¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online
View Journal | View Issue

PERSPECTIVE

Computational modelling of Pd-catalysed

’ '.) Check for updates ‘
alkoxycarbonylation of alkenes and alkynesfi

Cite this: Phys. Chem. Chem. Phys.,

2021, 23, 15869 Shahbaz Ahmad and Michael Buhl (2 *

This perspective highlights the computational modelling of alkene and alkyne alkoxycarbonylation at
palladium catalysts. We cover studies on Pd-catalysed alkoxycarbonylation of alkenes with bidentate
diphosphine ligands, which reveal a hydride pathway is operating with an intermolecular alcoholysis
step, where explicit solvation is mandatory to estimate the overall barriers correctly and model
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Introduction

The design of economic catalysts for the regioselective direct
synthesis of fine chemicals from abundant resources is a critical
industrial challenge. Homogeneous catalysis at transition metal
centres is an important tool toward this goal, because electronic
and steric tuning of ligands at the metal centre may control
chemo- and regioselectivities and catalytic activities. However,
isolation procedures, adequate reaction times and conditions,
high atom economy, and broad substrate scope are further
challenges. Homogeneous palladium catalysts with suitable
ligands play a key role in fundamental transformations of
synthetic chemistry (e.g:, carbon-carbon bond formation, migratory
insertion, oxidative addition, reductive elimination, and B-hydride
elimination)."” When equipped with phosphine-based ligands, Pd(0)
and Pd(u) complexes can facilitate carbonylation reactions, which are
essential industrial processes to expand carbon chains with high
selectivities.> ™ The substituents around the phosphorus donor
atom can modify its electron-donating ability and steric profiles
to finetune the reactivity of the metal and its surrounding
environment.

Direct synthesis of acrylate esters is achievable by
palladium-catalysed alkoxycarbonylation of widely available
unsaturated hydrocarbons with 100% atom economy.'*™>”
Carbonylations are C-C bond forming reactions using CO as
feedstock; alkoxycarbonylations are variants producing esters
from CO and alcohols (see Scheme 1(i)). An example is methyl
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new catalyst tolerant towards allene poisoning.

propionate (MePro)—a small feedstock obtained by methoxy-
carbonylation of ethene and a precursor for methyl methacrylate
(MMA).**? Poly(methyl methacrylate), also known as Perspex
(trade name), which is a polymer of MMA, has a high demand
because of its use in liquid crystal display (LCD) screens,***
and, more recently, in face shields.***”

At the industrial scale, production of MMA is a two-step
process: (i) alkoxycarbonylation of ethene at a homogeneous Pd
with 1,2-bis(di-tert-butylphosphinomethyl)benzene (DTBPX), a
catalyst that yields methyl propionate (Scheme 1); and (ii)
followed by a heterogeneous conversion to MMA,>831:34:3%:38,39
In contrast, under the same reaction conditions, the use of
bidentate tertiary phosphines (Ph,P(CH,),~PPh,) with Pd
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Scheme 1 (i) Methoxycarbonylation of ethene with the Pd-DTBPX
catalyst system; (i) methyl propionate to methyl methacrylate over a
heterogeneous catalyst.
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triggers copolymerisation to produce oligo-/polyketones.*’
Reaction rates depend on the backbone spacer’s length
between the phosphorus atoms (maximum rate and highest
molecular weight of the polyketones with 100% selectivity when
n = 3, no reaction when n = 1). However, the catalysts’ turnover
rate with DTBPX for MePro production is ten times higher than
the most efficient oligo/polymer-producing catalyst.”®

Widely variable coordination modes of hemilabile Pd(P,N)-
type ligands make them very interesting for homogeneous
catalysis. Methoxycarbonylation of propyne using a homogeneous
hemilabile Pd(P,N) catalyst is another attractive MMA production
route.'®"7?%**! The reaction produces the branched product
(MMA) with high selectivity with only traces of the linear product
(methyl coronate). Increasing bulk at the pyridyl moiety further
increases the branched selectivity. This homogenously catalysed
single-step MMA synthesis with 100% atom economy seems to be
very attractive. However, propadiene, an impurity in propyne
from industrial waste, instantly poisons the catalyst.'®'"?!
Consequently, propyne would need to be purified before its
methoxycarbonylation, making this route uncompetitive on an
industrial scale with the current two-step process.

