
Computational QM/MM study on the structure and energetics of

species involved in the activation of the C–H and C–S bonds of

thiophene by Cp*RhPMe3

Olivier Maresca,* Feliu Maseras and Agustı́ Lledós
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The hybrid quantum mechanics/molecular mechanics (QM/MM) method IMOMM is applied to the
calculation of the reaction of thiophene with Cp*RhPMe3 , which is a good experimental model for
homogeneous catalytic hydrodesulfurization (HDS). The validity of the results is checked by comparison with
previously reported full QM calculations on the same system. The geometries obtained with IMOMM are in
good agreement with those obtained with full QM. Concerning the energies of the reaction path, differences
from full QM results are found for steps involving a change in the oxidation state of the Rh atom. The effect of
the methyl substituents on each reaction step is quantified and separated into steric and electronic
contributions.

Introduction

Sulfur compounds act as poisoning agents on the catalysts
used for cracking and reforming of crude petroleum1 and,
furthermore, they are highly contaminant subproducts of fuel
combustion involved in atmospheric pollution.2 Because of
this, hydrodesulfurization (HDS), the reaction by which sulfur
is removed from crude petroleum and eliminated as hydrogen
sulfide, is a process of great industrial importance.3

Despite its formal simplicity, the HDS process is accom-
plished only with difficulty in a number of cases. In particular,
compounds in which sulfur is involved in aromatic rings are
difficult to desulfurize. This is the case especially for diben-
zothiophene and 4,6-dimethyldibenzothiophene.4–6 The HDS
process is usually performed via heterogeneous catalysis. A
typical combination of catalysts could be, for instance, alu-
mina-supported molybdenum or tungsten catalysts promoted
with cobalt or nickel.1,7 Optimization of this type of catalysts
is obviously complicated because of the difficulty in ascertain-
ing their reaction mechanism and is largely based on empirical
testing. Certainly, in heterogeneous catalysis, mechanistic
studies are difficult and the reactive intermediates between
reactants and products can very seldom be characterized.
Progress in understanding the coordination mode of thiophene
and its derivatives to catalyst surfaces and on the structure of
the surface itself is currently being made with the use of both
experimental8–12 and theoretical methods13–20 but a detailed
understanding of the reaction mechanism of heterogeneous
HDS appears to be still far in the future.
The difficulty in understanding the mechanism of the indust-

rially useful heterogeneous HDS process fuels interest in
research on the homogeneous activation of thiophene and its
derivatives by transition metal complexes.21–23 In a homoge-
neous process, the reaction is easier to control and follow
and the conventional tools of analytical chemistry can be more
easily applied. The insights obtained in homogeneous HDS
can be subsequently applied to the design of an efficient homo-
geneous catalyst or to a better understanding of the reaction
mechanism of the heterogeneous process.
Organometallic complexes have been shown to be able to

coordinate thiophene and their aromatic derivatives and to

activate them towards different reactions.21–29 Probably the
most relevant of these reported reactions is the insertion of
the metal atom into the C–S bond of thiophene and its deriva-
tives, because the breaking of this bond is a necessary step
within the HDS process. This insertion reaction has been docu-
mented for a number of mono-23,28–37 and dinuclear organo-
metallic fragments.38,39 Of particular interest is the case of
rhodium complexes of the Cp*(Me3P)Rh,30,31,33,40 and
Tp*(R3P)Rh,36 types. In particular, the experimental study
by Dong and coworkers40 and, later, the theoretical study by
Sargent and coworkers41,42 have lead to the definition of the
qualitative reaction profile shown in Scheme 1. The reactants,
thiophene and Cp*(Me3P)Rh, interact in two different ways:
through Z1 coordination of the sulfur atom (intermediate 1)
or through Z2 coordination of two carbon atoms (intermediate
2). Each intermediate gives rise to a different product involving
C–S activation (product 3) or C–H activation (product 4).
Calculations are increasingly useful tools in transition metal

chemistry.43,44 Although this reaction could be calculated with
an accurate quantum mechanical (QM) method,42 the size of
the systems involved in these processes still poses a challenge
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to current computational resources, especially if sulfur-con-
taining molecules larger than thiophene are to be considered.
Because of this, the application of hybrid QM/MM methods,
in which a region of the system is treated with a more afford-
able molecular mechanics (MM) description, looks attractive.
In fact, these methods45 have been applied with success to a
variety of problems in transition metal chemistry,46,47 includ-
ing a case involving thietane coordination to the metal.48

We present in this work a computational study with the
hybrid IMOMM method45 on the reaction of thiophene with
Cp*RhPMe3 . The aim of this work is twofold. On one hand,
this is the first attempt to observe the performance of QM/
MM methods in the computational modeling of hydrodesul-
furization. On the other hand, the ability of the method to
separate steric and electronic effects, which has been previously
proven,47,49 will allow a better understanding of the features of
the particular process under study. The role of methyl substi-
tuents will also be analyzed with the help of this method.

