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stoichiometry, electrochemistry, and spectral data are con
sistent with the formation of retinal pinacol (Scheme 1). Pi-
nacol formation is also achieved in the one-electron reduction 
of retinal in the presence of 100-fold molar excess of diethyl 
ethylmalonate. 

Spectroelectrochemistry shows that the pinacol is but a 
minor product of reduction of retinal in the presence of added 
water, phenol, or acetic acid. This is evidenced by the absence 
of an absorption maximum at 325 nm in the product spectra 
(Figure 1). A mixture of dimeric products is formed which are 
not electroactive. As previously discussed, this is the expected 
result for electrodimerization of «,/3-unsaturated com
pounds. 

We have isolated and characterized the pinacol following 
bulk electrolysis of retinal in the presence of diethyl malonate. 
In these experiments, retinal (0.05 g) in acetonitrile with 0.1 
M TBAP was reduced at a mercury pool cathode with a silver 
wire quasi-reference electrode and an isolated platinum aux
iliary electrode. Electrolysis in the presence of a 10-fold molar 
excess of diethyl malonate at a potential 100 mV cathodic to 
the first observed half-wave potential consumes 1.09 ± 0.14 
electrons/mol. A UV spectrum of the electrolysis products 
before extraction indicated the presence of 85% pinacol by 
weight. The products were extracted into ether, dried, and 
separated by thin-layer chromatography (TLC) using the 
method of Fung et al.;16 butylated hydroxytoluene served as 
an antioxidant except for the spectral studies. The spectral data 
are all in direct agreement with that expected for retinal pi
nacol.17 Isolated yield of the pinacol was 50% of the starting 
material. This yield reflects losses of the pinacol during TLC 
due to the sensitivity of retinal compounds to light and air 
oxidation.18 Other identified products (which were present in 
<5% yield) include retinol, /3-carotene, and retinal from in
complete electrolysis. 

These results demonstrate that diethyl malonate and diethyl 
ethylmalonate work in a unique manner to foster electrodi
merization of retinal at the carbonyi carbon. It can be con
cluded from our data that acid strength of the proton donor is 
not the predominant effect: water, a weak acid in acetonitrile, 
and acetic acid, which is a much stronger acid than diethyl 
malonate, both produce the same mixture of dimers with very 
little pinacol. A detailed study of the directed coupling is re
quired to elucidate the reaction mechanism. We have observed 
the radical anion of retinal by cyclic voltammetry at 0.5 V/s 
under conditions where exhaustive electrolysis yields the pi
nacol, which infers that malonate esters form a weak complex 
with the radical anion and thus direct the coupling reaction 
toward pinacol formation. This report of preferential dimeri-
zation at the carbonyi carbon upon electroreduction of retinal 
is the first instance of selective pinacol formation by electro
chemical means; whether malonate esters or different carbon 
acids promote pinacol formation with other a,/3-unsaturated 
aldehydes will be the subject of future research. 

Acknowledgment. The support of this study by the Research 
Corporation and Indiana University is gratefully recognized. 

4413 

Helpful discussions with G. P. Lahm and M. M. Baizer are also 
acknowledged. 

References and Notes 
(1) Baizer, M. M. In "Organic Electrochemistry, An Introduction and Guide"; 

M. M. Baizer, Ed.; Marcel Dekker: New York, 1973, pp 399-411. 
(2) Evans, D, H, Ace Chem. Res. 1977, 10, 313-319. 
(3) Wiemann, J.; Bouguerra, M. L. Ann. Chim. (Paris) 1968, 3, 215-218. 
(4) Wiemann, J; Sa-Le-Thi-Thuan; Lelandais, D.; Dedieu, M. C. R Hebd. 

