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Abstract

A hybrid QM/MM computational investigation of propene insertion into the Rh-H bond of HRh(PPh;),(CO)(n?-
CH,=CHCH,) was performed to address the issue of kinetic (transition state) versus thermodynamic (ground state) determination
of regioselectivity in hydroformylation catalysis. Two propene adduct isomers; one having an equatorial—axial arrangement of the
two PPh; co-ligands (ea-3) and the other having a bis-equatorial arrangement (ee-1), were predicted to be the most stable. The
adduct ea-3 was predicted to be more stable than ee-1, by 1.0 kcal mol~!, and based on the computed Boltzmann populations
ea-3 is expected to be present in roughly a three-fold excess over ee-1. Based on the computed energy barriers leading to the
corresponding linear and branched Rh—propyl products, ea-3 generates the linear insertion product almost exclusively, while ee-1
produces primarily the branched product. The 1.6 kcal mol —! difference in their respective activation energies translates into a
fifteen-fold greater reactivity for ee-1 than ea-3. Hence, two separate reaction channels exist, one leading to the branched insertion
product which is derived from the more active, minor propene adduct (ee-1), and one leading to the linear insertion product which
originates from the less active, major propene adduct (ea-3). Thus the regioselectivity in hydroformylation catalysis may be
rationalized in terms of ground state discrimination between the two most stable isomers of the propene adducts. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Molecular modeling studies of organometallic com-
plexes containing ligands such as olefins and CO re-
quires an accurate quantum mechanical description of
the subtle balance between electron-donation and back-
donation implicit in the Dewar—Chatt—Duncanson the-
ory [1,2]. The concepts outlined in Dewar’s seminal
paper [1] have inspired the computational chemistry
community to tackle many problems in chemistry in-
volving metal olefin complexes. The hydroformylation
of olefins (i.e. the conversion of an olefin, CO, and H,
to the corresponding aldehyde) has garnered consider-
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3447.
E-mail address: tcundari@memphis.edu (T.R. Cundari).

able attention from both experimentalists and computa-
tional chemists due to its significance as one of the
largest, most important industrial catalytic processes. A
variety of homogeneous transition metal catalysts have
been employed for olefin hydroformylation including
the original Co and Rh carbonyl complexes of the type
HM(CO),, as well as the phosphine-modified Rh cata-
lysts of the form HRh(PR,),,(CO), (where m =1 and
n=2or m=2 and n=1). The widely accepted mecha-
nism for olefin hydroformylation employing a
HRhO(PR;),(CO) catalyst system was originally pro-
posed in 1970 by Wilkinson et al. [3-7] and it is
displayed in Scheme 1 for the hydroformylation of
propene. The catalytic cycle is comprised of many of
the fundamental reactions that are key to organometal-
lic catalysis: oxidative addition/reductive elimination,
insertion/elimination, and ligand association/dissocia-
tion. The reaction coordinate involves changes in both

0022-328X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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formal oxidation state and coordination number, and
experimental evidence suggests that the H, oxidative
addition step is rate-limiting [4,5]. Hydroformylation of
terminal olefins produces both the linear and branched
aldehydes, although the linear aldehydes are the more
desirable industrial products [8,9].

Computational chemists have used hydroformylation
as a ‘sharpening stone’ for theory since the catalytic
cycle embodies many of the challenges inherent in the
modeling of transition metal containing compounds
(see for example the recent review by Torrent et al.
[10]). The research groups of Grima [11], Davidson
[12—14], Veillard [15,16], and Ziegler [17-21] have ex-
amined various aspects of the mechanism of the
HCo(CO), catalyzed olefin hydroformylation at differ-
ent levels of theory. Frenking and coworkers [22] have
explored a number of the elementary steps of the
HRh(CO), catalyzed hydroformylation process, as well
as, the initial catalyst generation step for the phos-
phine-modified rhodium catalyst systems [23]. In an
impressive collection of papers, Morokuma and
coworkers constructed the entire potential energy hy-
persurface for the hydroformylation of ethylene cata-
lyzed by a HRh(PH;)(CO), model system [24—28]. Our
group recently investigated the entire potential energy
hypersurface of the catalytic cycle of ethylene hydro-
formylation employing a HRh(PH;),(CO) model cata-
lyst [29]. This study provides a nice corollary to the
work by Morokuma and coworkers and enables one to
see how the energetics, both kinetics and thermody-

