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Abstract. The mechanism of 4-(1-phenylvinyl)pyridine hydroformylation with HRh(CO)(PHs); as
active catalyst has been proposed and discussed by B3LYP. Also, the regioselectivity and
chemoselectivity are investigated by calculations and excellent agreement with the existing
experimental results is displayed. It is found that the characteristic catalytic cycle is similar to that for
olefin hydroformylation: (a) 4-(1-phenylvinyl)pyridine coordination and insertion, (b) CO
coordination and insertion, and (c¢) H2 oxidative addition as well as aldehyde elimination. The
rate-limiting and regioselectivity- determining step are H, oxidative addition which determines the
linear aldehyde product energetically. The competitive hydrogenation is along with (a)
4-(1-phenylvinyl)pyridine coordination and insertion, (b) H, oxidative addition followed by
hydrogenation product elimination Interestingly, CO coordination is found to be an exothermic
(AH<O0) but endergonic (AG>0) process, while the corresponding H, process is endergonic and
endothermic(AH>0), H2 is not competitive with CO from the viewpoint of thermodynamics. But
hydrogenation is computed to be more favored than hydroformylation actually, so it can be conclude
that the chemoselectivity is controlled by kinetics, not thermodynamics.

1. Introduction

Since its discovery by Roelen in 1938, hydroformylation, which converts olefins and synthesis gas
(Hz + CO) into aldehydes, has developed into an extremely important industrial process. Therefore,
extensive studies have focused on the hydroformylation''! of olefin especially the asymmetric
hydroformylation'*®!,

Tablel Hydroformylation of vinylpyridines catalyzed by rhodium complexes'™

substrates Catalytic solvent Conv. | Hydrogenation Aldehyde | b/n
precusor (%) yield(%) yield(%)

©)L(Nj HRh(CO)(PPh;), benzene | 954 | 10.6 84.8 95/514
=z
g

G% HRh(CO)(PPh;); benzene | 41 5 36 32/68044
“ |

G% HRh(CO)(PPh;); benzene | 100 79.6 20.4 0/100H44!
N N

From 1991 to 1997, Botteghi C. et al. ! have studied the rhodium-catalyzed hydroformylation of
vinyl-pyridine derivatives experimentally and have found some interesting results as shown in Table
1. And these results were reproduced by Aldo, C et al. and Raffaello, L et al. ™ in 2000 and 2005, and
they presented the evidence for the observed different chemo- and regioselectivities. The basic
hydroformylation catalytic cycle comprised of olefin coordination and insertion, CO coordination
and insertion, and H, oxidative addition as well as aldehyde elimination, is based on the Wilkinson 71
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mechanism. Although it is intuitive to consider vinyl-pyridine derivatives to have mechanistic
aspects in hydroformylation similar to those of olefins without pyridinal substituent group!®, some
important differences must exist, arising from the individual characters of pyridinal substituent group
and the unusual chemoselectivity need to be elucidated. More important, whether and how the
position of the nitrogen atom with respect to the olefin double bond affects the region- and
chemoselectivity need to be answered finally after a series of studies. These results would be an
important, theoretical complementarity of understanding of vinyl-pyridine derivatives
hydroformylation and might be useful to experimentalists for explaining these interesting phenomena
in experiments and inventing more effective method to synthesize desired aldehyde products or
hydrogenation products.

2. Computational Details

The PPh; ligands in the catalytic precursor HRh(CO) (PPh;3); are modeled as PH3; to minimizing
computing time. All geometry optimizations and frequency calculations were performed with the
B3LYP™ functional implemented in Gaussian 09. The LANL2DZ!"" basis set was used for rhodium
and phosphorus. The 6-31G(d,p) basis set was used for other atoms. The harmonic vibrational
frequencies were also calculated at the same level to characterize the nature of the stationary points as
true minima with no imaginary or transition states with only one imaginary frequency and to provide
thermodynamic quantities such as thermal corrections to energy, enthalpy, and Gibbs free energy. All
free energies reported are Gibbs free energies involving zero-point vibrational energy corrections,
thermal corrections at 298 K, and single point solvation free energy corrections computed by using
the CPCM!"! polarizable conductor calculation model as implemented in Gaussian 09.
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Scheme 1 The Modeled Active Catalyst