Seances Acad. ScL, Ser. C 1969, 269, 30-33. 
(5) Lamy, E; Nadjo, L.; Saveant, J. M. J. Electroanal. Chem. 1973, 42, 189-

221. 
(6) Wawzonek, S.; Gundersen, A. J. Electrochem. Soc. 1964, 111, 324-

328. 
(7) Miller, D.; Mandell, L.; Day, R. A., Jr. J. Org. Chem. 1971, 36, 1683-

1685. 
(8) Johnston, J. C; Faulkner, J. D.; Mandell, L.; Day, R. A., Jr. J. Org. Chem. 

1976, 41, 2611-2614. 
(9) Sioda, R. E.; Terem, B.; Utley, J. H. P.; Weedon, B. C. L. J. Chem. Soc, 

Perkin Trans. 1 1976, 561-563. 
(10) Rifi, M. R. In "Technique of Electroorganic Synthesis", Part II; Weinberg, 

N. L., Ed.; Wiley-lnterscience: New York, 1975, pp 83-136. 
(11) Reedy, A. J. British Patent 1 097 497, 1968. 
(12) McMurry, J. E.; Fleming, M. P. J. Am. Chem. Soc. 1974, 96, 4708-

4709. 
(13) Bewick, A.; Brown, D. J. J. Chem. Soc, Perkin Trans. 2 1977, 99-102. 
(14) For previous studies of the electrochemistry of retinal see: (a) Park, S.-M. 

J. Electrochem. Soc 1978, 125, 216-222. (b) Mairanovskii, V. G.; Sa-
mokhvalov, G. I. Electrokhimiya 1966, 2, 62-68. (c) Powell, L. A.; Wight-
man, R. M., submitted for publication to J. Electroanal. Chem. 

(15) (a) Murray, R. W.; Heineman, W. R.; O'Dom, G. W. Anal. Chem. 1967, 39, 
1666-1668. (b) Heineman, W. R. ibid. 1978, 50, 390A-400A. 

(16) Fung, Y. K.; Rahwan, R. G.; Sams, R. A. J. Chromatogr. 1978, 147, 
528-531. 

(17) Spectral analysis gives the following results: UV-visible Xm3x 325 nm; mass 
spectrum m/e 570 (M+), 552 (M+-H2O), 285 (symmetric cleavage); IR 
(CHCI3) 3680, 3620, 1050 cm - 1 . In the NMR spectrum, the appearance 
of two doublets each for the protons on C-14 (<5 4.36 (J = 7.2 Hz), 4.55(J 
= 8.0 Hz)) and C-15 (5 5.40 (J = 7.2 Hz), 5.50(J= 8.0 Hz)) is due to the 
meso and (±) isomers of the pinacol. Though the remainder of the NMR 
spectrum for the pinacol also shows splitting of peaks due to diastereomers, 
it is similar to the spectrum of retinol. (See Planta, C. v.; Schwieter, U.; 
Chopard-dit-Jean, L.; Riiegg, R.; Kofler, M.; Isler, O. HeIv. Chim. Acta 1962, 
45, 548-561.) 

(18) Lerner, D.-A.; Mani, J.-C; Mousseron-Canet, M. Bull. Soc. Chim. Fr. 1970, 
1968-1974. 

Linda A. Powell, R. M. Wightman* 
Department of Chemistry, Indiana University 

Bloomington, Indiana 47405 
Received September 5, 1978 

New Synthetic Methods. 
Allylic Alkylation of Enol Thioethers 

Sir: 

To date, enol thioethers represent the least useful class of 
enol derivatives. Except for their hydrolysis to carbonyi part
ners or reduction to olefins, their synthetic applications have 
been almost ignored. The fact that they are as readily available 
from ketones' as enamines, enol acetates, or enol silyl ethers, 
as well as available directly by addition of sulfur-stabilized 
anions to carbonyi groups,2 isomerization of allyl phenyl sul
fides,33 various methods of sulfenylation of olefin systems,313 

rearrangement of 1-phenylthio-l-vinylcyclopropanes,4 me-
talation and alkylation of phenyl vinyl sulfide,5 oxidative de
carboxylation of a-thioacids,6 etc., enhances interest in their 
elaboration as basic building blocks. The use of the afore
mentioned enol derivatives has focused on their ability to in
crease the nucleophilicity of the double bond. We wish to report 
that a new type of reactivity for enol derivatives is accessible 
via enol thioethers—nucleophilic alkylation at the allylic po
sition which constitutes an equivalent of an enolonium ion.7 