namics, of the catalytic cycle change upon going from
the mono-phosphine, bis-carbonyl catalyst system to
the bis-phosphine, mono-carbonyl catalyst system.
The phosphine co-ligands provide a handy tool to
manipulate in order to maximize the yield of the linear
aldehyde and one of the most active areas of research in
hydroformylation catalysis focuses on the rational de-
sign and synthesis of specific phosphine, diphosphine
and phosphite co-ligands to control the regiochemistry
of the aldehyde product. Casey and Petrovich [30] have
shown that the olefin insertion step is irreversible,
thereby confirming the hypothesis that this step is re-
sponsible for determining the regiochemistry of the end
aldehyde product. For catalysts with monodentate
phosphine co-ligands, the selectivity for the linear alde-
hyde has been shown to correlate with an increase in
the steric size of the phosphine substituents and a
decrease in the basicity of the phosphine ligand [31-33].
Not surprisingly a number of theoretical papers have
attempted to elucidate the complex factors governing
hydroformylation selectivity. Rocha and de Almeida
recently examined the propene insertion reaction pro-
ceeding from the model HRh(PH,),(CO)(CH,=CHCH,)
system at the MP4(SDQ)//BP86 level of theory [34].
Although, they found a thermodynamic preference for
the formation of the linear propyl insertion product,
the computed activation barrier for the reaction pro-
ceeding through the transition state (TS) leading to the
linear Rh—propyl product was 2.5 kcal mol ! higher
than that for the reaction proceeding through the TS

HRA(PR;3),(CO)
l -PR;
HC(O)CH,CH,CH _
(0)CH,CH,CHj3 HRB(PR,),(CO) CH,=CHCH,
RA(PR;),(CO)C(0)CH,CH,CH;)(H), HRh(PR,),(CO)CH,=CHCHj,)

H N\

Rh(PR;),(CO)(C(O)CH,CH,CH;) Rh(PR;),(CO)(CH,CH,CH;) Rh(PR3),(CO)CH(CH3),)

N2

Rh(PR3),(CO),(CH,CH,CH,) b H,

HC(O)CH(CH5),

Scheme 1. Wilkinson’s catalytic cycle for the hydroformylation of propene.
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leading to the branched Rh—propyl product. Herrmann
et al. employed a combined QM/MM approach, with
frozen QM reaction centers, to model the propene
insertion reaction with a variety of diphosphine systems
[35]. Although, they successfully reproduced the experi-
mental linear:branched ratio trends amongst the
diphosphines their approach was limited since the QM
centers at the heart of the insertion reaction were not
permitted to relax under the influence of the bulky MM
diphosphine substituents. This could have a significant
impact on the TS structures and relative energies and
thus the activation barriers for the propene insertion
reaction. Very recently Carbo et al. examined the fac-
tors influencing the regioselectivity of the propene inser-
tion reaction for some xantphos diphosphine systems
[36]. In their IMOMM QM/MM approach [37,38] the
QM and MM regions are optimized simultaneously,
therefore ensuring that the steric effects of the bulky
diphosphine substituents are ‘felt’ by the QM region.
By comparing the energy barriers leading to the linear
and branched Rh-alkyl complexes they were able to
successfully reproduce the observed trends in the lin-
ear:branched product ratio with varying natural bite
angle of the diphosphine. A number of MM studies
have also attempted to rationalize the role steric effects
play in determining aldehyde selectivity in the hydro-
formylation process [30,39,40].

