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ABSTRACT

This paper interrogates the efficiency of a model cross-coupling reaction catalyzed by palladium
complexes, using a quantum mechanical/molecular mechanical (QM/MM) methodology that permits
‘independent’ treatments of the inductive and steric effects of the phosphine ligands of the palladium
catalysts. To test the efficiency of the catalyst we calculate turnover frequencies (TOFs), based on ‘the
energetic-span model’ which considers the TOF determining transition state (TDTS) and TOF determining
intermediate (TDI) as the reaction-rate controlling factors. Four different TDTS and TDI species are con-
sidered: the square planar diphosphine palladium complex, the anionic monophosphine, the T-shaped
monophosphine, and the anionic phosphine-free species. Two different requirements are found to typify
the most efficient catalysts: either bulky ligands that hinder the stabilization of diphosphines, or medium
size ligands with high electron withdrawing power. Both conditions reduce the energetic span of the cycle
by destabilizing the TDI more than the TDTS, thereby leading to enhanced TOFs. The approach used here

can serve for future theoretical or experimental designs of new palladium catalysis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Cross-coupling

Cross-coupling reactions catalyzed by transition metal com-
plexes have revolutionized the way chemists create new
carbon-carbon bonds [1-9]. The main factors that affect the effi-
ciency of a given ligand in the corresponding catalytic cycles seem
tobeits stericbulk and inductive properties [1-3,10-13]. The size of
the ligand, traditionally measured as the cone (or Tolman’s) angle
[10,12-15], applies steric hindrance to the approach of different
species to the metal center. In the case of phosphines, probably the
most highly used ligands, the labile Pd-L bond affords a range of
possible reaction pathways based on the palladium coordination
number (monophosphine, diphosphine, etc.). These choice path-
ways are strongly dependent on the sheer bulk of the phosphine
ligand. Thus, the bulk of the ligand determines whether or not
the metal will have accessible coordination sites, and is the ori-

Abbreviations: TOF, turn-over frequency; SE, energetic span; TDTS, TOF deter-
mining transition state; TDI, TOF determining intermediate; AG, the net reaction
energy between the reactants and products of the catalyzed process.
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gin of monophosphine complexes generated by bulky phosphines.
Accessible coordination sites improve the efficiency of the catalysts,
while if these sites are occupied, as in the cases of high ligand con-
centrations, the catalyst is less efficient and the ligand is thought
to “poison” the catalyst. Thus, for example, the PtBuz moiety was
a key player in this line of bulky ligands, thoroughly analyzed in
experimental [16-22] and theoretical [20,23-32] studies.

The second key factor that influences the catalytic efficiency
is the electrostatic-inductive effect of the ligand, which gauges
the charge on the metal center [10,12,13,33,34]. A highly electron
withdrawing ligand (for instance PF3) draws charge from Pd and
facilitates reactions like the reductive elimination, and conversely
it slows down the oxidative addition. By contrast, an electron
releasing ligand like PtBus creates the reverse effects [1-3,32] and
induces conflicting tendencies of bulk vs. inductive effects. As a
result, it is not easy to decide what factor is more decisive, and in
fact, the common available guideline that electron rich phosphines
are needed for efficient cross-coupling reactions [18,21] may reflect
ligand bulk rather than electron richness of the Pd center. Conse-
quently, it remains unclear how should one assess the interplay of
steric and inductive effects in the design of a new catalyst.

In this work we analyze an entire range of possible combinations
of cone angles and inductive effects by independent assessments
of their influences on the turnover frequency (TOF) of Pd catalysis.
In reality, a ligand has both a specific cone angle and an inductive
capability, and it is desirable to propose a theoretical treatment that
can disentangle these properties. To this end, we used a hybrid
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PhCI + SH'ﬂo PhSH +CI°

Scheme 1. A model cross-coupling reaction used in this work.

quantum mechanical/molecular mechanical (QM/MM) approach,
where the QM part permits the tuning of the inductive effect with-
out affecting the cone angle, while the MM part is designed to
provide the steric environment without affecting the electronic
properties. With this methodology we could begin to determine
the ligand characteristics that will provide the best cross-coupling
catalyst.

