivatives of co-dimethylpropionic acid from the
ketone (VIII: X = Br, Cl). Sodium methoxide in ether,
the prop-2-oxide, and the phenoxide give yields of 61%,
64%, and 47% of the corresponding esters'*"°, The free
acid can be obtained in 30-40% yield by reaction of the
ketone (VII) with alkalis'®"":

(CH3); CCOCH; —> (CHg)3 CCO.R
X (VI )

Increasing the degree of substitution at the a-carbon
atom (to which the halogen is attached) usually favours the
Favorskii rearrangement by lowering the rate of side-
reactions, whereas substitution on the a'~atom hinders
rearrangement'*'#*72°, Nevertheless, these principles
are structurally equivalent: i.e. independently of the
position of the halogen relative to the keto-group in com-
pounds (IX) and (XI), the action of bases on them leads to
derivatives of the same acid (X). Thus when R' = R? =
CeHs, the action of sodium ethoxide on the ketone (IX)
yields the acid (X: R = C:Hs) in 85% yield, and on
ketone (XI) in 69% yield®. Similar results are obtained
with ketones of the types (IX) and (XI) when R’ = C¢Hs,
Ce¢HsCHz, Alk and R? = H'®?*™2% In this case substitution
of the halogen (Cl by Br) has no significant effect on the
yield of the acid (X). ?**7 The equivalence of the a- and
o '-positions is important in the synthetic application of the
Favorskii rearrangement: it enables ketones to be bro-
minated directly and the resulting mixture of a-bromo-
and a’-bromo-isomers to be subjected to rearrangement
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without separation, with the formation of a single reaction
product?®®.
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In the case of the ketones (VIII), (IX), and (XI) it has
been shown that the Favorskii rearrangement takes place
with both alkylated and arylated ketones. However, when
aryl substituents are present on both o~ and a@’-carbon
atoms (XII: X =Cl, Br; R =H, Alk, Ar), rearrange-
ment is replaced by formation of the corresponding alkoxy-
oxides 282872,

R O OCH;

R
i NN/
C4H;CCOC,Hy CoH;C—CCoH,

X (X

In the above examples the a-halogeno-ketones con-
tained an o '~-hydrogen atom. However, cases are known
in which rearrangement takes place in ketones containing
no a'-hydrogen, e.g. in compounds of the type (XIII: R =
H, CeH;):*™%

' CHyUNa

Br CHj3
— | — i
R—__—COC(CHys — R-—(:}-Cl—cozﬂ .
(XIII) CH,3

Sometimes the Favorskii rearrangement of monohalo-
geno-ketones yields a mixture of structural isomers.
Thus ketones of the type (XIV) gave a mixture of the
esters (XV) and (XVI), the proportion of the latter ester
increasing from 16% to 80% with increase in the bulk of
the alkyl radical R from methyl to isopropyl *®:

Br CH, 111
| ' :
(CHy)e CCOCHR gz Rcazclcogcmf (CHy): CHCHCO.CH;
(XIV) CH, (Xvi
(XV)

Possible reasons for this are discussed in Section III.

Many halogenated ketones undergoing the Favorskii
rearrangement contained the keto-group in a side-chain
attached to a cyclic residue. An example is the rear-
rangement of compounds of the type (XVII: R = H, CHs)
to the corresponding acids (XVIII)'®*'®, In conformity
with the above equivalence of the a- and ¢ ’-positions the
same acids are formed from isomeric ketones of the type
(XIX: R = H, CH,;)*** (see, however, Ref. 41):

Ci CH

", COCH 3 COCH,CI1
(o
NN\R N Ng VQNY
(XVID) (XVIiD) (XIX)

Replacement of the chlorine atom in (XIX) by bromine
favours the Favorskii rearrangement but not side-reac-
tions*., Other results indicate® that brominated ketones
of the type (XIX) form only hydrolysis products with bases.
When R = CHs, two isomeric acids (XVIII) can be
formed from (XVII). It was shown initially that with
sodium benzyloxide in ether the rearrangement proceeds
strictly stereospecifically, with inversion of configuration
at the carbon atom to which the halogen is attached ©.
Later, however, it appeared that this stereospecificity
(which was not altogether exact) is observed only in apro-
tic solvents such as dimethyoxyethane and dimethyl sul-
phoxide, whereas in methanol or water a mixture of
approximately equal quantities of the two possible isomers
(XVIN) is formed; the proportions of the latter depend
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also on the concentration of the base **™*°, Rearrange-

ment of the isomeric chloro-ketone (XIX: R = CH;) yields
approximately equal quantities of the isomeric acids
(XVII: R = CHs) in both protic and aprotic solvents *°.

Rearrangement of the ketones (XVII) and XIX) is of
interest primarily as a method for synthesising angularly
methylated tertiary acids. Such structures are present
in abietic, marrianolic, and allenolic acids, and therefore
the Favorskii rearrangement may prove useful for their
synthesis. An example of its application to marrianolic
acids is the rearrangement of the chloro-ketone (XX). ¢
The resulting diester on Dieckmann cyclisation gave an
isomer of oestrone (“oestrone-c”). Application of the
Favorskii rearrangement to the synthesis of allenolic
acids is illustrated by the conversion of the bromo-ketone
(XXI) into the methyl ester (XXII). ¥

COCH,CI GHs
I/\’ |/ \—c| 0,CH,
\)’/\/ \/\C02CH, K‘(‘):-/;,_' (\”/ \I/\/\CO’ICHa
CH,0H
CH;O/ NN\ CH,0” NN/
(XX) CHj,
HC_ cocH;Br HC | cocn,
PAYA VAN 0% A YA VAN CH,
“oTE |
CH,O A VAV ? CH0” NS
(XXI) (XX11)

On rearrangement of the bromo-ketone (XXIII) in which
the carbonyl group is labelled, in the presence of diethyl-
amine as base, the tracer passes into the carbamoyl
group, which demonstrates unambiguously that the carbon
skeleton has undergone rearrangement®. These results
are especially valuable, since only skeletal changes should
be included in the range of Favorskii rearrangements.
Therefore numerous examples of the reactions of a-halo-
geno-aldehydes with bases, for example should not be
termed Favorskii rearrangements, since the carbon skele-
ton is not reorganised in this case, the analogy being
purely formal. A tracer technique has shown that the
carbon skeleton undergoes no rearrangement when the
dibromo-ketone (XXIV) is converted into the corresponding
hydroxy-acid®. Hence caution must be exercised in
including reactions of dibromo-ketones of the types
(XXXVTI) and (XLV) in the range of the Favorskii rear-
rangement.