In the current paper the oNIOM [41,42] hybrid QM/
MM approach was employed to examine the regioselec-
tivity of propene insertion into the Rh-H bond of
HRh(PPh;),(CO)(n>-CH,=CHCH,). A thorough inves-
tigation of all possible TSs leading to the linear and
branched Rh—alkyl insertion products originating from
the two families of isomers of the propene adducts (i.e.
a bis-equatorial (ee) arrangement of the two PPh; lig-
ands and a mixed equatorial-axial (ea) arrangement)
was carried out to gain some understanding of how the
regioselectivity manifests itself. It should be added that
the previous modeling studies by us [29] and Mo-
rokuma et al. [24-28] employed ethylene as the olefin
and therefore the issue of regioselectivity in the hydro-
formylation process could not be addressed.

2. Computational methods

The gas phase potential energy hypersurface for
propene insertion into the Rh-H bond of
HRh(PPh,),(CO)(n*-CH,=CHCH,;) was determined us-
ing a combined quantum mechanics (QM) and molecu-
lar mechanics (MM) approach according to the ONIOM
methodology [41,42]. The QM region contained that
portion of the molecule at the center of the insertion
reaction and was comprized of the rhodium center and
its inner coordination sphere, including the entire
propene unit, i.e. HRh(PH;),(CO)(n*>-CH,=CHCH,).

This QM region was treated at the density functional
theory level employing the B3LYP hybrid density func-
tional, which is comprized of Becke’s hybrid gradient-
corrected exchange functional [43] and the gradient-
corrected correlation functional of Lee, Yang, and Parr
[44]. The effective core potential (ECP) valence basis set
of Stevens et al. [45-47] was employed for Rh and the
main group atoms. The small core ECPs were em-
ployed for Rh, and thus a total of seventeen electrons
were included in the valence space and treated explicitly
in the calculation. The associated Rh valence basis set
employed in the calculations was of triple-zeta valence
quality and had the following contraction scheme:
(4211/4211/311). Only the outermost valence electrons
(the ns and np electrons) of the main group atoms were
treated explicitly in the calculations and the valence
basis set employed was of double-zeta quality with a
(31/31) contraction pattern. The standard -31G con-
tracted basis set was employed for all of the hydrogen
atoms in the calculations [48]. This basis set will here-
after be denoted as SBK. The MM region was limited
to the bulky phenyl substituents of the two spectator
phosphine ligands, which were modeled with the uni-
versal force field (UFF [49]) in the ONIOM calculations.
This oNIOM approach will hereafter be denoted as
B3LYP/SBK:UFF.

Full details of the oNniOM methodology have been
explained elsewhere [41,42], thus only the energy ex-
pressions will be given here. The aim of all hybrid
QM/MM techniques is to combine the high-level energy
of the QM core region, where all of the bond breaking/
bond forming occurs, with the low-level energy of the
MM region, which accounts for the chemical and/or
physical environment around the reacting core.

E (ONIOM) = E (QM [core]) + E (MM [environment])
(D

In a two-layer ONIOM calculation, such as the
DFT:UFF approach employed in the current paper,
three energies must be calculated: the MM energy of
the model system, the QM energy of the model system,
and the MM energy of the real system. These three
energies are then combined as follows in order to
obtain the ONIOM total energy (in this case; the QM
energy of the Rh core 4+ the MM energy of the bulky
phosphine substituents):

E (oNIOM) = E (QM [model])
+ {E (MM [real]) — E (MM [model])} 2)

Employing the oN1OM approach one can calculate not
only the QM/MM combined energy for the real system
of interest, but also the gradient of the energy and the
Hessian of the energy, needed for the optimization of
geometries and the characterization of the resultant
stationary points.



S.A. Decker, T.R. Cundari /Journal of Organometallic Chemistry 635 (2001) 132—141 135

(@) R
TSb = .. =
R H C(OH
:/ ——=> adduct
\ R
N
TS = = /—<
H(O)C H
) R
adduct2 = TS-b —= ... —=>
R / H coH
\ R
adduct] =) TSI = =
H(O)C H

Scheme 2. Possible scenarios of how selectivity arises in hydroformy-
lation catalysis: (a) kinetic (transition state) discrimination, and (b)
thermodynamic (ground state) discrimination.

