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Hydrogenation of alkene catalyzed by the catalyst Rh(acac)(CO), has been investigated theoretically with
the aid of density functional calculations. The findings are as follows: (1) An associative but not a disso-
ciative mechanism is found favorable for substitution of a carbonyl by ethene. (2) The substitution step of
a carbonyl by H, is found to be involved prior to the oxidative addition of H,, and this step is predicted to

be the rate-determining step. (3) The ethene inserts into the Rh-H trans to CO but not the one cis to CO.
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(4) Reductive elimination of ethane occurs directly from a five-coordinate intermediate where the
hydride but not the ethyl group occupies the apical position of the square-pyramidal structure. Some
other issues related to the reactions are also discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The hydrogenation of alkenes catalyzed by transition metal
complexes is a kind of very important reactions [1-16] and an
atom-economical synthetic methodology which has been used
extensively in academic and industrial settings [17]. Alkene com-
plexes of transition metals [ 18-24] play an important role in under-
standing the reaction mechanisms for hydrogenation of alkenes,
which has been confirmed experimentally and theoretically to pro-
ceed via a wide variety of different pathways [25-30]. Rhodium (I)
complexes with bidentate B-diketonato ligands are well-known
catalysts for hydrogenation of alkene and are also used for hydro-
formylation of olefin [31-34]. Rh(acac)(CO), (acac = acetylacetona-
to) is among the most common. Bonati and Wilkinson first reported
the complex Rh(acac)(CO); and its substitution reaction with olefin
in 1964 [35]. To our knowledge, there have been few reports [36] of
using Rh(acac)(CO), solely as a hydrogenation catalyst, and theoret-
ical studies on alkene hydrogenation catalyzed by Rh(acac)(CO),
are little reported.

In 2003, Poliakoff and co-workers studied the hydrogenation of
alkene catalyzed by Rh(acac)(CO), in a polyethylene film through
FTIR either in the presence of high-pressure hydrogen at 273 K,
and proposed a catalytic cycle (Scheme 1) for the reaction [37].
Several steps were involved in the proposed catalytic cycle, step
(1): CO dissociation, step (2): alkene coordination, step (3): oxida-
tive addition of H,, step (4): insertion of the coordinated alkene
into M-H, step (5): reductive elimination of the product. What
we are interested in and attempt to study are as follows. (i) For
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substitution of CO by alkene, one possible path is through the dis-
sociative mechanism as shown by steps (1) and (2) in Scheme 1.
The second possible path is through cleavage of an acetylacetona-
to-metal bond followed by alkene coordination. The third possible
path is through an associative mechanism (alkene coordination fol-
lowed by CO dissociation). (ii) During the process of oxidative addi-
tion of H,, identification of the CO bonding to the metal or
dissociating from the metal as H, attacks the metal center is crucial
in determining the reaction rate. Why should the reaction occur
under high pressure of hydrogen? (iii) The regioselectivity for
insertion of alkene into Rh--H due to the existence of two hy-
drides, one trans to CO and the other cis to CO. (iiii) Is the CO occu-
pying the apical position as shown by step 5 in Scheme 1 or instead
the hydride occupying the apical position for reductive elimination
of the product?

We set out to investigate to the detailed reaction mechanisms
and probe the catalytic activity of the catalyst with the aid of den-
sity functional theory (DFT) calculations. We hope this study could
provide valuable information on the reaction and play a guiding
role for further designing such kind of new reactions.

2. Computational details

Molecular geometries of all the complexes studied were
optimized at the Becke3LYP level of density functional theory
[38-41]. Frequency calculations at the same level of theory were
also performed to identify all the stationary points as minima
(zero imaginary frequencies) or transition states (one imaginary
frequency) and to provide free energies at 298.15 K which in-
clude entropic contributions by taking into account the vibra-
tional, rotational, and translational motions of the species under
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consideration. The intrinsic reaction coordinate (IRC) [42,43]
analysis was carried out to confirm that all stationary points
are smoothly connected to each other (see Appendix A, Supple-
mentary data for more details). The lanl2dz basis set [44] was
used for Rh atoms and the 6-31G [45] basis set was used for
other atoms. Polarization functions were selectively added for
C, 0 and H atoms [C({q=0.8), O({q =0.8) and H({, = 0.11)], except
for those C and H atoms in the acetylacetonato ligands. The effect
of solvent was examined by performing single-point self-consis-
tent reaction field (SCRF) calculations based on the polarizable
continuum model (PCM) [46-49] for several selected gas-phase-
optimized species. Cyclohexane was used as the solvent, corre-
sponding to the experimental conditions, and the atomic radii
were used for the PCM calculations. The results show that the
solvent effect is small. For example, without the salvation ener-
gies, the relative electronic energies of Cat, TS1, Int1, TS2, TS3,
Int3, TS4, Int4, TS5, TS6 and TS7 are 0.0, 11.9, 9.3, 11.0, 46.6,
39.5, 44.2, 32.7, 34.9, 9.4, and 11.6 kcal/mol, respectively. With
the solvation energies included, the relative solvation-corrected
electronic energies are 0.0, 12.0, 9.7, 11.5, 46.9, 39.7, 44.3, 32.5,
34.6, 9.5, and 11.9 kcal/mol, respectively. All the DFT calculations
were performed with Gaussian 03 packages [50].

