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Abstract

The complex [(IMesH2)(PPh2Cy)Cl2Ru@CHPh] was synthesised and shown to be an active catalyst in ring-closing metathesis of a
diallylmalonate. Its phosphine exchange was investigated in C6D6 using magnetisation transfer 31P NMR spectroscopy and it was found
to operate via a dissociative mechanism with k353 = 4.1 ± 0.9 s�1, DH� = 84 ± 10 kJ mol�1 and DS� = 4 ± 28 J mol�1 K�1.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the past 15 years olefin metathesis has developed
into a synthetically very useful method in e.g. natural
product and polymer synthesis [1]. The success of metath-
esis was also highlighted in the award of a Nobel Prize
for the method in 2005 [2]. Especially the ruthenium based
catalysts, developed by Grubbs and co-workers, have with
their functional group tolerance, made a significant impact
on organic synthesis [3]. The first ruthenium catalyst was
prepared in 1992 and a few years later the catalyst
[(PCy3)2Cl2Ru@CHPh] was reported [4]. The second gener-
ation catalyst based on N-heterocyclic carbenes was
discovered shortly thereafter and today a number of differ-
ent catalysts for different purposes exist [5,6]. Both kinetic
and theoretical investigations have been reported [7], but
there is no detailed kinetic investigation of the actual
catalytic reaction. In view of our longstanding interest in
transition metal phosphine chemistry [8] we decided to
investigate the effect of phosphine substituents on the
second generation system and here we present the synthesis
of [(IMesH2)(PPh2Cy)Cl2Ru@CHPh] (H2IMes = 1,3-
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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bis(mesityl)-4,5-dihydroimidazol-2-ylidene) and an investi-
gation of activity in ring-closing metathesis and phosphine
exchange behaviour.
2. Experimental

2.1. General procedures and materials

Air and water sensitive compounds were manipulated
using standard Schlenk techniques under an atmosphere
of dry argon or nitrogen or in a nitrogen-filled glove box.
All chemicals used were of analytical grade or better.
(H2IMes)dichloro(phenylmethylene)(tricyclohexylphos-
phine)ruthenium (1) and diethyl diallylmalonate were
purchased from Sigma Aldrich and used as received.
[(H2IMes)(C5H5N)2Cl2Ru@CHPh] (2) was prepared from
1 according to literature procedures [7b]. Dry solvents
(distilled from Na or CaH2) were used throughout the
procedures and all glassware was oven dried. NMR mea-
surements were performed on a Varian Unity INOVA
500 MHz spectrometer and recorded in C6D6 unless other-
wise stated. Chemical shifts are given in parts per million
downfield from TMS using residual solvent peaks (1H) or
H3PO4 (31P d 0) as external references. Coupling constants
(J) are reported in hertz.
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Fig. 1. Conversion of reactant and product in ring-closing metathesis
(RCM) reaction (reaction (1)) as a function of time. The solid line denotes
the best fit to a single exponential. Reaction monitored via 1H NMR at
303 K; disappearance of the methylene protons in the starting material at
d 2.6 ppm and the concomitant growth of those in the product at d
3.0 ppm; [diethyl diallylmalonate]0 = 0.2 M; [3] = 0.01 M in CD2Cl2.
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2.2. Preparations

2.2.1. [(IMesH2)(PPh2Cy)Cl2Ru@CHPh] (3)

Compound 2 (0.15 g, 0.21 mmol) was stirred with diph-
enylcyclohexylphosphine (0.076 g, 0.28 mmol) in benzene
(10 ml) for 10 min. The volume of the brown solution
Fig. 2. Stacked 31P NMR spectra in C6D6 showing signals of coordinated a
phosphine and various mixing times: 5 · 10�5, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 8, 15
was then reduced to 2 ml and 5 ml of pentane was added.
The solution was cooled with ice to 0 �C and stirred vigor-
ously for 30 min to precipitate the product 3 (0.10 g; 53%)
as a light brown powder. 1H NMR: d 0.6–1.22 ppm (m,
11H, PPh2Cy), 1.5–2.2 (m, 18H, CH3 on IMes), 5.8–6.5
(d, 4H, C6H2 of IMes, J = 21 Hz), 6.6–7.2 (m, 15H,
PPh2Cy and @CPh), 19.23 (d, 1H, Ru@CH, J = 27 Hz).
31P NMR: d 39.4 ppm (s).

2.3. Magnetisation transfer experiments

Phosphine exchange rates were determined by 31P NMR
magnetisation transfer (MT) experiments in C6D6. The free
phosphine resonance was selectively inverted using a
shaped pulse, calculated by the Pbox program of VnmrJ,
and, after a variable mixing time (ranging between
5 · 10�5–40 s), 31P NMR spectra were recorded using a
non-selective p/2-pulse. During the FID 1H decoupling
was applied. This was done for a series of free phosphine
concentrations (0.037–0.137 M) and temperatures (343–
373 K). The time-dependent magnetisation data were ana-
lysed using the computer program CIFIT [9].