The geometries of all species were fully optimized,
without any symmetry constraints, using analytical gra-
dient techniques at the B3LYP/SBK:UFF level of the-
ory. It should be added that for all species investigated,
a preliminary conformational search was conducted,
keeping the QM Rh core fixed, using the SYBYL force
field [50] within the SPARTAN [51] program prior to
submission of the conformer with the lowest steric
energy to a full oNIOM geometry optimization. The
Opt = NoMicro option was employed to aid the con-
vergence of the geometry optimizations. All of the
resultant optimized stationary points were characterized
via harmonic vibrational analysis, at the B3LYP/
SBK:UFF level, using either analytical energy second
derivatives or numerical differentiation of the analytical
energy first derivatives. The GAUSSIAN-98 program
package [52] was employed for all of the ONIOM
calculations.

3. Results and discussion

Of primary importance in the present study is the
elucidation of the factors that are operative in deter-
mining the selectivity for the desired linear Rh—propyl
insertion products over their branched counterparts. An
exhaustive investigation of the energy barriers and the
thermodynamics for propene insertion into the Rh—-H
bond of HRh(PPh,),(CO)(n*>-CH,=CHCH,) leading to
the corresponding linear and branched isomers of the
Rh—propyl products; Rh(PPh,),(CO)(CH,CH,CH,)
and Rh(PPh;),(CO)(CH(CH,),), was carried out, the
results of which are discussed in the following sections.
The present study was complicated by the fact that
there are two isomeric families of the propene adducts;
one characterized by an equatorial—axial disposition of
the two PPh; co-ligands, denoted hereafter as ea, and
the other with a bis-equatorial arrangement of the two
phosphines, denoted hereafter as ee.

As shown pictorially in Scheme 2, one can envision
two possible scenarios for the formation of the linear
and branched aldehydes, assuming an irreversible olefin
insertion step. In the first scenario, at the top of Scheme
2, the olefin insertion reaction proceeds through a single
intermediate, a propene adduct in this case, and the
linear:branched product distribution is determined by
the partitioning between the two forms (linear or
branched) of the transition state. As illustrated by
Carbo et al. [36] linear and branched insertion products
can be formed from the same olefin adduct simply by
rotating the olefin in a different direction about the
rhodium/C=C__,,oi.q vector (i.e. clockwise (CW) or
counterclockwise (CCW)). In the second scenario, at
the bottom of Scheme 2, the linear and branched
Rh-propyl insertion products arise from different in-
termediates. One of the propene adducts leads preferen-
tially to the linear Rh—propyl insertion product while
another leads to the branched Rh-propyl insertion
product. The regioselectivity in the first scenario is
determined kinetically (transition state discrimination)
while in the second scenario the regioselectivity is deter-
mined thermodynamically (ground state discrimina-
tion). Of course, a combination of ground state and
transition state discrimination is also possible.

3.1. Propene adducts

The propene adducts, HRh(PPh,),(CO)(n*-CH,=
CHCH,), are key intermediates in olefin hydroformyla-
tion, and although their intermediacy is generally ac-
cepted no stable intermediate suitable for crystallo-
graphic characterization has, to our knowledge, been
reported. Previous high-level ab initio calculations from
our group and others, however, support the stability of
these olefin complexes for the formally d3-Rh(I) metal
[24,29]. As expected, based on the d® configuration of
Rh(I), these calculations predict a trigonal bipyramidal
geometry for the metal center [24,29]. Furthermore,
these theoretical studies revealed that the hydride lig-
and prefers an axial coordination site, while the olefin
prefers an equatorial site with the C=C vector perpen-
dicular to the Rh—H bond [24]. As mentioned above,
within this structural motif there are two families of
isomers for the olefin adducts, differentiated by the
relative orientation of the two phosphine ligands: equa-
torial—axial (ea) and bis-equatorial (ee). The coordina-
tion of an olefin like propene generates several further
isomers for the ee and ea propene adducts due to the
inequivalence of the vinylic carbons. Given the pseudo-
symmetry of the ee family of isomers there are two
isomers possible depending on whether the propene
methyl group is ‘up’ (i.e. proximal to the hydride
ligand), denoted as ee-1, or ‘down’ (i.e. proximal to the
CO ligand), denoted as ee-2, as depicted in Fig. 1. On
the other hand, due to their lack of symmetry, there are
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four isomers possible for the ea family of isomers
depending on which quadrant the propene methyl
group is located: ea-1 (H/P quadrant), ea-2 (P/P quad-
rant), ea-3 (H/CO quadrant), ea-4 (P/CO quadrant), as
illustrated in Fig. 1.

