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A combined experimental and computational study
reveals a crossover between conventional cross-
coupling and carbene insertion pathways in a Pd
catalyzed C(sp?)—H insertiont
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Computational (DFT and DLPNO-CCSD(T)) calculations along with experimental tools (deuterium labelling,
kinetic studies using VTNA, ESI-HRMS and UV) are used to probe the mechanism of a Pd(i)-catalyzed
enantioselective carbene insertion into C(sp?)-H of indole. Using deuterium labelling studies, we
demonstrate the intermediacy of a metal-hydride species, which contrasts with mechanistic routes for
other transition metals (Rh, Fe, Au, Cu, etc.). Our VTNA study reveals the order to be one in both diazo

. 4 29th 3 2025 and indole, which along with microkinetic modelling aligns well with the computationally predicted
eceive th January . ) . ) . . .
Accepted 10th March 2025 mechanism. The mechanism is further supported by the detection of the most stable intermediate in the

catalytic cycle using ESI-HRMS. An investigation into the origin of stereoselectivity using DLPNO-

DOI: 10.1039/d55c00777a CCSD(T) presents a new paradigm, wherein stereocontrol arises during the formation of the Pd carbene
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Introduction

The indole scaffold has found widespread utility in the phar-
maceutical and agrochemical industries, with over 200 poten-
tial drug candidates introduced to the market for the treatment
of cancer, type 2 diabetes, and HIV, containing this key struc-
tural motif.' One of the most effective methods for functional-
izing indole is via carbenes generated from diazo precursors.
Traditionally, these reactions are catalyzed by transition metals
such as Rh, Cu, Pd, and Fe.>®* When using a-aryl-o-diazoacetates
as the carbene precursor, Fe catalysts typically afford only
modest enantioselectivity, while Rh catalysts generally require
a chiral Brgnsted acid as a cocatalyst for achieving high enan-
tioselectivities.*® On the other hand, Cu and Pd catalysts have
been shown to yield high enantioselectivity solely through the
use of chiral ligands.>” However, the underlying mechanism
remains largely unexplored, thereby posing a significant chal-
lenge in developing a general catalyst for carbene insertion
reactions. Earlier DFT studies have primarily focused on Rh, Cu,
Au, and Ag catalyzed reactions where ylides/enols act as inter-
mediates in the catalytic cycle.>'*** Despite these repertoires of
mechanistic investigations, the origin of stereoinduction for
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itself as opposed to proton transfer steps found for all other metal catalysts.

many carbene insertion reactions, especially those employing
chiral ligands, remains unclear.

Pd based systems are quintessential catalysts for various
cross-coupling reactions. However, their use in X-H (X = O, N,
S, C(sp?)) insertion reactions utilizing diazo precursors is more
recent and currently underutilized. In 2015, Zhou and co-
workers reported a base-free Brensted acid-free protocol for
a highly enantioselective Pd-catalyzed carbene insertion into
the C3-H bond of electron rich indole derivatives, using aryl
diazo esters as carbene precursors, through the use of ACBP
(axially chiral bipyridine) ligands (Scheme 1).” Their report
demonstrates the ability of Pd to efficiently catalyze the enan-
tioselective C(sp®)-H insertion of carbenes. There are a few
other reports where Pd works efficiently in catalyzing enantio-
selective carbene insertion into the O-H bond of phenol and the
N-H bond of aromatic heterocycles with high ee values using
spirobox, biimidazole and ACBP ligands.™

While excellent stereoselectivity has been obtained in all
these reactions, the general mechanistic framework remains
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Scheme 1 Pd-catalyzed C3—H functionalization of indole using the
ACBP (L*) ligand.
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fuzzy. The use of diazo precursors in cross-coupling reactions
that proceed via a migratory insertion pathway is well-
established (vide infra).”® In X-H insertion reactions, the
preferred pathway remains ambiguous, whether it follows
a conventional Pd-catalyzed cross-coupling route or the typical
carbene insertion reaction pathway seen for Rh, Fe, Au and Cu
catalyzed transformations. A major consequence of an incom-
plete understanding at the molecular level has been the slow
development of Pd catalyzed carbene insertion reactions.

