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In this work we report density functional calculations at the B3LYP level of the [2þ2þ2]
intermolecular cyclotrimerization of three acetylene molecules catalyzed by Wilkinson’s catalyst.
This process corresponds to the simplest [2þ2þ2] cyclotrimerization reaction. The results obtained
show that this reaction is thermodynamically very favorable and that the rate-determining step is the
initial oxidative coupling between two acetylene molecules with a relatively low Gibbs free energy
barrier of 19.8 kcal 3mol-1. The energy profile derived from the real [RhCl(PPh3)3] Wilkinson’s
catalyst is compared with that obtained with a model of the catalyst in which the PPh3 ligands have
been substituted by the smaller and computationally less expensive PH3 molecules. Our results show
that, at least for this reaction, this substitution has little influence on the thermodynamics obtained,
while the barrier of the rate-determining step is somewhat increased (about 5 kcal 3mol-1) in the
model system. These results justify the use of this simplifiedmodel of the catalyst in theoretical studies
of more complex cyclotrimerizations. Finally, we compare the results of the [2þ2þ2] intermolecular
cyclotrimerization of three acetylene molecules catalyzed by [RhCl(PH3)3] with those of the [2þ2þ2]
intramolecular cyclotrimerization in a 15-membered azamacrocyclic triyne recently reported
(Chem.-Eur. J. 2009, 15, 5289). This comparison shows that the entropic term changes the preference
for the intermolecular cyclotrimerization at low temperatures to the intramolecular one at high
temperatures.

1. Introduction

The transition-metal-catalyzed [2þ2þ2] cyclotrimeriza-
tion of alkynes is an attractive and elegant synthetic method
to produce polysubstituted benzene derivatives with impor-
tant academic and industrial uses.1 These cycloaddition
reactions have been studied extensively by both experimental1

and theoretical methods.2-13 In recent years our group has
also contributed to the study of these reactions in macro-
cyclic systems to afford fused tetracycles with benzene and
cyclohexadiene cores.12,14,15 The previously cited theoretical
studies have found that the reaction mechanism follows the
steps shown in Scheme 1. Initially, a couple of ligand-alkyne
substitutions occur. Subsequently, the two alkyne ligands
generate metallacyclopentadiene IIIa or metallacyclopenta-
triene IIIb complexes through oxidative coupling. This step
typically presents a barrier of 10 to 15 kcal 3mol-1 and,
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according to all theoretical studies carried out to date, is rate-
determining.2-12 The coordination of a third alkyne then
takes place followed by alkyne insertion to yield one of three
intermediates: a planar aromatic metallacycloheptatriene V
(the so-called Schore’s mechanism16) metal-mediated inter-
or intramolecular [4þ2] Diels-Alder cycloaddition to form
a 7-metallanorbornadiene complex VI; or [2þ2] cycloaddi-
tion to give a metallabicyclo[3.2.0]heptatriene VII. At this
stage, a reductive elimination is produced generating the
arene and recovering the catalyst. The whole process is
highly exothermic, the thermodynamic driving force being
provided by the new σ-bonds formed and the aromaticity
that is gained. Unlike the uncatalyzed [2þ2þ2] cyclotrimer-
ization of acetylenes, which presents a prohibitive energy
barrier,17 the barriers for the transition-metal-catalyzed
[2þ2þ2] cyclotrimerization are relatively low. This is in
agreement with the fact that this reaction experimentally
occurs typically under mild conditions.
We previously reported the [2þ2þ2] intramolecular cycloi-

