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Design of a highly active Pd Catalyst with P,N Hemilabile Ligands
for alkoxycarbonylation of alkynes and allenes: a density

functional theory study

Shahbaz Ahmad® and Michael Buhl*@

Abstract: In palladium-catalysed methoxycarbonylation of technical
propyne, the presence of propadiene poisons the hemilabile Pd(P,N)
catalyst. According to density functional theory -calculations
(B3PW91-D3/PCM level), a highly stable tr-allyl intermediate is the
reason for this catalyst poisoning. Predicted regioselectivities suggest
that at least 11% of propadiene should yield this allyl intermediate,
where the reaction gets stalled under the turnover conditions due to
an insurmountable methanolysis barrier of 25.8 kcal mol™?. Results
obtained for different ligands and substrates are consistent with the
available experimental data. A new ligand, (6-Cl-3-Me-Py)PPh,, is
proposed, which is predicted to efficiently control the branched/linear
selectivity, avoiding rapid poisoning (with only 0.2% of propadiene
being trapped as Pd allyl complex), and to tremendously increase the
catalytic activity by decreasing the overall barrier to 9.1 kcal mol™.

The use of sustainable and abundant resources in regioselective
direct synthesis of fine chemicals is highly desirable. Design of
commercially cheap catalysts with high turnover number at
optimal reaction conditions is a key challenge in this area. The
other challenges are the isolation procedures, broad substrate
scope and high atom-economy. Homogeneously catalysed
carbonylation reactions using transition metal catalysts are
important industry processes. Carbonylation reactions allow for
easy expansion of the carbon chains along with installation of
chemo- and regioselectivity.[*¢. 2

Alkoxycarbonylation (hydroesterifications) of alkynes represents
a straightforward metal catalysed production of acrylate esters
with 100 % atom economy.B! Methyl methacrylate (MMA)[32:20: 41 js
the product of methoxycarbonylation of propyne. MMA is a small
molecule feedstock, crucial in modern chemical industry due to its
polymer poly(methyl methacrylate).™ Poly(methyl methacrylate)
is also known as Perspex (trade name) and in high demand by
industry in the formation of liquid-crystal display screens, and in
touch screen electronics.[©!

At industrial scale, production of MMA is a two-step process,
comprising (i) alkoxycarbonylation of ethene at a homogeneous
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Pd catalyst with an a,a-bis-[di-tert-butylphosphino]-o-xylene
ligand vyielding methyl propionate, followed by (i) a
heterogeneous conversion to MMA.[>:7]

Hemilabile Pd(P,N)-type ligands are of considerable interest in
homogeneous catalysis due to their widely variable coordination
modes. Homogenous methoxycarbonylation of propyne using a
hemilabile Pd(P,N) catalyst at low pH conditions is another route
for direct MMA synthesis (Drent system, Scheme 1).[3¢¢. 81 This
reaction appeared very attractive as it produced almost
exclusively the desired branched stereoisomer (MMA), and only
traces of the linear product (methyl coronate). Increasing the bulk
at pyridyl moiety (R; in Scheme 1) further increased the
preference for MMA.
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We recently applied state-of-the-art density functional theory
(DFT) studies to disclose the mechanistic details of homogenous
methoxycarbonylation of propyne using hemilabile Pd(P,N)
catalyst.[®® 8¢ 91 Qur mechanism involves proton shuffling by the
pyridyl groups in the initiation and termination steps. The dangling
pyridyl moiety can act as in situ base, protonating coordinated
propyne followed by thermodynamically favoured CO insertion
and then deprotonating methanol with instantaneous ester
formation. The steps involved in our proposed mechanism
(denoted pathway E) are illustrated in Scheme 2.
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Scheme 2. Proposed mechanism (pathway E) for methoxycarbonylation of
propyne.[®

This single step MMA synthesis seems to be very attractive with
100% atom-economy. However, propyne from industrial waste
contains large proportions of propadiene which poisons the
catalyst. Propadiene would have to be purified which makes the
system uneconomical and therefore methoxycarbonylation has
not yet been developed into an industrial process.>d A clever
catalyst design by tuning of stereo-electronic properties of the
ligand and the metal centre could supress the catalyst poisoning
by olefins, which would make this system economically
interesting.[