In the Rh(u)-catalyzed functionalization of indole at C3, Fox
and co-workers postulated a mechanism involving a Rh-ylide
with oxocarbenium characteristics.> Recently, our group,
through a detailed mechanistic study, studied the origin of
enantioselectivity in the case of Fe and Rh catalyzed indole
alkylation reactions by invoking Fe and Rh bound enol path-
ways, respectively.'®***” Hu and coworkers reported a computa-
tional investigation of a Pd/chiral guanidine catalyzed N-H
insertion reaction.” The authors postulated the formation of
a Pd-H intermediate and the nucleophilic attack of the amine
onto the metallocarbene intermediate to be the stereo-
determining step. However, the authors considered neither the
conventional cross-coupling pathway typically adopted in Pd-
catalyzed carbene migratory insertion reactions nor the enol
pathway of transition metal catalyzed carbene insertion reac-
tions. Furthermore, in another Rh/guanidine-based O-H
insertion, the reaction was shown to proceed via a guanidine
assisted enol pathway.'” It remains unclear whether guanidine
acts as a ligand or as a co-catalyst in Rh and Pd catalysis. Malkov
and coworkers recently studied the mechanism of Pd catalyzed
indole alkylation with chiral bipyridine-N,N'-dioxides as
ligands.*® The authors proposed a conventional cross coupling
pathway involving CMD (concerted metalation deprotonation).
The main finding of the work was the role of Pd nanoparticles.
However, the mechanism based on ESI-HRMS and computa-
tional studies is ambiguous and so is the formation of active
catalytic Pd-OH species. The different mechanisms with
different ligands further highlight the complexity of metal
catalyzed carbene insertion reactions.

The general catalytic cycle of Pd catalyzed cross-coupling
reactions involves the formation of a Wheland intermediate
R-Pd (2) via SgAr (electrophilic aromatic substitution). Other
commonly accepted mechanisms for the formation of organo-
metallic species are oxidative addition, C-H activation, trans-
metalation, CMD, or SgAr (electrophilic aromatic
substitution).’?° It is followed by the reaction of 2 with the
carbene precursor to form a metallocarbene intermediate 3 and
subsequently a zwitterion 4 is rapidly generated via migratory
insertion (Scheme 2). This zwitterion species 4 is also formed in
carbene insertion reactions catalyzed by Rh, Cu, Fe, Au,
etc.>***'¢ The formation of this zwitterion may also take place
via an alternative pathway, where the first step involves the
formation of a metallocarbene species 6 via N, extrusion. Owing
to the high electrophilicity of the carbene carbon in 6, it
undergoes a nucleophilic attack, forming the common zwitter-
ionic species, 4. This is followed by B-hydride elimination
leading to intermediate 5 and then a hydride transfer to
generate the final product, 8. In other metal catalyzed carbene
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insertion reactions, either a direct 1,2-proton transfer yields the
product or an enol 7 is formed via a 1,4-proton transfer. This
enol subsequently tautomerizes, generating the final product, 8
(Scheme 2).

At present, it is unclear which mechanistic route is adopted
in Pd catalyzed reactions and whether a crossover between the
two catalytic cycles occurs or not. This in turn has not allowed
for an unambiguous assignment of the stereodetermining step.
This contrasts with other metal catalyzed carbene insertion
reactions, where generally the final tautomerization takes place
in a stereoselective manner.

In the present report, we resolve the mechanistic conun-
drum and delineate the stereocontrol in the Pd catalyzed indole
alkylation reaction through a detailed computational and
experimental study. Our study reveals an interesting mecha-
nistic paradigm in Pd catalysis and an unprecedented stereo-
determining step. The mechanistic understanding obtained
from the current study will be important in other X-H inser-
tions that are likely to adopt a similar route, and more impor-
tantly, in three component reactions, which have been
unsuccessful in yielding high enantioselectivities.>® The
discussions in the subsequent text are based on the relative free
energies (taking active species A as the reference) at the
SMD(pcmy/B3LYP-D3/6-311+G(d,p), LANL2DZ(Pd)//B3LYP-D3/6-
31G(d,p),LANL2DZ(Pd) level of theory unless otherwise speci-
fied. For crucial TSs and stationary points, free energies are also
reported at the SMD(pcy)/DLPNO-CCSD(T)/def2-TZVP//B3LYP-
D3/6-31G(d,p),LANL2DZ(Pd) level of theory.?” For all calcula-
tions, we have employed the substrates shown in Scheme 1.
Additional calculations with o-methyl-a-diazoester are also
carried out, the details of which are given in the ESL.{*