Computational details

Hybrid QM/MM calculations with the IMOMM45 method were
carried out with a program built from modified versions of the
standard programs Gaussian 92/DFT50 and mm3(92).51 The
QM region was CpRhPH3 plus thiophene as shown in Fig. 1.
The quantum calculations were performed at the B3LYP

level.52 The standard effective core potential basis set
LANL2DZ was used for the rhodium,53 sulfur and phos-
phorus atoms.54 The associated valence double z basis set
was used for these atoms. For the carbon and hydrogen atoms,
the valence double z 6-31G55 basis set was used. This basis set
is very similar in quality to that of Sargent and Titus in their
previous computational study.42 We did not add an additional
set of p functions on the Rh because preliminary calculations
showed it had little effect on the results.
Molecular mechanics calculations used the MM3 force field

with standard parameters.56 The van der Waals parameters of
the rhodium atom were those of the UFF force field.57 Tor-
sional contributions involving dihedral angles with the metal
in the terminal position were set to zero.
Optimizations were full except for the connection between

the QM and the MM region where the P–H (1.420 Å) and the
C(sp2)–H (1.101 Å) bond lengths in the QM part and the P–C
(1.843 Å) and the C(sp2)–C(sp3) (1.499 Å) bond lengths in the
MM part were frozen.

Results and discussion

IMOMM optimizations on the full system

Experimental results and previous theoretical calculations indi-
cated the presence of four different species in the reaction

between Cp*RhPMe3 and thiophene as shown in Scheme 1.
These correspond to the Z1 coordination of thiophene, 1,
the Z2 coordination to thiophene, 2, and the two oxidative
addition products, corresponding to C–S activation, 3, and
to C–H activation, 4. The set of computed local minima was
completed with a calculation on the separated reactants, 5.
All these species have been computed with the IMOMM
method.
The optimized IMOMM geometries are presented in Fig. 2

and selected geometrical parameters are included in Table 1.
Table 1 also includes the full QM results42 for comparison.
It can be seen that the IMOMM geometries follow faith-

fully the previously reported trends. The Z1 character of 1 is
indisputable from the short Rh–S distance of about 2.4 Å
and the two long Rh–C2 and Rh–C3 distances, greater than
3.6 Å. The Z1 coordination does not affect the p system of
the thiophene. The S–C2 and S–C5 bond lengths before (5)
and after (1) binding are nearly the same. In complex 2, the
Z2 mode is related to the interaction of the metal center with
the p system of the C2 and C3 atoms of the thiophene five-
membered ring (2 in Fig. 2). Here, the Rh–C2 and Rh–C3
distances are short (around 2.15 Å) and the Rh–S is long
(around 3.5 Å). Furthermore, C2 and C3 have lost their sp2

hybridization to become sp3 carbons. The bonded thiophene
molecule is non-planar. The p system is involved in the bond-
ing, the S–C2 and S–C4 bond lengths are different in compar-
ison with those in free thiophene, and a significant lengthening
is observed in the case of the C–S and the C–C bonds when
going from 5 to 2.
In the insertion product 3, the metal is inserted between the

C2 and the S atom to form a six-membered ring. The breaking
of the bond is complete, as reflected by the S–C2 distance,
which is longer than 3.2 Å. In this complex, one must note that
the formal oxidation number of the metal is equal to three

Fig. 1 The full system (left) and the QM region (right) used in the
IMOMM calculations.

Fig. 2 Optimized IMOMM geometries and atom labelling of the
thiophene molecule. The hydrogen atoms of the Cp*RhPMe3 complex
are omitted for clarity.
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while in the Z1 coordination and the Z2 coordination
complexes it is equal to one. The six-membered ring adopts
a planar geometry (3 in Fig. 2). The oxidative addition product
4 is the result of the oxidative addition of the C2–H bond to
the rhodium. Again, the cleavage of the bond is indisputable
from the long C2–H distance of around 2.4 Å. As in complex
3, the formal oxidation state of the metal in 4 is equal to three.
Transition states 6 and 7 connecting, respectively, 1 to 3 and