1.2. The energetic span model

The efficacy of the cycle, i.e. its TOF, is a global rate function of
all the states of the catalytic cycle. A development of a new cata-
lyst with a single improved step (lower activation energy) will not
necessarily lead to a better catalyst. For instance, a faster oxida-
tive addition in a cross-coupling catalytic cycle would usually be
accompanied by a slower reductive elimination, and hence the TOF
will not necessarily be affected by such a change. To analyze a cat-
alytic cycle, one needs a global kinetic model such as the recently
developed and applied energetic span model [35-37]. In a steady
state regime and based on the transition state theory, the TOF of
the cycle is given by Eq. (1) [35,36]:
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TOF =
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o(Ti1,~5G, )/RT i = { 0 ifi<j (1)
where T; and I; are, respectively, the free energies of the ith TS
and jth intermediate, while AGyy is the reaction energy difference
(the reaction driving force) for the process being catalyzed. AGx
depends only on the reactants and products and is independent of
the catalyst.

Usually only one TS and one intermediate are relevant to the
kinetics of the entire cycle (with degree of TOF control close to 1
[35]). These two states are called TOF determining transition state
(TDTS) and TOF determining intermediate (TDI). Using these as the
sole relevant states, Eq. (1) can be simplified to:

TOF = k%Te—“E/RT (2)

OE, called the energetic span, is the apparent activation energy of the
cycle. It is defined by means of the TDTS and the TDI as:

if the TDTS comes afterthe TDI  (a)
if the TDTS comes before the TDI (b)

(3)

Note that the energetic span has different expressions depend-
ing on whether the TDTS appears after the TDI (Eq. (3a)), where §E
is just the difference between the energies of these states, or when
the TDTS precedes the TDI (Eq. (3b)), wherein the reaction energy
is added.

SE — Trprs — Ipi
Trprs — Itp1 + AGrx

1.3. A model cross-coupling reaction

With the energetic span approximation in mind (Egs. (2) and
(3)), we can calculate the TOF of the cycle knowing only the TDTS
and TDLI. In other words, if we know which states are the TOF deter-
mining ones, we just need to calculate these two states and not the
full catalytic cycle. All other states may be neglected since they do
not affect the TOF. To investigate the ligand effect, we used the
cross-coupling model reaction (Scheme 1) used in our previous
studies [35-38].

LnPd-SH 5ub&ilfion  LpPd-Cl
Ph Ph
TDI] CIF SH

Scheme 2. A cross-coupling reaction cycle. The TDTS is the transition state for the
oxidative addition step, while the TDI is the intermediate L,PdPhSH [35-38].

The TDTS for the corresponding cycle was identified as the
oxidative addition TS, and the TDI as the L,PdPhSH complex (see
Scheme 2) [35-38]. As such, these two states were used throughout
this work to define the best catalyst for the model process, based
on the above Eqgs. (2) and (3).

The palladium catalyzed reaction can proceed by means
of monophosphine or diphosphine-based mechanisms
[11,23,24,26-29,31,32,38,39], it may prefer neutral or anionic
species [21,25,38,40-44], and may even transpire by phosphine-
free pathways [45-50]. Consequently, to find the best catalyst,
we have to identify the one that has the smallest energetic span
defined between the corresponding TDTS and TDI. The aim of
this work is therefore to employ the energetic span model to
search for the best catalyst of the model cross-coupling reaction
(Schemes 1 and 2), using the cone angle and the inductive power
of the phosphine ligands as independent variables.