somerization of 15-,14,15a 16-,15b 17,15b 20-,12 and 25-mem-
bered12 azamacrocyclic triynes and enediynes catalyzed by
different transition metals (Scheme 2). In these studies we
found that the best experimental results were obtained using
Wilkinson’s catalyst, [RhCl(PPh3)3]. The metal-catalyzed
[2þ2þ2] cyclotrimerization of three acetylenes has been
theoretically studied in the case of the [CoCp(L)2] (L =
CO, PR3, THF, and olefin),2,5,8,10,13 [CpRuCl],4,6,9,10 and
LRh (L= Cp and indene)4,7 catalysts but, to the best of our
knowledge, not for Wilkinson’s catalyst. We therefore
decided to initiate a density functional theory (DFT) study
of themechanism of the simplest [2þ2þ2] cyclotrimerization
catalyzed by [RhCl(PPh3)3], i.e., a study involving three
acetylene molecules to yield benzene. Our main goal is to
discuss whether the widely accepted mechanism of Scheme 1
also holds forWilkinson’s catalyst and to analyze similarities
anddifferences between themechanism found forWilkinson’s

catalyst and the mechanisms proposed in previous works
using other catalysts.
In many theoretical organometallic chemistry studies in-

volving Wilkinson’s catalyst or similar catalysts, the PPh3
ligands are substituted by PH3 molecules.5,12,18-20 The
replacement of PPh3 by PH3 in DFT studies is appealing
because it significantly reduces the computational cost. This
notwithstanding, the electronic and steric effects produced
by the PPh3 ligands are quite different from those created by
the PH3 ligands.

21 For instance, it is well-known that PH3 is a
poorer σ-donor and a stronger, although still modest, π-acid
than PPh3,

21 not to mention the different steric effects.
Therefore, one can expect that the PPh3 groups, having
larger σ-donation and smaller π-back-donation, might enhance
the electron density of the metal when compared to the PH3

ligands.22 This different electronic and steric behavior may
have an important impact on the whole reactionmechanism,
so that modeling PPh3 by PH3 could lead to unreliable
results. On the other hand, a recent study18 comparing the
geometric parameters of the optimized structure at the
B3LYP level for [RhCl(PH3)3] with the experimental X-ray
structure of [RhCl(PPh3)3] established byBennett andDonald-
son23 shows that the two geometries agree well and, there-
fore, that substitution of PPh3 by PH3 in the theoretical
model is acceptable at least from a geometrical point of view.
Thus, as a second and additional goal we aim to compare the
reaction mechanisms catalyzed by the [RhCl(PPh3)3] and
[RhCl(PH3)3] complexes and to discuss whether the substitu-
tion of PPh3 by PH3 leads to very different or comparable
energy profiles. This is also an important goal for us since we
are interested in theoretically studying reactions such as
those shown in Scheme 2. Therefore, to study these relatively
large macrocycles with a DFT method, it is necessary to
substitute PPh3 by PH3 in order to finish the study in a
reasonable period of time. Finally, as a third goal, wewant to
discuss the similarities and differences between the intermo-
lecular [2þ2þ2] cyclotrimerizationof three acetylenemolecules

Scheme 1. Schematic [2þ2þ2] Reaction Mechanism with M = Transition Metal

Scheme 2. CycloisomerizationReactions ofMacrocyclic Triynes

and Enediynes (n, m = 1, 2)
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and the intramolecular [2þ2þ2] cyclotrimerization in the 15-
membered azamacrocyclic triyne 1 (n=m=1 in Scheme 2),
both catalyzed with the same model catalyst, [RhCl(PH3)3].

2. Method of Calculation

The geometries of the reactants, intermediates, transition
states (TSs), and products were optimized using the DFT
B3LYP hybrid exchange-correlation functional with the
Gaussian0324 program package. All the geometry optimizations
were performed without symmetry constraints. Analytical Hes-
sians were computed to determine the nature of stationary
points (one and zero imaginary frequencies for TSs andminima,
respectively) and to calculate unscaled zero-point energies
(ZPEs) as well as thermal corrections and entropy effects using
the standard statistical-mechanics relationships for an ideal
gas.25 These two latter terms were computed at 298.15 K and
1 atm to provide the reported relative Gibbs free energies
(ΔG298). Furthermore, the connectivity between stationary
points was unambiguously established by intrinsic reaction
path26 calculations. The all-electron cc-pVDZ basis set27 was
employed for the nonmetal atoms, and the cc-pVDZ-PP basis
set containing an effective core relativistic pseudopotential
was used for Rh.28 The solvent effects were not included in the
present calculations since the reaction is usually carried out in
rather nonpolar solvents. Previous results have shown that
solvent effects are unimportant in this reaction.7 Finally, some
earlier theoretical studies suggested the presence of paramag-
netic intermediates in the mechanism.8,11,19,29 For this reason,
we computed three possible electronic states for all intermedi-
ates and TSs, namely, the singlet closed shell, singlet open shell,
and triplet open shell states. The results obtained showed that
the singlet closed shell state is the ground state for all stationary
points located. For this reason, we report here only the results
corresponding to the singlet closed shell potential energy sur-
face. The xyzCartesian coordinates of all minima and transition
states (TSs) located can be found in the Supporting Information.