éiocmBr clH,éON (C.Hy).
NNAN AVAYAN
|l | s ]
\ VAVAVA AV AV
(XXII)
CeH,COCHBr, ~from o~ CeHsCHCOH
|
(XXIV) OH

Ketones containing cyclohe)gyl groups (XXV)*"® and
aryl groups (XXVI and XXVII) *~* undergo Favorskii
rearrangement when boiled with alkalis in aprotic solvents,
to form cyclic acids which are difficult to obtain by other
methods. The reaction of piperidine chloro-ketones of
the type (XXVII) has found application for the sgnthesis
of the analgesics demerol and 8-pethidine **’°**, In
optically active compounds of the types (XXVI) and (XXVII)
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the Favorskii rearrangement is accompanied by racemi-

sation ™™™, Replacement of chlorine by bromine in the
ketone (XXVI) lowers the yield of the corresponding acid *.
a
al a /N
/\‘_co _r\ (\I_COC‘H‘ —COC,H,
HC—N
k/ \) \/ N
(XXV) (XXVI) (XXVI)
“% | Sioxan 9% | ayiene w4 | piens
AN
J GaH, N
N _co
/\<\ ‘/\ —CO;H } :H
CO,H HiC--N
v NS N

The keto-group is present in the side-chain also in
20-oxosteroids containing a halogen atom at Can (XXVIII)
and Cey (XXIX). In conformity with the principle of the
equivalence of a- and a'-positions, rearrangement of both
ketones gave good yields of a mixture of the epimeric
17¢ -methyletianic acids (XXX) and (XXXI). ¥~ The com-
position of the mixture depends on the structure of the
initial steroid, the nature of the halogen, and the condi-
tions of reaction. In most cases the isomer (XXXI) is
formed predominantly, with maintenance of the configura-
tion at Cun, both from (XXVIII: X = Br)*~®® and from
(XXIX: X =F, Cl, Br)*'® ™, The nature of the solvent
is probably the decisive factor in the stereochemistry of
the rearrangement. For example, 17a-bromopregneno-
lone acetate forms almost pure isomer (XXX) with sodium
methoxide in dimethoxyethane, but almost pure isomer-
(XXXI) in agueous potash™.

Gy CH,X
=0 H.C c=0
X

(Xxvug) (XXIX)

COR

(XXX) (XXX1)

By using the product (XXXI) of the Favorskii rearrange-
ment as starting material it was possible to accomplish a
transition to highly active analogues of gestagens®’™ and
corticosteroids '**'*™ containing a 17a-methy! group.

Di- and poly-halogeno-ketones, as well as monohalo-
geno-ketones, can undergo the Favorskii rearrangement.
Derivatives of acrylic acids are formed from dihalogeno-
ketones, an example being provided by the reactions of
compounds (XXXII)?"*7® and (XXXIII: R = H,
CHz2COOC:zHs) “*"™":

CH, HC (iH,
. cH=tcoH + br=tHooH

CH,CHCOCOCHs g
(XXXII)
il HOC R
| /
0CCO, —~ C=C . .
BrCH,C 1{ ,CaH,; u’ NcoH
(XXXIID

The same acids are formed in 50-90% yields by the
action of bases on aa- and ao'-dihalogeno-ketones
(XXXIV and XXXV: R = Alk, cycloalkyl): i.e. the equiva-
lence of a- and a'-positions is observed here™ ™
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Therefore dibromination of ketones followed by Favorskii
rearrangement (without separation of the isomers) pro-
vides a method for synthesising af-unsaturated acids®®.
The rearrangement of ketones of the type (XXXIV) and
(XXXV) usually proceeds stereospecifically to yield cis-
isomers of substituted acrylic acids. In the presence of
bases, however, they readily isomerise to the more stable
trans-igsomers, which max distort the stereochemical
picture of the reaction™*°,

R ,COH
RCH,COCHBr, —  3C=C « RCHBICOCH,Br
17 H
(XXXIV) (XXXV)
Br
R s1—as% R COH HC COH
N o R _ /O Neo/ O
CCOCH,Br "~ROH, B0 c= + c=C
He” ’ H” <u R H

(XXXVI)

With branched dibromo-ketones of the type (XXXVI:

R = Alk) the stereospecificity of the rearrangement dis-
appears, and approximately eciual quantities of the two
possible isomers are formed®**®,

Dibromo-ketones involving a side-chain attached to a
six-membered ring have also been subjected to the Favor-
skii rearrangement. Examples are given below for
ao-dibromo-ketones of type (XXXVII)®***" and aa '-dibro-
mo-ketones of type (XXXVII)®°8822:

OCOCH, OH
N|—cocHBr, __s%___, "|—CHCOH
BaOH),, H;0 l (l-l
0

(XXXVID)
Br CHCOH
N—cocH,Br 1% hd
AN AN

Examples of dihalogeno-ketones in which the side-chain
is attached to a five-membered ring are the steroid ae’'-,
aa-, and af-disubstituted ketones—(XXXIX: X = Br,
I)&’é“’“’”'”, (XL: X = F, Br)*”® and (XLI)*® respec-
tively—all three types giving high yields (up to theoretical)
of mixtures of the isomeric acids (XLII) and (XLIII), in
which the latter isomer probably predominates®. These
acids are used to build up a corticoid side-chain®’*®  and
their decarboxylation yields a 17-methylene-~steroid
(XLIV)®. Compounds similar to (XLIV) can be obtained
also by the Favorskii rearrangement of 17a-bromo-20-
oxo-steroids (XXVIII) under oxidising conditions capable
of detaching the carbonyl group from the intermediate
cyclopropanone derivative *°.,

(XXXVIII)

qHX

(XXXIX) (XL) (XLD
L ] _
v v
HO,C H H COH
N N cH,
H,C H Hy
85%
CuCrO,,
‘quinoline
(XLID) (XL (XLIV)
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Dibromo-ketones like (XLV) containing a 17a-side-
chain yield on rearrangement mixtures of diastereoiso-
meric 178,20¢-dihydroxy-acids'®"® | which are readily
interconvertible under mild conditions:

H
QCOCH, QH
C
Hs¢ | cocur, Hy ~--ZHco,H
30~34%
kLI
oo Ba{OH),, °°
Hy0

(XLV)

The Favorskii rearrangement of trihalogeno-ketones
produces halogenated acrylic acids. With the simplest
example, a 1,1 3-trihalogenoacetone (XLVI: X = Cl, Br),
the only product is the cis-8-halogenoacrylic acid "2

88—74%

x\ /CO,,H
CHX,COCH.X —RzhC0,, 10 =C

C=C
B’ H
(XLVI)

With the higher homologues—e.g. the ketones (XLVII)
and (XLVIII)—structural and steric specificity is usually
lost, a mixture of 8- and a-halogenoacrylic acids XLIX)-
(LI) being formed, the proportions of which depend both on
the bulk of the a].kyl radical R and on the reaction condi-
tions'®"®, Replacement of one or two bromine atoms in
(XLVI1) or (XLVIII) by chlorine yields predominantly
B-chloro-analogues of the acids (XLIX) and (L), which
indicates that bromine is more readily eliminated than
chlorine under the conditions of the Favorskii rearrange-
ment 104,105'

RCHBrCOCHB, RCBr,COCH,Br
(XLVII) (XLVIII)

! | {
B, o COH R _ OOH H_ _COH
R’ OH Br / “u R/ Br

(XLIX) L (LD

Only a-halogenoacrylic acids are formed by rearrange-
ment of tribromo-ketones of type (LII) containing a
branched tarbon chain. When R! # R?, a mixture of
roughly equal quantities of geometric isomers is
formed'®*"%,  The analogous steroid tribromo-ketones
of type (LIH) &wld a-bromo-acids on treatment with
alkalis *°

