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Abstract

We explored the formation of active palladium catalyst species by degradation

of Pd-acetate dimer with the addition of phosphine ligands (PH3 and PPh3) with

an automated reaction search employing Density Functional Theory calculations fol-

lowed by kinetic studies with stochastic simulation analysis. Our reaction search

starting from dimeric form, considered a resting state of the catalyst, produced sim-

ilar monomeric species by sequential ligand addition as found in the experimental

investigation of the active catalytic species in Heck reactions. We analyzed the bond-

ing in the Pd-acetate dimer and the role of Pd in the stability of the dimeric species.

We implemented the Gillespie Stochastic Simulation Algorithm and applied it to the

degradation reaction path. This algorithm can give more insights into multi-channel

reaction paths. The energetics of the degradation path is reasonably achievable in

the experimental reaction conditions that make dimeric species a potential catalytic

precursor in the Pd-acetate catalyzed coupling reactions.

Introduction

Palladium-based catalysts continue to be the most competent transition-metal catalysts
and are the most sophisticated tools for the carbon-carbon bond formation reactions.1

Several unique features of Pd makes it catalytically effective, e.g., it can form complexes
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in various oxidation states (0, I, II, III, and IV)2 can behave as a redox-neutral center in
various coupling reactions, can facilitate high substrate binding and release via ligand
exchange, and most importantly, these reactions usually proceed with a high product
yield percentage using a tiny amount (ppm to ppb) amount of Pd catalyst.

The active palladium catalyst may exist in any of the many possible catalyst forms in
the catalytic process. For example, the Pd center may be mono/di/tri ligated or ligand-
free, and the metal center may be formally neutral, cationic, or anionic, depending on
the ligand or reaction condition. Common precursors in use are Pd(OAc)2, Pd(PR3)4,
PdCl2(PR3)2 etc. In the ligand-free Heck reactions, one of the active catalysts is Pd nanopar-
ticles.3 PdCl2 or [Pd(OAc)2]3 are the most common precursors. Strong donor polar sol-
vents (e.g., DMF, THF) cause the breakdown of solid-state trimeric [Pd(OAc)2]3 structure.
Two sequential processes are observed, using UV-Vis spectroscopy, during the break-
down process. When water is added to a THF solution, the trimer disaggregates first,
and then the hydrolysis of Pd(OAc)2 gives AcOPdOH. The AcOPdOH species is unstable
and leads to the formation of Pd nanoparticles. The addition of phenylboronic acid can
accelerate this nanoparticle formation. Sulfonic acids can replace acetate from Pd(OAc)2
and form more electrophilic Pd(OTs)2 and Pd(OTf)2.

While palladium acetate is a versatile catalyst precursor,4 there is much to be learned
about the mechanism of its transformation to active catalyst species. The actual rest-
ing state of palladium acetate is still a matter of debate. Palladium acetate might exist
as mononuclear Pd(OAc)2, bi-nuclear [Pd(OAc)2]2 or trinuclear [Pd(OAc)2]3 depending
upon various external parameters such as solvent property, experimental temperature,
concentration. The X-ray study of the palladium acetate crystal reveals that palladium
acetate mainly exists as trinuclear species in solid form.5 However, it could exist in the
monomeric or dimeric form in the solution phase, depending upon the dilution and ex-
ternal coordinating solvent. For example, Ritter6,7 and Sanford8 proposed that dinuclear
Pd(III) are the intermediates instead of mononuclear Pd(IV) in C-H functionalization re-
action. Schoenebeck and co-workers9 have shown that [(PtBu3)PdBr]2 dimer reacts with
aryl iodide as a dinuclear species while mononuclear Pd(0) species react with aryl chlo-
rides and bromides, and the nature of the active catalytic component depends on the con-
ditions of the reaction, including solvent and additives. Cook and Sanford10 have demon-
strated that in nondirected arene C-H acetoxylation reaction, a 1:1 mixture of Pd(OAc)2
and pyridine (catalyst to ligand) forms a dimeric Pd(II) species that immediately con-
verted to the coordinatively unsaturated monomeric Pd(II) active catalyst. Identifying
the nature of pre-catalyst and active species in these coupling reactions is essential to
understanding the reactivity and selectivity of the reactions.
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Amatore and Jutand, in their seminal work, studied the oxidative addition step in
cross-coupling reactions by electrochemical tracking of Pd(0) species. This work has been
carried out by 31P NMR studies. They showed that with excess PPh3 (and H2O), the
reduction of Pd(OAc)2 leads to the formation of anionic species Pd(PPh3)nOAc−, where n
depends on the concentration of phosphine. The intermediate species rapidly react to PhI
and form trans-PhPd(PPh3)OAc and iodide ions. This product and its equilibrium with
I− has been verified by NMR. They also suggested the following reaction mechanism for
the reduction of Pd(OAc)2 by PPh3:

Pd(OAc)2 + 2PPh3→ Pd(OAc)2(PPh3)2, fast

Pd(OAc)2(PPh3)2→ Pd0(PPh3)(OAc)−+ AcO-PPh3
+

Pd0(PPh3)(OAc)− + PPh3→ Pd0(PPh3)2(OAc)−, fast

Pd0(PPh3)2(OAc)− + PPh3→ Pd0(PPh3)3(OAc)−, fast

(1)

The existence and stability of these anionic Pd(0) intermediates ([Pd(PPh3)n(OAc)2]−;
n = 2,3) have been investigated experimentally11 and by theoretical calculations.12,13

Until now, most of the computational studies on resolving the mechanism of Pd(OAc)2
catalyzed Heck reaction have considered mononuclear Pd(OAc)2 as the initial catalyst,
which might be a reasonable assumption in some reaction conditions. However, palla-
dium acetate dimer as a potential resting state of the active catalyst cannot be ruled out.
Very few computational studies consider the dimeric form of Pd(OAc)2 as the resting state
of the active catalyst.14,15

To understand the breakdown of Pd-acetate-dimer into monomeric Pd acetate and
other potential active catalyst species, we have studied the possible pathways using den-
sity functional theory calculations. We started with [Pd(OAc)2]2 dimeric complex as a
pre-catalyst and explored its reaction with the sequentially added PH3 and PPh3 ligands
till the formation of monomeric Pd complexes. To facilitate the discovery of several possi-
ble pathways and intermediates, we employed an automated reaction finding method de-
veloped in our group.16 This automated method which is based on the AFIR method17,18

generates several possible intermediates in each step when the Pd di-nuclear species de-
composed to monomeric species. We calculated the energy barrier for the formation of
each intermediate to compare the pathways and understand the feasibility of these steps.
After the formation of several mononuclear Pd species, we simulated the kinetic process
with the help of Gillespie’s Stochastic Simulation Algorithm (SSA).19 We have employed
the SSA to identify the major products in a multi-channel reaction mechanism path.
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Computational Methods

We have generated many possible intermediates with the addition of PH3 to Pd-acetate
dimer in each subsequent step using the Tabu-search-based algorithm16 described in the
SI (Page S-1). Among all the intermediates generated by this automated search method,
we choose only those geometries where the newly incoming PH3 coordinated to any Pd
centers. To these selected intermediates, we have added the next PH3. This process is
continued till the bridged structure is broken into monomeric structures. For the addition
of PPh3s, we modeled the intermediates with PPh3 ligand in place of PH3 manually and
performed the following methods to locate the transition states.

The energy and the gradient computations in the automated search method were per-
formed with XTB20 software with semiempirical GFN-xTB21 method. Optimization with
the artificial force was carried out by using the statpt module implemented in Turbo-
mole22 with RI-BP8623 level of theory with D324 dispersion correction. After getting the
intermediates from the automated search for each step, we performed a relaxed surface
scan with Pd-P distance as the reaction coordinate. In each step of the scan, only the Pd-P
distance was kept constant while all other coordinates were fully relaxed. We increased
the Pd-P distance by 0.5 Å in each step, and the last geometry of the scan was fully relaxed
without any constraint. After we got the initially optimized geometries of both sides,
the transition state guess geometries were located by the climbing-image nudged elas-
tic band25 (CI-NEB) method implemented in ORCA.26 Vibrational frequency calculations
were performed on all the optimized geometries, and we characterized the reactants and
intermediates with no imaginary frequency and one imaginary frequency corresponding
to reaction mode for transition state geometries. In addition, intrinsic reaction coordinate
(IRC) calculations were carried out to confirm the minimum reaction path.