3. Results and Discussion

This section is organized as follows. First, we briefly
discuss the optimized geometries of the [RhCl(PR3)3] species
(R=H and Ph) and compare themwith experimental X-ray
data for the [RhCl(PPh3)3] complex. Second, we discuss the
computed energy profile of the cyclotrimerization of three

acetylenes catalyzedbyWilkinson’s catalyst (Scheme3,R=Ph).
Third, the reactionmechanism of the same process catalyzed
by a model of Wilkinson’s catalyst in which the phenyl
groups are substituted by H atoms, [RhCl(PH3)3], is pre-
sented and compared with the results obtained in the pre-
vious subsection. Finally, wemake a comparisonbetween the
intramolecular [2þ2þ2] cyclotrimerization in the 15-membered
azamacrocycle triyne 1 (n = m = 1 in Scheme 2)12 and the
intermolecular [2þ2þ2] cyclotrimerization of three acety-
lene molecules, both catalyzed by the same model of Wilk-
inson’s catalyst, [RhCl(PH3)3].
3.1. Molecular Structure of Wilkinson’s Catalyst. Before

starting the study of the reaction mechanism, let us compare
the experimental and calculated geometrical parameters for
the [RhCl(PR3)3] species (R = H and Ph) listed in Table 1.
From the values of this table it can be seen that the two
mutually transRh-P bonds are significantly longer than the
other Rh-P bond trans to the Rh-Cl one as a result of the
smaller trans effect exerted by the chlorine.30 In comparison
with the experimental values, the bond lengths of the
[RhCl(PH3)3] model are somewhat better than those of the
[RhCl(PPh3)3] species, which are slightly overestimated.
The Rh-P bond distances are shorter for [RhCl(PH3)3] as
compared to [RhCl(PPh3)3], indicating stronger Rh-P
bonds in the former complex. Indeed, the dissociation en-
thalpy energies corresponding to the process [RhCl(PR3)3]f
[RhCl(PR3)2]þPR3 are 19.40 and 27.47 kcal 3mol-1 forR=
Ph and H, respectively. Rather than to electronic effects, the
smaller dissociation enthalpy for R= Ph is attributed to the
larger steric repulsion between the ligands in the
[RhCl(PPh3)3] catalyst, which is partially avoided by increas-
ing the Rh-P bond lengths and, consequently, the separa-
tion between the phosphine ligands. The bulkier PPh3
ligands therefore facilitate exchange.31 As we will discuss
later, this results in important differences between [RhCl-
(PPh3)3] and [RhCl(PH3)3] catalysts for the initial part of the
reaction corresponding to the exchange of one or two PR3

groups by two alkyne molecules. On the other hand, the

Table 1. Experimental and Computed Most Important Geome-

trical Parameters for the [RhCl(PR3)3] Species (R = H and Ph)
(distances in Å and angles in deg)

RhCl(PPh3)3
a RhCl(PPh3)3 RhCl(PH3)3

Rh-Cl 2.376 2.420 2.391
Rh-P(1) 2.334 2.411 2.304
Rh-P(2) trans 2.214 2.301 2.244
Rh-P(3) 2.322 2.375 2.313
—P(1)RhP(2) 97.9 100.4 96.0
—P(1)RhP(3) 152.8 151.7 168.6
—P(2)RhP(3) 100.4 99.9 95.5
—ClRhP(1) 85.2 84.7 84.4
—ClRhP(3) 100.4 84.6 84.2
—ClRhP(2) 156.2 156.2 179.7

aX-ray data for the red form of [RhCl(PPh3)3] from ref 23.