2 to 4 have also been computed at the IMOMM level. Some
relevant parameters of each of these are reported in Table 2
and the geometries are shown in Fig. 3.
Transition state 6 is the result of thiophene rotation in its

molecular plane in order to reduce the Rh–C2 distance and
break the C2–S bond. The thiophene molecule is quite perpen-
dicular to the Rh–S–C2 plane. C2 loses a part of its sp2 char-
acter to become partially sp3. The S–C2 bond length in 6 (1.857
Å) is not so different from its value in the initial complex 1
(1.822 Å) and the Rh–C2 bond length in 6 (2.257 Å) is closer
to its value in the final insertion complex 3 (2.031 Å). The for-
mation of the Rh–C2 bond is thus more advanced than the
breaking of the S–C2 bond in transition state 6.
To reach transition state 7, the Rh–C2 distance is slightly

shortened from complex 2. The thiophene molecule is tilted
because of its rotation around the Rh–C2 axis in order to bring
the hydrogen atom bonded to C2 close to the Rh atom.

The formation of the hydride ligand is quite advanced because
of the similar values of the Rh–H bond in 7 (1.641 Å) and in 4
(1.559 Å).
Similarly to what was observed for the local minima of the

reaction profile, it can be seen in Table 2 that there is an overall
good agreement between the computed geometries of the
transition states at the IMOMM and at the full QM levels.42

Analysis of the energetics

It has just been shown that the IMOMM geometry optimiza-
tion with a small QM region yields geometries that are very
similar to those of the QM calculation on the full system. In
order to evaluate the quality of the results one must, however,
also consider the relative energies. These are summarized in
Fig. 4. For each reaction step, the energy corresponding to
the IMOMM calculations just presented (italics) and the pre-
viously reported QM calculations42 (bold) are given. A third
value is added, corresponding to the pure QM calculation on
the model system [RhCp(PH3)þ thiophene], because it will
be used in the analysis that follows.
The first remarkable result from Fig. 4 is that the good

agreement between the optimized IMOMM and full QM geo-
metries is not conserved in the case of relative energies, with
discrepancies of up to 10.7 kcal mol�1 in the step from 1 to
3. In a more detailed analysis, it can be noticed that the agree-
ment is better in the upper part of the diagram, with an

Fig. 3 Optimized IMOMM geometries of the transition states 6 and
7 connecting, respectively, 1 to the C–S bond activation product 3 and
2 to the C–H bond activation product 4.

Table 1 Selected geometrical parameters (in Å and �) obtained from the IMOMM(B3LYP:MM3) optimization of complexes 1 to 4 and of
reactants 5. Previously reported pure QM values42 are also presented for comparison. The atom labelling used is defined in Fig. 2

5 1 2 3 4

Pure QM QM/MM Pure QM QM/MM Pure QM QM/MM Pure QM QM/MM Pure QM QM/MM

Rh–P 2.335 2.340 2.354 2.353 2.377 2.384 2.366 2.384 2.352 2.358

Rh–S 2.414 2.451 3.482 3.461 2.429 2.438 3.402 3.378

Rh–C2 3.688 3.637 2.124 2.135 2.032 2.031 2.036 2.022

Rh–C3 4.678 4.551 2.186 2.209 3.122 3.098 3.132 3.081

S–C2 1.813 1.802 1.832 1.822 1.887 1.866 3.271 3.235 1.854 1.836

C2–C3 1.392 1.364 1.386 1.358 1.477 1.445 1.381 1.351 1.406 1.377

C3–C4 1.461 1.440 1.468 1.450 1.482 1.462 1.478 1.455 1.465 1.433

C4–C5 1.392 1.364 1.386 1.357 1.380 1.353 1.381 1.350 1.391 1.363

S–C5 1.813 1.802 1.832 1.822 1.836 1.822 1.815 1.803 1.819 1.808

Rh–H 3.951 3.900 2.789 2.746 2.652 2.613 1.561 1.559

C2–H 1.087 1.078 1.094 1.082 1.104 1.093 2.441 2.411

S–Rh–C2 25.5 26.8 93.9 92.3

S–Rh–P 92.3 91.8 88.7 86.7

Rh–S–C4 120.0 126.7 109.2 108.6

Rh–C2–C3 128.5 125.1 72.2 73.4 131.4 131.7 130.1 129.1

C2–C3–C4 113.3 113.7 113.6 114.0 112.1 112.7 129.1 129.7 115.9 115.6

C3–C4–C5 113.3 113.7 113.6 114.0 115.1 115.1 125.7 127.4 113.7 114.1

C2–Rh–H 20.6 21.3 84.3 83.6

P–Rh–C2–S 198.5 192.3 253.9 263.7

Table 2 Selected geometrical parameters (in Å and �) obtained from
the IMOMM(B3LYP:MM3) optimization of transition states 6 and 7.
Previously reported pure QM values42 are presented for comparison.
X is the centroid of the Cp* ring