3. Results and Discussion

The potential energy surface (given in Figure 1) of 4-(1-phenylvinyl)pyridine hydroformylation
was fully investigated by discussing a series of reasonable structures of intermediates and transition
states following the Wilkinson mechanism. Subsequently, the hydrogenation of
4-(1-phenylvinyl)pyridine to 4-(1-phenylethyl)pyridine, the key competitive reaction, was studied to
clarify the chemoselectivity.
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Fig 1. Free energy diagram of the preferred linear and branched paths of Rh'-catalyzed hydroformylation of
4-(1-phenylvinyl)pyridine. Calculated at the BALYP/LANL2DZ+6-31G** level with CPCM (benzene) single
point solvation energy correction.
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Initial from the dissociation of one PH3 ligand from the original catalyst HRh(CO)(PHj3); to give
birth to active catalyst HRh(CO)(PHj3),, 1 which has two isomers(scheme 1). It is known that a
square-planar Rh! complex is vulnerable to electrophilic attack from the perpendicular position, so
the first key step of 4-(1-phenylvinyl)pyridine hydroformylation is coordination to form nz-oleﬁn
adducts 2 and insertion into Rh-H bond. The structures of transition states and some other critical
points associated with this step are illustrated in Figure 1 and Figure 2. The letter n in nomenclature
of all the complexes denotes linear product while b denotes branched product, letter ¢ remarks
carbonyl ligand towards the vinyl while p remarks PH; ligand and vinyl have opposite position, and r,
s refers to enationselectivity resulted from different relative position of phenyl and pyridinal.

Then the C=C bond insertion into Rh-H bond via transition states TS1 to generate 16-electron
unsaturated complexes 3. Because the axial hydride could bend towards either the a-C or 3-C of C=C,
so there are 8 isomers of TS1, shown clearly in Figure 2. This step is indicated to be reversible by
which the moderate activation free energy for both forward and back reaction and it differs from
olefin without pyridinal substituent group hydroformylation using modified Rh catalysts.
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Fig 2. Possible vinyl insertion transition states for the Rh'-catalyzed hydroformylation of
4-(1-phenylvinyl)pyridine. AG™ (kcal.mol™ )is activation free energy.

Followed, carbonyl inserts into Rh- alkyl bond via TS2 to form four-coordinated intermediates 5
with the most stable one is Spns. This step is predicted to be reversible too and also exothermic by
4.2~11.5 keal.mol”'. As shown in Figure 3, bending of the axial alkyl towards the equatorial carbonyl
and the oxygen atom of the carbonyl in transition states are attributed to decrease the steric and
electronic repulsion. The optimized geometries indicate that this step is actually completed by alkyl
migration. The distance between C1 and C2 in linear isomers is obviously shorter than that of
branched isomers as well as the AG™ for linear path lower than that of branched path. And the
preferred one is TS2pnr.
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Fig 3. Optimized CO insertion transition states for the Rh'-catalyzed hydroformylation of
4-(1-phenylvinyl)pyridine. AG™is activation free energy, kcal.mol.

Oxidative addition of H, to 5 to give rise to a dihydrides acyl species 6 via transition states TS3
followed by a reductive elimination of the aldehyde via TS4 and the active catalyst 1 regeneration.
The configuration of TS3 and TS4 is similar to that of hydrogenation given in Figure 5. Finally, one
hydrid migrates onto the carbon atom of the acyl in complexes 6 to give birth to the four possible
hydroformylation products and the catalytic cycle of 4-(1-phenylvinyl)pyridine hydroformylation is
completed. The energy barrier for this step is generally feasible whereas that of back reaction is so
high (33.6~50.8 kcal.mol ™) thus it is considered to be irreversible.
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Fig 4. Free energy diagram of the preferred path of Rh'-catalyzed hydrogenation of 4-(1-phenylvinyl)pyridine.
Calculated at the B3LYP/LANL2DZ+6-31G** level with CPCM (benzene) single point solvation energy

correction.
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Fig 5. Optimized H, oxidative addition transition states for the Rh'-catalyzed hydrogenation of
4-(1-phenylvinyl)pyridine. AG™is activation free energy, kcal.mol™.