Optimization and frequency analysis of the geometries were performed with the ORCA
package with RI27-TPSS28/def2-SVP29 level of theory with Grimme’s D324 dispersion cor-
rection with BJ30 damping. The default effective core potential (def2-ecp31) was used for
the relativistic effects for the Pd atom. The natural atomic orbital (NAO32) method was
used to find out the molecular orbital composition with the Multiwfn33 package. NAO
calculations were performed using the NBO 3.1 from the Gaussian34 software.

We have carried out the kinetic studies using the Stochastic Simulation Algorithm
(SSA) to understand the behavior of our system containing multi-channel reaction path-
ways. The background of the theory and the details of our implementation are given in
the Supporting Information (S-2). A description of the input and output of the program
is given below.
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Parameters of the stochastic algorithm are parsed from the input file in YAML for-
mat. A sample input file is provided in the Supporting Information (S-5). The input
parameters are Temp(temperature in kelvin), Steps(Number of Monte Carlo Steps), Ini-
tial_pop(Initial population of the reactive species), and Stoichiometry(Stoichiometry ma-
trix). Each row of the stoichiometry matrix consists of a list of two python-lists. The first
one is the Gibbs Free energy of activation (∆G†), and the second list is the corresponding
elementary reaction. Each elementary reaction is denoted by three values 0, +1, and -1. If
a species is consumed in a particular elementary reaction, then the corresponding value is
-1, and it is +1 where it is produced. If any species that are not involved in that particular
elementary reaction or it is concentration is not affected by that elementary reaction, then
those values are 0 in the row of the stoichiometry matrix. The total number of elements
in each matrix row is equal to the total number of species that are mentioned in the Ini-
tial_pop section of the YAML input file and the total number of columns is equal to the
total number of elementary reactions involved in the system. The number of monte Carlo
steps can control the simulation length.

The SSA code gives the output in CSV file format. The first element is the time, and
the following elements are the populations of each species (Initial_pop) at that particular
point in time. The order of populations in the CSV output is the same as the order of
Initial_pop of the YAML input file. The data in the CSV file can be plotted later in any
software/packages (e.g., python-matplotlib). The time step of the simulation (dt) is hard-
coded in the SSA code.

Results and discussions

Structure and Bonding Analysis of dimeric [Pd(OAc)2]2

The crystal structure of palladium acetate showed that Pd-acetate exists in the trimeric
form [Pd(OAc)2]3 in the absence of other coordinating ligands. Each of the three Pd atoms
in [Pd(OAc)2]3 is in the square planner arrangement. We have optimized the trimeric
structure ( Figure 1), which is in good agreement with the reported crystal structure.5

Minor structural differences are expected due to crystal packing and other factors.
Musaev and co-workers35 calculated that the transformation from trimeric form to

dimeric form is unfavorable by 17.4 kcal mol−1 at M0636/[6-31G(d,p)37+Lanl2dz38–40]
level of theory. Our calculation at RI-TPSS/def2-SVP level also showed that the trans-
formation is unfavorable by 16.9 kcal mol−1. This is a significant amount of energy, but
appropriate ligation or solvation can facilitate this transformation. They have determined
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Pd -- Pd 3.11Å 3.17 Å
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Figure 1: Comparison of average geometric parameters with crystal structure data for
[Pd(OAc)2]3. Hydrogens are not shown for clarity.

several possible structures of dimeric Pd-acetate and shown that the bridging acetate
ligands increase the stability of the dimer. In this study, we have chosen the bridged
structure as it is the most thermodynamically stable one and calculated the dimerization
energy from the monomeric Pd(OAc)2, as shown in Figure 2.

ΔG
dimerization

 : -- -32.3 kcal mol-1 

D
pd—Pd

(Å)    : -- 2.60

D
pd—O

(Å)     : 2.06 2.02

O--Pd--O   : 63.6° 89.2°

Figure 2: Free energy of dimerization (kcal mol−1 and relevant geometric parameters of
the monomeric and dimeric Pd acetate.

