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Stoichiometric concentration of H-Bu4NCl was used, without 
allowance for incomplete dissociation. 

Product Analysis. Reaction mixtures were extracted with pen-
tane, and the pentane layer was washed with water (in the case of 
III also with dilute acid and sodium bicarbonate) and dried over 
MgSO4; most of the solvent was evaporated and the remaining 
solution was analyzed by glc. Conditions were: for olefins IV-
VII, 25% Carbowax 4000 on Chromosorb W at 160-175°; for 
VIII and IX, 6% SE-30 on Chromosorb W at 30°; for X, 5% 
Carbowax 4000 on Chromosorb W at 67°. 

Samples of 1- and 3-phenylcyclopentene,£1 of norbornene and 
nortricyclene,22 and of exo- and ewfo-2-norbornyl chloride,23 used 

(21) W. H. Tallent, J. Org. Chem., 21, 862 (1956). 

Reaction of olefins with metal acetates M(OAc)n 

- (M = Hg11,4 Pd11,5 Tl111,6 PbIV)7 gives a variety 
of products including w complexes, adducts, diacetates, 
rearranged products, and allylic esters.8 The allylic 
product has been visualized to arise by elimination 
of HM(OAc)„_i from the olefin-metal acetate adduct.9 

However, in the allylic oxidation by mercuric acetate4,1C 

(1) For preliminary communications see: (a) Z. Rappoport, P. D. 
Sleezer, S. Winstein and W. G. Young, Tetrahedron Lett., 3719 (1965); 
(b) Z. Rappoport, L. K. Dyall, S. Winstein, and W. G. Young, ibid., 
3483 (1970). 

(2) Address correspondence to this author at: Department of 
Organic Chemistry, The Hebrew University, Jerusalem, Israel. 

(3) Deceased Nov 23, 1969. 
(4) (a) J. Chatt, Chem. Rev., 48, 7 (1951); (b) G. F. Wright, Ann. 

N. Y. Acad. Sci., 65, 436 (1957); (c) W. Kitching, Organometal. Chem. 
Reo., 3, 35, 61 (1968); (d) W. Treibs, Naturwissenschaften, 35, 125 
(1948). 

(5) (a) A. Aguilo, Advan. Organometal. Chem., 5, 321 (1967); (b) W. 
Kitching, Z. Rappoport, S. Winstein, and W. G. Young, J. Amer. 
Chem. Soc, 88, 2054 (1966); (c) E. W. Stern, Catal. Rev., 1, 73 (1967); 
(d) A. J. Bingham, L. K. Dyall, R. O. C. Norman, and C. B. Thomas, 
J. Chem. Soc, C, 1879(1970). 

(6) R. Grinstead, / . Org. Chem., 26, 238 (1961); H. J. Kabbe, Justus 
Liebigs Ann. Chem., 656, 204 (1962); C. B. Anderson and S. Winstein, 
/ . Org. Chem., 28, 605 (1963); K. C. Pande and S. Winstein, Tetra
hedron Lett., 3393 (1964): J. B. Lee and M. J. Price, Tetra
hedron, 20, 1017 (1964); P. M. Henry, J. Amer. Chem. Soc., 87, 990, 
4423 (1965); W. D. Ollis, K. L. Ormand, and I. O. Sutherland, J. Chem. 
Soc. C, 119 (1970); W. D. Ollis, K. L. Ormand, B. T. Redman, R. J. 
Roberts, and I. O. Sutherland, ibid., 125 (1970); E. C. Taylor, Accounts 
Chem. Res., 3, 338 (1970). 

(7) R. Criegee in "Oxidation in Organic Chemistry," K. B. Wiberg, 
Ed., Academic Press, New York, N. Y., 1965. 

(8) D. G. Lee in "Oxidation," Vol. I, R. L. Augustine, Ed., Marcel 
Dekker, New York, N. Y., 1969, Chapter 1. 

(9) G. H. Whitham, J. Chem. Soc, 2232 (1961). 
(10) (a) W. Treibs and H. Bast, Justus Liebigs Ann. Chem., 561, 

165 (1949); (b) W. Treibs, G. Lucius, K. Koegler, and H. Breslauer, 

for comparison, were available from earlier work. In some cases, 
absolute analysis of compounds VIII-IX and X was performed, 
using cyclohexane and decane, respectively, as internal standards, 
In all other cases relative amounts were determined. Relative areas 
were taken as the ratio of isomers in the case of olefins IV and V. 
as well as of VI and VII. 
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(22) E. A. Vogelfanger, Ph.D. Thesis, University of California, 
Los Angeles, 1963. 

(23) J. P. Hardy, Ph.D. Thesis, University of California, Los Angeles, 
1967. 

the allylic mercuric acetates are usually the suggested 
oxidation intermediates. Their formation by allylic 
proton abstraction, followed by a radical decomposi
tion, was initially suggested101 but the radical route 
was later discarded.1011 They may also be formed 
from the adduct by the loss of HOAc.11 Initial for
mation of an olefin-metal salt complex,12 which then 
gives rapidly the allylic mercurial, or electrophilic 
attack by HgOAc+ with simultaneous rearrangement 
of the double bond,13 both followed by C-Hg bond 
heterolysis, were also suggested. 

Most systems oxidized (1- and 1,4-substituted cyclo-
hexenes and cyclopentenes, other cycloolefins, 1- and 
3-menthene)14 were symmetrical and only one allylic 
product exists. Evidence that the cleavage of the 
C-Hg bond leads in these cases to a symmetrical in
termediate, presumably a carbonium ion, was given 
by oxidation of 13C-15 or 2H-16 labeled cyclohexene 
or by oxidizing (+)-carvomenthene.10a'n The equili
bration of the label or the loss of optical activity cor
responds to an intermediate in which C-a and C-7 

ibid., 581, 59 (1953); (c) W. Treibs and M. Weissenfels, Chem. Ber., 
93,1374(1960). 

(11) A. Kergomard, Ann. Chim., 8, 153 (1953). 
(12) W. V. Ruyle, J. A. Jacobs, J. A. Chemerda, E. M. Chaimberlain, 

D. W. Rosenberg, G. E. Sita, R. L. Erickson, L. M. Aliminosa and M. 
Tishler, J. Amer. Chem. Soc, 75, 2604 (1953). 

(13) D. H. R. Barton and W. J. Rosenfelder, J. Chem. Soc, 2381 
(1951). 

(14) E. Dane and K. Eder, Justus Liebigs Ann. Chem., 539, 207 (1939); 
A. C. Cope, M. R. Kinter, and R. T. Keller, J. Amer. Chem. Soc, 76, 
2757 (1954). 

(15) K. B. Wiberg and S. W. Nielsen,/. Org. Chem., 29, 3353 (1964). 
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Abstract: Both the oxidation of allylbenzene by Hg(OAc)2 and the solvolysis of cinnamylmercuric acetate give 
40% a-phenylalJyl acetate and 60% cinnamyl acetate. The solvolysis of crotylmercuric acetate and the oxida
tions of 1-and 2-olefins CnH2n by Hg(OAc)2 give under kinetic control exclusively the secondary allylic esters. 
The oxidation rate is apparently first order in the olefin-Hg(OAc)2 adduct. Rate-determining formation of the 
allylic HgOAc by an SE' reaction and consecutive product-determining solvolysis of the mercurial are suggested to 
be involved in the allylic oxidation. The allylic isomerizations of allylic mercurials and allylic acetates are dis
cussed. 
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Table I. Distribution of Allylic Acetates from the Solvolysis 
of Cinnamylmercuric Acetate in AcOH at 75° 

Time, min 

16 
27 
38 
55 
73 

240 

%2° 

37.7 ± 1.3 
36.9 ± 0.7 
36.7 ± 2.2 
36.0 ± 1.5 
32.5 ± 0.8 

37 .C 

Time, min 

4 
14 
21 
34 
44 
56 
71 

% 2 " 

42.2 ± 0.3 
43.0 ± 2.0 
40.3 ± 2.7 
34.3 ± 0.5 
32.5 ± 0.7 
31.2 ± 0 . 7 
28.9 ± 0.1 

° Per cent 2 in the allylic acetate mixture. b Yield of allylic 
acetates ca. 80%. c Yield of allylic acetates ca. 50%. d A t 5 0 o . 

Table II. Solvolysis of 0.049 M 1 in AcOH at 75° 

of the allylic system are identical. However, when 
unsymmetrical olefins were oxidized, either the re
arranged allylic ester17 or at high temperature a mix
ture of both allylic esters18'19 was obtained. 

Direct tests for the intermediacy of the organo-
mercurials can be applied by studying their behavior 
under allylic oxidation conditions. Cinnamylmer
curic acetate (1) is a possible intermediate in the Hg-
(OAc)2 oxidation of allylbenzene (4) and propenylben-
zene (5), which gives a-phenylallyl acetate (2) and 
cinnamyl acetate (3).lb Moreover, solvolysis of crotyl-
mercuric acetate (6) gives >99.5% of ct-methylallyl 
acetate (7) and <0.5% of crotyl acetate (8).20 If 
6 is an intermediate in the oxidation of 1-butene (9) 
and possibly in that of cis-10 and trans-2-butem (11), 
their oxidation is predicted to give 7 almost exclu
sively.13 

The present work applies these tests and demon
strates that the allylic mercuric acetates are the most 
plausible intermediates in the allylic oxidation by 
Hg(OAc)2. 