1 I
R N 20-50% RN
CBrCOCHBr, ———> C==

. _/COsH
NaHCO5. 1,0 p2/ \Br

R?
iy

CO,H

H,c GBr

)
72%
—_
KOH, CH,0H

Tetrahalogeno-ketones (LIV: R = H, Alk; X = Cl, Br)
undergo a Favorskii rearrangement Wlth the formatlon of
PB-dihalogenated acrylic acids'®'°. Under the condi-
tions of the rearrangement penta- and hexa-halogeno-
ketones are cleaved by a halogenoform reaction, as indi-
cated below for pentabromoacetone'! **'2,

(LI

X COgH
33—790% N
RCX,COCHX, T e o X /C— R
(LIV)

BryCCOCHBry ~NeHCOm o~ CHBr; + CH,BrCO,H
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2. Monocyclic Halogeno-ketones

The Favorskii rearrangement has been widely applied
to monocyclic halogeno-ketones to prepare compounds
containing one less atom in the ring. The reaction is
applicable to alicyclic and heterocyclic compounds con-
taining 4-13 atoms in the ring.

Rearrangement of cyclobutane derivatives yields cyclo-
propanecarboxylic acids. An example is the reaction of
the 2-halogenocyclobutanones (LV), which occurs
extremely rea.dll when X = Br and rather less readily

when X = c1t3-e;
40
\_l/ BS{ S _coB ,
—

(LV)

The substituted cyclobutanones (LVI), (LVII), (LVII: R =
CHs, OCeHs), and (LIX) react similarly to (LV) S117-119,
The reactions of the disubstituted ketones (LVIII) and (LIX)
occur stereospecifically with formation of the cis-isomers
of the monosubstituted cyclopropanecarboxylic acids. The
ao'-disubstituted ketone (LIX) undergoes a Favorskii
rearrangement, whereas aa-substituted ketones (LX) and
(LXI) undergo ring cleavage in the presence of bases with
the formatlon of yy-di- and aayy-tetra-bromobutyric
acids™ It has not proved possible to obtain benzocyclo-
propene derlvatlves by a Favorskii type of rearrange-
ment '?

CH, o 0
H3C—| -————\ —_ 7 "_\
— H,C~|—— —
AN AN
Br CH, Br
(LvID) (LVII) (LVIII)

‘Br ~0 Br o Br o

\\—— 7 Br 4 Br| 7

N —\ ——|—Br
“Br
Br
(LIX) (LX) (LXT)

a-Halogenated cyclopentanones do not undergo the
Favorskii rearrangement, but form products of polycon-
densation, substitution, or dehalogenation depending on the
conditions '2! 28 However condensed bromo-ketones of
the type (CIX) (see below) yield the cubane system: i.e.
five-membered rings are converted into four-membered
rings. A similar transformation may occur when the
dibromo-oxofuran (LXII) is treated with alkalis'?®:

Br HO /COQH
Oy /Br
" ' . —ors— BC CH, .
L [ HC/ \0 CH,
H,C” N0/ CH,
(LXII) (LX11)

However, the structure of the product (LXIII) cannot be
regarded as completely proved.

The Favorskii rearrangement of a-halogeno-ketones
containing a six-membered ring has been the most thor-
oughly studied. A typical representative, 2-chlorocyclo-
hexanone (LXIV), forms derivatives of cyclopentanecar-

boxylic acid:
2 1
| woNT OCO;R .
na

(LXIV)
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A comparative study of the activity of various bases
(alkalig 3! 24  2lkoxides 1272133 " and alkyl sul-
phideg '* #*#+134-138) hag ghown aliphatic branched-chain
alkoxides to be the most efficient. The 2-bromo- and
2-fluoro-analogues of (LXIV) give smaller yields of the
reaction products ®***".  Alkyl homologues of (LXIV) con-
taining substituents in positions 3-6 also undergo the
Favorskii rearrangement *"241%-14  yhereag 2-chloro-
2-meth¥1cyclohexanone does not undergo rearrange-
ment 214,

Dibromo-ketones containing a six-membered ring have
been studied in especial detail in the case of pulegone
dibromide (LXV)'*™%  The pulegenic acid formed by its
rearrangement can be used as a valuable intermediate for
the synthesis of cyclopentanoid terpenes, which occur
widely in plants and in insects. Both cis- and trars-iso-
mers of Pulegenic acid (LXVI) and (LXVII) can be
obtained'*. An attempt was made to use the stereospeci-
ficity of the reaction to establish the mechanism of the
Favorskii rearrangement’®®, However, it was shown that
the ratio of the isomeric pulegenic acids (LXVI and
LXVII: R = H) is not a result of the rearrangement itself
but depends on their ease of mutual isomerisation under
the influence of bases (the equilibrium mixture contains
26% of the cis- and 74% of the lrans-isomer) and on the
slower rate of hydrolysis of the sterically hindered cis-
ester (LXVI: R = CHi, C2Hs) in comparison with the
trans-ester (LXVII: R = CHs, Cz:Hs). In several cases,
therefore, the {rans-acid, corresponding to the more
readily hydrolysed ester (LXVII}, is formed exclu-
sively 156,157

CH, CH, H,
%o TN stcogn == CO,R

HC § cH

k) Br 3

CH,; CH, CH; CH,

(LXV) (LXVI) txviy

2,2-Dibromocyclohexanones of type (LXVIII) react with
alkalis to form 2-hydroxy-acids, decarboxylation of which
provides an easy route to the corresponding cyclopenta-
nones'®"%  Here, as with the ketones (LXII), (LXXVIII),
and (LXXXI), it is entirely possible that the reaction may
not be a Favorskii rearrangement but involve hydrolysis
of (LXVIII) with formation of the 1,2-dione, which then
undergoes a benzilic acid rearrangement.

o OH 0
I Br | _comn —
AN/ B oM [ |
[ er —hom—— = /
He-{ H,0, C;H,0H HC” >< H’C/>/\
H,C” \CH, HC CH, HC CH,
(LXVIII)

Ring contraction occurs also in the reaction of 2,2-di-
chlorodimedone with sodium acetate. Formation of the
unsaturated chloro-ketone (LXIX) was explained by decar-
bonylation of the intermediate cyclopropanone derivative

[} i o] (o}
\ Cl
1 -_C_O_)_ H Cl
R et .
HC CH3CO,Na HC 2C
H,C H,C: 0 HC
(LXIX)

The individual tribromo-ketone isomers (LXX) and
(LXXIM) or their mixtures undergo the Favorskii rear-
rangement under the influence of ammonia or an amine to

160,
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form an iminolactone (LXXI) contaminated with an unsgatu-
rated amide (LXXIV). Hydrolysis of (LXXI) yields car-
venolide (LXXII), which is the startin%ma.terial for the
synthesis of various iridolactones'® "%,