We have now uncovered a potential reason for the poisoning of
the Drent catalyst by propadiene. Like propyne, propadiene
association to the metal gives two type of complexes, one, 9%, that
leads to the desired branched product (MMA) and one, 9L*, that
may lead to the linear product (see Figure 1).1 Both complexes
are interconvertible under the turnover conditions (AGg*59.* =-0.7
kcal molt and AG*s*59.* = 8.8 kcal mol?). In 9*, proton transfer to
the terminal carbon of propadiene gives an agostic intermediate
2ii*, which is an isomer of 2i*.[ 2ii* rearranges into 2 (Figure 2),
which then follows the same steps as in mechanism E to give the
final branched product, MMA (Scheme 2). On this pathway, which
is just a variety of pathway E, there is thus no evidence for catalyst
poisoning by propadiene.

On the other hand, proton transfer to the central carbon of
propadiene in 9L* gives rise to a very stable allylic complex 10L*
(AGQL+-)10L+ = -28.3 kcal mol? and AG¢9L+-)10L+ =11.8 kcal mol’l).
We have traced the complete cycle starting from this intermediate
to the methyl crotonate product, regenerating 9L* (denoted
pathway F, see Scheme 3, Figure S1, and Figure S2 in the
supporting information (SI) for details).

Figure 1. Pathways for formation of branched (right) and linear (left) products;
energies (AH and AG) are in kcal mol™* relative to 9*. Selectivity is governed by
the difference of free energies between TS9-2ii* and TS9L-10L".

Figure 2. Methoxycarbonylation of propadiene following pathway E. Energies
(4H and AG) in kcal mol relative to 9*.

On this pathway, 10L* and the transition state of methanolysis
step, TS14L-8%, are, respectively, the most abundants reaction
intermediate (MARI) and the highest energy transition state
(HETS, according to Shaik's energy span model*?). The resulting
overall barrier is 25.8 kcal mol™* (energy difference between the
MARI and the HETS including BSSE corrections, cf. Table S3)



corresponding to a turnover frequency (TOF) of 1.26 x 10° h* at
45 °C. Such a very low TOF under the reaction conditions
suggests that the reaction will stall at the MARI (10L* in Scheme
3), poisoning that fraction of the catalyst that has followed this
pathway from the initial propadiene uptake. The linear/branched
selectivity illustrated in Figure 1 therefore does not determine the
regiochemistry of the product, but whether or not the catalyst can
be regenerated for the next turnover. We have identified TS9-2ii*
and TS9L-10L* as selectivity determining transition states with a
AAG* = 1.3 kcal mol™. This corresponds to a selectivity of 11%
towards the linear product (or rather, the allyl-poisoned catalyst)
at 45 °C (Figure 1). Technical propyne contains variable amounts
of propadiene as impurity. If, during each turnover, this impurity*3l
can effectively remove 11% of the catalyst from the reaction
mixture, it should indeed lead to rapid catalyst poisoning.
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Scheme 3. Pathway F: catalytic cycle for the dicationic version according to
DFT.M

We note that, using the same catalyst with slightly different
substrates (phenylallene and butanol), Beller and co-workers did
not report catalyst poisoning,  but could obtain
alkoxycarbonylation products. However, they obtained only low
yields (39%) after 20 hours of reaction time at 110 °C.** Under
these conditions, even the high overall barrier on pathway F could
be overcome. Therefore, our findings are consistent with Beller's
results (see Figure S11 in the Sl).

Based on our results, we can now hypothesise how to design
Drent catalysts that are less prone to propadiene poisoning. To
achieve this, all that is required should be to increase the
branched selectivity with the propadiene substrate (or rather to
suppress the formation of any linear product, see Scheme 4),
which is the desired reaction anyway. For propyne as substrate,

branched selectivity increases with the bulk at position 6 of the
pyridyl moiety.,[5a-c. 8b. 8
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Scheme 4. Proposed basis for ligand design: improved tolerance of the catalyst
toward propadiene is expected if entry into pathway F is blocked, i.e., if the ratio
of K'or/K'iin is maximised.