Results 

Acetolysis of Cinnamylmercuric Acetate. Acetolysis 
of 1 gives >90% of 2 and 3, 2% of 4 and traces of 5. 
Table 1 gives the distribution of the allylic acetates 

AcOH 
PhCH=CHCH2HgOAc *- PhCH(OAc)CH=CH2 + 

1 2 

PhCH=CHCH 2OAc + PhCH 2CH=CH 2 

3 4 

and shows that the percentage of 2 decreases with the 
progress of the reaction. This is due to isomerization 
of 2 to 3 which is more pronounced in the presence of 

(17) P. Karrer and C. H. Eugster, HeIv. Chim. Acta, 34, 1400 (1951); 
C. Djerassi, G. Rosenkranz, J. Romo, and F. Batres, / . Org. Chem., 
16, 298 (1951); C. Djerassi, J. Romo, and G. Rosenkranz, ibid., 16, 
754(1951). 

(18) T. Matsuda, M. Moritake, J. Ihara, and S. Akiyoshi, Nippon 
Kagaku Zasshi, 82, 1570 (1961) (Chem. Abstr., 59, 5013 (1963)); K. 
Takaoka and Y. Izumisawa, Kogvo Kagaku Zasshi, 67, 1244 (1964) 
(Chem. Abstr., 61, 11887 (1964)). 

(19) In the oxidation of 1-pinene by Pb(OAc)i the initially formed 
rearranged product isomerizes rapidly to its allylic isomer: R. Criegee, 
Angew. Chem., 70, 173 (1958), and ref 9. 

(20) P. D. Sleezer, S. Winstein, and W. G. Young, / . Amer. Chem. 
Soc, 85, 1890(1963). 

Hg(OAc)2. The kinetically controlled distribution 
of the allylic esters is obtained by extrapolation of 
the per cent 2 vs. time curves. It is 40-42% 2 and 
58-60% 3, and it remains the same in the solvolyses 
in the presence of Hg(OAc)2 or hydroquinone. 

At concentrations of 1 lower than 0.005 M, metallic 
Hg was the inorganic product. At higher concen
trations (e.g., 0.7 M), Hg2(OAc)2 was formed. In 
addition to the allylic acetates, 0.2-2.5% allylbenzene 
was formed, and two additional compounds with low 
concentrations were detected by vpc. One of them 
had a retention time between those of 2 and 3 (the 
"middle peak") and the other one had the same re

tention time as cinnamaldehyde, which was reported 
to be formed in the oxidation.2' 

No cinnamyl alcohol was observed in aqueous acetic 
acid containing 10% (v/v) water, while few per cent 
of the alcohol were observed by vpc in AcOH con
taining 30 % water (v/v). 

The solvolysis in different runs was irreproducible 
but reasonable rate coefficients were obtained by add
ing preheated AcOH to 1 and using the same reaction 
flask. The acetolysis rate coefficients at 75° for 0.032 
M and 0.049 M 1 are (6.92 ± 0.51) X 10-" and (5.67 
± 0.54) X 10~4 sec-1, respectively, and reflect the 
accuracy which is similar to that for other organo-
mercurials.22 A sample run is given in Table II. 

Isomerization of 2 to 3. The equilibrium between 2 
and 3 favors the primary ester which constitutes 
>99.5% of the equilibrium mixture at 75°. The 2 - * 3 
isomerization is first order in 2 and its rate coefficient 
Zc1' increases slightly in the presence of NaOAc (Table 
III). In the presence of Hg(OAc)2 k/ is higher, al-

Table III. Isomerization of 2 to 3 in AcOH at 75° 

2, M Added salt Concn, M 10s/ci, sec - 1 

0.048 2.02 ± 0.09 
0.099 2.01 ± 0.11 
0.138 NaOAc 0.805 2.41 ± 0 . 1 2 
0.121 Hb(OAc)2 0.119 2.83 ± 0 . 3 5 « 

" Calculated for 40-92% reaction. 

though it decreases during a run, especially at the 
beginning. A small amount of Hg2(OAc)2 and 2-3 % 
of the "middle peak" are formed from either 2 or 3 
with Hg(OAc)2. 

Oxidation of Allylbenzene. Hg(OAc)2 (which is 
only moderately soluble in AcOH) dissolved rapidly 
with the evolution of heat on addition of allylbenzene 4. 
Attempts to isolate the 1:1 adduct gave only oil. The 
solid which separated after a long time had a different 
analysis from that of the adduct PhCH2CH(OAc)-
CH2HgOAc or the dimer PhCH2CH(OAc)CH2HgHg-

(21) S. Wolfe, P. G. C. Campbell, and G. E. Palmer, Tetrahedron 
Lett., 4203 (1966). 

(22) P. D. Sleezer, Ph.D. Thesis, University of California, Los An
geles, 1963. 

Time, sec 360 600 930 1320 1743 2550 3450 14,100 
% reaction" 15.6 27.7 42.8 50.0 64.1 76.0 87.5 100 
104/ci, sec"1 4.73 5.40 5.96 5.38 5.85 5.60 6.00 

° Based on the observed infinity (96% of theoretical). Ca. 2% of allylbenzene was observed. Hg was the only inorganic product. 
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CH2CH(OAc)CH2Ph which were isolated from this 
reaction.21 

Oxidation of allylbenzene by Hg(OAc)2 in AcOH 
at reflux for 50 hr gave 70% metallic Hg and 72% 
organic products from which cinnamyl acetate (95%), 
a-phenylallyl acetate (0.5%), and l,2-diacetoxy-3-
phenylpropane (2%) were isolated and identified. 
A compound with a retention time of rnww-propenyl-
benzene (0.1%) and the "middle peak" which showed 
an ester carbonyl absorption in the ir were also formed. 
2-Acetoxy-l-phenylpropane, the adduct of 4 with 
AcOH, was not formed. 

Table V. First-Order Rate Coefficients for the Oxidation of 
Allylbenzene in AcOH at 75° ° 

PhCH 2CH=CH 2 + Hg(OAc): 
4 

» PhCH=CHCH 2OAc + 
3 

PhCH(OAc)CH=CH2 + 
2 

PhCH2CH(OAc)CH2OAc + P h C H = C H C H 3 

5 

The distributions of 2 and 3 in the oxidation are 
given in Table IV. The data represent a compromise 

Table IV. Isomer Distribution in the Oxidation of 
Allylbenzene in AcOH at 75° 

Time, min 

150 
150 
150 
150 
150 
113 
310 
860 

[Allylben
zene], M 

0.9 
0.46 
0.46 
0.46 
0.46 
0.31 
0.12 
1.30 

[Hg-
(OAc)2], 

M 

5.35 
4.92 
4.92 
4.92 
4.92 
3.20 
0.37 
2.8 

[NaOAc], 
M 

0.2 
0.4 
0.6 

%2« 

34.6 ± 0.4 
40.0 ± 0.1 
34.7 ± 2.1 
36.2 ± 1.3 
36.8 ± 1.1 
35.3 ± 1.0 
35.4 ± 1.1 
26.8 ± 1.0 

" Per cent 2 in the aHylic acetate mixture. 

between the need for accuracy and the use of shorter 
reaction times (with low yields) in order to avoid isom-
erization. By extrapolation, the kinetically con
trolled distribution is 40% 2 to 60% 3. This dis
tribution does not change in the presence of NaOAc. 
Similarly, the percentage of 2 in the allylic mixture 
is 14% after 45 hr with or without 0.035 M hydro-
quinone. 

The inorganic product is Hg when 4 is in excess 
and Hg2(OAc)2 when Hg(OAc)2 is in excess. At 1:1 
concentrations Hg was usually formed, but occasionally 
Hg2(OAc)2 was observed at early stages of the reac
tion.23 

The oxidation shows first-order kinetics in the com
ponent with the lower concentration. An increase 
in the concentration of the second component did 
not change ki which remains reasonably constant on 
changing the [Hg(OAc)2]: [4] ratio 67-fold (from 0.067 
to 4.5). The average kx for 20 experiments is (10.8 ± 
0.9) X 10~7 sec-1. In the presence of NaOAc kt in
creases slightly, but it is practically unaffected by addi
tion of large amounts (up to 30% v/v) of water to 
the AcOH (Table V). The addition of water reduces 

(23) Since under the same conditions Hg is formed from 1-olefins and 
Hg2(OAc)2 from 2-olefins, the Hg11 + Hg0 ^ 2Hg1 equilibrium seems to 
contribute very little at the beginning of the reaction. Formation 
of Hg0 from 2-olefins after long reaction times may be due to dispro-
portionation of Hg2(OAc)2. Information on this equilibrium under 
our conditions is absent. 

