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A C-C single-bond-forming reaction from ketones with accompanying C-O bond cleavage mediated
by a RMgBr or RLi-vanadium(II)-O2 system has been accomplished. Different from conventional
reductive coupling reactions of ketones such as the McMurry coupling, the present method forms
a C-C single (instead of a double) bond and yields a product that contains components derived
from the ketone and the alkylating reagent in a one-pot reaction. Collaboration of both a low-
valent vanadium(II) species and a higher-valent vanadium species produced from vanadium(II)
and a catalytic amount of O2 effects the abstraction of the oxygen atom from a C-O bond.

Introduction

New methodologies for C-C bond formation mediated
by transition-metal complexes are of considerable interest
in the fields of both organic synthesis and organometallic
chemistry.1 The pinacol coupling reaction is one of the
most useful C-C bond-forming reactions, based on car-
bonyl compounds and mediated by low-valent early-
transition metals.2 Although the reductive dehydroxy
coupling of alcohols has also proven to be an efficient
method for forming C-C bonds,3,4 examples of this
reaction beyond those using low-valent titanium3 and
niobium4 are rare. Different from the pinacol coupling
reactions, the present reaction makes a C-C single bond
with accompanying C-O bond cleavage. To remove the
oxygen atom from a C-O single bond without ac-
companying dehydration, the strong oxophilicity of low-
valent early-transition metals is utilized.5
We have already shown that the oxophilicity and the

reducing power of low-valent vanadium complexes can
be applied to the construction of asymmetric quaternary
carbons from carbonyl compounds (eq 1).6 We have
suggested an alkoxy(allyl)vanadium species B as the key
intermediate in this reaction. Although the intermediate
could not be isolated or detected, its intermediacy was
suggested by the increase of the yield of the quaternary
carbon compound and the decrease of a byproduct, the
coupling product 1a, under high dilution conditions.
During the course of our study for the reaction of the
alkoxyvanadium speciesAwith an allyl bromide, we have
found that the allyl bromide is essential for generation

of the coupling product 1a and it can be displaced by a
catalytic amount of molecular oxygen. We describe
herein a new C-C single-bond-forming reaction by
reductive coupling of carbonyl compounds mediated by
a system comprised of MeMgBr, a low-valent vanadium,
and a catalytic amount of O2 (eq 2).7

Results and Discussion

We have found that a combination of VCl2(tmeda)2
[tmeda ) N,N,N′,N′-tetramethylethylenediamine]8 and
a catalytic amount of O2 induces efficiently the reductive
dimerization of alcoholates, derived from ketones and an
alkylating reagent, with accompanying C-O bond cleav-
age, to give a coupling product having a C-C single bond.
For example, propiophenone was first reacted with
methylmagnesium bromide (1.0 equiv) in THF and then
treated with VCl2(tmeda)2 (1.0 equiv) at 20 °C for 1 h.
The resulting reaction mixture was heated under reflux
in the presence of O2 (0.2 equiv) to give a coupling product
1a in 89% isolated yield along with tertiary alcohol 2a
in 11% isolated yield (eq 3). The coupling product 1a can
be considered to be obtained by homocoupling of an
intermediate, alkoxyvanadium species A, with accompa-
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nying C-O bond cleavage, while the alcohol 2a was
derived from the hydrolysis of A or by the Grignard
reaction. A catalytic amount of O2 is essential for the
reductive coupling. Without O2 (under pure Ar atmo-
sphere), the reductive coupling did not proceed at all, and
the tertiary alcohol 2a was mainly obtained instead. An
excessive amount of O2 also prevented the coupling
reaction; under pure O2 atmosphere only 2a was ob-
tained.
The representative results of the reductive coupling