The alkoxycarbonylation of terminal alkenes or alkynes
either leads to the branched or the linear product. The selectivity
towards branched or linear products depends on the catalytic
system or the substrate. Many studies support a hydride cycle,
and the hydride transfer to produce alkyl or alkenyl palladium
intermediate is considered as the selectivity determining step.
Scheme 2 shows catalytic cycles for the alkoxycarbonylation of
terminal alkenes and alkynes, leading to branched and linear
products.

Due to the high demand for acrylate esters, the methodologies
for their production will always have room for improvement.
Mechanistic insights into a catalytic cycle help improve the
current catalytic system by designing new catalysts. In a catalytic
reaction, there might be more than one pathway. It is rarely
possible to strictly prove a particular reaction mechanism with
experimental studies; however, computational studies can
disprove mechanistic proposals when the calculated barriers are

R R'O R

R'Oﬁ\g: OH
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Scheme 2 Catalytic cycles for alkoxycarbonylation of alkynes (left) and
alkenes (right) emerging from a [Pd]-H complex, showing the formation of
branched (outer cycle) and linear products (inner cycle).
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too high to be overcome. By comparing the overall barriers
computed for competing pathways, modelling studies can identify
plausible pathways with the lowest overall barriers for further
rational design. This perspective highlights the computational
modelling of alkoxycarbonylation of alkenes and alkynes at
homogenous Pd catalysts with phosphine-based ligands to study
reaction pathways based on the free energy barriers.

Computational methodology

In this perspective, we are primarily interested in the overall
reaction energy barriers related to a change in Gibbs free energy
of the system, denoted as AG. AG is estimated from quantum
chemical simulations based on density functional theory (DFT).
Here we have presented several studies that use different
DFT levels to explore the mechanisms for palladium-catalysed
alkoxycarbonylation of alkenes, alkynes, and allenes based on
free energy barriers. For example, studies by Zuidema et al
presented in this perspective use the local density approximation
(LDA, in form of the VWN functional)*” to describe the
importance of destabilising the most abundant reaction inter-
mediate (MARI) and stabilising the highest energy transition
state (HEST) based on their bite angles (for studies related to
alkoxycarbonylation of alkenes at Pd catalyst with bidentate
diphosphine ligands).****> While LDA can provide reasonable
molecular structures, it suffers from sever overbinding,
rendering energetics less reliable.

Some studies in this perspective use functionals based on
the generalised gradient approximation (GGA), which is an
improvement over LDA.**™* In this perspective, we have
included one study, which uses BP86 functional (exchange
and correlation GGA functional).*®*° and one using M06-L
(of the Minnesota family),”® an example of a meta-GGA functional.

Most of the studies covered within this perspective use
hybrid-GGA functionals, of which B3PW91°'>* has been fre-
quently used. B3PW91 coupled with Grimme’s DFT-D3%°%*
dispersion correction benchmarks well against a highly
accurate ab initio correlated CCSD(T)*® ref. 66. A few studies
also use B3LYP.’"*"* One study uses the PBEO functional,*®
which is the hybrid version of the popular GGA functional PBE.

To describe the heavy metal, relativistically adjusted effective
core potentials (ECPs)’®”® are usually used on the palladium
atom, either the small-core SDD”* or LANL2DZ’> ECPs along with
their valence double- or triple-{ basis sets. During optimisations,
non-metal atoms are treated with polarised split-valence double-{
basis sets”®® such as 6-31G* or 6-31G** from the Pople family.
Some studies use the energies obtained from the split-valence
double-{ basis set. In contrast, many refine the energies using a
split-valence triple-{, 6-311+G***"% basis set, which adds s-type
and p-type diffuse functions to the heavy atoms. Some studies also
use TZVP®*® (triple-; for valence electrons, with one polarization
function) and def2-TZVP®**® (the newer redefinition of TZVP)
basis sets.

All studies covered in this perspective have used analytical
harmonic frequency calculations to verify the nature of all
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possible minima and transition states. Most of these studies
evaluate the enthalpic and entropic corrections at the standard
conditions (298.15 K, 1 bar), whereas some use the Martin-
Hay-Pratt entropic correction (MHP) scheme.?” This scheme
uses an elevated pressure to mimic translational entropies in
condensed phases, which can become important for associative
or dissociative elementary steps.