3. Results and discussion

All the optimized structures with selected structural parame-
ters for the species involved in this catalytic cycle were presented
in Fig. 1 of Appendix A, Supplementary data. The catalyst
Rh(acac)(CO), (Cat) molecule adopts a square-planar geometry,
as expected for rhodium(l) complexes. The calculated structure
of the catalyst shown in Fig. 1 of Appendix A, Supplementary data
is compared here with its corresponding experimental one.
Calculated geometric parameters, 01-C3=1.29A, 02-C4=
1.29 A, C1-03=1.15A, C2-04=1.15 A, agree well with the exper-
imentally determined values for the catalyst, 01-C3=1.28 A,
02-C4=1.28A, C1-03=1.14A, C2-04=1.16 A. The rhodium-
oxygen and rhodium-carbonyl bonds are very close to the corre-
sponding X-ray crystal structure of Rh(acac)(CO), [51] (bond,

calculated, X-ray crystal): (Rh-O.c., 2.06/2.06 A, 2.04/2.04 A)
and (Rh-C, 1.88/1.88 A, 1.82/1.83 A). These small deviations in
the metal-ligand bond lengths are not considered critical here
[52]. Thus it can be confirmed that the basis sets are adequate
for present study.

In view of the fact that the relative free energies and relative
electronic energies differ significantly in cases where the number
of reactant and product molecules is different because of the entro-
pic contributions, free energies are used in this paper to analyze
the reaction mechanism due to one-to-two or two-to-one transfor-
mations involved in the proposed catalytic cycle. In this study, the
experimental catalyst Rh(acac)(CO), and ethene (one of the exper-
imental alkenes) are employed for the detailed exploration of al-
kene hydrogenation.

3.1. C,Hy coordination by substitution

Substitution reactions of square-planar low-spin d® compounds
such as group 9 and group 10 complexes have been investigated
both experimentally [53-56] and theoretically [57-59]. A few
examples of dissociative substitution have been reported for rho-
dium(I) and platinum(II) complexes [60,61] but most substitution
reactions at square-planar low-spin d® systems seem to occur
through an interchange mechanism [62] (involving formation of
a single trigonal-bipyramidal transition state) or an associative
mechanism [62] (involving two transition states separated by a tri-
gonal-bipyramidal intermediate) [57-59]. Hopmann studied the
substitution reaction of Rh(acac)(CO), with PPhs, and found the
substitution mechanism was different from the three ones men-
tioned above [63]. Prior to dissociation of CO, attack of PPhs; on
Rh(acac)(CO), first results in cleavage of an acetylacetonato bond
and leads to formation of a square-planar intermediate.

As for the substitution reaction of Rh(acac)(CO), with alkene,
Zhang and co-workers proposed a dissociative mechanism as
shown in Scheme 1, involving dissociation of a CO ligand to give
a three-coordinate T-shape intermediate, followed by coordination
of alkene. Considering strong interaction of Rh-CO, the substitu-
tion mechanisms need to be further investigated. Three possible
pathways are proposed for the substitution process as shown in
Fig. 1, together with calculated free energies and electronic ener-
gies (in parentheses). The first two pathways are dissociative pro-
cesses, one (Fig. 1a) corresponding to loss of CO and the other
(Fig. 1b) to cleavage of an acetylacetonato bond. The third pathway
(Fig. 1c) is an associative process where ethene first binds to the
catalyst to afford an intermediate (Int1) followed by release of
CO. The first path associated with transformation of the four-coor-
dinate Rh(acac)(CO), complex into separated fragments, that is, the
three-coordinate Rh(acac)(CO) complex and free CO (Fig. 1a), is
found to be barrierless. The free energy and electronic energy
differences are calculated to be very high (AG: 34.0 kcal/mol and
AE: 46.6 kcal/mol). For the second path involving cleavage of a
Rh-0,c:c bond, the free energies and electronic energies of the
transition state (TSb) and the intermediate (Intb) are still very high
(see Fig. 1b). Thus, the third pathway becomes necessary for
examination.

