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The homocoupling of various organolithium and -magnesium compounds was effectively
induced by oxidation with oxovanadium(V) compounds under mild conditions, affording the
diynes and biaryls selectively. The oxidation capability of oxovanadium(V) compounds
depends on their substituents, giving the reactivity order, VO(OR)CIl, > VO(OR),CI >
VO(OR)s. The reaction path was investigated by 57V NMR.

Introduction

Transition-metal-induced oxidative coupling of meta-
lated organic anions is of considerable interest, since it
provides a convenient method for carbon—carbon bond
formation.! These reactions are believed in most in-
stances to involve organo transition metal intermediates
formed via transmetalation, which are thermally un-
stable and dimerize under the conditions given. A
variety of transition metals possessing one-electron
redox properties such as copper have been used for this
purpose.?

Oxovanadium(V) compounds, which act as Lewis
acids with one-electron oxidation capability, can conven-
iently be utilized in synthetic redox reactions.® For
example, selective transformations such as oxidative
decarboxylation—deoxygenation of 3-hydroxycarboxylic
acids,* oxidation of a,3-unsaturated carbonyl com-
pounds,® oxidative desilylation of organosilicon com-
pounds,® and stereocontrolled phenolic oxidative cou-
pling” have been effected by use of these reagents.

Although a few aryl and alkyl oxovanadium(V) de-
rivatives were prepared by the arylation and alkylation
of VO(OR),Cl3—yx with RLi, RyZn, and R,Hg,® the ap-
plication to organic synthesis has been virtually unex-
plored. We report here that the homocoupling of various
organolithium and -magnesium compounds is effectively
induced by oxidation with VO(OR)CI,® under mild
conditions.
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Table 1. Oxidative Coupling of 1-Alkynyllithiums?2

entry 1 R VO(OEt)Cl,, equiv. 2 yield,” %
1 la Ph 1 2a 42
2 la Ph 1 2a 61
3 la Ph 2 2a 71
4 la Ph 3 2a 92 (86)
5 la Ph 4 2a 88
6 1b  MesSi 3 2b 98 (90)
7 1c tBu 3 2c  98(89)
8 1d n-Hex 3 2d 89 (80)
9 le PhCH,OCH, 3 2e 84 (65)

a8 Reaction temperature, —78 °C; time, 1 h unless otherwise
stated. ° Yields were determined by 'H NMR on the basis of
1-alkynes. Isolated yields are shown in parentheses. ¢ Reaction
time, 12 h.

Results and Discussion

Oxidative homocoupling of 1l-alkynyllithiums 1 was
performed by treatment with VO(OEt)CI, in ether at
—78 °C, affording the corresponding 1,3-butadiynes 2
(eq 1). A longer reaction time or use of 2 or 3 molar equiv

n-BulLi
Et,0, -78 °C

VO(OEY)Cl,
Et,0, -78°C, 1 h

o)

(1)

of VO(OEU)CI; raised the yield of 2 without polymeri-
zation (Table 1, entries 1—4). A variety of 1-alkynes
were converted to the expected 1,3-diynes 2 in good yield
under the conditions employed in entry 4 (3 molar equiv
of VO(OEt)CI,, —78 °C). Trimethylsilyl and benzyloxy
groups are tolerated to give the butadiynes 2b and 2e,
respectively (entries 6 and 9). An attempted cross-
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Table 2. Oxidative Coupling of Aryllithiums?2

entry ’ 8 yield," %

1 R= H 7a 8a 90
2 H 7a 8a 90°¢
3 0-OMe 7b 8b 20
4 m-OMe 7c 8c 91
5 p-OMe 7d 8d 91
6 0-Me 7e 8e 62
7 0-SMe 7t 8f 60
8 o-Ph 79 8g 80
9 0-CN 7h  8h 45

10 i 7i  8i 62

OMe
OMe
11 i 7  8j 89

a Reaction temperature, room temperature; time, 1 h unless
otherwise stated. VO(OEt)Cl,, 3 equiv. P Isolated yields on the
basis of aryl bromides. ¢ Phenol was obtained in 4% yield. Reaction
temperature, —78 °C.

coupling reaction resulted in statistical distribution of
diynes along with the cross-coupled product (eq 2).