A catalytical cycle obtained from DFT generates energies of
the intermediates and transition states, which can be related to
the rate constant, k via transition state theory (TST).*® While
absolute rate constants (related to turnover frequencies) are
very difficult to compute quantitatively, relative changes
between rate constants (e.g. between alternative catalytic cycles
or upon branching leading to different products) tend to be
more reliable. Most of the work presented in this perspective
deals with the reaction rates based on the energy difference
between the highest energy transition state (HETS) and the
most abundant reaction intermediate (MARI) on the reaction
profile, in the spirit of Kozuch and Shaik’s energetic span
model.*>°° This model attempts to estimate the turnover
frequency of a closed catalytic cycle from the (free) energy
difference between these key stationary points.

Most studies covered in this perspective use implicit
solvation at the single point level to account for the presence
of a solvent, typically methanol. Some studies use the
conductor-like screening model, COSMO.”* Many use the
polarizable continuum model, PCM,’>** and one study uses
the solvent model based on density, SMD.”® Such continuum
models can be efficient means to capture bulk solvation effects,
but usually fail to capture specific solute-solvent interactions
(e.g. H-bonds). Therefore, in some cases a number of solvent
molecules have been added explicitly to form microsolvated
clusters. In general, free activation barriers are evaluated using
methodologies mimicking the actual experimental conditions
(temperature, solvent).

Computational mechanistic studies

Pd-catalysed alkoxycarbonylation of alkenes with bidentate
diphosphine ligands

Because of their improved performance over monodentate
phosphines, this chapter will concentrate on studies of
bidentate diphosphines. For a few examples of modelling studies
involving monophosphines, see ref. 96 (alkoxycarbonylation of
o,B-unsaturated amides with PPh;)°® and ref. 97 (alkoxycarbonyla-
tion of alkenes with PPh; and 1-(2-methoxyphenyl)-1H-pyrrolyl
diphenylphosphine).””

The alkoxycarbonylation of alkenes may proceed either via
an alkoxy or a hydride mechanism. Here we have added an
example of the possible mechanistic pathways from our recent
work on methoxycarbonylation of ethene.’® The alkoxy cycle
begins with the migratory insertion of CO to the Pd-OMe bond
followed by insertion of alkene into the ester functionality with
alcoholysis as the final step (Scheme 3A). The hydride cycle
operates via a Pd-H complex, which begins with an o, alkene
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Scheme 3 Mechanistic possibilities explored by Ahmad et al°® (A)
carbomethoxy pathway, (B) ketene pathway, (C) hydride—hydroxyalkylpal-
ladium pathway. Reprinted from ref. 98 (Copyright 2020 Royal Society of
Chemistry).

insertion, followed by an o,a insertion of the alkyl group into
coordinated CO closing at the alcoholysis step (Scheme 3B).
On the hydride cycle, there is also the possibility of alkene
insertion to the Pd-acyl complex leading to copolymerisation,
but this depends on the nature of the ligand.*® There is also a
possibility of the formation of an alkyl ketene at the hydride
cycle. The highly reactive alkyl ketene dissociates from the
metal to reproduce Pd-H complex and reacts with the solvent
to produce the desired product (Scheme 3C).

Spectroscopic studies for methoxycarbonylation of ethene
suggest a hydride cycle rather than a methoxy cycle, which fits
well with the requirement of highly acidic conditions involving
p-toluenesulfonic acid.>*** No information detailing the
cleaving methanolysis step could be furnished due to an
incredibly facile reaction (on the order of minutes) of the
Pd-acyl complex. Clegg et al. characterised a square planar
geometry of 1,2-bis(di-tert-butylphosphinomethyl)benzene
palladium(u)propanoyl chloride with the diphosphine
coordinating in a cis fashion.?® Based on this geometry, they
suggested that methanolysis occurs from a cis-coordinated acyl
group and methanol. Supporting Clegg and co-workers’
conclusion, van Leeuwen et al. proposed an intramolecular
methanolysis step rather than an intermolecular step.*”

Macgregor and co-workers showed that less geometric
congestion at the transition state relative to its reactant lowers
the barrier.”® At the VWN/TZP level of theory, Zuidema et al.
correlated the bite angles in Pd-diphosphine complexes with
the reaction rates by stabilising the transition state and
destabilising the reactant.** They also used QM/MM methods
to elucidate the substituents’ steric and electronic effects on the
diphosphine ligands. They concluded that the rate enhancement
is electronic rather than steric in origin; however, such a QM/
MM model with substituents on the diphosphine just included
in the MM part may account only partially for electronic
properties of ligands and their derivatives. By implications of
steric or electronic effects, if one could stabilise the highest
energy transition state (HETS) and destabilise the most
abundant reaction intermediate (MARI), the overall barrier can
be moderately reduced, accelerating the reaction rate. In follow-up
studies, Zuidema et al., using the VWN/TZP/COSMO//VWN/TZP
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level of theory, studied ester versus polyketone formation at a
Pd catalyst with the bis(dimethylphosphino)ethane ligand.
As expected, they computed a lower barrier for ethene insertion
into the Pd-acyl bond. However, the intramolecular methanolysis
barriers were higher, even when increased the phosphine bulk in
contradiction to the experimental observations.”

