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Origin of ligand effects on reactivities of pincer-Pd
catalyzed hydrocarboxylation of allenes and
alkenes with formate salts: a computational study
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The origin of ligand effects on pincer-Pd catalyzed hydrocarboxylation of allenes and alkenes was investi-
gated using density functional theory (DFT) calculations. The computations reveal that the CO, insertion
into allylpalladium and benzylpalladium intermediates is the rate-determining step for both allene and al-
kene substrates. Distortion/interaction analysis indicates that CO, insertion into the benzylpalladium inter-
mediate via a 3-membered transition state has larger distortion energy than that of CO, reacting with the
allylpalladium intermediate through a 6-membered transition state. The linear relationships between the
distortion energy and the activation energy are applicable for a series of PGeP-pincer ligands with different
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1. Introduction

The use of renewable chemical feedstocks for making value-
added fine chemicals is of great importance in the develop-
ment of green synthesis."™ In this regard, the cheap and abun-
dant formate salt, easily obtained from CO, hydrogenation**°
and biomass transformations,"’™"* has great potential as a re-
newable C1 resource. Instead of only acting as a reductant,'®"®
formate salt is increasingly used as a C1 unit to form carbon-
carbon bonds via transition metal catalysis.'*>® Recently, the
Iwasawa group developed an efficient strategy that utilizes for-
mate salt as a CO, and hydride source to fulfill hydro-
carboxylation of allenes and alkenes based on pincer palladium
catalysts (Scheme 1).”*® In contrast to direct carboxylation
using CO, which often uses stoichiometric amounts of reactive
metallic reagents,>>* this hydrocarboxylation with formate
salt is quite promising due to its metallic reductant-free and
atom-economical process. Furthermore, together with the pro-
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cess of CO, hydrogenation to formate salt or formic acid,**° re-
actions utilizing formate salt provide an alternative protocol for
CO, utilization in organic transformations.

In the reactions shown in Scheme 1, the PGeP-pincer Pd
catalysts catl and cat2 with different P-bound R substituents
were employed and show different reactivities in allene and
alkene hydrocarboxylation reactions. With cat1, allene 1a can
be effectively hydrocarboxylated to form the carboxylic acid
3a. In contrast, catl is ineffective in reactions involving al-
kene 1b. More interestingly, changing catl with Ph substitu-
ents on phosphorus arms to cat2 with Et substituents can
significantly promote the reaction of alkene 1b. Previous
mechanistic studies often focused on the effects of X and the
metal in PXP-pincer metal complexes,*>® and the effect of
P-bound R substituents on reactivity is unexplored with com-
putations in this reaction.

The general mechanism is shown in Scheme 2. The active
catalyst palladium formate (I) is generated via ligand
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Scheme 1 PGeP-pincer Pd catalyzed hydrocarboxylation of allenes
and alkenes with formate salt. See ref. 27 and 28 for detailed
experimental conditions and procedures.
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Scheme 2 Proposed mechanism for PGeP-pincer Pd catalyzed hydrocarboxylation of allenes and alkenes.

exchange of Pd precursors with excess formate salts, which is
followed by a decarboxylation process to give palladium
hydride (1)*° and release CO,. The subsequent hydro-
palladations of allene 1c and styrene 1d furnish
allylpalladium (II) and benzylpalladium (IV) intermediates,
respectively. Based on the previous computational studies of
transition metal-catalyzed CO, functionalizations by our*>*!
and other groups,””™*® it is hypothesized that CO, insertion
into these Pd-C(allyl/benzyl) bonds may control the reactivity.
However, what dominates the reactivity toward different
Pd-C intermediates (allylpalladium vs. benzylpalladium) and
how variations in the substitution patterns on the ligand
framework influence the reactivity (R = Ph vs. R = Et) remain
unclear. Here, we describe the first computational study to
identify the origin of ligand effects on reactivity by way of dis-
tortion/interaction analysis™® in this catalytic system.

