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The reactions of four esters, naphth-1-ylmethyl acetate, naphth-1-ylmethyl benzoate, benzyl acetate, 
and benzyl benzoate, with the salts of radical anions of fluoranthene and biphenyl have been studied. 
When ester radical anion formation is energetically possible, C H 4  bond cleavage follows rapidly. 
The resultant ArCHz radical is reduced under the reaction conditions. The ArCHz anion thus produced 
can react with the ester both as a nucleophile and as a base to promote a variety of side reactions. 
In most cases, these processes compete with the initial reduction and cleavage. 

Our interest in the cleavage of radical anions had 
previously led us to study the reactions of ethers having 
the structure ArCHzOAr' (either Ar or Ar' = naphthyl) 
with the radical anion salts of fluoranthene and biphenyl 
(FL-' and BP.) to produce ArCH3 and ArCH2CHzAr.l 
Even with the less potent of these two one-electron donors, 
FL-', electron transfer to the naphthyl moiety was viable 
and this was followed by CH2-O bond scission. We 
anticipated a similar sequence for the related esters, 
ArCHzO(C4)R. RC02- was expected to be a better 
leaving group than Ar'O-, allowing us to use the ester 
cleavage to test some hypotheses from our earlier work.2 
As it turned out, the unexpected diversity of the reaction 
products obtained from the reaction of the esters l a 4  
with FL-' and BP-' and the associated mechanistic 
uncertainty have temporarily redirected our effort toward 
a simple attempt to rationalize the observed reaction 
outcomes. 

The reaction of esters with arene radical anions appears 
not to have been studied extensively, although there is a 
wealth of literature describingreactions with alkali metals. 
In hydroxylic solvents, aliphatic esters are generally 
reduced via the Bouveault-Blanc reaction3 to alcohols 
having the same number of carbon atoms. In benzene or 
ether the outcome is more likely to be acyloin condensation4 
and this is also favored in An acyloin-type 
sequence has been observed when alkyl benzoates react 
with lithium and a catalytic amount of 4,4'-di-tert- 
butylbiphenyl.6 The reaction involves the radical anion 
of the substituted biphenyl as an electron-transfer agent 
and initially formed product is converted to bibenzyl, an 
outcome not observed with other alkali metals. The 
acyloin condensation has been extensively utilized for the 
synthesis of ring compounds.' It is generally agreed that 
all of these reactions proceed via the radical anions of the 
estem8 In addition to the foregoing transformations in 

(1) Maslak, P.; Guthrie, R. D. J.  Am. Chem. SOC. 1986,108, 2637. 
(2) Guthrie, R. D.; Shi, B. J. Am. Chem. SOC. 1990,112, 3136-3139. 
(3) Bouveault, L.; Blanc, G. C. R. Hebd. Seances Acad. Sci. 1903,137, 

60. 
(4) (a) Bouveault, L.; Locquin, R. Bull. SOC. Chim. 1906,35(3), 629. (b) 

Snell, J. M.; McElvain, S. M. J. Am. Chem. SOC. 1931,53,750. 
(5) (a) Kharasch, M. S.; Stemfeld, E.; Mayo, F. R. J. Am. Chem. Soc. 

1936, 61, 215. (b) Kharasch, M. S.; Sternfeld, E.; Mayo, F. R. J.  O g .  
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(6) Karaman, R.; Fry, J. L. Tetrahedron Lett. 1989,30, 4931,4935. 
(7) For a review, see: Finley, K. T. Chem. Reu. 1964, 64, 573. 
(8) (a) Blicke, F. F. J. Am. Chem. SOC. 1925,47, 229. (b) Scheibler, 
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which the alkyl-oxygen bond remains intact, there are 
also reports of one-electron reductions in which it is broken. 
This was true for electrochemical reduction of a series of 
4-carbomethoxybenzyl estersB and for photochemical 
generation of certain radical anions which cleaved to 
nonbenzylic radicals.lOJ1 Even for dissolving metal re- 
ductions of certain completely aliphatic esters, yields of 
up to 90% of alkyl-oxygen bond cleavage products have 
been observed using K/Na alloy in THF with tert- 
butylamine and crown ether.12 Masnovi13 has compared 
the products from radical anions of benzyl benzoate 
produced in ethanol by radiolysis to products from alkali 
metal reduction in the same solvent. The radiolysis- 
generated intermediate gives exclusively alkyl-oxygen 
scission, whereas the chemically-generated species, if 
formed under these conditions, reacts by other paths. 

