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The formation of active catalyst species in the Pd-catalyzed reactions is studied using Density Functional Theory calculations.
Taking palladium acetate and simple phosphine as the models, we estimated the energetics for the addition of phosphines,
release of acetates, and associative exchange or ligands which convert the unreactive PdOAc, to reactive species that takes
part in the catalysis. Two consecutive addition of two phosphines, PdOAc, + 2PH; — Pd(OAc),(PH,),) are exergonic steps
with the free energies of activation 8.16 kcal mol~" and 5.33 kcal mol~". The associative exchange of acetate by PHs in
Pd(OAc),(PH,), has 14.56 kcal mol~1 of activation barrier, while the exchange in [Pd(OAc)(PHs),]™ has the barrier of 5.22
kcal mol~". Exchange reactions on neutral species that yields ionic species are endothermic in gas phase which is drastically
reduced by solvation model. The addition of phosphines are exothermic. The dissociative steps are the removal of acetate
anion, AcO™, or intramolecular dissociation of [AcO-PH,]". This study is a basis for future studies of the active catalyst formation

of various such catalysts involving different ligands.

Keywords: DFT, active catalyst formation, Pd-catalysed reaction, ligand exchange reactions, computational study.

Introduction

Palladium catalyzed coupling reactions — Heck"2,
Negshi®#, Suzuki®”, Stille®, and so on —are widely used for
making carbon-carbon and carbon-heteroatom bonds. The
common catalysts used in these coupling reactions are,
Pd(OAc),, Pd(PR3),, PACI(PRs),, etc. These materials act
as pro-catalysts or pre-catalysts, which in situ gets converted
to the active catalyst species in the catalytic cycle. The ac-
tive-catalysts are coordinatively unsaturated Pd complexes
with one, two, or three ligands. The activity of each of these
species may be different, and can have significant impact on
the overall catalytic efficiency. In some cases, as shown by
computational studies, each species may follow separate
pathways in the catalytic cycle®. The steps involved in the
formation of active catalyst is much less explored compared
to the studies on the catalytic cycle, although the identity of
active catalyst is crucial in understanding the mechanism.

The attempts to experimentally detect the species in the
Pd catalysis were pioneered by the seminal works by Chris-
tian Amatore et al.'®4 on neutral catalysts and by John D.
Protasiewicz and co-workers on ionic catalysts'®16, Amatore

et al. have explained how zero-valent palladium is formed
from divalent palladium triphenylphosphine complexes with
the help of P NMR and cyclic voltammetry to detect and
characterize. Later, they traced the reactive mono-phosphine-
ligated palladium intermediates by mass spectrometry in the
Pd-catalyzed coupling reaction!”. These works provide some
valuable insight for the proposed steps towards the catalyst
formation which is shown in Fig. 1. Amatore and Jutand re-
ported the finding of the intermediate species by electrochemi-
cal techniques where reduction and oxidation process oc-
cur.

The importance of ligation states are established by nu-
merous computational studies on Pd-catalyzed reactions. The
steric and electronic properties of the ligands decide which
ligation states are favourable for each reaction. The com-
monly studied Pd-catalyst is PdL'8-26, or Pd-L,27:28, In some
studies, the mechanism starts with PdL, and becomes PdL
along the pathway?%-33 Atetrahedral Pd(0)-catalyst is formed
before the formation of activated Pd(0) pre-catalysts. Tamas
Kegl et al. studied the formation of PdL by step-by-step dis-
sociation of L,Pd%8 using Density Functional Theory (DFT)
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Pd(OAC), + 2PPhy —— [(AcO),Pd(PPh,),]
[(ACO),Pd(PPh,),] ——> [AcO-PPh]* + [(AcO)Pd(PPh.)]~

+Hy0 -H*
[ACO-PPh,]* — 5 AcO-PPh;-OH ——> AcOH + OPPh,

+PPh, +PPh,
[(AcO)Pd(PPh)]” ——— [(AcO)Pd(PPhs),]” ———
[(AcO)Pd(PPhs)s]”
Overall reaction:
Pd(OAc), + 4PPh; + H)0 ——

[(ACO)Pd(PPhs),]~ + AcOH + OPPh, + H*

Fig. 1. Steps in the formation of active catalyst species based on the
experiments.

calculations. Two distinct mechanistic pathways of the Pd-
catalysed reactions, ionic, and neutral, are established by
DFT methods®. Norrby and co-workers concluded that, the
ionic path is expected to be competitive with the neutral path
even in the presence of small amounts of ionic ligands. Bottoni
et al.3% studied the reduction of palladium() in Pd(OAc),
complexes reacting with triphenylphosphines and leading to
Pd(0)(PPhs), complexes mainly focusing on the neutral path-
ways.