Results and discussion
Active catalytic species

We first investigate the nature of the active species. Previous
reports suggest that the primary function of NaBAr® is the
abstraction of chloride from [Pd(PhCN),Cl,], resulting in the
active catalytic species A, which is a dicationic complex with Pd
in the II oxidation state (Fig. 1).**»2?425 This is supported by
PXRD (powder X-ray diffraction) analysis, where a small amount
of an insoluble white solid assumed to be sodium chloride is
formed after the completion of the reaction.>***® To further
understand the nature of active catalytic species, we recorded
the UV-Vis spectra of the [Pd(bpy)Cl,] (where bpy is 2,2'-bipyr-
idine, an achiral ligand that mimics the axially chiral bipyridine
ligand employed by Zhou’ and co-workers) complex, the
[PA(PhCN),Cl,] complex, and a mixture comprising
[PA(PhCN),Cl,], bpy, and NaBAr". The spectrum of the mixture
indicated the coordination of bpy to Pd(u). Additionally, the
spectrum for this mixture was distinct from those of both
[Pd(PhCN),Cl,] and [Pd(bpy)Cl,], providing further evidence
that NaBAr" acts as a chloride scavenger to form A (Fig. 1).

We also carried out the full reaction, i.e., C3-H insertion of
1,2-dimethyl-1H-indole using methyl-a-diazo-a-phenylacetate
as the carbene precursor using the [Pd(bpy)Cl,] catalyst under
similar reaction conditions as shown in Scheme 1, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The conventional carbene insertion and cross coupling catalytic cycles.
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Fig. 1 Plausible active catalytic species, A, and UV-Vis spectra for the
[PA(PhCN),Cl] + bpy + NaBArf  mixture, [Pd(bpy)Cl,] and
[PA(PhCN),Cly.

resulted in a much lower yield (53%), ruling out the substitution
of the PhCN ligand with the bpy ligand in the actual reaction
with the [Pd(PhCN),Cl,] catalyst. Apart from A, we also
considered alternative active species with a partial abstraction
of chloride ions, resulting in a cationic Pd complex (vide infra).
However, the activation free energy barriers were found to be
higher in energy than those of catalytic species, A.>** Based on
our studies and previous reports, an active species, A, is the
most plausible one, and further discussions are based on it.

Formation of intermediate D via the conventional cross
coupling pathway and carbene

We now discuss the mechanism using DFT calculations
involving the carbene insertion pathway and cross coupling

© 2025 The Author(s). Published by the Royal Society of Chemistry

route, starting with active species A (Scheme 3). All calculations
are performed with the chiral ACBP ligand. In the carbene
insertion pathway, I, the first step involves the formation of
a tetrahedral intermediate B via TS(A-B) with an activation free-
energy barrier of 13.6 kecal mol ™, followed by metallocarbene
(C) formation via TS(B-C). The C2-Pd1 distance in TS(A-B) is
2.74 A, whereas in TS(B-C), leading to the metallocarbene C, the
distance between C2 and Pd1 is 2.11 A (Scheme 3). The forma-
tion of the tetrahedral intermediate, B, is generally not observed
for other metal catalyzed reactions, except for Fe.*” The next step
involves the nucleophilic attack of indole via its C3 position on
the metallocarbene C via TS(C-D) and has an activation free
energy barrier of 3.3 kcal mol " with an elongated C2-C3 bond
distance (2.68 A). In the ensuing metal ylide D, Pd is connected
to the carbene carbon with a Pd1-C2 distance of 2.15 A. We also
considered an alternative conventional cross-coupling pathway
to intermediate D. Here, indole S, instead of directly attacking
the carbene carbon first coordinates to Pd to generate inter-
mediate A;. Alternative mechanistic pathways involving a CMD
type mechanism were also investigated but were found to be
higher in energy.?®

