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Introduction of an electron-withdrawing substituent in the alcohol
destabilizes the protonated zwitterionic species in the upper left
corner of the diagram. This causes the transition state to “slide”
downhill and to the right, that is to a transition state involving
less proton transfer, and an expected lower value of « is seen.
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Abstract: The electrochemical asymmetric reduction of citraconic acid (1) and 4-methylcbumarin (3) was carried out at a
poly-L-valine-coated graphite cathode. Maximum optical yields of methylsuccinic acid (2) and 3,4-dihydro-4-methylcoumarin
(4) were 25 and 43%, respectively, in a phosphate-buffered solution (pH 6).

Some methods for electrochemical asymmetric reduction of
prochiral ketones, imines, and olefins had been reported: As
summarized by Tilborg and Smit,! the use of chiral solvents, chiral
supporting electrolytes, chiral electrode surface-active materials,
and chiral chemically modified electrodes could result in asym-
metric induction. Although the use of chiral solvents? and sup-
porting electrolytes® gave 6 and 20% optical yields, respectively,
in each best case in the reduction of acetophenone, these methods
inherently need large amounts of optically acitive materials as
asymmetry-inducing reagents. In contrast to these, the other two
methods should be characterized by the efficient use of extremely
small amounts of the inducing reagents A pioneer work in the
field of electrochemical asymmetric synthesis was made by Gourley
et al. using optically active alkaloids. They obtained a 17% optical
yield in the reduction of 4-methylcoumarin (3) in the presence
of sparteine (5 mM). Afterward, Miller and his co-workers$
reported surprisingly high optical yields, close to 50%, in the
reduction of 2-acetylpyridine in the presence of strychinine (0.5
mM). They also prepared chemically modified electrodes with
optically active amino acids and attempted asymmetric induction
in both reduction and oxidation.”® The highest optical yield
(14.5%)7'° seemed to be obtained in the reduction of 4-acetyl-
pyridine on a graphite cathode modified with (§)-(-)-phenyl-
alanine methyl ester.

Asymmetric reduction using chiral chemically modified elec-
trodes should be an excellent method, since very small amounts
of inducing reagents can act efficiently. However, there may be
a disadvantage in this method due to low coverage of chiral species
on electrode surface. This point may be able to improved by using
polymer-coated electrodes'!™!3 including a polypeptide.’* Miller
et al.!’® reported an interesting electrolysis using a polymer-coated
electrode. The electrocatalyzed reduction of meso-1,2-dibromo-
1,2-diphenylethane at a poly-p-nitrostyrene-coated platinum
cathode gave trans-stilbene in high yields, and the turnover number

¥ Stereochemical Studies of the Electrolytic Reactions of Organic Com-
pounds. 19.

for catalyst sites was estimated to be 10%

In this work, as a part of a larger program for highly selective
electrosyntheses of organic compounds using electrodes modified
with organic materials, we first examined the asymmetric reduction
of activated olefins on an optically active polymer-coated electrode.
A number of works dealing with the asymmetric reduction of
ketones!=>5-813.15 and imines!*%!6 had been reported, while only

(1) Tilborg, W. J. M.; Smit, C. J. Recl. Trav. Chim. Pays-Bas 1978, 97,
89.

(2) Seebach, D.; Oci, H. A. Angew. Chem., Int. Ed. Engl. 1975, 14, 634.

(3) Brown, D.; Horner, L. Liebigs Ann. Chem. 1977, 77.

(4) Gourley, R. N.; Grimshaw, J.; Millar, P. G. J. Chem. Soc. C 1970,
2318.

(5) Hermolin, J.; Kopilov, J.; Gileadi, E. Electroanal. Chem. 1976, 71, 245.

(6) Kopilov, J.; Kariv, E.; Miller, L. L. Electroanal. Chem. 1977, 99, 3450.

(7) Watkins, B. W.; Behling, J. B.; Kariv, E.; Miller, L. L. Electroanal.
Chem. 1975, 97, 3549,

(8) Firth, B. E.; Mlller, L. L.; Mitani, M.; Rogers, T.; Lennox, J.; Murray,
R. W. Electroanal. Chem. 1976, 98, 8271.

(9) Firth, B. E.; Miller, L. L. Electroanal. Chem. 1976, 98, 8272.

(10) Reference 7 gave not optical yield of the product but [a}p. The [alp
corresponds to 14.5% of the optical yield calculated with reference to the [a]p
of the pure enantlomer.

(11) A number of papers dealing with polymer-coated electrodes have been
recently published. For example: (a) White, H. S.; Leddy, J.; Bard, A. J.
J. Am. Chem. Soc. 1982, 104, 481. (b) Kerr, J. B.; Miller, L. L.; Mark, M.
R. V. D. Ibid. 1980, 102, 3383. (c) Buttry, D. A.; Anson, F. C. Ibid. 1982,
104, 4824. (d) Denisevich, P.; Willman, K. W.; Murray, R. W. Ibid. 1981,
103, 4727. (e) Plus references clted in these papers.