Despite their enormous synthetic and theoretical impor-
tance, the mechanism of the early events in the catalysis is
still not fully understood. In this work, we are exploring the
possible steps in the formation of active catalyst species us-
ing Density Functional Theory calculations. These elemen-
tary steps convert the palladium acetate, Pd(AcO),, to the
pre-catalyst species, L,Pd, L,Pd(AcO),; x = 1-4,y = 1-2,
and L = PH,. We employed gas-phase models and implicit
solvation models for anionic and neutral catalysts that are
shown to be present during the experiments. This work is
expected to be a basis for more detailed studied on the ef-
fects of various ligands on these steps.

Computational methods

The general procedure followed for finding the reaction
profile and the transition state is described below. We have
carried out a relaxed surface scan with Pd-P distance as the
reaction coordinate. In each step of the scan, the Pd-P dis-
tance was kept constant and all other coordinates were fully
optimized. The step size was 0.5 A, i.e. the Pd-P distance
was decreased by 0.5 A after each step. The last point in the
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scan was fully optimized without any constraints to find the
geometry of the product of each step-wise reaction which
are intermediates in the catalytic cycle. After we got the opti-
mized geometries of both ends — reactant and product of
each step — we have optimized a minimum energy path be-
tween these two points using NEB method®® and the highest
energy point was further optimized for a transition state us-
ing Climbing Image algorithm. In cases where NEB failed to
converge, we have used dimer method®’ to locate the TS.
All the above steps were carried out using DL-Find module®®
implemented in ChemShell®,

The transition state geometry obtained by the above pro-
cedure was further optimized by the transition state search-
ing methods in the statpt module of Turbomole®. A vibra-
tional frequency analysis was done on optimized geometries
using AOFORCE module*!42 from Turbomole. We charac-
terized all the geometries with vibrational frequency calcula-
tions; the reactants and intermediates were distinguished as
minima with no negative imaginary frequency and the transi-
tion states contained one negative imaginary frequency cor-
responding to the reaction mode. The nature of transition
states were confirmed by additional intrinsic reaction coordi-
nate (IRC)* calculations using DRC module implemented
in Turbomole. The free energy corrections calculated through
the vibrational analysis is used for calculating the free en-
ergy changes in the reaction.

We performed all DFT calculations with Turbomole#? pro-
gram package. The geometries were optimized with
BP8644% functional and def2-SVP basis sets along with
resolution of identity (RI) approximation?’ for speed up and
to account for dispersive interactions. The default effective
core potentials (def2-ecp) implemented in Turbomole was
used for P and Pd which also accounts for the relativistic
effects*849, To compare the results with functionals other
than BP86, single point calculations were carried out using
hybrid B3LYP functional®® and meta-hybrid M06°" functional
with the same basis set. For the solvent effect, the single-
point calculations on the optimized gas-phase geometries
with COSMO solvation model was done (solvent =
dimethylformamide (DMF, dielectric constant (€) = 36.7).

Results and discussions

The materials modeled in this study are palladium ac-
etate (PdOAC,) and simple phosphine (PHs). We studied
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the possible steps leading to the active catalyst species. The
first two steps are the consecutive addition of two phosphine
ligands to palladium acetate. The Pd(OAc),(PH,), undergoes
dissociation or exchange of acetate ligands to form various
active catalyst species.

Consecutive addition of two phosphines to Pd(OAc) ,

The first two steps (eq. (1)), the consecutive addition of
two phosphines, are relatively straightforward steps where
the n? coordination of acetate is converted to 1! and the
vacancy in the coordinate is filled by the incoming phosphine
ligands. There is no change in the oxidation state of Pd(ll) in
these steps. We describe these steps in this section.

PdOAc, + 2PH; — Pd(OAc),(PH3), (1)

When we carried out a relaxed surface scan along the Pd-P
bond distance as the reaction coordinate, we have located a
stable minimum ([00_INT]) in which the phosphine is weakly
bound to Pd. Phosphine occupy the axial position of the
square-planar Pd(OAc),. The stabilization achieved in the
case of most addition reactions, a weakly bound complex of
two reactants is expected. By this interaction of phosphine
with Pd(OAc), is -5.79 keal mol~1. The Gibbs free energy,
however, is increased by 3.61 kcal mol~" due to the decrease
in entropy.