6 7

Pure QM QM/MM Pure QM QM/MM

Rh–S 3.206 3.246 3.485 3.469

Rh–C2 2.196 2.257 2.113 2.095

Rh–C3 2.716 2.815 3.206 3.140

S–C2 1.884 1.857 1.867 1.852

Rh–H 2.774 2.696 1.671 1.641

S–Rh–C2 34.9 33.7

S–Rh–P 84.0 81.2

P–Rh–X 128.9 130.4 130.4 131.2
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actually very good agreement (0.1 kcal mol�1 difference) for
the transformation from 5 to 1. It is in the lower part of the
diagram where the agreement is the worst. When the thiophene
ring is broken to produce the metallacycle (1 to 3), or when one
H bonded to the C2 of thiophene migrates to the Rh atom (2
to 4), the agreement is poor. In these cases the IMOMM
method underestimates the binding. The origin of the differ-
ence between the two parts of the diagram can be traced to
the formal oxidation state of the central rhodium atom. In
the upper part of the diagram the rhodium oxidation state is
equal to one while in the lower part it is equal to three. The
IMOMM method with this QM/MM partition thus does not
seem appropriate to describe the energetics of processes invol-
ving a change of oxidation state, at least in this particular sys-
tem. The fact that the geometries are better described than the
energies could suggest also the alternative of carrying out full
QM calculations on optimized QM/MM geometries.58 For the
step 1 to 3, which shows the largest difference between the
IMOMM and the full QM calculations we have performed
such a calculation. The full QM energy from the step 1 to 3
using the related IMOMM geometry is �26.1 kcal mol�1 to
be compared with �28.7 kcal mol�1. So, this scheme of com-
putation improves significantly the reliability of the results.
However, even if in some cases the computed IMOMM ener-
getics are not sufficiently reliable, these results on the full sys-
tem can be used, together with the QM results and a set of QM
results computed for the model system RhCp(PH3)þ thio-
phene, to evaluate the relative weight of steric and electronic
contributions of atoms in the MM region, which in this
case are the methyl substituents of both phosphine and
cyclopentadienyl.
Fig. 4 also reports the energies of the transition states. The

results at all computational levels agree that the breaking of
the S–C2 bond through transition state 6 has a significantly
lower barrier than the breaking of the C2–H bond through
transition state 7. The discrepancies between IMOMM and
full QM follow trends similar to the local minima, but the

numerical dispersion is much smaller in the case of transition
states. The largest difference is in fact 1.5 kcal mol�1 for the
energy difference between 2 and 7. Because of this, in the fol-
lowing we will concentrate on the relative energies of the local
minima of the reaction pathway.

Quantification of steric and electronic effects

The type of analysis we are going to carry out is actually quite
simple and similar analyses have been previously reported for
QM/MM calculations on other systems.49 The assumptions
are that the full QM calculation on the whole system describes
correctly the experimental behavior, including the methyl
groups, and that the QM/MM calculation describes only the
steric effects of the methyls, leaving out their electronic effects.
From this, it follows that the total effect of the methyls on a
particular reaction step can be computed by subtracting the
QM energy of the model system from the QM energy of the
whole system and that their steric effect can be obtained by
subtracting the QM energy of the model system from the
IMOMM energy of the full system. The electronic effect will
then simply be computed as the difference between total effect
and steric effect. This simple analysis has been applied to
obtain the results presented in Table 3.
The results are quite informative. Steric effects are destabiliz-

ing (positive sign) for the initial approach of thiophene to the
metal, either when going to Z1 (1) or to Z2 (2), as one would
expect from the interaction between two separate fragments.
The repulsion is, however, always small, with a maximum of
1.2 kcal mol�1. On the contrary, steric effects are stabilizing
in the oxidative addition reactions. This result can seem sur-
prising, taking into consideration that oxidative addition
involves an increase in the rhodium coordination number,
but it can be understood when looking at the optimized geo-
metries in Fig. 2. The oxidative addition products, 3 and 4,
have the metal in the thiophene plane and this is a sterically
more favorable situation than having it in a perpendicular
orientation, as was the case in 1 and 2. Steric effects, therefore,
make the initial approach between the reactants more difficult,
but then favor the evolution of the reaction towards the final
oxidative addition products.
The analysis of electronic effects is also interesting. The effect