(12) Murray, R. W. Acc Chem. Res. 1980, 13, 135.

(13) Fujihira, M.; Yokozawa, A.; Kinoshita, H.; Osa, T. Chem. Lett. 1982,
1089.

(14) Miller, L. L.; Mark, M. R. V. D. J. 4m. Chem. Soc. 1978, 100, 639.

(15) (a) Jubault, M.; Raoult, E.; Peltier, D. Electrochim. Acta 1977, 22,
67. (b) Horner, L.; Degner, D. Tetrahedron Lett. 1968, 5889. (c) Horner,
L.; Degner, D.; Skaletz, D. Chem.-Ing.-Tech. 1972, 44, 209. (d) Horner, L.;
Degner, D. Tetrahedron Lett. 1971, 1245. (e) Horner, L.; Schneider, R. Ibid.
1973, 3133. (f) Horner, L.; Brich, W. Liebigs Ann. Chem. 1978, 710. (g)
Kariv, E.; Terni, H. A.; Gileadi, E. J. Electrochem. Soc. 1973, 120, 639. (h)
Jubault, M.; Raoult, E.; Pletier, E. Electrochim. Acta 1974, 19, 865. (i)
Jubault, M.; Raoult, E.; Pletier, E. Ibid. 1976, 21, 407. (j) Horner, L.; Brich,
W. Liebigs Ann. Chem. 1977, 1354. (k) Nonaka, T.; Kumai, Y.; Ito, M,;
Fuchigami, T. Rep. Asahi Glass Found. Ind. Technol. 1978, 32, 155.
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Table I. Asymmetric Reduction of Citraconic Acid (1) and 4-Methylcoumarin (3) on Poly-L-valine-Coated Graphite Cathode

hydrogenated products (2, 4)

concn of current
dip-coating cathodic current charge effi- chem opt
solution, potential,? density,? passed, ciency® yield,® yield,d
runno. olefin w/v% supporting electrolyte Vvs.SCE A/dm? F/mol % % G
1 1€ 0.5 0.4 M H,S0, (pH 0) -1.0 2.0 19 19 0.3
2 1€ 0.5 0.2 M NaH,PO, (pH 6) -1.0 0.2 80 25
3 1€ 0.5 0.2 M NaH, PO, (pH 6) -1.2 0.2 56 3
4 1€ 0.5 0.2 M NaH, PO, (pH 6) -1.0 0.6 62 12
5 1€ 0.5 0.2 M NaH,PO, (pH 6) 1.2 2.0 21 21 21
6 1€ 1.0 0.2 M NaH, PO, (pH 6) 1.2 2.0 32 32 9
7 1€ 0.5 0.4 M NaClO, (pH 7) 1.2 2.0 0 0
8 1€ 0.5 0.1 M Na,C0,-0.05 M NaHCO, (pH 10) 1.2 2.0 0 0
9 1€ 0.5 0.4 M NaOH (pH 13) 1.2 2.0 0 0
10 27 05 0.2 M NaH, PO, (pH 6) ~1.4 4.5 8 43
11 of 0.5 0.2 M NaH, PO, (pH 6) -1.4 6.0 15 32

@ For controlled potential electrolysis. ? For constant current electrolysis. € For total of the enantiomeric products. @ Percentage of
enantiomer excess. In all cases the S configurational enantiomer was formed in excess. € 50 mL of 0.145 M citraconic acid solution con-

taining ethanol in 20 v/v %.

two essential examples for olefins had been given. As described
above, Gourley et al.* reported that (R)-(+)-3,4-dihydro-4-
methylcoumarin (4) was obtained in 17% and 3.5% optical and
chemical yields, respectively, in the reduction of 4-methylcoumarin
(3) in the presence of sparteine. In previous works, we examined
the asymmetric reductions of open-chain olefins in the presence
of optically active alkaloids'” and amino acids,'** and in the best
case, (R)-(+)-methylsuccinic acid (2) was formed in 2.4% and
53% optical and chemical yields, respectively, from citraconic acid
(1) in the presence of L-cysteine. The same olefins 1 and 3 were
also used as starting prochiral compounds in the present work,
and results obtained were compared with those reported previously.