Results and Discussion 

Cleavage by One-Electron Donors in THF. Aryl- 
methyl acetates and benzoates were treated with solutions 
of radical anion salts in tetrahydrofuran (THF). The 
observed products are generalized in Scheme I and the 
mole percentages of these products are given in Table I. 
With the exception of benzoate and acetate salts which 
were not isolated, the entries in Table I are believed to 
include all of the significant reaction products as observable 
by NMR and GC analysis of the reaction mixtures. 

The most readily interpretable data are those for lb 
and IC. Particularly when treated with BP., it is clear 
that reductive cleavage has occurred. Toluene is a major 
product (runs 14,15,16,19, and 20) but arylmethyl phenyl 
ketones 4b and 4c are also observed. The amount of 
alcohol 5 produced approximately matches the amount of 
ketone. These results are explained by the simple mech- 
anistic interpretation of eqs 1-4. In the case of ethers, 
ArCHz' was reduced by FL-' to give ArCHz- which led to 

(1) 1 + FL-' or BP-' - 1-' 
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7a48. 

(11) Saito, 1.; Ikehira, H.; Kasatani, R.; Watanabe, M.; Matsuura, T. 
J.  Am. Chem. SOC. 1986,108,3115. 
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(13) Masnovi, J. J. Am. Chem. SOC. 1989,111,9091-9089. 

0 1993 American Chemical Society 



3068 J.  Org. Chem., Vol. 58, No. 11, 1993 Shi and Guthrie 

I-' - ArCH,' + RCO; (2) 
U 

ArCH,' + FL-' or BP-' - ArCH; (3) 

ArCH; + HR' .-, 2 + R' (4) 

ArCHs. Although the agent involved in protonation of 
ArCH2- (HR) was uncertain in those cases, the fact that 
equimolar amounts of ether and FL-' gave only a 50% 
yield of ArCH3 and left 50% of starting ether unreacted 
strongly supported this sequence. The reduction potential 
of benzyl radical has been measured by Wayner and Griller 
tobe-1.78VwAgIAgNO3 (-1.45V~sSCE)~~whichwould, 
indeed, demand that ArCH2' be reduced to ArCH2- when 
it is formed in the presence of any of the radical anions 
involved in either the present study of esters or the former 
study of ethers. 

The logical pathway for the formation of 4 is shown in 
eq 5. An alternative path would involve coupling between 

0- 

WH; + 1 - ArCH1d(CH2Ar)R (5) 

the ester radical anion and the benzyl radical. However, 
the latter mms untenable if it is considered that the radical 
anions of the esters la-d are more powerful reducing agents 
than FL-' which itself is capable of reducing ArCH2'. (The 
reduction potential of fluoranthene is -1.78 vs SCE in 
DMF.l6) The reduction potential of these esters is not 
known, but Ell2 for acetophenone is -1.99 V vs SCEla and 
the reduction potentials of esters la-d are certain to be 
more negative. 

In all runs for l b  and IC, it would appear that some of 
the benzylic anion produced in eq 3 reacts to give ketone 
4 via eq 5. Once formed, deprotonation of either ketone 
4b or 4c by subsequently formed benzylic anion would be 
an energetically favored outcome. If it is assumed that 
benzylic anion produced by the sequence of eqs 1-3 
deprotonates 4 faster than it adds to the ester, the product 
distribution in the BP-' runs is nicely accommodated. One 
equivalent of benzylic anion produces ketone and each 
newly-produced equivalent of ketone protonates a second 
benzylic anion. The enolate ion produced in the latter 
process is presumably unreactive. In run 20, the amount 
of toluene exceeds that of 4, possibly indicating that some 
other proton source competes for the benzylic anion. For 
runs 14-16, the amount of methylnaphthalene is roughly 
twice that of ketone, possibly because of a somewhat faster 
reaction sequence for l b  as discussed later. It will be noted 
that in all of the reactions of lb  and IC with BP-' small 
amounts of dimer 3 were detected, substantiating the 
involvement of benzylic radicals as intermediates in the 
formation of benzylic anions. The yield of dimer was 
somewhat unreproducible and this is believed to be related 
to mixing efficiency. Electron transfer from BP-' to ester 
is energetically favorable and, therefore, very fast. Dimer 
formation is believed to be the fate of benzylic radicals 
formed in a B P '  depleted zone. This phenomenon was 
not investigated in detail. 

