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Abstract

The cyclohexenylvinylidene complex fac,cis-[(PNP)RuCl2{C�CH(C�CHCH2CH2CH2C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹º

H2)}] (2) is synthesized by reaction of
mer,trans-[(PNP)RuCl2(PPh3)] (1) with 1-ethynylcyclohexanol [PNP�CH3CH2CH2N(CH2CH2PPh2)2]. Complex 2 reacts with
water yielding fac,cis-[(PNP)RuCl2(CO)] and methylenecyclohexane. The regioselective incorporation of deuterium from D2O into
the methylene group of methylenecyclohexane is consistent with the intermediacy of an h1-allyl ruthenium complex along the
metal-assisted hydrolysis of the vinylidene C�C bond. The hydrolysis of the alkenylvinylidenes fac,cis-
[(PNP)RuCl2{C�CHCR�CH2}] (R=Me, Ph) proceeds similarly but the regioselectivity of deuterium incorporation depends on
the temperature due to h1Uh3 allyl interconversion. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

It has been reported that the ruthenium(II) complex
mer,trans-[(PNP)RuCl2(PPh3)] (1) assists the hydrolysis
of terminal alkynes to give CO and the hydrocarbon
resulting from the homologation of the alkyne sub-
stituent (eq. 1) [PNP�CH3CH2CH2N(CH2CH2PPh2)2]
[1]. A similar reaction has recently been found to
involve disubstituted propargyl alcohols [2]. In this
case, however, alkenes are formed (eq. 2).

(1)

(2)

Irrespective of the alkyne substituent, the cleavage of
the C�C triple bond proceeds via Ru-cumulene com-
plexes that react with H2O to give hydroxycarbene
intermediates. Simple 1-alkynes generate Ru-vinylidene
complexes by formal 1,2-hydrogen shift (eq. 3) [1,3],
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while propargyl alcohols are dehydrated to Ru-allenyli-
dene complexes (eq. 4) [2,4].

(3)

(4)
In the case of propargyl alcohols bearing a hydrogen

on the Cd position, it is anticipated that ruthenium-
alkenylvinylidene intermediates are formed yielding CO
and alkenes upon reaction with water (eq. 5) [2].

(5)

In this work, we show that the reaction sequence
outlined in eq. 5 does occur with a mechanism involv-
ing the intermediacy, inter alia, of ruthenium-h1-allyl
species. Moreover, it is shown that the use of D2O in
the hydrolysis reaction leads to the selective formation
of gem-deuterated alkenes. The example detailed here
involves 1-ethynyl-cyclohexanol and describes its selec-
tive conversion to methylenecyclohexane that is indeed
a difficult alkene to prepare [5] with interesting applica-
tions in organic synthesis (Scheme 1) [6].

Reaction of 1-ethynylcyclohexanol with 1 in reflux-
ing THF under nitrogen yields quantitatively the
cyclohexenylvinylidene complex fac,cis-[(PNP)RuCl2-
{C�CH(C�CHCH2CH2CH2C

¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹º
H2)}] (2) (Scheme 1).

Analogous metal-promoted transformations of propar-
gyl alcohols are well-known and proceed via a stepwise
mechanism in which key events are the formation of
p-acetylene complexes (A), their tautomerization to hy-
droxyvinylidene intermediates (B) [7] and the dehydra-
tion of these latter to give alkenylvinylidene products
(C) (Scheme 2) [2,4,8].

No intermediate species was detected by NMR spec-
troscopy during the transformation of 1 into 2 in the
temperature range from 20 to 50°C. Likewise, no trace

of ruthenium allenylidene compound (D) was seen
confirming that the deydration of g-hydroxyvinylidene
metal complexes can selectively involve d-hydrogen
atoms [2,8].

