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ABSTRACT: Increasing number of reports in the most recent
literature convey the use of palladium and Brønsted acids as
cooperative catalytic partners. However, the mechanistic under-
standing of several such cooperative catalytic reactions and the origin
of cooperativity continue to remain limited. In transition metal
catalysis, it is typically assumed that the native ligands, such as the
acetates in palladium acetate, are retained throughout the catalytic
cycle. Herein, we convey the significance of invoking ligand
exchanges in transition metal catalysis by using the mechanism of
a representative cooperative dual-catalytic reaction. Density func-
tional theory (M06 and B3LYP) computations have been employed
to decipher the mechanism of Pd(II)-Brønsted acid catalyzed
migratory ring expansion reaction of an indenyl cyclobutanol to a
spirocyclic indene bearing a quaternary carbon. The molecular role
of water, benzoquinone and phosphoric acid has been probed by computing the energetics using several combinations of all these
as ligands on palladium. Of the two key mechanistic possibilities examined, a Wacker-type pathway (involving a semipinacol ring
expansion of cyclobutanol followed by a reductive elimination) is found to be energetically more preferred over an allylic pathway
wherein the ring expansion in a Pd-π-allyl intermediate occurs subsequent to the initial allylic C−H activation. The Gibbs free
energies of the transition states with the native palladium acetate are much higher than a Pd-bis-phosphate species generated
through ligand exchanges.

■ INTRODUCTION

The activation of inert and ubiquitous C−H bonds by using
transition metal catalysts has gained widespread acceptance
both in industry and academia.1 The contemporary develop-
ments in C−H activation reactions reveal an overwhelming
trend toward the use of multiple catalysts under one-pot
reaction conditions.2 Incredibly interesting demonstrations on
cooperative catalysis, harnessing the potential of two or more
catalysts, have become conspicuously more prominent in the
most recent times.3 Quite naturally, the mechanistic picture
gets increasingly more complex with the increase in the number
of catalysts, additives, and reactants. Hence, the mechanistic
underpinnings of cooperative multicatalytic reactions deserve
diligent and urgent attention in view of its rapid progress.
The key challenges toward developing improved mechanistic

clarity relates to the lack of knowledge on the sheer number of
possibilities for the catalytically active species, the sequence of
action of each catalyst on the substrate, and energetic details of
various steps in the catalytic cycle and so on. In particular,
exchange of the native ligands on the transition metal by other
ligands or additives, commonly considered as spectator/
innocent ligands, opens up a myriad of possibilities. Although
to a limited extent, ligand exchange has indeed been invoked in
some transition metal catalyzed reactions.4 For instance, in a
recent study by Houk and co-workers, the role of amino acid

ligands in a palladium acetate catalyzed remote C−H activation
was investigated.4c Deprotonation of the amino acid ligand by
the palladium-bound acetate was suggested to lead to the
formation of a neutral acetic acid molecule. The labile acetic
acid thus makes way to the incoming substrate while the amino
acid carboxylate binds to palladium. In another example by the
Sanford group, a chloride is considered as exchanged with an
acetate or an azide ligand. The resulting complexes were
characterized using NMR and X-ray crystallography.4d Herein,
we intend to disclose how important it is to consider the
exchange of labile ligands through the catalytic cycle in a
cooperative multicatalytic situation. Whereas the chosen
example in this study is expected to contribute to an improved
view in the way such mechanistic scenarios are perceived at the
molecular level, the results could have much wider implications
in the burgeoning area of cooperative catalysis.5

Recently, Rainey and co-workers reported the first
asymmetric C−C bond formation reaction employing an allylic
C−H activation reaction (Scheme 1).6 While the examples on
allylic C−H activation have been rich and abundant,7 the
corresponding asymmetric versions remained generally scarce.8

The chiral induction is achieved by using a chiral Brønsted acid
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(S)-TRIP (II) in place of an achiral diphenyl phosphate (I).
This reaction not only offers access to an interesting class of
spirocyclic compound bearing a quaternary chiral carbon, it also
constitutes an exquisite example of cooperative catalysis.3