As shown in Fig. 1c, the last pathway is proposed to be an asso-
ciative process. The first step is the coordination of ethene to Rh
center to afford an intermediate Intl via the transition state TS1
with a free energy barrier of 18.0 kcal/mol. TS1 is found to have
a pseudotrigonal bipyramidal (TBP) structure. The angle for the
three axial atoms C1-Rh-02,¢,c is 179.4°. The three angles in the
equatorial plane, C2-Rh-01,¢,,, C2-Rh-(centroid of ethene) and
O1,cac—Rh—(centroid of ethene) are 132.8°, 130.2° and 96.5°,
respectively. The geometric structure of this transition state is sim-
ilar to the one with a phosphine ligand PPhs attacking the Rh cen-
ter [63]. However, we found the geometric structure of Intl
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Fig. 1. Free energy profile calculated for the substitution of CO by ethene. The relative free energies and electronic energies (in parentheses) are given in kcal/mol.

obtained from TS1 is different from the one obtained from the
coordination of PPhs to the same catalyst (Rh(acac)(CO),). Intl is
pseudotrigonal bipyramidal supported by the data shown in
Fig. 1 of Appendix A, Supplementary data, while the intermediate
with a PPh; was found to be square-planar with the O,¢,. corre-
sponding to O1,c,c in Intl completely away from the Rh center
[63]. That implies ethene has less ability than PPhs for pushing
the equatorial oxygen away from Rh center. The following step is
release of a CO ligand. There are two possible modes for release
of a CO. One is the release of the equatorial CO and the other is
the release of the axial CO. The former mode is predicted to be pre-
ferred over the latter one [58,64]. For such a d® TBP complex, the
highest two HOMOs lie in the equatorial plane and have antibond-
ing character, thus leading to a weaker equatorial than an axial M-
L linkage [65]. As the calculated results show, the equatorial Rh—-C
(2.03 A) is longer than the axial Rh-C (1.87 A). Also, the equatorial
Rh-0,c.c (2.27 A) is longer than the axial Rh-0,cac (2.07 A). The free
energy barrier for release of the equatorial CO from Intl is calcu-
lated to be only 1.6 kcal/mol, and the free energy difference from
Intl to Int2 is —4.0 kcal/mol. For the substitution process from
Cat to Int2, the free energy difference is 11.4 kcal/mol, indicate this

process is thermodynamically unfavorable. Therefore, the substitu-
tion can be completed only under the presence of a considerable
quantity of alkene and the absence of carbon monoxide, which is
consistent with the experimental facts [37]. Experiments also
found that introducing CO into the Rh(acac)(CO)(alkene) results
in a rapid disappearance of Int2 and the regeneration of Cat [37].
This phenomenon can be well explained by using the reverse pro-
cess from Int2 to Cat as shown in Fig. 1c. The exothermicity
(—=11.4 kcal/mol) and the low free energy barrier where the highest
barrier is only 6.6 kcal/mol relevant to Int2 for the reverse process
indicate this process is much favorable both thermodynamically
and kinetically. In summary, an associative mechanism is found
to be preferred over the dissociative mechanism for the substitu-
tion of CO by ethene.

3.2. Oxidative addition of H»

The free energy profile calculated for oxidative addition of H; is
shown in Fig. 2a. The first step is the coordination of H, to afford a
non-classical o-complex (Int3) through TS3. The long Rh-CO bond
distance (3.25A) in Int3 indicates that the CO ligand is almost
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Fig. 2. Free energy profile calculated for oxidative addition of H,. The relative free energies and electronic energies (in parentheses) are given in kcal/mol.

dissociated from the metal center, and thus the fragment Rh-
(acac)(CyH4)(Hy) adopts a square planar structure. Instead, a five-
coordinate trigonal bypyramidal structure cannot be located. This
step can be regarded as a substitution of a CO ligand by H,. The fol-
lowing step is the oxidative addition of H, to give a bishydrido
complex (Int4). Small activation barrier (4.7 kcal/mol) indicates
this step is facile and the exothermicity confirms this step is ther-
modynamically favorable. It is to note that Int3 and Int4 are much
higher than Int2, correspondingly making the TS3 and TS4 to be
also very high in energy. Therefore, the oxidative addition of H,
is clearly very unfavorable both thermodynamically and kineti-
cally. The results of calculations are in accordance with the exper-
imental facts that the reactions for hydrogenation of alkene
catalyzed by the catalyst Rh(acac)(CO), proceed under high pres-
sure of H, [37]. The reason for the difficulty of oxidative addition
of H, is originated from the substitution step (Int2 to Int3), since
in this step the strong Rh—-CO bond is broken while only a weak
Rh-(12-H;) bond is formed. In other words, the bonding strength
of the coligand such as CO determines the degree of difficulty for
oxidative addition of H,. The weaker the M-L (L: acting as coligand,
such as CO as mentioned above), the easier for oxidative addition
of H,. For example, we replaced the CO by a PH; ligand to estimate
the kinetics and thermodynamics for oxidative addition of H, as

