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ABSTRACT: The density functional (M06) computations on a
cooperative multicatalytic reaction involving palladium acetate and a
chiral Brønsted acid in the conversion of an indenyl cyclobutanol to
spirocyclic indene bearing a quaternary carbon ring junction are
reported. A chiral Pd-bis-phosphate is identified as the active catalyst
in the enantioselective ring expansion as compared to alternative
possibilities wherein the chiral phosphate/phosphoric acid is in the
outer sphere of palladium. The enantiocontrolling transition state
exhibited more effective C−H···π interactions, lower distortion of the
catalyst, and an orthogonal orientation of the bulky phosphate ligands.

Cooperative asymmetric catalysis is a new and emerging
trend in asymmetric synthesis.1 The complementary

attributes of both metal2 and organocatalysts3 are harnessed in
the synthesis of increasingly complex molecules. The simulta-
neous use of two catalysts offers a handle to fine-tune the
stereoselectivity by carefully choosing the chirality in one of the
catalysts. Although there are reports on the use of multiple chiral
catalysts in one-pot reactions, most of the recent examples in
cooperative catalysis employ only one chiral catalyst in
conjunction with an achiral catalyst. While several catalyst
combinations can be thought of,4 the metal-organo pair1d,f

appears to be the most promising genre for asymmetric
applications. The availability of several successful organocatalysts
(such as chiral amines, N-heterocyclic carbenes, Brønsted acids,
thiourea, etc.)5 has certainly provided a timely impetus to metal-
organo cooperative asymmetric catalysis. Needless to mention
that transition metal catalysis has remained a central pillar in
chemical catalysis for several decades. Hence, metal-organo
cooperative protocols should be regarded as a natural
progression on this front.
In a very recent example, Rainey et al. synthesized spirocyclic

indenes by using a Pd−Brønsted acid dual catalytic method
(Scheme 1).6 The synthesis of spirocycles with chiral quaternary
C-centers is an arduous task, and only a fewmethods are available
to access such compounds.7 Although Pd(II) and Brønsted acids

are successful catalysts by themselves, the potential of their
combination has not been exploited until recently. Some of the
most recent examples using Pd−Brønsted acid dual catalytic
combinations serve as an early indication of its incredible
potential in cooperative catalysis.8 Spirocyclic indenes are
valuable compounds owing to their biological relevance and
their use toward the development of spinol-based chiral ligands
for asymmetric synthesis.9 For instance, the basic framework of
an antitumor antibiotic known as f redericamycin-A consists of a
spirocyclic indene framework.10 These features render the
following reaction of high contemporary significance.
The conversion of indenyl cyclobutanol to spirocyclic indene,

as given in Scheme 1, is accomplished by using (S)-TRIP
(abbreviated, hereafter as POH) and Pd(OAc)2 as the catalysts,
BQ as the oxidant, and a trace of water as an additive, all under
one-pot reaction conditions. Delineating the mechanism of such
a dual catalytic reaction is expected to be challenging. The only
chiral source in this reaction is the phosphoric acid, which is
introduced as an external species, unlike what one would
generally find in asymmetric catalysis wherein the chiral ligand is
bound to the transition metal. Under such a scenario, the critical
question of whether the chiral entity replaces the native ligand on
palladium or does it imparts enantioselectivity by being in the
outer coordination sphere of the metal warrants careful
investigation.11 In addition, the identification of what could
possibly be the most preferred pathway requires knowledge of
the nature of the active catalytic species and the preferred
combination of the ligands bound to the Pd center.
Studies on the origin of stereoinduction undoubtedly demand

mechanistic clarity. To this end, we have very recently established
the mechanism of formation of the spirocyclic indene by using an
achiral model phosphoric acid.12 Two pathways, namely an allylic
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Scheme 1. Pd and Brønsted Acid Cooperative Catalytic
Approach for the Formation of Spirocyclic Indenes (ref 6)
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C−H activation and a Wacker-type pathway, were considered in
great detail to learn that a Wacker-type mechanism is relatively
more preferred. In themost preferred pathway, oneH2O and two
phosphates are found to remain in the inner coordination sphere
of Pd. In the present letter, we intend to shed light on the origin
of enantioselectivity when a chiral (S)-TRIP acts as the Brønsted
acid. The lowest energy pathway and the stereodetermining ring
expansion step are shown in Scheme 2. Density functional

computations using the M06 functional have been employed to
identify all the transition states involved in the stereodetermining
step.13 Discussions employ Gibbs free energies obtained at the
SMD(Toluene)/M06/6-311G** ,LANL2DZ(Pd)//M06/6-
31G**,LANL2DZ(Pd) level of theory, unless otherwise
specified.
In the stereodetermining step, the chiral Brønsted acid could

be envisaged as capable of playing different roles, as illustrated in
Figure 1, depending on the nature of other bound ligands on Pd.