Synthesis of spirocyclic frameworks consisting of quaternary
carbons is generally a difficult task.9 It is worth reckoning that
spirocyclic indenes, such as that in antitumor drug
fredericamycin A and antiamnesic drug acutumine are valuable
structural motifs owing to their biological activity.10

Phosphoric acid and Pd(II) catalysts have been used together
in a few interesting reactions.11 An oxa-Diels−Alder reaction
employing a Pd(II)-Brønsted acid dual cooperative catalysis
approach yielded products only when both catalysts were
present.12 A very recent allylic C−H activation employed a
Pd(II)-phosphoric acid combination toward realizing a series of
oxazolidinones.13 In another report, an allylic C−H amination
has been demonstrated to exhibit significant dependence on the
presence of water.14 Similarly, one of the ubiquitous oxidants in
transition metal catalysis, namely benzoquinone (BQ), is also
proposed to function as a ligand under certain reaction
conditions.15 In an one-pot reaction as in the present example,
the catalyst, cocatalyst Brønsted acid (abbreviated as POH
hereafter), oxidant BQ, and water are all present in the reaction
mixture. More importantly, the reaction was sluggish in the
absence of any one of the above species in addition to the
catalysts. In view of these important observations, it appears
evident that deriving meaningful mechanistic insights would
demand explicit consideration of the role of each species in the
reaction.
Besides these general mechanistic details, a few pertinent

questions are of high timely relevance to the rapidly emerging
domain of cooperative catalysis. These include (a) whether or
not the transition metal catalyst and Brønsted acid catalyst
operate in a cooperative fashion? (b) What are the molecular
role of phosphoric acid (POH), the cocatalyst/oxidant (BQ),
and water? (c) whether the mechanism follows a Wacker type
pathway or an allylic C−H activation? Whereas both
mechanisms can be regarded as quite likely, there are only
very few examples in literature where there is a consensus on
the actual pathway followed under similar situations.16

Improved insights on the mechanism would help exploit the
scope of asymmetric variants of such reactions. In view of these
intriguing questions as well as in keeping with our continued
interest toward understanding the mechanism of transition
metal and Brønsted acid catalyzed reactions,17 we became
interested in examining the mechanism of the title reaction.
Herein, we employ density functional theory tools (M06 and
B3LYP) to shed light on the nature of the potential active

species, key intermediates and transition states involved in the
reaction. In line with the literature precedence, a model catalyst
as shown in the inset of Scheme 1 has been chosen for our
mechanistic investigation.

■ COMPUTATIONAL METHODS
Computations were performed using Gaussian09 suite of quantum
chemical program.18 The geometries were first optimized using the
B3LYP hybrid density functional theory using Pople’s 6-31G** basis
set for all atoms except Pd.19 The LANL2DZ basis set consisting of an
effective core potential (ECP) for 28 core electrons and a double-ζ
quality valence basis set for 18 valence electrons was used for
palladium.20 All the stationary points were characterized, as minima or
a first-order saddle point (transition states) by evaluating the
corresponding Hessian indices. The transition states were verified as
possessing a unique imaginary frequency in accordance with the
anticipated reaction coordinate. Intrinsic reaction coordinate (IRC)
calculations were additionally carried out to ascertain the true nature
the transition states.21 The geometries obtained as the end-points on
either side of the IRC trajectories were subjected to further
optimization using a more stringent criteria by using “opt = calcfc”
(as implemented in Gaussian09 program). This exercise enabled us to
obtain the reactant and product such that their connection to the
transition state could be established.

Single-point energies were calculated at the SMD(Toluene)/M06/6-
31G** , LANL2DZ(Pd) and the SMD(T o l u e n e ) /M06/6 -
311G**,LANL2DZ(Pd) levels of theory using the B3LYP/6-
31G**,LANL2DZ(Pd) geometries.22 The M06 functional has been
widely used in recent literature to account for noncovalent interactions
in transition metal systems.23 The effect of a solvent continuum, in
toluene, was evaluated using the Cramer−Truhlar continuum
solvation model that employs quantum mechanical charge density of
solutes, designated as SMD.24 The zero-point vibrational energy
(ZPVE), thermal, and entropic corrections obtained at 298.15 K and 1
atm pressure derived from the gas phase computations at the B3LYP/
6-31G**,LANL2DZ(Pd) level of theory have been applied to the
“bottom-of-the-well” energies obtained from the single-point energy
evaluations in the solvent phase at the M06 functional to estimate the
Gibbs free energies of solutes in the condensed phase.