2.4. Ring-closing metathesis kinetics

The ring-closing metathesis (RCM) reaction of 0.2 M
diethyl diallylmalonate was catalysed by 0.01 M 3

in CD2Cl2 solvent in an NMR tube. The reaction was
nd free PPh2Cy recorded after a selective inversion of the peak for free
and 25 s. [3] = 0.023 M, [PPh2Cy] = 0.067 M, T = 373 K.



Table 1
Exchange rate constants obtained at different phosphine concentrations in
C6D6, [Ru] = 0.023 M, T = 353 K

[PPh2Cy] (M) k (s�1)

0.027 4.0 ± 0.1
0.067 5.0 ± 0.1
0.137 3.4 ± 0.1
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monitored via NMR at 303 K by monitoring the disap-
pearance of the methylene protons in the starting material
at d 2.6 ppm and the concomitant growth of those in the
product at d 3.0 ppm. The kinetic traces thus obtained were
fitted to single exponentials.

3. Results and discussion

The new ruthenium complex, [(H2IMes)(PPh2Cy)Cl2-
Ru@CHPh] (3) was conveniently synthesised by a simple
substitution reaction via the di-pyridine complex as previ-
ously reported for other phosphines [7b]. It was character-
ised by multi-nuclear NMR spectroscopy.

To investigate the potential catalytic activity of 3 it was
tested in a ring-closing metathesis (RCM) reaction of com-
mercially available diethyl diallylmalonate, illustrated in
reaction (1) [10]. Diethyl diallylmalonate was chosen
because RCM to diethyl cyclopentene dicarboxylate is rel-
atively facile and the reaction is slow enough to be followed
by 1H NMR (in CD2Cl2), but also fast enough to be exper-
imentally feasible. It has also been tested for a number of
different catalysts and suggested as a benchmark reaction
[11].

CO2EtEtO2C
3 (5%)

303 K, CD2Cl2

CO2EtEtO2C
ð1Þ

The kinetics of reaction (1) was examined at 303 K by fol-
lowing the decrease of starting material with time by 1H
NMR spectroscopy and the corresponding increase of
product. The kinetic traces fitted well to single exponentials
(cf. Fig. 1), showing that the reaction is first order in
malonate.

The fit gave a value of the first-order rate constant of
(9.2 ± 0.3) · 10�3 s�1, which, assuming a first-order depen-
dence in ruthenium concentration [12], gives a second-
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Fig. 3. Magnetisation of free and coordinated phosphine as a function of
pulse mixing time. The solid lines were calculated using the parameters
from the best fit and the computer program CIFIT. [3] = 0.023 M,
[PPh2Cy] = 0.067 M, T = 353 K, kc = 0.935 s�1,T1F = 9.8 s, T1C = 3.5 s.
order rate constant of 0.92 M�1 s�1. This can be compared
with the literature value for the corresponding PCy3 cata-
lyst which is 2.2 M�1 s�1 [13]. This catalyst also shows
first-order behaviour with respect to the malonate as
opposed to some other catalysts, which show induction
periods and other more complicated behaviour [7d,11].
The rate law for the ring-closing metathesis is given in
Eq. (2)

Rate ¼ k½malonate�½Ru� ð2Þ
To further probe the reactivity of 3 we decided to inves-

tigate the phosphine exchange. This is slow at room tem-
perature giving rise to no visible line broadening in the
31P NMR signal. A 31P{1H} spectrum of 3 and PPh2Cy
consists of one singlet from the free phosphine at
�4 ppm and one from 3 at 37 ppm. In addition, a small
peak from phosphine oxide at 29 ppm was always
observed. This peak was unaffected by the experiment
and it was regarded inert under the conditions chosen. In
an experiment, the peak of the free phosphine was selec-
tively inverted using a shaped 180� pulse and the peak
heights of both the coordinated and the free phosphine
were recorded as a function of pulse mixing time. The peak
width did not change during the experiment. The reaction
was treated as a simple two-site exchange according to
Eq. (3)
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Fig. 4. Eyring plot for the phosphine exchange in 3. Rate constants at 343,
353, 363 and 373 K are 2.4 ± 0.1, 4.1 ± 0.9, 9.8 ± 1.0 and 27.4 ± 5.6 s�1,
respectively.



Table 2
Comparison of phosphine exchange rate constants of 3 and values reported in literature

Catalyst k (s�1) DH6¼ (kJ mol�1) DS 6¼ (J K�1 mol�1) Ref.

