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Summary. Eleven structurally different a,B-unsaturated ketones wcre subjected to the 
CZemmensen reduction under anhydrous conditions using amalgamated zinc, hydrogen chloride 
in a solution of ethyl ether, and acetic anhydride. In  all cases but one the formation of cyclopropyl 
acetates was observed. 4-Methyl-3-penten-Z-one, methyl vinyl ketone, 2-isopropylidene-l- 
cyclopentanone, and 2-cyclohepten-1-one led to substituted cyclopropyl acetates. Stcreospecific 
reactions were found with 2-ethylidene-1-cyclopentanone, 2-benzylidenc-1-cyclohexanone, and 
methyl 1-cyclohexenyl ketone, whereas 3-penten-Z-one, 3-methyl-3-buten-2-one, and 2-methyl-2- 
cyclohexen-1-one afforded mixtures of the isomeric cyclopropyl acetates. 

These results are interpreted in terms of the initial formation of an allylic .anion which undergoes 
electrocyclic closure. A stereospecific course is followed when geometric constraints permitted. 
Exceptions are discussed. 

Introduction. - The Clewmensen reduction, which uses amalgamated zinc and 
aqueous hydrochloric acid, is a standard laboratory method for the conversion of 
aldehydes and ketones to their corresponding hydrocarbons [l] . The reduction usually 
proceeds in high yield as long as the substrates are not sensitive to acid and provided 
that certain functional groups are absent. a,P-Unsaturated ketones are also reduced 
by this method, however reduction occurs only at the double bond accompanied by 
skeletal rearrangement [2]. The behaviour of 4-met hyl-3-penten-2-one (1) is typical 
in that two isomeric ketones are obtained, name1.y 4-methyl-2-pentanone (3) and 
3,3-dimethyl-2-butanone (4) in a ratio of 28:73 [ 3 ] .  In order to account for the for- 
mation of the rearranged ketone the intermediacy of 1,2,2-trimethylcyclopropanol(2) 
has been postulated. In  acidic medium the three-membered ring in 2 could open up 
in two ways to give the ketones 3 and 4. In fact the independent synthesis of 2 
followed by acidic hydrolysis afforded the ketones 3 and 4 in exactly the same pro- 
portions as those observed in the Clemmensen reduction itself [4]. 

1 2 3 4 
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Table 1. Clernrnensen Reduction of u,P-Unsaturated Ketones 

Enones Products "1, b, 

963 

11 (61%) 12 (2 9%) 

(% 14 *OAC 16 

15 <c 17 

e 28 bc 29 

a) 

") 
Relative yields are given in brackets. 
Products present in less than 5 %  were not determined. 
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Cyclic alkenones behave similarly, and by using anjhydrous conditions it has been 
possible to trap the intermediate cyclopropyl acetates in the reduction of 2-arylidene- 
1-cyclopentanones and 2-aryl-2-cyclohexen-1-ones [5]. 

In  view of our interest in the chemistry of three-membered rings [6:, we wish to 
confirm the generality of cyclopropanol formation as a n  intcrmediatc in the reduction 
of M,B-unsaturated ketones. 

Results. - A series of structurally varied enones w2.s subjected to the Clewmensen 
reduction using anhydrous conditions [7] (Table 1). 

4-Methyl-3-penten-2-one (1). In a typical procedure, a suspension of 1, acetic an- 
hydride, and amalgamated zinc in ether was cooled to the desired temperature and 
the reduction was brought about by the addition of a saturated solution of hydrogen 
chloride in ether. Four products were obtained, 4-niethyl-2-pentanone (3), 3,3-di- 
methyl-2-butanone (4), 1,2,2-trimethylcyclopropyI acetate (5) and 4-chloro-4- 

OAc 1 

Cl 
5 6 

methyl-2-pentanone (6). The relative distribution of these products was shown to 
depend strongly on reaction temperature (Table 2). The best yield oi" the cyclopropyl 

Table 2. Effect  of the ternberatwe 09% the redzictioiz of 4-met~~vl-3-bentcii-2-one (1) 
~~ 