Additional support for discarding the C-H activation route in
the absence of an added base comes from a control experiment
with a diazo substrate with a stoichiometric amount of Pd. Even
after 4 hours, 73% indole remains unreacted, as seen from 'H-
NMR. We were not able to characterize the remaining 27%.
However, crystal structures resembling intermediate A; have
been reported earlier, where the complex shows a o-m
continuum for the indole-metal interaction in indole-palla-
dium(u) complexes, where the C3-H proton of indole remains
unaffected.” The next step is the formation of the tetrahedral
complex By with carbene precursor S; through TS(A;-B,) with
a relative free energy of 15.2 kcal mol™". In the next step, Pd-
indolium (3H-indol-3-yl palladium) carbene species C; is
formed by N, expulsion from B, via TS(B,—-C,) with an activation

Chem. Sci., 2025, 16, 6793-6804 | 6795
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free energy barrier of 8.8 kcal mol ™' (Scheme 3). Subsequently,
migratory insertion takes place via TS(C;-D) to generate metal
ylide D with an activation free energy barrier of 12.0 kcal mol ™"
(Scheme 3). A comparison between the two pathways, viz.
nucleophilic attack and migratory insertion steps, reveals that
TS(A-B) has a lower energy than TS(A;-B,), thus favoring the
nucleophilic attack mechanism (Scheme 3). Since this presents
a critical juncture for the mechanism, we carried out single
point calculations at the DLPNO-CCSD(T) level and found the
energy difference between TS(A-B) and TS(A;-B;) to be 7.1 kcal
mol ", further supporting our mechanistic hypothesis of the
nucleophilic pathway being the favored route.

Pathways originating from zwitterion D

Following the formation of the zwitterion D, there exist several
mechanistic possibilities as shown in Scheme 4 leading to the
product.*® A comparison amongst different pathways reveals the
enol pathway to be the most favorable, which is observed for
other metal catalyzed reactions as well. The formation of an
enol via TS(D-E,) is a feasible process at room temperature
requiring an activation free energy barrier of 19.1 kcal mol .
Once the enol is formed, it can dissociate from the metal centre
and undergo a 1,3-proton transfer, leading to the final product.

6796 | Chem. Sci, 2025, 16, 6793-6804

This tautomerization has been studied quite extensively and
forms the basis of cooperative catalytic systems employing
chiral Brensted acids.**%*

However, in the absence of an added co-catalyst, the 1,3-
proton transfer via a strained four-membered TS would possess
a high energetic barrier. This can be clearly seen from the high
activation free energy barrier of 60.8 kcal mol " in forming P via
TS(Egee—P) (ESL, Fig. S71). However, recently we have shown that
the enol does not necessarily have to dissociate from the metal
centre, and adventitious water molecules can participate in the
tautomerization step.'®*' This also forms the basis of stereo-
induction, where only ligands on the metal are employed as the
chiral source. Thus, in this case as well, we studied the Pd-
associated enol pathway, where the enol is bound to Pd and
water molecules help in the proton transfer.’> All other TSs
without the assistance of water molecules were found to be
higher in energy (ESI, Fig. S77). Our calculated activation free
energy barrier of water assisted tautomerization is 31.5 kcal
mol " with respect to D (Scheme 4).3*

In our previous study with a Rh catalyst, we performed an
indole alkylation reaction with D-indole under standard reac-
tion conditions using the procedure reported by Fox and co-
workers.>** The incorporation of H suggested the participation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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theory for the formation of alkylated product P from zwitterion D via the enol pathway.

of external water molecules. To test whether external solvent
molecules also participate under the given conditions, we per-
formed similar experiments. We carried out the C3-H insertion
of 1,2-dimethyl-1H-indole using methyl-a-diazo-a-phenylacetate
as the carbene precursor with the catalyst combination of
[Pd(PhCN),Cl,], 2,2'-bipyridine (an achiral ligand that mimics
the axially chiral bipyridine ligand employed by Zhou and co-
workers),” and NaBAr" in freshly distilled dry toluene following
the procedure reported by Zhou. We intentionally added 25
equivalents of D,0O to specifically monitor the proton transfer
step for 16 hours (reaction (1), Scheme 5).

