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Abstract

The use of more than one catalyst in one-pot reaction conditions has become a rapidly evolving
protocol in the development of asymmetric catalysis. The lack of molecular insights on the
mechanism and enantioselectivity in dual-catalytic reactions motivated the present study focusing
on an important catalytic asymmetric Heck—-Matsuda cross-coupling. A comprehensive density
functional theory (M06 and B3LYP-D3) investigation of the coupling between a spirocyclic
cyclopentene and 4-fluorophenyl diazonium species under a dual-catalytic condition involving
Pdj(dba)s (dba = trans, trans-dibenzylideneacetone) and chiral 2,2”-binaphthyl diamine (BINAM)-
derived phosphoric acids (BDPA, 2,2”-binaphthyl diamine-derived phosphoric acids) is presented.
Among various mechanistic possibilities examined, the pathway with explicit inclusion of the base
(in situ generated sodium bicarbonate/sodium biphosphate) is found to be energetically more
preferred over the analogous base-free routes. The chiral phosphate generated by the action of
sodium carbonate on BDPA is found to remain associated with the reaction site as a counterion.
The initial oxidative addition of Pd(0) to the aryl diazonium bond gives rise to a Pd-aryl
intermediate, which then goes through the enantiocontrolling migratory insertion to the cyclic
alkene, leading to an arylated cycloalkene intermediate. Insights on how a series of noncovalent
interactions, such as C-H---O, C-H---N, C-H---F, C-H:-- x, Ip---r, O-H--- &, and C-F---r, in the
enantiocontrolling transition state (TS) render the migration of the Pd-aryl to the s7 prochiral face
of the cyclic alkene more preferred over that to the re face are utilized for modulating the
enantioselectivity. Aided by molecular insights on the enantiocontrolling transition states, we
predicted improved enantioselectivity from 37% to 89% by changes in the N-aryl substituents of
the catalyst. Subsequent experiments in our laboratory offered very good agreement with the

predicted enantioselectivities.
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INTRODUCTION

The most recent practices in asymmetric catalysis make use of different types of catalysts in
one-pot conditions. The catalytic ability of more than one well-established catalyst is
combined in such multicatalytic reactions. A gamut of dual-catalytic protocols employing
two organocatalysts, two transition-metal catalysts, and a combination of organo- and
transition-metal catalysts have found interesting applications in stereoselective synthesis of
natural and biologically active products.! Among the various catalytic reactions involving
single catalyst, transition-metal-catalyzed cross-coupling reactions constitute an important
class, particularly for asymmetric synthesis of complex targets.2 A valuable variant of the
conventional coupling reaction is Heck—Matsuda reaction, wherein an aryl group, in the
form of a diazonium salt, is coupled with an alkene using Pd catalysis.> Heck-Matsuda
arylation is a useful synthetic protocol for the construction of C—C bonds because of the
ready availability of aryldiazonium salts, which are thermally stable and safer to work with.*
While Heck—Matsuda cross-coupling strategy is widely found in literature, the
corresponding asymmetric versions remain much less reported, perhaps due to the
compatibility issues between the commonly used chiral phosphine ligands and diazonium
salts.? In the past decade, Heck—-Matsuda arylation has also been employed as a key step in
the asymmetric synthesis of biologically active compounds.* Excellent methods to overcome
such issues were in arylative desymmetrization of cyclic and acyclic alkenes by using chiral
bisoxazoline ligands.® Highly enantio- and regioselective arylations of alkenyl alcohols
using chiral pyridine oxazoline ligands reported by the Sigman group serve as a convincing
demonstration of the potential of Heck—Matsuda cross-coupling.’