starting from several ketones are summarized in Table
1. When propiophenone or acetophenone was employed
as the starting ketone, the coupling product 1 was
obtained in moderate to good yield. Although the facile
cleavage of the C-O bond at the benzylic position was
observed, aliphatic ketones did not afford the correspond-
ing coupling product at all under similar reaction condi-
tions (Table 1, run 9). When MeMgBr or MeLi was used
as an alkylating reagent, no other product besides the
coupling product and the tertiary alcohol was obtained.
When EtMgBr, C3H5MgBr, or nBuLi was used as the
alkylating reagent, the isolated yield of the coupling
product 1 decreased compared to that obtained with
MeMgBr. The coupling product derived from propiophe-
none and PhMgBr was easily transformed into a mixture

of 1,1-diphenyl-1-propene and 1,1-diphenylpropane by
homolytic cleavage of the C-C bond having four phenyl
groups of the initial product (run 6).9 Although the
reactions of run 1 (a combination of propiophenone and
MeMgBr) and run 8 (a combination of acetophenone and
EtMgBr) should give the same alkoxyvanadium inter-
mediate, the yield of the coupling product in run 8 was
very poor compared to that in run 1. The reason for the
difference in yield is not clear at the moment.
Although it is known that a low-valent titanium3 or

niobium4 is capable of carrying out the reductive coupling
of allyl or benzyl alcohol, neither is effective in our system
for the cleavage of the C-O bond of the alcoholates.
When a low-valent titanium or niobium was employed
instead of a low-valent vanadium in our system, only a
tertiary alcohol and/or its dehydrated product was mainly
obtained.
The cleavage of the C-O bond at the allylic position

also proceeded similarly. For example, reaction of 3-meth-
yl-2-cyclohexen-1-one with MeMgBr, VCl2(tmeda)2, and
O2 successively afforded the coupling product 3 (meso:
dl ) 60:40 or vice versa) in 80% isolated yield (eq 4).

When benzalacetone was employed as the starting
carbonyl compound, the coupling product was obtained
quantitatively but as a mixture of regioisomers (6a:6b:
6c ) 8:54:38) by 1H NMR (Scheme 1). These regioiso-
mers were produced by homo- or heterocoupling of the
two kinds of radical species, 4 and 5, which were
generated as an equilibrium mixture by the homolytic
cleavage of the C-O bond of the intermediate alkoxyva-
nadium species. The ratio of the regioisomers reflects
the relative stability between the benzylic allylic radical
5 and the allylic tertiary radical 4. In the absence of O2,
the coupling reaction did not proceed, and only the
tertiary alcohol, 1,1-dimethyl cinnamyl alcohol, generated
by the 1,2-addition of methyl group to benzalacetone, was
obtained after hydrolysis of the reaction mixture. This
result indicated that the allylic rearrangement of the
vanadium or magnesium alcoholate did not occur.

(9) Borsig, E.; Lazár, M.; Capla, M. Collect. Czech. Chem. Commun.
1967, 32, 4289-4296 and references therein.

Table 1. Reductive Coupling Reaction Mediated by a
VCl2(tmeda)2-O2 Systema

a Ketone (1.0 equiv), R3MgBr or R3Li (1.0 equiv), VCl2(tmeda)2
(1.0 equiv), and O2 (0.2 equiv) were employed. b Isolated yield.
c meso:dl ) 1:1. d The ratio of the diastereomers was not deter-
mined. e 1,1-Diphenyl-1-propene (47% isolated yield) and 1,1-
diphenylpropane (39% isolated yield) were obtained.

Scheme 1
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Elimination of an oxovanadium species from the alkoxy-
vanadium intermediates was the key step in this C-C
single-bond formation. When an aliphatic or an aromatic
aldehyde such as benzaldehyde or 1-phenylpropanal was
used as a starting carbonyl compound, the C-O bond of
the intermediate alkoxyvanadium was not cleaved. When
trans-cinnamaldehyde, an R,â-unsaturated aldehyde, was
used as a starting carbonyl compound, however, the
corresponding coupling products 7 were easily obtained
as a mixture of regioisomers (eq 5).

