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Thecatalyzed cyclotrimerization of acetylenes is a process that
has been thoroughly studied for many years by a variety of

approaches, mainly with a preparative organometallic perspec-
tive.1,2 The detailed mechanism operating for the reaction has
been fully established, especially for the cobalt-catalyzed reactions.3�5

The results agree with the ease of the final C�C coupling
occurring on the Co(III) center, which does not operate in other
systems such as Pd(II).6 Some detailed theoretical and kinetico-
mechanistic studies of the process have been conducted7,8 in
order to establish the detailed nature of the catalytic cycle, in view
of the possible duality of the mechanism.9,10 The accepted
catalytic cycle operating for the process is indicated for the
simplest all-phenyl derivatives in a simplified stochiometric form
in Scheme 1. The two possible intermediate species are also
shown, as well as the reactivity occurring under stoichiometric
conditions leading to a deactivation dead end in the absence of
free phosphine. Some controversy exists about the reaction
intermediates occurring during the process, especially related,
in recent literature, to the operation of singlet�triplet changes,
but no solvent effects have been studied so far.9,11

The actuation of this cycle under supercritical CO2 solution
conditions has been proved,12 and no important reactivity
differences have been observed with respect to that observed
under “classical” solution conditions. In the latter study, reduc-
tive elimination occurring on the Co(III) catalyst (indicated in
red in Scheme 1) has been also observed, as expected from other
studies.13,14 In fact, the only kinetic studies carried out on the

catalytic cycle indicated in Scheme 1 showed that the ratio of the
values of k�P, kr-e, and k+C2 represent the key point for the entry
of the next acetylene and the subsequent insertion and reductive
elimination of the final C6Ph6 molecule.8 Furthermore, the
avoidance of possible deactivation of the catalyst forming a stable
18e compound, thus maintaining the cobalt inside the catalytic
cycle, is also relevant: that is, the relative ratio of the rate
constants for the entry of acetylene, k+C2, and kr-e.

For some years we have centered our interest on kinetico-
mechanistic studies of reactions such as reductive-elimination
and oxidative addition processes on platinum compounds,15�17

formal electrophilic substitution processes on Pd(II) and Rh(II)
complexes,18�20 and simple redox or substitution processes
occurring on Werner-type complexes,21�25 as well as the not
so simple effect of the solvent in many known processes.18,26�30

Continuingwith this interest, we present in this communication the
kinetico-mechanistic study at variable temperature and pressure
of the stochiometric dead-end deactivation reaction indicated in
Scheme 1 under different solvent conditions: from a simple
innocent species, such as toluene, to more polar DMF or DMSO
and nonclassical media such as supercritical (sc) CO2 and the
(Bmin)(NTf2) ionic liquid. Some studies on the effect of
(Bmim)(NTf2) concentration in DMSO and that of Li(NTF2)
in (Bmin)(NTf2) have also been conducted.
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ABSTRACT: The deactivation reaction of the [CoCp(1,4-σ-C4-
[Ph]4)PPh3] catalyst for the cyclotrimerization of acetylenes has been
kinetico-mechanistically studied under different temperature, pres-
sure, and solvent conditions. The results indicate a dramatic change in
mechanism from conventional to ionic liquid solvents due to the
polarity of the medium.
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As indicated in Figure S1 (Supporting Information), the
advance of the reaction indicated in the inset of Scheme 1 can
be easily monitored via UV�vis spectroscopy in relatively
low concentrations under varying temperature and pressure

conditions. Consequently, a study more comprehensive than
that carried out historically8 using NMR methods can be con-
ducted (see the Supporting Information). In conventional
solvent solutions the experiments were conducted at varying
temperature, pressure, and PPh3 concentrations and the most
representative results are shown in Figure 1.

The results agree with a mechanism involving the initial de-
coordination of the PPh3 ligand from the cobalt center followed
by the reductive elimination/cyclization of the C4[Ph]4 unit as
indicated in the literature, with a rate law such as that indicated in
eq 1. The data obtained at [PPh3] = 0 are the same, within
experimental error, as those obtained from the intercepts of
Figure 1. From the same plots the values of k+P/kr-e can also be
derived for each solvent (eq 1), which is indicative of the
competence of phosphine entry versus C�C cyclization cou-
pling as a function of the solvent. From the changes of k�P with
temperature and pressure and using the Eyring and ln k versus P
plots the thermal and pressure activation parameters indicated in
Table 1 can be easily derived.

kobs ¼ k�Pkr�e

kþP½PPh3� þ kr�e

kobs
�1 ¼ kþP½PPh3�

kþPkr�e
þ k�P

�1
w kobs ¼ k�P at ½PPh3� ¼ 0

ð1Þ

The results obtained in all the classical solvents both from the
kinetic and the activation parameters for k�P fully agree with a
dissociative activation process occurring for the limiting dissocia-
tion of the PPh3 ligand, with very little influence of the medium:
that is, very large values for ΔHq and fairly large and positive
activation entropies and activation volumes. Nevertheless, the
activation volume,ΔVq, is slightly more positive for DMSO than
for toluene, which could be indicative of a more advanced
dissociation of the PPh3 ligand for the transition state in a less
innocent solvent medium. In this respect the set of values
determined for the k+P/kr-e ratio are a bit more revealing; the
values show a definite trend which indicates that the reductive-
elimination process is more favored in more polar solvents with
respect to the back entry of the PPh3 ligand. It is clear that the
charge generation occurring on C�C cyclization coupling is
more stabilized in solvents with higher polarity, thus disfavoring a

relative preference for the back entry of the triphenylphosphine
ligand. This fact also agrees with the general use of nonpolar
solvents for this catalytic process.9

Given the fairly nonpolar and simple stochiometric mechan-
ism operating for the system indicated in the inset of Scheme 1,
the reaction was also monitored in sc CO2. The results obtained
at 80 �C and collected in Table 1 indicate that no significant
differences exist from the systems in the other conventional low
polarity solvents used (toluene, DMF and DMSO). In fact, this is
the expected result both from the general trend observed for the
solvent properties of sc CO2 and the nonpolar nature of the
limiting rate-determining processes actuating in the mechanism
of the reaction indicated.