[Allylben
zene], 
102 M 

78.0 
22.0 
8.78 
8.78 

10.0 
8.78 
8.78 

20.0 
1.0 

10.0 
7.15 

10.0 
1.0 

10.0' 
10.0d 

10.0« 
10.0/ 

[Hg(OAc)2], 
1 0 2 M 

5.24 
5.24 
3.81 
3.81 
6.84 
7.62 
7.62 

19.0 
0.95 

11.40* 
13.60» 
20.56 

4.45" 
9.0 
8.1 
7.1 
6.1 

Added substrate 

0.76 AfNaOAc 

0 . 4 M N a O A c 

0.357 M N a O A c 

10% H2O (v/v) 
20% H2O (v/v) 
30% H2O (v/v) 

107/ti, sec-1 

12.0 ± 0.1 
9.6 ± 0.9 

12.2 ± 0.6 
16.6 ± 0.8 
10.5 ± 1.1 
12.5 ± 0.6 
14.9 ± 0.2 
10.3 ± 1.8 
10.7 ± 1.1 
10.8 ± 0.4 
12.7 ± 0.3 
9.6 ± 1.7 

12.4 ± 1.4 
10.8 ± 1.0 
10.9 ± 0.7 
12.1 ± 1.3 
11.3 ± 0.9 

° Hg is the inorganic product. b Hg2(OAc)2 is the inorganic 
product. c After 23 hr the percentage of 2 in 2 + 3 is 10%. d After 
23 hr the percentage of 2 in 2 -f- 3 is 0.8%. Cinnamyl alcohol 
(3%) is formed. "After 23 hr the percentage of 2 in 2 + 3 is 
0.5%. Cinnamyl alcohol (5%) is formed. > After 23 hr the per
centage of 2 in 2 + 3 is 0.4 %. Cinnamyl alcohol (6 %) is formed. 

the percentage of 2 in the acetate mixture at least ten
fold, but even at 30 % v/v water, the cinnamyl alcohol 
is only 6 % of the product. 

Since the kinetics fit the formation of the 1:1 adduct 
of 4 and Hg(OAc)2, Scheme I can be used to calculate 
the fraction ( /) of 2 in the allylic acetate mixture by 
comparing the calculated and the observed yields 
of 2 at various times. This was done by using the 
values fci' = 2.02 X 10~5 sec-1 (from Table III) and 
fei = 10.8 X 10-7 sec-1 (from Table V), and rate equa
tion 1 which corresponds to Scheme I. The data are 

Scheme I 

4 + Hg(OAc)2 

fast 
: addition — 

product 
A 

[2MA]0 = / U' - *iA 
-ki'tf g{k\' •tot - 1 } ( 1 ) 

given in Table VI, and the last column shows that / 
decreases with the progress of the reaction but its 
extrapolated value is again 0.40. The decrease of / 

Table VI. Calculated and Observed Isomer Distribution in the 
Oxidation of Allylbenzene by Hg(OAc)2 in AcOH at 75° 

Time, 
hr 

20 
44 
68 

Yield of 
2 + 3 
(obsd)" 

% 
8.78 

18.35 
24.35 

Yield of 
2 

(calcd) 
% 

3.90 
4.52 
4.32 

% Wf) 
in2 + 3 
(calcd) 

44.4 
24.6 
17.7 

% 2 in 2 + 3 
(obsd)" 

15.9 ± 0.4 
7.9 ± 0.8 
4.8 ± 0.3 

/ 
0.36 
0.32 
0.27 

° Average value from two runs. b Average value from four runs. 

is probably due to the Hg(OAc)2-catalyzed isomeriza-
tion which was not taken into account in Scheme I. 
The maximum yield of 2 is calculated (by differentia-
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tion of eq 1) to be 4.6% after 42.5 hr, in line with the 
data of Table Vl. 

Oxidation in the Presence of Acid. While 2-acetoxy-
1-phenylpropane is the main product from the reaction 
of 4 with HClO4 in AcOH, the acid also catalyzes the 
oxidation. After 4.5 hr in the presence of 0.14 M 

Table VII. Product Distribution in the Oxidation of 1-Butene 
and of cis- and »ra«.s-2-Butene by Hg(OAc)2 in Dry AcOH 

PhCH2CH=CH2 + AcOH 
H -

PhCH2CH(OAc)CH3 

HClO4, 19% of 3 is formed. However, the acid re
acts further with cinnamyl acetate, giving a viscous 
oil, probably a telomer of 3, with an ir spectrum simi
lar to that of 3. 

Oxidation of Propenylbenzene. Preliminary exper
iments on the oxidation of propenylbenzene by Hg-
(OAc)2 showed the formation of both 2 and 3 in addi
tion to other compounds. After 4.5 hr at 75° the 
percentage of 2 in the allylic esters is 22% but the 
kinetically controlled distribution was not determined 
since the yields are low and the isomerization is ex
tensive even after short reaction times. 

Acetolysis of Crotylmercuric Acetate. Uncatalyzed 
acetolysis of 0.02-0.03 M crotylmercuric acetate gives 
a-methylallyl acetate (7), crotyl acetate (8), 1-butene 
(9), and cis- and //-a«5-2-butenes (10 and 11). Under 
kinetically controlled conditions, 7 is the exclusive 
component (>99.5%) of the allylic acetate mixture, 
as reported earlier.20 Metallic Hg is formed when 6 
is <0.1 M, while at higher concentrations (e.g., 0.41 
M) both Hg and Hg2(OAc)2 were formed. In the 
presence of low concentrations (e.g., 0.03 M) of Hg-
(OAc)2, 7 is again 99% of 7 + 8, but Hg2(OAc)2 is 

CH3CH=CHCH2HgOAc—> CH3CH(OAc)CH=CH2 + 
6 7 

C H 3 C H = C H C H 2 O A C + CH3CH2CH=CH2 + CH3CH=CHCH3 

8 9 10, 11 

the inorganic product. At higher Hg(OAc)2 concen
trations the solvolysis of 6 is very fast, the total yield 
of the allylic acetates is lower, and a mixture of allylic 
esters is obtained. When [Hg(OAc)2]/[6] > 6 very 
few allylic acetates are formed. Control experiments 
showed that Hg(OAc)2 catalyzes the 7 ;=± 8 isomeriza
tion and also reacts with 7 and 8. Less than 50% of 
allylic acetates are recovered after 24 hr at 75° from 
mixtures of 0.25-0.35 M allylic acetate and Hg(OAc)2. 

Oxidation of 1-Butene. 1-Butene is absorbed by a 
suspension of Hg(OAc)2 in AcOH with evolution of 
heat and formation of a yellow color which persists 
until the complete dissolution of the Hg(OAc)2. 
Allylic oxidation takes place slowly at 25° or at 50° 
giving 7 as the exclusive product (Table VII). At 
75° some 8 is also formed and its percentage increases 
with the progress of the reaction. Extrapolation of 
the percentage of 7 to zero reaction time gives a kineti
cally controlled ratio of 98% 7 to 2% 8. The yields 
of the allylic acetates were 42-50%, possibly due to 
their loss by reaction with Hg(OAc)2. At 1:1 con
centrations metallic Hg is the inorganic product.23 

Both 10 and 11 were formed in the first run of Table 
VII, but the relative ratio of the three butenes was 
not determined. Small peaks (<1%) at retention 
times corresponding to that of meso-2,3-diacetoxy-
butane and to a C4 aldehyde or ketone were occasion
ally observed, but these were not isolated. 

Concn, 
Butene M 

1- 2.22 
2.45 
1.78 
1.85 

0.074 
0.133 

trans-2- 1.81 
2.42 
2.42 
2.12 
1.74 

cis- 2- 3.00 
3.00 
2.52 
3.00 

2.72 
2.90 

4.21 

[Hg-
(OAc)2], 

M 

1.97 
2.46 
1.78 
1.85 

0.074 
0.133 
2.01 
1.98 
2.42 
1.74 
1.88 
1.77 
1.77 
1.80 
1.26 

2.70 
2.26 

3.50 

Reaction 
time, hr 

161 
16 
65.5 

191 
353 

19.5 
23 
23 

168 
39 
4 

15.3 
18 
96 
17 
16.5 

1.25 
1.25 

18 
0.66 

98 
0.2 
0.8 

16 

T, 0C 

25 
50 
50 
50 
50 
75 
75 
75 
23 
50 
75 
75 
75 
23 
50 
50 
75 
75 
75 
75 
75 

100 
100 
100 

% a-methyl-
allyl acetate" 

99.7 
99.5 
99.7" 
94 
54 
78 
98 (98)' 
88 (95)' 
82«* 
90* 
93 
3 7 . 6 / 
34.0» 
9 7 . 5 
92 
79 
87.5* 
90.5»-'' 
35.5/ 
89 (99)c 

34 
74 
43.5 
34 

"Percentage of the total allylic acetates. 6At 1.6% reaction. 
c Extrapolated from the percentage of 7 vs. time curves. d The 
relative vpc area of the middle peak to those of the allylic acetates 
is 24%. "Percentage of the middle peak is 40%. > In the pres
ence of 0.043 M HClO4. « In the presence of 0.03 M HClO4. 
'Middle peak ca. 5%. 'Experiment in the presence of 0.4 M 
Hg2(OAc)2. 

The kinetics of the oxidation was followed by vpc 
and was first order in the component with the lower 
concentration, i.e., in a 1:1 adduct of 9 with Hg(OAc)2. 

CH3CH2CH=CH2 or CH3CH=CHCH3 + Hg(OAc)2 —>• 
9 10 or 11 

CH3CH(OAc)CH=CH2 

7 
C H 3 C H = C H C H 2 O A C 

8 

The calculated infinities were used since they gave 
no drift in k of the first 40% of the reaction, while 
the observed infinities gave increasing k values. The 
average rate coefficient is given in Table VIII. 