Br H, NR H, O
«<-CH
Br--. ° s7-7an

CH; CH, CH; CH
H RNH,, 3 3 3 .
oC B O ek wxxn (LXXID
(LXX) (CyH3),0
Br Hj
s < -CHy CONHR
r 6-17%
Em—
X CHs
H
H,C gy CHy 3
(LXX1ID) ALXXIV)

a-Halogeno-ketones containing a seven- or an eight-
membered ring react with bases similarly to their six-
membered analogues, forming in the Favorskii rearrange-
ment acids containing respectively a six-membered or a
seven-membered ring. Examples are the reactions of
2-chlorocycloheptanone (LXXV)'2' 9318 and of 2-bromo-
cyclo-octanone (LXXVI)'®"'%, The a-chloro-ketones
(LXXVII) gave a low yield of a compound which was a
fragment of the structure of marrianolic acids ©.

o] [e]
} Br Cl H,
CO4CHy

(LXXV) {LXXVD (LXXVIID)

_ | Naycoy, |naoH, CyH5CHyONa,
sm.l 10 70%| 1,0, 15% CoteCHLOH

C,H,0H

: /COH : /CO,H

Dibromo-ketones containing the halogen atoms in the
ao-, a8-, and aa'-positions—(LXXVIIT)'®" "%,
(LXXIX)'%"™  and (LXXX)'®—react with bases to form
the corresponding unsaturated acids or hydroxy-acids
containing contracted rings:

CH,

---CO,H
\_ _CO,H

H

[¢] o]
H,Cg Br Br. Br
o e 7
Br CH,
(LXXVLI) (LXX1X) (LXXX)
S e e

OH CO,H 0,H
HyCg COH H,C H,
H;Cyq CH,

Rearrangement of the trihalogeno-ketone (LXXXI) gives a
chlorinated unsaturated acid:

|
cl | 0,H
B 43-55%
r 00 .
CH3CO,Na.

C,HiOH
(LXXXI)

which indicates that bromine is more easily detached than
is chlorine'™. Tribromocyclo-octanone reacts simi-
larly'®e.

The Favorskii rearrangement has found application also
for contracting rings of moderate size, examples being the
reactions with bases of monobromo-ketones of the type
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(LXXXT: #n = 10, 12)'™"" and dibromo-ketones of the
type (LXXXIIO: 7 = 10-12)'™"1"™,

o]
Br. OH
-

(CHY)p (CHyp-y
Eo.zﬂ
= .
(CH,),y
(LXXXI1ID

(LXXXI1)
the yields of the acids reaching 65-75%.

The Favorskii rearrangement has been accomplished
also with heterocyclic a-halogeno-ketones. Thus the
reaction of dibromopiperidone (LXXXIV) with ammonia or
an amine yields the corresponding amide'”*""®. Ana-
logues of proline are formed by the reaction of a-halogeno-
lactams of the type (LXXXV: X =Cl, Br; n =3, 7-11)
with barium hydroxide '™ ™'"® or with potassium t-butox-
ide'®™, In this case the resulting a-imino-acids may be
formed by hydrolysis of (LXXXV) followed by recyclisation.

o
Br. Bt

~
chy),-,

o]
Br Br CONHR
RNH; —
H,C CH, —> H, CHa
H,C Iil CH, H,C til Hy
H H
(LXXXIVY

o}
]

Y
——)
(CH,), kfc )

(LXXXV)

3. Dicyclic and Polycyclic Halogeno-ketones

a-Halogeno-ketones containing the oxo-group in a fused
carbocyclic system also undergo the Favorskii rearrange-
ment, which provides a method for obtaining fused sys-
tems containing a smaller number of carbon atoms in the
ring. The simplest example is the chloro-derivative of
cis-perhydroindanone (LXXXVI), which under the influence
of bases forms a mixture of cis-bicyclo[3,3,0]octanecar-
boxylic esters:

GO
CHyoNa,
CH30H

(LXXXVI)

The corresponding {rans-derivative does not undergo
Favorskii rearrangement, perhaps owing to the steric
strain in the frans-bicyclo[3,3,0]octane system '® '8,

The most widely investigated dicyclic halogeno-ketones
are trans-decal-2-one derivatives of the type (LXXXVII:
X =Cl, Br; R =H, CHj), rearrangement of which yields
a mixture of isomeric perhydroindanecarboxylic

acidslﬂ,lsS-lBO:
R R
L= <10
o ) HO,C”

(LXXXVIT)

cis- and trans-9-Chlorodecal-1-ones (LXXXVII) and
(LXXXIX) react with sodium methoxide in dimethoxyethane
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to form products which almost completely retain the initial
configuration at Cs):

co ,CH, CO,CH,

al co,cna
- CL) @3
% 1%

LXXXVHI)

a CO,CH;
(Ij

(LXXXIX)

57%
0.CH
L02CH CO.CH

(‘(C) 88% 2% 10%

The yields of the products are indicated below the formu-
lae. Especially interesting is the stereospecific synthesis
of the trans-perhydroindane derlvatlve (XC) with a meth-
oxycarbonyl group between the rings 190

The chlorotetralone (XCI) reacts Wlth alkoxides to form
the corresponding esters'*"®, Its isomer (XCII) also
forms products of the Favorskii rearrangement according
to some results '*°**" | but only alkoxy-oxides of type (V)
according to other results‘”.

) ~ O,k
z
——— |
' RONa R
(xcn
[0} O,R

Cl
=
o L |
RONa N

(Xciy

Application of the Favorskii reaction to halogenated
steroid ketones, which are structurally related to decalone
derivatives, enables modified steroids to be obtained in
which A or B is a five-membered ring. The reactions of
bases with halogenated cholestan-3-ones have been studied
in greatest detail. Compounds in which the relative
orientation of rings A and B is trans (XCII) form a mix-
ture of 2- and 3-alkoxycarbonyl isomers (XCIV) and (XCV).
Some results !®”® indicate that the former isomer (XCIV)
predominates strongly, whereas others'®*™'% ghow approxi-
mately equal quantities of the two isomers. The rate of
the reaction depends on the nature of the halog
decreasing in the sequence I > Br > C1'*"#:% ~ com-
pounds in which the orientation of rings A and B is cis
(XCVI) also form a mixture of isomeric esters (XCVII)
and (XCVII)'*#%.

x., MG Ht T Ha G
A ° B ROC- +
0 RONa
o/ " : :
H T h

H

RO,C
{(Xcmrn (XCIv) (XCV)
Ha H;C
CH4ONa H3COy C
H
H,CO,C
(XCVI) (xcvin (Xcvin

The dihalogenated hydroxy-compound (XCIX) also reacts
with a base to produce a mixture of (XCIV) and (XCV)3*.
This probably involves initial dehydrohalogenation with

formation of the ketone (XCHI). Yet the bromo-ketones



738

(C) and CI) do not undergo Favorskii rearrangement, but
form only hydrolysis or substitution products with bases®®

o
a B, il T"H’_\,
cH3 CH, H

(XC1X) () «cn

Examples of the contraction of ring B are provided by
Favorskii rearrangement involving cholestane derivatives
(CI) and (CV). The structure (CII) was ascribed to the
product in the former case®®. It has been pointed out®**
that the structure (CIV), in which the hydroxyl remains at
its previous position, must be regarded as more probable.
When the dibromocholestanone (CV) was boiled with pyri-
dine, dehydrobromination products were accompanied by
the B-nor-acid (CVI), probably formed via the corre-
sponding acylpyridinium bromide®*®

HaC /\ a
°° (c,m),u OH
CH,4CO/f o Jf 0 CH,co, OH COH

(cm «wn )
Hie 7O H, Hy
25%
TN —— >
5815
CH0, Eh Br CH,CO; ot Nl cnyeo, COH

vy Br (cv)

Contraction of the six-membered ring D by rearrange-
ment of the D-homoandrostane derivative (CVII) could be
accomplished only in very low yield'® %0207,

[o]
HC I .

vy

CO,CH-
Lo

An interesting example of the Favorskii rearrangement
involving bridged bicyclic systems is provided by the
reactions of bromo-ketones of the type (CVIII: n = 5-8)
with alkoxides, sodamide, silver nitrate, and mercury(II)
acetate, when cis-isomers of derivatives of the corre-
sponding acids (X = OH, OR, NH:) are formed in 70-94%

yieldas N,BOD
{H] Br —»H .

