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Recent progress achieved by using organosilicon com-
pounds has offered several new aspects to synthetic organic
chemistry.! One of them is the use of vinylsilane as a
masked carbonyl functionality? and as a possibility for
generation of a-silyl carbanions through the addition of
different types of carbanionic species on the activated
double bond.® Another interesting feature in respect to
synthesis results from the electrophilic substitution reac-
tions. Recently, we reported a high enantioselectivity
(93% ee) in the asymmetric hydrovinylation of 1,3-cyclo-
hexadiene catalyzed by the Ni(COD),~AlEt,Cl-(2R,3R)-
threophos system.® The catalytic cyclodimerization of
1,3-dienes with miscellaneous olefins is an attractive route
to interesting synthons. Unfortunately, this reaction fails
in more general cases.®” Miller et al.? was the first to
report the codimerization of ethylene and 1,3-cyclo-
hexadiene catalyzed by nickel complexes and we describe
herein that Ni(COD),-AlEt,Cl-L (in 1/6/2 molar ratio)
modified with suitable organophosphorus P(III) ligands
L is able to catalyze a codimerization reaction between
1,3-cyclohexadiene (1) and vinyltrimethylsilane (VTMS
2) (1/2/Ni = 50/50/1) in toluene solution at 50 °C. As
shown in Table I and'Scheme I, after 48 h of reaction, the
expected compound 3-[1-(trimethylsilyl)vinyl]cyclohexene
(3) and the oligomer byproducts 2,4-bis(trimethylsilyl)-1-
butene (4) and (E)- and (Z)-1,4-bis(trimethylsilyl)-3-butene
(5, 6) were formed. The latter compounds have been
already obtained by the oligomerization of VTMS cata-
lyzed by the catalytic system prepared from AlEt, re-
duction of nickel acetylacetonate Ni(acac), in the presence
of triphenylphosphine with dichloroethylene as solvent;®

(1) Colvin, E. W. Silicon in Organic Synthesis; Butterworths: London,
1981. Weber, W. P. Silicon Reagents for Organic Synthesis; Springer-
Verlag: Berlin, 1983. Brownbridge, P. Synthesis 1983, 1, 85.

(2) Miller, R.; Al-Hassan, M.; McGarvey, G. Synth. Commun. 1983,
13, 969-975. Stork, G.; Jung, M. E. J. Am. Chem. Soc. 1974, 96, 3682.

(3) Tamao, K.; Kanatami, R.; Kumada, M. Tetrahedron Lett. 1984,
25, 1905, 1909,

(4) Chan, T.; Fleming, I. Synthesis 1979, 761.

(5) Buono, G.; Siv, C.; Peiffer, G.; Triantaphylides, C.; Denis, P.;
Mortreux, A.; Petit, F. J. Org. Chem. 1985, 50, 1781.

(6) Keim, W.; Behr, A.; Roper, M. In Comprehensive Organometallic
Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon:
Oxford, 1982; Vol. 8, pp 371-462.

(7) Although functional alkenes such as acrylic and methacrylic esters,
nitriles, and vinyl silanes have been studied in oligomerization reactions
with linear dienes, only the study of codimerization of ethylene and cyclic
dienes has been reported. See: Reference 6. Jolly, P. W. In Compre-
hensive Organometallic Chemistry; Wilkinson, G., Stone, F. G. A,, Abel,
E. W., Eds.; Pergamon: Oxford, 1982; Vol. 8, p 685.

(8) Miller, G. R.; Kealy, T. J.; Barney, A. L. J. Am. Chem. Soc. 1967,
89, 3756-3761.

