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Summary: A series of acyclic and cyclic Q-unsaturated esters bearing tethered mesylate leaving groups 
have been electrochemically reduced to give synthetically useful yields of monocyclic and bicyclic esters via 
attack of the p-carbon of the a&unsaturated ester on the carbon bearing the mesylated moiety. 

Reductive cyclization reactions of a,b-unsaturated ketones with the &carbon acting as a nucleophilic 

center have been known for over twenty years. ’ The conversion of 1 into 2 has been reported to occur in 

45% yield via lithium in liquid 

dimethylcuprate,’ and 98% yield 

ammonia reduction,’ 96% yield via electron transfer from lithium 

via cathodic reduction.3,4 Unfortunately, relatively little is known about 

the scope and mechanistic detail of this reaction. For instance, in certain cases it is assumed that an anion 

radical, generated by reduction of the a&unsaturated carbonyl compound, is the nucleophile,3t4a,4c*4d while 

in at least one case, it is proposed that a tethered halide is reduced to form a nucleophile which adds to the 

a&unsaturated carbonyl derivative in a Michael type addition. 4b We now report a variety of studies which 

more clearly define the scope, limitations and mechanism of this potentially useful synthetic procedure. 

Table 1 lists the yields of expected cyclization products from the cathodic reduction5f6 of acyclic a,& 

unsaturated esters in both the absence and the presence of a proton source (dimethyl malonate, 3). Ex- 

amination of the yields obtained in the absence of a proton source indicates that the yields are a function of 

the rate of nucleophilic displacement of the mesylate anion by the electrochemically generated anion radi- 

cal. The yields are ordered roughly in the order of the relative rates of intramolecular nucleophilic 

displacement.’ This concept is supported by the observation that addition of dimethyl malonate, as a proton 

source, eliminates the cyclization process for 5, 7, and 8, reduces the amount of cyclization in the case of 6, 

and has little effect on the cyclization of 4. This indicates that proton transfer from 3 to the anion radicals 

generated from 5, 7, and 8 is faster than cyclization, while proton transfer from 3 to the anion radical gener- 

ated from 6 is competitive with cyclization. The yields of reduction products formed from 5-S in the 
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presence of 3 support this argument. The reductive cyclization of 4 was unaffected by the addition of 3. 

This indicates that intramolecular displacement of the mesylate anion by the anion radical generated from 4 

occurs faster than proton transfer from 3 to this anion radical. 

Table 1. Yields of Anticipated Cyclization Products of Acyclic a&Unsaturated Esters in the Absence 
and Presence of Dimethyl Malonate (3,2 Equivalents)’ 

Substrate Cyclization 
Product 

Yield in Yield in Reduction Product Formed 
the Absence the Presence in the Presence of 3 
of3 of3 (Yield) 

CoZCZH5 

MS0 C02C2H5 

-P CHaooaozHs 91%” 88% -- 

CH3 CH, 

o- 
CH2C02C2H5 6%b -- MsO-(CH,),-CO&H, (65%) 

o- CHa CozozHs 83%a 46% MsO-(CH,),-CO&H, (37%) 

c3 CH2C02C2H5 58yob __ MsO-(CH,),-CO&H, (68%) 

CH2C02C2Hs 4%b __ MsO-(CH,),-COzCzH, (70%) 

(a) Working potential = -2.2 V vs SCE. (b) Working potential = -2.3 V vs SCE. 

For the reductive cyclization of 4, it appears that electron transfer to the a&unsaturated ester may 

be the rate-determining step. Peak potentials (EJ for cathodic reduction, as determined by cyclic voltam- 

metry at a scan rate of 100 mV/sec at a Au-Hg plate electrode, showed the EP for ethyl crotonate, 5, 7, and 

8 to be -2.47 to -2.49 V. For 4 and 6, the corresponding EP values were -2.32 V and -2.41 V, respectively. 

These reduced EP values can be associated with kinetic shifting of the reduction potentials due to rapid or 

concerted loss of the mesylate anion in the reductive cyclizations of 4 and 6. 

Reductive cyclizations of the type described above were not restricted to acyclic systems. Cyclic start- 

ing materials’ should offer an advantage due to the decreased rotational freedom which the ring systems 

provide. Table 2 lists the results obtained in the reductive cyclizations of a series of a,&unsaturated esters 

which have restricted rotation due to the incorporation of a ring into the linkage between the cr,,& 
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Table 2. 

~~~ ~~ - 

Yields of Anticipated Cyclization Products Obtained from Cyclic a&Unsaturated Esters5 

Substrote 

Z 

H 
OMs 

1J 

Cyclizotion Productk) Y ieldk) 

CHz COzCzHs 

CD 81% 

Ii 

H pw2~2H5 

a 

60% 

H 
+ 

cfL02C2H5 - 
!! 

0% 

OMS t 

55% 

CO2CZHS 
D C4CzH5 

H 

98%’ 

B 

(a) A 45:55 mixture of 13 and its epimer were reduced to give a 44% yield of 14. Since the epimer does not 
cyclize, this constitutes a 98% yield of 14 from 13. 

unsaturated ester and the leaving group. As shown, simple cases such as 9 and 10 give synthetically useful 

yieIds of cyclization products (81% and 70%, respectively). The failure of 11 to provide any cyclization 

product illustrates an important mechanistic point. Sulfonate esters are known to undergo reductive 

cleavage of both the S-O bond ’ and the C-O bond. lo Reductive C-O cleavage of the mesylate group of any 

of the substrates used in our study could, in principle, generate a carbanion, which could add to the cr& 

unsaturated ester in a Michael addition to produce the observed products. If this were the mechanism, 10 

and 11 should both yield the same. carbanion and the same products. The failure of 11 to yield any cycliza- 

tion products shows that it is the a&unsaturated ester which is reduced, and that the resulting anion radicai 
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does a classical backside S,2 displacement of the mesylate anion. With the cis stereochemistry present in 

11, this type of displacement cannot readily occur and, as a result, no cyclization is observed.” 

In the case of 13, the reduction was carried out on a 4555 mixture of 13 and its epimer 15 to give a 

44% yield of 14 or a 98% yield based on 13. When the reduction of the mixture of 13 and 15 was done in 

OMs 
, CO2C2% 

b- 
%H, 

~ &;2coy2H' &CWO2C2’% 

IJ-+E !c? u 

the presence of two equivalents of dimethyl malonate, a 41% yield of 14 and 47% yield of 16 was obtained. 

Since the anion radical generated from 15 cannot cyclize due to the requirements for S,2 displacement, 

proton transfer occurs to this anion radical to produce 16. 

In summary, we have elucidated the scope, limitations and some of the mechanistic details of this 

synthetically useful reductive cyclization reaction. 
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