(CH,), (CH ))n
(cvin

ChoNe ,ONs
dioxan

The Favorskii rearrangement is applied also in the
synthesis of cubane derivatives®°?'2,  An example is the
reaction of the dibromo-dione (CIX) with boiling agueous

alkali®'?
COZH
1
4 .
HO,C

The only example known of the Favorskii rearrangement
of a bicyclic heterocycle is the reaction of mono- and

Br _30%
KOH, 1,0 H,0

cIx)
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di-bromocoumarins with alkalis to give acids of the type
(Cx)314-318:

B
(\(j |
\ VAN CO,H

/' / AN
X

The formation of these acids can equally well be explained
by opening of the pyran ring followed by recyclisation.

The results surveyed in this Section enable us to dis-
cuss the part played by the conformation of the halogen in
the Favorskii rearrangement. Conformationally rigid
structures (LXXXVII), (XCII), and (XCVI), containing
equatorial halogen, readily undergo rearrangement in good
yield. Nevertheless, derivatives of the ketone (LXXXVII)
and the chloro-ketone (LXXXIX)?°® (in protic solvents),
containing axial halogen, did not undergo Favorskii rear-
rangement. It was therefore concluded'®® that an equa-
torial conformation of the halogen is necessary for this
reaction to occur. However, this conclusion is disproved
by other results®*°, accordmg to which the ketone (LXXXIX)
containing an axial chlorine atom rearranges in aprotic
solvents in high yield. Monocyclic tribromo-ketones
(LXX) and (Lxxm)“”, as well as cis-2-chloro-4-t-butyl-
cyclohexanone'®*, also undergo Favorskii rearrangement.
The presence in these compounds of a bulky 1-bromo-1-
methylethyl or t-butyl substituent confers great rigidity on
the axial conformation of their o-halogeno-substituents.
All this indicates that the conformation of the halogen can
have no significant effect on the possibility or the course
of the Favorskii rearrangement.

II. MECHANISM OF THE FAVORSKII REARRANGEMENT

A considerable number of papers on the mechanism of
the Favorskii rearran’zgement have been summarised in
several reviews ! 2®#1723  Nevertheless, no mechanism
has yet been suggested which would be suitable for all
structural types of a-halogeno-ketones and would explain
unambiguously the features of the reaction. Most workers
therefore assume that the rearrangement may occur by
different mechanisms depending on the structure of the
initial ketone and even on the conditions.

The a-halogeno-~-ketones undergoing the Favorskii
rearrangement, which have been discussed in the preceding
sections, can be divided into four structural types (A-D)
distinguished by the presence or absence of hydrogen atoms
in the a- and o’-positions:

Hydrogen atoms attached to a- and a’-carbon atoms—
(XI)’ (XD{)—(XXI), (XXIII), (xx}x), (XXXIV), O(XXV),
(LXXV), (LXXVI), (LXXX), (LXXXII)-(LXXXIV),
(LXXXVI), (LXXXVI), (XCI), XCmI), (XCVI)

A S
}l(. l;— *

Hydrogen attached only to a’-carbon atom—(VII), (IX),
X1v), Xvo), XXv), XXvI), (XXX11), (XXI),
(XXXVI), (XXXVIII) (XXXIX), (XLI), (XLVII), (LII) (LIV),
(LXV), (LXX), (LXXm), (LXXVI), (LXXIX), (LXXXI),
(LXXXVI), (LXXXIX), (CvI), (C]X)

s

B
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Hydrogen attached only to a-carbon atom—(XXXVII),
XLvV), (LV1), (LXvIO), XcI), (cm), (CV), (Cvm)
H O
C S
o

e ]

No hydrogen attached to @- and @’-carbon atoms—
(X1m), (XXVI), (XXVII), (LX), (LXXVII),

[}

D “C:.—(I:l—'C:.T »
X

The equivalence of the a- and a’-positions in the Favor-
skii rearrangement, many examples of which have been
quoted for the different structural types of ketones in sub-
sections 1-3 of Section II, is extremely significant for the
mechanism. It is convenient to divide the mechanisms
which have been suggested into two groups according to
whether they are able to explain this equivalence (“sym-
metrical” mechanisms) or require additional postulates
for such explanation (“unsymmetrical” mechanisms).

1. “Unsymmetrical” Mechanisms

The first unsymmetrical mechanism to be considered
is the oxide—ester mechanism suggested by Favorskii in
189423224 3ccording to which the base attacks the car-
bonyl group to form as the first step the anion (CXI), which
is converted with loss of halogen into the intermediate
oxide (V), further rearrangement of which yields the final
product:

B
0
DL/ VI 2 v
e G ~— d(" ja' N1
X " iexn ‘i’)
—KIf_CITC/O
@ [ N\

The Favorskii mechanism is applicable to all structural
types of halogeno-ketones. It was considered to be sup-
ported by the isolation of oxide-ethers of the type (V: B =
OR) in certain rearrangements®*?°, However, these
oxide-ethers could not be converted into the final prod-
ucts®®"?28  and their formation is therefore a secondary
process, unrelated to the main reaction.

The semibenzilic mechanism **, so called from its
resemblance to the mechanism of the benzilic rearrange-
ment, is more soundly based. It also involves initial
formation of the anion (CXI), but this then undergoes direct
rearrangement with migration of the o '-atom, the oxide
stage being bypassed:

0 O B c

A/ 1IN/ N

%FC‘?T: -~ 7?v— Ia_' o' T° g
4 &

The semibenzilic mechanism is also applicable to ketones
of types A-D. A modified (push—pull) form of this mecha-
nism was suggested *® for rearrangements occurring under
the influence of silver(I) and mercury(II) salts. It is note-
worthy that these cations are electrophilic—not nucleo-
philic—reagents, and therefore cannot be regarded as usual
catalysts for the Favorskii rearrangement. The semi-
benzilic mechanism and its push-pull modification are
normally applied to ketones with which the formation of
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symmetrical intermediates is impossible or difficult for
structural reasons. The limits of the possible applica-
bility of the semibenzilic mechanism will be examined
later in discussing symmetrical mechanisms.