To clarify the effect of the added O2,10,11 other initiators
for this deoxygenative coupling reaction were also ex-
amined. In the course of our study on the deoxygenative
allylation of ketones mediated by a combination of a
vanadium(II) complex and allyl bromide, we found that
a coupling product similar to 1a was obtained as a
byproduct. Thus, at first, a catalytic amount of allyl
bromide (0.1 equiv) instead of O2 in eq 3 was added after
the formation of alkoxyvanadium A. The same coupling
product 1a was obtained in 91% isolated yield along with
a small amount of the allylation product 8 and the alcohol
2a (eq 6). As the amount of allyl bromide increased, the

yield of the coupling product 1a decreased gradually with
an increase in the amount of 8. With 4.0 equiv of allyl
bromide, 1a was obtained in 50% isolated yield along
with 8 in 46% isolated yield.
We have reported that higher-valent alkoxy(allyl)-

vanadium species B (probably a tetravalent complex)
obtained by oxidative addition of allyl bromide to alkoxy-
vanadium(II) species A is postulated as a key intermedi-
ate for the deoxyallylation. That is, the role of a catalytic
amount of allyl bromide in the coupling reaction is the
production of a catalytic amount of the higher-valent
vanadium species B from alkoxyvanadium(II) species A
by the oxidative addition. A small amount of a higher-
valent vanadium complex may be the real initiator and
essential for the reaction.

To get information about the above assumption, we
examined the effect of several higher-valent vanadium
species on the coupling reaction (Table 2). When a
vanadium(III) complex, VCl3(thf)3,12 was employed in-
stead of the VCl2(tmeda)2-O2 system, the coupling reac-
tion also occurred to some extent, but the isolated yield
of the coupling product 1a was much lower (run 1 of
Table 2 vs. run 1 of Table 1). Addition of O2 into the
VCl3(thf)3 system did not affect the result seriously (Table
1, run 2). In a system employing a vanadium(IV)
complex, the VCl4 or VCl4-O2 system, the â-elimination
of the oxometal species from the alkoxycomplexes oc-
curred instead of the coupling reaction (Table 1, runs 3
and 4). It was found that the vanadium(III) or vana-
dium(IV) species had a similar effect to that of O2 or allyl
bromide. A combination system, VCl2(tmeda)2-a cata-
lytic amount of VCl3(thf)3 or VCl4, afforded the coupling
product 1a in good isolated yield just as the VCl2-
(tmeda)2-O2 system did (Table 1, runs 5 and 6). In the
VCl2(tmeda)2-O2 system, a catalytic amount of a vana-
dium(III) or a vanadium(IV) species13 should be produced,
and their collaboration14 with a low-valent vanadium-
(II) complex having higher reduction power and
oxophilicity15-17 would induce the C-O bond cleavage to
promote the coupling reaction. The unsuccessful coupling
reaction in pure O2 atmosphere indicated that the vana-
dium(II) species is requisite for the present deoxygenative

(10) For reaction of vanadium(II) with O2 in water, see: Rush, J.
D.; Bielski, B. H. J. Inorg. Chem. 1985, 24, 4282-4285.

(11) For organic reactions in O2 induced by oxovanadium, see: (a)
Hirao, T.; Mori, M.; Oshiro, Y. Bull. Chem. Soc. Jpn. 1989, 62, 2399-
2400. (b) Hirao, T.; Mori, M.; Ohshiro, Y. J. Org. Chem. 1990, 55, 358-
360.

(12) Manzer, L. E. Inorg. Synth. 1982, 21, 138.
(13) (a) Imwinkelried, R.; Seebach, D. Helv. Chim. Acta 1984, 67,

1496-1502. (b) Hirao, T.; Misu, D.; Agawa, T. J. Am. Chem. Soc. 1985,
107, 7179-7181. (c) Ruiz, J.; Vivanco, M.; Floriani, C.; Chiesi-Villa,
A.; Guastini, C. J. Chem. Soc., Chem. Commun. 1991, 762-764.