The optimized geometry of [00_INT] indicate non-cova-
lent interaction between PH5 and Pd (Fig. 2). The Pd-P bond
distance is 3.11 A, much longer than the Pd-P bond length of
2.24 A (in [02_INT]). The interaction does not affect the Pd-
0 bond distances, 2.07 A in [00_INT] and in free palladium
acetate. There is no deviation from the square-planar geom-
etry after the coordination of phosphine. All the angles, £P-
Pd-P, are close to 90° Thus, phosphine is only weakly bound
to the palladium acetate complex in [00_INT].

We continued the relaxed surface scan from [00_INT]
with Pd-P distance as the reaction coordinate (see Compu-

[00_INT]

[01_TS]

AE=-5.79
AG=3.61

[00_INT]

Fig. 2. The optimized geometry of [00_INT]. The relevant bond dis-
tances (in A) and topological parameters from QTAIM analy-
sis are shown.

tational methods section for details). As the P atom approach
Pd, one of the Pd-O bond got elongated. The last point in the
scan was fully optimized without any constraints to find the
optimized geometry of the intermediate Pd(n2-OAc)(n'-
OAc)(PH,3) ([02_INT]). The geometries of intermediates and
transition state ([01_TS]) in this step are shown in Fig. 3.
The other geometric changes associated with this step are
the detailed in the Supporting Information. During this step,
phosphine moves from the axial position to one of the square-
planar position that was previously occupied by an oxygen
of the acetate ligand, and the Pd-O bond has broken.

The Gibbs free energy or reaction A,G can be calculated
either from the free separate reactants, i.e. Pd(OAc), + PHj
— [02_INT], or from the bound complex, i.e. [00_INT] —
[02_INT]. These two A, G’s are distinguished in this report as
A,GF™® and A GBUd, This step is exergonic, A,GBoUd =
~15.12 keal mol~", and exothermic, A £8°U"d = 28 66 kcal
mol~" from [00_INT]. The corresponding values for A,G™e®
is —18.73 and A £ is 22.88 kcal mol~". The free energy
of activation (A*GFe€) is 8.16 kcal mol~" from the free reac-
tants and 3.62 kcal mol~" from [00_INT] (A*GBoUNd) Hence,
the addition of the first phosphine to palladium acetate is
exothermic and has a relatively low barrier at BP86-D3/def2-

[02_INT]

Fig. 3. Optimized geometry of [01_TS] and [02_INT], the transition and the product of the addition of PH4 to Pd(OAGc)s.
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SVP level in gas phase. We have examined the variations of
these energies with other density functionals, and with the
inclusion of implicit solvation models. The free energy of ac-
tivation, A¥GF™ee, is higher, 11.6 kcal mol~" in B3LYP, and
9.3 kcal mol~! in M06 single point calculations. These varia-
tions are in line with and in the range of the expected varia-
tions among the DFT functionals. The effect of solvation is
marginal. The full data is provided in Supporting Information.

Similar to the first addition discussed above, the inser-
tion of the second phosphine goes through a weakly bound
complex between [02_INT] and PH,. This binding of PH,
provides a stabilization of 6.69 kcal mol~! to [03_INT]. The
free energy, however, is increased by 3.73 kcal mol~'. The

i 8.16
at AG,gs (-1.39)
| (kcal/mol) [01_TS
361 o I4.5§44.40}
(-5.79),. :
L [00_INT] PR |
0.00 " :
0+ E— .
PdlAcO), 3
; + L
PH, -18173 [-22.88)
¥ (02 INT)
T—
-15.1
(-28.66)

Fig. 4. Reaction profile for addition of PH5 to Pd(OAc),. Relative free
energies are given for each states in the reaction. The num-
bers in parentheses are relative total energies. Energies are
in kcal mol™".

[03_INTI

)
[0a_Ts]

Pd-P distance with the new phosphine is slightly shorter (3.07
A) compared to that in [00_INT], in accordance with approxi-
mately 1 kcal mol~" increase in the stabilization energy. The
details of geometric and topological parameters are given in
Supporting Information.