(9) Yurjev, V. P.; Gailyunas, G. A., Yusupova, F. G.; Nurtdinova, G.
V.; Monakhova, E. 8.; Tolstikov, G. A. J. Organomet. Chem. 1979, 169,
19-24,

jze/a\ _/_/—SiMea
= SiMez MegSi
4 5
Measi-—/_\—SiMeg
8

these products probably result from isomerization of (Z)-
and (E)-1,4-bis(trimethylsilyl)-1-butenes (7, 8), previously
prepared in the VIMS dimerization by using NiCly—
AlLEt;Cl;-PPhy as the catalytic system.® Under our

Me3Si Me 3Si
\:\_/SiMea \:/_\SiMes

7 8

catalytic conditions the compounds 5 and 6 are the minor
products. The major byproduct resulting from homo-
ligomerization of VITMS is compound 4. Unlike the Ni-
(0)-catalyzed cooligomerization of VIT'MS with 1,3-dienes
such as butadiene!®!! and isoprene,'? the compounds 3 and
4 result from the C-C bond formation between the a-
carbon of VI'MS and either 1,3-cyclohexadiene or VIMS,
whatever the nature of the ligand (see Table I). Such an
addition was observed in accordance with our results in
the cooligomerization of butadiene-VTMS over a nickel
chloride catalytic system in the presence of an organo-
aluminum Lewis acid and triphenylphosphine.’® Indeed,
we never observed the inverse addition with the formation
of 3-[2-(trimethylsilyl)vinyl]cyclohexene (9).
iMes

=
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It can be seen from Table I that the nature of the
phosphorus ligand and the P/Ni ratio strongly affect both
catalytic activity and product selectivity. The ligand is
essential for the formation of 3 (run 5) as is the organo-
aluminum Lewis acid, without which the reaction fails to
give any of the desired products. The best results are
obtained with triethyl phosphite (run 10) and bis(di-
methylamino)phenylphosphine (run 13) as ligands and
with a P/Ni ratio of 2/1 and AlEt,C1/Ni(COD), ratio of
6/1 at 50 °C.1® The chelating 1,2-bis(diphenyl-
phosphino)ethane inhibits the catalyst activity for L/Ni
= 2 and 1 and becomes only active with a L/Ni = 0.5.
Such an effect has already been observed with chelating
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Table I. Codimerization of 1,3-Cyclohexadiene and VITMS¢

product selectivity, %

chemical

runs ligands 6,% deg L/Ni  VTMS conversn, %  yield, % 3 4 5 6
1 PPh, 145 4 9 9 96 4 0 0
2 PPh; 3 26 20 64 23 8 5
3 PPh, 2 44 30 45 37 11 7
4 PPh, 1 55 37 36 59 3 2
5 0 2 1 0 100 0 0
6 P(Ph-0-OMe); 190-200 2 13 10 58 31 6 5
7 PPh,(CH,),PPh, 125 0.5 65 40 20 78 1 1
8 Ph,POEt 133 2 36 27 59 39 1 1
9 PhP(OMe), 115 2 62 47 58 39 2 1
10 P(OEt), 109 2 80 56 46 54 0 0
11 P(OPh), 128 2 50 32 30 64 3 3
12 Ph,P(NMe,) 149 2 76 50 36 56 5 3
13 PhP(NMe,), 153 2 79 54 43 53 2 2
14 P(NMey); 157 2 61 43 51 47 1 1
15 Ph,PN(i-Pr,) 155-160 2 63 38 17 78 3 2

¢ Reaction conditions: temperature, 50 °C; reaction time, 48 h; AIEtCl/Ni(COD), = 6/1; VTMS/1,3-cyclohexadiene/Ni = 50/50/1; [Ni-
(COD),] = 0.140 mol/L; solvent, toluene. °Tolman parameters.!#!® ¢For each run the chemical yield was calculated from the ratio of the
amount of the reaction products and the amount of the starting compounds.