Although the above-mentioned estimates of Gibbs free energies that
are generally employed should be regarded as effective for comparison
of relative free energies, it is known that entropy in the solution phase
is inadequately described due to the suppression of translational
entropy upon moving from the gas phase to a solvent. Thus, the
Sackur−Tetrode equation, which is otherwise used to calculate the
translational entropy cannot directly be applied in the solution phase.
However, there are no accurate methods available to account for this
deficiency. Hence, different methods have been recommended to
correct the entropic contributions arising out of translational motion.
In some studies the translational contribution to entropy is completely
neglected,25 whereas corrections were added to the free energies using
the free volume theory in a few other reports.26 As an extension of the

Scheme 1. Palladium and Brønsted Acid Cooperative Catalytic Method for the Formation of Spirocyclic Indenes6,a

aA model phosphoric acid, shown in the inset, is used in our mechanistic investigation.
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free volume theory of solutions, Whitesides and co-workers have
developed an interesting formulation, wherein corrections are made to
the Sackur−Tetrode equation on the basis of the molecular volume.27

We have calculated the corrected free energies by including entropic
contributions by using the Whitesides method in view of different
number of species are involved in the present work.28 Furthermore,
the lowest energy stationary points in the catalytic cycles were
subjected to full geometry optimization at the SMD(Toluene)/M06/6-
31G**,LANL2DZ(Pd) level of theory. The energetic trends are found
to be similar to that obtained using single point energy calculations.29

The discussions in the text are presented using the SMD(Toluene)/M06/
6-31G**,LANL2DZ(Pd)//B3LYP/6-31G**,LANL2DZ(Pd) level of
theory.

■ RESULTS AND DISCUSSION

Two most likely mechanistic possibilities are shown in Scheme
2, which proceed either through (a) an allylic C−H activation
or (b) a Wacker type process. In the former case, an allylic C−

H bond in the initial catalyst-substrate complex (1) is activated
first, via TS(1−2), to give a Pd-π-allyl intermediate 2. This is
followed by a semipinacol type rearrangement involving the
ring expansion of the cyclobutanol to a spirocyclic intermediate
3. The corresponding transition state for the C−C bond
formation TS(2−3) revealed a concomitant reductive elimi-
nation facilitated by the transfer for a proton from the
cyclobutanol OH group to the Pd-bound acetate. In the Wacker
type pathway, a semipinacol ring expansion in 1 occurs first via
TS(1−6). The resulting intermediate (6) can undergo either an
acetate-assisted deprotonation (via TS(6−3)) to directly yield
the product complex (3) in a single step or a β-hydride
elimination first to give a Pd-hydride intermediate (7) followed
by a reductive elimination to furnish 3. In both these pathways,
the release of the final product (5) and the accompanying
oxidation of Pd(0) to Pd(II) by benzoquinone (BQ) can
sustain the catalytic cycle.30

Scheme 2. Two Different Mechanistic Possibilities for the Formation of Spirocyclic Indene (5)a

aThis is only a representative scheme with the native Pd(OAc)2 as the catalyst. For sake of simplicity, the notations are retained in various other
possibilities arising due to ligand exchanges as described in the text.

Figure 1. Gibbs free energies (kcal/mol) of formation of different likely active species computed with respect to the separated reactants (substrate,
Pd3(OAc)6, BQ, POH, AcOH and H2O).