We studied the addition of the second phosphine follow-
ing the same procedure used for the first step. During the
relaxed surface scan, along with the shortening of Pd-P bond,
one of the Pd-O bonds corresponding to the oxygen in the
trans position to the first coordinated phosphine was elon-
gated. Thus, the second n2 acetate also became monoden-
tate. The end point of this scan after free-optimization is
Pd(OAc),(PH3), ([05_INT]). The [05_INT] has two phosphines
trans to each other, and two monodentate acetates occupy
the other trans positions. The uncoordinated oxygens of ac-
etate ligands are also in the plane of the complex.

The optimized geometries of [04_TS] and [05_INT] are
shown in Fig. 6. The activation free energy (A¥GF™e®) is 5.33
kcal mol~". The transition state ([04_TS]) is only 1.8 kcal
mol=" higher in free energy compared to [03_INT], indicating
an almost spontaneous reaction. The reaction energy for this
step (A,GT™®), is ~10.16 keal mol™". Thus, this step is exer-
gonic with a small activation energy. The solvent effect, from
the calculation with COSMO solvation model with DMF as
solvent, is marginal for the first and second additions of phos-
phines (see Supporting Information), apparently as the mol-
ecules are neutral.

The additions of two phosphine molecules are exother-
mic and involves relatively low barriers. The bidentate coor-
dination of both acetates is changed to monodentate coordi-
nation that create coordination space for the incoming phos-

[os_INT]

Fig. 5. Optimized geometry of weakly bound complex [03_INT], transition state [04_TS], and the product [05_INT] of the addition of PH5 to

Pd(OAc),(PH,).
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ar AGm

5.33
(kcal/mol) (-5.69)
[04 TSI
3.73
(6.60) " | 1,60(1.00)
< [03_INT) k
0.00_ .~ :
0  — Y
[02_INT] 113.89]-15.91)
+ H
PH,

S 105_INT]

-10.16
{-22.60}

Fig. 6. Reaction profile for addition of PHy to Pd(n2-0Ac)(n'-
OAc)PH,. Relative free energies are given for each states in
the reaction. The numbers in parentheses are relative total
energies. Energies are in kcal mol~1.

phines. The overall free energy of reaction (eq. (1)) is -=25.29
kcal mol~!. The second addition is easier than the first one
as per the barriers. The Pd(i)(OAc),(PHs;), ([03_INT]) is a
tetra-coordinate species and is not an active catalyst. The
steps leading to the generation of active catalyst species is
discussed in the following sections.

Formation of active catalysts

We can envisage many pathways from Pd(OAc),(PH5),
([05_INT]) that can lead to the formation of the following po-
tential active catalysts. The species that contain only phos-
phines are Pd(PH,),,; n = 1-3. The anionic pathways involve
anionic Pd(OAc)(PH5),™; n = 0-2. Substitution of both ac-
etates will generate the inactive Pd(PH,),. Any further addi-
tion of phosphine to [05_INT] is expected to replace the ex-
isting ligands as the stable coordination number of Pd is four.
The ligand-exchange of AcO™ with PH,, or dissociation of
AcO~ will cause a change in oxidation states of Pd. The ad-
dition or dissociation of PH5 maintain the oxidation state. We
analyzed the pathways for the associative ligand exchange
reactions and calculated the free energies of activation, while
only the free energies of reactions are calculated for disso-
ciation reactions.

We analyzed the first ligand exchange of acetate by phos-
phine (eq. (2)) by the same procedure we followed for the

first two steps, i.e. insertion of PH, to [05_INT]. The weakly
bound complex of [06a_INT] is stabilized by —8.33 kcal mol™!
(—7.69 in DMF). As in the previous cases, the free energy of
the system has increased by 3 kcal mol~!. The bond dis-
tance of the Pd to the incoming phosphine is 3.1 A. While
the Pd-P bond distances are similar to the first two phos-
phine bound complexes, the stabilization is higher.
+PH,
PdOAC,(PH3), ——— [Pd(OAc)(PH3)4]* (2)
-OAc™