4 

(14) Wayner, D. D. M.; Griller, D. J. Am. Chem. SOC. 1986,107,7764- 

(16) (a) Pointeau, R. Ann. Chim. (Paris) 1962,7,669. (b) Aten, A. C.; 

(16) Given, P. H.; Peover, M. E.; Schoen, J. M .  J.  Chem. SOC. 1968, 

7766. 

Buthker, C.; Hoijtink, G. J. Trans. Faraday &e. 1989,66, 324. 
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Scheme I 

0 0 
II II 

ACH3 + (ArCH2)2 + ArCHZCR + ArCH20H + FL-CR 
2 3 4 5 6 

la: Ar = naphthyl, R = CH3 
1 b Ar = naphthyl, R = phenyl 
1 c: Ar = phenyl, R = phenyl 
Id: Ar = phenyl, R = CH3 

(-C) = l&aownbadded 
BP =biphenyl 

. .  

FL = fluoranthene 

For the reaction of l b  and IC with FL-', runs 11-13 and 
17-18, it will be noted that the amount of ketone is smaller 
than that for the BP-' runs and that there is usually 
somewhat more 5 than 4. Again this is particularly evident 
in the crown ether reactions. In run 17 an additional 
product, 6, was detected. This could be produced either 
from benzoylation of FL2- or by coupling of IC-' with FL-'. 
Such processes account for some of the excess 5 which 
would be a necessary byproduct. 

In the case of the reaction of la and Id with B P '  and 
FL-', the ester itself presents a viable proton source to the 
benzylic anion. Interestingly, products from ester depro- 
tonation do not appear to be very significant in the 
BP-promoted reactions of la, runs 9 and 10, which give 
the highest yields of reductive cleavage products. The 
yield of 4 is also reduced. It is clearly predictable and 
demonstrated below that la-' should dissociate more 
rapidly than either lb-' or IC-' and thus, in the case where 
the reducing reagent is BP-*, the sequence of eqs 1 and 2 
apparently consumes the ester so rapidly that the reaction 
of ester with benzylic anion does not compete. When 
BP-C-' is used, run 10, the dimer 3 becomes the major 
product. This was observed for BP-', itself in reacting 
with ArCHzOAr ethers and was interpreted in terms of a 
drop of BP-' solution reacting so rapidly as to develop 
locally high concentrations of radicals which then dimer- 
ized. The same seems a likely explanation for run 10. 

Proton removal from the acetyl methyl group becomes 
a viable option in the case of Id where reductive cleavage 
by FL-' is small to undetectable (runs 22-24). The absence 
of reductive cleavage is the reasonable consequence of an 
anticipated highly negative reduction potential for Id 
which lacks both naphthyl and benzoyl moieties. With 
Id-' inaccessible, the reaction produces only base-pro- 
moted Claisen condensation products 7d and 5 in equal 
amounts. This requires that there be an alternate path 
though which FL-' can generate a basiclnucleophilic 
species when ArCHz- formation is slow. The stoichiometry 
of this process seems likely to require 2 equiv of FL-' to 
produce one baselnucleophile as expected for dispropor- 
tionation to the fluoranthene dianion FL". Surprisingly, 
if the reaction temperature is lowered to -65 O C  as in runs 
5 and 6, even la avoids reductive cleavage by FL-' both 
in the presence and absence of crown ether. Apparently 
under these circumstances, the formation and cleavage of 
la-' are slowed relative to the disproportionation to and 
protonation of FL". This explanation seems reasonable 
in view of the fact that the second reduction potential of 
fluoranthene is less negative than the first reduction 
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Table I. Products of Reactions of Ester l a 4  with One-Electron Donors in THF at 25 O C  
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mol % 
run no. 1, [l]; D, [D-'], M X 1 2 3 4 5 note 