According to the keten mechanism, suggested by Richard
in 1938%°, the first stage in the rearrangement is the
elimination of hydrogen halide from the a-atom of the
initial ketone*® (or detachment of a proton from the enolic
form followed by removal of halogen”’). The resulting
dipolar or diradical (carbene) intermediates undergo direct
rearrangement into a keten (CXII), which reacts with the
base to form the final product:

{CX1D)

The keten mechanism is obviously applicable only to
ketones of types A and C, containing hydrogen attached to
the a-carbon atom. This mechanism is considered'*®"'®
to be inconsistent with data on the stereochemistry of the
Favorskii rearrangement.

In all unsymmetrical mechanisms the carboxyl in the
product should be attached to the a-carbon atom (with
which the halogen was combined in the initial ketone).

This leads to the conclusion that the @- and o ’-positions
are not equivalent with respect to the structure of the
products, which is inconsistent with numerous experimen-
tal results. In order to avoid this difficulty, it was sug-
gested that halogen migrated from «- to o '-positions,
which would have e}fzglained the observed equivalence of
these positions **’°*®*°,  When this hypothesis was tested
on acyclic?5”* and cyclic*® ketones, it was found that such
migration of the halogen does not take place under the con-
ditions of the Favorskii rearrangement. Therefore some
“symmetrising” stage in the reaction must be postulated
to explain the equivalence of o- and a '-positions.

2. “Symmetrical” Mechanisms

The first “symmetrical” mechanism was put forward by
McPhee and Klingsberg in 1944%. The symmetrising
stage in this mechanism is tautomeric equilibrium between
the carbonium ions (CXII) and (CXV) formed in the first
stage, through a common enolic form (CXIV), which
undergoes rearrangement into the final products:

Bl B
S SR
X f ‘ X

' gn |
BN ¢ B
gt 7= N =
IR v N | +

Cxin exivy (CXV1)

The principal defect of the above mechanism is that it
does not explain the part played by the base in the reaction.
According to this mechanism the rate of elimination of
halogen should be independent of the concentration of the
base, whereas experiment indicates kinetics of the first
order with respect to B~. ?*"* A somewhat modified form
of this mechanism suggested recently is also inconsistent
with experimental results?®,
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The cyclopropanone mechanism put forward by Loftfield
in 1950 %2 jg free from these defectsf. The rearrange-
ment of 2-chlorocyclohexanone labelled with carbon-14 at
the point of chlorination yielded a mixture of cyclopentane-
carboxylic esters in which the tracer was equally distri-
buted between the @~ and B-carbon atoms (relative to the
carboxyl). This was explained by the intermediate forma-
tion of a substituted cyclopropanone (CXVI), in which the
a- and a'-carbon atoms were formally equivalent as a
consequence of symmetry, and cleavage of the three-mem-~
bered ring could occur with equal probability at the two
bonds:

CO,R

.0 .
B0 Frde o
U RONz | o a d bJ
—_— — + R
(cxXvh)

At the present time the cyclopropanone mechanism is
generally accepted for the Favorskii rearrangement. It
is supported by the isolation of cyclopropanone intermedi-
ate products in the reactions of monohalogeno-ketones with
bases?*® and of cyclopropenone derivatives in those of
ao’-dihalogeno-ketones“**#%°, Direct evidence has also
been obtained that already formed cyclopropanones?* #%
and cyclopropenones®**?* react with strong bases in con-
formity with the Favorskii rearrangement to form acid
derivatives. Compounds in which the cyclopropane ring
is separated from the keto-group by a double bond also
react in similar fashion®®®, Cyclopropanone intermediates
have also been isolated and identified in reactions with
dienes and with methanol?4~2%,

The cyclopropanone mechanism explains quite well the
structural selectivity of the reaction. It is supposed that
cleavage of the intermediate cyclopropanone yields the
more stable of the two possible carbanions. The stability
of non-conjugated carbanions increases in the sequence:
tertiary < secondary < primary < benzyl*. In conformity
with this the intermediate dimethylcyclopropanone (CXVII:
R = H) formed from halogeno-ketones of the type (XIV:

R = H), for example, is cleaved with the formation of
derivatives of @aa-dimethylpropionic acid (XV: R = H)—

not of B-methylbutyric acid (XVI: R = H)—since the former

are produced via the primary anion (CXVIII: R = H), and
the latter via the less stable tertiary anion (CXIX: R = H).
It is interesting that fission of the specially prepared
dimethylcyclopropanone (CXVII: R = H) occurs in the same
way under the influence of bases®Z.

(o}

b, I a
Br C Vs
HC] x| HON O AR
C—COCHR  —» c=—C__
HyC He” H
(XIV) (CXVID
a J blr'o-
{ o™
R . (Mo IR
\é~c~co,R' \c—CH—-co,R‘
H/ H, H;C
(CXVIID (CXIX)
e !
RCHQ(,lco;R' CHCHCO,R'
CH HyC

3
(XV) (XVD

1 A mechanism involving cyclopropanone intermediates
was suggested as early as the 1890s%7" 23234 It unites
the Favorskii rearrangement with similar rearrangements
of @-halogeno-sulphones®*®, a-halogeno-amides®*, halo-

genated diazoethers®”, etc.
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The above considerations are sufficient to explain the
structural selectivity in the large majority of examples of
the Favorskii rearrangement which have been studied.
Recently however, results have been obtained which require
more detailed account to be taken of pogsible operative
factors*. Rearrangement of ketones of the type (XIV:

R = Alk) is found to yield a mixture of the two possible
products in which the proportion of (XVI), which is formed
via the less stable tertiary carbanion (CXIX), increases
with increase in the bulk of the alkyl radical R. This
indicates that the course of the reaction is controlled not
only by the stability of the intermediate carbanions but also
by steric factors. With the ketone (XIV: R = H) these two
factors act in the same direction: the intermediate product
(CXVII: R = H) is attacked on the sterically less hindered
side to form the more stable primary carbanion (CXVII).
In the case of ketones (XIV: R = Alk), however, these
factors oppose one another, which results in the formation
of a mixture of isomers. It should also be noted that the
proportion of (XV: R = CHjs) in the reaction products is
smaller when rearrangement is effected by sodium methox-
ide than with sodium ethoxide, and especially with potas-
sium t-butoxide. This indicates that the part played by
steric factors involving the base must be taken into account
in addition to the influence of the bulk of the alkyl group of
the alkoxide *®.