Furthermore, combined with emerging new methods for direct 
elaboration of enol thioethers, this method becomes a poten
tially powerful approach in synthesis. Equation 1 outlines the 
sequence. 
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Table I. Allylic Acetoxylation of Vinyl Sulfides" 
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vinyl sulfide product (% yield) vinyl sulfide product (% yield)*'' 
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(.56) 
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SPh SPh SPh 

OAc AcO 
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9b 
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PhS PhS 

(68) (63) 

10b 
AcO OAc 

17 

"All reactions were runinTHFutO°C(~l h) to room temp (~4 h) with 1.1 equiv of Pb(O Ac)4 per equiv of sulfide. h Yields are for pure 
compound isolated by chromatography. ' Products have been characterized spectroscopically and for elemental composition. (/ Yield of distilled 
product. '' These products have been characterized spectroscopically only. I The crude reaction mixture was treated with boron trifluoride 
ctheratc in benzene prior to isolation. « The crude reaction mixture was treated with 5 M KOH and ether as a two-phase system. * The yield 
of allylic acetate 12 obtained from initial reaction plus that of 12 from treatment of thediacetate 13 with boron trifluoride or 5 M KOH/ether. 
EjZ = 1 /2. ' Reaction of 12-13 h at room temperature. 

O SPh SPh 

activation JL ^OAc 

PhS, 

SPh 

substitution JL ^R 
a) 

The key to the sequence is the ability to selectively activate 
the allylic position of a vinyl sulfide. Surprisingly,8 lead tet
raacetate effects such a transformation cleanly at room tem
perature or below in THF as summarized in eq 2 and Table I.9 

SPh PhS OAc X^-OAc 
SPh 

OAc (2) 

V y 
Oxidation of sulfur is not observed. As implied in eq 2, the 
reaction appears to proceed at least in part through bis-ace-
toxylation followed by elimination. In the case of the six-
membered ring compounds 3, 7, 9, and 11, the initial reaction 
mixture consisted of the l,2-bis(acetate) (cf. 13) in addition 
to the allyl acetate. For synthesis of the desired allylic acetate, 
the reaction mixture was worked up by treatment with either 
BF^-ether or 5 N KOH-ether (with only a trace of concomi
tant hydrolysis). In the case of 11, the diacetate 13 was isolated 
as a stereoisomeric mixture as indicated by four acetate (5 1.88, 
1.90, 1.93, 1.96) signals in almost equal intensity which was 
independently converted to a stereoisomeric mixture of allyl 
acetates 12 in contrast to isolation of only 12a in the initial 
oxidation. Switching the solvent to methylene chloride en
hances bisacetoxylation at the expense of allylic acetate for
mation. For example, treatment of 1-phenylthiocyclopentene 
(1) with lead tetraacetate in methylene chloride (1 ha t O °C, 
4 h at room temp) produces only a 10% isolated yield of 2 and 
a 60% isolated yield of 18 (mainly one isomer). The latter again 

,OAc 

OAc BF, 

92% 
18 

produces an excellent yield of allylic acetate upon treatment 
with boron trifluoride etherate at room temperature. 

The enhanced selectivity and acceleration of the reaction 
of a double bond by sulfur is at first glance quite surprising. 
A rationale invokes initial complexation of lead tetraacetate 
with sulfur, e.g., 19. Nucleophilic addition of acetate produces 

,OAc 

OAc 

SPh 

SPh 

OAc 
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Table II. Coupling of Allylic Acetate with Organocuprates" 

allylic 
acetate 

2 

2 

2 
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12a 
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Ph 