A comparison of the energies of ee-1 and ee-2 shows
the former to be 2.6 kcal mol ~ ! lower in energy at the
B3LYP/SBK:UFF level of theory, as shown in Table 1.
An evaluation of the ONIOM energy components (Table
1) reveals that the higher energy of ee-2 is due primarily
to the MM contributions. This presumably arises from
the larger steric repulsion between the methyl group of
the propene ligand and the axial CO ligand in ee-2
compared to the axial hydride ligand in ee-1. A com-
parison of the energies for the ea family of isomers
(Table 1) reveals that the preferred ea isomer, ea-3, has
the methyl unit of the propene ligand situated in the
least crowded quadrant, that subtended by the Rh—-H

Fig. 1. Schematic representation of the various propene adducts
investigated, viewed along the Rh-C=C_,..iq bond. The naming
convention adopted in the current paper is also given.

Table 1
Summary of the relative energies of the propene adducts and decom-
position of the ONIOM energy into the QM and MM components

Species E. Eqm Enm
ee-1 1.0 1.7 -0.6
ee-2 3.6 2.8 0.8
ea-1 1.4 1.3 0.1
ea-2 3.0 2.6 0.3
ea-3 0.0 0.0 0.0
ea-4 1.4 1.4 0.0

All energies are in units of kcal mol~! and are taken relative to the
energy of species ea-3.

and Rh—CO vectors. This isomer, ea-3, was found to be
1.4 kcal mol ~! lower in energy than ea-1 (H/P quad-
rant) and ea-4 (H/CO quadrant), and 3.0 kcal mol !
more stable than ea-4 (P/P quadrant). As seen in Table
1, the MM contributions are the same for all of the ea
isomers and it is the QM contribution which gives rise
to the stability of ea-3. Comparing the most stable
isomers within each family of isomers shows that ea-3 is
the most stable propene adduct, predicted to be lower
than ee-1 by 1.0 kcal mol ~ !, a result consistent with the
relative trans influence of the CO ligand versus the
phosphine ligand.

Assuming that all species are in equilibrium under
normal catalytic conditions, one can calculate the
Boltzmann distribution for the various propene adduct
isomers, assuming a statistical factor of two for the ee
isomers given their quasi-symmetry. At 300 K, the
Boltzmann populations of the lowest energy propene
adducts are as follows: ea-3 (64%), ee-1 (23%), ea-1
(6%), ea-4 (6%). In light of the inherent approxima-
tions, and the exponential sensitivity of the Boltzmann
distribution to relative energy differences, it is best to
view the calculated populations cautiously. However, it
seems reasonable to conclude, at least qualitatively,
that the ea-3 and ee-1 isomers will dominate their
respective ea and ee family of isomers. Furthermore, it
is plausible that under catalytic conditions a mixture of
equatorial—axial and bis-equatorial propene adducts
may exist.

From these results one might deduce that the close-
ness in energy of ee-1 and ea-3 supports the second
scenario in Scheme 2, that the discrimination between
linear and branched aldehyde products arises from
ground state or thermodynamic effects. However, the
situation cannot be fully assessed without evaluating
the olefin insertion transition states which emanate
from these two propene adducts and this will be dis-
cussed in detail in Section 3.2.