VO(OEY)Cl,
_ n-Buli (6 mmol)
Ph—— + n-Hex—=
Et,0 Et,0
1.0 mmol 1.0 mmol -78°C,1h -78°C,1h

2a + Ph——=—=—=—Hex-n + 2d (2)

0.21 mmol 0.52 mmol 0.19 mmol

This method is applicable to the homocoupling of the
1-alkenyllithium 3 and lithium enolate 5 to the 1,3-diene
4 and 1,4-diketone 6, respectively, as shown in egs 3
and 4.

VO(OEt)Cl2  ph

P _tBuli Pr\_ (3 equiv) \ﬁ_ -

B TTHE Li THF =\
-78°C,1h -78°C,1h Ph
3 4,90%
SiMe i
Mes L vooeycl
n-BulLi (3 equiv)
THF THF
-78°C,1h -78°C,1h
5 6, 44%

The oxidative coupling of aryllithiums 7 at room
temperature afforded symmetrical biphenyls 8 bearing
various substituents in good yield (eq 5, Table 2).

n-BulLi ~ VO(OEYCl,
ArBr ArLi Ar—Ar  (5)
) Et,0
tisSmn n, 1h 8

Oxidation of PhLi with VO(OE)CI, even at —78 °C led
to biphenyl (90%) together with a small amount of
phenol (4%, entry 2). This finding implies the interme-
diacy of the aryl oxovanadium(V) species since these
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Table 3. Oxidative Coupling of
(2-Methoxyphenyl)lithium?2

entry oxovanadium(V) time, h 8b yield,” %
1 VO(OEt)Cl» 1 86
2 VO(OPr-i)Cl, 1 79
3 VO(OPr-i),Cl 1 66
4 VO(OPr-i),Cl 24 72
5 VO(OPr-i); 1 59

a2 Oxovanadium(V) compound, 1 equiv; reaction temperature,
room temperature. P Yields were determined by *H NMR on the
basis of 2-bromoanisole.
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Figure 1. 51V NMR spectra in ether at room temperature
(VOCl3, 0 ppm). (a) VO(OPr-i),Cl. (b) VO(OPr-i),Cl was
added to PhLi at —78 °C (the molar ratio, 1:1). (c) VO-
(OPr-i),Cl was added to 2-methoxyphenyllithium at —78
°C (the molar ratio, 1:1). (d) The mixture obtained by (c)
was kept at room temperature for 24 h. (e) VO(OPr-i)s.

products are known to be formed through the similar
intermediate derived from VOCI; and Phy;Hg.82 The
presence of the cyano group as an electron-withdrawing
group lowered the yield (entry 9), suggesting that the
coupling reaction depends on the electronic nature of
the aryl group. The result is consistent with the reaction
path in which the degradation of V(V) to V(IV) with the
formation of biaryl is likely to be facilitated by the high
electron density of the aromatic ring.

The oxidation reaction also was effected by the
substituents of organovanadium(V) compounds. Their
oxidation capability decreases with the increasing num-
ber of alkoxy groups that they contain. Accordingly, the
yield of the biaryl was lowered in the order of VO-
(OPr-i)Cl; > VO(OPr-i),Cl > VO(OPr-i)3 (Table 3). These
results are related to the above-mentioned reaction
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Scheme 1

Arli + VO(OPr-i)Cl ArVO(OPr-)y + LiCl

2ArVO(OPr-i)2

ArpVO(OPr-) + VO(OPr-)3

ArpVO(OPr-i) Ar—Ar +  VO(OPr-j)

VO(OPr-j3 + VO(OPr-)

2VO(OPr-i),

path. A longer reaction time increased the yield of 8b
(entries 3 and 4).