33 The values in parentheses correspond to relative free energies (kcal/mol) inclusive of translational
entropy corrections obtained using the Whitesides method.27
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Ligand Exchange. We envisaged an active role of Brønsted
acid (POH), benzoquinone (BQ), and H2O in the individual
catalytic steps. The conventional pathway promoted by
Pd(OAc)2 is shown in Scheme 2. The substrate (S), POH,
BQ and H2O can as well bind to Pd via ligand exchanges. The
acetate ligand on palladium can be protonated by the
phosphoric acid, resulting in the formation of an acetic acid
and a phosphate anion. While phosphate ion can coordinate to
palladium, the neutral and labile acetic acid on palladium can

open up a cascade of ligand exchange possibilities with other
neutral ligands. In fact, a similar protonation of acetate ligands
by a phosphoryl directing group and subsequent removal of an
acetic acid has been recently shown in a Pd and Rh catalyzed
C−H activation reaction.31 The thermodynamic feasibility of
such ligand exchanges leading to the formation of several other
potential catalytic species is summarized in Figure 1.32

Interestingly, the conversion of the native Pd(OAc)2 to a
number of other species is found to be exergonic wherein Pd is

Figure 2. (i) Optimized geometry of complex [Pd(OP)2(S)(H2O)] with one AcOH (1c). Distances are given in Å. Only select hydrogens are shown
for improved clarity. The explicit AcOH is shown in a lighter shade. (ii) Different ligand combinations considered for the allylic C−H activation
transition state TS(1−2).

Figure 3. Optimized geomteries of the lower energy transition states for the ligand-assisted C−H activation with zero, one and two phosphate
ligands and the intermediates 2 and 2′. Relative free energies (kcal/mol) are given in parentheses. All distances are in Å. The reaction coordinate and
H-bonding are shown, respectively, in red and blue colors.
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bound to the substrate as well as to other ligands. The lower
energy possibilities are identified as the ones with two
phosphates as shown using green highlighting in Figure 1.
The energetically most favorable bis-phosphate complex

([Pd(OP)2(OH2)S], as shown in the inset) is further optimized
by explicitly including an acetic acid molecule which is expected
to be generated by the protonation of the native Pd-bound
acetate by POH in the ligand exchange process. In the
formation of Pd complex involving two phosphate molecules,
two molecules of AcOH will be generated. The second AcOH
molecule only plays a passive role.34 The resulting lowest
energy complex, designated as 1c (Figure 2(i)), is henceforth
taken as the reference point for comparison of energies in this
study. A similar kind of ligand exchange can as well occur
during the individual steps, such as the C−H activation,
reductive elimination and so on. Therefore, we have
investigated the complete catalytic cycle (as shown in Scheme
2) with all likely ligand combinations so as to identify the
lowest energy TSs in each of the elementary step. In addition to
the inner-sphere ligands directly bound to the metal (denoted
as L1, L2, and L4), an auxiliary outer-sphere ligand (L3) held
by hydrogen bonding interaction is also taken into consid-
eration (Figure 2(ii). This approach would help identify the
best ligand combination for the different steps involved in the
catalytic cycle.
Allylic C−H Activation Pathway. (i). C−H Activation.

The TS for the allylic C−H bond activation is located, first with
the native Pd(OAc)2 catalyst (TS(1−2)a). Consideration of
various ligands as in Figure 2(ii), conveys that water is relatively
more preferred inner-sphere ligand when the other two ligands
on Pd are κ1 acetates.35 Subsequent replacement of the acetates
with phosphate ligands (TS(1−2)b and TS(1−2)c) resulted in
further lowering of energy of the C−H bond activation TS. The
geometries of these TSs (Figure 3) indicate that the substrate

maintains an η2 coordination with Pd, while AcO− and PO− are
bound in a κ1 coordination mode. Transition states with η3

coordination are found to be of higher energy.36 Certain
interesting features arising due to the ligand exchange are
evident at this juncture. For instance, the Gibbs free energy of
the TS for the acetate-assisted C−H activation (TS(1−2)a) is
about 17 kcal/mol higher as compared to the corresponding
phosphate-assisted analogue (TS(1−2)c). In TS(1−2)a an
additional molecule of AcOH is included to enable a balanced
comparison between different TSs (namely, TS(1−2)a, TS(1−
2)b and TS(1−2)c). Equally important is to note that AcOH
has also been used as an additive together with phosphoric acid
in the experimental study.6 While there have been numerous
reports on acetate-assisted C−H activation,17a,c,d,37 an equiv-
alent role of Pd-bound phosphates have not been reported yet.
This is an interesting prediction which could have wider
implications in transition metal catalysis in the presence of
phosphate ligands.11−13 Equally significant is to note that Pd-
phosphates have even been suggested as active catalytic species
under certain reactions.13,38