Donald et al. studied Pd-acyl methanolysis at the BP86/
6-31G**/SDD level using 1,3-diphosphinopropane as the model
system.'° The hemilabile dissociation of one of the phosphine
moieties makes the system responsive to intra- and inter-
molecular methanolysis by increasing the acyl carbon’s
electrophilicity; however, the calculated barriers showed the pos-
sibility of inter- rather than intramolecular methanolysis. These are
promising modelling studies for Pd-catalysed alcoholysis but do
not cover the nature of alkoxycarbonylation versus copolymerisation
and the steric effects of phosphine bulk.

Walther et al. studied Pd-catalysed methoxycarbonylation of
cis-3-hexene using the B3LYP/TZVP/LANL2DZ//B3LYP/6-31G*/
LANL2DZ level of theory with the 1,2-bis((dimethylphosphaneyl)
methyl)benzene (DMBPX) ligand.'®* They did not include
dispersion or solvation corrections, although these may not be
so critical in this case; however, they took the overall barrier,
reported as 15.5 kcal mol ', relative to the reactant complex,
which is not appropriate for the whole reaction under turnover.
Using Kozuch and Shaik’s model,*>° the Pd-acyl intermediate
on their profile can be identified as the MARI and the transition
state associated with the intramolecular methanolysis step as
the HETS, taking the overall barrier to ~37.5 kcal mol ™" (see
Scheme S1 in the ESI for more details). Such a high (essentially
unsurmountable) barrier would indicate this is not the actual
pathway followed experimentally.

Roesle et al. reported a Pd-catalysed mechanism for methoxy-
carbonylation of methyl 4-heptenoate with DTBPX and DMBPX
ligands."®* All the energy profiles were calculated at the B3LYP/
6-31G*/LANL2DZ level of theory. Although they refined the
energies of selected species through single-point calculations
with the TZVP basis set, they did not incorporate solvation
effects or dispersion corrections, which are potentially important
for the bulky ligand. While the relative activities of both ligands
were assessed, no comparison between the methanolysis and
competitive alkene insertion was made. Furthermore, the overall
barrier of 29.1 kcal mol™" for the intramolecular methanolysis
step with the Pd-DTBPX catalyst does not match this system’s
high reactivity at low temperatures.

Beller et al. also suggested a mechanism for the Pd-catalysed
methoxycarbonylation of ethene with DTBPX at the B3PW91-
D3/TZVP/LANL2DZ/SMD level of theory.'®® The key steps are
the formation of an acyl complex followed by methanolysis.
The overall barrier of ~42.4 kecal mol " associated with the
methanolysis step is insurmountable and contradictory with
the experimental conditions.'®® They also did not consider the
copolymerisation leading to oligo-/polymers. The same study
showed a notably lower methanolysis barrier (~30.2 kcal mol )
at Pd with 1,1'-bis(tert-butyl(pyridin-2-yl)phosphanyl)ferrocene
ligand,' which arises from hemilabile coordination of nitrogen
to the Pd centre acting as a proton relay.
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At the PBE0-D3/def2-TZVP/COSMO level of theory, Jameel
et al. suggested a higher linear selectivity for Pd-catalysed
methoxycarbonylation of methyl 10-undecenoate with the
DTBPX ligand system.'® Again the authors report an
overall barrier relative to the reactant complex (affording
~18.9 kecal mol ™). However, when applying the energy span
model,®®° it turns out that the Pd-acyl complex should
be taken as the MARI; increasing the overall barrier to
~40.0 keal mol " (see Scheme S2 in the ESI} for more details).
The authors showed the effects of explicit solvation on the activa-
tion barriers for the methanolysis step in the gas phase, lowering
the overall barrier from ~ 34.7 kcal mol * to ~29.9 keal mol ?, still
too high to be overcome under the reaction conditions.