2. Computational methods

All calculations were performed with Gaussian 09.”° In geom-
etry optimizations, the B3LYP density functional and a mixed
basis set of LANL2DZ for Pd and 6-31G(d) for other atoms
were used. All minima have zero imaginary frequencies and
all transition states have only one imaginary frequency.
Single-point energies were calculated using the MO6L func-
tional®"*> and a mixed basis set of SDD for Pd and
6-311+G(d,p) for other atoms. Solvation energy corrections
were calculated using the SMD model.>® The computed acti-
vation free energies for key transition states using several
popular functionals show good consistency (see Table S1 in
the ESIT for details). DMF was used as the solvent in the cal-
culations. For the distortion/interaction analysis," fragment
distortion energies were computed at the MO6L/SDD-6-
311+G(d,p) level in the gas phase using the B3LYP/LANL2DZ-
6-31G(d) optimized geometries. The 3D structures of mole-
cules were generated using CYLview.>*

3. Results and discussion

We first studied the energy profile of the hydrocarboxylation
of allene 1c catalyzed by a PGeP-pincer Pd complex with Ph
substituents on the P arms (Fig. 1; to simplify the calcula-
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tions, 3-methyl-1,2-butadiene 1c and styrene 1d were used to
model the substrates in the experiment). Starting from palla-
dium formate 4, a reversible decarboxylation process occurs
with a small barrier (5-TS, AG* = 11.1 kcal mol ™). Due to the
steric effect, in the hydropalladation transition states, the at-
tack of Pd on the unsubstituted terminal carbon atom of
allene 1c (7-TS, AG* = 14.0 kcal mol™ with respect to 6) is
much more favorable than its reaction with the dimethyl-
substituted carbon atom (9-TS, AG* = 21.3 kcal mol * with re-
spect to 6). The formation of the allylpalladium intermediate
8 is highly exothermic by 22.4 kcal mol™. The Pd-allyl
8 adopts an n' conformation because the rigidity of the pin-
cer ligand framework disfavors the n>-allyl complex. The sub-
sequent CO, insertion into the Pd-allyl intermediate requires
a barrier of 21.6 kcal mol™ (11-TS), representing the rate-
determining step in the overall catalytic cycle. 11-TS bears a
pseudo-6-membered ring, which is good for CO, intake with-
out inducing considerable steric clashes. In contrast, the
3-membered transition state of CO, insertion (13-TS, AG* =
35.8 kecal mol™ with respect to 10) is highly disfavored due to
the substantial steric congestion around the crowded Pd
center.

To investigate the origin of the difference in reactivity be-
tween allene and styrene substrates, we then computed the
reaction pathways for styrene hydrocarboxylation with catl.
The overall energy profile is described in Fig. S1.f Likewise,
the CO, insertion into the benzylpalladium intermediate is
the rate-determining step. The transition state 14-TS is shown
in Fig. 2. The computed high barrier of 14-TS (AG* = 34.8 kcal
mol™ with respect to the corresponding benzylpalladium
intermediate) is in line with the experimental observation
that a Pd catalyst ligated by a Ph-substituted PGeP-pincer li-
gand is ineffective for alkene substrates.”® Similar to the
disfavored 13-TS, the 3-membered transition state 14-TS may
also have severe steric repulsions. To further identify the ori-
gin of the difference in activation free energies between 11-
TS for allenes and 14-TS for alkenes, we performed a distor-
tion/interaction analysis.'® The distortion energy refers to the
energy required to deform the reactants into their transition
state geometries. The interaction energy includes both stabi-
lizing interactions (such as electrostatic and orbital interac-
tions) and destabilizing steric repulsion.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Energy profile of PGeP-pincer Pd catalyzed hydrocarboxylation of allene 1c. Energies are calculated with respect to the Pd formate 4.

In Fig. 2, AE4is(Pd) is the energy required to distort the substituted PGeP-pincer ligand into its transition state geom-
Pd-allyl or Pd-benzyl complex supported by the Ph-  etry. AE;(CO,) is the energy used to deform CO, into its
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Fig. 2 Optimized geometries of CO, insertion transition states with allylpalladium and benzylpalladium intermediates and the distortion/
interaction analysis for these transition states (energies are given in kcal mol™).
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transition state geometry. The interaction energy between the
distorted Pd-allyl or Pd-benzyl complex and CO, is denoted
as AEj,.. The activation energy, AE*, is the sum of AE4ie(Pd),
AE4;(CO,) and AEjy.