3.2. Propene insertion transition states

There are two possible propene insertion TSs which
can be generated from each propene adduct and both
must be considered in order to understand how regiose-
lectivity manifests itself. As described by Carbo et al.
[36] the olefin may rotate in either a CW or CCW
fashion to generate the pseudo-planar Rh-H:--C-C ori-
entation adopted by the four-center olefin insertion TS.
This is depicted schematically in Fig. 2 for the two most
stable propene adduct isomers; ea-3 and ee-1. The
situation is not quite as simple as this, since, as shown
in our previous calculations [29] the hydride ligand
bends out of the axial site to ‘meet’ the incoming olefin
and form the incipient C-H bond. However, given its
intuitive simplicity the CW and CCW description is
preferred. Given the higher energy of the remaining
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Fig. 2. Schematic representation of the propene insertion transition
states, viewed along the Rh-C bond, generated via clockwise and
counterclockwise rotation of the propene ligand from the most stable
propene adducts; ee-1 and ea-3.

Table 2
Summary of the calculated propene insertion activation barriers (in
kcal mol—1)

Reactant AE, (lin) AE, (br)
ee-1 15.2 13.8
ee-2 11.6 12.7
ea-1 18.4 NA®
ea-2 18.1 NA ?
ea-3 15.4 18.2
ea-4 14.3 20.1

4 Optimization of the branched transition states for ea-1 and ea-2
resulted in the dissociation of the equatorial PPh; ligand, hence no
valid transition state was located along the propene insertion reaction
coordinate.

propene adduct isomers, the following discussion will
focus on the insertion reactions proceeding from the
two most prominent propene adduct isomers; ea-3 and
ee-1.

As illustrated in Fig. 2, for both ee-1 and ea-3 a CW
rotation of the propene ligand out of the equatorial
plane generates the TS which leads to the linear inser-
tion product, Rh(PPh;),(CO)("Pr), while a CCW rota-
tion of the propene ligand generates the TS which leads
to the branched insertion product, Rh(PPh;),(CO)(‘Pr).
As seen in Table 2, for ee-1, the TS leading to the
branched insertion product, (ee-1),, is predicted to be
1.4 kcal mol ~! lower in energy than the TS leading to
the linear insertion product, (ee-1)f,, at the B3LYP/
SBK:UFF level of theory. This suggests a lin-
ear:branched partitioning of ca. 9:91% for this
particular reaction channel. This finding is in agreement
with the recent calculations of Rocha and de Almeida
[34] who found the propene insertion barrier through
the branched TS to be 2.5 kcal mol ~! lower than that
proceeding through the linear TS, at the MP4(SDQ)//
BP86 level of theory. Interestingly, it appears that the

steric bulk of the Ph substituents of the PR, co-ligands
in our calculations are not sufficient to alter the appar-
ent electronic preference for the insertion to occur at
the terminal carbon of the propene ligand. The situa-
tion is reversed for ea-3, with the TS leading to the
linear insertion product, (ea-3)f,, predicted to be 2.8
kcal mol —! lower in energy than the TS leading to the
branched insertion product (Table 2), suggesting a lin-
ear:branched partitioning of about 99:1%. Hence, the
insertion reaction originating from ea-3 will produce
the linear aldehyde product almost exclusively. Unfor-
tunately, Rocha and de Almeida [34] did not investigate
the propene insertion reaction proceeding from the ea
adduct isomers. Experimentally, the linear:branched
aldehyde product distribution for the PPh; system is on
the order of 95:5% [53-55].

The current results indicate that a significant amount
of kinetic discrimination for the branched and linear
insertion products exists within the respective ee-1 and
ea-3 reaction channels. The ee-1 adduct favors the
formation of the branched insertion product, while the
ea-3 adduct favors the formation of the linear insertion
product.

3.3. Rhodium—propyl insertion products

As evident in the TS structures propene insertion into
the Rh—H bond of the ee propene adducts generates the
corresponding cis Rh—propyl insertion products, while
the propene insertion reaction proceeding from the ea
propene adducts generates the trans Rh—propyl inser-
tion products. The connectivity of the ee propene ad-
ducts to the cis Rh—propyl insertion products was
confirmed previously by Rocha and de Almeida [34] via
calculation of the IRC. There are a number of possible
conformers for each Rh—propyl isomer depending on
the relative orientation of the propene methyl unit, in
the case of the linear Rh—propyl product, or the two
methyl units, in the case of the branched Rh—propyl
product. The structures and relative energies of the cis
and trans Rh—propyl insertion products are given in
Figs. 3 and 4, respectively.

