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Abstract Conformational diversity is an often neglected
aspect in computational studies of transition metal com-
plexes, even when relatively large systems are involved.
The importance of conformational searches is illustrated
through the analysis of the errors that could be caused by a
wrong choice of conformers in the computational study
of the Suzuki-Miyaura cross-coupling between CH,=
CHBr and CH,=CHB(OH), catalyzed by [(PPh3),Pd] or
[(P(i-Pr)3),Pd]. The error bars associated with conforma-
tional diversity of the [(PPh;),Pd] catalyst range between
0.3 and 6.7 kcal/mol, the values growing up to
11.4 kcal/mol when the more flexible [(P(i-Pr)s;),Pd]
catalyst is considered.
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1 Introduction

The accuracy of relative energies continues to be a chal-
lenge for computational chemistry. The application of
density functional theory (DFT) to molecular systems of
practical interest usually raises questions on the appropri-
ateness of the functional and the size of the basis set, with
other topics, such as solvation models or free energy cor-
rections often being considered [1-3]. Conformational
diversity is however seldom taken into account. Chemical
species may exist in several conformers, interconnected by
low energy barriers, and we are usually interested only in
the most stable one, the global minimum. In the early days
of computational chemistry, the systems that could be
studied were quite small, and chemical knowledge and the
use of simple drawings were sufficient to sort out confor-
mational issues. Luckily nowadays, we are able to perform
reliable calculations on large systems. The number of
conformers becomes difficult or impossible to manage by
use of sheer patience and chemical intuition, and auto-
mated conformational searches need to be performed.

Conformational searches do require an extra-effort and
the use of slightly different computational tools, but are by
no means an impossible task. Molecular mechanics (MM)
force fields are extremely useful in this context. Things can
be more complicated when transition metal atoms are
involved, but solutions are nevertheless available [4-6],
either by careful parameterization of the metal and ligand
before performing the search [6-9] or by carefully freezing
the coordination sphere of the metal centre and searching
conformations on the rest [10-14].

In the present contribution, we try to estimate the error
bars associated with conformational diversity in the com-
putational study of a well-known catalytic cycle. Some of
us already stressed a few years ago the importance of
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Fig. 1 Schematic representation of the Suzuki-Miyaura catalytic
cycle

conformational searches when carrying computational
studies on large systems, for the case of the structure of the
[OsH,Cl,(P(i—Pr)3),] transition metal complex [15]. Others
have also pointed to the importance of performing con-
formational searches [6, 16].

The reaction chosen for this work is the catalytic cycle
of the Suzuki—Miyaura cross-coupling [17-23]. This reac-
tion couples an organic halide and an organoboron com-
pound by means of a palladium catalyst in the presence of a
base. The main steps of the reaction are oxidative addition
[24-28] of the organic halide, a transmetalation [29-31]
step assisted by the base and reductive elimination [32-35]
(see, Fig. 1).

The catalyst is usually a phosphine-based palladium
complex. Depending on the nature of the phosphine used,
the reaction is expected to be catalyzed by a bis- or mono-
phosphine complex [36—40]. The current study considers
two possible bis-phosphine catalysts [(PPh3),Pd] and [(P(i—
Pr)3),Pd. The chosen organic halide and organoborane are
CH,=CHBr and CH,=CHB(OH),, mainly because they are
simple, already studied and computationally cheap. The
full catalytic cycle with PH; as model for the phosphines
was already studied by some of us [40—42].

2 Computational details

Conformational searches were performed using the Mac-
roModel 8.5 [43] program as available from Schrodinger
LLC. The conformational search method used was Monte
Carlo Multiple Minimum (MCMM) [44, 45]. The para-
meters were 1,000 evaluation steps and an energy window
of 12.0 kcal/mol (50 kJ/mol). The MM3 force field [46]
was applied. During the conformational search, a number
of atoms were frozen to the relative positions obtained on a
previous QM optimization on a model system. This
included the Pd, P and Br atoms, as well as other atoms
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such as the carbons of the CH=CHj; groups bonded to Pd. A
large number of structures were obtained, some of them
repeatedly. They were screened and analyzed by visual
inspection and through the use of the Xcluster [47] pro-
gram, also from Schrédinger LLC. For each species, a
number between 20 and 40 structures were selected for
recalculation at a QM/MM level.