(ii). Ring Expansion. Intermediate 2 formed as a result of the
C−H activation exhibits an η1 coordination of the substrate
with palladium (Figure 3). It is identified that the dissociation
of one of the neutral labile ligands (H2O) leads to the
formation of a Pd η3 complex (2′). More importantly,
intermediate 2′ is found to be of lower energy than 2.39 The
next step in the allylic pathway is the C−C bond formation
resulting in ring expansion via TS(2′-3) to the spirocyclic
product (5). Since this is the stereodetermining step that
controls the sense of the developing chirality at the quaternary
carbon, the knowledge of the actual catalytic species can greatly
benefit in the development of asymmetric reactions. Akin to the
steps described previously, TS(2′-3) with varying inner-sphere
and outer-sphere ligands are considered. It can be noted from

Figure 4. (i) Different likely ligand combinations in the C−C bond formation transition state TS(2′-3). All ligand combinations considered are
provided in the inset, while the relative Gibbs free energies (kcal/mol) of the important TSs are given in parentheses. (ii) The lowest energy TS
TS(2′-3)BQ involving BQ as a ligand. All distances are in Å, and the relative free energy (kcal/mol) is provided in parentheses. The reaction
coordinate is shown in red color dashed lines.
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the computed Gibbs free energies of various TSs as given in
Figure 4(i) that the most preferred ligands on Pd are BQ and
PO− when a second molecule of phosphoric acid (L3)
facilitates a relay proton transfer.40 BQ is proposed to act as
a ligand in allylic C−H activation reaction in some earlier
reports.15 Interestingly, the most favorable ligand combination
on palladium (POH and PO−) as noticed in the previous C−H
bond activation step is found to result in a higher energy TS
(11.9 kcal/mol). The geometrical features of TS(2′-3)BQ
indicate that the C1−C5 bond formation is accompanied by
a concomitant proton transfer from the hydroxyl group to the
phosphate oxygen. The conversion of the palladium-bound
phosphate to phosphoric acid thus results in the reduction of
Pd(II) to Pd(0) in this step.
On the basis of the above descriptions, it is evident that in

the allylic pathway, two phosphate ligands are directly involved
in the TSs for the C−H activation in the form of a Pd-bound
inner-sphere ligand and as an outer-sphere ligand in the
subsequent C−C bond formation. More interestingly, the
preferred ligands on Pd are found to be water and phosphate in
the C−H activation step whereas it is BQ and phosphate in the
C−C bond formation. This is an encouraging evidence in line
with the concept of “serial ligand catalysis”.7 If potential ligand
exchanges were not invoked, one would have assumed the same
type of ligands on palladium throughout the catalytic cycle,
leading only to the higher energy mechanistic alternatives.
These insights are likely to be helpful in several other transition
metal catalyzed reactions, in the presence of various additives
and other seemingly innocuous spectator ligands.
Wacker Type Pathway. (i). Ring Expansion. An alternative

Wacker-type mechanism is examined next, taking into account
the key ligand exchanges on Pd, similar to that in the allylic
pathway hitherto presented (Figure 5(i)). In the first step of
the Wacker pathway, the ring expansion of the cyclobutanol
occurs via TS(1−6). The transition state geometry indicates
that the C−C bond formation is accompanied by a
simultaneous proton transfer from the hydroxyl group to the
phosphate oxygen (Figure 6).41 This proton transfer can either
be assisted by an outer-sphere ligand L3, or involve a direct
transfer. Akin to the allylic C−H activation TSs described
earlier, the most preferred ligand combination turns out to be
the one with two phosphate ligands on palladium.42 The Gibbs
free energy of TS(1−6)c with a bis-phosphate ligand arrange-

ment is 20.3 kcal/mol lower than the conventional bis-acetate
combination TS(1−6)a. In the lowest energy TS(1−6)c, a
square planar Pd with two phosphates, a water, and the
substrate in an η1 coordination are found to be the preferred
ligands.