2. Theoretical methods

The QM/MM approach was employed to achieve the separa-
tion of steric and inductive effects of the ligand on the reactivity
of the catalyst, and at the same time avoid the artifacts that may
arise due to a complete change in the nature of the ligand. A sim-
ilar tactic has been applied previously (although using a different
strategy) by Suresh and co-workers [51,52]. Asa QM/MM approach
we selected the ONIOM method implemented in Gaussian 03 [53].
The following strategy was used for separating steric and inductive
effects:

2.1. Modulation of steric effects

The size of the ligand, measured as the cone angle [10], was
gauged by generating a ring of 12 Ne atoms, treated with molec-
ular mechanics. This technique resembles the Heg model of Fey et
al. [12,13,54]. By constraining distances and angles, the neon ring
could be opened like an umbrella without altering the characteris-
tics of the ligand, except obviously the cone angle (see Fig. 1). In the
supplementary material we present examples of Gaussian 03 input
files at several cone angles. The ligand (excluding the neon ring) has
a fixed geometry and was calculated at a DFT level; therefore its QM
features were completely independent from the cone angle.

We considered six cone angles, ranging from 118° to 218°; the
smaller one is equivalent to the cone angle of PMe3 (118°), while
the largest one correspond to a ligand even bulkier than P(mesityl)3
(212°) [10]. The Ne ring device provides a smoother steric repul-
sion profile compared with real ligands, and its cone angle is almost
uniform throughout the circumference of the palladium center.
However, in real systems and especially for phenyl-substituted
phosphines, e.g. PPh3 (145°), there are three “valleys” (areas of low
effective cone angle between phenyls), and three “hills” (over the
phenyls the effective cone angle is higher). The flexibility of real
phosphines is also not accounted for by our cone angle device. Evi-
dently the non-uniform cones and the flexibility of actual ligands
provide a smaller effective cone angle that is not taken into account
by the Ne ring model.
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Fig. 1. (A) Definition of the cone angle [10,33]: the angle between the tangents of
the Van der Waals spheres of the Ne atoms, with the vertex symmetrically located
at 2.28 A from the phosphorous. (B) Examples of the PdL fragments at cone angles
of 138°,178° and 218°. (C) An example of the steric hindrance caused by the Ne ring
at 1787 in the tri-coordinated Pd(L)PhCl complex. The blue toroid mesh depicts the
inaccessible region generated in the UFF molecular mechanics model. At this high
angle the tetra-coordinated Pd geometry is not possible. The cone angle modeled in
this way does not affect the inductive effect of the ligand.

2.2. Modeling the inductive effect

To model the inductive effect, we considered the P(CF3)3 ligand
in the QM part. The inductive power of this ligand can be gently
modulated by altering the C-F distances while constraining the rest
of the geometric parameters of the ligand. Whereas this procedure
may be considered problematic since the geometry of each struc-
ture is not fully optimal, still the merit of the design outweighs this
drawback. This approach enables to mimic the full range of possi-
ble electron withdrawing strengths: from the electron rich PtBus
all the way to the electron deficient PF3. Furthermore, the C-F dis-
tance parameter changes the HOMO energy of a PAP(CF3 )3 complex
in a linear fashion. The HOMO is a gauge of the reactivity of the
complex, and our calculations show a linear variation of the oxida-
tive addition barriers as a function of the HOMO energies of the
monophosphine palladium species. This relationship was tested
using a model reaction (PdL + MeCl — PdLMeCl) where we changed
the ligand, while computing both the oxidative addition and the
HOMO energy of PdL. As can be seen in Fig. 2 [55], the variation
is nicely linear. We considered five levels of the inductive effect,
ranging from PdL having a HOMO energy at —0.157 hartree (C-F
distance of 0.75 A creates equivalence to PtBus) to —0.244 hartree
(1.19A, equivalent to PF3). This range covers, to the best of our
experience, all the accessible electrostatic characteristics of real lig-
ands. As such, the modifications of the P(CF3 )3 model ligand behave
like a series of real ligands differing in their inductive powers. Fur-
thermore, changing the C-F distance in the P(CF3)3 ligand-series
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Fig. 2. Reaction energy of the oxidative addition of MeCl plotted vs. the HOMO level
of the PdL complex. In filled squares, values for real PR3 ligands. In empty circles,
values for the modified P(CF;); “series of ligands”, generated by varying the C-F
bond distances (from 0.7 to 1.2 A) while maintaining the rest of the ligand geometry
fixed.

accounts nicely for the inductive effect without altering the cone
angle.