The cyclohexenylvinylidene complex 2 undergoes
rapid hydrolysis in either THF or CHCl3 already at
room temperature yielding the carbonyl complex
fac,cis-[(PNP)RuCl2(CO)] (5) [1] and one equivalent of
methylenecyclohexane, CH2�CCH2CH2CH2CH2C

¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹º
H2

(6) (Scheme 1). No trace of the isomeric alkene 1-
methyl-1-cyclohexene was formed even when the hy-
drolysis reaction was carried out at 50°C (in situ NMR
experiments; GC analysis). Substitution of D2O for
H2O gives exclusively methylenecyclohexane-d3 in
which two deuterium atoms are bound to the exocyclic
methylene carbon atom and one deuterium atom is
bound to the carbon atom in the 2 position of the
cyclohexenyl group (Scheme 1). Identification of 6 and
6-d3 was made using NMR and GC-MS spectroscopy
on pure samples obtained by column chromatography.

The regioselective incorporation of deuterium in
methylenecyclohexane-d3 together with previous mecha-
nistic studies [1] allows us to rationalize the present
hydrolytic C�C bond cleavage as well as the chemose-
lective formation of the exocyclic alkene instead of the
thermodynamically stable 1-methyl-1-cyclohexene iso-
mer. The proposed mechanism (Scheme 3) involves
several steps, the majority of which have previously
been proved for analogous systems: (i) deuteration of
the vinylidene proton by D2O to give 2-d1 [1]; (ii)
addition of D2O across the vinylidene C�C bond to
generate a transient hydroxycarbene species [1,9]; (iii)

Scheme 3.Scheme 2.
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Scheme 4.

26.5, 23.8, 23.3 (all s, confirmed by a DEPT-135 exper-
iment, CH2cyclohexenyl); C�CHcyclohexenyl not observed.

2.2. Reaction of 2 with H2O

In a typical experiment, a 10-fold excess of water (48
ml, 2.66 mmol) was syringed under nitrogen into a well
stirred solution of 2 (0.200 g, 0.26 mmol) in THF (10
ml). The solution was stirred overnight at room temper-
ature. The volatiles were removed in vacuo at room
temperature to leave a brown residue. A portion of the
residue was analyzed by 31P{1H}-NMR spectroscopy
which confirmed the formation of 5 as the only ruthe-
nium-phosphine complex. To the rest of the residue was
added diethyl ether (3×3 ml) which was dried over
sodium sulfate and evaporated to dryness at atmo-
spheric pressure. The residue was dissolved in CDCl3
and characterised by 1H-, 13C{1H}-NMR and GC-MS
spectroscopy (see Section 2.3). The yield of 6 calculated
by integration of the 1H-NMR resonances with respect
to ferrocene as internal standard was higher than 90%.
Column chromatography on silica-gel of the diethyl
ether solution (diethyl ether as eluant), afforded pure 6.
Replacing H2O with D2O in the above experiment gave
6-d3 in yield exceeding 90% after similar work-up (1H-
and 2H-NMR and GC-MS analysis, see Section 2.3).

2.3. Chemico-physical properties of 6 and 6-d3

Spectral data for 6: 1H-NMR (299.45 MHz, CDCl3,
TMS reference, 293 K), 4.57 (qu, 4JHH 0.9 Hz, 2H,
C�CH2); 2.12 (m, 4H, CH2(b)), 1.27 (m, 6H,
CH2(g)�CH2(d)). 13C{1H}-NMR (50.32 MHz, CDCl3,
TMS reference, 293 K), 150.7 (s, Ca); 107.0 (s, confi-
rmed by a DEPT-135 experiment, C�CH2); 35.5 (s,
confirmed by a DEPT-135 experiment, Cb); 28.2, 26.6
(all s, confirmed by a DEPT-135 experiment, Cg and
Cd). [M+=96(40), M−CH3

+=81(100)]. Spectral data
for 6-d3: 2H-NMR (76.77 MHz, CHCl3, TMS reference,
293 K), 4.6 (br s, 2D, C�CD2); 2.2 (m, transforms in a
singlet in the 2H{1H}-NMR spectrum, 1D, CHD(b)).