1 la, 9.8; FL, 12 3 f 1  35 2 <0.2 12 f 2 38 f 2 a 
2 la, 5.6; FL, 14 <0.2 52 h 2 <0.2 8 + 2  4 0 f  2 
3 la, 4.6; FL-C, 8.3 <0.2 51 f 3 -0.5 <0.02 3 4 f  2 b 
4 la, 7.5; FL-C, 8.2 <0.2 43 + 3 ., <0.1 <0.01 3 7 f 2  b 
5 la, 5.1; FL-C, 7.9 21+2 -0.5 -1 <0.01 61 4 b, C 
6 la, 6.3; FL, 12.8 6 4 f 2  2*1 <0.2 <0.1 32&2 b, C 
7 la, 12.6; FL, 12.9 24 f 2 24 f 2 <0.2 9 * 1  32 2 a 
8 la, 8.1; FL, 122 <0.2 48+2 <0.2 15&2 33 2 a 
9 la, 7.4; BP, 14.5 <0.2 77 2 <0.2 4 f 1  1 8 f 2  d 

10 la, 6.1; BP-C, 26 <0.2 24 + 2 30 * 2 <0.01 16* 2 d 
11 lb, 7.5; FL, 7.5 24 2 23 & 2 4 + 2  2 0 f 2  25+3  
12 lb, 6.3; FL-C, 11.7 2 + 1  52 & 4 -0.1 1 4 f  1 31 + 4 
13 lb, 5.1; FL-C, 10.4 2 * 1  54 f 4 -0.1 12 f 2 32 & 4 
14 lb, 5.1; BP, 6.7 2 * 1  53 + 4 -0.1 23 k 2 23 f 2 
15 lb, 5.9; BP, 11.7 <0.2 55 4 4 + 2  1 8 f 2  19+ 2 
16 Ib, 6.0; BP-C, 12.0 <0.2 50 f 30 15 & 15 8*2 13& 2 e 
17 IC, 9.3; FL, 19 23 + 2 21 + 1 <0.2 1 8 f 2  3 8 f 3  f 
18 IC, 5.9; FL-C, 7.5 24 2 41&4 <0.2 11 f 2 24&3 f 

21 Id, 21.1; FL, 22.5 3 + 1  <0.2 <0.2 <0.2 51 + 2 8 
22 Id, 16.5; FL, 16.4 15 f 2 <0.2 <0.2 <0.2 40* 2 8 
23 Id, 10.2; FL, 20.4 <0.2 . <0.2 <0.2 <0.2 50* 3 g 
24 Id, 12.1; FL-C, 11.7 63 4 2 * 1  <0.2 <0.2 23*4 8 
25 Id, 8.9; BP, 17.7 32 f 3 31 + 3 <0.2 <0.2 37 f 3 
26 Id, 6.3; BP-C, 12.6 9*2  55 * 3 <0.2 <0.2 27 f 3 8 

19 IC, 9.3; BP, 19 2 + 1  32 + 3 2 f l  31 f 3 31 f 3 
20 IC, 9.8; BP-C, 20 <1 41 f 5 2.5 & 1 27 2 2 7 f 2  

a Amounts of naphthylmethyl acetoacetate (NMA) ranging from 2 to 14 mol % were observed in these runs. NMA amounts from 15 to 
19% were observed, except for run 6 where the amount was 2%. Reaction was run a t  -55 O C .  No NMA (<0.2%) was observed in these runs. 
e Difficulty was encountered in obtaining consistent ratios of 2 and 3 under these conditions. Differences in mixing procedures are suspected. 
The yields of 4 and 5 were fairly consistent however. f 5 t 2% and 16 f 3% of 6 was found in runs 16 and 17, respectively. No measurable 
amount of 6 (<1%) could be detected in run 18. g Benzyl acetoacetate (BA) was found to be 46 * 4% in runs 21-23 and 11 f 3% in runs 24 
and 26. 

potential of naphthalene." Thus there should be a higher 
concentration of FL" than of la-.. The fact that FL-' 
solutions in THF are stable for time periods much longer 
than those for the reaction of this study would seem to 
rule out involvement of solvent and suggests that FL2- is 
directly responsible for destruction of part of the starting 
ester, possibly by several different routes. While Claisen 
condensation is dominant for Id, this does not account for 
all of the 5 formed from la. In runs 1-4 and 7, one-half 
to one-third of the 5 formed is not matched by a product 
containing the acyl moiety and for run 6 which was carried 
out at -55 "C, most of the ester conversion to 5 is 
unexplained. Because for the reaction of lc  (run 17) 
benzoylated fluoranthene, 6, was identified, it seem 
possible that acylated fluoranthene could be formed from 
la; however this was not detected. 