Deuterium incorporation was observed in the C3-alkylated
product, with a D: H ratio of 66 : 34. However, a control exper-
iment (reaction (2), Scheme 5) without the carbene precursor in
the presence of D,O showed a similar D : H ratio (62 : 38) for the
indole substrate, indicating deuterium exchange of the
substrate itself under the reaction conditions. If D,O were
indeed participating in a 1,3-proton transfer in the course of the
reaction, the D: H ratio of the product in reaction 1 would be
significantly higher than 62 : 38. We also performed the reaction
using 1,2-dimethyl-1H-indole-3-d without any added H,O or
D,O in the presence of 5 A MS as an additive and observed
proton incorporation in the C3-alkylated product with a D: H
ratio of nearly 08:92 (reaction (3), Scheme 5). Again, the cor-
responding control experiment showed a similar D:H ratio
starting from 1,2-dimethyl-1H-indole-3-d (reaction (4), Scheme
5). While the reactions in Scheme 5 indicate that solvent
molecules are not participating in the product formation, we
wanted to further understand the origin of the deuterium

© 2025 The Author(s). Published by the Royal Society of Chemistry

scrambling in the reactant, i.e., 1,2-dimethyl-1H-indole-3-d. It
should be noted that the alkylated product does not undergo
any D scrambling (ESI, Section 12.67). To get a better under-
standing of the reaction mechanism, it is also imperative to
understand the kinetics of deuterium scrambling in the reac-
tant relative to the product formation.
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Scheme 5 Deuterium exchange studies to delineate the participation
of water.
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The reaction (Scheme 6) gives a yield of 58% in one hour
without adding any MS; therefore, all subsequent reactions are
carried out without MS for one hour. To understand the origin
of D scrambling, we conducted several control experiments in
toluene and concluded that various components—[Pd(PhCN),-
Cl,], 2,2'-bipyridine, and NaBAr*—contribute to the exchange.
However, NaBAr” is the primary contributor, likely due to the
presence of acidic impurities in the reaction mixture originating
from these components, although the exact nature of these
impurities is uncertain (Scheme 6). Since the exchange occurs
even in the absence of the Pd catalyst, its participation can be
ruled out. While it is clear that acidic impurities participate in
the exchange in the reactant, we wanted to check whether the
final enol tautomerization step can be catalyzed by an acid.

ph H
[PA(PhCN),Cl,], come
H bpy, NaBAr®
1h,rt
N Ph” “CO,Me Toluene (dry) N

\
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Since the nature of the impurity is unclear, we performed
calculations with a Bregnsted acid (chiral phosphoric acid) and
found TS(Egec—P)cpa to be lower in energy (19.6 keal mol ') than
the earlier TS(Eq—P)pwat (31.5 keal mol ™). However, in TS(Egec—
P)cpa, the enol is metal-free, and thus such a model with an
achiral acid impurity cannot explain the high stereoselectivity
(98% ee) in the current reaction (the corresponding Pd-
associated TS was found to be 6.1 kcal mol™" higher in
energy).** Additional control experiments in the presence of an
added acid and base were also carried out, where both these
added species contribute to an exchange.’>*¢

We also carried out the reaction with D-indole in CHCI; to
understand the role of the solvent. Here, after one hour, the D: H
ratio changes from 75:25 to 33:67 (Fig. 2). We performed
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additional experiments at different time intervals. The yield of the
product in the first 10 minutes is only 14%, whereas the D: H
ratio of the unreacted indole changes from 75 : 25 to 49 : 51. Thus,
the exchange reaction is faster than the product formation.
Gratifyingly, we notice that the D : H ratio in the unreacted indole
remains constant after 10 minutes and so does the D: H ratio in
the product (Fig. 2). Similar experiments were also carried out in
toluene, where we see a similar trend.*” This clearly indicates that
no external water molecules participate in the course of the
reaction. Since the D : H ratio in the reactant and product remains
similar, it can be further concluded that C-H/Pd-H bond cleavage
is not involved in the rate determining step (RDS).

2
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Based on these experiments and computationally calculated
activation free energy barriers (the lowest barrier was 31.5 kcal
mol " for a Pd-associated water assisted enol pathway, which is
very high for a room temperature reaction), we rule out any
water assisted 1,3-proton transfer, and therefore the proton
transfer to yield the final product must necessarily proceed
through a different pathway.