In recent years, chiral ion-pairing catalysts have been utilized under phase-transfer
conditions. Enantioselective reactions proceeding through a cationic intermediate that can
form an ion pair with an enantiomerically pure chiral anion of the catalyst are generally
termed asymmetric counteranion-directed catalysis (ACDC).8 The idea of engaging 1,1’-
bi-2-naphthol (BINOL)-derived chiral phosphoric acids as a chiral anion phase-transfer
organocatalyst in conjunction with other transition-metal catalysts is particularly noteworthy.
9 The use of chiral 2,2”-binaphthyl diamine (BINAM)-derived phosphoric acid catalysts in
asymmetric reactions has been reported by the groups of Terada, Ishihara, and Toste.l0 We
have recently demonstrated an enantioselective Heck—Matsuda coupling using a
combination of BINAM-derived phosphoric acids (BDPAs) and a Pd catalyst.!!
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In one such interesting example, a spirocyclic cyclopentene derivative (A1) was reacted with
4-fluorophenyldiazonium tetrafluoroborate (D1) using Pd,(dba); and various BDPAs as the
catalysts to the desired coupled product (P1) in high yield and enantioselectivities (Scheme
1).11 The use of a base (such as Na,CO3 and Na,HPO,) was found to be necessary for
improved yields and enantioselectivity (vide infra, Table 2). The representative example
shown here is intended to convey two of our key motivations behind this study. First, the
given catalyst—substrate combination C1-A1-D1 constitutes the actual starting point of our
computational study where the objective was to identify the potential reasons for poor
enantioselectivity. Next, we wanted to examine whether knowledge of the enantiocontrolling
transition states might help predict modifications toward improved stereoinduction, thereby
setting a broader goal of computationally aided experiments in asymmetric catalysis.

Although there have been reports toward addressing mechanistic and selectivity issues in

12 mechanism and origin of

Heck-type as well as Heck—Matsuda desymmetrization reactions,
enantioselectivity on Heck—Matsuda arylation under dual-catalytic conditions have not been
reported. In particular, the effect of the N-aryl substituents on BDPA catalysts on
enantioselectivity is of timely importance for Heck—Matsuda arylations and other related
reactions. Similarly, insights on the role of base as an active ingredient in the catalytic cycle
demand attention. The question of whether the base participates only in one step of the
reaction prior to, or during, the catalytic cycle remains unclear. In view of this, we have
undertaken a detailed density functional theory investigation to gain mechanistic insights as
well as to identify the factors responsible for enantiocontrol in the asymmetric Heck—
Matsuda arylation of spirocyclic cyclopentene and cycloheptene derivatives with various
aryl diazonium salts as substrates under a dual-catalytic condition provided by BDPAs and
Pd;(dba)s. As a demonstration of the proof of concept that computational insights could be
applied to the development of dual-catalytic reaction, additional efforts were also expended
by way of new experiments to validate the predicted enantioselectivities on a few
representative catalysts and substrate.

RESULTS AND DISCUSSION

This section is organized into three major subsections. First, the most important elementary
steps in the mechanism of asymmetric Heck—Matsuda coupling, as obtained through our
computational investigation, are provided. A comprehensive description of the molecular
origin of enantioselectivity for a representative catalyst and substrates combination is then
presented. Emphasis is placed on how the molecular insights could be exploited toward
modulating the enantioselectivity induced by the chiral catalyst. In the last subsection,
details of experimental validation of the computed enantioselectivities are summarized.

Mechanistic Details of Heck—Matsuda Arylation.

To begin with, the reaction between 4-fluorophenyl diazonium salt (D1) and spirocyclic
cyclopentene (A1) in the presence of NayCOs3 under a dual-catalytic condition involving
Pdj(dba); and BDPA—CI1 catalyst is examined (Scheme 2). The idea has been to learn from
an example that yields poor enantioselectivity, which oftentimes is a common scenario
during the developmental phase of a new asymmetric transformation. The deprotonation of
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phosphoric acid C1 by Na,COj can give a sodium salt of chiral phosphate and NaHCO3. In
the next step, the substrate diazonium salt can interact with the sodium phosphate to form an
ion-pair intermediate 1”. On the basis of potential ligand variations around the palladium
(native dba, in situ generated chiral phosphate, and NaHCO3) and its mode of binding, four
mechanistic possibilities are considered.!? We have also probed whether explicit inclusion of
NaHCOs3 is desirable toward identifying the preferred mechanistic pathway. The mechanistic
model consisting of NaHCO3 along with the Pd catalyst and chiral phosphate is found to be
energetically the most likely pathway compared to other alternatives devoid of NaHCOj3
(Scheme 2).13 The predicted energetic advantage is indeed borne out by additional
experiments in the absence of any added base, which resulted in a dwindling yield of just
7% as opposed to 90% in the presence of Na)COs3. This observation is also consistent with
the computed energetic span (one of the energetic measures of the catalytic efficiency, vide
infra), which is found to be 9.5 kcal/mol lower in the case of the NaHCO3-bound pathway
than in its absence (counterion pathway, path D).14 Hence, we present the details of the
NaHCOs3-bound pathway here while other alternative routes are provided in the Supporting
Information.!3