H
Me — C —COCH . Me—C-—COOH
+ 2e” + 2H —
H — C— COCH H~— C— COOH
|
1 H
2
0 0
0 0
> + 2e + 2H =
H Me
Me
4
3

Results and Discussion

Poly-L-valine was chosen as an optically active polymer to coat
electrodes because of its high optical rotatory power and good
filming property. Generally, the properties of poly(amino acids)

T Il

N»{:‘C>
£l
CH o

HiC CHa

poly-L-valine

are greatly affected by their preparative methods. In the present
work, poly-L-valine was prepared by the N-carboxy anhydride
(NCA) method: [a]?®p ~150°; M, ca. 2000.'® A poly-L-va-

(16) (a) Horner, L; Skaletz, D. H. Tetrahedron Lett. 1970, 3679. (b)
Horner, L.; Skaletz, D. H. Liebigs Ann. Chem. 1977, 1365. (c) Jubault, M.
Raoult, E. J. Chem. Soc., Chem. Commun. 1977, 250.

(17) Nonaka, T.; Ito, M.; Fuchigami, T. Rep. Asahi Glass Found. Ind.
Technol. 1979, 34, 227.

(18) The molecular weight was estimated on the basis of the solubility and
a private information from Dr. T. Komoto.

50 mL of 0.050 M 4-methylcoumarin solution containing ethanol in 50 v/v %.

line-coated graphite electrode was prepared by a dip-coating
method. The film of poly-L-valine on the graphite electrode looked
so thin that optical interference fringes could be observed.

As shown in Table I (runs 1-9), the reduction of citraconic acid
(1) was carried out in a wide pH range and the highest optical
yield (25%) was obtained in the controlled potential electrolysis
(run 2) in an weakly acidic buffered solution. The optical yield
of 25% is exceedingly higher than a value (2.4%) reported pre-
viously in the reduction of 1 in the presence of L-cysteine.!’* A
more negative potential (run 3) and a larger charge passed (run
4) in the controlled potential electrolysis resulted in the decrease
of optical yields, but when a very large amount of charge was
passed at a constant current density for a shorter time (run 5),'*
the decrease of optical yield was not remarkable. The use of a
more highly concentrated dip-coating solution of poly-L-valine (run
6) resulted in a decrease in optical yield and an increase in
chemical yield.

The lifetime of the poly-L-valine-coated electrode as an asym-
metry inductor was also examined by its repeated reuse in fresh
electrolytic solutions under the conditions for runs 5 and 6. The
electrodes coated in 0.5 and 1.0 w/v % dip-coating solutions lost
their asymmetry-inducing powers in the fourth and sixth elec-
trolyses, respectively.

The reduction of 1 in a strongly acidic solution (run 1) gave
the hydrogenated product 2 in a very low optical yield, while in
the reduction in unbuffered neutral and buffered alkaline solutions
the product 2 was not obtained.

In the reduction of 4-methylcoumarin (3) in the weakly acidic
solution (runs 10 and 11), better results, which exceed the result
(3.3% chemical yield and 17% optical yield) of Gourley et al.*
in both the chemical and optical yields, could be obtained. The
optical yield of 43% in run 10 also seems comparable to the highest
value (49.7%)>¢ achieved by the electrochemical asymmetric
induction in the past.

Since polymer-coated electrodes can be easily prepared in
general, the use of optically active polymer-coated electrodes
should be a good electrochemical asymmetric induction method,
if a suitable choice of polymer itself and electrode-base materials
is made.

Experimental Section

Materials. Citraconic acid (1) was commercially supplied from Tokyo
Kasei Chemical Co, while 4-methylcoumarin (3) was prepared by the
method in the literature® and confirmed by the melting point and NMR
spectrum. Poly-L-valine was prepared by the NCA method: L-valine
monomer ([a]*p +27°) was reacted with equimolar phosgene dimer at
50 °C in THF until the monomer was completely dissolved and then

(19) Run 4 needed about 4 h to pass 0.4 F/mol of charge, while 2.0 F/mol
could be passed for only 1.3 hin run 5.

(20) Woodruff, E. H. “Organic Syntheses™; Horning, E. C., Ed.; Wiley:
New York; 1955; Coll. Vol. 3, p 581.
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THF was evaporated under reduced pressure. The residual N-carboxy
anhydride (NCA) of L-valine was polymerized at 30 °C in dioxane
containing 1/20 equimolar triethylamine as a catalyst. After the solution
was left standing for 4 days, poly-L-valine was collected as a precipitate
and washed with dioxane. The completely dried THF and dioxane were
used in these procedures, because the NCA is very sensitive to moisture:
yield, 33%; IR (KBr) vomo 1630 em™; [«] %} -150° (¢ 1, trifluoroacetic
acid); M, ca. 2000.!%

Poly-L-valine-Coated Graphite Electrodes. A polycrystalline graphite
plate (2 X 4 cm) polished with a fine emergy paper was dipped in tri-
fluoroacetic acid solution of poly-L-valine (0.5-1.0 w/v %) for 15 min.
The graphite plate was dried for 5 min under the atmospheric pressure
and then for 30 min under reduced pressure.