Oxidation of cis- and ?ram-2-Butenes. The allylic 
acetate distributions from the oxidations of the two 
olefins are given in Table VII. The inorganic product 
is Hg2(OAc)2 except after longer reaction times when 
metallic Hg is formed.23 A compound with reten
tion time between those of 7 and 8 ("middle peak") 
is formed in 10-15% yield at short reaction times, 
but its amount decreases with time, and it is absent 
after long reaction times. 

The rates of oxidation and of dissolution of 11 in 
Hg(OAc)2 are much slower than those for 9 and 10. 
The percentage of 7 has, therefore, to be determined 
after longer reaction times, when the isomerization 
is appreciable. Nevertheless, 7 constitutes >93% 
of the allylic mixture. The oxidation rate of cis-
2-butene (based on relative yields) is comparable to 
that of 9 and the product distribution can be deter
mined earlier than for 11. At 75° 7 constitutes 99% 
of the initial 7 + 8 mixture, as obtained by extrap
olation from per cent 7 vs. time curves. 
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Table VIII. Allylic Oxidation of Excess CnH2n by Hg(OAc)2 in AcOH" 

n 

4 

4 

4 

5 

5 
6 
7 
8 

Olefin 

1-

cis-2-

trans-2-

1-

cis-2-
1-
1-
1-

T, 0C 

25 
50 
75 
25 
50 
75 
50 
75 
50 
75 
75 
50 
75 
50 
75 

%s» 
99.7 
99.5 
94 
97.5 
97.5 (99)* 
91.5 (98)e 

90 
93.5 
99.6 
99 
98.0(100)« 
97.5(100)= 
92 
99.6 
98.5 

Inorganic 
product0 

Hg + Hg2(OAc)2 
Hg 
Hg 
Hg2(OAc)2 
Hg2(OAc)2 

Hg2(OAc)2 
Hg2(OAc)2 
Hg2(OAc)2 

Hg2(OAc)2 
Hg + Hg2(OAc)2 
Hg2(OAc)2 
Hg 
Hg 
Hg + Hg2(OAc)2 
Hg 

%-Sat 
equilibrium6 

38<* 

36.5/ 35.5d 

38" 
40" 
37/ 
34/ 

32" 

Yield, 
% 

50 

34.5 

86 
52 
90 
95 

100 

108A:i, sec"1 

at 75° 

1.1 ± 0.1" 

1.6 ± 0.1* 

1.0 ± 0.2* 

° Olefin concentrations 1-4 M, [Hg(OAc)2] = 1-3.5 M. b Percentage of the secondary isomer in the allylic acetates mixture. c In the 
presence of excess olefin. With excess Hg(OAc)2 the product is Hg2(OAc)2.

 d Allylic acetate distribution obtained on equilibrating mixture 
of allylic acetates with 0.01-0.05 M HClO4. ' Extrapolated from per cent 5 vs. time curves. ' Final product distribution when the allylic 
oxidation was conducted with excess Hg(OAc)2. « Determined by vpc. Hg(OAc)2 and olefin were in 1:1 ratio. Average of four runs in the 
concentration range 0.07-0.74 M. h Single run followed gravimetrically. Olefin in excess. ' Result of only one experiment. 

The 7 ^ 8 Equilibrium. 7 and 8 are stable to isomer-
ization in AcOH for 13 days at 75°. Perchloric acid 
or Hg(OAc)2 are efficient isomerization catalysts. An 
equilibrium distribution of ca. 35% 7 to 65% 8, close 
to the reported value,24 is obtained after long reaction 
times from the oxidations with excess Hg(OAc)2,

26 

although under these conditions Hg(OAc)2 reacts 
slowly with 7 or 8. The same equilibrium distribu
tion of 7 and 8 is also obtained from the perchloric 
acid catalyzed isomerization (Table VII). 

Oxidation of Other 1-Olefins. Oxidation of the 
1-olefins C71H2n (n = 5-8) showed similar behavior 
to that for n = 4. Hg is formed with excess olefin 
and Hg2(OAc)2 with excess Hg(OAc)2. By extra
polation, the kinetically controlled percentage of the 
secondary ester is ^ 9 8 % (except for n -1, where only 
one experiment was conducted). The yields of the 
allylic esters are 85-100%. The oxidations were fol
lowed gravimetrically for n = 5 and 8 and gave reason
ably good k values (Table VIII). A search for 1,2-
diacetate showed <0.4% for 1-hexene. "Middle 
peaks" of a few per cent at short reaction times, which 
disappeared at longer reaction times, were observed 
for all the olefins. The isomerization of the secon
dary to the primary allylic ester in the presence of Hg-
(OAc)2 leads to the equilibrium value after 120 hr at 
75°. The equilibrium compositions were indepen
dently determined after long oxidation times in the 
presence of HClO4 and are given in Table VIlI. 

Oxidation of Other 2-Oleflns. Oxidation of 2-
olefins other than 2-butene and 2-pentene is expected to 
give four allylic esters. All the four allylic esters as 
well as "middle peaks" were observed in the oxidation 
of m-2-octene and l-phenyl-3-pentene. Only the 
primary ester, l-acetoxy-2-octene, and its allylic isomer 

(24) W. G. Young and I. D. Webb, J. Amer. Chem. Soc, 73, 780 
(1951). At 75° at equilibrium the composition of the butenyl acetates 
is 38.2% a-methylallyl acetate, 10.4% cu-crotyl acetate, and 51.4% 
/rans-crotyl acetate (H. E. Green, Ph.D. Thesis, University of California, 
Los Angeles, 1965). 

(25) In one experiment with 10, equilibrium was apparently reached 
after 7.5 hr, but the percentage of 7 in the allylic mixture decreased 
to 26.5 and 14.5% after 23 and 26 hr (ca. 5% reaction), respectively. 
At > 15 % reaction the equilibrium distribution is again obtained. This 
may be due to a preferential reaction of one ester with the slight excess 
of Hg(OAc)j present. 

3-acetoxy-l-octene, were isolated from the former 
oxidation, and only l-acetoxy-5-phenyl-2-pentene from 
the latter oxidation. A one-point experiment gave 
k = 8 X 1O-7 sec -1 for the oxidation of l-phenyl-3-
pentene. From the oxidation of cis-2-pentene, three 
allylic acetates 12, 13, and 14 and Hg2(OAc)2 were 
isolated, and two "middle peaks" were observed. 
The primary ester, l-acetoxy-2-pentene 12 is only 1.2% 
of the 12-13 pair after 50 min. Later, its amount 
approaches the equilibrium value, but extrapolation 
shows that under kinetic control, the secondary ester 
3-acetoxy-l-pentene (13) is formed exclusively. The 
ratio of 14 to (13 + 12) is 1:4 during most of the reac-

C(J-CH3CH2CH=CHCH3 + Hg(OAc)2 — > -
C H 3 C H 2 C H = C H C H 2 O A C + 

12 
C H 3 C H 2 C H ( O A C ) C H = C H 2 + C H 3 C H ( O A C ) C H = C H C H 3 

13 14 

tion, but it increases to 1:3 at longer reaction times. 
The oxidation rate is close to that of 1-pentene and from 
one-point experiment fei = 1.7 X 1O-6 sec-1. 

Identification of the Allylic Esters. On XF-1150 
column the retention times of the secondary esters 
are much shorter than those of the primary ones. The 
secondary esters are characterized by bands at 1631 
and ca. 1420 cm -1 , and the primary esters by band 
at ca. 1660 cm"1. The nmr spectra of the secondary 
esters show a complex multiplet for the three vinylic 
and the one methine proton. For the primary esters 
a two-hydrogen multiplet corresponds to the vinylic 
protons, while a simpler two-hydrogen multiplet is 
ascribed to the allylic protons a to the acetoxy group. 

Discussion 
The similar distribution of the allylic acetates in the 

oxidation of allylbenzene and in the solvolysis of cin-
namylmercuric acetate which differs from the similar 
distribution of allylic esters in the oxidation of 1-
butene and in the solvolysis of crotylmercuric acetate 
argues strongly for allylic mercuric acetate as the oxida
tion intermediates in both systems. This conclusion 
gains support from the exclusive formation of the 
secondary acetate in the oxidation of 1-butene, which 
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is inconsistent with an ionic or a radical mechanism. 
The unique and identical product distribution in the 
oxidation of both 1- and 2-olefins suggests that in the 
oxidation of the 2-olefins the rearrangement of the 
initially formed secondary allylic mercuric acetate to 
its primary isomer precedes the solvolysis of the or-
ganomercurial. 

The solvolyses of cinnamyl- and crotylmercuric 
acetates are 580- and 31-fold faster than the oxida
tions of allylbenzene and 1-butene, respectively. 
Hence, allylic mercurials do not accumulate and the 
reaction can be discussed in terms of three different 
steps: (a) rate-determining formation of the allylic 
mercuric acetate intermediates, (b) product-forming 
solvolysis of the allylic mercurials, and (c) further 
reactions of the allylic esters, leading to the equilib
rium distribution. 