2.4. Reaction of 3 (or 4) with H2O

The hydrolysis reactions of 3 and 4 were followed in
a 5-mm NMR tube by adding two equivalents of H2O
to a CDCl3 or THF-d8 solution of the alkenylvinylidene
complex at either 20 or 50°C. Irrespective of the tem-
perature, 1H-, 31P{1H}-NMR and GC-MS spectra
confirmed the formation of 5 and the generation of one
equivalent of alkene [CH2�C(Me)R (R=Me, Ph)].
Spectral data for methylpropene, CH2�CMe2: 1H-NMR
(200.13 MHz, CDCl3, TMS reference, 293 K), 4.75
(sept, 4JHH 1.2 Hz, 2H, C�CH2); 1.83 (t, 6H, CH3)

intramolecular elimination of DCl to form a coordina-
tively and electronically unsaturated acyl complex
[1,10]; (iv) formal migration of the methylcyclohexenyl
group (CO deinsertion) to give a (carbonyl)(h1-allyl)
complex; (v) electrophilic attack by D+ at the g-carbon
atom of the h1-allyl ligand to give an alkene adduct
[11]; (vi) alkene displacement by chloride ion.

In keeping with this mechanistic picture, the known
alkenylvinylidene complexes fac,cis-[(PNP)RuCl2{C�
CHCR�CH2}] (R=Me, 3; Ph, 4), [2] dissolved in
CHCl3, react with D2O at 20°C yielding almost exclu-
sively CD2�C(R)CH2D (\97%) (Scheme 4). At 50°C,
the gem-deuterated alkene is still the major product but
a 20% amount of the isotopomer CH2�C(R)CD3 is
formed which is consistent with a low energy barrier
to h1-CD2�C(R)�CH2Uh3-CD2�C(R)�CH2Uh1-CH2�
C(R)�CD2 interconversion at ruthenium [12].

2. Experimental

2.1. Synthesis of 2

To a THF solution (20 ml) of 1 (0.92 g, 1.00 mmol)
was added a 2-fold amount of 1-ethynylcyclohexanol
(0.215 g, 2.00 mmol) and the resulting solution was
refluxed for 150 min under N2. After half the solvent
was removed under vacuum, 30 ml of petroleum ether
(b.p. 40−70°C) was added. The orange precipitate of
fac,cis-[(PNP)RuCl2{C�CH(C�CHCH2CH2CH2C

¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹º
H2)}]

(2) was filtered off, washed with light petroleum ether
and dried under a stream of nitrogen. Yield 82%.
Selected spectroscopic data: IR (Nujol mull, KBr
plates), (nC�C) 1632 (w) and 1611 cm−1 (m). 1H-NMR
(200.13 MHz, CD2Cl2, TMS reference, 294 K), 5.39 (t,
3JHH 5.4 Hz, 1H, C�CHcyclohexenyl); 5.03 (t, 4JHP 3.3 Hz,
1H, Ru�C�CH). 31P{1H}-NMR (81.01 MHz, CD2Cl2,
H3PO4 85% reference, 294 K), 47.8 (s). 13C{1H}-NMR
(50.32 MHz, CD2Cl2, TMS reference, 294 K), 358.9 (t,
2JCP 17.3 Hz, Ru�C�CH); 118.2 (s, confirmed by a
DEPT-135 experiment, C�CHcyclohexenyl); 116.6 (s, confi-
rmed by a DEPT-135 experiment, Ru�C�CH); 29.8,
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[M+=56(42), M−CH3
+=41(100), M−CH2CH3

+=
27(22)]. Spectral data for a-methylstyrene,
CH2�CMePh: 1H-NMR (200.13 MHz, CDCl3, TMS
reference, 293 K), 7.5–7.2 (m, 5H, Ph), 5.48 (dq, 2JHH

1.6 Hz, 4JHH 0.8 Hz, 1H, alkene proton trans to Ph);
5.17 (qu, 2JHH ca. 4JHH ca. 1.6 Hz, 1H, alkene proton
cis to Ph), 2.18 (dd, 3H, Me). [M+=118(100), M−
CH3

+=103(46)]. When H2O was substituted for D2O,
the gem-deuterated alkenes CD2�C(R)CH2D were the
largely major products (\97%) at 20°C. At 50°C, the
isotopomers CH2�C(R)CD3 were formed in ca. 20%
yield [(19%, R=Ph; 23%, R=Me) as determined by
1H-NMR integration of the CH2 resonance of
CH2�C(R)CD3 with respect to ferrocene as internal
standard].
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