On carrying out the relaxed surface scan of reducing the Pd-
P distance in [06a_INT], one of the acetates gets dissoci-
ated from the complex. The activation free energy for this
ligand exchange of acetate by phosphine is 14.56 kcal mol™!
(13.24 in DMF). This barrier is higher compared to the first
two additions (8.2 and 5.3 kcal mol~"). The solvation is start-
ing to show some effect, the barrier is lower by 1.5 kcal mol™
with COSMO. In the transition state [07a_T$], the Pd-P dis-
tance of the newly coordinating PH, ligand is 2.46 A whereas
the other Pd-P distances are 2.30 A and 2.31 A. The Pd-O
bond of the leaving acetate ligand is 2.30 A while the other
Pd-O distance is 2.10 A and the angle between acetate
groups is 140.18°. In the weakly bound complex [08a_INT]
after the exchange of PH4 by AcO™, the dissociated acetate

14.56
(2.04)
[07a TS]
l at AGogg o —
‘(](ca],/mnlJ
i . 6.92
] §o1ef00.3nt, 550,
] *[08a_INT]
] E 3.97|(0.61)
. 2.95 7
(-8.33%
. [06a_INT]
of Sl
[05 INT]
{ ¥
PH,
Fig. 7. Reaction profile for third addition of PH, ligand in the associa-

tive pathway. Relative free energies are given for each states
in the reaction. The numbers in parentheses are relative total
energies. Energies are in kcal mol~".
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is away from the Pd(11) center (Pd-O distance is 2.98 A) which
is longer than coordinated/intermediate distances (2.2/2.4
A.

The ligand exchange process, going from [06a_INT] to
[08a_INT], is exothermic (A, E = ~7.71 kcal mol~1; A EOMF =
-9.49 kcal mol™"), but endergonic (A,G = 6.92 kcal mol~";
A, GPMF = 514 kcal mol~!) considering the free reactants,
[05_INT] and PHs. The geometries of the intermediates,
[06a_INT], [07a_T$], and [08a_INT], in this step and their
relevant parameters are shown in Fig. 8.

The [08a_INT] can be dissociated into either cationic
complex and anionic ligands or anionic complex and cat-
ionic ligands. The formation of two ionic species from a neu-
tral species usually shows high endothermicity due to the
artifacts in treating the ionic species computationally in gas
phase. The continuum solvation models usually bring this
down to some extent. The products of this step in the first
case (eq. (3)) is [Pd(PHs)4(OAc)]* ([09a_INT]*) and acetate
anion. This step is highly endergonic. The free energies of
reaction for these steps are 152.38 kcal mol~! in gas phase
and 40.72 kcal mol~" in DMF (COSMO).

[08a_INT] — [Pd(OAC)(PHa),]* + AcO™ (3)

[nﬂa_l_\'TJ ol

[07a_TS]

[10a_INT]

The second possible dissociation of [05_INT] is an in-
tramolecular reduction to form [PPh,-Pd-OAc]™ ([06d_INT]")
and [PH5-OAc]" shown in eq. (4). This is slightly more en-
dergonic, 158.78 kcal mol~! compared to eq. (3). Here also,
solvation bring down the free energy change to 46.33 keal
mol~". The [06d_INT]  is linear Pd(0) complex coordinates
with acetate and phosphine ligands. The bond distances of
Pd-O and Pd-P are 2.09 A and 2.12 A respectively. The angle
is 176.0°, and the acetate coordination is ' instead of n2.

[08a_INT] — [AcO-PH,]" + [Pd(OAc)(PH3)I” 4)

The subsequent addition of phosphine (PHj) to [06d_INT]™
yields the tri-coordinated anionic complex [07d_INT], a trigo-
nal planar structure (eq. (5)). Both are active catalysts in
catalytic reactions. In [07d_INT]~, Pd-P bonds distance are
different 2.19 A and 2.30 A. The reaction energy of third phos-
phine addition to the [06d_INT]™ is —14.33 kcal mol~! (-8.73
in DMF solvent) and free energy is —3.36 kcal mol~" (2.25 in
DMF solvent). The structural parameters and energy values
along with optimized geometries are shown in Fig. 9.

[PA(OAC)(PH5)I™ + PH; — [Pd(OAc)(PH3),]” (5)

The addition of another PH5 to the [07d_INT] (eq. (6)) is
also favorable and the reaction energy is —6.04 kcal mol™’

[AcQ-PH,J*

Fig. 8. Intermediates in the associative mechanism for the ligand exchange in [05_INT], in which the acetate ligand is replaced by a PH, ligand.
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[05 INTI

[06d INTI-

[07d INTI

Fig. 9. Dissociated mechanism in third addition of PH5 ligand.