Electrolysis. The electrolytic reduction of citraconic acid (1) and
4-methylcoumarin (3) was carried out by means of the controlled po-
tential or constant current method at 0 °C in a divided cell. Details of
electrolytic condition are given in Table I.

Product Analysis. After the electrolysis, ethanol in the catholyte was
distilled away under reduced pressure and the residual solution was
acidified with aqueous sulfuric acid. The hydro dimer, if formed, was
filtered off, and the filtrate was extracted repeatedly with ether. The
combined ethereal solution was evaporated to dryness, and the recrys-

tallization of the residual solid from an ether-benzene mixture afforded
the pure hydrogenated products 2 and 4 which could be confirmed by
melting points and NMR spectra.

Optical rotation of compounds was measured in 1-5-cm cells of a
highly sensitive polarimeter (Union Co. automatic digital plarimeter,
Model PM-101). The [a]*, of 2 and 4 were measured in ethanol and
benzene, respectively, and the optical yields were calculated with refer-
ence to values reported for the optically pure enantiometers: []%°p 17.9°
(c 4.4, ethanol)? for 2 and [a]?%, 32° (c |, benzene)? for 4.
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Abstract: The reaction of hexamethyl(Dewar benzene) (HMD) with ground-state electron acceptors and with singlet and
triplet excited electron acceptors reveals parallel behavior. The thermal acceptors catalyze the conversion of HMD to
hexamethylbenzene (HMB) without formation of ions free in solution. The excited-state acceptors in some cases give ions,
and in others only neutral ground-state products. The behavior of these electron acceptors is interpreted to indicate that formation
of an exciplex in both the thermal and photochemical reactions initiates the process responsible for isomerization. In some
cases electron transfer in the exciplex and dissociation lead to ionic products.

The chemical and physical properties of strained hydrocarbons
have long fascinated chemists striving to understand the details
of structure and reactivity.! Dewar benzene (bicyclo[2.2.0]-
hexa-2,5-diene) and its derivatives rank among the most note-
worthy compounds in this group. The first Dewar benzene de-
rivative was prepared by van Tamelen and Pappas? and they
subsequently prepared the parent hydrocarbon.?® Hexamethyl-
(Dewar benzene) (HMD) was prepared conveniently, and in high
yield, by Schifer? using an aluminum chloride catalyzed cyclo-
trimerization of 2-butyne. The ready availability of HMD has
made it the favorite substance for investigation of the Dewar ring
system.

One of the remarkable properties possessed by HMD is its
thermal stability. Thermolysis in inert solvent converts HMD
primarily to hexamethylbenzene (HMB), eq 1.+ At 150 °C this

N - a

HMD HMB

(1) Liebman, J. F.; Greenberg, A. Chem. Rev. 1976, 76, 311.

(2) (a) van Tamelen, E. E.; Pappas, S. P. J. Am. Chem. Soc. 1962, 84,
3789. (b) van Tamelen, E. E.; Pappas, S. P. Ibid. 1963, 85, 3297.

(3) Schifer, W.; Hellmann, H. Angew. Chem. 1966, 78, 716; Angew.
Chem., Int. Ed. Engl. 1966, 5, 669.

(4) le Noble, W. J.; Brower, K. R.; Brower, C.; Chang, S. J. Am. Chem.
Soc. 1982, 104, 3150,

reaction has a half-life of over 3 h and a measured activation
energy of 37 kcal/mol despite being exothermic by nearly 60
kcal/mol.> The high activation energy has been attributed in
part to the symmetry forbiddeness of the thermal rearrangement,®
and the nature of the reaction transition state for Dewar benzene
has been extensively probed.” The high exothermicity of the
rearrangement of the Dewar structure to its more familiar aro-
matic isomer provides the energy for chemiluminescence observed
from some derivatives.® The strain of the Dewar isomer, estimated
to be 45 kcal/mol,’ raises the energy of the highest occupied
molecular orbital and concomitantly lowers the ionization po-
tential® and oxidation potential.’® This feature may account for
some of the metal-catalyzed rearrangements!! and the unusual
photochemistry of HMD.

Evans and co-workers!® photosensitized the isomerization of
HMD with naphthalene. They observed quantitative conversion

(5) Oth, J. F. M. Recl, Trav. Chim. Pays-Bas 1968, 87, 1185, Adam, W.;
Chang, J. C. Int. J. Chem. Kinet. 1969, 1, 487.
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(7) Goldsteln, M. J.; Leight, R. S. J. Am. Chem. Soc. 1977, 99, 8112.
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Soc. 1973, 95, 3025. Turro, N. J.; Schuster, G. B.; Pouliquen, J.; Pettit, R.;
Mauldin, C. Ibid. 1974, 96, 6797.
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