Inspired by Pd-catalyzed cross-coupling reactions involving
carbenes as shown in Scheme 2, we conceptualized a Pd-H
species (F/F;) as a possible intermediate (Scheme 7). The B-
hydride elimination from the C3 of indole to the Pd centre in
the metal ylide D via a late TS(D-F) with an activation free
energy barrier of 21.4 kcal mol " leads to the formation of the
Pd-H species, F. Here the methylene indolium coordinates to
Pd in an n>-fashion (Scheme 7). The formation of an ene-bound
Pd complex after B-hydride elimination is a typical behavior of
Pd-catalyzed cross-coupling reactions.'”** Pd-C2 and Pd-C3
distances are 2.16 A and 2.28 A, respectively, in TS(D-F).
Initially, we anticipated that the transfer of a proton from the
indolium species to Pd(u) would lead to its oxidation to Pd(w).
However, the process unfolds differently: there is a simulta-
neous transfer of a proton from the indolium C3-H to Pd along
with the breaking of the C-Pd bond, leading to a formal hydride
transfer. This results in the generation of a Pd(u)-coordinated
methylene indolium species F, thus avoiding Pd(u)/Pd(v)
oxidation due to the latter's instability. Such an iminium type
complex is also found in the literature, where it is highly elec-
trophilic in nature and susceptible to being attacked by

_|2+

T
1
H N A
Bh © BnO,C
: N0~ TS(FiP)
-26.3
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Scheme 7 Formation of alkylated indole via the Pd—H pathway starting from metal ylide D. Optimized geometries are given for TSs with
distances in A. Relative free energies are given in kcal mol ™. For the TS geometries, hydrogens are removed for clarity.
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apt Ap2
AEorh(1)= -31.5 kcal/mol AEorh(2)= -18.9 kcal/mol

Fig. 3 Major contributing NOCV pairs to the deformation density Ap
associated with the formation of the F; complex between [L*Pd-H]
and methylene indolium by ETS-NOCV analysis. The contour value is
|Ap| = 0.004 a.u. The blue/red contours show the accumulation/
depletion of electron density. The part not involved in the given
interactions is omitted for clarity.

a nucleophile.*® Here, the hydride at Pd-H behaves similar to
a nucleophile to rearomatize the indolium ring.

In TS(D-F), the methylene indolium and Pd-H are coplanar
as can be observed from the dihedral angle, ¢c3-ca-pdi-ma,
which is —2.1°. This dihedral angle changes to —12.8° in
intermediate F. Subsequently, intermediate F isomerizes to
a related geometry F; via TS(F-F,), where the transferring
hydride is closer to C2 and the ¢c3-cz-pa1-na dihedral is —128.1°
(Scheme 7). The interconversion barrier between F and F, via
TS(F-F,) is 1.5 keal mol™" (Scheme 7). The Gibbs free energy
barrier of dissociation of the methylene indolium group from
[L*Pd-H4] via TS(F-F,) is 9.7 kcal mol*, indicating that inter-
conversion of F to F, is favorable over dissociation of the
methylene indolium group from the [L*Pd-H4] moiety. The
nature of the stereodetermining step is governed by the lower
interconversion barrier (vide infra).

To understand the nature of interaction between [L*Pd-H]
and methylene indolium species in F;, we performed EDA-
NOCV (Energy Decomposition Analysis-Natural Orbitals for
Chemical Valence) calculations.*® The major contribution
toward orbital interaction may be attributed to the NOCV pairs
Ap1 and Ap2, as shown in Fig. 3.

The first interaction shows the outflow of electrons from the
d,, orbital of Pd and the o orbital of Pd-H toward 7* of the C2~
C3 double bond. The corresponding energy contribution toward
orbital interaction is —31.5 kcal mol *. The next dominant
contribution toward orbital interaction shows the outflow of
electrons from the 7 orbital of the C2-C3 double bond toward
an empty d,_,» orbital of Pd and the o* orbital of Pd-H with the
corresponding interaction energy equal to —18.9 kcal mol . It
is clear from the NOCV pairs that there is an interaction
between Pd-H and C2-C3 bonds.

Electron transfer from the C2-C3 double bond toward c* of
Pd-H facilitates weakening of the Pd-H bond and thus, an
extremely facile stereospecific migratory insertion via TS(F;-P;) is
observed, which leads to the Pd-bound product P,, which is
subsequently released with the concomitant regeneration of the
catalyst (Scheme 7).