Once the homogeneity of the mechanism of the reaction was
established, the use of a much more polar nonconventional ionic
liquid solvent system was pursued. This is specially relevant,

Scheme 1

Figure 1. Plot of kobs
�1 versus [PPh3] for the reaction indicated in the

red inset of Scheme 1 at different temperatures in DMSO solution.
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taking into account that rather extreme conditions (sc water)31 in
the catalytic cycle indicated in Scheme 1 have been used with no
apparent differences in the chemical outcome. Furthermore, the
use of ionic liquids as solvents for kinetico-mechanistic studies
has also been tried in other simple reactions. These have been
found to be both practically innocent, providing no changes in
the mechanism occurring from the classical solvent systems32�35

and producing very important changes in the mechanisms
involved due to their polar (and sometimes basic) nature.36�38

It is clear that the possibility of ionic liquids forcing important
changes in the reactionmechanisms and kinetic behavior of some
processes is an important challenge,39�41 especially when con-
sidering the stabilization of charged transient species.38 The
results obtained for the system studied in (Bmim)(NTf2) solu-
tion in the absence of added PPh3 shown in Table 1 are
surprising; the process observed with equivalent UV�vis spectral
changes is much faster, with thermal and pressure activation
parameters showing dramatic differences with respect to those
found for the classical solvent media. Experiments carried out in
the presence of variable amounts of free PPh3 showed that no
[PPh3] dependence exists, either in the rate or in the degree of
advance for the reaction in (Bmim)(NTf2) solution, thus in-
dicating that the rate law in eq 1 does not apply. In this respect,
experiments carried out at different [(Bmim)(NTf2)] values in
DMSO as the main solvent indicate a definite increase in the rate
of the reaction producing C4[Ph]4 as the ionicity of the medium
increases; the same effect has been found for experiments run at
increasing [Li(NTf2)] using neat (Bmim)(NTf2) as solvent
(Figure S2, Supporting Information).

Even though the reaction is robust enough to ascertain that the
process observed in such a medium corresponds to the effective
cyclization indicated in the inset of Scheme 1, mass spectrometry
was conducted after diethyl ether extraction of the compounds
from the solvent mixture. In all cases, once the reaction had gone
to completion, according to UV�vis monitoring, ESI mass
spectra indicated that only [CoCp(η4-C4[Ph]4)] and PPh3 are
present in the reaction mixture, while [CoCp(1,4-σ-C4[Ph]4)-
PPh3] is the major component for the reactions carried out in
toluene during the same time. Thus, the data referring to (Bmim)-
(NTf2) in Table 1 effectively correspond to the same stoichio-
metric reaction as that for the other entries.

The results obtained indicate that for the classical solvents
(toluene, DMF, DMSO) the process is the same with a clear,
expected, retardation effect on PPh3 addition to the reaction
medium. When the reaction is carried out in sc CO2, the ob-
served rate constants do not differ within experimental error
from those obtained in the classical solvents, as expected from the
nonpolar nature of a rate-limiting phosphine exit from the initial
Co(III) complex. Nevertheless, for the reactions carried out in

ionic liquid the process is accelerated dramatically and a change
in the reaction mechanism is observed from the kinetic and
temperature and pressure activation parameters measured.

From the data it is clear that the mechanism operating for the
deactivation process of [CoCp(1,4-σ-C4[Ph]4)PPh3] in the
ionic liquid does not correspond to that indicated in Scheme 1.
The expansive ordering observed (negative ΔSq and positive
ΔVq) is in better agreement with a simple reductive-elimination
reaction occurring on the phosphine-coordinated Co(III) complex
with an important involvement of the solvent in electrostrictive
stabilization: hence, the low enthalpic demands.38,42 It is thus
clear that the deactivation process of the cobalt catalyst in cyclo-
trimerization of acetylenes is highly dependent on the solvent
used for the process. While the rate-limiting k�P reaction in
Scheme 2 applies for conventional nonpolar solvents, for highly
polar media the alternative limiting k0r-e reaction path is favored
by stabilization of the charge separation generated in the transi-
tion state of the reductive-elimination process.
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Table 1. Summary of the Kinetic and Thermal and Pressure Activation Parameters for the Dead-End Reaction Indicated in
Scheme 1 as a Function of the Solvent Used

solvent 353k�P/s
�1 k+P/kr-e ΔHq/kJ mol�1 ΔSq/J K�1 mol�1 ΔVq/cm3 mol�1

toluene 2.1 � 10�4 850 147 ( 13 101 ( 3 11 ( 1

DMF 8.5 � 10�4 450 150 ( 1 116 ( 48 not determined

DMSO 6.9 � 10�5 350 139 ( 10 73 ( 30 17 ( 3

sc CO2 7.0 � 10�5 not determined not determined not determined not determined

(Bmim)(NTf2) 2.3 � 10�2a 82 ( 5 �52 ( 13 15 ( 1
aRate law indicated in eq 1 does not apply.

Scheme 2
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