Formation of the Allylic Mercuric Acetate. The 
yellow color which persists until the complete dissolu
tion of the olefin in the Hg(OAc)2 is probably due to 
the formation of a w complex26" or a mercurinium 
ion, which was recently observed.26b The fast dis
solution and decoloration show that under the allylic 
oxidation conditions the acetoxymercuration is rapid 
and relatively complete with 1-olefins. However, 
the formation of Hg2(OAc)2 in the oxidation of 2-
olefins and the enhanced isomerizations in these oxida
tions are two phenomena associated with the presence 
of Hg(OAc)2. More "free" Hg(OAc)2 is thus present 
in mixtures of Hg(OAc)2 with 2- than with 1-olefins, 
i.e., the acetoxymercuration is less complete with 2-
olefins. This is in line with the order of disappearance 
of the yellow colors: 1-olefin > cw-2-olefin > trans-
2-olefin, which also parallels the order of stability of 
the Ag+ complexes of these olefins.27 

The first-order kinetics in the 1:1 adduct of the 
two reactants in the oxidation of 1-olefins is consis
tent with two routes (Scheme II). In route A the 

Scheme II 

Hg(OAc)2 + RCH2CH=CH2 * " K"> 

RCH2CH(OAc)CH2HgOAc 

*E 

RCH=CHCH 2HgOAc 

elimination of AcOH from the adduct is rate deter
mining, with k\ = kE. In route B, which is an SE 
mechanism, the reaction is between "free" olefin and 
"free" Hg(OAc)2 both in equilibrium with the adduct 
for which Keq is high, and fci = kD/Keq. 

Although route A had been implied,11 route B con
forms better to the following facts, (a) k% is too high 
for E2 or El elimination of AcOH from molecules 
no more activated than the adducts. (b) The oxida
tion rates of 1-butene, 1-pentene, 1-octene, and allyl
benzene are very close. In route A the allylbenzene 
adduct should be more reactive than the other ones 
by the E2 mechanism due to the stabilization of the 
developing double bond by the phenyl substituent.28 

(c) kB should be sensitive to the presence of bases such 
as NaOAc, contrary to what was found. 

(26) (a) H. J. Lucas, F. R. Hepner, and S. Winstein, J. Amer. Chem. 
Soc, 61, 3102 (1939); (b) G. A. Olah and P. R. Clifford, ibid., 93, 
1261,3230(1971). 

(27) R. J. Cvetanovic, F. J. Duncan, W. E. Falconer and R. S. Irwin, 
ibid., 87, 1827(1965). 

(28) J. F. Bunnett, Angew. Chem., Int. Ed. Engl., 1, 225 (1962); Sure. 
Progr. Chem., 5, 53 (1969). 

The insensitivity of the reaction rate to salt and 
solvent effects argues against the formation of a free 
carbonium ion. The reaction may be an SEi' (15) 
or SE2 ' (16), both of which are the microscopic re
versals of the SEi' and the SE2 ' reactions of acids with 
butenylmercuric halides,20 or it may be an ion-pair 
variant, 17. With a distance of 2.48 A between the 
a- and the 7- carbons of the allylic system and a Hg-O 
bond of 2.10 A (based on the covalent radii)29 little 
stretching of the Hg-O bond is sufficient to bring the 
mercury and the a-carbon and simultaneously the 
acetoxy oxygen and the 7-hydrogen to bonding dis
tances. The acetate of the neutral Hg(OAc)2 or of 
the ion pair thus serves as a "built in" base for the 
expulsion of the 7-hydrogen (e.g., in 17), explaining 

H 0—HgOAc AcO -'V 

Ac 

15 

+HgOAc 

16 

>4M 
H^OAc +HgOAc 

17 

the insensitivity of the rates to the presence of the 
basic NaOAc. 

Since the covalent HgCl2 is a rather inefficient oxi
dant for allylbenzene30 while the ionic mercuric per-
chlorate (from Hg(OAc)2 and HClO4) is highly re
active, an AcOHg+-OAc ion pair is a likely electro-
phile. It is known that Hg(OAc)2 is only slightly 
dissociated in AcOH,21 and this is consistent with the 
absence of common ion rate depression in the oxida
tion at AcO - concentrations as high as 0.76 M. 

The involvement of the 7-hydrogen bond cleavage 
in the rate-determining step explains the predominance 
of the acetates derived from attack of HgOAc+ on 
C-3 of m-2-pentene over that derived from attack 
on C-2. If only bond formation is significant, the 
electrophilic reaction at C-2 will predominate as judged 
by the more negative a* value of the ethyl compared 
with the methyl substituent.31 However, this effect 
is more than compensated by the higher acidity of the 
methyl compared with the methylene hydrogen,32 

leading to preference of transition state 19 over 18. 

1 1 
, , CH3CH, P C H C H 2 

I Xi. + + - ^ oH 
H * OAc HgOAc AcOHg AcO"* H 

CH3C^ ^ C H M e 

18 19 

Solvolysis and Behavior of the Allylic Mercuric Ace
tates. Primary allylic mercuric acetates are the first 

(29) T. Moeller, "Inorganic Chemistry," Wiley, New York, N. Y., 
1955, p 135. 

(30) Z. Rappoport, S. Winstein, and W. G. Young, unpublished 
results. 

(31) R. W. Taft, Jr., in "Steric Effects in Organic Chemistry," M. S. 
Newman, Ed., Wiley, New York, N. Y., 1956, Chapter 13. 

(32) D. J. Cram, "Fundamentals of Carbanion Chemistry," Academic 
Press, New York, N. Y., 1965, Chapter 1. 
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intermediates formed in the SE reaction of 1-olefins, 
and secondary allylic mercuric acetates are formed 
initially from 2-olefins. In analogy with the formation 
of rearranged allylic acetates in the solvolysis of 6, 
direct solvolysis of the secondary mercurials should 
give exclusively the primary allylic acetate, or a mixture 
of primary and secondary esters if the solvolysis is via a 
carbonium ion. It is highly unlikely that the exclusive 
formation of the secondary ester from the 2-butenes 
and from c;'5-2-pentene is by any mechanism not in
cluding the primary allylic mercurial formed in the 
oxidation of 1-olefins. The structure of allylic MgX,33a 

allylic Li,33b and allylic PdCl (in DMSO)s3c as well 
as that of allylic mercuric halides in the presence of 
Hg salts20 is consistent (by nmr evidence) with a rapidly 
equilibrating pair of c-allyl species. Nmr shows 
that the equilibrium is overwhelmingly on the primary 
side with the butenyl and the cinnamyl systems, as 
is the case with the allylic Grignard reagents.3Sa The 
formation of Hg2(OAc)2 in the oxidation of the 2-
olefins shows tha t there is sufficient "free" Hg(OAc)2 

t o isomerize the secondary allylic acetate to the pri
mary allylic acetate. Apparent ly, such an isomeriza-
tion takes place (Scheme III) . F r o m the product 

Scheme III 

RCH2CH=CHCH3 + Hg(OAc)2 — 

RCH2CH(HgOAc)CH=CH2 - w * RCH2CH=CHCH2HgOAc 

R C H 2 C H = C H C H 2 O A C R C H 2 C H ( O A C ) C H = C H 2 

distribution in the solvolysis of 6 and the percentage 
of 8 obtained under kinetically controlled condit ions 
we estimate tha t at most 1 % of 8 is formed directly 
from the solvolysis of the secondary mercurial. Hence 
kiso » ksoW' and the isomerization is very rapid, espe
cially since ksolv' > /csolv. 

The details of the mechanism of the allylic mercurial 
rearrangement via transition-state 20 as well as the 
SNi (21) nature of the solvolysis of crotylmercuric ace
tate were discussed earlier.20 Format ion of Hg2(OAc)2 

with Hg(OAc)2 without affecting the allylic ester dis
t r ibut ion can be depicted as in transition-state 22, which 
is the "ass is ted" analog of 20. 

In the series allyl-crotyl-cinnamylmercuric acetate 
the reactivity ratios are 1:4:80; the percentages of 
olefin formed are 80 :16 :1 and the allylic acetate rat io 

H H H 

RCH-^CH2 

OAc-Hg 

20 

RCH> 

AcOHg 

21 

< * . 1 CH. RCI- >.-CH2 

+HgOAc AcO-Hg+^HgOAc 

22 

changes from > 9 9 . 5 % secondary for 6 to ca. 4 0 % sec
ondary for 1. The products from 6 and the small ra te 
difference compared with allylmercuric acetate suggest 
a nonionic cyclic mechanism for the demercurat ion of 
6.20 The solvolysis of 1 differs, however, from tha t of 

(33) (a) J. E. Nordlander and J. D. Roberts, J. Amer. Chem. Soc, 
81, 1769 (1959); J. E. Nordlander, W. G. Young, and J. D. Roberts, 
ibid., 83, 494 (1961); (b) C. S. Johnson, M. A. Weiner, J. S. Waugh, 
and D. Seyferth, ibid., 83, 1306 (1961); (c) J. C. W. Chien and H. C. 
Dehm, Chem. lnd. (London), 745 (1961). 