QM/MM calculations were performed using ONIOM
[48, 49] as available in Gaussian 03 [50]. The species were
divided in two regions: QM and MM. The high-level QM
region included all the atoms except phenyl or isopropyl
substituents and was treated with DFT using the B3LYP
functional [51-53]. The basis sets used were the standard
split—valence polarized 6-31G(d, p) basis sets [54-56] for
most atoms. For Pd, Br and P, the SDD valence basis set
with the associated Stuttgart/Dresden effective core
potentials was used [57-60]. The MM region was treated
with UFF [61]. It only included the phenyl and isopropyl
substituents of the phosphine ligands.

For some of the transition states and intermediates, six
QM/MM conformers (the three most and least stable) were
re-optimized at full QM level using the same level of
theory as the one described for the QM region of the QM/
MM calculations.

Geometries of the most stable isomer located for each
species at QM/MM and QM level are collected in the
Supporting Information.

3 Results

The catalytic cycle of the Suzuki-Miyaura cross-coupling,
as stated above, is generally accepted to have mainly three
different steps: the oxidative addition, the transmetallation
and the reductive elimination, see Fig. 1. The present study
does not want to enter into the discussion of the mechanism
itself, but just on the effects that the conformational
diversity of the species along the catalytic cycle may have
on the conclusions of computational studies. No discussion
of phosphine dissociation, effect of the base, isomerization
and other mechanistic possibilities will be performed, and
mainly the conclusions reached for the model system
[(PH3),Pd], CH,=CHBr, CH,=CHB(OH), with the base
OH™ will be extrapolated to the two catalysts considered,
[(PPh3),Pd] and [(P(i-Pr)3),Pd] [40].

The results have been generated with an energy window
of 12 kcal/mol, see computational details. This energy
window is a compromise that should allow us to generate
several conformers with reasonable rearrangements and at
the same time avoid improbable geometries. The idea is to
focus on geometries one could draw following chemical
intuition and avoid the ones against it. From the 20—40
structures coming from the conformational search, after
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QM/MM optimization, 12-18 conformers with different
energy remained for the [(PPhj),Pd] catalyst and around
20-30 for the [(P(i-Pr)3),Pd]. This QM/MM intermediate
step was not strictly necessary, but it allowed the elimi-
nation of some unrealistic minima emerging from the
constrained MM search and reduced the number of steps in
the subsequent QM calculations. Further optimization at
QM level of the three most and three least stable structures
leads to 4-5 different structures for the [(PPh3),Pd] catalyst
and 6 for the [(P(i-Pr)s3),Pd].

3.1 [(PPh3),Pd] catalyst

An energy profile of the catalytic cycle is presented in
Fig. 2. The oxidative addition of CH,=CHBr to [(PPh;),Pd]
(1) starts by formation of an adduct [(PPhj),Pd(n—CH,=
CHBr)] (2) where the interaction between the palladium
metal centre and the reactant is achieved through the C=C
bond. The transition state TSOA breaks the C-Br bond
forming the square-planar structure cis— [(PPh;),Pd(Br)
(CH=CH,)] (3-cis). The conformers of 1 have been located
over a small range of energies, 0.3 kcal/mol, much
narrower than the original conformational search window.
The linear geometry of the P-Pd-P angle is able to
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Fig. 2 Schematic potential energy profile of the catalytic cycle for
the [(PPh;),Pd] (L,Pd) catalyzed cross-coupling between CH,=CHBr
(R;-Br) and CH,=CHB(OH)3; (R,—B(OH3)"), in kcal/mol. In brack-
ets, the energy difference between the most and the least stable
conformers for each species is given. Dashed curves show approx-
imate barriers for the isomerization steps that have not been
considered in this work

accommodate easily the different conformations of the
PPh; ligands. Adduct 2 has a trigonal-planar geometry. The
coordination of CH,=CHBr makes the coordination sphere
more crowded, and consequently, the different conformers
cover a slightly wider range of 1.1 kcal/mol. In the tran-
sition state TSOA, where the C—Br bond is broken and the
Pd—C and Pd-Br bonds are formed, the conformers are
found over a range of 1.4 kcal/mol. The lowest energy
conformer of TSOA is presented in Fig. 3. The conformers
of the 3-cis intermediate can be found over a larger range
of 3.2 kcal/mol. The cis arrangement of the phosphines
results in a more constrained system.