Ph 

R2CuLi 
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= C H 2 

temp, 
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0 

- 3 0 

- 5 0 

- 7 8 

0 

0 

0 

0, 

product 

SPh 
I 
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1 JDTR 
<YxXo>u 

SPh 

1 /C1H., 

Cf 25 
SPh 

I 
Cr^- 26 

SPh 

Cf • 
SPh 

I 

SPh 

SPh 

Ctf.rt 
SPh 

% yield* 

86 

72 

89 

76 

85 

73 

77 

71 

12< Ph 68 

" The organocuprate was prepared by reacting 2 equiv of the or-
ganolithium with 1 equiv of recrystallized cuprous iodide or dimethyl 
sulfide-cuprous bromide in THF at -78 to 0 °C. Coupling was 
achieved by reacting 1 mmol of allylic acetate with 1.0 mmol of 
dialkylcuprate. * All yields are for isolated pure product. New com
pounds have been characterized spectroscopically and satisfactory 
elemental compositions determined. ' E/Z = 1 /2. d E/Z = 2/1. 

the thionium ion 20 which can partition between deprotonation 
and capture by acetate. The conversion of 19 to 20 can be 
compared to the methanolysis of methoxyphenylvinylsulfon-
ium fluoroborate to 1,2-dimethoxyethyl phenyl sulfide.10 The 
isolation of only the E isomer 12a in the initial oxidation which 
involves axial attack of acetate on 19 from 11 supports the 
above. This stereochemistry for 12a is clearly indicated by the 
presence of an unresolved multiplet at 8 5.24 (Wi/2 = 7 Hz) 
indicative of an equatorial hydrogen for the methine proton 
geminal to acetoxy, whereas the Z isomer shows this proton 
at 5 5.42 (W1/2 = 30 Hz) indicativeof an axial hydrogen. The 
formation of only the tetrasubstituted olefins 6 and 8 would 
imply isomerization of the kinetically formed acetate 21 to the 
thermodynamically more stable product." 

SPh 
AcO. 

- % F/ 
»• 6 or 8 

The utility of this high-yield acetoxylation can be illustrated 
by the further transformations of the products. For example, 
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hydrolysis of the acetate (K2CO3, CH3OH, H2O, room temp) 
followed by oxidation (PCC or preferably MnO2, CHCl3) gives 
the sulfenylated enones 22 which have proven to be valuable 
building blocks.12 As illustrated in eq 3, the sequence becomes 

SPh SPh 

2 or 4 1 or 2 

O SPh 

(3) 

a 1,2-carbonyl transposition with incorporation of a reactive 
Michael acceptor system. 

More significant is the coupling with cuprates as outlined 
in Table II. While alkyl cuprates behave normally, attention 
was focused on aryl and vinyl cuprates. In each case, coupling 
was excellent. As shown for 6 and 8 going to 28 and 29, re
spectively, regioselectivity is complete and the reaction pro
ceeds with inversion of stereochemistry (12a — 30) as ex
pected.13 Since the products retain the enol thioether linkage, 
taking advantage of its use as a regiocontrolled enol derivative 
is possible. Hydrolysis to the ketone'4 32 represents the overall 
use of a ketone as an enolonium ion equivalent. Desulfurization 
to 33 represents a regiocontrolled 1,3-disubstituted olefin 
synthesis. Some additional aspects of the potential of enol 
thioethers has only recently been probed. A phenylthio group 
has been replaced by an allyl or aryl group via organonickel 
chemistry (-*-34),15 and transmetalation reactions have been 
noted (-*35).16 Conversion of the enol thioether into the cor
responding sulfoxide or sulfilimine followed by double bond 
isomerization to the allyl derivative and sigmatropic rear
rangement creates an allylic alcohol or amine 36. l a Oxidation 
of the sulfide to the sulfone with 2 equiv of MCPBA proceeds 
cleanly and can be followed by nucleophilic addition of or-
ganometallic reagents (—37).17 Combined with the present 
allylic alkylation, these methods highlight the flexibility of enol 
thioether as shown in Chart I. 
Chart I 

SO2Ph 

for 36, X = OH, NHTs 
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fj-bond cleavages are observed with NCbPF6 in methylene 
chloride-sulfolane solvent.3 For example, the oxidation of 
ethane afforded both nitroethane and nitromethane, while 
adamantane afforded nitroadamantane in about 10% yield. 
In general, the heterolytic cleavage of carbon-hydrogen and 
other (T bonds requires a highly reactive electrophile, which is 
commonly generated in situ under harsh conditions. As a 
consequence, yields are often low and complex mixtures of 
products common. 