The overall free energy profile at the DLPNO-CCSD(T) level is
given in Scheme 8. The mechanism proceeds via a catalytic cycle
comprising two halves, where isomerization via TS(F-F,) is the

6800 | Chem. Sci., 2025, 16, 6793-6804

View Article Online

Edge Article

TS(A-B)
20.1

TS(B-C)
19

0.0 : TS(C-D)
235

Carbene Insertion
pathway

Cross Coupling
pathway

Scheme 8 Free energy profile (kcal mol™) for the lowest energy
pathway of carbene insertion into the C3—H bond of indole via the Pd—
H intermediate at the SMD pcm)/DLPNO-CCSD(T)/def2-TZVP//B3LYP-
D3/6-31G(d,p),LANL2DZ(Pd) level of theory.

most likely RDS. This also aligns well with our deuterium label-
ling experiments discussed above. It can be clearly seen that
intermediate D is the most stable species, and therefore we made
attempts to detect it using experimental methods. The detection
of this intermediate via NMR proved to be very complex; there-
fore, we resorted to ESI-HRMS. Gratifyingly, we detected a species
that supports the existence of intermediate D (Scheme 7).

Kinetic studies using VINA

To further support our proposed mechanism, we conducted
kinetic studies using the VINA (Variable Time Normalization
Analysis) approach developed by Burés** and coworkers for the
model reaction shown in Scheme 9, which was slightly modified
from the procedure given by Zhou and coworkers.”*! The reac-
tions were monitored using in situ "H-NMR.

As a first step, to check the robustness of the catalytic system,
we carried out the “same excess” experiment. A complete over-
lay of the plots indicates no catalyst deactivation or product
inhibition (Fig. 4(a)). Subsequently, we conducted “different
excess” experiments to determine the order with respect to
diazo, indole and the Pd catalyst. It should be noted that to
determine the order with respect to the catalyst, the concen-
tration of both bpy and NaBAr® was unchanged from the stan-
dard conditions (Table 1). We observed a first order behaviour
for Pd, diazo and indole (Fig. 4(b)-(d)).

First order dependence on both diazo (1.0) and indole (1.0)
fits well with our computational model of the isomerization step
being rate determining in nature. We further turned to kinetic
modelling using COPASI software.*> The kinetic constants for
different mechanisms were estimated based on the parameter

/
[Pd(PhCN),Cl,], bpy N
CO,Me r'l NaBAr® Ph M
. >
N, _@ Me0,C” “H

CDCl3, rt
indole P

diazo

Scheme 9 Standard reaction used for kinetic studies.
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Table 1 VTNA experiments

Experiment [Diazo] [Indole] [Pd]

Standard 0.042 M 0.072 M 5 mol%
Same excess 0.026 M 0.056 M 5 mol%
Diazo excess 0.024 M 0.072 M 5 mol%
Indole excess 0.042 M 0.040 M 5 mol%
Pd excess 0.042 M 0.072 M 6 mol%

estimation tool in COPASL. It can be seen from Fig. 4(e) that the
computationally calculated lowest energy pathway, ie., the
crossover pathway (Scheme 8), fits best with the experimental
profile. Other mechanisms show a poor fit.**

Stereochemical model

We now turn our attention to the nature of the stereo-
determining step and the origin of high stereoselectivity. A
careful analysis of different TSs involved in the minimum
energy pathway reveals an unprecedented stereodetermining
step that is different from other metal catalyzed reactions,
where the final enol-keto tautomerization step generally
controls the stereoselectivity.

We begin our discussion with the formation of the tetrahe-
dral intermediate, B. As shown in Scheme 10, a chiral centre is
generated at C2, resulting in diastereomeric intermediates, Bg
and Bg. It remains to be seen if the stereochemical information
generated at this junction can be carried forward in the
subsequent intermediates along the catalytic cycle. From
intermediate B, N, expulsion takes place preferentially near the
site of the PhCN ligand, resulting in an axially chiral metal-
locarbene C, termed point to axial chirality transfer.

The nucleophilic attack of indole on the C2 of this axially
chiral metallocarbene C can happen at the re face or the si face,
leading to the formation of zwitterion D. For instance, in the
case of intermediate Cg, the approach of indole from the si face
to form Dy is facilitated by minimal steric crowding (PhCN is
present and the free volume is calculated to be 35.6%), while on
the re face, the presence of the bidentate ligand (ACBP, L¥)
hinders this attack (the corresponding free volume is 19.1%),
thereby preventing the formation of Dg (Fig. 5).