For 11-TS and 14-TS, the distortion/interaction analysis re-
veals that the 13.2 kcal mol™* difference in AE* can be attrib-
uted to the difference in the total distortion energies
(AEqise(Pd) + AE4is(CO,)). The interaction energy (AE;,;) shows
negative contribution to the difference in activation energy
(see details in Fig. S2t). Both benzylpalladium and CO, in 14-
TS are more distorted than those in 11-TS (11.2 kcal mol™
difference in AEgi(Pd) and 4.6 kcal mol™ difference in
AEg4;(CO,)). This is mostly caused by the difference in the
transition state geometries, the 3-membered transition state
of 14-TS leading to more repulsive proximal contacts between
CO, and benzylpalladium than those between CO, and allyl-
palladium in the 6-membered transition state of 11-TS. This
is clearly evidenced by the relatively shorter O---H distances
(2.07 and 2.10 A) in 14-TS compared to those (2.19 and
2.39 A) in 11-TS.*

We further studied whether the replacement of Ph substit-
uents with Et substituents on the PGeP-pincer ligand could
promote the reaction with styrene. 15-TS shown in Fig. 2 is
the transition state of CO, insertion into benzylpalladium li-
gated by the Et-substituted PGeP-pincer ligand (cat2 in
Scheme 1). The computed activation free energy of 15-TS is
28.4 kecal mol ™, which is 6.4 kcal mol™ lower than that of 14-
TS. This is consistent with the experimentally observed effi-
ciency of cat2.>® The distortion/interaction analysis indicates
that the total distortion energy in 15-TS (42.5 kcal mol™) is
indeed smaller than that in 14-TS (52.8 kcal mol '), which is
also supported by the longer O---H distances (2.32 A and 2.53
A) in 15-TS compared to those in 14-TS (Fig. 2). Although the
PGeP-pincer ligands possess different substituents, the distor-
tion energies of benzylpalladium (AEg;s(Pd)) in 14-TS and 15-
TS are almost identical. In contrast, the energy expenditures
required to bend CO, in these two transition states are signif-
icantly different, as evidenced by the different angles of
£0CO (149° in 15-TS vs. 142° in 14-TS). This makes the ma-
jor contribution for the difference in activation energies be-
tween 14-TS and 15-TS.”°

Taken together, the critical effect of the P-bound R substit-
uents of pincer ligands on reactivity is mostly ascribed to the
steric repulsion between CO, and the ligands, which leads to
considerable distortions of these fragments, thus affecting
the CO, insertion reactivity.

To investigate whether the effect of distortion on reactivity
is a general trend with a broader range of pincer ligands, we
employed the distortion/interaction analysis to study the rela-
tionship between AEg4;s and AE* in CO, insertions with Pd-
C(allyl/benzyl) intermediates ligated by PGeP-pincer ligands
with different P-bound R substituents (R = Ph, Me, Et, 'Pr,
Cy, ‘Bu, Fig. 3). Excellent linear correlations were observed
for these ligands.”® This indicates that the reactivity of CO,
insertion is controlled by the total distortion energy of CO,
and Pd-allyl/Pd-benzyl complexes.>’
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reaction of CO, with allylpalladium intermediates; b) the reaction of
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As can be seen from Fig. 3, the energy variations in the total
distortion energy (AEgs) are quite different for the allyl-
palladium intermediate (ca. 3 kcal mol™") and the
benzylpalladium intermediate (ca. 13 keal mol ™). This suggests
the P-bound R substituents have different influences on the

This journal is © The Royal Society of Chemistry 2018
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reactivity of CO, insertion with Pd-allyl and Pd-benzyl species.
This difference can be rationalized in terms of different transi-
tion state geometries. Compared to the 6-membered transition
state TSa, the 3-membered transition state TSb forces CO,
closer to the Pd center. Therefore, the R substituents on the P
arms of pincer ligands can have a more significant influence
on the distortion energy and activation energy in reactions of
CO,, with benzylpalladium intermediates.

4. Conclusions

In summary, we performed DFT calculations to investigate
the origin of the effects of substituents in PGeP-pincer ligands
on Pd-catalyzed hydrocarboxylation of allenes and alkenes
with formate salts. The computed mechanism indicates that
the CO, insertion is the rate-determining step for both allene
and styrene substrates. Distortion/interaction analysis sug-
gests that the distortion of CO, and Pd-C(allyl/benzyl) inter-
mediates is the key factor that affects the reactivity of CO, in-
sertion. The P-bound R substituents in pincer ligands can
introduce significant steric repulsion in CO, insertion transi-
tion states, affecting the total distortion energy and thus
changing the reactivity. These computational insights into li-
gand effects may be useful for designing efficient transition
metal catalysts for formate salt and CO, utilization.
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