The DFT calculations on [Pd(OAc)2]2 show that the highest occupied MO is the anti-
bonding dσ∗ formed mainly by the two dz2 orbitals of the two square planner Pd atoms
(Figure 3) while the LUMO is constructed by the mixture of metal dxy orbital and ligand
orbitals. Although Pd dz2 has a significant contribution in the HOMO, small contribu-
tions from 5s and 5pz orbital are also present due to the symmetry-allowed mixing of the
5s and 5pz orbitals with the metal dz2 orbital. Similar mixing is found in MO 72, where
two Pd dz2 orbitals have bonding interaction with a minor contribution from 5s and 5pz

orbitals of the metal. As expected, the contributions from 5s and 5pz orbital are small due
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to the differences in orbital energies. The orbital mixing leads to the overall increase in the
bonding interaction and a decrease in the antibonding interaction. As a result, Pd-Pd has
a weak σ bonding interaction. This observation is supported by the Wiberg bond index
(WBI41) calculation – WBI(Pd-Pd) is 0.17.
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Figure 3: Selected MOs of the Pd(OAc)2 and [Pd(OAc)2]2. Metal orbital compositions are
given.

Stepwise degradation of the dimeric [Pd(OAc)2]2 with PH3 and PPh3

Steps 1 and 2

We have investigated the step-by-step formation of monomeric Pd species from Pd acetate
dimer. Our model system is one Pd-acetate dimer molecule and four ligands (simple
phosphine PH3 or triphenylphosphine PPh3); ligand molecules get attached with two Pd
centers subsequently. In our discussions, the asymptotic limit corresponds to these non-
interacting species (Pd acetate dimer and four PH3/PPh3). All relative energies are with
respect to the sum of the energies of these molecules.

In the starting [Pd(OAc)2]2 complex, the four acetate ligand chelates the two metal cen-
ters; hence two Pd centers separately have fulfilled their four coordination. Each metal
center exists in an approximate square planner environment. Initially, PH3 forms a pre-
liminary complex with the dimer (Pd1-P1 distance = 2.9 Å) without any energy barrier,
and the stabilization energy(∆E) is -5.54 kcal mol−1. The further approach of PH3 passes
through the transition state TS-1 with an energy barrier of 7.52 kcal mol−1 with respect to
A_0. In TS-1, the Pd1-P1 bond distance is 2.68 Å. The attachment of the PH3 to the Pd1
center is an energetically easy process that results in the complete breaking of the weak
Pd1-O1 bond, as observed in the resulting intermediate A_2. The new Pd1-P1 distance is
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Figure 4: Free energy profile diagram for the first and second addition of A) PH3 and B)
PPh3 to dimer species calculated at TPSS/def2-SVP level theory.
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2.24 Å. The binding of the first PH3 to the Pd1 center gives stabilization energy of -7.56
kcal mol−1 with respect to A_1 and -2.59 kcal mol−1 with respect to A_0. On the other
hand, the first addition of PPh3 to the dimer forms the first intermediate B_1 without any
barrier. The complexation is highly exergonic (-18.6 kcal mol−1) with respect to B_0. The
new Pd1-P1 distance is 2.25 Å in the intermediate B_1.

Adding the second PH3 to A_2 resulted in two intermediates, A_3 and A_4. In A_3
intermediate, the new incoming PH3 approaches the Pd to which the first PH3 is attached
(Pd1), whereas, in A_4, the new PH3 approaches the other Pd center (Pd2). In both cases,
the weakly bound preliminary complexes A_3 and A_4 form without any energy barrier.
Both these complexes are stabilized (∆E) compared to A_2 by -5.53 kcal mol−1 and -7.05
kcal mol−1 for A_3 and A_4, respectively. The bond formation of PH3 to Pd proceeds
through transition states, TS-2 and TS-3. The TS-2 and TS-3 are 2.75 kcal mol−1 and 2.23
kcal mol−1 higher in energy than A_0, respectively. The TS-2 is slightly higher in energy
than the TS-3 (1.90 vs. 1.09 kcal mol−1). This difference may be attributed to the higher
steric demand to add a second PH3 to the same Pd1 center. However, in the case of PPh3,
a situation similar to the first addition of PPh3 arises. Two intermediates, B_2 and B_3,
formed without any energy barrier. In B_2, the second PPh3 is attached with the same
Pd1 center and B_3 to the other Pd2 center. They are energetically stabilized by -13.45
(B_2) and -19.36 (B_3) kcal mol−1 with respect to B_1. Both the first and second addition
of PH3 and PPh3 are shown in Figure 4(a) and (b), respectively.