A curious change in product distribution occurs for la 
when crown ether is included in that the ketone 4 is no 
longer obtained, even in trace amounts (runs 3-5). While 
crown ether does slightly reduce the yield of 4 in the 
reactions of lb and IC (runs 12,13, and 181, it does not 
exhibit the dramatic effect of completely eliminating 4 for 
reactions involving these substrates. 

Apparently, the benzylic anion when present as an ion 
pair with K+ functions both as a nucleophile to give the 
tetrahedral intermediate of eq 5 and as a base (eq 4) which, 
when HR' = la  or Id, leads to Claisen condensation 
products. When crown ether complexes the potassium 
ion or when the reaction is carried out at low temperature, 
conditions known to discourage ion pairing in THF both 
for carbanions18 and radical only the base- 
promoted process occurs and formation of 4 is eliminated. 

(17) (a) Aten, A. C.; Buthker, C.; Hointink, G. J. Trans. Faraday SOC. 
1959,55, 324. (b) Pointeau, Ann. Chim. (Paris) 1962, 7, 669. 

For reactions of lb and IC, the base-promoted reaction of 
the ester itself is not possible and therefore 4 is formed 
both with and without crown ether. The somewhat 
reduced yields of 4 from these substrates in the presence 
of crown ether could reflect a less competitive rate for eq 
5 relative to formation of enolate from 4 when ion pairing 
is reduced. 

Cleavage in Pulse Radiolysis. Masnovi13 has mea- 
sured cleavage rate constants for a number of ester radical 
anions, including IC-' and ld-', by pulse radiolysis. His 
reported rate constant were 4.8 X 104 s-l for lc-' and 1.4 
X lo6 s-1 for Id-' in ethanol at 22 OC. Product studies 
showed 3 and 2 along with the products from coupling of 
benzyl radicals with solvent-derived intermediates. Under 
conditions where we were able to duplicate Masnovi's rate 
constant for IC-' (ethanol), we observed 5.6 X lo6 s-1 as 
the fiist-order rate constant for dissociation of lb-'. The 
spectrum of this transient is displayed in Figure 1. The 

- absorbance in the 450-nm region is the same as observed 
by Masnovi for several benzoate esters and the decay of 
this absorbance was used to determine the rate constant. 
Masnovi also observed absorbance for benzoate ester 
radical anions (e.g., ethyl benzoate) at 310 nm and Figure 
1 shows a transient absorbance in this region for lb-'. At 
times of >5 ps after the pulse, the spectrum of lb-' has 
decayed, leaving the known spectrum of 1-naphthylmethyl 
radical (maxima at 340 and 365 nm),2O which then fades 
in typical slow, second-order fashion. 

We also attempted to study the decay of la-' by pulse 
radiolysis in ethanol but could find no evidence for any 

(18) Smid, J. in Ions andlon Pairs in Organic Reactions; Szwarc, M., 

(19) Karasawa, Y.; Levin, G.; Szwarc, M. J .  Am. Chem. SOC. 1971,93, 
Ed.; Wiley-Interscience: New York, 1972; Vol. 1, pp 106-114. 

4614. 
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indirect estimates of the rate constants for dissociation of 
radical anions of naphthylmethyl phenyl ethers, wherein 
the phenoxide leaving group should be inferior to acetate 
fotmed from la-., suggest that the rate constant for 
dissociation of la-' is likely to be several powers of ten 
larger than the upper limit of the present pulse radiolysis 
experiments. 
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Figure 1. Pulse radiolysis of l b  in ethanol: (0) 0.2 ps; (0) 0.65 
ps; (A) 1.35 ps; (A) 5.22 ps. 

transient other than the naphthylmethyl radical. The 
absorption for this transient was, within the limits of our 
measurement parameters, fully established within the 
pulse. We could thus be certain that the rate constant for 
dissociation of la-' was greater than 5 X lo6 s-l. 