Scheme 3. [2þ2þ2] Cyclotrimerization Reaction Catalyzed by

Wilkinson’s Complex
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angles are better predicted by the real Wilkinson’s catalyst.
This is clearly seen for instance in the —P(1)RhP(3) angle,
which is clearly larger for the [RhCl(PH3)3] species. The
discrepancy in the angles found in the [RhCl(PH3)3] model
is not unexpected because of the stronger steric hindrance
introduced by the PPh3 ligands as compared to the PH3 ones.
These results indicate that our computational method pro-
vides reasonablemolecular geometries for the species studied
here and that the [RhCl(PH3)3] model leads to acceptable
geometries. TheMulliken charges on the Rh atom are-0.15
and-0.36 e for the [RhCl(PPh3)3] and [RhCl(PH3)3] species,
respectively. These values are somewhat unexpected given
the larger σ-donation and smaller π-back-donation of PPh3
as compared to PH3 and is the result of the larger Rh-P
bonds in [RhCl(PPh3)3], which make the σ-donation of the
bulky PPh3 ligands less efficient than that of the PH3 species
in [RhCl(PH3)3].
3.2. Cyclotrimerization of Acetylene Catalyzed by Wilk-

inson’s Complex. Scheme 4 draws the Gibbs free energy
profile of the cyclotrimerization of three acetylene molecules
catalyzed by Wilkinson’s complex. Initially, there is the
exchange of PPh3 ligands by acetylene molecules that co-
ordinate to the metal. The substitution of two PPh3 ligands
by two acetylene molecules leads to complex A2. Alterna-
tively, the two incoming acetylene molecules may displace a
single PPh3 ligand, forming either complex A20, with two
equatorial acetylene ligands, or A200, with one axial and one
equatorial acetylene ligand. The formation of the latter is
endothermic by 3.9 kcal 3mol-1, and for this reason it has not
been considered in the study. On the other hand, the sub-
stitution process of phosphines by acetylenes to yieldA2 and
A20 is exothermic by 6.1 and 5.6 kcal 3mol-1, respectively.

In the next step the oxidative coupling of two alkynes takes
place. At this stage, two possible TSs (TS(A2,A3) and TS-

(A20,A4)), depending on whether the coupling occurs in A2

or A20, are found. TS(A2,A3), which is depicted in Figure 1,
has the lowest Gibbs free energy barrier (19.8 kcal 3mol-1

with respect to isolated reactants A0) and an imaginary
frequency of 461.8i cm-1. On the other hand, the Gibbs free
energy barrier of TS(A20,A4) is 30.2 or 24.6 kcal 3mol-1

measured with respect to intermediate A20 or isolated reac-
tantsA0, respectively. Thus, the reaction proceeds essentially
from A2 through TS(A2,A3) to yield intermediate A3. The
A2 f A3 process is exergonic by 27.2 kcal 3mol-1. The
formation of a similar metallacyclopentadiene intermediate
in the case of the CpRuCl-, RhCp-, and CpCo-catalyzed
cyclotrimerization was reported to have similar barriers but
to be somewhat less exothermic.4,5,7 It is worth emphasizing
that the Gibbs free energy barrier for this process is the
highest along the reaction coordinate, and therefore, this
step is rate-determining, as found in previous works using
other catalysts. The barrier and the geometry of TS(A2,A3)
found are similar to those obtained for the same pro-
cess catalyzed by the [CoCp(L)2] (L = CO, PR3, THF, and
olefin),2,5,8,10,13 [CpRuCl],4,6,9,10 and LRh (L = Cp and
indene)4,7 complexes. In particular, the molecular structure
of TS(A2,A3) is almost the same as that found by us in an
intramolecular cyclotrimerization catalyzed by [RhCl-
(PH3)3].