P(1)

P(2)
Pd(1)

A_5
B_2

P(1)

P(2)

Pd(1)

Pd(2)

Pd(1)

TSa-3

Pd(1) 

4dxz 19.7%

4dx2-y2 8.8%  

P(2)

Figure 5: A_5 and B_2 geometry and HOMO of the TSa-3. Hydrogens are not shown for
clarity.
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In A_5 and B_5 intermediates, where both the PH3 ligand is attached to the same
Pd1 center, their orientation is cis to each other (shown in Figure 5). In B_2, the distance
between two phenyl rings of the adjacent PPh3 is 3.38 Å suggesting that the π−π stacking
stabilized the cis position of two PPh3 although PPh3 is a bulky ligand and there is no
transition state barrier. The NCI plot (shown in SI Figure S1) also confirms the π − π

interaction(shown in SI). As we identified the transition state of A_5 formation (TSa-3),
we looked at the HOMO of the transition state. The Pd(1) center is mainly composed of
4dxz (19.7%) orbital. The incoming PH3 (sp3 bonding orbital) has initially antibonding
interaction with the Pd1’s 4dxz orbital. To make the bonding stable, the PH3 has to be
moved to the side lobe of the 4dxz orbital, and that leads to the trans orientation relative
to the first PH3. We also expect the same scenario in the case of PPh3.

Step 3 and 4

In the third step, the new incoming PH3 forms two preliminary complexes. In A_7, the
new PH3 is attached to the Pd1 center, while in A_9, it is attached to the Pd2 center. The
stabilization (∆E in kcal mol−1) energy for A_7 and A_9 are -7.67 and -6.97. However, the
stepwise ∆G is 7.00 kcal mol−1 and 3.16 kcal mol−1 due to unfavorable entropic factors.
The Pd1-P3 distance is 3.14 Å in A_7, and the Pd2-P3 distance is 3.17 Å in A_9. These two
preliminary complexes pass through the transition states TSa-4 and TSa-5 before forming
the intermediates A_10 and A_12, respectively. The barrier heights for TSa-4 and TSa-
5 are 10.4 kcal mol−1 and 9.84 kcal mol−1. In TSa-4 transition state, the new incoming
PH3 (Pd1-P3 distance 2.54 Å) replaces Pd1-O2 (2.47 Å) linkage whereas in TSa-5 (Pd2-P3
distance 2.51 Å) PH3 replaces the Pd2-O7(2.48 Å) bond. The third step, the addition of
PH3 to both the A_5 and A_6 complexes, is endothermic. The reaction energies are 6.01
kcal mol−1 and 7.55 kcal mol−1.

In contrast to the first and second insertions of PPh3, the third PPh3 forms two prelim-
inary complexes with B_2 (B_7 and B_8). New PPh3 is attached to the Pd1 center in B_7,
whereas in B_8, it is attached to the Pd2 center. The Pd1-P3 distance is 3.87 Å in B_7, and
Pd2-P3 distance is 2.68 Å in B_8. As two PPh3 already attached to the Pd1 center in B_7,
the Pd1-P3 distance is higher than the Pd2-P3 distance in B_8. The stabilization energies
for these two complexes are almost the same (∆E -22.02 kcal mol−1 and -20.08 kcal mol−1,
respectively). However, from another intermediate B_3, only preliminary complex B_6 is
formed. Adding new PPh3 to the Pd2 center in B_3 intermediate will eventually lead
to the same preliminary complex because both Pd centers are already attached with one
PPh3 each. The Pd1-P3 distance becomes 3.41 Å in the B_6 intermediate. These prelimi-
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Figure 6: Free energy profile diagram for the third and fourth addition of A) PH3 and B)
PPh3 to dimer species calculated at TPSS/def2-SVP level theory.
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nary complexes form the intermediates B_10, B_11, and B_9 through the transition states
TSb-5, TSb-6, and TSb-4, with the barriers 6.40 kcal mol−1, 10.00 kcal mol−1, and 4.09 kcal
mol−1, respectively. This step is slightly endergonic for B_7 and B_8 (2.27 kcal mol−1 and
3.58 kcal mol−1) but exergonic for B_6 (-8.87 kcal mol−1). In the transition states TSb-5,
TSb-6 and TSb-4 the Pd-P3 distances are 2.84 Å, 2.54 Å, and 3.04 Å, respectively.