The Gibbs free energy profile for the catalytic cycle is shown in Figure 1. The initial
oxidative addition of the catalyst Pd(0) to the aryl-diazo bond leading to nitrogen extrusion
exhibits a barrier of 14.3 kcal/mol (TS(1-2)). The geometric details for this step are
provided in the Supporting Information (Figure S2). In this pathway, the bicarbonate is the
primary ligand on palladium while the chiral phosphate interacts with the sodium ion in a x?
fashion. The uptake of the spirocyclic alkene (A1) by the palladated arene intermediate 2 in
the subsequent step can lead to another catalyst—substrate intermediate 2°. We have
explicitly considered the participation of NaHCO3 in the transition states (TSs) by
maintaining a pentacoordinate environment around the sodium ion.!3 In the next step, a
migratory insertion of the spirocyclic cyclopentene leads to its arylation wherein the Pd-aryl
group migrates to one of the alkenic carbon. This is the most important step that controls the
enantioselectivity of the reaction. The barrier for the migratory insertion via TS(2'-3) is ~10
kcal/mol. The intrinsic reaction coordinate (IRC) calculations on TS(2°-3) reveal a
concerted migratory insertion wherein the Pd—C,yj bond breaking occurs simultaneously
with the formation of Pd-C1 and C2-Cyy; bonds. !0 The ensuing Bhydride elimination in
intermediate 3 affords the desired product and a Pd—H species 4.!7 In the catalyst-
regeneration step via a reductive elimination, the chiral phosphate can abstract a proton from
4 to give a Pd(0) species and chiral phosphoric acid.

Molecular Origin of the Enantiocontrolling Factors.

Because the migratory insertion step via TS(2’-3) is critical to the enantioselectivity, we
have considered a total of 16 likely conformers as well as configurations for this TS. These
comprise (i) conformers arising due to the rotation of the N-aryl group on the catalyst and
(ii) configurations due to the differences in the positioning of the sodium phosphate around
the palladium center.!8 Because the experiments were conducted in both toluene and a 1:1
toluene—MTBE mixed solvent, we have evaluated the energetics in the continuum dielectric
of pure toluene (e = 2.38) and an approximate one for the mixed solvent (e = 3.44). After a
detailed sampling of various possibilities, the TS for the migration of the aryl group to the s/
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prochiral face of the spirocyclic alkene (TS-sicq), leading to the R product, is found to be
more favored than that to the re face (TS-recq). The differences in Gibbs free energies of the
lower-energy diastereomeric TSs (TS-sicp and TS-recp) are found to be 0.2 and 0.5 kcal/
mol, respectively, in toluene (M2) and mixed-solvent (M1) conditions. Such small energy
differences correspond to 17% and 39% enantiomeric excess (ee), respectively, in favor of
the R enantiomer of the product. It should be acknowledged that we are comparing transition
states that differ primarily in the stereochemical mode of approach in the bond formation,
while the rest of the features remain nearly the same. The key to successful estimation of the
very low energy difference between such transition states naturally demands rigorous
consideration of various mechanistic pathways, configurational differences at the metal
center, and careful sampling of the conformational space in each such situation.