(-2.79 in DMF). The resultant complex ([08d_INT]") is a
tetraco-ordinated anionic complex shown in Fig. 10. The com-
plex has a tetrahedral geometry at Pd(0) center and is an 18
electron system.

[Pd(OAC)(PH5),]™ + PH; — [Pd(OAC)(PH5)s] (6)

Further addition of PH, to [08d_INT]™ requires the removal
of the last acetate ion. The exchange of acetate by phos-
phine (eq. (7)), resulting in [12_INT], is endergonic in gas
phase and in DMF. The overall ligand exchange involves two
intermediate weakly bound complexes, [09d_INT]™ in which
the incoming PH5 is bound to [08d_INT]™ and [10d_INT]" in
which the leaving acetate ion is bound to [12 INT].

[PA(OAC)(PH3)5]™ + PH3 — [Pd(PH3),] + OAc™ (7)
The first bound complex [09d_INT] has a distorted trigonal

109d_INT] [10d_Ts]

bi-pyramidal geometry. One of the phosphines and the ac-
etate ligand are in axial position, and the other three phos-
phine ligands are in equatorial positions. The axial acetate
ligand is bonded to Pd(0) center with Pd-O distance of 2.33
A. The Pd-P distances with equatorial phosphines are 2.35
A, 2.27 A, and 2.28 A. The axial phosphine is weakly bound
with a Pd-P bond distance of 3.45 A. The stabilization at-
tained by the binding of PH, in complex [09d_INT]™ is -9.27
kcal mol™" (-5.40 in DMF), but the free energy is increased
by 3.75 kcal mol~! (7.62 in DMF). Optimized geometries along
with relevant structural parameters are shown in Fig. 10. The
transition state [10d_TS]~ for this associative ligand exchange
is shown in Fig. 10. In [10d_TS]", the new Pd-P bond dis-
tance is 2.92 A and simultaneously elongated Pd-O bond
distance is 2.91 A. The reaction profile for this step is shown
in Fig. 10. The second bound complex [11d_INT]™ after the

£l
[11d_INT]

(12 _INT]

Fig. 10. Formation of tetraphosphine palladium(0) catalyst from dissociative pathway.
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at AG,gq
5.22
(kcal/mol) (-7.26)
[10d TSI
3.75 —
(-9.27) .= 11.4% (2.01)
.~ To9d_INTI- A
0.00 " :
i 6.39 (8.92) A
% [o8d INT]- %, Soad
. .(-18.19)
PH, [11d_INTY

Fig. 11. Reaction profile for fifth addition of PH, ligand in dissociative
pathway. Relative free energies are given for each states in
the reaction. The numbers in parentheses are relative total
energies. Energies are in kcal mol™".

transition state has the acetate weakly bound. [11d_INT]™ is
more stable than [09d_INT]™ by 8.82 kcal mol~".

The other dissociation product of [08d_INT]* is[09a_INT]*
(eq. (3)). The sp? oxygen of acetate ligand is oriented to-
wards one of the PH5 ligands in [09a_INT]", and this phos-
phine makes an angle of 94.49° while the other PH,is closer
to the acetate. The third PH, that is in trans position to the
acetate make an angle of 175.95° The Pd-P bond distances
are higher (2.34 A and 2.35 A) with the cis-PH, compared
with trans-PH5 (2.27 A) because of the electron withdrawing
effect of the acetate in the trans position.

In next step, the intramolecular reduction of the interme-
diate complex [09a_INT]* into the bis-phosphine palladium(0)
complex ([10a_INT] and the [PH5-OAc]" (eq. (3)). The re-
sultant intermediate is bis-phosphine palladium(0) neutral
complex [10a_INT] which is one of the active pre-catalyst
that initiates the catalytic cycle. The optimized geometries

[10a_INT)

are shown in Fig. 8. The [10a_INT] has linear geometry with
bond distances between Pd-P is 1.59 A and angle is 179.9°.
The [PH3-OAc]" is tetrahedral at phosphorous center, the P-
0 bond length is 1.63 A and P-O-C-C dihedral angle is 0°.
The other conformation with the dihedral of 178.4°is -8.56
kcal mol~" (-3.98 kcal mol~" in DMF). The oxidation state of
the palladium is +II in [09a_INT]* and, it is a 16 electron
system. The energy and Gibbs free energy of reaction for
this step are 60.87 kcal mol~! (38.11 kcal mol~" in DMF).