For instance, with the native acetate ligands on Pd, the chiral
phosphoric acid can remain only in the outer sphere bound
through H-bonding interactions, depicted as mode I in Figure 1.
Alternatively, the phosphoric acid can protonate and displace one
of the acetates and move into the inner sphere as a phosphate,
leading to modes II and III. Similarly, the action of two
phosphoric acid molecules can give rise to a bis-phosphate
intermediate, wherein the acetic acid is pushed to the outer
sphere, as in mode IV.
Investigation of different possibilities for the stereocontrolling

ring expansion step (modes I−IV) revealed that the transition
state with two phosphate ligands, designated as mode IV, is

energetically the most preferred. Within each of these transition
state models, two stereochemically distinct ring expansions are
considered. The migrating methylenic carbon can approach
either the si face of the palladated indenyl framework, leading to
an R spirocyclic indene, or the re face resulting in an S product.
The vital controlling element for the developing chirality (or the
extent of chiral induction) is the energy difference between the
transition states for the migration to the si face and that to the re
face. The relative Gibbs free energies of these transition states
with respect to the lowest energy transition state in mode IV
given in parentheses respectively pertain to the migrations to the
si face (the first value) and the re face (the second value) (Figure
1). It can be readily noticed from Figure 1 that the transition
states in modes I and II are generally of higher energy.
Interestingly, within both these modes the lower energy
transition state is the one that involves a migration to the si
face, leading to the R product. This implies that the sense of
selectivity obtained through these models is correct wherein the
chiral phosphate is either directly bound to Pd (as in mode II) or
it is H-bonded to other ligands (as in mode I). However, in the
case of mode III, the predicted sense of selectivity is opposite to
that from experimental observation, indicating that such a
transition state model is much less likely.14

A few pertinent aspects on the increasing use of chiral
phosphoric acids in transition metal catalysis are worth
mentioning at this juncture.1d,f Under a homogeneous catalytic
condition, the phosphoric acid can either act as a proton shuttle
or protonate an anionic ligand bound to the transition metal to
form a phosphate conjugate base. This phosphate, in turn, can act
as an inner-sphere ligand to the transition metal or remain as a
counterion in the outer-sphere.15 Therefore, it is of fundamental
importance to probe the actual role of the chiral phosphate/
phosphoric acid in the stereocontrolling event of this reaction.
Next, we turned our attention to the energetically most preferred
transition state mode IV where the chiral phosphates act as
ligands bound to the Pd. The predicted enantioselectivity with
this transition state model is >99% due to the large energy
difference (11.3 kcal/mol) between the diastereomeric transition
states (Figure 2). A similar trend is also noticed with the B3LYP-
D3//M06 level of theory (11.5 kcal/mol). The predicted value is
therefore an overestimation of the enantioselectivity as
compared to the experimental ee of 75%. At the B3LYP level,
the free energy difference becomes−1.5 kcal/mol, in favor of the
opposite stereoisomer (R). Further single-point calculations at
the M06//B3LYP level of theory result in an energy difference of
7.4 kcal/mol. It appears that the M06 and B3LYP-D3 functionals
tend to overestimate the C−H···π interactions leading to more
stabilization of the lower energy transition state.16 Careful
analysis of the geometric features of this bis-phosphate transition
state offered certain valuable molecular insights. The substrate is
anchored to the Pd center while the stereocontrolling ring
expansion takes place. The gross molecular topology indicates
that the large spatial spread of the triisopropylphenyl arms
extending from the 3,3′-positions of the axially chiral binaphthyl
core is such that the substrate appears to remain encapsulated in
the chiral pocket.17 The relative orientation of the two
phosphates in the lowest energy transition state TS-si is found
to be nearly orthogonal to each other (Figure 2a), potentially
leading to a minimization of the steric encumbrance.18 In the
higher energy TS-re, in order for the re face of the indenyl
framework to remain accessible for the ring expansion, the
phosphates should have to reorient. This kind of substrate-
induced conformational change, as shown in Figure 2a, leads to

Scheme 2. A Wacker-Type Mechanism for the Formation of
Spirocyclic Indenea

aThe structure of POH is given in Scheme 1.

Figure 1.Different modes for the stereocontrolling transition states that
differ in the nature of the ligands around Pd. Relative free energies (kcal/
mol) with respect to the lowest energy transition state in mode IV are
given in parentheses in the order (si, re). The re and si are the prochiral
faces of the palladated indenyl framework.
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an increased steric interaction between the isopropyl groups of
the two phosphate ligands.