Table II. Influence of the Catalytic Precursors on the Codimerization of 1,3-Cyclohexadiene and VITMS®

product selectivity, %

reducing agent VTMS

Ni Al Al/Ni reactn time, h conversn, % chemical yield, % 3 4 5 6
NiCl, AlEt,Cl? 7.8 19 6 6 92 8 0 0
NiCl, AlEt,Cl 8 26 10 10 96 4 0 0
NiCl, AlEt,Cl 8 49 17 15 85 10 3 2
NiCl, AlEt,Cl 8 65 72 46 29 28 34 9
Ni(acac), AlEt,Cl 8 48 47 30 29 46 18 7
Ni(acac), AlEt,Cl° 6 48 63 35 18 25 45 12

¢Reaction conditions: L = PPhy; L/Ni = 2; Ni = 0.14 mol/L; temperature, 50 °C; VTMS/1,3-cyclohexadiene/NiX, = 50/50/1. ® AlEt,Cl
(2 equiv) was added to NiCl; + PPh;, and then the complement (5.8 equiv) was added after the addition of VTMS and 1,3-cyclohexadiene.
¢ Ni{acac), was reduced by AlEt; (1 equiv) in the presence of PPh,, and AlEt,Cl (6 equiv) was added.

Scheme I. VTMS and 1,3-Cyclohexadiene Codimerization
MesSi  __~

SiMes
or
1 2

bisphosphines in the butadiene—ethylene codimerization!’
and in the propylene dimerization.’®'® From these results
our primary premise is that the VTMS conversion and the
chemical yields depend probably on the size of the ligands.
The chemical yields are at a minimum for ligands for which
the steric parameter 6 is between 130 and 140° and lie at
a maximum for values of 8 either above 140° or below 130°
except for ligand P(Ph-0-OMe);, which probably has a
chelating effect because of the o-methoxyl group. On the
other hand, it is more difficult to draw definitive conclu-
sions about electronic effects proportional to Aco(A;) of
R;P-Ni(CO); for the selected ligands from these results.
In order to increase the chemical yield and the selectivity
for 3, we have tested different catalytic precursors.

As shown in Table II for ligand PPh,, and by using
identical reaction conditions, after a 48-h reaction time the
selectivity is greatly modified in favor of
homoligomerization products. These catalytic systems do
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not lead to any significant improvements in these reactions.
With the different catalytic systems studied, the selectivity
for 3 is highest at low VIMS conversion. We have not yet
found a reason for the selectivity variation of 3 vs reaction
time. The mechanism of catalytic oligomerization of
ethylene—diene has been the subject of several proposals.
In general, two different mechanisms are discussed: a
hydride mechanism®®?! and a mechanism based on cyclic
intermediates.>?° However, the catalytic systems used,
obtained by treating either Ni(COD), or NiX,L, (X =
anionic ligand) with an aluminum alkyl, are believed to
involve Ni(H)(Y)L, where Y is a complex Lewis acid anion
of the type AIR, X, _..

In conclusion, the work described in this paper reveals
for the first time a codimerization reaction between a cyclic
diene and vinyltrimethylsilane, and although the chemical
yields are modest, the obtained compound 3 is an ideal
synthon for the entry to methylene lactone synthesis ac-
cording to Yu and Helquist’s synthetic approach,? if we
consider the vinyl trimethylsilyl group as a synthetic
equivalent of the acrylic acid group.?

Experimental Section

General Procedures. All reactions of organometallic reagents
and other air-sensitive materials were performed under nitrogen.
Solutions of these materials were transferred with hypodermic
needles. Toluene was distilled from sodium. All commercial
chemicals and reagents were distilled or recrystallized prior to
use. Triethylamine was stored over activated 3-A molecular sieves.