shown in Fig. 2b. The path is similar to the one shown in Fig. 2a.
In Int3-P, PH; nearly dissociates from the metal center, thus result-
ing in substitution of PH3; by H,. We respectively, calculated the
binding energies of PHz and CO with the fragment Rh(acac)(C,H,),
and found the former (29.4 kcal/mol) is smaller than the latter
(44.1 kcal/mol). As a result, the substitution of PHs is easier than
that of CO. The free energies of TS3, Int3, TS4 and Int4 relative to
Int2 are 37.6, 29.6, 34.3 and 27.0 kcal/mol, while those of TS3-P,
Int3-P, TS4-P and Int4-P relative to Int2-P are 30.8, 18.7, 24.5
and 21.3 kcal/mol. In summary, in the process of oxidative addition
of H, the substitution step of CO by H, first takes place, which
makes the Rh—CO broken and leads to the process being difficult.

3.3. Insertion ethene into Rh-H

There are two modes for the insertion of ethene into the Rh-H
bond, one into the Rh-H trans to the CO ligand, and the other into
the Rh-H cis to the CO ligand. The free energy profiles are shown in
Fig. 3. If ethene inserts into the Rh-H trans to the CO ligand, the lo-
cated transition state TS5 connects Int4 and Int5. If the ethene in-
serts into the Rh-H cis to the CO ligand, the located transition state
TS5’ connects Int4’ and Int5'. Ethene is found to be parallel to Rh-
CO in TS5, and perpendicular to Rh-CO in TS5'. Clearly, if the
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isomerize to Int6. It is found the free activation energy for reduc-
tive elimination of ethane (Int6 to Int7) is only 2.9 kcal/mol and
the free energy difference for the step is 12.5 kcal/mol, indicating
much favorable kinetically and thermodynamically. The step from
Int7 to Int8 is the release of ethane from the metal center. The
driving force for the step is mainly the contribution of entropy in-
crease. Experiments confirmed the existence of Rh(acac)(CO) [37],
agreeing with our theoretical predications. The last step is the
coordination of CO to Rh(acac)(CO) to regenerate the catalyst.

In the second path (Fig. 4b), the coordination of CO to Int5 gives
a more stable six-coordinate 18e intermediate (Int6’'). However,
the reductive elimination of ethane from Int6’ is found to be less
favorable kinetically with a free activation barrier of 14.6 kcal/
mol, even though this step can directly produce the product ethane
and regenerate the catalyst. This in turn indicates that the octahe-
dral d® complex (Int6') prefers to undergo reductive elimination
with initial loss of CO to generate the more reactive intermediate
Int5 [66,67]. On the basis of our calculations and analyses, the cat-
alytic cycle for hydrogenation of ethene catalyzed by Rh(acac)(CO),
can be drawn in Scheme 2.

4. Conclusions

The reaction mechanisms on hydrogenation of ethene catalyzed
by Rh(acac)(CO), has been investigated with the aid of density
functional calculations. It can be drawn from this work as follows:

(1) For the substitution of a CO of the catalyst by ethene, the
associative mechanism (Cat to Int2) is found to be preferred
over the dissociative one. That is, the catalyst rather under-
goes coordination of ethene to the catalyst to give a five-
coordinate 18e intermediate than undergoes breaking of
the bond Rh—CO or Rh-0,, to give a three-coordinate 14e
intermediate, since the Rh-CO and Rh-0,, are very strong.

(2) For the process of the oxidative addition of H, (Int2 to
Int4), a substitution step (Int2 to Int3) is found to occur
firstly, resulting in the breaking of the Rh-CO bond and
making the step very unfavorable both in kinetics and

thermodynamics. The high pressure of H, used in experi-
ments is in accordance with our prediction. This step is
predicted to be the key step in determining the reaction
rate. If the coordinated CO is replaced by a relatively weak
ligand, the substitution process would become more
favorable.

(3) For insertion of ethene into the Rh-H, the path for insertion
into the Rh-H trans to Rh-CO is preferred over the one into
the Rh-H cis to Rh-CO since the trans influence of CO-Rh-H
decreases significantly in TS5 and Int5 of the former path.

(4) Reductive elimination of ethane directly from the square-
pyramidal 16e RhH(acac)(CO)(C,Hs) (Int5) is found to be
more favorable than the one from the octahedral 18e RhH(a-
cac)(CO),(C,Hs) (Int6').
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