We recently demonstrated that the reaction of alkyl halides 
and alkyl ethers with NCbBF4 in acetonitrile resulted in effi
cient abstraction of halide or alkoxide ion and formation of a 
nitrilium ion, which afforded the corresponding acetamide 
upon hydrolysis.71' Mechanistic studies75 with optically active 
exo- and e«rfo-2-bromonorbornane provided convincing evi
dence that the reaction of N O T + with the nonbonding electron 
pairs of the halogen forms a nitronium complex that effects 
heterolysis of the C-X bond. In the present study, we provide 
conclusive evidence that a related mechanism is operating in 
alkane oxidation. The reaction of selected hydrocarbons with 
NO2BF2 results in a formal hydride ion abstraction, leading 
to the formation of transient carbenium ion intermediates. 

We have noted that tertiary alkyl halides frequently afforded 
highly substituted thermodynamically stable alkenes as in
termediates upon reaction with NO2BF4. This observation 
prompted a comparative study between halide and hydride 
abstraction. A common carbenium ion (2) is implicated in the 
oxidation of 2-methylbutane ( la) and 2-chloro-2-methylbu-
tane (lb). Both compounds afforded 2-acetamido-2-methyl-
3-nitrobutane (4) (55%) as the major product. The vicinal 
nitroacetamide 4 was identical in every respect with the 
product obtained from the electrophilic addition OfNO^BF4 

to trimethylethylene (3) in acetonitrile.8 The reaction sequence 
given in eq 1, involving alkene formation from a cationic 

X 
N O , B F a 

-NO 2 X 

H 

la, X = H 
b, X = Cl 

> ^ 

NO 2 BF 4 

CH,CN 

H , 0 
NHAc 

U 
NO, 

(1) 

Mechanism of the Oxidation of Alkanes with Nitronium 
Tetrafluoroborate in Acetonitrile. Evidence for a 
Carbenium Ion Intermediate 

Sir: 

It is becoming increasingly evident that electrophilic attack 
at a carbon cr bond is an important reaction despite the low 
reactivity often associated with completely saturated mole
cules. Since cr-bond cleavage via this type of mechanism has 
only recently been noted,' the scope and utility of this class of 
reactions remain to be defined. Protolytic reactions of alkanes 
by superacids,2 nitration by nitronium salts,3 Lewis acid cat
alyzed halogenation by elementary halogen,4 hydroxylation 
with dry ozone,5a and oxyfunctionalization with ozone and 
hydrogen peroxide in superacid media5b are among the more 
interesting transformations involving a bonds that have been 
reported to date. 

Early efforts to oxidatively functionalize hydrocarbons 
frequently utilized the nitrogen oxides. Both solution and 
gas-phase chemistry at high temperatures often favored 
free-radical reactions.6 At lower temperatures, heterolytic 

species, provides a rational explanation for these observations. 
These data cannot exclude a concerted elimination from a 
complex consisting of lb and N 0 2 + . Significantly, the results 
do strongly suggest that parallel mechanisms are operating in 
both alkane9 and alkyl halide oxidation. 

A second mechanistic probe utilized bicyclo[2.2.2]octane 
(5), where cation generation of C-2 would lead to rearranged 
products. Treatment of 5 with NO2BF4 in acetonitrile (16 h) 
afforded acetamides 6, 7, and 8 in an overall isolated yield of 
73% (eq 2).10 The ratio of 7:8 is informative in that the sol-

NHAc 

(2) 

NHAc 
6 
65 

NHAc 
7 

22 
8 
13 
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