Gallarati et al performed mechanistic studies of Pd-
catalysed methoxycarbonylation of styrene with chiral
Phanephos diphosphines.'®® They demonstrated the effect of
explicit solvation on the methanolysis barrier at the B3PW91-
D3/6-311+G**/SDD/PCM level of theory. Their methanolysis
barriers with similar schemes turned to be much lower than
those we recently published for a different system.’® These low
barriers come from further destabilisation of the Pd-acyl
complex due to greater steric bulk on the phosphines; however,
off-cycle intermediates appeared to be the MARIs. In this study
the MHP scheme®” was found to be crucial to account for the
extent of reversibility of individual reaction steps, in order to
account for the observations from deuterium labelling studies.
While regio- and stereoselectivities for two ligands with
different electronic properties were broadly compatible with
experiment, the overall barriers were on the high side, in the
range of 28-35 kcal mol .

Analysis of the regioselectivities turned out to be complicated
by the fact that after olefin insertion the resulting linear and
branched Pd-alkyl species (labelled as 3-L and 3-(R)/(S) in the
original publication) can interconvert via -hydride elimination
at the Pd/(S)-Xylyl-Phanephos catalyst. Such interconversion is
possible via a common intermediate 4-I, (Scheme 4).'% The
isomerisation barrier of 17.9 kcal mol™' at the Pd/(S)Xylyl-
Phanephos catalyst is lower than the isomerisation barrier of
21.0 keal mol * at the Pd/(S)-F24-Phanephos catalyst, making the
latter more selective than the former.

We recently studied Pd-catalysed methoxycarbonylation of
ethene with bidentate diphosphine ligands at the B3PW91-D3/
SDD/6-311+G**/PCM//B3PW91/SDD/6-31G** level of theory
using methanol as the model solvent.”® We use the same
methodology in all work from us presented in this perspective.
We explored three pathways, (i) carbomethoxy pathway, (ii)
ketene pathway, and (ii) hydride-hydroxyalkylpalladium
pathway. The names of these pathways come from the key
intermediates appearing on the reaction profiles (see Scheme 3).
By comparing the overall barriers of the three pathways, we
suggest the hydroxyalkylpalladium cycle to be the one most likely
to operate.

The hydroxyalkylpalladium cycle (C) starts with a Pd-H
complex with two explicit solvent molecules coordinated to
the Pd atom. Ethene uptake results in an ethylpalladium
intermediate, which gives a Pd-propionyl intermediate after

This journal is © the Owner Societies 2021
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Scheme 4 Isomerisation mechanism using Pd/(S)-Xylyl-Phanephos
catalyst at the B3PW91-D3/6-311+G**/SDD/PCM level of theory. Labels
R/S and L denote branched and linear products, respectively Energies
are relative to intermediate 1 (not shown here). Adapted from ref. 105,
reprinted with permission (Copyright 2020 American Chemical Society).

CO uptake and migratory insertion into the Pd-ethyl bond.
Consistent with suggestions from the previous studies dis-
cussed above that intramolecular methanolysis is energetically
challenging, we find an overall barrier of 38.2 kcal mol™*
for this process. It turned out that a route following an inter-
molecular methanolysis process via a hydroxyalkylpalladium

5 7 TS
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intermediate (14-pmeon in Scheme 5) is much more favourable,
with an overall barrier of 23.0 kcal mol .

We also studied the competing co-polymerisation side
reaction. Experimentally it is known that bulky ligands are
required to suppress this. Adding three explicit solvent molecules
not only brings the overall barrier for MePro formation down to
17.8 keal mol ™', but also improves the selectivity of MePro to
99.9% compared to copolymerization (Scheme 6). We further
compared the steric bulk in DTBPX and DMBPX ligands. Less
steric bulk at the phosphines of DMBPX stabilises the MARI,
which increases the overall barrier, whereas enhanced steric clash
in DTBPX destabilises the MARI, thus reducing the overall barrier
(Fig. 1). These results are fully consistent with the experimental
observations as increasing the bulk at the phosphines increases
the selectivity towards esterification and the reaction rates.

Palladium-catalysed alkoxycarbonylation of alkynes with
chelating phosphine ligands

The modelling studies discussed so far cover alkoxycarbonylation
of alkenes with bidentate diphosphine ligands, where bulk and
backbone spacer’s nature and length play an important role in
selectivity towards esterification or copolymerisation. We now
turn to alkoxycarbonylation of alkynes.