Temperature Absolute relativc distribution (yo) of 

("C) [O/A) 5 3 4 6 
yield of 5 

~~ 

25 23 55 45 < 0.5 0 
0 33 68 31 < 0.5 0 

- 35 67 97 < 1.5 < 0.5 < 1  
- 78 46 70 < 0.5 < 0.5 29 

acetate 5 was obtained at  -35". At lower temperatures more of the hydrogen chlo- 
ride addition product 6 was obtained, whereas at  room temperature the yield of 5 
fell off sharply in favour of 3. These results are in contrast to those obtained in 
aqueous solution in which the rearranged ketone 4 is obtained at any temperature. 

The role of acetic anhydride is to serve as a trap €or the intermediate cyclopro- 
panol. 1,2,2-Trimethylcyclopropyl acetate (5) is almost exclusively formed if acetic 
anhydride is added at the end of the reduction. Moreover, omission of the anhydride 
permits the isolation of 1,2,2-trimethylcyclopropanol (2) [4]. 

The hydrogen chloride addition product 6 is not a precursor of tlie cyclopropanol: 
when 6 was independently synthesized and subjected to  the Clewwaemen reduction 
it was simply recovered unchanged. 

Lastly, i t  was observed that the use of an inert ga!j atmosphere (nitrogen) or the 
inclusion of 2,5-di-t-butyl-$-cresol as a free radical quenclier [8] in no way affects the 
course of the reduction. 

Other acyclic enorzes. While the reduction of methyl vinyl ketone (7) affords 
1-methylcyclopropyl acetate (S), 3-penten-2-one (9) and 3-methyl-3--buten-2-one (10) 
cyclize to a mixture of trans- and cis-l,2-dimethylcyclopropyl acetates (11 and 12) 
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in a ratio of 85:15 and 61:29, respectively. The reduction of 10 also gives a small 
amount of 3-methyl-3-buten-2-yI acetate (13). 

Monocyclic enones. Reduction of 2-isopropylidene-1-cyclopentanone (14) and 
2-cyclohepten-1-one (15) takes place easily to give the expected cyclopropyl acetates 
16 and 17. However, 2-ethylidene-1-cyclopentanone (18), Z-benzylidene-l-cyclohexa- 
none (19), and its deuteriated derivative 20 are all reduced to give only one of the 
two theoretically possible cyclopropyl acetates, namely the exo-isomers 23, 25, and 
26, respectively. On the other hand, the 7-endo-methyl compound 27 is obtained from 
methyl 1-cyclohexenyl ketone (21). 2-Methyl-2-cyclohexen-1-one (22) cyclizes to give 
a 55:45 mixture of the exo- and endo-isomers 23 and 24. 

Bicyclic enofles. The reduction of 3-methylidene-2-norbornanone (28) is the only 
case where no trace of cyclopropyl acetate is detected; instead a high yield of endo-3- 
methylidene-2-norbornyl acetate (29) is obtained. 

Discussion. - The Clemmensen reduction of eleven different a,/?-unsaturated 
ketones gave in every case the corresponding cyclopropyl acetate as the major pro- 
duct in an overall yield of 28-65y0, with one exception. Polymerization of the enone 
under the acidic conditions was found to be responsible for diminishing the yields of 
reduced products. Other reduced compounds are also found in minor quantities (less 
than 5%), however the isolation of the cyclopropyl acetates could be easily achieved 
by column or gas-liquid chromatography. 

Stereochemical course of the reduction. The configuration of the cyclic products 
seems to be determined by the constitution and configuration of the starting enone. 
For example 2-alkylidene- and 2-arylidene-1-cycloalkanones (18, 19 and 20), pos- 
sessing a fixed ( E )  configuration and a s-cis enone moiety, furnish stereospecifically 
the exo compounds whereas methyl 1-cyclohexenyl ketone (21) present in the s-trans 
form [9], produces just the endo derivative 27. Similar stereochemical results have 
already been observed during the reduction of 2-arylidene-1-cyclopentanone [5]. 
2-Methyl-2-cyclohexen-1-one (22) however, although it exists in the fixed s-trans 
form, leads to a mixture of the isomeric acetates 23 and 24. 