(14) Floriani, C.; Mazzanti, M.; Chiesi-Villa, A.; Guastini, C. Angew.
Chem., Int. Ed. Engl. 1988, 27, 576-578.

(15) For pinacol-type coupling of carbonyl compounds by vanadium-
(II) species, see: (a) Konradi, A. W.; Kemp, S. J.; Pedersen, S. F. J.
Am. Chem. Soc. 1994, 116, 1316-1323 and references therein. (b)
Kammermeier, B.; Beck, G.; Holla, W.; Jacobi, D.; Napierski, B.;
Jendralla, H. Chem. Eur. J. 1996, 2, 307-315. (c) Hirao, T.; Hasegawa,
T.; Muguruma, Y.; Ikeda, I. J. Org. Chem. 1996, 61, 366-367.

(16) For reductive reaction by vanadium(II) species, see: (a) Olah,
G. A.; Chao, Y.-L.; Arvanaghi, M.; Surya Prakash, G. K. Synthesis
1981, 476 and references therein. (b) Hirao, T.; Ohshiro, Y. Synlett
1990, 217-218. (c) Inokuchi, T.; Kawafuchi, H.; Torii, S. J. Org. Chem.
1991, 56, 4983-4985. (d) Inokuchi, T.; Kawafuchi, H.; Torii, S. Chem.
Lett. 1992, 1895-1896. (e) Hirao, T.; Hirano, K.; Hasegawa, T.;
Ohshiro, Y.; Ikeda, I. J. Org. Chem. 1993, 58, 6529-6530.

(17) Kataoka, Y.; Makihira, I.; Tani, K. Tetrahedron Lett. 1996, 37,
7083-7086.

(18) (a) Reichle, W. T.; Carrick, W. L. J. Organomet. Chem. 1970,
24, 419-426. (b) Razuvaev, G. A.; Latyaeva, V. N.; Vyshinskaya, L. I.;
Drobotenko, V. V. J. Organomet. Chem. 1981, 208, 169-182.

Table 2. Several Vanadium Species Mediated Reductive
Coupling Reactionsa

yieldb/%

run vanadium reagent 1ac 2a

1 VCl3(thf)3 58 22
2 VCl3(thf)3 + 0.2O2 56 22
3 VCl4 0 26d
4 VCl4 + 0.2O2 0 58d
5 VCl2(tmeda)2 + 0.2VCl3(thf)3 91 6
6 VCl2(tmeda)2 + 0.2VCl4 88 2

a Propiophenone (1.0 equiv), MeMgBr (1.0 equiv), and vanadium
species (1.0 equiv) were employed. b Isolated yield. c meso:dl ) 1:1.
d Mixtures of 2-phenyl-1-butene and 2-phenyl-2-butene were
obtained in 20% (run 3) and 23% (run 4) isolated yield, respec-
tively.
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coupling. It has been reported that reaction of VCl3(thf)3
with RMgBr gave the vanadium(II) and vanadium(IV)
species by disproportionation.18 Thus, in the VCl3(thf)3
system (Table 2, run 1), some vanadium(II) species would
be also produced by disproportionation of the vanadium-
(III) species, and the coupling product 1a was obtained
in 58% isolated yield.
TMEDA also plays an important role in the deoxygen-

ative coupling reaction. For example, when [V2-
Cl3(thf)6]2[Zn2Cl6]19 was employed as another vanadium-
(II) species instead of VCl2(tmeda)2, the coupling product
1a was not obtained and the alcohol 2a was obtained in
59% isolated yield. Of course, when only TMEDA
(without vanadium) instead of VCl2(tmeda)2 was em-
ployed, the cleavage of the C-O bond did not proceed at
all. One of the reasons for this difference could be that
VCl2(tmeda)2 is soluble in THF, whereas [V2Cl3(thf)6]2[Zn2-
Cl6] is not sufficiently soluble. Surprisingly, when a
combination of vanadium(III) complex, VCl3(thf)3, and 2.0
equiv of TMEDA was employed instead of the VCl2-
(tmeda)2/O2 system, the coupling reaction occurred
smoothly and the coupling product 1a was obtained in
96% isolated yield along with the alcohol in 4% yield,
which was a similar result to the VCl2(tmeda)2-O2

system (eq 7). The combination of a vanadium(II) species

and a higher-valent vanadium species prepared by dis-
proportionation of the trivalent alkoxyvanadium species
derived from VCl3(thf)3 and the magnesium alcoholate
in the presence of TMEDA should be very effective for
the deoxygenative coupling reaction.