12 As reported in related cases,5,7,12 intermediate
A3 is a nonaromatic species since it presents a clear
π-localization with CR-Cβ and Cβ-Cβ0 bond lengths of
1.354 and 1.475 Å, respectively.

A3 can either add a PPh3 ligand to form A4 or add an
acetylene molecule to yield A50, and therefore, there is a
bifurcationof the reactionpath at this point.The twogenerated
routes merge at intermediate A7. In the former pathway,
complex A4 is formed first in a quite exergonic process that
releases 24.7 kcal 3mol-1. This species then adds an acetylene
molecule to form the distorted octahedral complex A5 in a
process that is endergonic by 7.2 kcal 3mol-1. The next step

Scheme 4. Gibbs Free Energy Profile at 298 K (electronic energies in parentheses) for the [2þ2þ2] Cyclotrimerization Catalyzed

by [RhCl(PPh3)3]
a

aThe lowest Gibbs free energy path has been marked with a thick black line. Energies are in kcal 3mol-1.
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that converts A5 into A6 is an intramolecular [4þ2] cycload-
dition reaction of the coordinated acetylene to the rhodacy-
clopentadiene. In accordance with previous studies,5,7,12

the Gibbs free energy barrier for this process is very low
(1.5 kcal 3mol-1), and the exergonicity is as large as
56.5 kcal 3mol-1. Although this 18-electron A6 complex
could be regarded as a rhodanorbornadiene intermediate,
we consider that it is better represented as a complex inwhich
the formed benzene ring is η4-coordinated to Rh(I) since the
four shorter Rh-C distances are quite similar (see Figure 2).
The uncoordinated portion of the benzene molecule displays
significant short-long bond alternation (Figure 2), indicat-
ing that the aromaticity of the benzene ring in A6 is partially
lost. This is reinforced by the fact that this ring shows a hinge
angle of 38�, not far from the 37� found in the BLYP/TZ2P-
optimized geometry of the [Rh(η4-benzene)Cp] complex7 or
the 42� measured in the X-ray structure of [Rh(η5-C5-
(CH3)5)(η

4-C6(CH3)6)] species.
32 Ring slippage in A6 leads

to A7, in which the two pathways join. This is an exergonic
process by 13.7 kcal 3mol-1, despite the change from a
saturated 18-electron species to a 16-electron system. Stabi-
lization of A7 comes from a gain in the aromaticity of the

benzene ring that is more planar and suffers less bond length
alternation (see Figure 3). Despite several attempts, no TS
connecting A6 to A7 was found. However, on the basis of
previous findings12 and also taking into account the results
of the next subsection (vide infra), the energy barrier of this
step is expected to be relatively low (about 5 kcal 3mol-1).

Alternatively, intermediateA3 can add an acetylene mole-
cule, forming A50. The molecular structure of the resulting
complex is similar to the only reported example of a met-
allacyclopentadiene(alkyne) species.33 Interestingly, in this
case, the addition of the new coordinated acetylene molecule
to the rhodacyclopentadiene occurs through an intramole-
cular [2þ2] cycloaddition leading to the five- and four-
membered bicyclic ring intermediate A10 (Figure 4), which
is similar to that found in previous works.4,6,7,12 The trans-
formation of A50 into A10 is exergonic by 17.0 kcal 3mol-1

and takes place via TS(A50,A10) (Figure 5) with a Gibbs free
energy barrier of 4.7 kcal 3mol-1.

Subsequent scission of the central Rh-C single bond in
A10 leads to the rhodacycloheptatriene intermediate A11

(Schore’s mechanism16) through an almost barrierless TS-
(A10,A11) (1.2 kcal 3mol-1) and slightly exergonic process by
5.2 kcal 3mol-1. Addition of a new PPh3 ligand leads to A12

and increases the Gibbs free energy by 11 kcal 3mol-1.
Finally, complex A7 is formed through a very exergonic
reductive elimination step (58.1 kcal 3mol-1) via TS(A12,
A7), which has a barrier of only 1.6 kcal 3mol-1.