Pulse radiolysis measurements in ethanol are not 
necessarily legitimate references for estimating cleavage 
rate constants for the radical anions of these esters in 
THF. In addition to the solvent difference, the radiolysis 
experiment probably generates free ions, whereas our THF 
solution intermediates are almost certainly ion pairs. 
Nevertheless, it seems likely that the order of cleavage 
rates observed in the radiolysis experiments, la-* > Id-' 
> lb-' > lb-*, is maintained. This information demon- 
strates that if the equilibrium amount of Id-' formed in 
our reactions was comparable to that of lb-' or lc-*, it 
would almost certainly undergo cleavage. It seems likely 
that the unreactivity of Id with FL-' reflects the fact that 
neither the phenyl ring nor the acetyl group is a sufficiently 
accessible electrophore with this reductant. Probably 
when la reacts with FL-', it is the naphthyl group which 
houses the electron whereas with lb  it is the benzoyl 
moiety. This interpretation is supported by the fact that 
naphthylmethyl phenyl ethers react readily with FL-'.' 
The high yield of reductive cleavage products obtained 
with la and BP-• is very likely a result of the rapid cleavage 
of la-' being coupled to the energetically favored electron 
transfer from BP-' to la. In this case, product formation 
is so fast that the various possible proton-transfer reactions 
cannot compete significantly. 

Although both radical anions la-' and Id-' dissociate 
very rapidly, i t  would appear that la-' is the faster. In 
addition to the fact that its dissociation rate is outside of 
the range of pulse-radiolysis measurement, previous 

(20) (a) Johnston, L. J.; Scaiano, J. C. J. Am. Chem. Soc. 1986,107, 
6368-6372. (b) Getoff, N.; Solar, S.; Haenel, M. W. Rodiat. Phys. Chem. 
1986,26,317-323. (c) Slocum, G. H.; Kaufmann, K.; Schuster, G. B. J. 
Am. Chem. SOC. 1981,103,4625-4627. (d) Slocum, G. H.; Schuster, G. 
B. J.  Org. Chem. 1984,49, 2177. 

Summary 

Arylmethyl acetates and benzoates react with arene 
radical anion salts to give reductive cleavage of the CH2-O 
bond provided that the arene radical anion, the ester, and 
the reaction conditions are chosen so as to permit the 
necessary endergonic electron transfer. BP-' will reduce 
all of the esters of this study. FL-' will work when benzoyl 
or naphthyl groups are part of the ester, but not with only 
acetyl and phenyl. Once formed, the ester radical anions 
cleave rapidly to give arylmethyl radicals which are, in 
most cases, reduced by residual arene radical anions in 
the reaction mixture to give arylmethyl anions. These 
anions then act as bases and nucleophiles in reactions with 
the starting esters. Base-promoted reactions appear to 
be favored by the presence of crown ether. When the 
reactants are such that both reduction and cleavage are 
fast, base- and nucleophile-promoted reactions of the 
starting ester may not compete with reductive cleavage. 
But in such circumstances, local high concentrations of 
radicals and/or depleted levels of reductant may lead to 
radical dimerization. 

Experimental Section 
Solvents and Reagents. Tetrahydrofuran was distilled from 

a solution of sodium benzophenone ketyl and collected under 
argon just prior to use. Reactants and reagents not mentioned 
below were commercial samples shown to be of greater than 98% 
purity by gas chromatographic analysis. 

Methods. All the melting points were determined on a Fisher- 
Johns melting point apparatus and are uncorrcted. Gas chro- 
matographic analyses were performed on a Varian 3700 gas 
chromatograph with flame ionization detector connected to a 
HP 3390A integrator. The column was 3 % OV-101 on Partisorb. 
lH NMFt spectra were taken on Varian EM-390 (90 MHz) and 
GEMINI-200 (200 MHz) NMR spectrometers and CDCb was 
used as the solvent. All reported chemical shifts are in 6 units 
from TMS (tetramethylsilane). GC-MS data were taken using 
a SUPERCAP "High Temperature", Al-clad fused silica bonded 
methyl silicone column (15 m X 0.25 mm id., 0.1-pm fii). 

Preparation of Naphth-1-ylmethyl Acetate (la). This 
compound was made by a modification of the procedure of 
MacLachlan.21 1-(Chloromethy1)naphthalene (5.3 g, 30.1 "01) 
in 10 mL of DMF was treated with sodium acetate (3.0 g, 36.0 
mmol) in 10 mL of DMF and the mixture was stirred at 60 O C  

for 4 h. When the reaction was complete by TLC, the reaction 
mixture was dissolved in 100 mL of CH2Cb and washed with HzO 
(3 x 50 mL). Drying and evaporation of the CHzClz gave crude 
product as a clear liquid. Distillation under reduced pressure 
(90 OC/1 Torr) [lit.z1 80 OC/O.5 Torr] gave 4.5 g (75%) of pure 
product. lH NMR (200 MHz, CDCb): 6 2.1 (s,3 H), 5.6 (e, 2 H), 
7.2-8.1 (m, 7 H). 