The oxidative addition is the rate-limiting step of the
reaction, with a barrier of 19.1 kcal/mol at QM/MM level.
By random choice of conformers, the barrier could oscillate
between 18.0 and 20.5 kcal/mol. 18.0 kcal/mol would be
obtained when taking the highest energy conformer of
2 and the lowest energy conformer of TSOA, and
20.5 kcal/mol when doing the opposite. Thus, the barriers
found by random combination of structures could vary as
much as 2.5 kcal/mol.

The 3-cis complex can isomerize to 3-trans. The
3-trans complex presents the different conformers in a
smaller range of 1.6 kcal/mol. This is because the phos-
phines are easier to accommodate in the trans complex.
There are different alternative mechanisms to perform such
isomerization as has been discussed previously [40, 62],
but the barriers are low. For the PH; model system, the
barrier was evaluated in 5.5 kcal/mol. We did not analyze
the conformational diversity in this step, and for this rea-
son, it is represented in Fig. 2 with a dashed line.

The transmetalation step can take place through two
parallel pathways, starting from either the 3-cis or the
3-trans isomers formed after the oxidative addition. It has

TSOA, lowest energy

Fig. 3 Geometry of the lowest energy conformer of TSOA at QM
level
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been shown that in both cases, the transmetalation involves
different intermediates and transition states, but that where
the carbon—boron bond is cleaved has the highest energy [13,
14]. The present study focuses only on this specific transition
state, which has been labeled as TSTM. In TSTM, two
phosphines and a vinyl are coordinated to the metal centre.
The fourth site of the square-planar structure is occupied by
the CH,=CHB(OH)3, and it is in this site where C—B bond
cleavage and Pd—C bond formation take place. The isomers
corresponding to each of the pathways are labeled as
TSTM_cis and TSTM_trans. The conformers of the
TSTM_cis species occupy a range of 6.7 kcal/mol, while
those of TSTM_trans are in a range of 4.9 kcal/mol. The
larger range for TSTM_cis is due to the higher steric con-
strains, because of the cis organization of the phosphines,
coupled with the presence of the large CH,=CHB(OH)3
group. TSTM_trans is 2.8 kcal/mol below TSTM_cis
when the most stable conformers are considered. With a
random choice of conformers, this energy difference may
oscillate between —2.1 and 4-9.5 kcal/mol. This is a parti-
cular case when the wrong choice of conformers could lead
to an incorrect prediction of the reaction mechanism.

The transmetalation step leads to intermediate
[(PPh3),Pd(CH=CH,),] (4). This species can be cis or
trans, being the cis isomer the most stable. The conformers
of 4-trans can be found over a range of 1.2 kcal/mol, while
the ones of 4-cis cover a range of 4.1 kcal/mol. The cis/
trans isomerization has not been studied in the present
work. It was previously reported to have a barrier of
9.6 kcal/mol for the PH; model system [13].

Only the 4-cis isomer can lead directly to the product
after the reductive elimination step. The transition state for
this process TSRE involves the elimination of the two Pd—
C bonds and the formation of the C—C bond. The con-
formers of this transition state have energies spread over a
range of 5.5 kcal/mol. This high value is likely associated
with the flexibility in the orientation of the vinyl groups.
After the reductive elimination, an adduct [(PPhs),Pd(n—
CH,=CHCH=CH,)] (5) is formed. The conformers of this
species are found in a range of 3.9 kcal/mol, quite large
compared with 2, mainly due to the conformational chan-
ges of the CH,=CHCH=CH, chain.