To gain insight into the mechanism, the reaction was
followed by 5V NMR spectroscopy (Figure 1). When
phenyllithium (7a) and (2-methoxyphenyl)lithium (7b)
in ether were treated with an equimolar amount of VO-
(OPr-i),Cl (=505 ppm; VOCI3, 0 ppm; Figure 1a) at —78
°C, two peaks were observed at —322, —633 ppm and
—345, —633 ppm, respectively, as shown in Figure 1b,c.
The peak at —633 ppm is assigned to VO(OPr-i)s by
comparison of the authentic sample. The peak at —345
ppm was found to decrease when the reaction mixture
was kept at room temperature for 24 h (Figure 1d). The
peaks at —322 and —345 ppm (Figure 1b,c), which were
about 200 ppm downfield from VO(OPr-i),Cl, are prob-
ably assigned to ArVO(OPr-i), (Ar = Ph, 0-MeOCgHy,).10
These observations suggest that ArVO(OPr-i), decom-
poses to the biaryl via disproportionation to Ar,VO(OPr-
i) (Scheme 1). The thus-generated V(I11) and V(V)
species are assumed ultimately to be converted to a
V(IV) species. A similar reaction path has been proposed
by Reichle.82 These findings are consistent with the
result described above.

Grignard reagents similarly underwent the present
coupling reaction, as exemplified by the homocoupling
of benzylmagnesium bromide bearing a sp3-carbon (eq
6).

VO(OE)Clp
(3 equiv)

PhCH;MgBr
Et,0,-78°C, 1 h

PhCH,CH,Ph  (6)
86%

Conclusions

VO(OR)CI; was found to be an efficient oxidant to
induce the homocoupling of organolithium and -mag-
nesium compounds, in which organo oxovanadium
intermediates are considered to be formed. The conver-
sion depends on the oxidation capability of oxovanadi-
um(V) compounds. From the synthetic viewpoint, the
present transformation is a versatile method for oxida-
tive dimerization.

Experimental Section

All solvents were dried and distilled. 3-Benzyloxy-2-propyne
(1e) was prepared according to the standard procedure.'! VO-
(OEYt)Cly, VO(OPTr-i)Cly, and VO(OPr-i),Cl were easily obtained
from VOCI; and the corresponding alcohol and distilled.® VO-
(OPr-i); was supplied by Nichia Chemical Industries, Ltd.

General Procedure for Oxidative Coupling of 1-Alkyn-
yllithium. To a stirred solution of 1-alkyne (1.0 mmol) in dry
ether (or tetrahydrofuran (THF), 4 mL) at —78 °C under argon
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was added n-BuLi (1.0 mmol, 0.63 mL, 1.6 M in hexane) to
generate the 1-alkynyllithium 1. After stirring at —78 °C for
1 h, VO(OEt)CI; (549 mg, 3.0 mmol) was added dropwise to
the resulting solution over 10 min at —78 °C. The mixture was
stirred at —78 °C for 1 h, and then ether (15 mL) and 1.5 M
aqueous HCI (1 mL) were added to the reaction mixture. After
extraction with ether (3 x 10 mL), the combined ethereal
solution was washed with saturated NH.CI, saturated NaH-
COg3, and brine. The organic layer was dried over MgSO, and
concentrated. Purification by chromatography on silica gel
column gave the 1,3-diyne 2 as shown in Table 1. Yields were
determined on the basis of l-alkynes. The products were
identified by comparison of spectral data with those of com-
mercially available or authentic samples.'?

2e. Compound R¢ = 0.55 (hexane—chloroform, 1:1 (v/v)). *H
NMR (300 MHz, CDCl3): 6 7.40—7.30 (m, 10H), 4.63 (s, 4H),
4.27(s, 4H). 3C NMR (75 MHz, CDCl3): ¢ 136.9, 128.3, 128.0,
127.9,75.3,71.4,70.6, 57.2. Anal. Calcd for CxoH;50,: C, 82.73;
H, 6.25. Found: C, 82.42; H, 6.31.