A comparison of the energies of the cis Rh—propyl
species reveals a distinct preference for the linear n-pro-
pyl alkyl, with the two linear propyl conformers (cis;
and cis,) lying 3—35 kcal mol ~! lower in energy than the
corresponding branched conformers (cis, and cis,). In
the most stable conformer, cis;, the methyl unit of the
propyl ligand is directed anti to the Rh center. As
shown in Table 3, decomposition of the ONIOM energies
indicates that the stability of this conformer stems from
its QM energy.

Similar results are observed for the trans Rh—propyl
insertion products, with the two linear conformers
(trans, and trans;) predicted to be 6-7 kcal mol !
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lower in energy than the branched conformer. Again
the most stable conformer, trans,, has the methyl group
of the propyl ligand directed anti to the Rh center. As
seen in Table 3, decomposition of the ONIOM energy
reveals that the stability of trams, is due to its QM
component.

The propene insertion reactions proceeding from the
two most stable propene adducts, ea-3 and ee-1, to the
most stable trans and cis linear Rh—propyl products are
predicted to be exothermic by 3.1 and 5.3 kcal mol !,
respectively. The corresponding insertion reactions
leading to the most stable frams and cis branched
Rh-propyl products are predicted to be endothermic
by 4.4 kcalmol~! and exothermic by 0.5 kcal mol —!,
respectively. Hence, our B3LYP/SBK:UFF calculations
indicate a strong thermodynamic preference for the
propene insertion reaction leading to the linear Rh—
propyl products over their branched counterparts for
both the ea and ee family of propene adducts. These
findings are consistent with those of Rocha and de
Almeida [34] who found a similar preference employing
model PH; ligands, although the magnitude of the
energy difference between the linear and branched cis
Rh-propyl products was smaller, most likely due to the
smaller steric demands of the PH; ligands in compari-
son to the PPh; ligands used in the current work.

(©)

4. Summary and conclusions

Based on the results of the current QM/MM study
two propene adducts, one having an equatorial—axial
arrangement of the two PPh; ligands (ea-3) and the
other having a bis-equatorial arrangement (ee-1), were
predicted to be the most prominent of the possible
propene adducts. A comparison of the energies of these
two adducts reveals that ea-3 is predicted to be more
stable than ee-1, by 1.0 kcal mol ~!, and based on the
computed Boltzmann populations ea-3 is expected to be
present in roughly a three-fold excess over ee-1.

There are two possible propene insertion reaction
pathways originating from each of these propene ad-
ducts, one which leads to the linear Rh—propyl product
and another which leads to the branched Rh-propyl
product. For ea-3, the barrier to propene insertion
leading to the linear insertion product was predicted to
be 154 kcalmol~!, significantly smaller (by 2.8
kcal mol —!) than the barrier for the insertion reaction
leading to the branched product, at the B3LYP/
SBK:UFF level of theory. On the other hand, the
barrier for the insertion leading to the branched Rh-
propyl product was predicted to be lower, at 13.8
kcal mol !, than the barrier for the insertion reaction
generating the linear Rh-propyl product, at 15.2

(®)

(d

Fig. 3. B3ALYP/SBK:UFF optimized structures of the cis Rh—propyl insertion product conformers: (a) branched cis,, (b) branched cis,, (c) linear
cisz, and (d) linear cis,. MM region atoms are depicted as wireframe; remainder are QM region atoms.