Acyclic enones being free of such steric constraints cyclize in a non-stereospecific 
manner. 

Mechanism. The mechanism of the Clemmensen reduction of a,/?-unsaturated 
ketones has been discussed in terms of concerted processes [2] and diradical inter- 
mediates [lo]. Unfortunately these mechanisms do not explain the stereochemical 
course of the reaction. It has been suggested that the zinc atom initially attacks the 
oxygen atom of the carbonyl function thereby engendering ring closure by concerted 
attack on the double bond [2]. This runs counter to the general view that the metal 
atom attacks the electropositive end of the carbonyl group [ll].  

Free radicals or biradicals do not appear to be involved in the reduction or to have 
an important role as is evidenced by the absence of any effect when radical quencher 
is present. Furthermore, it has been shown that triplet 1,3-diradicals do not undergo 
stereospecific cyclization. For example, the thermal decomposition of substituted 
1-pyrazoline, which proceeds via a 1,3-diradical, leads to a mixture of isomeric cyclo- 
propanes [12]. Similar behaviour is found in the addition of triplet methylene to cis- 
and transd-butene. Here too, formation of the cyclopropane adduct, which involves 
a 1,3-diradical, proceeds with loss of the geometry of the starting olefin [13]. 
62 
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.4 clue to the possible reaction course is provided by a consideration of the mech- 
anism of the polarographic reduction of conjugated enones [14]. In a two-electron 
process the formation of an allylic anion 30 has been proposed. In  view of the parallel 
between polarographic and metal reductions, the assumption can be reasonably 
made that in the Clernrnensen reduction of a,B-unsaturated ketoncs an allylic anion 
of type 30 is initially formed. It follows that formation of the threci-membered ring 

30 

will occur by electrocyclic closure in a conrotatory fashion [ 151 l O j ,  A4ccordingly, 
only one of the possible pair of isomers should be formed. If this meclianism is correct, 
enones 18, 19, and 20 should all give tlie exo compounds 23, 25, and 26, whereas 21 
possessing an s-trans configuration, should only afford the eitdo compound 27. All 
these expectations were confirmed by experiment. On the other hand, 3-penten-%one 
(9) and 3-methyl-3-buten-&one (lo), which do not have fixed configurations [I 7j, 
gave mixtures of the two possible isomers 11 and 12. 

Unfortunately, tlie aforementioned mechanism does not appear to hold in the 
case of the cycloalkenones 15 and 22. For reasons of steric constraint, these enones 
are obliged to cyclize in a disrotatory fashion, otherwise the highly strained trans 
intermediate 31 would form. We therefore conclude that either a different mechanism 
is operating or that the activation energies of the allowed and forbidden ring closures 
are not greatly different. Indeed, a recent calculation has shown that- this difference 
in energy is of the order of 9 kcal/mol [18]. Once the cyclopropyl anion 32 is formed, 
protonation can take place on either side of the molecule leading automatically to a 
mixture of the isomeric cyclopropanols. Accordingly, the reduction of 2-methyl-2- 
cyclohexen-1-one (22) to give both acetates 23 and 24 is no surprise. 

32 31 

The allylic anion hypothesis also provides an explanation for the formation of 
most of the minor reduction products. Protonation of the hydroxy allylic anion 30 
can occur at  either end to afford the allylic acetate or the saturated ketone. 
Examples of this ambivalent protonation are seen in tlie reduction of 10, 21, 28 and 1. 

'The reduction of 1 under anhydrous conditions gives none of tlie rearranged 
ketone 4 which is observed in aqueous hydrochloric acid [3 ] .  We therefore conclude 
that the cyclopropanol 2 is a stable species under our reaction conditions, a fact 
which we were able to establish by carrying out the reduction in the absence of acetic 
anhydride. Therefore, 4-methyl-2-pentanone (3) must be formed in a step prior to 
cyclization, namely via the protonation of the corresponding allylic anion (v. sz@ra). 