The two routes (A3fA4fA5fA6fA7 andA3fA50 f
A10fA11fA12fA7) have similar energy requirements, so
it is likely that both pathways are operative for the
[RhCl(PPh3)3] catalyst. The first pathway (A3 f A4 f A5 f
A6fA7) is similar to that found for the [CoCp(L)2] (L=CO,
PR3,THF, andolefin)5,8 (although it has been reported that the
mechanism can change with strongly dienophilic alkynes8) and
RhCp catalysts,7 while the second route (A3 f A50 f A10 f
A11f A12f A7) has been previously found for the RuCpCl
catalyst.6 Once A7 is formed, the exchange of benzene by a
PPh3 molecule that releases the final product and recovers the
catalyst is an exergonic (14.5 kcal 3mol-1) and almost barrier-
less process. The whole reaction is thermodynamically very
favorable. Our results at the B3LYP/cc-pVDZ-PP level show

Figure 1. Optimized structure (B3LYP/cc-pVDZ-PP) for TS-

(A2,A3) with the most relevant bond lengths [Å] and angles
[deg].

Figure 2. Structure of complex A6 with selected interatomic
distances [Å] and angles [deg]. For the sake of clarity nonrele-
vant H atoms have been omitted.

Figure 3. Structure of complex A7 with selected interatomic
distances [Å] and angles [deg]. For the sake of clarity nonrele-
vant H atoms have been omitted.

(32) Bowyer, W. J.; Merkert, J. W.; Geiger, W. E.; Rheingold, A. L.
Organometallics 1989, 8, 191–198.

(33) Dosa, P. I.;Whitener,G.D.; Vollhardt, P. C.; Bond,A.D.; Teat,
S. J. Org. Lett. 2002, 4, 2075–2078.
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that the whole cycloaddition reaction catalyzed by the
[RhCl(PPh3)3] system is exergonic by 134.5 kcal 3mol-1.
3.3. Cyclotrimerization of Acetylene Catalyzed by the

[RhCl(PH3)3] Complex. One of our present12 and future
goals is to theoretically analyze the reaction mechanisms of
the intramolecular [2þ2þ2] cyclotrimerizations in relatively
large systems, as those depicted in Scheme 2. To make DFT
calculations feasible in these systems, the large PPh3 ligands
of the [RhCl(PPh3)3] catalyst have to be modeled using PH3

molecules. As stated in the Introduction, there are many
theoretical works in which the large PPh3 ligands of the
[RhCl(PPh3)3] catalyst have to be modeled using PH3

molecules.5,12,18-20 Alternatively, one could also use
ONIOM34 or QM/MM35 methodologies, although our pre-
liminary calculations using these approaches show that the
simple substitution offers more reliable and faster results at
least for the process analyzed (vide infra). Because of the
different electronic and steric effects shown by the PPh3 and

PH3 ligands, it is not clear whether the energy profiles
obtained for the real Wilkinson’s catalyst and the modeled
one are comparable. To answer this question, we decided to
explore the Gibbs free energy profile of the simplest of the
[2þ2þ2] cyclotrimerization reaction catalyzed by the [RhCl-
(PH3)3] complex and compare the results with those obtained
in the preceding section.