2.3. QM/MM level

QM(DFT) calculations where carried out at the B3LYP level. The
chosen basis set was lanl2dz augmented with an extra polariza-
tion function for C, P, Cl and S atoms [56]. The MM model used for
the Ne ring was the universal force field (UFF) [57]. Only the QM
energy was used for further analysis, as the MM part of the energy
presents undesirable artifacts in strongly stretched systems. The
Ne ring device can be viewed then as a phantom volume sterically
forcing the QM section of the system, as can be seen in Fig. 1C, while
the relative energy changes of the reaction species is given by the
QM(B3LYP) part of the QM/MM energy. All the calculations where
generated with the ONIOM method implemented in Gaussian03
[53].

As several of the species used are charged, the use of a solvent
model was critical. ONIOM does not permit application of a contin-
uum solvation model, so a QM single point with a solvent model,
but obviously without the Ne ring, was used to estimate the solva-
tion energy. The selected solvent was THF in the default IEF-PCM
model defining the molecular cavity with the UAKS radii (an exam-
ple of the input file is included in Supplementary material). Only
the electrostatic term of the solvation energy was considered, as
the non-electrostatic part was found to be of minor importance
and in any event, it does not describe accurately the cavitation
energy of these model ligands where the molecular volume is not
well-defined.

2.4. Relative TOF calculation

In the reaction shown in Schemes 1 and 2 the TDI appears after
the TDTS. Therefore, the energetic span of the cycle involves not
only the energy difference of the two species, but also the reaction
driving force (AGx =—21.6kcal/mol, independent of the catalyst,
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Table 1

Relative TDTS energies for various steric/inductive combinations. Each cell contains, in parentheses, the label of the most accessible oxidative addition species,* and out of

the parentheses its relative energy.?.

HOMO* Angle

118° 138° 158° 178° 198° 218°
-0.157 (4-N) -57 (4-N) -53 (4-A) —50 (3-A) -47 (3-A) —47 (3-A) —-47
-0.179 (4-A) -52 (4-A) -51 (4-A) —49 (3-A) —-47 (3-A) —47 (3-A) —-47
-0.201 (4-A) —53 (4-A) 52 (4-A) -50 (3-A) —47 (3-A) —47 (3-A) —47
-0.223 (4-A) —-56 (4-A) -55 (4-A) 51 (3-A) -47 (3-A) —47 (3-A) -47
—-0.244 (4-A) —-60 (4-A) -58 (4-A) —55 (3-A) —-47 (3-A) —47 (3-A) —-47

@ Species: 4-N means neutral tetra-coordinated; 3-N, neutral tri-coordinated; 4-A, anionic tetra-coordinated; 3-A, anionic tri-coordinated.

b Energies in kcal/mol, relative to the energy of the fragments Pd + 2L+ PhCl+SH~.

¢ HOMO energies of the PdL complex in hartrees.

Table 2

Relative TDI energies for various steric/inductive combinations. Each cell contains the species label® of the lower energy intermediate (L,PdPhSHCI complexes) and its relative

energy.b.
HOMO* Angle

118° 138° 158° 178° 198° 218°

-0.157 (4-N) -104 (4-A) -97 (4-A) —-87 (3-A) 82 (3-A) -82 (3-A) -82
-0.179 (4-A) —-98 (4-A) -93 (4-A) -83 (3-A) — (3-A) -82 (3-A) 82
-0.201 (4-A) —95 (4-A) 91 (3-A) -82 (3-A) 82 (3-A) -82 (3-A) -82
-0.223 (4-A) —-94 (4-A) —90 (3-A) -82 (3-A) -82 (3-A) -82 (3-A) -82
—-0.244 (4-A) -95 (4-A) —90 (3-A) -82 (3-A) -82 (3-A) -82 (3-A) 82

2 Species: 4-N, neutral tetra-coordinated; 3-N, neutral tri-coordinated; 4-A, anionic tetra-coordinated; 3-A, anionic tri-coordinated.

b Energies in kcal/mol, relative to the energy of the fragments Pd +2L+PhCl+SH~.