S.A. Decker, T.R. Cundari /Journal of Organometallic Chemistry 635 (2001) 132—141 139

(b)

Fig. 4. B3LYP/SBK:UFF optimized structures of the trans Rh—propyl insertion product conformers: (a) branched trans,, (b) linear trans,, and
(c) linear trans;. MM region atoms are depicted as wireframe; remainder are QM region atoms.

kcal mol —!, for the higher energy ee-1 adduct. Hence, it
appears that there are two separate propene insertion
reaction channels involved here, and it is the distribu-
tion of the reactants amongst these two reaction chan-
nels that gives rise to the selectivity (linear vs.
branched) of the Rh—propyl products. The most stable
propene adduct, ea-3, is predicted to generate the linear
insertion product almost exclusively, while ee-1, the
second most prominent propene adduct, produces pri-
marily the branched insertion product.

Even though ee-1 is predicted to exist in lower con-
centrations than ea-3, the energy barrier for propene
insertion proceeding from ee-1 was predicted to be
lower than the corresponding activation barrier for the
propene insertion reaction proceeding from ea-3. Ac-
cording to the Arrhenius equation, assuming the same
pre-exponential factor for ee-1 and ea-3, this difference
of 1.6 kcalmol~! in activation energies results in a
fifteen-fold greater reactivity for ee-1 than ea-3. Thus,
ee-1 is predicted to exhibit much greater kinetic activity.
Combining the relative rates of propene insertion origi-
nating from ee-1 and ea-3, with their respective Boltz-
mann populations as an estimate of their
concentrations, the following relative rate equations are
obtained:

31
™

5

rate (ea-3)  k (ea-3)[ea-3] 1
rate (ee-1)  k (ee-1)[ee-1] ~ 15

Hence, according to this approach, ee-1 is predicted
to be roughly five-times more reactive than ea-3. There-
fore, the present results indicate that the less desirable
branched insertion product is derived from the more
active, minor propene adduct (ee-1), while the linear
insertion product is obtained from the less active, major
propene adduct (ea-3). Clearly, the subtle interplay
between ground state and transition state energetics is
critical in determining the linear:branched insertion
product ratio for the olefin insertion step, which ulti-

Table 3

Summary of the relative energies of the various Rh—propyl insertion
product conformers and decomposition of the ONIOM energies into
their QM and MM components

Species Propyl ligand E.. Eom Evm
cisy Branched 4.8 6.3 —1.6
cis, Branched 3.7 2.9 0.7
cisy Linear 0.0 0.0 0.0
Cisy Linear 0.9 2.6 —1.7
ciss Linear 0.8 0.4 0.4
trans, Branched 7.6 7.9 —-0.3
trans, Linear 0.0 0.0 0.0
transs Linear 1.6 2.4 —0.8

All energies are in units of kcal mol~! and are taken relative to the
energy of the most stable cis (cis;) and trans (trans,) Rh—propyl
products.
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mately determines the regioselectivity of the end alde-
hyde in the hydroformylation catalytic process.

The linear Rh—propyl insertion product conformers
were predicted to be much more stable than their
branched counterparts for both the cis and trans Rh—
propyl species. The propene insertion reactions emanat-
ing from ea-3 and ee-1 which lead to the most stable
trans and cis linear Rh—propyl conformers were pre-
dicted to be exothermic by 3.1 and 5.3 kcal mol !,
respectively, while the insertion reactions leading to the
corresponding branched conformers were predicted to
be endothermic by 4.4 kcal mol ~! and slightly exother-
mic by 0.5 kcal mol ~!, respectively.

The foregoing conclusions, although significant, need
to be viewed cautiously, since they are very dependent
on the accuracy of the computed energy differences,
which will be strongly influenced by the steric profile of
the phosphine substituents. The exponential depen-
dence of the Boltzmann distributions and the Arrhenius
rate equation implies that the computed populations
and rates will be very sensitive to the accuracy of the
calculated energies, which as of yet have not been fully
tested for ONIOM calculations on molecules of this size.
However, the recent IMOMM studies of Carbo et al. [36]
showed good quantitative agreement between the calcu-
lated and experimental product distributions, although
they focused only on reactions originating from a single
propene adduct isomer. In addition to the ‘chemical’
conclusions discussed above, the present study further
demonstrates the utility of the hybrid QM/MM ONIOM
method for modeling realistic catalyst systems.
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