The Gibbs free energy profile at 298 K obtained with the
[RhCl(PH3)3] catalyst is depicted in Scheme 5. Full details of
this reaction mechanism are discussed in section S1 of the
Supporting Information. It is important to note that sub-
stitution of PPh3 by PH3 in Wilkinson’s catalyst reduces the
computational cost by 1 order of magnitude or more. As can
be seen when comparing the results of Schemes 4 and 5, the
thermodynamics of the whole process does not change,
the reaction being exergonic in the two cases by exactly the
same amount (134.5 kcal 3mol-1). On the other hand, the
oxidative coupling through TS(B2,B4) remains the rate-
determining step with an energy barrier of 11.9 kcal 3mol-1

and a Gibbs free energy barrier of 24.7 kcal 3mol-1.
As a whole, the results found indicate that the substitution

of the PPh3 by PH3 ligands in Wilkinson’s catalyst does not
produce a significant change in the kinetics (same rate-
determining step and similar energy barrier) nor in the
thermodynamics of the [2þ2þ2] cyclotrimerization of three
acetylene molecules. Both reaction energies and barriers for
the rate-determining step differ by less than 1 kcal 3mol-1.
Differences in the Gibbs free energy barrier are somewhat
larger (4.9 kcal 3mol-1). Still the small energy differences
found justify the use of the simplified model of the catalyst in
theoretical studies of more complex cyclotrimerizations.
Finally, it is worth noting that we have found some differ-
ences between the two reaction mechanisms. In particular,
they differ in the initial step of the reaction and in an
alternative pathway for the attack of the third acetylene
molecule to the formed rhodacyclopentadiene that is found
to be operative forWilkinson’s catalyst only (see Supporting
Information, section S1). Therefore, the extrapolation of the
excellent performance of the substitution of PPh3 by PH3

ligands found in the simplest [2þ2þ2] cyclotrimerization to
any other reaction catalyzed byWilkinson’s catalyst must be
made with some caution.
3.4. Intramolecular versus Intermolecular [2þ2þ2] Cyclo-

trimerization Reactions Using the Model of Wilkinson’s Cat-

alyst, [RhCl(PH3)3]. In this last section, we briefly compare
the thermodynamic and kinetic results of the simplest inter-
molecular [2þ2þ2] cyclotrimerization of three acetylene
molecules (previous section) with those of one of the simplest
intramolecular [2þ2þ2] cyclotrimerizations in the 15-mem-
bered azamacrocycle triyne 1 (Scheme 2 with n = m = 1)
recently reported by us.12 Full details of the intramolecular
[2þ2þ2] cyclotrimerizations in the 15-memberedmacrocycle
can be found in ref 12. Here we just make a comparison
between the main results obtained for the intra- and inter-
molecular cyclotrimerizations. Both reactions have been
studied at the same level of theory using the same model of
Wilkinson’s catalyst, [RhCl(PH3)3].

The intra- and intermolecular reactions are thermody-
namically favored and also very exergonic, with estimated
Gibbs free reaction energies of 128.4 and 134.5 kcal 3mol-1,
respectively. In both cases, the rate-determining step of
the reaction is the oxidative coupling that takes place
through transition states 15-TS(A2,A3) and TS(B2,B4),
for the intra- and intermolecular cyclotrimerizations,

Figure 4. Optimized structure (B3LYP/cc-pVDZ-PP) for bi-
cyclic intermediate A10 with the most relevant bond lengths
[Å] and angles [deg].

Figure 5. Optimized structure (B3LYP/cc-pVDZ-PP) for TS-

(A50,A10) with the most relevant bond lengths [Å] and angles
[deg].

(34) (a) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.;
Sieber, S.; Morokuma, K. J. Phys. Chem. 1996, 100, 19357–19363.
(b) Dapprich, S.; Kom�aromi, I.; Byu, K. S.; Morokuma, K.; Frisch, M. J.
J. Mol. Struct. (THEOCHEM) 1999, 461-462, 1–21.
(35) Maseras, F.; Morokuma, K. J. Comput. Chem. 1995, 16,

1170–1179.
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respectively. The two reactions have similar Gibbs free
energy barriers at 0 K, 13.6 and 13.2 kcal 3mol-1 for the
intra- and intermolecular cyclotrimerizations, respec-
tively. The main structural difference between 15-TS(A2,
A3) and TS(B2,B4) is that while the former has a unique
PH3 molecule coordinated to Rh, the latter has two. This is
attributed to the higher steric hindrance created by the
macrocycle. In addition, the Cβ-Cβ0 distance of 1.948 Å of
15-TS(A2,A3) is shorter than that found for TS(B2,B4)
(2.089 Å), indicating that 15-TS(A2,A3) is closer to the
product of the oxidative coupling than TS(B2,B4). This is
in agreement with the Hammond postulate36 since we have
a less exothermic intra- than intermolecular oxidative
coupling.