General mechanism. Suleiman et al. performed DFT studies
on Pd-diphosphine catalysed methoxycarbonylation of propyne
at the B3LYP/6-31G*/LANL2DZ level of theory.’®® They discuss
the branched to linear selectivity with 1,4-bis(phosphaneyl)
butane ligand; however, the results appear rather inconclusive.
For instance, the free energy profile shows the CO insertion as
the highest overall barrier rather than the intramolecular
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Scheme 5 Hydride—hydroxyalkylpalladium pathway (pathway C in the original paper): free energy profile using methanol as the model solvent at the
B3PW91-D3/6-311G**/SDD/PCM level. Energies are in kcal mol™ relative to 7-ameoH. Explicit solvent molecules are shown in light grey colour. The
ligand DTBPX, is shown in Scheme 1(i). Reprinted from ref. 98 (Copyright 2020 Royal Society of Chemistry).
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shown in Scheme 1(i). Reprinted from ref. 98 (Copyright 2020 Royal Society of Chemistry).
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Fig. 1 Intermediates 11’ using DTBPX (left) and DMBPX (right) ligands.
The enhanced steric clash in DTBPX ligand system is circled. Reprinted
from ref. 98 (Copyright 2020 Royal Society of Chemistry).

methanolysis step, which contradicts all the computational
studies discussed previously and subsequently.

Liu et al. designed a novel class of diphosphine ligands with
pyridine substituents.'®” Using 1,3-bis(di-tert-butylphosphino)
propane ligand they obtained 1,4-dicarboxylic acid diester, with
ayield and selectivity of 88%, whereas 1,5-bis(tert-butyl(pyridin-
2-yl)phosphanyl)pentane gave a branched acrylate. Zhu et al
have performed mechanistic studies on the methoxycarbonyla-
tion of phenylacetylene using the two ligands at the M06-L/
6-311+G**/SDD level of theory.'*® Their pathways are comparable
to those calculated by Ahmad et al, where hemilabile pyridyl
rings facilitate the alkyne protonation and the methanolysis

15874 | Phys. Chem. Chem. Phys., 2021, 23, 15869-15880

steps.’® ' They also identified a ketene intermediate on
their path with 1,5-bis(tert-butyl(pyridin-2-yl)phosphanyl)pentane
ligand, leading to the branched product previously suggested by
uS‘111,112

In the early 1990s, Drent and co-workers reported that under
mild conditions, Pd-catalysed propyne methoxycarbonylation
with 2-pyridyldiphenylphosphine (2-PyPPh,) ligands attains a
turnover of 40000 mol (mol Pd) h™" and selectivity of ~99%
towards MMA.>**" These were encouraging results, promising
a one-step rather than the present two-step synthesis of this
product. Drent et al. initially proposed a carbomethoxy
mechanism involving two 2-PyPPh, ligands (Scheme 7 - right);
however, Scrivanti et al. proposed a completely different mechanism
as a result of isotope labelling studies.”” They suggested a proton
transfer initiating the catalytic cycle of alkoxycarbonylation of
alkynes from a protonated 2-PyPPh, ligand onto the coordinated
alkyne. This proton transfer results in formation of a Pd-vinyl
species, which gives an alkyl Pd-acryloyl intermediate after the
CO uptake and its migratory insertion into the Pd-vinyl bond.
Finally, alcoholysis results in the product formation and regenera-
tion of the catalyst (Scheme 7 - left).

Crawford et al. studied the mechanistic details of homo-
geneously catalysed methoxycarbonylation of propyne at
the B3PW91-D3/6-311+G**/SDD/PCM level of theory.'*®''°
The proposed mechanism involving proton shuffling, with the
hemilabile pyridyl groups, acting as in situ base''® in the
initiation and termination steps (mechanism D, Scheme 8),
appeared to be consistent with observed activities and
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selectivities instead of the initially suggested carbomethoxy
mechanism. Mechanism D has three crucial stages, (i) the
protonation of coordinated propyne, followed by (ii) thermo-
dynamically favoured CO insertion, and (iii) terminating
methanolysis. At the protonation step, the steric interaction
between the aromatic ring of the ligand and the propyne’s
methyl group should govern the regioselectivity (pathway D).
Based on mechanism D, 2-(4-NMe,)-PyPPh, ligand was
predicted to increase the catalyst activity, but when it was
synthesised and tested experimentally, it failed to produce the
expected rate enhancement.''’ Revisiting and revising the
mechanism D at the same DFT level, ee identified new highly
reactive acryloyl and ketene-type intermediates (affording new
pathway E, Scheme 8). The presence of such intermediates on
the reaction profile gave very low alcoholysis and low overall
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Scheme 8 Comparison of the two pathways, pathway D*°°0 and path-

way EM! including the computed driving forces for elementary steps
(AG*°®¥ in kcal mol™). Reprinted from ref. 111 (Copyright 2019 Royal
Society of Chemistry).
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kinetic barriers (AG* = 16.8 kcal mol™, overall barrier).'**