If we consider the process as a whole, the effects of
overlooking conformational diversity can be significant.
The barrier of the rate-limiting step could be increased or
decreased by about 1.5 kcal/mol, the preference between
the cis or trans pathways for transmetalation could be
inverted, and the barrier for the reductive elimination
altered by more than 4 kcal/mol.

Some of the conformers of the more relevant species
were recomputed at full QM level. The relative energies
with respect to 1 and CH,=CHBr and CH,=CHB(OH)3 of
2, TSOA, TSTM_cis and TSTM_ trans were —12.5, +4.0,
—15.6, —19.9 kcal/mol, respectively. The energy ranges
between the least, and the most stable conformers are 0.1,
0.4, 2.5, 9.3 and 4.0 kcal/mol for 1, 2, TSOA, TSTM_cis
and TSTM_trans. The differences between these energies
and the ones found at QM/MM level can be attributed to
the introduction of electronic effects in the QM calculation.

Five conformers of TSOA are further analyzed in
Table 1. Their relative energies and some relevant geo-
metrical parameters are presented as an example of the
variety of conformers generated. The geometry of the lowest
energy conformer (TSOA a) is presented in Fig. 3. It can be
observed that the geometrical parameters corresponding to
the formation/cleavage of bonds in the transition state, Pd—C
and Pd-Br distances, do not change much in the different
conformers (values change just 0.030 and 0.009 A, respec-
tively). The P-Pd—P angle has also small variations (5.5°).
The C,-P,—P,—C, dihedral angle (atom labeling from
Fig. 3) is used as a relative measure of how eclipsed or
staggered are the phosphine substituents. Conformers
TSOA a, TSOA c and TSOA e are less eclipsed than TSOA
b and TSOA d. This parameter alone is not sufficient to
distinguish among the different conformers as TSOA a and
TSOA e have similar angles and quite different energies.
Two Pd-P-C-C dihedral angles, giving an idea of the phe-
nyl orientation, are also included in Table 1. The values for
the Pd-P,—-C,-C5 and Pd-P,—C,-C, show a large diversity
between the different conformers. The factors that make
TSOA a the most stable conformer are complex and cor-
respond to a compensation of different factors. Chemical
intuition and observation of simple chemical rules will be
often insufficient to identify the most stable conformer.

Table 1 Relative energies (kcal/mol) and selected parameters (distances in A, angles in °) of the QM optimized conformers of TSOA

AE gy (keal/mol) Pd-C (A) Pd-Br (A) P-Pd-P (°) C=P,-P»-C, (°) Pd-P~C~Cini=1;2 ()
a 4.0 1.985 2.836 111.0 376 —63.5;23.8
b 4.1 1.996 2.827 116.5 11.6 —38.7; —23.4
¢ 4.1 1.997 2.829 113.0 445 54.8; —28.4
d 45 1.994 2.829 115.5 15.5 35.3; 385
e 6.5 2.005 2.834 115.0 33.8 —-22.9; —77.1

Labels according to Fig. 3
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Fig. 4 Schematic potential energy profile of oxidative addition of
CH,=CHBr (R;-Br) to [(P(i-Pr);),Pd] (L,Pd), in kcal/mol. In
brackets, the energy difference between the least and the most stable
conformer for each species is given

3.2 [(P(i-Pr)3),Pd] catalyst

When the phenyl groups are replaced by the bulkier iso-
propyl groups, the conformers can be found over a larger
range of energies. Not all the catalytic cycle has been
recomputed for this catalyst [(P(i-Pr)3),Pd], and just the
oxidative addition has been considered. A schematic
energy profile containing only the results for this step is
presented in Fig. 4.

The [(P(i-Pr);),Pd] complex (lis) reacts with
CH,=CHBr to form the adduct [(P(i-Pr);),Pd(n—CH,=
CHBYr)] (2is). The oxidative addition takes place through
the transition state TSOAis forming the intermediate cis-
[(P(i-Pr)3),Pd(Br)(CH=CH,)] 3is-cis that can isomerize to
the most stable 3is-trans.