(21) Jones, N. L.; Ibers, J. A. in Homogeneous Catalysis with Metal
Phosphine Complexes; Pignolet, L. H., Ed.; Plenum: New York, 1983;
p 122,
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a recent review on advances in the synthesis of a-methylene lactones, see:
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The different ligands Ph,POEt, PhP(OMe),;, Ph,PNMe,, PhP-
(NMe,),, and P(NMe,); were prepared according to classic
methods.?* The synthesis of ligand Ph,PN(i-Pr), is described
below. Crude products were generally prepurified by Kugelrohr
distillations on a Biichi GKR-50 apparatus. The 'H, °C, and 3'P
NMR spectra were recorded respectively at 100, 25.144, 40, and
48 MHz on a Bruker AC 100 spectrometer. The NMR spectra
were obtained from CDCl; solutions unless otherwise stated.
Chemical shifts are given in parts per million relative to Me,Si
for 'H and 13C and 85% H,PO, for 3P NMR spectra. Chemical
shifts upfield of the standard are defined as negative; the coupling
constants are given in hertz. Multiplicities are expressed as
follows: s, singlet; d, doublet; t, triplet; q, quartet; br, broad. In
13C NMR spectra, basic DEPT sequence® was used to determine
the structure of compounds 3-6. The !H NMR peak areas are
expressed as the number of hydrogen atoms (H). The IR spectra
were obtained on a Perkin-Elmer Model 298 from neat liquid films.
The analytical results agree with calculated values within 0.3%.
Analytical gas-liquid chromatography (GLC) was performed on
an Intersmat IGC 121 FL instrument with a flame-ionization
detector and helium carrier gas (1.0-1.3 kg/cm?) using a CP Sil
5 fused silica 20-m capillary column. Codimerization reactions
were monitored on CPG capillary column by using undecane as
internal standard. Calibration curves can be prepared by plotting
peak areas against corresponding concentrations. CPG conditions:
P(H,) and carrier gas, helium 1 bar; injector and detector tem-
perature, 220 °C; isotherm for 3 min, linear temperature pro-
grammed from 35 to 120 °C by 7 °C/min; the different retention
times in minutes are 10.76 (3), 8.45 (4), 5 9.10 (5), 9.18 (6), and
9.55 (undecane).

(N,N-Diisopropylamino)diphenylphosphine. To a solution
of N,N-diisopropylamine (5.05 g, 0.05 mol) and triethylamine (0.05
mol) in benzene (50 mL) was added dropwise a solution of
chlorodiphenylphosphine (11.03 g, 0.05 mol) and benzene (20 mL)
at room temperature under N, atmosphere. The tesulting mixture
was stirred and heated with reflux for 4 h and allowed to cool to
room temperature. The triethylammonium chlorohydrate was
collected on a glass filter and washed with diethyl ether. The
combined organic phases were concentrated under vacuum to
afford a viscous yellow oil, which crystallized from petroleum
ether/diethyl ether in 1/1 ratio and in 89% chemical yield to give
the product: mp 76-80 °C; 'H NMR (CgDy) 5 1-1.40 (d, 6 H),
3.2-3.7 (m, 1 H), 7.1-7.6 (m, 10 H); 3C NMR (C¢D¢) 6 24 (d, *Jcp
= 6.3 Hz, CH,), 47.8 (d, 2Jp = 8.4 Hz, CH), 128.2-133.4 (m, Ph);
3P NMR (C¢Dy) 6 38. Anal. Caled for C,sH,NP: C, 75.79; H,
8.42; N, 4.91. Found: C, 75.95; H, 8.36; N, 4.69.

TMVS and 1,3-Cyclohexadiene Codimerization. The
catalyst Ni(COD), (2 mmol) and organophosphorus ligand (2
mmol) were dissolved in 2 mL of toluene under a N, atmosphere
at room temperature. The solution was stirred for 10 min and
then transferred into a glass reactor containing 1,3-cyclohexadiene
(0.1 mol) and VT'MS (0.1 mol). To the stirred mixture was added
a (1 M) solution of AlEt,Cl (12 mmol) in toluene (12 mL). Tt is
important that this sequence of events be adhered to strictly,
otherwise the reaction fails to give any product. The mixture was
stirred for 48 h at 50 °C. Workup consisted of the addition of
H,0 (10 mL) to the reaction mixture. Then the reaction products
were extracted with diethyl ether (5 X 20 mL). The organic phase
was dried over Na,SO, and concentrated under vacuum, and the
reaction products were distilled under vacuum on a spinning band
column. n-Undecane was added to the products to follow the
codimerization reaction, and the mixture was analyzed on GLC.