In its classic form the cyclopropanone mechanism is
applicable only to ketones of types A and B, which contain
the a’-hydrogen atom necessary for closure of the three-
membered ring. With ketones of type C and D the semi-
benzilic mechanism is usually assumed without proof,
their reactions being combined under the name Favorskii
quasi-rearrangement, which emphasises this difference in
mechanism. For several examples of the rearrangement
of ketones of type D containing aryl substituents, however,
the cyclopropanone mechanism can be applied in a some-
what modified form. Thus rearrangement of the ketone
(CXX) and its heterocyclic analogues, which is accom-
panied by racemisation at the reactive centre, cannot be
explained by a semibenzilic mechanism, but requires the
acceptance of a “racemising” stage—assumed to be the
formation of cyclopropanone intermediates **~%":

0 -
T <l

cl O
Il < -
N(CHy), —> N(CH,)y
H,C
CH N

3 (CXX)
CO,H

0
i
r‘c “+
N(CH3)2<—< }‘---\QN(cna), .
HyC

CH,

The semibenzilic and cyclopropanone mechanisms can
be more reliably distinguished by investigating the incor-
poration of deuterium into the final product when the reac-
tion is conducted in a deuteriated solvent. The difference
between these mechanisms can be conveniently explained
with the rearrangement of 2-bromocyclobutanone (LV) in
heavy water as example:

oD
o
— 0,D
o S
y Br
é
Br \ D,0
[(R%] —> Co.D -

According to the semibenzilic mechanism (a) the resulting
cyclopropanecarboxylic acid should not contain deuterium
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in the ring, whereas the cyclopropanone mechanism (b)
leads to a deuteriated product. The undeuteriated acid
obtained experimentally indicated that this reaction had a
semibenzilic mechanism''®?*, A more exact interpre-
tation of the process requires that the exchange of deute-
rium between ketone and heavy water, unconnected with
the Favorskii rearrangement, should be taken into account.
According to the unsymmetrical scheme (a) the a- and
B-carbon atoms (with respect to the carboxyl) should have
different degrees of deuteriation, but according to the
symmetrical scheme (b) they should be the same. Inves-
tigations on this basis confirmed the semibenzilic mecha-

nism of the Favorskii rearrangement for the ketone (LV)*®.

Nevertheless, the rearrangement of 17a-bromo-20-
oxo-steroids of the type (XXVII) in deuteriated solvents
(D=0, CHsOD) yielded predominantly the products (XXX)
and (XXXI) containing one deuterium atom in the 17-methyl
group. This is evidence of the cyclopropanone mechanism
of this reaction (exchange of deuterium between the ketone
and the medium is negligible here)%.

As a third example we can consider the mechanism of
the Favorskii rearrangement of ketones of the type
(CVIIl: n = 6-8), determined from the entry of deuterium
into the reaction products®®®. When n = 6, the ketone
(CVII) reacts by the semibenzilic mechanism both with
NaOD-C:HsOD and with t-C,;HsOK-t-C4H,OD. Whenz =1,
the semibenzilic mechanism operates with NaOD, but the
cyclopropanone mechanism with t-C4HOK. Finally,
when n = 8, the Favorskii rearrangement takes place by
the cyclopropanone mechanism in both cases, as is con-
firmed by the racemisation of the optically active ketone
(CVII: n = 8) during the reaction. Thus with compounds
of type (CVIII) the mechanism of the rearrangement may
depend not only on the structure of the initial ketone but
also on the reaction conditions.

The kinetics and stereochemistry of the Favorskii
rearrangement are usually explained in terms of the cyclo-
propanone mechanism. The elementary form of this
mechanism outlined above becomes inadequate to explain
all the kinetic and stereochemical results. We must
therefore examine in detail existing views on the sequence
of stages in the rearrangement, the significance of each
of them, and also the nature of the transition state. The
most probable variant of the cyclopropanone mechanism
can be represented in its complete form by the four-stage
scheme 1.

o o
I lé L —Cl—g‘?—ﬂll—— + BH
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s PON a'l | \B
H
/0 | AL
PR ‘,—c’/ + BH—4» --,c—c;—c( + B
e ? | \B e | B

The first stage in the Favorskii rearrangement
according to this scheme consists in enolisation of the
ketone with loss of the a'-proton. In the second stage the
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resulting enolate splits off halogen as the anion and gives
a cyclopropanone intermediate. This is followed by
opening of the cyclopropanone by the anion of the base
(third stage) and reaction of the resulting carbanion with
the base to yield the final product (fourth stage). Stages
3 and 4 are supposed to occur so rapidly that they have no
effect on the overall rate of the process.

The above scheme of the Favorskii rearrangement has
been partly modified by many authors. Thus it has been
suggested that stages 1 and 2 occur synchronously and that
1,3-elimination of the hydrogen halide to form the cyclo-
propanone *® takes place in a single step:

i
o]
1 C.
-é_.!_é_ + BT \Ci—c/ + BH + X° ,

This hypothesis, however, sharply contradicts the stereo-
chemistry of many cases of the Favorskii rearrangement
which have been studied, especially among the steroids®®,
As an alternative to the above four-stage mechanism
it has been suggested also that formation of the anion may
involve the a-hydrogen atom—not the o '-atom—after which
chlorine is detached from the same atom and the resulting
carbene is converted into a cyclopropanone®'. An argu-
ment in favour of this possibility was the ease of enolisation
of the initial halogeno-ketone at the a-atom. This peculiar
combination of carbene and cyclopropanone mechanisms
imposes additional structural limitations on the initial
ketone, and is applicable only to halogeno-ketones of type
A, containing hydrogen on both a- and «’-carbon atoms:
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Neither of the above modifications of the main scheme
is consistent with the kinetic and stereochemical data®*?*
and is therefore rejected by most authors at the present
time. The kinetics and the stereochemistry of the Favor-
skii rearrangement are usually interpreted in terms of a
four-stage scheme. The rate-determining stage in the
reaction is established by study of deuterium exchange
between the ketone and the medium and of the effect of the
nature of the halogen.

Enolisation at the @'-atom as the first stage in the
Favorskii rearrangement is proved by the occurrence of
deuterium exchange between this position in the halogeno-
ketone and the medium or by conducting the reaction in a
deuteriated solvent or with a deuteriated halogeno-ketone.
Such exchange is observed to some extent with most halo-
geno-ketones—both acyclic ketones of types (IX), (XI), and
(XVIT) 22 25:20255°255 5pq 2-halogenocyclohexanones and their
derivatives'**?% _and also with 2a-halogeno-3-oxo-
steroids'**"*"'*®  yet it is negligible with 17a-bromo-
20-ox0-steroids (XXVII)® and 9-chloro-trans-decal-1-one
(LXXXIX)?'®. The occurrence of stage 1 explains also the
catalytic effect of certain salts (lithium chloride, lithium
iodide, sodium iodide) on the Favorskii rearrange-
ment?>%®% It was assumed that these salts associate
with the base formed in stage 1 (BH—methanol in the pres-
ent example), thereby shifting the equilibrium in this stage
to the right and increasing the concentration of the enolate.

The degree of deuterium exchange, which depends
primarily on the structure of the halogeno-ketone, is of

H
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fundamental importance for comparing stages 1 and 2. We
can cite as example ketones of the types ArCH.COCH-X
and ArCH.COCHXCHs, which differ only in the presence of
a methyl group in the latter***®, Whereas ketones of the
first type exchange ~ 80% of the a'~hydrogen for deuterium
before the reaction, the degree of deuterium exchange in
ketones of the second type does not exceed 5%. Hence
stage 1 is rapid (¢-1 > k2) in the first case: i.e. the rate of
rearrangement is determined by the stage in which halogen
is eliminated. In the second case, however, the presence
of the methyl group increases the rate of solvolysis of the
enolate and makes k2 > k.. Deuterium exchange is
therefore poor, and the reaction velocity is determined by
the first stage-——enolisation of the initial ketone.