[Pd(OAC)(PH3)3* — Pd(PH3), + [ACO-PH,]™ ®)

Further additions of PH, to bis-phosphine complex,
[10a_INT], lead to tri-coordinated complex Pd(PH;),
([11a_INT]). The [11a_INT] has a trigonal planar geometry
and is a 16 electron system. The reaction energy of this step
is —10.38 kcal mol~" (~6.93 upon solvation).

Pd(PH,), + PH; — Pd(PH;)5 9)

Finally, the formation of tetra-phosphine palladium(0) cata-
lyst by adding one more phosphine to [11a_INT] is favorable
as the step is barrier less and is exothermic by —5.11 kcal
mol~" (~3.46 in DMF). The 18 electron complex tetra-coordi-
nated palladium catalyst has tetrahedral geometry with equal
bond lengths between Pd(0) and phosphine (2.34 A). The
optimized geometries along with structural parameters are
shown in Fig. 12.

The Gibbs free energy of formation of tetraphosphine
Pd(0) catalyst from the [10a_INT] is —15.49 kcal mol™"
(=10.38 in DMF). As expected, energies for fourth PH, addi-
tion to the [10a_INT] and fith PH5 addition to [11a_INT] are
similar with PPh, as a ligand reported by Kegl et al.28. From

[11a_INT]

[12_INT]

Fig. 12. Formation of tetraphosphine palladium(0) catalyst from associated mechanism pathway.
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OAc

AE=123.49(14.17) 0 -[AcO-PH,|"
AG=1225813.86) \ e
-AcOr [05_INT] = ~_( 31

n [ H3P—Pd—OAC]
[06d_INTT:

AE =14.33(-8.73)\ +PH;
AG =-3.36(2.25)

PH,

HyP——Pd——PH,

. +3PH;

HyP——Pd—OAc
[09a_INT]"

E 5161.91(34.93)

>

(Acopin | AE 6915419 AG $167.95(40.98) PH,
1 AG =60.87(38.11) [AcO-PH;|” [07d_INTT
-AcO” AE =-16.49(-13.24)
HaP —Pd—PH - :
[ s 3] AG=-6.04(-2.79) [ TPHs
[10a_INT)]
ppp\ AE=-20.16(-16.71) PHs
I\ AG =-10.38(-6.93)
H;P—Pd— OAc
HyP—Pd—PH;
PH
PH; \ 3
[08d_INT|"

[11a_INT] \ PH,
+PH3 ‘

-AcOr
+PH; AE =8.40(-10.27)

AE—1833(-16.67) PNy  AG =10.00(-8.67)
AG =-5.11(-3.46) HP” \ PH,
PH;
[12_INT]

Fig. 13. The steps in the formation of active catalyst species.

these results, the DMF solvent was more effective than with-
out solvents.

Conclusion

The formation of active catalyst species in the Pd-cata-
lyzed reactions is studied using Density Functional Theory
calculations. Palladium acetate, Pd(11)(OAc),, with phosphines
used in several coupling reactions such as Heck reaction
undergoes a series of steps to form reactive Pd(0) species
that acts in the catalytic cycle. The steps are addition, disso-
ciation, or ligand-exchange reactions. The ligand-exchange
can occur either through associative mechanism or disso-
ciative mechanism. We have calculated the reaction ener-
gies for all the steps, and activation barriers for associative
ligand exchange steps. Two consecutive addition of two phos-
phines (PH;) to PdOAc, to form Pd(OAc),(PH,), are exer-

gonic steps. In these steps, one of the Pd-O bonds of ac-
etate is replaced by Pd-P bond. The barriers are 8.16 kcal
mol~" and 5.33 kcal mol™".

There are many possibilities for next steps that lead to
various active catalyst species. We have calculated the re-
action energies for all these steps. The barriers for the asso-
ciative exchange of acetate by PH, in Pd(OAc),(PH,), is
14.56 kcal mol~". Another such ligand exchange in
[Pd(OAC)(PH;),]™ has the barrier 5.22 kcal mol~". Exchange
reactions on neutral species that yields ionic species are
endothermic. The inclusion of solvation effects with COSMO
continuum solvation models have large effects in such reac-
tions. The addition of phosphines are exothermic. The dis-
sociative steps are the removal of acetate anion, AcO™, or
intramolecular dissociation of [AcO-PH5]*. This study is a
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basis for future studies of the active catalyst formation of
various such catalysts involving different ligands.
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