is very small (�0.1 kcal mol�1) in the case of the Z1 approach
leading to 1. The stability of this complex is based on the dona-
tion from a sulfur free electron pair to the metal, which is not
very sensitive to the electronic effects of the methyls. The effect
of the methyl substituents is, on the other hand, more signifi-
cant (�4.0 kcal mol�1) for the formation of the Z2 intermedi-
ate 2. In this case, coordination of the C=C double bond to the
metal is likely to have important donation and back-donation
contributions. The presence of an important back-donation
from the metal seems therefore to increase sensitivity to the
presence of the methyls. The oxidative addition process is also
very sensitive to electronic effects, as expected from the change
in oxidation number. It is nevertheless worth noticing that the
largest effect (�10.7 kcal mol�1) is observed in the formation
of the 6-membered cycle in complex 3. In this case, the rho-
dium is likely participating in electron delocalization through
the ring.

Fig. 4 Computed energies in kcal mol�1. In bold are the pure QM
calculations on the full systems,42 in italics the QM/MM calculations,
and in plain type the QM calculations on the model systems. The
numbers in parentheses are defined in the text.

Table 3 Energetic effect (kcal mol�1) of the methyl substituents
on each reaction step and its decomposition into steric and electronic
contributions

5! 1 5! 2 1! 3 2! 4

Total þ1.1 �3.1 �11.5 �6.8

Steric þ1.2 þ0.9 �0.8 �3.5

Electronic �0.1 �4.0 �10.7 �3.3
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Effects of each ligand on the C–S oxidative addition

In the previous section, we have been able to analyze the
importance of the joint effect of the methyl groups in both
the cyclopentadienyl and phosphine ligands and discovered
that in some cases it was quite significant. The analysis can
be taken one step further and the effects of the two ligands,
phosphine and cyclopentadienyl, can be evaluated separately.
We have studied this aspect only for one particular aspect,
the binding energy of thiophene in complex 3, because the step
going from 1 to 3 happens to have the largest substituent effect.
To check the nature of the effect of the methyl groups, we

have performed two additional computations on these com-
plexes. The two new molecular systems, shown in Fig. 5, are
built as follows. Starting from the whole system, in one case
the methyl groups of the phosphine part are replaced by three
hydrogen atoms, this is Cp*RhPH3 . In the other model, the
methyl groups of the Cp* moiety are replaced by hydrogens.
This is the CpRhPMe3 model.
The computed exothermicity for the step from 5 to 3 is

�37.6 kcal mol�1 for the CpRhPMe3 model and �38.0 kcal
mol�1 for the Cp*RhPH3 model. Both values happen to be
intermediate between those of the smaller CpRhPH3 model
with no methyls (�35.1 kcal mol�1) and the larger
Cp*RhPMe3 system, with methyls on both ligands (�45.4 kcal
mol�1). The effect of the methyl groups in both ligands appears
to be additive. The total energy difference associated with the
replacement of hydrogens by methyls is 10.3 kcal mol�1, the
effect of placing methyls on the cyclopentadienyl is 7.4 kcal
mol�1 and the effect of putting them on the phosphine is 7.8
kcal mol�1. Furthermore, the effect of both ligands is very
similar. Therefore, in the reaction steps where the electronic
effects must be included, both ligands will have to be fully
considered and the full system will have to be computed at a
QM level.

Conclusions

The application of the hybrid QM/MM method IMOMM to
thiophene activation by Cp*RhPMe3 shows that the proposed
QM/MM partition, using CpRhPH3 for the QM region, pro-
vides a good description of the optimized geometries. This
description is, however, too inaccurate for the energetics of
some reaction steps, in particular those where there is a change
in the formal oxidation state of the metal atom.
The quantification of the effect of the methyl groups in both

ligands and its separation into steric and electronic effects
shows the general trends operating in the different reaction
steps. In particular, it is shown that steric effects are destabiliz-
ing in the initial approach between thiophene and complex, but
become stabilizing when going to the oxidative addition pro-
ducts. Sensitivity to electronic effects is especially high in the
steps where the back-donation from the metal to the thiophene
derivative is important and they are always in favor of the

activation reaction for the case of the electron-donor methyl
groups. It has finally been shown that the effects of methyl sub-
stituents in both the phosphine and cyclopentadienyl ligands
have similar weights. The combination of pure QM with
QM/MM calculations appears as a useful tool to analyze
and quantify electronic and steric effects in a catalytic cycle.
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