An electron withdrawing group at the same position helps towards
this desired selectivity and also increases the reaction rate.l® We
have thus evaluated the effect of chloro and methyl substituents
at 6-position of the 2-pyridyl moiety on the selectivity with
propadiene as substrate. (6-CI-Py)PPh; ligand increases AAG*
between TS9-2ii* and TS9L-10L* (Figure 1) from 1.3 kcal mol*
to 3.6 kcal mol, corresponding to a selectivity of >99% towards
the branched product. In contrast, (6-Me-Py)PPh, decreases
AAG* from 1.3 kcal mol?! to 1.1 kcal mol?t. Both predictions
correspond to the results obtained at Shell*® that (6-Cl-Py)PPh,
is more tolerant, whereas (6-Me-Py)PPh; is slightly less tolerant
towards propadiene than the parent PyPPh; ligand system.

Figure 3. Enhanced steric clash in TS9-10L* (left) gives greater tolerance
towards allene poisoning.

We found previously that in the (4-Me;N-Py)PPh; ligand, the
Me;N substituent at the para position increases the basicity of
pyridyl moiety, which makes protonation of propyne more



difficult.®! To make 8" as a stable intermediate with minimal
effects on the proton transfer step, we have considered another
ligand system, (6-ClI-3-Me-Py)PPh,. Presence of both 6-Cl and 3-
Me substituents provides steric clashes in such a way (Figure 3)
that these increase the AAG* between TS9-2ii* and TS9L-10L*
from 1.3 kcal mol? to 4.0 kcal mol™. This would mean that at 45 °C,
only 0.2% of propadiene would be diverted into the linear
(poisoning) pathway F. Depending on the amount of propadiene
present as impurity, this should lead to respectable turnover
numbers (see Sl for an estimate).

In the reaction with propyne, a selectivity for branched MMA of
>99% is predicted with this ligand, what is more, this ligand is
predicted to decrease the overall barrier for MMA production in
pathway E from 16.8 kcal mol? to 9.1 kcal mol?. This barrier is
even lower than that of the proton transfer step in 1L* (leading to
the linear product with propyne, 10 kcal mol? with this ligand).
Thus, formation of the linear product should be further minimised.
Based on these results, the (6-Cl-3-Me-Py)PPh; ligand should
afford a much better catalyst than the known (6-CI-Py)PPh; ligand.
In particular, the predicted overall barrier of 9.1 kcal mol* should
make it the best catalyst for methoxycarbonylation of
propyne/propadiene  mixtures  (and in  general for
alkoxycarbonylation of alkynes and allenes).

In conclusion, through DFT computations we have identified a
possible reason for the poisoning of the original Drent catalyst
with propadiene. One of the reaction channels accessible with
that substrate (the one that would lead to the linear product),
contains a deep thermodynamic sink in form of a -allyl palladium
complex. Conversion of this intermediate to the product (and
closure of the cycle) is indicated to require a high barrier (via
methanolysis), which is unsurmountable under the mild reaction
conditions. All the results discussed above (and in the Sl) for
different ligands are compatible with the available experimental
data. We also have designed a new ligand system for
methoxycarbonylation of propyne, namely (6-Cl-3-Me-Py)PPh,,
which is predicted to be more tolerant towards the presence of
propadiene and should be highly efficient for alkoxycarbonylation
of alkynes and allenes.

Experimental Section

Free energy and enthalpic corrections from the fully optimised geometries
are carried out by computing harmonic frequencies analytically at 298.15
K on B3PW91%/SDD(Pd)/6-31G** (ECP1) level. Energies were refined
at B3PW91-D3I7/SDD(Pd)/ 6-311+G**/PCMI8l (MeOH) level. Full
computational details are given in the SlI.
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