The absence of a cyclopropyl acetate derivate in the case of 3-methylidene-2-nor- 
bornanone (28) is probably due to the prohibitive increase in strain in creating a 
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cyclopropane ring fused cis to the norbornane skeletion. Consequently, protonation 
of the allylic anion occurs from the exo side to give the endo acetate 29. 

Conclusions. - The formation of cyclopropanol intermediates in the Clewamensen 
reduction of a,B-unsaturated ketones appears to be general. The configuration of the 
enone determines the stereochemical course of the reaction and we believe that an 
allylic anion is the key intermediate. 

We are indebted to the Fonds iVational Suisse de la Recherche Scientifzque (grant KO 2.238.0.74) 
for support o f  this work. We wish also to rccord our gratitudc to  G. Galeazzi for his assistance 
with thc experinicnts. 

Experimental Part 
Geneval. Gas liquid chroinatcgraphy (GLC.) was carried out on Pevkiw-Elmer models P11 

and 990 instrumcnts. 113. spcctra mere recorded on a Perkiiz-EZnzer model 402 spectrophotometer. 
NMR. spectra wcrc dctcriiiined at  60 MHz on Perkiiz-Elmer model K12 or Vavian model T6Oh 
instruments. Determinations at  100 MHz acre performed on a Varian model XL-100 spectrometer. 
In all cases CC14 and CDC13 were used as solvents, chemical shifts arc expressed as ppm with 
reference to tctramethylsilane taltcn as zero. Signal intensities are reportcd in proton units 
( l H ,  2H, etc.). Signal multiplicity is noted as singlet (sj, doublet (d ) ,  triplet ( t ) ,  quartct (qj and 
multiplct (wz); the coupling constants J are given in €12, MS. were recorded on Vaviizn niodcl 
S h l l  or EM 600 spcctrometers. 

u,p- Unsatzwaterl ketones. 4-~Zethyl-3-penten-2-onc ( I ) ,  methyl vinyl ketone (7),  3-penten-2-onc 
(9), 3-niethyl-3-butcn-2-onc (lo), 2-cyclohepten-1-onc (15), methyl 1-cyclohexenyl lictonc (21 j ,  
and 3-mcthylidenc-2-norbornanonc (28) are conimcrcially available compounds (purchased from 
Fluka or A ldviclz) . 

2-Isopropylidene-1-cyclopentanone (14), 2-cthylidenc-1-cyclopentanone (18) and 2-benzyl- 
idene-1-cyclohexanone (19) were obtained by condensation of the appropriate enamine with thc 
aldehyde or kctonc according to the procedure of Hunig 1191 and Birhlzofev [ZO]. 2-Methyl-2- 
cyclohexen-1-one (22) was prepared according to john so:^ [21]. 

2-Benzylidene-octadeuterio-I-cyclohexanone (20). Oxidation [22] of 2,2,3,3,4,4,5,5,G, G-de- 
cadeuteriocyclohexanol, furnished by Ciba-Geigy AG,  gave the corresponding lietonc which was 
converted to  its 2-benzylidene derivative as above. Further treatment with deuterium oxid:, and 
base gave 2-benzylidcne-octadcuterio-1-cyclohexanone 20 [23]. 

A+nalganzated zinc [24]. 50 g of zinc powder (Merck) were shaken for 10 min with a solution 
of 6 g of mercuric chloride, 4 ml of conc. hydrochloric acid and 100 in1 01 water. T h c  solution was 
decanted and the amalgamated zinc washed thoroughly with water, acetone, and ether, and 
finally dried in a dessicator for 24 h. 

General Yeduction pocedure. A stirred suspension of 1 g of enonc, 1 ml of aceiic anhydridc and 
5 g of amalgamated zinc in 10 ml of dry ether was cooled to - 35' and 5 ml of a saturated solution 
of hydrogen chloride in ether was added during 5 min. Stirring was continued st - 35" for 15 min, 
then the solution was decanted and poured into 50 ml of a saturated solution of sodium hydrogen- 
carbonate. The mixture was extracted with ether. The organic laycr was washed, dried ovcr 
MgS04 and evaporated. The residue was directly analyzed by GLC. or distilled (bulb to  bulb) 
prior to  preparative GLC. Yields were always based on distilled products. In addition to  the main 
analysed components, there werc always small quantities of several unidentified compounds 
present. 