After having noted the energetic advantage toward the formation of the R enantiomer of the
arylated cycloalkene, we probed the stereoelectronic origin of the enantioselectivity by
analyzing the geometries of the lower-energy diastereomeric TSs (Figure 2). Using the
atoms in molecule (AIM) topological analysis of the electron-density distribution in the
enantiocontrolling TSs, different types of weak noncovalent interactions (C—H:--O, C-H:-- m,
lone pair (Ip)-- 7z, O-H--- 1, and C—F--- 7r)!° between the substrate (A1 and D1) and the
catalyst are identified. Only the C—H---O interaction (shown as din Figure 2) between the
substrate and the phosphate oxygen is found to be a common interaction present in both TS-
sicy and TS-recy. The C—H---O interaction is slightly better in the higher-energy TS-recq
(2.24 A) than in TS-sicq (2.38 A). Other weak interactions are unique to a given TS. For
instance, another type of C—H---O interaction (c) between the cyclopentene C—H and the
oxygen of the sodium-bound water (2.59 A) is present in TS-sicy but not in TS-recy.
Similarly, C-H---O interaction (;) between the alkenyl C—H and the phosphate oxygen of the
catalyst in TS-recq (2.40 A) is absent in TS-sic;. Overall, multiple C—H---O interactions
seem to provide additional stabilization to TS-recq over that to TS-sicg.

Another important and abundant noncovalent interaction noted in the migratory insertion TS
is C-H:- 7 (a, e, A, and 7 with a contact distance in the range of 2.58-3.13 10\). Among these,
h and 7 are the catalyst—substrate interactions involving the 7 face of the N-aryl substituent
of the catalyst and the alkene and/or aryl C—H bonds, respectively, of cyclopentene and
fluoroarene. The fluoroaryl C—H interacts with the N-aryl substituent of the catalyst in TS-
recg (denoted as i), but such an interaction is absent in TS-si¢y (Figure 2). A weak C-H---
interaction between the N-aryl substituent of the catalyst and the cyclopentene C—H (a) is
noted in the lower-energy TS-sicy but not in TS-recy. Another C—H--- iz interaction, between
the binaphthyl backbone of the catalyst and the fluoroaryl C-H (e), is noted in TS-sic1q,
whereas it is absent in TS-recq. Hence, the overall contribution of the C—H--- it interactions
is found to be more in TS-sicq than in TS-recy. Other weak interactions, such as the lone
pair--- 7 (b) and C-F--- it () are found only in the lower-energy TS-sic1. The difference in
relative strengths (as approximately gauged by the electron densities at the bond critical
points along the bond paths) of these weak noncovalent interactions is found to be just
marginal between these TSs.

In addition to the minor differences in the above-mentioned noncovalent interactions, two
torsional angles of the N-aryl rings (a) and (a”) are identified as important (Figure 2).
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Depending on how the substrates are positioned near the chiral phosphate and which one of
the prochiral faces of the cycloalkene is involved in the migratory insertion, these torsional
angles in TS-si¢cq (37° and 0°) and TS-recq (43° and —37°) are found to be different. A
comparison of the a and @’ values as noted in the diastereomeric TSs and that in the native
catalyst (a = 42°, a’ =-35°) reveals that the a values of both the TSs are similar to that in
the native catalyst. However, a’ conveys a larger distortion in the lower-energy TS-sicy
than in TS-recq as compared to that in the native catalyst. Interestingly, a recent report by
Milo et al. highlighted the importance of the torsion angle of the 3,3’ -substituents in chiral
BINOL-phosphate-catalyzed enantioselective reactions.2? The torsion angle a’ should be
considered as an important distortion parameter playing a role in rendering the TS-sicj as
the more preferred TS. Another geometric feature of significance is the one involving the
reaction coordinate, denoted as ¢ (Caryl—Pd—Cl—CZ) and found to be —18.8° and 12.3°,
respectively, in TS-sicy and TS-recq. The distortion is expected to be lower when ¢ is closer
to 0° for a square-planar geometry.