Analogously, in the case of Cgs, Dg is preferentially formed
due to the facile attack of indole from the re face. Further, it
must be noted that the two diastereomeric metallocarbenes, Cg
and Cg, cannot interconvert, as rotation about the Pd1-C2
double bond possesses an activation free energy barrier of 30.0
kcal mol™', while the subsequent nucleophilic attack has
a barrier of only 3.3 kcal mol™". This is again unlike a Curtin-
Hammett situation, and precluding any interconversion, one of
them will preferentially lead to the formation of the corre-
sponding zwitterion D. Hence, in this step, the stereochemical
information is relayed over to the zwitterion D through an axial
to point chirality transfer.

concentration of bpy and NaBAr® was kept fixed at 5 mol% and
12 mol%, respectively.
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PhCN

The formation of the Pd-H intermediate, F, via a hydride
transfer from C3 of 2,3-dimethylindole to Pd is stereospecific as it
only occurs from one face, and therefore, the two diastereomeric
zwitterions Dg and Dy result in the formation of diastereomeric
intermediates: Fg and Fg, respectively. The intermediate F isom-
erizes to F, via TS(F-F,) with a Gibbs free energy barrier of 1.5 kcal
mol . The dissociation of the ene from the Pd centre that will
allow interconversion between Fi and Fg, however, has a barrier
of 9.7 kcal mol™", thereby again ruling out a Curtin-Hammett
situation. Since F and F, are merely isomers, the interconversion
between F;r and F;5 will also possess an equivalent barrier of 9.7
keal mol . Furthermore, the final hydride transfer via TS(F;-P,)
presents a Gibbs free energy barrier of only 0.1 kecal mol
resulting in this step being stereospecific in nature (Scheme 10).
Since the final hydride transfer to yield the product is stereo-
specific as well, the stereochemical information generated in the
very first step involving the diazoester complexation by the chiral
catalyst is carried forward across all subsequent steps in the
catalytic cycle. Hence, the stereopreference of the chiral catalyst
in the formation of tetrahedral intermediate B necessarily guides
the stereochemical outcome of the entire reaction. We performed
a thorough conformational sampling to find TSs leading to the
formation of diastereomeric tetrahedral intermediates (B and
Bg) and the gap between the most stable TSs was found to be 1.6
keal mol * (DLPNO-CCSD(T)/def2tzvp calculations),
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Fig. 5 Steric map showing percentage free volume (%V5) available in
metallocarbene Cp calculated using SambVca 2.1.44

corresponding to 87% ee (experimental ee is 97%) with R being
the major enantiomer.

Conclusions

We have studied Pd(u)-catalyzed enantioselective carbene
insertion into the C3-H bond of indole through computational
methods along with experimental tools. Herein, we demon-
strate that the generation of a metal ylide via nucleophilic attack
of indole on metallocarbene following the typical carbene
insertion pathway is favoured over the migratory insertion
pathway, which is generally observed as the RDS in Pd-catalyzed
cross-coupling reactions involving carbenes. Subsequently, the
reaction goes through the route involving a Pd-H species, which
contrasts with other metal catalyzed carbene insertion path-
ways, viz. enol and metal-enolate pathways. We have further
carried out kinetic studies to determine the order with respect
to both indole and diazo and find the experimentally deter-
mined orders of 1.0 to match well with the predicted mecha-
nism. Using deuterium labeling studies, we show that external
solvent molecules do not participate in the mechanism, which
indirectly supports the Pd-hydride pathway. Gratifyingly, using
ESI-HRMS we were able to detect the lowest lying intermediate,
D (metal ylide), of the catalytic cycle. The hydride transfer in this
palladium-hydride intermediate takes place stereospecifically to
give the alkylated indole product, implying that stereoinduction
is invoked during the formation of the tetrahedral intermediate,
B. Such a reaction mechanism that merges two well-established
catalytic cycles is fundamentally interesting and can potentially
have wider implications in the field of Pd catalysis. Additionally,
the novel stereodetermining step can open new avenues in
carbene insertion pathways and can avoid the typical issues of
metal-free species seen in other metal-catalyzed reactions.
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