Experimental Section

All manipulations were conducted under argon atmosphere
with standard Schlenk methods. Unless otherwise noted,
materials were obtained from commercial suppliers and were
used after distillation. THF was distilled from sodium ben-
zophenone ketyl under argon prior to use. TMEDA was
distilled from calcium hydride under argon prior to use.
VCl2(tmeda)2,8 [V2Cl3(thf)6]2[Zn2Cl6],19 and VCl3(thf)312 were
prepared according to published procedures. VCl4 was ob-
tained from a commercial supplier (Aldrich) and was used
without further purification. The melting points are uncor-
rected.
General Procedure for the Reductive Coupling Reac-

tion. To a solution of propiophenone (1.0 mmol) in THF (5.0
mL) was added a THF solution of MeMgBr (1 mol/L, 1.2 mmol)
at 0 °C. After the reaction mixture was stirred for 1 h at 20
°C, a blue solution of VCl2(tmeda)2 (1.0 mmol) in THF (10 mL)
was added at 20 °C, and then O2 gas (5.0 mL) was introduced
into the reaction mixture by syringe. The resulting dark
purple solution was refluxed for 15 h. Aqueous NaOH solution
(1 mol/L, 3 mL) was added, and the mixture was stirred at 20
°C for an additional 1 h. The precipitated brown solid was
removed by filtration and washed with ethyl acetate. The
combined filtrate and washings were dried over MgSO4 and
concentrated in vacuo. The residual oily materials were
purified by column chromatography on silica gel to afford the

coupling product and the alcohol. The ratio of the diastereo-
mers (dl:meso) of the coupling product was determined by 1H
NMR.
3,4-Dimethyl-3,4-diphenylhexane (1a).20 A mixture of

two diastereomers (dl:meso ) 50:50); Rf ) 0.27 (hexane) mp
55-57 °C; 1H NMR (C6D6) δ 0.62 (t, J ) 7.6 Hz, 6H), 1.20 [s,
3H, (dl)], 1.23[s, 3H, (meso)], 1.30-1.48 (m, 2H), 1.47-1.58
[m, 1H, (meso)], 1.95-2.13 [m, 1H, (dl)], 2.05-2.23 (m, 1H),
6.85-7.23 (m, 10H).
3,4-Diethyl-3,4-diphenylhexane (1b):20b Rf ) 0.27 (hex-

ane); mp 42-44 °C; 1H NMR (CDCl3) δ 0.66 (t, J ) 7.2 Hz,
12H), 2.00 (q, J ) 7.2 Hz, 8H), 6.93-7.01(m, 4H), 7.03-7.14
(m, 6H).
5,6-Diethyl-5,6-diphenyldecane (1c). A ratio of two

diastereomers (dl:meso) could not be determined due to a
poorly resolved signals of both isomers: Rf ) 0.45 (hexane);
1H NMR (CDCl3) δ 0.64 [t, J ) 7.3 Hz, 6H (dl or meso)], 0.65
[t, J ) 7.3 Hz, 6H (meso or dl)], 0.81 (t, J ) 7.3 Hz, 6H), 0.76-
0.89 (m, 2H), 0.92-1.07 (m, 2H), 1.15-1.27 (m, 4H), 1.87-
2.02 (m, 8H), 6.92-6.96 (m, 4H), 7.11-7.24 (m, 6H); MS (EI)
m/z 175 [M+ - C6H5C(C2H5)C4H9]; IR (neat) 3130, 3100, 2950,
2920, 2860, 1940, 1800, 1740, 1590, 1490, 1460, 1440, 1380,
1330, 1250, 1070, 1030, 970, 910, 840, 790, 750, 700 cm-1. Anal.
Calcd for C26H38: C, 89.07; H, 10.93. Found: C, 89.39; H,
10.96.
4,5-Diethyl-4,5-diphenylocta-1,7-diene (1d). A mixture