(ii). Reductive Elimination. In the next step, reductive
elimination takes place via TS(6′-3), wherein the C7−H10 is
abstracted by either a ligand bound to Pd (mode a) or by an
external outer-sphere ligand (mode b) as shown in Figure 5(ii).
One of the preferred arrangements for the reductive
elimination is found to be when a phosphoric acid ligand
moves to an outersphere position to give another intermediate
6′. It can be gleaned from the optimized geometries provided in
Figure 6 that the proximity of C7−H10 bond with palladium in
6′ induces an agostic interaction (H10−Pd8 distance is 1.82 Å)
leading to an elongated C7−H10 (1.20 Å). Upon considering
various possible ligand exchanges on Pd for the reductive
elimination step, TS(6′-3) is identified as the most preferred
mode.43 In this TS, H2O and PO− act as the bound ligands,
while the POH is an external ligand linked through hydrogen
bonding, as shown in Figure 6. As a result of C7−H10
deprotonation, C7−C6 bond gains a partial double bond
character, which in turn, interacts with palladium. This type of
reductive elimination can equally be regarded as a proton
coupled electron transfer (PCET) wherein the Pd acts as the
electron sink and the proton is abstracted by the phosphate
ligand.44 In another example, this type of C−H cleavage is
described as reductive β-hydride elimination.45 It should be
noted that a proton, instead of a hydride, is transferred to the
phosphate ligand. We have also considered the traditional two-
step pathway via TS(6−7) and TS(7−3) involving the
formation of a Pd-hydride complex. However, it is found to
be of 2.5 kcal/mol higher in energy as compared to the one
step reductive elimination process.46

Comparison of Allylic C−H Activation and Wacker
Type Pathways. A few important insights emerged through
the analysis of the most preferred pathways in the allylic and
the Wacker-type mechanisms can be noted by examining the
comparative energy profiles as given in Figure 7. The free
energy profiles clearly indicate that the Wacker-type process is
energetically more preferred over the allylic C−H activation
pathway. First, the vital transition states in the Wacker
pathways are, in general, of lower energy than that in the

Figure 5. Different possibilities for (i) the ring expansion TS(1−6) and (ii) TS(6′-3) (reductive elimination) in the Wacker type pathway. All ligand
combinations considered are provided in the inset while the relative Gibbs free energies (kcal/mol) of the most important TSs are given in
parentheses. The reaction coordinate and H-bonding are shown respectively in red and blue colors.
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allyic pathway. The very first ring expansion step in the Wacker
type pathway (TS(1−6)c) is kinetically more preferred by 7.8
kcal/mol as compared to the first C−H activation step in the
allylic pathway (TS(1−2)c). The activation barrier for the
second step (TS(6′-3)) in the Wacker type pathway is less
important in determining the favorability due to the higher
stability of intermediate 6, which makes this process
irreversible. On the basis of this analysis, it is evident that the
spirocyclic indene formation occurs through a Wacker-type

mechanism with a direct and cooperative participation of
phosphoric acid.
In addition, we have compared the efficiency of these two

catalytic cycles using the energetic span model.47 The energetic
span, i.e., δE, for the allylic C−H activation pathway is 21.7
kcal/mol and for the Wacker type process is 13.9 kcal/mol.
Thus, it is quite evident that the Wacker type pathway will have
a higher turnover frequency and is thus expected to be more
efficient.48

Figure 6. Optimized geometries of important stationary points in the Wacker type process. The relative energies (kcal/mol) are provided in
parentheses. All distances are in Å. The reaction coordinate and H-bonding are shown respectively in red and blue colors.
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At this juncture we wish to emphasize the importance of
dynamic ligand exchanges in both the mechanistic pathways
examined in this study. It can be noticed from the Gibbs free
energies of various transition states, as summarized in Table 1,

that for all the vital steps of the reaction, replacement of acetate
by phosphate offers profound stabilization to the transition
states. The bis-phosphate ligands on palladium is consistently
better for both allylic and Wacker pathways. The higher acidity
of phosphoric acid as compared to acetic acid can be regarded
as one of the reasons for this observation. The pKa of the
Brønsted acid catalyst (I) employed is 3.58, whereas that of
acetic acid is 12.6 (both in DMSO). Thus, phosphoric acid can
protonate the palladium-bound acetate. The transition state for
this process is found to have an activation barrier of only 4
kcal/mol, suggesting that this process is indeed a facile one.33g