Besides the above-mentioned important localized distortions, the TSs could exhibit
distortions elsewhere in the geometry. To capture such distortions (AEy;s*) as well as to
analyze the role of interaction (AE,*) between distorted reactants/catalyst in the TS, we
have carried out activation-strain analysis (Table 1).2! In the activation-strain analysis of the
TS, we have estimated the distortion energy within the reacting partners (i.e., spirocyclic
cyclopentene/Pd-aryl moiety and chiral sodium phosphate) and the interaction energy
between them (Table 1).22 The stabilizing interaction energy in TS-sic is found to be 10.2
kcal/mol more than that in TS-recq (Table 1). However, 6.7 kcal/mol higher distortion is
noted in TS-sicy as compared to that in TS-recy. Therefore, it is the more favorable
interaction energy that makes TS-sic| the lower-energy TS. This additional insight is in line
with the geometric analysis using the relative distortions (¢, a, and a”) in the diastereomeric
TSs described in the previous paragraph.

Effect of N-aryl Substituents of BDPA Catalysts on the Enantioselectivity.

Thus far, two vital factors such as noncovalent interactions between the catalyst and
substrates and distortion in both substrates and the catalyst are identified to correlate with
the relative stabilization of the migratory insertion TSs. We wondered whether modulation
of these factors, by way of changing the N-aryl substituents of the BINAM catalyst, might
help improve the enantioselectivity. Additional computations on the enantiocontrolling
migratory insertion TSs are carried out with a different set of catalysts and substrates, as
shown in Figure 3. In particular, enantioselectivities (ee’s) are predicted using modified
catalysts such as C2, C3, and C4 for the same pair of substrates (A1l and D1).23 The
geometries of the lower-energy enantiocontrolling TSs for the migration of the aryl group to
the s7 and re face of the substrate as well as a summary of important noncovalent interactions

are provided in Figures 4 and 5.

Careful comparison of the noncovalent interactions in the case of catalysts C1 and C3
revealed that a number of such interactions (c, d, e, £, and A) are common in both lower-
energy TSs. Interestingly, more noncovalent interactions are identified in TS-sic3 than in
TS-sicq, whereas the corresponding higher-energy TS for the re face migration has nearly
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equal number interactions for both C1 and C3 catalysts (Figure 4). Among the distortion
parameters, the a values remained similar while @’ showed a larger deviation upon
changing the catalyst from C1 to C3. These geometric deviations are evidently due to the
change in the N-aryl substituents. Therefore, it appears that noncovalent interactions are

more likely to impact the enantioselectivity in the case of catalyst C3 as compared to C1.

The optimized TS geometries with catalyst C1 and A1-D1 as the coupling partners (Figure
2) indicate the presence of important noncovalent interactions involving the para-phenyl
group of the N-aryl substituent of the catalyst. Hence, it will be intriguing to examine how
substituents at the fourth position might influence the enantioselectivity. Following this lead,
the enantiocontrolling TSs for different catalysts with varying N-aryl substituents, as shown
in Figure 3, are identified for the coupling reaction between cycloalkenes such as A1 and A2
with diazonium salts D1 and D2.

The detailed mapping of the noncovalent interactions in the enantiocontrolling TSs, as
provided in Figure 4, suggests that the pattern of interactions changes as the N-aryl group on
the catalyst is changed. The variations in the number and efficiency of such interactions lead
to a difference in energy between TS-s and TS-re and, hence, the enantioselectivity. For
instance, with C1 as the catalyst and A1-D1 as the coupling partners, two types of
noncovalent interactions (C—H---r and lp--- 7z, respectively, denoted as a and b in Figure 2)
are noticed in the lowest-energy migratory insertion TS, TS-sicp. Interestingly, when the 4-
aryl substituent of the N-aryl group is changed to a mesityl (C2) or an admantyl (C3) group,
more effective noncovalent interactions (a and b for TS-sic, and m, /, and k for TS-sic3, as
shown in Figure 4) between the catalyst and the substrate begin to appear. In the case of C3
catalyst, both the number and strength of interactions are found to be higher in the lower-
energy TS-sic3 than in TS-recs.