of two diastereomers (dl:meso ) 50:50) was obtained: Rf )
0.24 (hexane); 1H NMR (CDCl3) δ 0.67 [t, J ) 7.4 Hz, 6H (dl
or meso)], 0.72 [t, J ) 7.4 Hz, 6H (meso or dl)], 1.91-2.17 [m,
3H], 2.10-2.31 (m, 1H), 2.55-2.97 (m, 4H), 4.79-4.98 [m, 4H
(dl or meso)], 4.95-5.14 [m, 4H (meso or dl)], 5.52-5.68 [m,
2H (dl or meso)], 5.68-5.84 [m, 2H (meso or dl)], 6.66-7.02
(m, 4H), 6.97-7.11 (m, 6H); MS (EI) m/z 318 (M+); IR (neat)
3070, 2975, 2940, 2890, 1640, 1600, 1500, 1460, 1440, 1420,
1400, 1390, 1080, 1040, 1000, 915, 770, 705 cm-1. Anal. Calcd
for C24H30: C, 90.51; H, 9.49. Found: C, 90.73; H, 9.25.
1,1-Diphenylprop-1-ene:21 Rf ) 0.28 (hexane); 1H NMR

(CDCl3) δ 1.74 (d, J ) 7.1 Hz, 3H), 6.15 (q, J ) 7.1 Hz, 1H),
7.15-7.38 (m, 10H).
1,1-Diphenylpropane:22 Rf ) 0.22 (hexane); 1H NMR

(CDCl3) δ 0.89 (t, J ) 7.3 Hz, 3H), 2.06 (dt, J ) 7.8, 7.3 Hz,
2H), 3.77 (t, J ) 7.8 Hz, 1H), 7.10-7.28 (m, 10H).
2,3-Dimethyl-2,3-diphenylbutane (1f):23 Rf ) 0.36 (hex-

ane); mp 115-116 °C (lit.23 mp 118-119 °C); 1H NMR (CDCl3)
δ 1.31 (s, 12H), 7.04-7.18 (m, 10H).
3,4-Dimethyl-1,3,4,6-tetraphenylhexane (1h). A mix-

ture of two diastereomers (dl:meso ) 50:50); Rf ) 0.13
(hexane); mp 47-48 °C; 1H NMR (CDCl3) δ 1.34 [s, 6H (dl or
meso)], 1.41 [s, 6H (meso or dl)], 1.79-1.99 (m, 2H), 2.05-
2.21 (m, 2H), 2.27-2.48 (m, 4H), 6.95-7.24 (m, 20H); MS (EI)
m/z 209 [M+ - C6H5(CH2)2CCH3C6H5]; IR (neat) 3087, 3059,
3024, 2960, 2880, 1945, 1870, 1802, 1654, 1602, 1541, 1496,
1453, 1442, 1375, 1270, 1156, 1117, 1065, 1030, 909, 844, 789,
766, 752, 727, 700, 669, 637, 563, 527, 498 cm-1. Anal. Calcd
for C32H34: C, 91.81; H, 8.19. Found: C, 91.69; H, 8.09.
1,3-Dimethyl-3-(1,3-dimethyl-2-cyclohexen-1-yl)cyclo-

hex-1-ene (3).24 The ratio of the diastereomers (dl:meso )
60:40 or vice versa) was determined by 1H NMR: Rf ) 0.71
(hexane); 1H NMR (CDCl3) δ 0.89 [s, 6H (dl or meso)], 0.89 [s,
6H (meso or dl)], 1.20-1.88 (m, 12H), 1.65 (s, 6H), 5.26 [bs,
2H (dl or meso)], 5.29 [bs, 2H (meso or dl)].
3,3,4,4-Tetramethyl-1,6-diphenylhexa-1,5-diene (6a),