For these two reactions, it is particularly interesting to
analyze how the Gibbs free energy barriers change with
increasing temperature. Table 2 compares the Gibbs free
energy barriers of the rate-determining step of the intra-
and intermolecular cyclotrimerization computed at 0, 273,
298, and 373 K. As can be seen, at 0 K the difference
between Gibbs free energies barriers of the intra- and
intermolecular process is only 0.4 kcal 3mol-1 in favor of
the intermolecular reaction. As temperature rises, the
Gibbs free energy barrier of the two processes increases,
although the increase is higher for the intermolecular
cyclotrimerization, and consequently, the intramolecular
process is favored. At 298 K, the Gibbs free energy barrier
of the intramolecular process is lower as compared to the
intermolecular one by as much as 3.0 kcal 3mol-1. Not
unexpectedly, this result is due to a more favorable entropic
contribution for the intramolecular reaction than the inter-
molecular one.

4. Conclusions

In this work, we have carried out a study of themechanism
of the [RhCl(PPh3)3]-catalyzed [2þ2þ2] cyclotrimerization
of acetylene to benzene with the B3LYP/cc-pVDZ-PPmetho-
dology. The results obtained show that this reaction is
thermodynamically very favorable. The process involves

Scheme 5. Gibbs FreeEnergyProfile at 298K (electronic energies in parentheses) for the [2þ2þ2]CyclotrimerizationReactionCatalyzed

by [RhCl(PH3)3]
a

aThe lowest Gibbs free energy path has been marked with a thick black line. Energies are given in kcal 3mol-1.

Table 2. Gibbs Free Energy Barrier (in kcal 3mol-1) for the Rate-
Determining Step of the Inter- and Intramolecular Cyclotrimer-

ization at Different Temperatures (K)

T

ΔG‡ 0 273 298 373

intermolecular 13.2 23.6 24.7 27.9
intramolecular 13.6 20.7 21.7 24.9

(36) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334–338.
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the formation of a coordinatively unsaturated 16-electron
metallacycle, A3, which has been identified as the rate-
determining step with a Gibbs free energy barrier of about
12 kcal 3mol-1 with respect to separated reactants.Next, the
barrierless coordination of a third acetylene molecule and its
subsequent addition to the π electron system of the rhoda-
cycle leads to an intermediate, which is characterized by a
six-membered arene ring coordinated to the metal in η4

fashion (A6).
We have found that modeling PPh3 by PH3 in the catalyst

results in minor changes in the thermodynamics and kinetics
at 0K. Both the reaction energies and the barriers in the rate-
determining step differ by less than 1 kcal 3mol-1. This fact
can be exploited to reduce the computational cost signifi-
cantly. However, we should note that there are some differ-
ences between the two reaction mechanisms: the initial step
of the reaction is not the same and an alternative pathway for
the attack of the third acetylene molecule on the formed
rhodacyclopentadiene is found to be operative for Wilkin-
son’s catalyst but not in the modeled [RhCl(PH3)3] one.
In addition, the Gibbs free energy barrier of the rate-deter-
mining step at 298 K is somewhat higher (about 5
kcal 3mol-1) for the model catalyst, [RhCl(PH3)3].

Finally, we have compared the thermodynamic and kinetic
results of the simplest intermolecular [2þ2þ2] cyclotrimer-
ization of three acetylene molecules with those of one of the
simplest intramolecular [2þ2þ2] cyclotrimerizations in a 15-
membered azamacrocyclic triyne. By analyzing the Gibbs
free energy barrier of the rate-determining step we have
found that the entropic term changes the preference for the
intermolecular cyclotrimerization at low temperatures to the
intramolecular one at high temperatures.
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