It is interesting to note that in the allylic C−H activation
pathway, BQ acts as a more preferred ligand in the transition
state for the C−C bond formation leading to the ring

expansion. However, in the lower energy Wacker-type process,
BQ is not a preferred ligand in both the C−C bond formation
and the reductive elimination. It is therefore evident that BQ
plays the role of an oxidant in the regeneration of the catalyst
rather than participating in ligand exchanges in the preceding
steps of the title reaction.30

Potential Involvement of Palladium Phosphate as an
Active Catalyst for Other C−H Activation Reactions. On
the basis of the discussions presented in the previous sections, it
is quite evident that the palladium phosphate (Pd(OP)2)
generated in situ by the action of phosphoric acid on the native
palladium acetate (Pd(OAc)2) can act as a better active catalyst.
We became curious to examine whether an extension of this
concept to other Pd(OAc)2 catalyzed reactions may well
become valid. In this regard, we have investigated the potential
role of (Pd(PMe3)Ph(OP)) in the C−H activation of a series of
arenes that were earlier reported with Pd(PMe3)Ph(OAc).

49

The palladium-bound acetate in the C−H activation TSs was
replaced with a phosphate and geometries were reoptimized.
The relative free energies as summarized in Table 2 reveals that
for all the four substrates, the transition states with phosphate
are lower as compared to the corresponding acetates. Thus, the
prediction that a phosphate assisted C−H activation is
energetically more preferred over the acetate assisted C−H
activation, appears to hold good across different types of
reactions as well.

■ CONCLUSIONS

The mechanism of formation of spirocyclic indenes using a
cooperative multicatalytic protocol involving palladium acetate
and phosphoric acid is established using density functional
theory computational methods. Of the two important

Figure 7. Comparative Gibbs free energy profiles (kcal/mol) for the most preferred pathways in the allylic C−H activation (red) and Wacker type
processes (blue).

Table 1. Relative Free Energies (kcal/mol) of the Transition
States Involved in the Important Elementary Steps for the
Allylic C−H Activation and Wacker Type Pathways with
Different Number of Phosphate Ligands on Palladiuma

allylic C−H activation Wacker pathway

number of phosphate
(PO−) ligands on Pd

C−H
activation

ring
expansion

ring
expansion

reductive
elimination

zero (native) 36.0 20.3 30.5 9.2
one 26.7 10.3 21.5 −4.6
two 18.7 3.8 10.8 −13.2

aThe activation barriers also follow a similar trend (see Tables S13−
S14 in the Supporting Information for more details).
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mechanistic alternatives examined, a Wacker-type pathway
consisting of a semipinacol ring expansion of the indenyl
cyclobutanol followed by a reductive elimination (proton
coupled electron transfer) leading to a spirocyclic indene, is
found to be more preferred over an alternative route via an
allylic C−H activation pathway. Ligand exchange has been
identified as vital toward identifying the lower energy
mechanistic pathways, wherein the replacement of the native
acetate ligands on palladium by phosphate as well as water
resulted in additional stabilization of the crucial transition
states. These transition states are profoundly lower in energies
in both the allylic C−H activation pathway and in the Wacker
type process. As a consequence, an interesting phosphate
assisted C−H activation has been identified as more preferred
over the commonly invoked acetate assisted route. Further, in
the ring expansion transition state in the allylic pathway, a
molecule of benzoquinone and a phosphate are found to be the
most favored ligands on palladium. In the energetically favored
Wacker type pathway, the most preferred arrangement for the
ring expansion step has been identified as the one wherein
phosphates are bound to palladium as a ligand. In this process,
the cyclobutanol proton is abstracted first by an outer-sphere
acetate before it is relayed to the phosphate ligand. In the next
step, the phosphoric acid remains in the outer-sphere and relays
the indenyl β-proton to the palladium-bound phosphate. Thus,
Brønsted acid has been identified as playing a dual role in the
overall Wacker type mechanism. Further studies aimed at
establishing the origin of enantioselectivity in the formation of
the spirocyclic indenes are currently underway.
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