Preparation of Naphth-1-ylmethyl Benzoate (lb). This 
compound was made by a modification of the procedure of Hyde.22 
Naphth-1-ylmethanol(l.58 g, 10.9 "01) was dissolved in 4 mL 
of pyridine. To this solution was added benzoyl chloride (1.55 
g, 11.0 mmol). When the temperature dropped to 25 "C, the 
reaction mixture was heated for 2 min until all solid had dissolved. 
The solution was poured into 17 mL of H20, with vigorous stirring, 
and the mixture was extracted with CHzClz (3 X 30 mL). The 

(21) MacLachlan, A. J .  Org. Chem. 1964,29, 1698. 
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CHzClp was washed with 5% NazC03 (3 X 20 mL) and H2O (3 
X 20 mL). Drying and evaporation of CHzCl2 gave a clear oil 
which was purified by column chromatography (solvent hexane); 
1.5 g (57%) of pure product was obtained. The product was 
distilled under reduced pressure (lit.22 230-234 "C/15 mm). 'H 
NMR(200MHz,CDC13): 6 5.85 (s,2 H),7.2-8.2 (m,12 H).MS: 
mle 262, 141, 105, 77. 

General Procedure for Cleavage Reactions of Esters. 
Cleavage reactions were carried out by treating esters with a 
THF solution of the potassium salt of fluoranthene radical anion 
or of biphenyl radical anion in THF. All solutions were prepared 
and the cleavage reactions were carried out under an atmosphere 
of pure argon using an Ace-Burlich inert atmosphere system. 
Solutions were transferred using gas-tight syringes. For crown- 
ether mediated reactions, the radical anion solutions were 
combined with a THF solution of the ether and allowed to stir 
for 1 h before use. Reactions were allowed to proceed for 10 min 
to 24 h a t  25 OC. For workup, reaction mixtures were poured into 
100 mL of H20, acidified with 1 % HC1 to pH 2-3, and extracted 
with a mixture of 100 mL of pentane and 40 mL of CHzCl2 (52). 
For crown-ether reactions, 3 X 50 mL washes with 17% KC1 
followed by 2 x 30 mL water washes were added to the procedure. 
After drying and evaporating the solvent, the remaining mixture 
was subjected to GC, GC-MS, and lH NMR analysis. In the case 
of benzyl benzoate and acetate, thereaction mixture was analyzed 
by GC before the solvent was evaporated. In all cases, the NMR 
spectra of the reaction mixtures showed no significant signals 
which were not accounted for by the products listed in Table I. 
Amounts determined by 'H NMR and by GC were in reasonable 
agreement. Examples of specific reactions are given below. 

Reaction of Naphth-l-ylmethyl Acetate ( l a )  with Flu- 
oranthene Radical Anion. Naphth-l-ylmethyl acetate (294.7 
mg, 1.474 mmol) was dissolved in 5 mL of THF under argon. To 
this solution was added 10 mL of 0.184 M fluoranthene radical 
anion. Ten minutes later, 3 mL of this reaction mixture was 
removed and worked up using the general procedure described 
above. Thirty minutes later, another 3 mL of this reaction 
mixture was taken out and worked up as before. The remaining 
solution was allowed to stir for 24 h and worked up using the 
general procedure. l-Methylnaphthalene, 1,2-bis(l-naphthyl- 
)ethane, naphth-l-ylmethanol, and unreacted ester were con- 
firmed by comparison with standard compounds. Naphth-l- 
ylmethyl methyl ketone was identified by GC-MS (mle, 184,141, 
115). The methyl and methylene protons in its NMR spectrum 
appeared at  6 2.1 (a, 3 H) and 4.1 (a, 2 H), respectively [lit." (60 
MHz, CCL) 6 1.83 (e, 3 H), 3.82 (a, 2 H)]. The presence of naphth- 
l-ylmethyl acetoacetate is suggested by lH NMR peaks at  6 2.2 
(a, 3 H), 3.5 (a, 2 H), and 5.6 (a, 2 H). The following reaction 
mixture compositions were determined by gas chromatography: 
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l,2-bis( l-naphthyl)ethane, naphth-l-ylmethanol, and unreacted 
ester were confirmed by comparison with standard compounds. 
Naphth-l-ylmethyl phenyl ketone was determined by GC-MS 
(m/e 246, 141,105, 77) [lit." mle 246, 215, 202, 141, 115, 1051. 
The methylene protons appeared in its NMR spectrum at 6 4.75 
(a, 2 H) [lit." (60 MHz, CCL) 6 4.72 (a, 2 H)]. The following 
yields were determined by gas chromatography: 

mol % 

unreacted ester 2 4 t 2  
l-methylnaphthalene 23 t 2 
1,2-bis( l-naphthy1)ethane 4 f 2  