2,4-Bis(trimethylsilyl)-1-butene (4): bp 38 °C (2 mm), n%;,
1.4381 [lit."® bp 70.71 °C (25 mm), n®,, 1.4382}; IR, strongest bands
1480, 1250, 920, 850-870, 760, 700 cm™'; *H NMR (CDCI;) 8 0.05
(s, 9 H), 0.13 (s, 9 H), 0.48-0.78 (m, 2 H), 1.93-2.32 (m, 2 H),
5.18-5.68 (m, 2 H); 3C NMR (CDCl,) 6 ~1.71 (Si(CHj),), -1.33
(Si(CHy),), 15.9 (CHy), 29.82 (CH,), 154.9 (C) 122.25 (CH). Anal.
Caled for CyoH,Siy: C, 59.94; H, 11.98. Found: C, 59.69; H, 11.60.

(Z)- and (E)-1,4-Bis(trimethylsilyl)-2-butenes (5, 6): bp
46 °C (2 mm), n®p 1.4416, cis/trans ratio 1/2 [lit.}® 90-91 °C (28
mm), n®p 1.4412, cis/trans ratio 1/1]; IR, 3020, 1610, 1260, 1150,

(24) Kosolapoff, G. M.; Maier, L. Organic Phosphorus Compounds;
Wiley-Interscience: New York, 1972; Vols. 4, 5.
(25) Doddrell, D. M.; et al. J. Magn. Reson. 1982, 48, 233.

1050, 810~870, 700 cm™; 'H NMR (CDCly) 6 -0.02 (s, 9 H), 0.04
(s, 9 H), 1.49-1.55 (m, 4 H), 5.15-5.20 (m, 2 H); 3C NMR (trans
isomer 5) 6 ~1.93 (s, Si(CHy);), 22.83 (CH,), 124.33 (CH); (cis
isomer 6) & -1.70 (s, Si(CHy)s), 17.81 (CH,), 123.12 (CH). Anal.
Calcd for C,gHy,Siy: C, 59.94; H, 11.98. Found: C, 59.71; H, 11.70.

3-[1-(Trimethylsilyl)vinyl]-1-cyclohexene (3): bp 30-35
°C (0.5 mm), n?'p, 1.480%; IR, 3020, 1450, 1410, 1250, 840, 690 cm™;
H NMR (CDCly) 6 0.35 (s, 9 H), 1.1-2.1 (m, 6 H), 2.80-3.04 (m,
1 H), 5.31-5.85 (m, 4 H); 1*C NMR (CDCl,) -0.85 (SiMe,), 20.75
(CH,), 25.06 (CH,), 29.91 (CHy), 40.98 (CH), 124.84 (CH), 127.44
(CH), 180.77 (CHy), 156.02 (C). Anal. Calcd for C,;HySi: C, 73.29;
H, 11.10. Found: C, 73.13; H, 11.05.
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The remarkable facile monohydroboration of dienes,
alkynes, or enynes has opened a new and convenient route
to large number of unsaturated organoboranes. It is now
possible with the choice of a suitable hydroborating reagent
to selectively hydroborate either a mono- or disubstituted
terminal double bond! of the diene or an internal car-
bon-carbon triple bond? or terminal double bond? of an
enyne, and the diene containing terminal and internal
carbon-carbon double bonds preferentially undergoes
hydroboration at the terminal position.* This unique
selectivity in hydroboration and the options for further
manipulation of the intermediate organoboranes to a va-
riety of organic molecules have recently been reviewed by
us.® The lack of any general procedure for the hydro-
boration of an internal carbon—carbon double bond of a
diene in the presence of terminal one prompted us to em-
ploy acetoxyborohydride (CH;COOB"H,) as the hydro-
borating agent. It has been reported® that the reagent can
tolerate some functional groups, is sluggish in hydro-
boration, and is convenient to prepare.

The acetoxyborohydride, as a hydroborating reagent, has
a special significance for the synthesis of alkyl iodide via
iodination since it gives mainly “RBH,” and some “R,BH”
species.® The trialkylborane (R,B) obtained from diborane
has obvious disadvantage in iodination as only two alkyl
groups are utilized in the formation of alkyl iodide.”1°
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