¢ HOMO energies of the PdL complex in hartrees.

see Eq. (3b)) according to Eq. (4b):
TOF ~ k"%e*BE/RT (4a)

OE = Trprs — Itpr — 21.6 kcal/mol (4b)

Having the apparent activation energy, we can calculate the TOF
for each ligand. Clearly, the absolute values of these TOFs may have
errors due to the limited accuracy of the B3LYP and QM(B3LYP)/MM
methods. Even more, as small errors in the energetic span affect
the TOF exponentially (Eq. (4a)), the absolute values of the TOF
should be less accurate than the trends in the TOFs. Indeed, since
we are interested in comparing ligand efficiency, all we need are the
relative TOF values, which are much more accurate than absolute
values, due to cancellation of errors.

3. Results

As discussed above, our modeling (Egs. (2) and (3)) requires the
energies of the TDTS and the TDI for a series of ligands. For the cross-
coupling reaction depicted in Scheme 1, the oxidative addition is
the TDTS and the L,PdPhSH species is the TDI [35-38], where L can
be a phosphine or a SH~. But for each ligand type, these species can
be different (being tri- or tetra-coordinated, anionic or neutral), as
the characteristics of the complex may favor one coordination type
over others. For instance, a phosphine with small cone angles can
accommodate four ligands comfortably, and hence a Pd catalyst
with small ligands will prefer a tetra-coordinated species route.
However, when the phosphine has wider cone angles, the sterically
demanding ligand will obstruct the respective high energy tetra-
coordinated path, and the tri-coordinated complexes will become
more accessible in spite of the incomplete saturation of the metal
center.

In this study we tested four types of TSs and intermediates,
which were considered as the most probable species in Pd cross-
coupling pathways. These are the neutral or anionic, tetra- or
tri-coordinated species, as can be seen in Fig. 3. The anionic mech-
anisms were examined since commonly the reaction medium
contains small quantities of ions, which can form stable bonds to

the palladium [21,25,38,40-44]. The stability of these anionic com-
plexes clearly depends on the nature [21,44] and concentration of
the anions. In this work we considered the SH™ as the extrinsic
anionic ligands (in addition to its role as the nucleophile); however
the results may well vary when other charged species are present.

Transition State Intermediate

Netral Tetra-Coordinated

<.

.= 1

Neutral Tri-Coordinated

oo

Anionic Tetra-Coordinated

o
el =25

Anionic Tri-Coordinated

Fig. 3. Transition states and intermediates studied in this work. These are the TOF
determining states (TDTS and TDI) of the different pathways. The energy difference
of these species defines the energetic span (see Eqs. (2) and (3)).
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Table 3
Energetic span (Eq. (4b))? for various steric/inductive combinations, specified by the
cone angle/HOMO energy data.

HOMOP Angle

118° 138° 158° 178° 198° 218°
-0.157 25 22 15 13 13 13
-0.179 24 20 12 13 13 13
—0.201 21 17 11 13 13 13
-0.223 17 13 9 13 13 13
-0.244 14 10 6 13 13 13

2 At 25°Cin kcal/mol units.
b HOMO of the PdL complex in hartrees. The inductive effect increases down the
columns.

Table 1 collects the features for the lowest energy TDTS of the
four molecular species depicted in Fig. 3, while Table 2 gives the
corresponding features for the TDI. The relative energies of these
pairs of species define the energetic spans (Eq. (4b)), which are
assembled in Table 3.

4. Discussion

The following observations can be made based on the data in
Tables 1 and 2:

(a) As expected, bulkier phosphines hinder the bonding of other
ligands.

(b) The diphosphine tetra-coordinated neutral TS or intermediate
(4-N in Tables 1 and 2) can only be obtained in the case of the
smallest cone angle and highest HOMO energy. This means that
not only the size is important, but also the inductive effect,
though to a lesser extent.

(c) At intermediate angles (138°, and most of 118° and 158°
species) tetra-coordinated complexes are still preferred, but
only in the anionic form (4-A in Tables 1 and 2). The thiolate
anion is much smaller than phosphines, so it can snuggle easily
in the coordination-sphere of the palladium to complete the
ideal square planar type of complexes.