6, since the products from 1 may also arise by a car
bonium ion or a radical mechanism. The insensitivity 
of the rates and the products to hydroquinone, the 
product distribution, and the 6/1 rate ratio are more 
consistent with an ionic mechanism. The rate ratios 
are however much lower than for the solvolysis of 
cinnamyl-crotyl-allyl chlorides in 50% ethanol (8000: 
95:1)34 or from the ratios predicted (104 per methyl 
group) for a fully developed carbonium ion.33 This 
ratio and the absence of appreciable solvent and salt 
effects are in line with an ion-pair mechanism for the 
solvolysis of 1. Cinnamyl alcohol may be formed from 
the ion pair, since some allylic solvolysis products arise 
from ion pairs.36 

The allylic acetate distribution is very close to that 
obtained in the AgO Ac-catalyzed solvolysis of cinnamyl 
chloride and a common intermediate in both reactions 
is possible.37 However, the formation under kinetic con
trol of more primary than secondary ester is difficult to 
explain in terms of a free carbonium ion.38 A model 
of 1 shows that due to the long C-Hg and Hg-O bonds 
there are many conformations in which the acetate oxy
gen is closer to the a- than to the 7-carbon. The 
product distribution is therefore not inconsistent with 
an ion-pair intermediate (Scheme IV). 

Scheme IV 

^ C H s 
PhCH ^CH 2 

AcO-Hg 

-Hg PhCH''+\lH2 

"OAc 
ion pair 

2 + 3 

Allylic Ester Isomerizations. At equilibrium, cin
namyl acetate predominates (>99.5%) in the allylic 
mixture due to the phenyl-double bond conjugation. 
For the other acetates, the primary-secondary ratio at 
equilibrium is ca. 1.5. The kinetically and thermody-
namically determined allylic ester distributions from 
the oxidation differ markedly and unassisted, Hg(OAc)2-
assisted, and acid-catalyzed isomerizations follow the 
solvolysis. 

The unassisted isomerization observed for 2 may be 
an ionic process, since 7 is unreactive. It is not an 
S N 2 ' since it is insensitive to the concentration of 
NaOAc. The HC104-catalyzed isomerization is prob
ably an addition-elimination process. The Hg(OAc)2-
catalyzed isomerization is likely to be a non-Markovni-
kov acetoxymercuration followed by deacetoxymercura-
tion involving the original acetoxy group. The reac
tion is reminiscent of the mercuric salt catalyzed trans-
esterification of vinyl esters with carboxylic acids,39 or 
the related transetherification for which a similar mech
anism has been suggested.40 

(34) C. A. Vernon, J. Chem. Soc, 423, 4462(1954). 
(35) A. Streitwieser, Jr., "Solvolytic Displacement Reactions," 

McGraw-Hill, New York, N. Y., 1962; S. Winstein, E. Grunwald and 
H. W. Jones, J. Amer. Chem. Soc, 73, 2700 (1951). 

(36) W. G. Young, S. Winstein, and H. L. Goering, 16W., 73, 1958 
(1951). 

(37) J. Meisenheimer and J. Link, Justus Liebigs Ann. Chem., 479, 
211 (1930). 

(38) R. H. DeWolfe and W. G. Young, Chem. Rev., 56, 753 (1956); 
S. Patai, Ed., "The Chemistry of Alkenes," Interscience, London, 
1964, Chapter 10. 

(39) R. L. Adelman, J. Org. Chem., 14, 1057 (1949); G. Slincks and 
G. Smets, Tetrahedron, 22, 3162 (1966), and references therein. See 
also J. E. Byrd and J. Halpern, Chem. Commun., 1332 (1970). 

(40) R. L. Adelman, J. Amer. Chem. Soc, 77, 1669 (1955); W. H. 
Watanabe and L. E. Conlon, ibid., 79, 2828 (1957). 
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RCH(OAc)CH=CH2 + Hg(OAc)2 — > 
-Hg(OAo)! 

RCH(OAc)CH(HgOAc)CH2OAc >• RCH=CHCH2OAc 

Formation of Nonallylic Products in Oxidation. 
Allylbenzene and the butenes are formed, respectively, 
in the solvolyses of 1 and 6, and are part of the oxida-
tion-solvolysis reaction. The 2% of 1,2-diacetate 
in the oxidation of 4 is probably formed by a neighbor
ing acetoxy-assisted deacetoxymercuration, and it is 
remarkable that the decomposition of the adduct is 
preferred to its solvolysis. The ratio of the two pro
cesses is highly sensitive to the nature of the C-metal 
bond. Diacetates are the main products in the Tl-
(OAc)3

41 and are also formed in the Pb(OAc)4 oxida
tions of the same olefins.41 

The "middle peaks," which by ir are esters, have the 
same retention times as the enol acetates which are the 
main oxidation products of the olefins with Pd(OAc)2.

5 

They are probably derived in a similar way by the elim
ination of HHgOAc from the adducts. The other com
pounds observed which are aldehydes or ketones (by 
ir and vpc) are probably formed from the hydrolysis of 
these enol acetates. 

Synthetic Applications. The data of Table VIII 
suggest high utility for the oxidation reaction with 
Hg(OAc)2 which gives high oxidation yields, easy sep
aration from inorganic products, low amount of side 
products, and the less stable allylic ester. Terminal 
olefins are preferred as substrates and excess Hg(OAc)2 

should be avoided unless a mixture of the allylic esters 
is required. The Hg(OAc)3 oxidation gives much more 
allylic esters than the Pd, Pb or Tl acetates oxidations 
and is reminiscent of the oxidation with peresters in the 
presence of cupric salts.42 With aryl-substituted ole
fins, mixtures of allylic products are expected. 

Implications to Other Oxidations. Our mechanism 
has implications for previous mechanistic tests based on 
symmetry arguments. The loss of optical activity in 
the Hg(OAc)2 oxidation of (+)-carvomenthene10a'n 

or the complete isotopic scrambling of the two ends of 
the allylic system in the oxidation of cyclohexene1516 

was taken as evidence for the intermediacy of a sym
metrical intermediate. The same result would be ob
tained from a "switching" pair of secondary allylic 
mercuric acetates if the "switching" is faster than the 
solvolysis. Carbonium ions may be or may not be 
formed at a later stage. However, the involvement of 
one intermediate compared with a pair of rapidly equil
ibrating ones should always be considered. 

Cyclohexenylmercuric acetate was ruled out by 
Wolfe16 as an intermediate in the allylic oxidation of 
3,3,6,6-tetradeuteriocyclohexene since he anticipated, 
but did not find, the incorporation of hydrogen from 
the solvent in the olefin formed by demercuration of an 
intermediate allylic mercurial. From our data, less 
olefin is formed with the increase in the reactivity of the 
organomercurial. Since the secondary cyclohexenyl
mercuric acetate is expected to be more reactive than 6, 
the amount of cyclohexene from its solvolysis is pre
dicted to be low, invalidating Wolfe's argument. 

(41) Z. Rappoport, unpublished results. 
(42) (a) M. S. Kharasch and G. Sosnovsky, J. Amer. Chem. Soc, 

80, 756 (1958); M. S. Karasch, G. Sosnovsky, and N. C. Yang, 
ibid., 81, 5819 (1959); (b) J. K. Kochi, ibid., 83, 3162 (1961); (c) 
ibid., 84, 774, 3271 (1962); (d) C. Walling and A. A. Zavitsas, ibid., 
85, 2084 (1963); H. L. Goering and U. Mayer, ibid., 86, 3753 (1964). 

Metal salt catalyzed postisomerization of the allylic 
esters should also be taken into account. We believe 
that the low yield of 2 reported21 in the oxidation of 4 
is due to this reason. Although the kinetically con
trolled percentage of 2 in the allylic esters mixture is 
40%, the calculation of Table V showed that the maxi
mum yield of this ester will be obtained after 17.5 hr 
and will be 4.6%. 

Finally, the unique product distribution from the sol
volysis of 6 suggests that similar distributions from 
other metal salt oxidations may be due to an allylic 
metal salt intermediate. The allylic oxidation of olefins 
by peresters in the presence of cupric salts42 gives pre
dominantly 7 from the butenes. One explanation420 

involving ligand transfer and allylic cupric salt inter
mediates is supported by the analogy to the behavior of 
our compounds. 

Experimental Section 
a-Phenylallyl acetate, bp 92° (2 mm), /I26D 1.509, cinnamyl ace

tate, bp 113° (2.4 mm), a-methylallyl acetate, bp 111°, crotyl 
acetate, bp 131°, cinnamylmercuric acetate, mp 98°, and crotyl-
mercuric acetate, mp 78°, were prepared as described elsewhere.43 

The liquid esters were >99.5% pure by vpc. Allylbenzene was 
prepared from allyl bromide and phenylmagnesium bromide,44 

and was >99.9% pure: bp 157° (735 mm) (lit.45 156-157° (760 
mm)); n21D 1.508 (lit.45 1.515). Propenylbenzene45 was purified 
by vpc on a saturated AgNO3 column. 1-Butene, cis- and lrans-
2-butene, and 1-pentene (Matheson) were >99% pure. 1-Octene 
(Matheson) was purified by distillation. Hg(OAc)2 (Baker Ana
lyzed) was crystallized from 20% AcOH-80% water and dried at 
110° to constant weight. Acetic acid was prepared by fractionation 
from the calculated amount of acetic anhydride after reflux for 24 
hr. The acid, bp 117° (753 mm), was dry to Karl Fischer reagent. 

l,2-Diacetoxy-3-phenylpropane. 1,2-Dibromo-3-phenylpro-
pane46 (15 g) and silver acetate (20 g) were refluxed in acetic acid 
(150 ml) for 20.5 hr. The mixture was poured into water (500 
ml) and extracted twice with methylene chloride (200 ml), the 
solvent was dried (Na2SO4) and removed in vacuo, and the residue 
was distilled at 156° (8 mm), giving 12.6 g (98%) of organic mate
rial containing 4% cinnamyl acetate and ca. 95% l,2-diacetoxy-3-
phenylpropane47 which was purified by vpc: nilv> 1.4900; nmr S 
2.03 (6 H, 2 s, 2COMe), 2.98 (2 H, d, / = 7.2 Hz, benzyl), 4.23 
(2 H, octet, terminal CH2), 5.41 (1 H, octet, CH), 7.50 (5 H, s, 
Ph). The octet splitting remains the same at 0 and 40°. The ir 
is very similar to that of cinnamyl acetate. Anal. Calcd for G3Hi6-
O4: C, 66.08; H, 6.83 Found: C, 66.01; H, 6.56. 