Reduction of 4-MethyZ-3-~enten-2-one (1). 1 gave 1, 2, 2-trimethylcyclopropyl acetate ( 5 )  in 
65% yield 1251. - NMR. (CDCl3): 0.39 and 0.62 (AB ,  J = 6.0, 2 H ) ;  1.08 (5, 3Hj ;  1.12 (s, 3H) ;  
1.49 (s, 3H); 1.99 (s, 3H). 

Reduction of Methy2 vinyl ketone (7) .  7 gave 32y0 of 1-methylcyclopropyl acctate (8) [25]. - 

Reduction of 3-Penten-2-one (9). An 85 : 15 mixture of cis- and trans-l,2-dimethylcyclopropyI 
acetate (11 and 12) was obtained in 40% yield. Separation of thc isomers was achieved by GLC. 
(column: Apiezon L 20%). Shift reagent was used to clarify the NMR. spectrum. - cis-Isomer 11 : 
NMR. (CDC13): 0.20 (nz, 1H) ;  1.05 (nz, 3H);  1.50 (s, 3H) ;  2.02 (s,  3Hj. -. frans-Isomer 12: NhlR. 

NMR. (CDC13): 0.55-0.95 (m, 4 H ) ;  1.53 (s,  3H) ; 1.98 (s, 3H). 

(CDC13): 0.11 (w, 1 H ) ;  1.07 (w, 3H);  1.46 (s ,  3H); 1.96 (s, 3H). 
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l i educ t ion  of3-Methyl-3-bute1z-Z-oize (10). 10 afforded a 61 : 29: 10 mixture ol cis- and trans-l,2- 
dimethylcyclopropyl acetates (11 and 12) and 3-methyl-3-butert-2-yl acctatc (13). GLC. separation 
of the thrcc compounds was not possible, however aftcr catalylk hydrogenation, the two isomeric 
acetates were easily separated from the saturated acyclic acetate. - 13: XMR. (CI>C13): 1.29 
(d ,  J = 5.5, 3 H ) ;  1.73 (s, 3 H ) ;  2.03 (s, 3 H ) ;  4.7-5.1 (m, 2 H ) ;  5.1-5.5 (nz, 1H). 

Reduction of 2-Isopropylidene-1-cyclopentanone (14). A 45(% yield of l-acctoxy-6,6-dimethyl- 
bicyclo[3.1.O]hexanc (16) was obtained. - NMR. (CIlC13) : 1.04 (.s, 3H) ; 1.05 (s, 3H) ; 2.02 (s, 3 H) ; 
1.1-2.4 (nz, 711) .  

Reduction of -‘-Cy~lohepte?z-7-o?ze (15). l-Acctoxybicycloj4.l.O]hcptanc (17) was foi-mcd in 
40% yield. - NMR. (CDC13): 0.5-2.2 (nz, 11H) ;  1.95 (s, 3H) .  

Reductroiz of 2-Ethylidene-7-cyclopentanone (18). exo-l-Acc~toxy-6-nicthpll~ic~clo~3.1.0]hexane 
(23) was obtained in 45% yield. - NMR. (CDC13): 1.02 (m,  31-1); 2.03 (s, 3H;l; 1.00-2.4 (m, 8H) .  

Reduction of 2-Benzylidene-1-~yclohexanone (19). .A 50yo yield of exo-1-acetoxy-7-phenylbi- 
cyclo[4.1.0]heptane (25) was obtained. Purification mas carried out by colunin chromatography 
(aluminium oxide, activity I11 using pentane as eluant). - NMK. (CDC13): 1.62 (s, 3 H ) ;  7.09 (s, 
5 H ) ;  1.0-2.4 (m, 10H). 

liedziction of Z-Benzylidene-ocfadeutevio-l-cycloh~xal2o~~e (20). A 50% yield of exo-l-acetoxy-7- 
phenyl-2,2,3,3,4,4,5,5-octadeuterio-bicyclo[4.l.0]heptane (26) was obtained. The NMR. spectrum 
was clarificd by shift reagcnt. - NMR. (CIlC13): 1.46 (s, 3H) ;  7.22 (s, 5H) ;  1.64 and 1.88 (ABq 
J A R  = 7.0, 2H).  