(d) With the bulkier ligands, the oxidative addition is so sterically
impeded that only the highly energetic tri-coordinated anionic
species could achieve the reaction (3-A in Tables 1 and 2). As
can be seen in Table 3, the three highest cone angles possess
phosphine-free species in the TDI and TDTS, thus the corre-
sponding §E values are identical, resulting in an energetic span
independent of the ligand structure. [50]

(e) Notri-coordinated neutral complexes (3-N) were found as low-
est lying states. The SH~ ligand bonded to the metal has a
comparable bond strength as the phosphine, but the size of
the latter impedes the neutral tetra-coordinated molecules. If
the cone angle gets higher than 158°, the T-shaped neutral tri-
coordinated complexes become so unstable that the reaction
can hardly occur, preferring full dissociation of phosphines.
Again, we emphasize that this depends on the nature and con-
centration of anions, and on the solvent stabilization of charged
species.

(f) As the cone angle grows, so does the energy of the two species
(TDTS and TDI). Without a doubt bulky ligands lead to higher
transition states. But, as we shall see, this does not necessarily
mean a worse catalyst.

Let us first recall, what we explained in the introduction. Thus,
since catalysis depends also on the TDI and on the sequence of
appearance of the TDI and TDTS, a cycle with lower TDTS will not
necessarily provide a better catalytic reaction [36,37]. The energetic
span, as the apparent activation energy of the cycle, defines the

catalytic efficiency: the smaller SE, the faster the reaction. Table 3
shows the energetic span calculated from the datain Tables 1 and 2,
according to Eq. (4b). Table 4 shows the TOF according to Eq. (4a). It
can be seen that bulky phosphines make good catalysts, in spite of
their high energy TDTSs. The destabilization of the TDI runs almost
parallel to the TDTS, so careful scrutiny of the energetic span is
needed for assessing the efficiency.

In the particular reaction studied here, we found two basins of
low energetic span: at high cone angle, and at moderate cone angle
with high inductive factor. The fact that bulky phosphines provide
active catalysts by obstructing the formation of diphosphines is
widely recognized [16-32]. Our calculations clarify the root cause of
this experimentally known trend. Thus, when bulky ligands prevent
the formation of diphosphines complexes, the destabilization of the
TDTS is lesser than that experienced by the TDI (Tables 1 and 2),
thereby leading to a smaller SE (Table 3) and consequently higher
TOF (Table 4).

To confirm this result, which originates from a model device
for the cone angle, we compared the so obtained energetic spans
to those obtained from full B3LYP calculations of “real” catalysts
containing PtBus (cone angle of 182°) and PMej3 (118°) (see details
in Supplementary material). The resulting energetic spans for the
“real” ligands were 14 and 28 kcal/mol, respectively, which are very
close to the energetic spans of 13 and 25 kcal/mol obtained from
the QM(B3LYP)/MM calculations of the modeled ligands, for the
electron rich models with cone angles of 178° and 118° (-0.157E},
in Table 3). It is clear from the energetic span model that the bulkier
phosphine will generally form a cross-coupling catalyst with a TOF
value several orders of magnitude faster than that of the smaller
ligand PMes.

The fact that ligands with moderate cone angles and high induc-
tive effects lead to efficient cross-coupling (with a maximum TOF at
—0.244E;, and 158° in Table 4) may appear as a surprise. Generally,
electron rich ligands are thought to accelerate the oxidative addi-
tion step [18,21]. However, as explained above, the improvement
of the oxidative addition step does not mean necessarily a more
efficient catalytic cycle. The energetic span model shows that the
energy of one transition state is only half of the story (Egs. (2) and
(3)[35-37,58]), since the electron rich phosphine will stabilize also
the TDI, and as such, electron rich ligands will have at the most a
minor effect on the overall catalysis. This conclusion is in accord
with results by others [29].