Oxidative Coupling of g-Stylyllithium. To a stirred
solution of t-BuLi (1.25 mL, 1.6 M in hexane) in dry THF (4
mL) at —78 °C under argon was added (E)-3-bromostyrene (183
mg, 1.0 mmol) to generate the alkenyllithium 3. After stirring
at —78 °C for 1 h, VO(OEY)CI; (549 mg, 3.0 mmol) was added
dropwise to the resulting solution over 10 min at —78 °C. The
mixture was stirred at —78 °C for 1 h, and then ether (15 mL)
and 1.5 M aqueous HCI (1 mL) were added to the reaction
mixture. After extraction with ether (3 x 10 mL), the combined
ethereal solution was washed with saturated NH,ClI, saturated
NaHCOg, and brine. The organic layer was dried over MgSO,
and concentrated. Purification by chromatography on silica gel
column eluting with hexane—chloroform (10:1 (v/v)) gave E,E-
1,4-diphenyl-1,3-butadiene, (4, 186 mg, 90%).

Oxidative Coupling of Lithium 1-Cyclohexenolate. To
a stirred solution of n-BuL.i (0.63 mL, 1.6 M in hexane) in dry
THF (4 mL) at —78 °C under argon was added 1-(trimethyl-
silyloxy)-1-cyclohexene (170 mg, 1.0 mmol) to generate the
lithium enolate 5. After stirring at —78 °C for 1 h, VO(OEt)-
Cl; (549 mg, 3.0 mmol) was added dropwise to the resulting
solution over 10 min at —78 °C. The mixture was stirred at
—78 °C for 1 h, and then ether (15 mL) and 1.5 M aqueous
HCI (1 mL) were added to the reaction mixture. After extrac-
tion with ether (3 x 10 mL), the combined ethereal solution
was washed with saturated NH4CI, saturated NaHCOs3, and
brine. The organic layer was dried over MgSO,4 and concen-
trated. Purification by chromatography on silica gel column
eluting with hexanes—ethyl acetate (5:1 (v/v)) gave 2,2'-
dioxodicyclohexyl, (6, 43 mg, 44%).

General Procedure for Oxidative Coupling of Aryl-
lithium. To a stirred solution of aryl bromide (1.0 mmol) in
dry ether (4 mL) at 0 °C under argon was added n-BuLi (1.0
mmol, 0.63 mL, 1.6 M in hexane) to generate the aryllithium
7. After stirring at room temperature for 15 min, VO(OEt)CI,
(549 mg, 3.0 mmol) was added dropwise to the resulting
solution over 10 min at room temperature. The mixture was
stirred at room temperature for 1 h, and then ether (15 mL)
and 1.5 M aqueous HCI (1 mL) were added to the reaction
mixture. After extraction with ether (3 x 10 mL), the combined
ethereal solution was washed with saturated NH4ClI, saturated
NaHCOg, and brine. The organic layer was dried over MgSO,
and concentrated. Purification by chromatography on silica gel
column gave the biaryl 8, as shown in Table 2. Yields were
determined on the basis of aryl bromides. The products were
identified by comparison of spectral data with those of com-
mercially available or authentic samples.'®

Oxidative Coupling of Benzylmagnesium. To a stirred
solution of PhCH,MgCI (2.0 mL, 1.0 M in hexane) in dry ether
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59, 1761.
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(4 mL) was added dropwise VO(OEt)CI; (549 mg, 3.0 mmol)
over 10 min at —78 °C under argon. The mixture was stirred
at —78 °C for 1 h, and then ether (15 mL) and 1.5 M aqueous
HCI (1 mL) were added to the reaction mixture. After extrac-
tion with ether (3 x 10 mL), the combined ethereal solution
was washed with saturated NH4Cl, saturated NaHCOs3, and
brine. The organic layer was dried over MgSO, and concen-
trated. Purification by chromatography on silica gel column
eluting with hexane—chloroform (10:1 (v/v)) gave bibenzyl (157
mg, 86%).
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