Furthermore, this revised mechanism is now able to account
for the reduced, rather than enhanced activity of the 2-(4-
NMe,)-PyPPh, ligand, because the proton-shuffling step
that would have benefitted from a stronger in situ base is not
rate-limiting.

We identified the protonation of coordinated propyne as the
linear/branched selectivity determining step (see Scheme 9),
similar to that proposed by Crawford et al.'°®''® There are some
minor changes in the conformational preferences. Still, these
changes have no overall effect on the selectivity determining
step. We found a AAG* of 3.7 kcal mol™" between the two
kinetic barriers leading to the isomeric products. Since the
reaction conditions are highly acidic, it is possible that a
significant fraction of the catalyst has both the ligands proto-
nated, rather than just one (as implicated in Schemes 7 and 8). We
also considered such a dicationic pathway, where the calculated
selectivity was slightly reduced, i.e., AAG* = 2.9 kcal mol~*.***

In pathway E, we find the barriers controlling branched/
linear selectivity comparable to pathway D (Scheme 9). On
changing ligand from 2-PyPPh, to 2-(6-Me)-PyPPh, and 2-(6-
Cl)-PyPPh,, the barrier for proton transfer to the central carbon
of propyne increases which enhances the selectivity towards the
branched product, i.e., MMA. On the other hand, theoretically,
the 2-(6-Cl)-PyPPh, ligand system decreases the overall barrier
from 16.8 kcal mol " to 15.9 kcal mol™!, consistent with the
experimental observations.'"*

Diene poisoning. Homogenously catalysed single-step MMA
synthesis with 100% atom-economy seems to be very attractive.
However, propadiene, which is an impurity in propyne from
industrial waste, instantly poisons the catalyst. Propyne would
need to be purified before its methoxycarbonylation, making
this route not competitive with the current two-step process on
an industrial scale. We have been exploring the possibility that
by tuning the stereo-electronic properties of the ligand and the
metal, we can make methoxycarbonylation of technical propyne
a viable industrial process. We also uncovered a potential
reason for catalyst poisoning by propadiene. The same proto-
nation steps govern the branched/linear selectivity during
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alkoxycarbonylation of both propyne and propadiene. The
branched propadiene product affords the desired MMA, but the
linear product should yield a w-allyl palladium complex, a deep
thermodynamic sink on the reaction profile. Product formation
from this intermediate requires a barrier of 25.8 kecal mol " to be
overcome via methanolysis, which is unsurmountable under the
mild reaction conditions.’* The reaction would be expected to
get stalled at this point, consistent with the observed catalyst
poisoning (Scheme 10). Using the same Pd catalyst with the
PyPPh, ligand system, Beller and coworkers achieved butoxy-
carbonylation of phenylallene. For their system, we calculated a
AAG* of 1.2 keal mol™, which corresponds to the selectivity of
11% towards the linear product, ie., the formation of m-allyl
palladium complex. We calculated an overall barrier of
27.8 keal mol ™~ for the formation of the linear product, i.e., butyl
cinnamyl ether, which is achievable under the more drastic
reaction conditions used by Beller.

In line with these findings, the design of new, improved
ligands should aim at maximising the branched: linear
selectivity in the reaction with propadiene because it should only
be the pathway leading to the linear product (which is the
undesired one anyway) that is responsible for catalyst deactivation.
Based on the (Py)PPh, scaffold, we have explored a number of
possible ligand variations, placing Cl, Me, Me,N, and NO,
substituents at various positions of the Py moiety (see ESI¥).
Unfortunately, none of the derivatives considered so far is
predicted to surpass the (6-Cl-3-Me-Py)PPh, ligand in its
branched: linear selectivity in the reaction with propadiene
(see Table S1 in the ESI}). However, the search for different
ligand motifs could be rewarding. The (6-Cl-3-Me-Py)PPh,
ligand increases the difference of energies between the selec-
tivity determining transition states (AAG®) from 1.3 kcal mol "
(see AAG* values in Table S1 in the ESI%) to 4.0 kcal mol™.
It also decreases the overall barrier from 16.8 kcal mol " to