Reduction of methyl I-cyclohexewyl ketone (21). A 76 : 24 nlixturc of 7-acctoxy-7-endo-niethyl- 
bicyclo[4.1.O]heptane (27) and methyl cyclol~cxyl ketone was obtained. The ezo  isomer of 27 was 
indepcndcntly synthesized and shown to be different from 27 [26]. - -  cna‘o-Isomer 27: NhfR. 

Reduction of 2-Methyl-2-cyclohexen-I-oi~e (22). A 55 : 45 mixture of eno- and ei~lo-l-acctoxy-6- 
niethylbicyclo[3.1 .O]hexa.ne (23 and 24) was obtained in 40:6 yield. Separation was eifccted by 
preparative GLC. (column: Apiezon L 20%). Shift rcagent was used t o  clarify the NMR. spectrum. 
-endo-Isomer 24: NMR. (CDC13): 1.07 (m,  3 H ) ;  1.96 (s, 3 H ) ;  1.0-2.4 (m, 8 H ) .  

Reduction of 3-Methylide?ze-2-~zorbornanoize (28). An 850,b yield of elldo-3-methylidene-2- 
norbornyl acetate 29 was found. - NMR. (Cc14): 1.2-1.9 (wz, GH); 2.03 (s, 3 H ) ;  2.4-2.8 (tn.  2H) ;  
4.75 (m,  1 H ) ;  4.9 (m. 1 H ) ;  5.2 (m, 1H). 

IR .  and MS. of cyclopropyl acetates. IR. : all cyclopropyl acetates showed strong absorptions 
a t  1740-1745 cm-l (carbonyl) and 1240 cm-l (acetate). MS. : cyclopropyl acetates, in addition 
to thc parent peak M+, showed peaks a t  M -  15, M-42 ant1 .If-57. 

(CDC13): 0.8-1.0 (m, 2H) ;  1.0-1.8 (WZ, 8 H ) ;  1.46 (s, 3 H ) ;  2.07 (s, 31-1). 
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101. Synthhses de produits organofluorks VI1) 
Solvolyse de chlorofluorocyclopropanes 
par Yvonne Bessiere et Manfred Schlosser 

Institut de chimie organique de l’Universit6, rue de la Barre 2 ,  1005 Lausanne 

(6. 11. 76) 

Fluoro-organic Syntheses VI: The Solvolysis of Chlorofluoro-cyclopropanes. - 
Summary. 2-Fluoro-allylic carbocations, generated from 1-chloro-1-fluoro-cyclopropanes or 
2-fluoro-ally1 p-toluene-sulfonates in water or acetic acid, undergo either proton loss or addition 
of hydroxyl or acetoxyl. In the latter case, an alkyl-substituted 2-fluoro-ally1 ion leads predomi- 
nantly to the more branched product (e. g. 3-fluoro-2-methyl-3-buten-2-01) which may be converted 
into the less branched one (e.g. 2-fluoro-3-methyl-2-buten-2-01) through reversible reactions. 

Par acbtolyse en prbsence de sels d’argent, les gem-chlorofluorocyclopropanes 
(e.g. 1) sont transform&, dans des conditions pr4ddemment dkrites [l], principale- 
ment en acCtates fluoro-2-allyliques primaires (e.g. 3, R = COCH3) ; des c4tones 
a,p-insaturCes (e.g. 6 )  sont identifibes comme produits secondaires. 

En principe, le carbocation fluoro-2-allylique (e.g. 2) form4 dans une premihre 
&ape, peut fixer un anion en conduisant aux dbrivbs 3 et 4, ou bien Climiner un 
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a: R = CO-CH3 
b : R = H  
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1) Fluororganische Synthesen V, voir [l]. 