3,3,6-Trimethyl-1,4-diphenylhepta-1,5-diene (6b), and 2,7-
Dimethyl-4,5-diphenylocta-2,6-diene (6c). The isomers
could not be separated, and their ratio was determined by 1H
NMR analysis (6a:6b:6c ) 5:53:42). A ratio of the two
diastereomers of 6c could not be determined: Rf ) 0.46
(hexane:AcOEt ) 10:1); 1H NMR (CDCl3) δ 1.09 (s, 3H, 6b),

(19) (a) Cotton, F. A.; Duraj, S. A.; Extine, M. W.; Lewis, G. E.; Roth,
W. J.; Schmulbach, C. D.; Schwotzer, W. J. Chem. Soc., Chem.
Commun. 1983, 1377-1378. (b) Bouma, R. J.; Teuben, J. H.; Beukema,
W. R.; Bansemer, R. L.; Huffman, J. C.; Caulton, K. G. Inorg. Chem.
1984, 23, 2715-2718. (c) Cotton, F. A.; Duraj, S. A.; Roth, W. J. Inorg.
Chem. 1985, 24, 913-917.

(20) (a) Huang, R. L.; Kum-Tatt, L. J. Chem. Soc., 1954, 2570-2577.
(b) Beckhaus, H.-D.; Rüchardt, C. Chem. Ber. 1977, 110, 878-895.

(21) Simes, B. E.; Rickborn, B. J. Org. Chem. 1988, 53, 4613-4616.
(22) Bonner, W. A.; Mango, F. D. J. Org. Chem. 1964, 29, 430-435.
(23) Bors, D. A.; Kaufman, M. J.; Streitweser, A., Jr. J. Am. Chem.

Soc. 1985, 107, 6975-6982.
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1.16 (s, 3H, 6b), 1.19 (s, 12H, 6a), 1.45 (d, J ) 1.5 Hz, 3H, 6c),
1.58 (d, J ) 1.2 Hz, 3H, 6c), 1.60 (d, J ) 1.2 Hz, 3H, 6c), 1.64
(d, J ) 1.2 Hz, 3H, 6b), 1.76 (d, J ) 1.2 Hz, 3H, 6c), 1.78 (d,
J ) 1.5 Hz, 3H, 6b), 3.44 (d, J ) 10.1 Hz, 1H, 6b), 3.76-3.81
(m, 2H, 6c), 5.34-5.38 (m, 1H, 6c), 5.48-5.52 (m, 1H, 6c),
5.64-5.69 (m, 1H, 6b), 6.25 (d, J ) 16.1 Hz, 1H, 6b), 6.31 (d,
J ) 16.1 Hz, 1H, 6b), 6.39 (d, J ) 15.3 Hz, 2H, 6a), 6.43 (d, J
) 15.3 Hz, 2H, 6a), 7.20-7.43 (m, 10H 6a + 10H 6b + 10H
6c); MS (CI)m/z 291 (M+ + H), 145 (M+ - C6H5C5H8); IR (neat,
a mixture of 6a:6b:6c ) 5:53:42) 3060, 3026, 2965, 2925, 1735,
1600, 1494, 1449, 1382, 1261, 1073, 1030, 973, 902, 861, 795,
747, 698, 510 cm-1. Anal. Calcd for C22H26: C, 90.98; H, 9.02.
Found: C, 91.22; H, 9.01.
3,4-Dimethyl-1,6-diphenylhexa-1,5-diene (7a), 3-Meth-