15876 | Phys. Chem. Chem. Phys., 2021, 23, 15869-15880

K l/- [cat] wka
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Scheme 10 The proposed basis for ligand design: tolerance of the
catalyst toward propadiene is expected if entry into the pathway
leading to the formation of m-allyl palladium complex is blocked, ie., if
the ratio of ky,'/kyn' is maximised.*? Copyright Wiley-VCH, from Buhl et al.
202012

9.1 keal mol'. Accordant with these results, the (6-Cl-3-Me-
Py)PPh, ligand system is predicted to be more tolerant to
propadiene and extremely efficient for alkoxycarbonylation of
alkynes and allenes (Fig. 2). These findings are consistent with
reports in the context of a patent.''* It appears, however, that
even better selectivities will be required to produce catalysts
with lifetimes long enough (ie., turnover numbers high
enough) to make them economically viable.
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Current challenges and outlook

In this perspective, we have discussed several DFT models used to
study Pd-catalysed alkoxycarbonylation of alkenes and alkynes,
where hybrid functionals, particularly B3LYP and B3PW91, tend
to perform better than other, non-hybrid functionals. The results
obtained including treatment of dispersion for bulky systems and
continuum solvation models as well as inclusion explicit solvent
molecules, are more realistic, ie., close to the experiment.

The modelling studies compare the overall barriers of the
computed catalytic cycles to identify plausible pathways.
This perspective includes a range of studies using different
substrates and catalysts. The overall barriers from these studies
support a hydride pathway for alkoxycarbonylation of alkenes
with bidentate diphosphine ligands. There was a challenge to
identify viable pathways for the final alcoholysis step (i.e., with
barriers that would not be prohibitively high). The overall
barrier associated with intramolecular alcoholysis is always
unsurmountable at the turnover conditions. Pioneered by
Macgregor and studies employed
intermolecular alcoholysis to achieve lower overall barriers
than intramolecular alcoholysis.

Computed regio and chemo-selectivities are essential
indicators to gauge the credibility of a computed pathway.
Because slight energy differences are wusually involved,
computation and eventual prediction of such selectivities remain
a challenge. It is usually compounded by the conformational
flexibility of realistic catalyst models. Intermolecular alcoholysis
helps to lower the overall barrier; explicit inclusion of additional
solvent molecules is usually required to explain regio and chemo-
selectivities when modelling alkoxycarbonylation of alkenes with
bidentate diphosphine ligands.

Studies on Pd-catalysed alkoxycarbonylation of alkynes with
2-PyPPh, ligands still do not support a carbomethoxy mecha-
nism. However, instead of a hydride pathway, in situ base
mechanism is shown to be operating. In this mechanism, one
or two Py moieties are protonated rather than the involvement
of a Pd-H complex. Also, the latter complex is less stable than
the former. Using the energy difference between the two
transition states leading to branched and linear products, we
designed new catalysts."' Out of these, some catalysts have
been tested experimentally, confirming the precision of our
predictions."™ In this perspective, we further incorporated our
study on the poisoning of Pd-catalyst with 2-PyPPh, ligand

co-workers,”®  several
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system with allene. This study predicted the Pd-catalyst with
(6-Cl1-3-Me-Py)PPh, ligand system as a highly active catalyst and
tolerant towards allene poisoning. This work still has the scope
to model several new catalysts, which could be further tolerant
towards allene poisoning.

As the ligands get larger and more flexible, sampling the
conformational phase space can become an issue. In principle,
extensive conformational analysis should be carried out at
each step of the reaction profile. or at least for the crucial steps,
i.e., steps determining the overall barriers and selectivities.
Attempts to automate such conformational searches are
promising,'"> but may reach their limits for shallow potential
energy surfaces where transition states are notoriously
difficult to locate. Another option for potentially unbiased
conformational analysis is molecular dynamics (MD)
simulations.'**™'® Because all or part of the system will have
to be described quantum-mechanically, such simulations will be
limited by the short time scales that are usually affordable.
Enhanced sampling techniques can be used,"?*'*' but will
require bespoke set-up of the simulations for each new system
(e.g- finding appropriate collective variables for metadynamics).
Because rather small energetic differences can decide whether a
catalyst is active or selective enough to be useful on a laboratory
or even industrial scale, there will always be room for
improvement on the computational modelling side.
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