Stabilities of Starting Materials and Products. Solutions of 
0.27 M 7 and 0.61 M 8 in AcOH were kept for 13 days at 75°. 
The recovered esters were >99% pure. 4 (1 M) in AcOH was 
left for 97 hr at 75° with and without 1.48 M NaOAc. The re
covered material was only 4, although 0.01 % of 5 could be de
tected. Diethyl adipate (the vpc standard) was recovered un
changed from a 1:2 mixture with Hg(OAc)2 at 75° for 1 week. 2 
and 3 were stable on the XF-1150 column under the analysis condi
tions. l,2-Diacetoxy-3-phenylpropane(189 mg) and Hg(OAc)2 (725 
mg) in AcOH (10 ml) were kept for 74 hr at 75°. After work-up, 
>99.5% of the diacetate was recovered unchanged. 

Reactions of the Allylic Esters in the Presence of Hg(OAc)2. 7 
(0.24 )7Wand Hg(OAc)2 (0.29 M) were kept for 23 hr in acetic acid at 
75°. Only 38% of the allylic esters was recovered with a composi
tion of 40% 7 and 60% 8. When 0.2 M 7 and 0.2 M Hg(OAc)2 
in AcOH were kept for 5 hr at 50°, the recovered ester was 22% 8. 

8 (0.29 M) and Hg(OAc)2 (0.37 M) in AcOH were kept for 23 hr 
at 75°. Only 48% of the allylic esters was recovered with a com
position of 21 % 7 and 79% 8. 

(43) P. D. Sleezer, W. Kitching, S. Winstein, and W. G. Young, un
published results. 

(44) E. B. Hershberg, HeIv. Chim. Acta, 17, 351 (1934). 
(45) J. M. Van der Zanden and T. R. Rix, Reel. Trac. Chim. Pays-

Bas, 76, 75(1957). 
(46) D. Pressman and W. G. Young, /. Amer. Chem. Soc., 66, 705 

(1944). 
(47) J. Boeseken and G. Elsen, Reel. Trav. Chim. Pays-Bas, 48, 363 

(1929). 
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Table IX. Vpc Data on the XF-1150 Column" 

Compound 

MeCH=CHCH 2 OAc 
MeCH(OAc)CH=CH2 

EtCH=CHCH 2 OAc 
EtCH(OAc)CH=CH2 

MeCH=CHCH(OAc)Me 
PrCH=CHCH 2 OAc 
PrCH(OAc)CH=CH2 

B U C H = C H C H 2 O A C 
B U C H ( O A C ) C H = C H 2 

W - C 5 H 1 1 C H = C H C H S O A C 
W - C 5 H 1 1 C H ( O A C ) C H = C H 2 

PhCH=CHCH2OAc' ' 
PhCH(OAc)CH=CH2* 
PhCH2CH2CH=CHCH2OAc 

Column 
length, 

m 

3 
3 
3 
3 
3 
2 
2 
2 
2 
3 
3 
2 
2 
2 

Column 
T, 
0C 

65 
65 
74 
74 
74 
66 
66 
80 
80 

133 
133 
155 
155 
154 

Injector 
T, 
0C 

145 
145 
160 
160 
160 
150 
150 
180 
180 
187 
187 
190 
190 
195 

He 
pressure, 

psi 

10 
10 
12 
12 
12 
10 
10 
10 
10 
16 
16 
15 
15 
15 

Retention 
time, 
min 

16.9 
8.1 

18.8 
9.8 
8.6 

21.6 
10.0 
28.0 
13.5 
20.5 
10.1 
20.0 

6.0 
40.0 

" On 60-80 Chromosorb W. b 25 % column. Other retention times (in minutes); 
diethyl adipate, 10.0; l,2-diacetoxy-3-phenylpropane, 60. 

allylbenzene, 1.2; 2-acetoxy-l-phenylpropane, 6.4; 

Table X. Allylic Acetates from the Oxidation of Olefins by Hg(OAc)2 in Acetic Acid 

Allylic acetate 

MeCH=CHCH 2OAc 6 

MeCH(OAc)CH=CH2" 

EtCH=CHCH 4 OAc 6 

EtCH(OAc)CH=CH2* 

PrCH=CHCH 2OAc 6 

PrCH(OAc)CH=CH2
6 

B U C H = C H C H 2 O A C 6 

B U C H ( O A C ) C H = C H 2
6 

W - C 5 H 1 1 C H = C H C H 2 O A C 

W-C5H11CH(OAc)CH=CH2)4 

PhCH2CH2CH=CHCH2OAc 

Formula 

CeH1OO2 

CeH1OO2 

QH 1 1 O, 
C T H 1 2 O 2 

CsH14O2 

CsH14O2 

CgH1BO2 

CaHuO2 

C1OH1SO2 

C1OH1SO2 

C12H16O2 

A I 

Calcd 
C 

63.13 
63.13 

65.59 
65.59 

67.57 
67.57 

69.19 
69.19 

70.54 

70.54 

76.44 

H 

8.83 
8.83 

9.44 
9.44 

9.92 
9.92 

10.32 
10.32 

10.66 

10.66 

7.89 

Obsd 
C 

63.17 
63.00 

65.38 
65.79 

67.42 
67.71 

69.16 
69.12 

70.49 

70.68 

76.41 

H 

8.82 
9.05 

9.50 
9.39 

10.03 
9.72 

10.28 
10.32 

10.67 

10.88 

8.03 

Ir (cm -1)" 
in CCl4 

1722 (s), 1662 (w) 
1722 (s), 1631 (m), 

1420(m) 
1722 (s), 1660 (w) 
1722 (s), 1631 (m), 

1420 (m) 
1722 (s), 1655 (w) 
1722 (s), 1630 (w), 

1410 (m) 
1722 (s), 1655 (w) 
1722 (s), 1631 (w), 

1418 (m) 
1722 (s), 1675 (m), 

1660 (w) 
1722 (S), 1631 (m), 

1420 (m) 
1722 (s), 1630 (m), 

1440 (s) 

Nmr (in S units) in CCl4 

Me 

1.68(d) 
1.24(d) 

1.01 (t) 
0.97(t)" 

0 .91 (0" 
0.93(t)" 

0.91 (t)" 
0.91 (t)" 

0.90(t)" 

0.91 (t)" 

e 

AcO 

1.90 (s) 
1.95 (s) 

1.97 (s) 
1.97 (s) 

1.95 (s) 
1.97 (s) 

1.97 (s) 
1.98 (s) 

1.96 (s) 

1.97 (s) 

1.95 (s) 

CH2O C H = C H 

4.32(d) 5.5 (m) 
4.90-6.00 (m) 

4 .42(d) 5.57 (m) 
4.90-5.75 (m) 

4.43 (q) 5.5 (m) 
4.90-5.80 (m) 

4.40 (q) 5.5 (m) 
4.97-6.00 (m) 

4.40(d) 5.6 (m) 

4.90-5.90 (m) 

4.40(d) 5.64 (q) 

° Only characteristic bands or those differentiating between the primary and secondary esters are given, 
terminal olefin. c From the oxidation of the 2-olefin. " A multiplet for the aliphatic protons is observed at 
multiplets at S 2.58; Ph is a singlet at 5 7.15. 

b From the oxidation of the 
5 1.3-1.6. e CH2 protons are 

2 (0.06 M) and Hg(OAc)2 (0.2 M) in AcOH were kept at 75° 
for 24 hr. A few crystals of Hg2(OAc)2 were formed. The com
position of the recovered ester was 97.2 % 3 and 2.8 % "middle peak." 

3 (0.2 M) and Hg(OAc)2 (0.32 M) in AcOH gave, after 25 hr 
at 75°, a few needles of Hg2(OAc)2. The product was 98.2% 3 
and 1.8% "middle peak." Reaction for 90 hr gave Hg, Hg2(OAc)2, 
"middle peak," and few additional organic compounds (by vpc) 
which were not characterized. 