yl-1,4-diphenylhepta-1,5-diene (7b), and 4,5-Diphenyl-
octa-2,6-diene (7c). The isomers could not be separated, and
their ratio was determined by 1H NMR analysis (7a:7b:7c )
26:65:9). A ratio of diastereomers or stereoisomers of 7b and
7c could not be determined: Rf ) 0.29 (hexane); 1H NMR
(CDCl3) δ 1.00 [t, J ) 6.9 Hz, 3H, 7b (one isomer)], 1.12-1.16
[m, 6H 7a + 3H 7b (another isomer)], 1.46-1.51 (m, 6H 7c),
1.61-1.72 (m, 3H 7b), 2.29-2.47 (m, 2H 7a), 2.60-2.71 (m,
1H 7b), 3.18 [dd, J ) 14.6, 8.2 Hz, 1H 7b (one isomer)], 3.50-
3.60 [m, 1H 7b (another isomer) + 1H 7c], 3.91-3.92 (m, 1H
7c), 5.20-5.80 (m, 2H 7b + 4H 7c), 5.97-6.44 (m, 4H 7a +
2H 7b), 7.14-7.40 (m, 10H 7a + 10H 7b + 10H 7c); HRMS
(EI) m/z calcd for C20H22 (M+) 262.1721, found 262.1708; IR
(neat, a mixture of 7a:7b:7c ) 26:65:9) 3081, 3060, 3025, 2963,
2925, 2873, 1994, 1872, 1800, 1650, 1599, 1493, 1449, 1373,
1072, 1029, 964, 909, 841, 747, 694, 528 cm-1

Allyl Bromide-Promoted Reductive Coupling Reac-
tion (Eq 6). To a solution of propiophenone (1.1 mmol) in
THF (6.5 mL) was added a THF solution of MeMgBr (1 mol/
L, 1.2 mmol) at 0 °C. After the reaction mixture was stirred
for 4 h at 20 °C, a blue solution of VCl2(tmeda)2 (1.1 mmol) in
THF (24 mL) was added at 20 °C. Immediately, the color of
the reaction mixture changed to green. To this was added allyl

bromide (0.12 mmol) at 20 °C, and then the resulting dark
brown solution was refluxed for 34 h. Aqueous NaOH solution
(1 mol/L, 3 mL) was added, and the mixture was stirred at 20
°C for an additional 1 h. The precipitated brown solid was
removed by filtration and washed with ethyl acetate. The
combined filtrate and washings were dried over MgSO4 and
concentrated in vacuo. The residual oily materials were
purified by column chromatography on silica gel to afford the
coupling product 1a in 91% yield along with the asymmetric
carbon product 8 in 3% yield and a trace of alcohol 2a.
Typical Procedure for the Reductive Coupling Reac-

tion Using Several Vanadium Species (Table 2). To a
solution of propiophenone (1.1 mmol) in THF (6.0 mL) was
added a THF solution of MeMgBr (1 mol/L, 1.2 mmol) at 0 °C.
After the reaction mixture was stirred for 5 h at 20 °C, a blue
solution of VCl2(tmeda)2 (1.1 mmol) in THF (16 mL) was added
at 20 °C. Immediately, the color of the reaction mixture
changed to green. To the reaction mixture was added a red
solution of VCl3(thf)3 (0.22 mmol) in THF (5.5 mL) at 20 °C,
and then the resulting dark purple solution was refluxed for
15 h. Aqueous NaOH solution (1 mol/L, 3 mL) was added,
and the mixture was stirred at 20 °C for an additional 1 h.
The precipitated brown solid was removed by filtration and
washed with ethyl acetate. The combined filtrate and wash-
ings were dried over MgSO4 and concentrated in vacuo. The
residual oily materials were purified by column chromatog-
raphy on silica gel to afford the coupling product 1a in 91%
yield and alcohol 2a in 6% yield.

Acknowledgment. This work was supported by the
Ciba-Geigy Foundation (Japan) for the Promotion of
Science and by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports, and
Culture, Japan. We also thank Mr. M. Utsunomiya for
his experimental assistance.

JO971164+

Novel C-C Single-Bond Formation J. Org. Chem., Vol. 62, No. 23, 1997 8113