1 0.13 ± 0.01 113 ± 8 54 ± 25 [7b]
3 4.1 ± 0.9 84 ± 10 4 ± 28 This work
[(IMesH2)(PPh3)Cl2Ru@CHPh] (4) 7.5 ± 0.5 88 ± 13 21 ± 38 [7b]
[(PCy3)2Cl2Ru@CHPh] (5) 9.6 ± 0.2 99 ± 2 50 ± 8 [7b]

T = 353 K.
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The return of magnetisation to equilibrium is governed by
the exchange rate constants, kF and kC, and the relaxation
rate constants, 1/T1F and 1/T1C [14]. Taking into account
the fact that kF = kC([Pcoord]/[Pfree]) (since the system is
at equilibrium) this model was fitted to the time-dependent
magnetisation data using the computer program CIFIT [9].
In most iterations the magnetisation at time zero and infin-
ity were also treated as variable parameters. Fig. 2 shows a
series of 31P NMR spectra as a function of pulse mixing
time, while Fig. 3 illustrates a typical example of data
and the corresponding fit.

The exchange rate (Rex) as predicted from Eq. (3), is
given by (4), where the value of kC thus obtained corre-
sponds to an observed first-order rate constant for the
exchange of a phosphine at the Ru metal centre:

Rex ¼ kC½Pcoord� ¼ k½Ru� ¼ kF½PPh2Cy� ð4Þ
Observed rate constants as a function of phosphine concen-
tration are given in Table 1, showing that the rate is zero
order in phosphine concentration, thus implying a dissocia-
tive mechanism where the rate determining step does not
involve the phosphine ligand.

The temperature dependence of k was determined giving
the Eyring plot in Fig. 4. Activation parameters are
DH� = 84 ± 10 kJ mol�1 and DS� = 4 ± 28 J mol�1 K�1.
This is consistent with a dissociative mechanism which is
also the accepted mechanism for olefin metathesis
[7,10b,15,16]. Table 2 gives a comparison of the determined
rate constant and activation parameters with some litera-
ture values. Although the entropy of the current exchange
is close to zero the value of the enthalpy excludes an asso-
ciative mechanism; as shown for complexes 1 and 4 an
enthalpy in this range approximately corresponds to a
Ru–P bond enthalpy and hence this bond must be broken
in the transition state also in the exchange at 3 [7e,7f].

Sanford et al. [7] found that the rate constant for phos-
phine exchange for catalysts with the general structure
[L(PR3)Ru@CHR 0] ranged over six orders of magnitude
with variation in ligands (X,L,R, R 0). As expected the rate
of phosphine exchange for 3 is intermediate to that of 1 and
4. In a dissociative process steric bulk is usually assumed to
increase the reaction rate but for compounds 1, 3 and 4 the
opposite trend is observed, i.e. the most bulky phosphine,
PCy3, dissociates with the lowest rate. Of course, electronic
factors must also be considered. Indeed, the most electron
donating phosphine (as seen by e.g. the highest pKa-value
and the lowest Tolman electronic parameter [17]) also has
the lowest rate of exchange. This also correlates fairly well
with the enthalpy of activation which is around 25 kJ/mol
higher for 1 compared to 3 and 4, where the difference is
small in comparison to the error, especially given that dif-
ferent solvents where used (C6D6 for 3 and toluene-d8 for 1,
4 and 5).

In terms of catalytic activity the behaviour of 3 is very
similar to that of 1 with a rate constant for RCM around
two times lower. As expected the activity is much higher
than that of the first generation catalysts. As noted before
by Grubbs and co-workers the correlation between phos-
phine dissociation rate and catalytic activity is inverse [7].
By considering a general reaction as illustrated in Scheme
1 this was explained in terms of the k�1/k2 values, which
are much lower for the second generation catalysts.

Compounds 1, 3 and 4 give rise to the same intermediate
(having the same L ligand in Scheme 1) and they therefore
have the same the k2-value for any given olefin and the k�1/
k2 ratio will reflect the k�1 rate. For 1 and 4 it was reported
that 1 had a slightly lower k�1/k2 ratio, indicating that k�1

is lower for the PCy3 re-entry [18]. One could also argue
that the lower activity of 3 is indicative of a higher k�1 rate
for the PPh2Cy entry. This would mean that phosphine dis-
sociation is determined by electronic factors making it
slowest for the most strongly binding phosphine, PCy3,
whereas the phosphine re-entry, which is an associative
process, is mainly governed by steric factors thus being less
favoured for more bulky phosphines. Clearly, this latter
conclusion relies on several assumptions and further mea-
surements would be needed to verify it.
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