Oxidation of 4 in AcOH. 4 (5.2 g) and Hg(OAc)2 (20.8 g) in 
AcOH (100 ml) were refluxed for 50 hr. Hg (9.1 g, 70%) was pre
cipitated. The mixture was poured into water, extracted twice 
with pentane (100 ml), washed (water, aqueous NaHCO3), and 
dried (Na2SO4). The solvent was evaporated and the remainder 
distilled at 128° (5 mm) giving 5.35 g (72%) of organic product, 
95% of which is 3 (by vpc). Chromatography on silica gel (200 
g) gave 4.8 g (61%) of 3: nmr (CCl4) S 1.93 (3 H, s, Me), 4.60 
(2 H, d, J = 5 Hz, CH2), 6.3-6.4 (2 H, m, CH=CH), and 7.2 (5 
H, broad s, Ph); ir (CCl4) 1770 cm"1. Both ir and nmr are iden
tical with those of an authentic sample. 

Anal. Calcd for C11H12O2: C, 74.97; H, 6.86. Found: C, 
75.05; H, 6.85. 

A few milligrams of the fraction with a retention time corre
sponding to l,2-diacetoxy-3-phenylpropane were collected. The 
ir (C=O at 1710 cm"1) was identical with that of an authentic 
1,2-diacetoxy-3-phenylpropane. 

2 was collected from the early points of several kinetic runs. 
It had ir (C=O at 1725 cm-1) and retention time (on two vpc col
umns) identical with those of the authentic sample: nmr (CCl4) 
2.00 (3 H, s, Me), ca. 5.2 (2 H, m, =CH2), ca. 6.0 (2 H, q, CH=CH), 
7.27 (5 H, s, Ph). 

Attempts to Prepare the 4-Hg(OAc)2 Adduct. On mixing 4 
(4.75 g) and Hg(OAc)2 (13.3 g) in AcOH (20 ml) heat was evolved. 
Stirring continued for 15 min and when all the Hg(OAc)2 was dis
solved the mixture was poured into ice-water and extracted with 
methylene chloride (200 ml) and the solvent was evaporated. The 
remaining oil could not be crystallized (benzene-petroleum ether, 
AcOH, aqueous acetone) or solidify on chromatography (silica 
gel). After 2 months at room temperature a solid separated, but 
the analysis (Anal. Found: C, 19.57; H, 2.04; Hg, 64.35) and 
the nmr (5 1.60, 2.23 (t), and 3.17 with relative areas 1:17.5:7.5) 
showed that a drastic change in the structure took place. 

Oxidation of 4 in Aqueous Acetic Acid. The procedure was 
identical with that in anhydrous acetic acid. Cinnamyl alcohol 
was identified by its retention time on the XF-1150 column (31 
min, at 155°, 15 psi of He). 

Reaction of 4 with Acid. 4 (1.41 g) was added to HClO4 (42 
mM) in AcOH (50 ml), and the mixture was kept for 35 hr at 75°. 
After the usual work-up seven compounds including 4 were formed. 
The main product (by ir and retention time) is 2-acetoxy-l-phenyl
propane. Some 3 was also formed. 

Journal of the American Chemical Society / 94:7 / April 5, 1972 



2329 

Reaction of 3 with Perchloric Acid. To 3 (4.87 g) in AcOH (20 
ml), HClO4 (0.52 M) in AcOH (4 ml) was added. Heat was evolved 
and the solution turned yellow immediately, then red, and it dark
ened rapidly. After 1 hr the mixture was poured into water, ex
tracted with methylene chloride (70 ml), washed (aqueous 
NaHCO3), and dried (Na2SO4), and the solvent was evaporated. 
3 was extracted (pentane) leaving a viscous oil which could not be 
induced to crystallize (aqueous acetone, methylene chloride-
pentane) with ir similar to that of 3. 

Oxidation of the CnH2n Olefins. A 1:1 mixture of 1-olefin 
and Hg(OAc)2 or a 1:1 or a 1:2 mixture of 2-olefin with Hg(OAc)2 
in acetic acid was kept at 75° for 7-10 days, or at reflux for several 
hours. Hg was formed from the 1-olefins and Hg2(OAc)2 from 
the 2-olefins. The mixture was poured into saturated K2CO3 
solution, extracted with pentane, and dried (Na2SO4), the solvent 
was evaporated and the esters (which were in a ratio close to the 
equilibrium value) were separated and analyzed on an XF-1150 
column. The best separation conditions are given in Table VIII. 
The analyses, nmr, and ir of the allylic esters are given in Table IX. 
In the oxidation of l-phenyl-3-pentene (8.9 g) by Hg(OAc)2 (18.2 g) 
in AcOH (35 ml) at 75° for 20 days two nonolefinic compounds 
were collected, but only the one with the longer retention time was 
isolated and identified as l-acetoxy-5-phenyl-2-pentene. 

Olefins from the Oxidation of the Butenes. The reaction mixture 
from the oxidation of 1-butene (2.2 M) with Hg(OAc)2 (1.57 M) 
in AcOH at 75° for 17 days was poured into cold K2CO3 solution, 
extracted with toluene, and analyzed on a 3-m saturated AgNO3-
ethylene glycol on Firebrick column. At 37°, a He pressure of 8 
psi, peaks at 2.5 (11), 8.5 (10), 9.3 (9), and 46 min (toluene) were 
observed. 

Similar analysis from the oxidation mixture of m-2-butene (0.57 
M) with Hg(OAc)2 (0.11 M) for 94 hr at 75° gave a cw-2-butene-

There are conceptually a number of ways by which 
allylic oxidation of an olefin by M(OAc) n (M = 

Hg(II), Pd(II), Tl(III), Pb(IV)) can occur. A particu
larly attractive pathway involves the formation and sub-

(1) (a) Address correspondence to this author at the University of 
Queensland; (b) University of California at Los Angeles; (c) Hebrew 
University; (d) Bristol Laboratories, Syracuse N. Y. 13201; (e) 
Deceased Nov 23, 1969. 

trans-2-butene ratio of ca. 0.33. Traces of 1-butene were also 
formed, but the peak is mainly covered by the cis-2-butene peak. 

Kinetic Procedure, (a) By Vpc. Except for the gaseous olefins, 
stock solutions of the two reactants in acetic acid were prepared. 
Those of the olefins were stable for months, while those of Hg(OAc)2 
gave some Hg2(OAc)2 after 1 month, and were used within a few 
days of their preparation. The reagents and the vpc standard 
were mixed at room temperature and kept at 75°. Samples were 
withdrawn, poured into saturated K2CO3 solution, and extracted 
twice with pentane (50 ml), the extract was washed with saturated 
K2CO3 solution (100 ml) and dried (Na2SO4), the solvent was evap
orated at 40-60° in vacuo, and the residue was analyzed by vpc.48 

The gaseous olefins were absorbed by a suspension of Hg(OAc)2 
and their concentrations were determined from the change in weight. 

(b) By Gravimetry. The reaction was conducted in 25-ml flasks. 
At predetermined times the contents of the flask were shaken until 
the mercury formed one droplet. The solution was transferred 
at the reaction temperature to another 25-ml flask without the 
Hg droplet. Losses due to transfer were small and were taken into 
account. The droplet was washed, dried, and weighed. When 
Hg2(OAc)2 was also formed it was separated easily from the droplet, 
filtered, and dried, and its amount (as Hg) was added to that of the 
metallic Hg. 

The kinetics of the solvolysis of 1 was followed by vpc. A sample 
run is given in Table X. 

Warning. In preparative vpc of the oxidation mixture some 
of the organomercury adducts are partially extracted into the ether, 
and decompose on the vpc column, liberating metallic mercury. 

(48) The extraction was found to be complete under these conditions. 
The response of the allylic acetates to the vpc detector was calibrated. 

sequent demetallation of an allylic organometallic, and 
this sequence has been suggested for the Hg(OAc)2 ox
idation of certain olefins in acetic acid.2a In contrast, 
under some conditions, the most plausible mechanism 
for Pd(OAc)2 oxidation of the butenes does not seem to 

(2) (a) Z. Rappoport, P. D. Sleezer, S. Winstein, and W. G. Young, 
Tetrahedron Lett., 5119 (1965); (b) W. Kitching, Z. Rappoport, S. 
Winstein, and W. G. Young,/. Amer. Chem. Soc, 88, 2054 (1966). 

Metal Acetate Promoted Reactions of o- and 
TT Allylic Organometallics 
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Abstract: The reactions of the allylic mercurials, trans RCH=CHCH2HgOCOCH3 (R = CH3 or C6H5), either 
alone or with added metal acetates, M(OAc)n, where M = Hg (« = 2), Pb (n = 4), Tl (« = 3), and Pd (« = 2), in 
acetic acid have been investigated. Product distributions, either extrapolated to zero time or based on very early 
observations, have been measured and in the cases of Pb(IV) and Tl(III) the production of substantial amounts of 
«>crotyl acetate is interpreted in terms of SEi' formation of allylic derivatives of these metals, which then deme-
talate. The dimeric ir-crotyl- and 7r-cinnamylpalladium acetates have also been examined alone, or in the presence 
of M(OAc)n as outlined above, in acetic acid and DMSO-acetic acid (9:1). Neutral depalladation, i.e., in acetic 
acid, is suggested to involve rate-determining formation of a cr-allyl species which may then undergo rapidly a num
ber of product-determining depalladations. Reactions with Tl(OAc)3 may involve formation of a cr-allyl species 
(to account for cis product from rrans-crotylpalladium complex) as well as direct oxidation of the w complex. This 
latter path seems quite likely for Pb(OAc)4 where the crotyl acetate product is completely trans, although the same 
stereochemical result would be anticipated for the intervention of a crotyl cation. 
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