Somewhat unexpectedly, our present results suggest that
electron poor phosphines should be superior ligands for cross-
coupling reactions. This success of electron deficient ligands was
indeed observed recently for arylation reactions [59,60]. Electron
withdrawing ligands generate smaller energetic span since they
destabilize the TDI more than the TDTS. To verify this conclusion
derived from the QM(B3LYP)/MM modeling we tested two real
ligands, PMes3 vs. P(CF3)3, by straightforward B3LYP calculations
(see Supplementary material). The electron rich PMe3 was found

Table 4
TOF (Eq. (4a))* for various steric/inductive combinations, specified by the cone
angle/HOMO energy data.

HOMOP Angle

118° 138° 158° 178° 198° 218°
—0.157 4x10°° 4x104 30 1000 1000 1000
-0.179 1x10°° 7 %1073 8000 1000 1000 1000
—0.201 4%x103 2 4% 104 1000 1000 1000
-0.223 2 1000 1x10° 1000 1000 1000
—0.244 700 5x10° 2x 108 1000 1000 1000

3 TOFins~!at25°C.
b HOMO of the PdL complex in hartrees. The inductive effect increases down the
columns.
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to have an energetic span of 28 kcal/mol, while the P(CF3)3; had
only 15 kcal/mol, which are rather close to the QM(B3LYP)/MM
results of 25 and 14kcal/mol (for HOMO energies of —0.157
and —0.244 hartrees, at 118°). The outcome is quite clear: even
though the fluorides generate a higher oxidative addition TDTS, it
raises also the TDI such that the resulting energetic span becomes
smaller and the corresponding catalyst is predicted to be more
efficient.

All the above results confirm our general rule that in catalysis
there are no rate determining steps, but only rate determining states
[36,37]. The energetic span model projects this rule and provides a
compact and useful model for understanding catalysis.

5. Conclusion

In this paper we studied the key states in the catalytic
cycle of a model cross-coupling reaction catalyzed by palladium
(Schemes 1 and 2) using a QM/MM methodology that permits
independent treatments of the inductive and steric effects of the
phosphine ligands of the catalyst. To test the efficiency of the var-
ious catalysts we used the energetic span model [35-37] which
considers the TOF determining transition state (TDTS) and TOF
determining intermediate (TDI) as the two states that control the
rate of the cycle. Four pathways were considered to provide possi-
ble TDTSs and TDIs: the square planar diphosphine complex and
anionic monophosphine, and the T-shaped monophosphine and
anionic phosphine-free species.

The results show that when the cone angle of the phosphine
is over 180°, and depending on the nature and concentration of
the anions in the medium, the most stable species will be the
tri-coordinated phosphine-free anionic complex. With moderate
cone angles, the reaction will occur through the tetra-coordinated
anionic monophosphine pathway. Only with small, electron rich
phosphines like PMe3 will the palladium catalyst prefer the text-
book diphosphine mechanism (although this was found to be a
rather inefficient mechanism).

Using the energetic span model we identified two factors that
can increase the efficiency of cross-coupling palladium catalysts:
A bulky ligand that hinders the stabilization of diphosphines, or a
medium size ligand with high electron withdrawing power. Both
conditions comply with the same requirements; the TDTS is less
destabilized than the TDI, thus resulting in a small §E, and a large
TOF.

It must be stated that the results obtained in this study are
semi-quantitative, as the method used does not account for par-
ticular characteristics of specific phosphines, such as asymmetric
or chelating ligands, its flexibility and mesomeric effects. Concen-
trations were not taken into account, and the study only included
one kind of anionic ligand [44]. Additionally, a thiolate was used
as the nucleophile for the reaction, which is rather uncommon,
but was used for computational economy that enabled the many
calculations done herein. Despite all these simplifications, the con-
clusions obtained in our study are physically correct and may serve
as a guide for future theoretical or experimental research on design
of catalysts.
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Appendix A. Supplementary data

Examples of ONIOM input files, energies for the four TSs and
Intermediates in gas phase and solvents, energies of the full QM

calculations using PtBus, PMe3 and P(CF3 )3 as ligands, and CO vibra-
tional frequencies of the Ni(CO)sL complex vs. HOMO of PdL can be
found in the supplementary data associated with this article in the
online version at doi:10.1016/j.molcata.2010.02.022.
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