Examination of the finer details, besides the seemingly evident
steric interactions, reveals a series of weak C−H···π stabilizing
interactions between the ligand and substrate.19 The cumulative
effect of these noncovalent interactions controls the geometric
disposition of the substrate near the Pd center. It can be noticed
from the optimized transition state geometries that the lower
energy TS-si exhibits more C−H···π interactions (denoted as a
to g in Figure 2b). The C−H···π contact distances in TS-si are
generally shorter than those in TS-re, indicating stronger
interactions.20 Another factor that contributes to the energy
difference between the diastereomeric transition states is the
geometry around the Pd atom, which is nearly square planar in
the case of TS-si while larger distortions are noticed in TS-re. A
comparison of the distortion angles (θ1−θ4) and dihedral angles
(ϕ1−ϕ2), as given in Figure 2b, effectively conveys a pronounced
geometric distortion in the higher energy TS-re.
It is interesting to note that the above-mentioned controlling

factors responsible for the stereoinduction emanate from the
crucial triisopropylphenyl groups on the chiral phosphate ligand.
To quantify the stabilization/destabilization of transition states
upon going from the original to the modified catalysts, different
equations are formulated (Scheme 3). To probe the importance
of the 3,3′ substituents on the binaphthol framework, the 3,3′
groups on the original catalyst (TRIP) are first replaced with H
atoms, as shown in Scheme 3a. This is done for both
stereodetermining TSs to evaluate the energy difference between
the ring expansion involving the si and re face of the palladated
indenyl framework. Single-point energies are first calculated
using such frozen geometries. It is noticed that the energy
difference between TS-si and TS-re dwindles to 0.2 kcal/mol as
compared to 7.2 kcal/mol in the case of unmodified parent
phosphate ligands.21 Similarly, when all the triisopropylphenyl
decorations on the 3,3′ aryl groups are replaced with just phenyl
groups (Scheme 3b), the energy difference increases to 9.3 kcal/
mol. Subsequently, the geometries of these transition states with
the modified ligands as shown in Scheme 3 were allowed to relax
by way of full geometry optimization at the M06/6-31G**,-
LANL2DZ(Pd) level of theory.22 Interestingly, the energy
difference between the stereocontrolling transition states with Ar
= H and that with Ar = C6H5 respectively became 0.9 and −1.5
kcal/mol (where Ar corresponds to the 3,3′ substituent on the
binaphthyl core).23 Thus, it is evident that the presence of
isopropyl groups is of utmost importance to the enantioselec-
tivity and the steric interactions between the isopropyl groups on
the phosphate ligands, and the C−H···π stabilizing interactions

Figure 2. (a) Orientation of the two chiral phosphate ligands (shown in
red and blue color) in the diastereomeric transition states in mode IV.
The substrate and Pd are omitted for clarity. (b) Optimized geometries
of the stereocontrolling transition states depicting noncovalent
interactions. Relative Gibbs free energies (normal font) and total
electronic energies (italics) in kcal/mol are given in parentheses. All
distances are in Å, and angles in deg.

Scheme 3. Balanced Equations to Compare the Original Catalyst with the Modified Catalysts Obtained upon Replacing the 3,3′
Substituents with (a) Hydrogen Atoms and (b) Phenyl Groups (S = Substrate and AcOH = Acetic Acid)
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between the ligand and the substrate are the prime contributing
factors governing the stereochemical outcome.
In conclusion, we have proposed the first transition state

model for a cooperative asymmetric Pd(II)-Brønsted acid
catalyzed spirocyclic ring formation. In the stereodetermining
transition state, both the transition metal and the Brønsted acid
cooperatively participate in the enantioselective ring expansion
transition state, wherein the methylenic carbon of the cyclo-
butanol migrates to the si prochiral face of the palladated indenyl
carbon, to furnish a spirocyclic indene framework. In the lowest
energy ring expansion mode involving the si-face, the chiral
phosphate ligands remain nearly orthogonal so as to minimize
the unfavorable steric interaction and at the same time engage in
a series of weak stabilizing C−H···π interactions.
The ring expansion to the re-face, on the other hand, suffers

from increased steric interactions between the triisopropylphenyl
groups besides reduced C−H···π interactions. The higher
computed ees appear to arise from the additivity of errors in
the noncovalent interactions and thus allude to the challenges in
quantitative predictions for larger catalysts. The molecular
insights presented herein could help in the rational design of
cooperative catalytic protocols involving palladium acetate in
conjunction with chiral phosphoric acids.
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