The conformers of the catalyst 1is can be found over a
range of 10.2 kcal/mol, showing a large variety of

TSOAIs a, lowest energy

Fig. 5 Geometry of the lowest energy conformer of TSOAis at QM
level

structures. Similarly, the conformers of the adduct 2is and
the transition state TSOALIs (see Fig. 5) can be found over a
range of 10.6 and 10.7 kcal/mol, respectively. The product
of the oxidative addition 3is-cis presents conformers over
a range of 11.4 kcal/mol. It is clear that the ranges of
energies of the different conformers when tris(isopropyl)
phosphine is involved are much larger than for triphenyl-
phosphine, where the maximum range for the oxidative
addition was 3.2 kcal/mol. This is due to the specific
geometry of the isopropyl substituent, which can lead to
well-packed conformers or crowded ones. Remarkably, in
the case of P(i-Pr); the computed range is very similar to
the energy window in the MacroModel search. Thus, for
P(i-Pr);, the conformational diversity is sufficient to
occupy the full window, and the energy range may have
been larger had a wider window been considered.

The large error bars indicated in Fig. 4 lead to wide
oscillations of the computed barrier for randomly chosen
conformations. The computed QM/MM barrier between
the most stable conformers of 15.6 kcal/mol between 2is
and TSOAIs could oscillate between 6.0 and 27.3 kcal/mol
with a bad choice of conformers.

Full QM calculations were performed over a few of the
conformers at the extremes of the energy range for 1is, 2is
and TSOAis. The energy ranges for the re-optimized
conformers are 9.3, 8.1 and 8.7 kcal/mol, respectively. The
geometry of the lowest energy conformer of TSOAIs at
QM level is presented in Fig. 5. These ranges of energies
are slightly narrower than those found for the QM/MM
calculations, but the distribution is still wide and quite
close to the window initially used in the conformational
search.

The relative energies and some geometrical parameters
for the six QM optimized conformers of TSOAIs are pre-
sented in Table 2. The Pd—C and Pd-Br distances, as well
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Table 2 Relative energies (kcal/mol) and selected parameters (distances in 10\, angles in °) of the QM optimized conformers of TSOAis

AEqy (keal/mol) Pd-C (A) Pd-Br (A) P-Pd-P (°) C,-P,-P>-C, (°) Pd-P~C-H;i=1;2(°)
a 9.1 2.016 2.850 122.6 28.2 —178.1; 543
b 116 2.009 2.822 1175 31.2 —90.4; 174.0
c 11.7 2.009 2.825 118.4 28.8 78.9; —68.6
d 15.5 2.015 2.868 120.4 6.3 44.2; 40.6
e 16.0 2.011 2.871 125.7 9.7 82.5; 44.4
f 17.8 2.003 2.843 118.6 19.6 48.5; 41.1

Labels according to Fig. 5

as the P-Pd—-P angle, do not present large variations among
the conformers. P-Pd-P angles are larger for TSAQis than
they were for TSAO (117.5-125.7° vs. 111.0-116.5°). This
can be explained by the different steric bulk of the ligands,
as described by Tolman cone angles (P(i-Pr);160°, PPh;
145°) [63]. The C-P-P-C dihedral angle can be used as a
measure of how eclipsed or staggered are the phosphines.
We can observe that the three lowest energy conformers
TSOAIis a—c present dihedrals of around 30°, while the
three least stable TSOAis d—f present smaller dihedral
angles. This indicates a more eclipsed arrangement of the
least stable conformers, consistent with a higher steric
hindrance. In Table 2, we also report two of the Pd—P-C-H
dihedral angles. There are of course four other Pd-P-C-H
torsions, but a general picture can already be extracted
from the two presented. Different conformers show a
variety of arrangements of the isopropyl substituents. In the
most stable structures, TSOAIs a and b, one of the dihedral
angles is close to 180°. There seems to be a general trend
favouring this arrangement, but other effects play obvi-
ously important roles. TSOAis a is 2.5 kcal/mol more
stable than TSOAIs b, and TSOAIs ¢, with a very similar
energy to TSOAis b, does not present such type of
arrangement. Again, chemical intuition and simple rules
cannot determine a priori which the global minimum is.