20 f 2 naphth-l-ylmethyl phenyl ketone 
naphth-l-ylmethanol 26 t 3 

Reaction of Benzyl Benzoate (IC) with Fluoranthene 
Radical Anion. Benzyl benzoate (226.1 mg, 1.1 mmol) was 
dissolved in 5 mL of THF under argon. To this solution was 
added 6.5 mL of a solution of fluoranthene radical anion (K salt) 
in THF (2.2 mmol). The reaction mixture was allowed to stir for 
3 h a t  room temperature and worked up by using the general 
procedure described above. Toluene, bibenzyl, benzyl alcohol, 
and unreacted ester were confirmed by comparison with standard 
compounds. Benzyl phenyl ketone was identified by GC-MS 
(mle 196, 105,91,77) and the methylene protons in its NMR 
spectrum appeared at  6 4.3 (a, 2 HhZ4 Fluoranthyl phenyl ketone 
was suggested by MS analysis: mle 306, 229,201, 105,77. Its 
precise structure is not known. The following yields were 
determined by gas chromatography: 

mol % 

10 min 

weacted ester 3 t l  
l-methylnaphthalene 35 f 2 
1,2-bis(l-naphthyl)ethane <0.2 
naphth-l-ylmethyl methyl ketone 12 f 2 
naphth-l-ylmethanol 38 f 2 
naphth-l-ylmethyl acetoacetate 12 2 

mol 5% 
30 min 

3 f 1  
35 * 2 
<0.2 
12 * 2 
39 * 2 
1 1 * 2  

24 h 

0 
35 f 2 
<0.2 
13 f 2 
3 8 f 2  
14 f 2 

Reaction of Naphth-l-ylmethyl Benzoate ( lb)  with Flu- 
oranthene Radical Anion. Naphth-l-ylmethyl benzoate (117.5 
mg, 0.45 mmol) was dissolved in 5 mL of THF under argon. To 
this solution was added 0.94 mL of fluoranthene radical anion 
solution in THF (K salt) (0.45 mmol). The reaction mixture was 
allowed to stir for 24 h a t  room temperature and worked up using 
the general procedure described above. l-Methylnaphthalene, 

(22) Hyde, C. W.; Young, L. Biochem. J .  1968,107, 519-522. 
(23) Rossi, R. A.; De Rossi, R. H.; Lopez, A. F. J.  Am. Chem. SOC. 1976, 

98, 1252-1257. 

unreacbd ester 
toluene 
bibenzyl 
benzyl phenyl ketone 
benzyl alcohol 
F1-COPh 

21*2 
20 * 1 
<0.1 
17 t 2 
35 f 2 

7 * 3  

Reaction of Benzyl Acetate ( l a )  with Fluoranthene 
Radical Anion. Benzyl acetate (197.8 mg, 1.3 mmol) was 
dissolved in 5 mL of THF under argon. To this solution was 
added 8.0 mL of a THF solution of fluoranthene radical anion' 
(K salt) (2.6 mmol). The reaction mixture was ahwed  to stir for 
3 h a t  room temperature and worked up by using the general 
procedure described above. Benzyl alcohol and benzyl acetoac- 
etate were obtained. Benzyl acetoacetate was confirmed by 
comparison with an authentic sample. GC-MS: mle 192,107, 
91. 'H NMR: 6 2.2 (a, 3 H), 3.5 (a, 2 H), 5.2 (a, 2 H). 

Pulse Radiolysis. Pulse radiolysis was carried out a t  the 
Center for Fast Kinetics Research using a system described 
p re~ ious ly .~~  Solutions were normally 2 mM and were bubbled 
with argon gas for a t  least 0.5 h before use. Pulses of 4 MeV 
electrons of 50-500 ns were employed. 
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