With 4,4-disubstituted 2-halogenocyclohexanones and
steroid ketones of the type (XCIN) deuterium exchange
depends on the nature of the halogen'*****%,  In the
a'-position deuterium exchange is considerably more
facile with chloro-ketones than with bromo-ketones. In
the first case, therefore, the rate of the reaction is deter-
mined by stage 2 (k2 < k1) and in the second case by stage 1
(ky < kz). The group which is eliminated also has quite
considerable effects in these examples: kgy/kCl = 6-116
(according to various results). Thus, depending on the
structure of the initial halogeno-ketone, the rate of the
Favorskii rearrangement may be determined by either
stage 1, stage 2, or both.

The electronic interpretation of the second stage in the
Favorskii rearrangement, which is associated with the
explanation of its stereochemistry, has also been the sub-
ject of prolonged controversy. Scheme 2 shows the chief
possibilities for the occurrence of this stage.

Scheme 2
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The anion produced in stage 1 in the form (CXXI) or
(CXXII) can be further converted into cyclopropanone in
two ways. Intramolecular substitution of SN2 type—
(CXX1)— (CXXIV)—involves inversion of configuration at
the reaction centre (the a-carbon atom). This results in
stereospecific formation of the cyclopropanone (CXX1V),
which is opened by the base at stages 3 and 4 to give a final
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product having a configuration at the o-atomi which is the
inverse of the initial configuration.

Attainment of the configuration necessary for SN2 sub-
stitution requires considerable distortion of the normal
geometry of the enolate anion (CXXI) on passing to the
carbanion (CXXII), which should result in a considerable
energy barrier. It was therefore suggested® “2*° that a
halogeno-enolate (CXXI) first loses the anion X~ to form
the delocalised intermediate (CXXII), which gives rise to
the zwitterion (CXXV). Calculations by the LCAO-MO
method indicate that the change (CXXI) — (CXXV) is
accompanied by an increase in the delocalisation energy,
this increase being regarded as the driving force of the
process. The zwitterion (CXXV) can undergo direct
cyclisation of the disrotatory type into the cyclopropa-
none®®®. In the transition state (CXXII) during detachment
of the X~ anion the C—X bond is highly ionic in character.
A considerable positive charge appears on the o-carbon
atom, which can be balanced by the supply of electrons
from substituents attached to the o'-atom and especially
from those on the a-atom. Therefore the stage of
detachment of X~ is accelerated on a '-substitution by
electron-donor groups (this is reflected in the high nega-~
tive value of the Hammett p-coefficient, from -2.4 to
-5.0, in halogeno-ketones of the type ArCHCICOCH; and
ArCH:COCH-C1%*?®) and especially by the introduction of
a donor methyl group in the a-position?%®, All these
results support the possibility that the reaction may occur
via the zwitterion (CXXV). The planar intermediate state
(CXXV), in which the centre of asymmetry has dis-
appeared, can obviously yield on cyclisation both the
cyclopropanone (CXXIV) and the cyclopropanone (CXXVI),
ring-opening of which will give final products with inver-
sion and retention of the initial configuration at the a-cen-
tre (Scheme 2).

It is now accepted that the Favorskii rearrangement may
occur by both the routes considered—through (CXXII) and
through (CXXV)—and the stereochemistry of the reaction
is interpreted on this basis. As shown in Section II, the
Favorskii rearrangement is not characterised by any
definite stereochemical requirements: depending on the
structure of the halogeno-ketone, the type of base, and
even the concentration of the latter, it occurs with either
complete retention or complete inversion of configuration,
or even with formation of a mixture of isomers. However,
the most thoroughly studied examples of the rearrange-
ment of ketones of type (XVII) and (XVIII) indicate that in
aprotic solvents (ether, dimethoxyethane) the reaction
involves inversion of configuration, whereas in protic
solvents (methanol, water) either a mixture of isomers or
one isomer with retention of the initial configuration is
formed. The influence of the solvent on the fate of the
anion formed in stage 1 has been discussed*"*#?*,
aprotic solvents this anion is slightly if at all solvated,
and therefore its “free” negative charge may enter the
reaction as the carbanion (CXXII), forming products with
inversion of configuration (CXXIV). Solvation of the anion
in protic solvents confers on it an enolic structure and
directs the reaction through the zwitterion (CXXV) to the
product (CXXIV) or (CXXVI). The relative proportions
of these isomers are determined primarily by steric fac-
tors. With. 17a-bromo-20-oxo-steroids (XXVIII), for
example, it has been shown that, in the detachment of Br~
from the intermediate enolate (CXXVII), steric hindrance

1 The same stereochemical course of the reaction .
should be characteristic also of the concerted 1,3-elimina-
tion mentioned above.
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by the angular methyl group Cas, tending to prevent rota-
tion about the Can-C o0 bond, will ensure formation pre-
dominantly of the zwitterion (CXXIX), not of (CXXVIII).
Cyclisation of (CXXIX) will lead to the corresponding
cyclopropanone (CXXX), ring-opening of which by bases
should yield a reaction product in which the initial con-
figuration at the a-atom is retained (XXXI). Such ste-

reochemistry is observed in protic solvents %6/ #23,
18CH; EITHG CH, CH, Hy CH,
13 N \& 9/'
11_Cy, S ’
< 0 0 P .
C o = % em o
(XXVIH) {CXXVI) (CXXVID)
3
H, <I3' Hy 9 -
( 4~ ce’
sl *"@ CH, —_— ~~~CH, ——»~ XxXxx1

(CXXIX) (CXXX)

Various explanations of the stereochemistry of the
Favorskii rearrangement have also been based on the
intermediate formation of the cyclopropanones (stages 3
and 4)®’* put they are not so generally applicable, and
are to some extent inconsistent with kinetic data.

The stereospecific formation of cis-acids of acrylic
type in the Favorskii rearrangement of di- and tri-halo-
geno-ketones, e.g. (XXXIV), is explained on a different
basis. The formation of cis-acids (XXXV) can be
regarded ®>® as resulting from concerted fraus-antiparal-
lel 1,3-elimination with formation of a cis-2-alkyl-3-halo-
genocyclopropanone (CXXXI). This product is then
opened by the base into the acid (XXXV), also by a concerted
process of elimination of the halide anion with preserva-
tion of the configuration.

Scheme 3
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A more probable form of explanation is that the stereo-
chemistry of the reaction is determined at the stage of
elimination of halogen from the anion (CXXXII) formed
when the cyclopropanone (CXXXI) is opened by the base®*.
Analysis of possible conformations of this anion indicates
that the most probable type of conformation will be
(CXXXIM), detachment of X~ from which will give the
cis-acid (XXXV) stereospecifically. This conformation
can be written more generally as (CXXXIV), where L
denotes a large substituent, M a medium substituent, and
S a small substituent (the sizes of the substituents are
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arbitrarily assumed to form the sequence X > R > COOR >

H).

This hypothesis explains most of the known facts on

the stereochemistry of the rearrangement of acyclic poly-
halogeno-ketones®® (Scheme 3).
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