The Next step is the insertion of the fourth PH3/PPh3 with their respective third step
intermediates. In the PH3 case, we have got one preliminary complex A_13 from the A_10
and two preliminary complexes A_15 and A_16, from the A_12. In A_13, the fourth PH3

will be attached with the Pd1 center, which possesses three PH3. Similarly, PH3 can attach
with Pd1 and Pd2 center with A_12 intermediate. Attachment with Pd1 gives A_16, and
Pd2 gives A_15. In these three preliminary complexes, the Pd-P4 distance has become
3.17 Å, 3.40 Å, and 3.44Å for A_13, A_15, and A_16, respectively. The corresponding
transition states are TSa-6, TSa-7, and TSa-8) for forming A_15, A_17, and A_18. Pd1-P4
bond lengths are 2.73 Å and 2.70 Å in TSa-6 and TSa-8, and Pd2-P4 bond length is 2.82
Å in TSa-7. The stepwise barriers for forming A_15, A_17, and A_18 are 8.34 kcal mol−1,
2.08 kcal mol−1, and 8.76 kcal mol−1, respectively. Among these three pathways, TSa-6
is the energetically highest (from A_13) due to the increase of steric demand at the Pd1
center, where already three PH3 are present. A similar situation arises in the case of TSa-
8, where two PH3 are already present at the Pd1 center. TSa-7 is the lowest among these
three. Here the fourth PH3 attached trans to another PH3 at the Pd2 center.

In the fourth step of the PPh3 path, we got two preliminary complexes, B_12 (from B_9)
and B_14 (from B_11). We have not proceeded with the B_10 intermediate because three
large PPh3 at the Pd1 center prevent further addition of PPh3. Both these intermediates
are different only in conformations. The fourth PPh3 will be attached at the Pd2 center
because of the less steric congestion in this metal center. The Pd2-P4 distances are 3.31 Å
and 3.11 Å for B_12 and B_14. Finally, they pass through transition state TSb-7 and TSb-8
before forming the products B_13 and B_15, respectively. At the transition states TSb-7
and TSb-8, the Pd2-P4 distances are 2.65 Å and 2.60 Å. The stepwise barriers for the two
paths are similar, 8.48 kcal mol−1 for TSb-7 and 7.06 kcal mol−1 for TSb-8. The TSb-7 is the
lower energy path than TSb-8

After the fourth insertion of PH3/PPh3, we got monomeric products. In the PH3 path,
TSa-6 leads to two monomeric species (A_15) Pd(PH3)4 and Pd(OAc)4, and TSa-7 leads
to two symmetric monomeric species Pd(PH3)2(OAc)2. Similarly, TSa-8 yields two un-
symmetric monomeric products Pd(PH3)3(OAc) and Pd(OAc)3(PH3). On the other hand,
in PPh3 path, both TSb-7 and TSb-8 lead to the formation of the same monomeric species
Pd(PPh3)2(OAc)2.
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Stochastic Kinetic Simulation

As three monomeric species are possible (A_15, A_17, and A_18) in the PH3 degradation
path, we simulated the kinetics with our SSA code to understand the preferences among
these paths. The reaction mixture volume is set to unity, and dt is fixed at a low value of
0.0001. In a typical quantum chemical consecutive reaction path, the reactive intermediate
species usually undergo some conformational change or form a weak association complex
with another reactive species before going to the next transition state. It is often pretty
hard to locate the transition state for these small conformational changes or the formation
of weak association complexes. These steps might be controlled by the solvent system
(via diffusion). In our case, between two transition states, the intermediate forms a week
preliminary complex with the incoming PH3 before going to the next transition state.
Here we estimated such energy barriers based on the relative energy of the higher energy
intermediate among two consecutive intermediates. We also varied the temperature and
the initial population of the starting species to observe the change in the kinetics of the
whole process.

Temperature Variation

We have studied the effects of temperature variation in this chemical process. Here, we
fixed the initial populations of dimer and PH3 to 2000 and 4500, respectively, and the
number of MC steps to 5000000. We simulated at four different temperatures 298K, 323K,
353K, and 373K. In general, we observed an increase in reaction rate with an increase in
temperature from our SSA run (shown in Figure 7). As we increase the temperature from
298K to 373K, the population of A_18 increases rapidly, while the population of A_15
decreases more quickly at the higher temperature. However, at a higher temperature, the
population of A_15 remains zero. It suggests that the A_15 might be found in a minute
amount in the experimental condition.

Variation of initial population

To understand the effect of the initial population, we varied the dimer: PH3 ratio from
1:1 to 1:5. We set the temperature to 100◦C (373K), and the number of MC steps is fixed
at 5000000. We have not observed any products population in 1:1 and 1:2 of dimer: PH3

ratio. Here the populations of various intermediates increase only. The population ratios
are shown in Table 1 for 1:3 to 1:5 dimer:PH3 ratio.