Hydrogenation mechanism: the catalytic cycle proceeds along with H, oxidative addition to 3 to
give rise to a dihydrides acyl species 7 via transition states TSS followed by hydrogenated product
elimination via TS6. The preferred hydrogenation path is given in Figure 4. The optimized
geometries and activationg free energy of these transiton states are provided in Figure 5. As shown in
Figure 3, There are eight pathways for H, oxidative addition step and the most stable transition states
is TS5pnr( equal to TS5 in Figure 4). The geometry parameters for all isomers are similar and the
energy barrier of linear isomers (without methyl) is generally lower than that of branched isomers
(with methyl). In the last step, one hydrid in dihydrides acyl species 7 migrates to acyl and the
hydrogenation product 4-(1-phenylethyl)pyridine is gained with the catalyst 1 regenerated. Alike
hydroformylation, there are 12 reductive elimination transition states (Figure 6) in all. The A G”of
preferred one for this step is 9.1kcal.mol™, lower than that of preceding step. So H, oxidative addition
is the rate-controlling step for whole hydrogenation cycle.
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Fig 6. Optimized reductive elimination transition states for the Rh'-catalyzed hydrogenation of
4-(1-phenylvinyl)pyridine. AG”is activation free energy, kcal.mol™.

Chemoselectivity and regioselectivity From above mechanism analysis, it is known that the
origin of chemoselectivity stems from unsaturated 3 since CO and H; both can occupy the vacant site
of 3. Although the energy barrier of CO addition and insertion step is calculated to be lower than that
of H, oxidative addition (Figure 3 and Figure 5), the chemoselectivity is not determined here beacuse
CO insertion is neither irreversible nor the rate- determining. The final reductive elimination step is
predicted to be irreversible, but it lies behind H; oxidative addition. And our theoretical study on the
catalytic cycle indicates that H, oxidative activation (TS2 and TS6) is the rate-determining step. So

’-\

175



this step is also chemoselectivity- determining step. Comparison of the lowest activation free energy
of TS2 and TS6 (Figure 1 and Figure 4) indicates that hydrogenation is favored by 2.6kcal.mol™. This
result well corresponds to the observed experimental data in Table 1.

The regioselectivity stems from C=C bond insertion into Rh-H bond step. Shown obviously in
Figure 2, when the axial hydrogen bonds with the unsubstituted carbon, branched transition states are
generated; on the other hand, linear transition states are formed with hydrogen bonding with the
disubstituted carbon. For this step, the most stable is branched TS1¢br which reverse to experimental
facts. However, this step is predicted to be reversible and the regioselectivity is also should be
controlled by the H; oxidative addition step for the same reason as chemoselecitivy. And as shown in
Figure 1, the preferred linear path is favored by 2.6kcalmol™ thus the main hydroformylation product
is linear aldehyde. These conclusions are in line with observed experimental results in the
introduction.

4. Summary

Density functional calculations suggest that the HRh(CO) (PPhs); catalyzed hydroformylation of
4-(1-phenylvinyl)pyridine is exothermic.And the origin of regioselectivity is attributed to the step of
substrate alkyl insertion Rh-H bond, thus the linear aldehyde is preferred over branched aldehyde by
2.6kcalmol™ activation free energies.

Simultaneously, the competitive hydrogenation involves vinyl addition and insertion, H, oxidative
addition which calculated to be rate-determining as well as the irreversible reductive elimination
steps. And the lowest activation free energy of the rate-determining step is 13.9kcalmol™ for
hydrogenation, and 16.5kcalmol™ for hydroformylation. Clearly, the chemoselectivity towards more
hydrogenation products mentioned in introduction is clarified from the computational point.

It is noticeable that CO coordination is found to be an exothermic (AH<O0), while the
corresponding H; process is endothermic(AH>0), H is not competitive with CO from the viewpoint
of thermodynamics. But we also find that CO coordination is generally endergonic (AG>1.2
kcalmol ™) with an exception of 3pnr—>4pnr (AG=-4.6 kcalmol™), so it could be conclude that the
chemoselectivity of 4-(1-phenylvinyl)pyridine hydroformylation is kinetics-controlled.
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