We find a large dispersion of conformational energies
for the system with the [(P(i-Pr);),Pd] catalyst. This result
was to be expected. Compared to [(PPh;),Pd], the system
has a larger conformational complexity. For each phenyl
substituent, there is practically only one variable to con-
sider, namely the torsion around the P-C bond. On the
other had, the arrangement of an isopropyl group involves a
large amount of essentially independent torsions. Because
of this, there are far more conformers for [(P(i-Pr);),Pd],
and this results also in a wider range of conformational
energies.

A random choice of conformers for each point along
the reaction profile could give obviously quite bad results,
so this is a good test case to evaluate the efficiency of
more elaborate approaches still short of systematic con-
formational search. A first logical approach is the use of
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geometries similar to those from crystal structures. We
decided to analyze the validity of this approach for 2is.
There are not many crystal structures available for L-M—
P(i-Pr3), or cis- L,—M-P(i-Pr3),, and there is only one
with a palladium metal centre: (CO)¢FesS,Pd(P(i-Pr);),
[64]. We took the isopropyl conformation of this X-ray
structure and applied it to adduct 2is. The species opti-
mized starting from this conformation was located
1.1 kcal/mol above the lowest energy conformer of 2is.
The geometry is overall similar, yet not identical (the
structure derived from X-ray presents a C;—P-P,—C,
angle of 28.0° and Pd—P—C—H; dihedral angles of —50.7
and 47.8°; to be compared with values for the most stable
structure of 36.3°, —66.6 and 42.3°, respectively). The
discrepancy between the two structures is likely associated
with the different additional ligands involved. The
advantages of using X-ray structures as starting point are
nevertheless obvious. The use of this approach will how-
ever be limited by the availability of chemically similar
X-ray structures, which can be especially difficult for
sterically constrained transition states.

A second logical approach to reduce the problems
associated with conformational diversity is to keep the
system in the same conformation along the whole catalytic
cycle. Although this may be difficult to implement when
steric and electronic demands change along the reaction
profile (i.e. linear Pd(PR3), vs. trigonal-planar adducts or
cis vs. trans square-planar species), we evaluated the per-
formance of this approach for the particular case of the
energy difference between 2is and TSOAis. The adducts
corresponding to the six transition states TSOAis a-f were
located at the QM level. The resulting barriers are 16.9,
16.9, 18.3, 17.7, 17.1 and 20.2 kcal/mol, respectively.
These values are to be compared to the barrier between the
lowest conformers of TSOAIs and 2is, which is18.2 kcal/
mol. When attention is given to the connection between the
species, the barriers still spread over a range of 3.3 kcal/
mol (between 16.9 and 20.2 kcal/mol). This is a significant
improvement from the 17.8 kcal/mol range obtained from
randomly chosen conformers, but it is still a far from
negligible error for a relatively elaborate procedure.
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4 Conclusions

The results obtained in this study show the importance of
conformational searches in the computational study of
catalytic cycles. QM/MM calculations on the catalytic
cycle of the Suzuki—-Miyaura cross-coupling show that the
error bars associated with conformational diversity range
between 0.3 and 6.7 for the not so flexible [(PPhs),Pd] as
catalyst, and between 10.2 and 11.4 kcal/mol for the more
flexible [(P(i-Pr)3),Pd]. These results have been confirmed
by full QM calculations. Errors coming from choosing
conformers at random could be for some systems quite
large, of the same order or larger than the ones typically
associated with a poor choice of DFT functional, or to the
use of a too small basis set. These errors can be reduced by
a careful choice of starting geometries, or by ensuring the
different computed structures, but they cannot be fully
suppressed without a systematic conformational search. An
interesting consequence is that if the role of conformational
diversity is neglected, the use of a larger model as PPh; can
produce less accurate results than the use of a smaller, yet
conformationally simpler, PMe;. Conformational searches
do not have to be mandatory, but their eventual need
should be considered on a case by case basis.
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