We have seen that increasing the population of PH3 increases the population of A_15
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Figure 7: Temperature variation study of the stochastic simulation.

Table 1: Initial population variation of the kinetic simulation

Initial population Final population

[Pd(OAc)2]2 PH3 A_15 A_17 A_18

1000 3000 0 243 235

1000 4000 8 490 242

1000 5000 41 463 271

and A_18 while the A_17 population is slowly decreasing with the same number of MC
steps. The time evolutions of the products are plotted in Figure 8.

Although with the increases of PH3 population, some population of PH3 remains un-
reactive in the final population of the system, it also increases the population of minor
product A_15 . These results suggest that an excess amount of PH3 is required for the
degradation path. As seen in Table 1, the A_15 is a minor product because of the overall
higher energy path in the system.
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Figure 8: Initial population variation study of the stochastic simulation.

Active Catalytic Species

After the fourth PH3 addition to the Pd acetate dimer, we got several types of monomeric
species. On the other hand, we got one type of monomeric species in the case of PPh3

addition path. These monomeric species will generate the active catalyst species that
can begin the catalytic cycle. From A_15, we got two monomeric species Pd(OAc)4, and
Pd(PH3)4. Now in Pd(PH3)4 is an active catalyst precursor. Here Pd is in 0 oxidation
state, and it is an 18e species. To become an active catalyst, it has to be at least 16e

species. So it can dissociate one PH3 ligand and behave as an active catalyst. On the
other hand, further PH3 ligand addition is required to replace the acetate from Pd(OAc)4
to form active catalyst. From another intermediate A_17, two same monomeric species is
generated, trans-Pd(PH3)2(OAc)2. Similar type of species was also found by Amatore et
al.11 shown in the Equation 1 in their study of the reaction between monomeric Pd(OAc)2
with PPh3. Computationally the details formation of active catalyst from this species was
also reported from our group.42 From A_18 intermediate we got [Pd(PH3)3(OAc)]− and
Pd(PH3)(OAc)3. The second species can also be converted to the first one by the addition
of excess PH3 ligand. The first type species [Pd(PH3)3(OAc)]− shown in Figure 9(C) also
reported in the formation of active catalyst in Equation 1. In Figure 9, all the potential
active catalytic species are shown. Our stochastic simulation reveals that A_15 and A_18
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intermediates can form in a major amount.

2.35

(A)  Pd(PH3)4 (B)  Pd(PH3)2(OAc)2

(C) Pd(PH3)3(OAc) (D)  Pd(PH3)(OAc)3

Figure 9: Monomeric species after the fourth addition of PH3 to the dimer. All the bond
lengths are in Å unit.

On the other side, from the PPh3 path, after the fourth addition, two same monomeric
species Pd(PPh3)2(OAc)2 is formed (Shown in Figure 10). Here two PPh3 ligands are cis
to each other. However, Amatore et al.,11 from their experiment, reported the trans form
of this species when they started from monomeric Pd-acetate. This cis species can be
converted to Pd(PPh3)3(OAc)− by exchanging one acetate ligand with PPh3 and forming
the active catalytic species, although we have not explored this path.

Conclusions

Several experimental studies indicate that depending on reaction conditions, the [Pd(OAc)2]2
might be a resting state of the Pd-acetate in the coupling reaction. We have studied the
degradation path of the dimer with the addition of both PH3 and PPh3 ligands with the
help of our automated reaction search method. Our study indicates that the degradation
of [Pd(OAc)2]2 can also generate similar types of active catalytic species, which were re-
ported earlier starting from the Pd-acetate monomer. Smaller ligands, e.g., PMe3 should
follow the PH3 degradation path while bulky ligands, e.g., PCy3 can take the PPh3 degra-
dation route. In addition, we also explored the bonding characteristics of [Pd(OAc)2]2.
We introduced a new implementation of Gillespie stochastic simulation and applied it to
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cis-Pd(PPh3)2(OAc)2

Figure 10: Monomeric species after the fourth addition of PPh3 to the dimer. All the bond
lengths are in Å unit.

the degradation path. We believe our SSA code can give more insights into the catalytic
path where multiple competitive reaction channels are possible. The code is available at
https://github.com/anooplab/ssa.
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