A graphical summary of noncovalent interactions in the migratory insertion TSs for catalysts
C1-C4 is provided in Figure 5. It can be noticed, in general, that there are more noncovalent
interactions in the lower-energy TS-Si as compared to that in TS-re (Figure 5a). Although
quantitative estimates on several such intramolecular interactions in a TS are harder to
evaluate, an approximate method could be to use the electron densities at the bond critical
points (pycp) between the interacting atoms, as obtained through the AIM calculations.
Furthermore, counting the total number of noncovalent interactions as the sole matrix of
overall favorable interaction in a TS may not be adequate, as lower numbers of stronger
interactions can offset the effect of higher numbers of weaker interactions. However, for a
given type of interaction, it is good to regard a larger value of pycp as a relatively stronger
interaction compared to a smaller value. We have tried to quantify the noncovalent
interactions by using the Espinosa equation that makes use of the topological attributes such
as pcp, Laplacian electron density, and kinetic energy obtained through the AIM
calculations.2* Total number of noncovalent interactions, as identified through the bond
paths and the corresponding interaction energies, are provided right above the bar diagram in
Figure 5b. The total strength of noncovalent interactions in all the TSs for the si-face
migration is more than that in the re-face, suggesting that such interactions do play a role in
rendering the si-face migration relatively more favored.
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Experimental Validation of the Predicted Enantioselectivities.

A number of experiments were carried out with a set of cycloalkenes, aryl diazonium, and
modified BDPAs as shown in Figure 3.25 A comparison of the predicted enantioselectivities
and that obtained through experiments is summarized in Table 2.

On the basis of the insights gained through the analysis of the noncovalent interactions
between the N-aryl substituents of catalyst C1 with D1 and A1 as the substrates, we have
examined the enantiocontrolling TSs for different cycloalkenes as well as N-aryl BDPAs. A
summary of comparison of the predicted enantioselectivities to the corresponding
experimental values is provided in Table 2. Some of the key highlights are that the lower
enantioselectivities with cycloheptene when C1, C2, and C3 are used as the catalyst could
be improved by using diisopropoxy substituents as in catalyst C4.2° This is a significant
improvement in ee from 9% with C1 to 78% with C4.25-26 Careful analysis of the lower-
energy diastereomeric TSs with these catalysts that determines the enantioselectivity helped
us decipher important correlations. The total strength of the important noncovalent
interactions in the lowest-energy diastereomeric TS for the migratory insertion to the s/
prochiral face of the alkene showed a steady increase upon going from catalyst C1 to C4.%7
Thus, noncovalent interactions between the substrate and the catalyst as well as the
distortions in them can be harnessed toward improving the enantioselectivity from 2% with

catalyst C1 to 86% with C4.27

Another mechanistically relevant aspect is the role of base in the enantiocontrolling step of
the reaction. We have located the migratory insertion TSs by using C3 as a representative
catalyst, in the presence of NaH,POy instead of NaHCOj3.28 The TS geometries are found to
be very similar to both NaHCO3 and NaH,POy4. The predicted enantioselectivity with an
explicitly included NaH,POy is found to be nearly the same as that obtained in the presence
of NaHCOs3. Both predictions were verified through additional experiments, and it was
found that they are in excellent agreement (Table 2). A comparison of the space-filling
representation of these TSs revealed that the positioning of the dihydrogen phosphate or
bicarbonate is somewhat away from the region of migratory insertion (Figure 6). It is
therefore expected that a change of base from NaHCOj3 to NaH,POy is unlikely to impact
the enantioselectivity.

Further, experiments are carried out with other bases such as Cs,CO3, ‘BuONa, and
NaHCOj3 by using C1 catalyst to examine their potential impact on the yield and ee.? In
line with the proposed involvement of the base in the precatalytic and catalytic steps as
described in Scheme 2, we anticipated that the nature of the base could have a different
effect on the reaction. Interestingly, the use of ‘BuONa as the base failed to yield any
product. The % ee’s obtained using C1 catalyst in the presence of Cs,CO3 (36%) and
NaHCO3 (38%) are found to be similar to that in the presence of NayCOs3 (34%). Similarly,
with a better catalyst such as C3, the use of CspCOj as the base resulted in improved % ee of
78.25 With the same catalyst, the yield dropped from 58% with Cs,CO3 to just 14% in the
absence of any base, even though ee remained good at 70%. All these experimental
observations are in accordance with our mechanistic model and the enantiocontrolling
transition states wherein the more important role of the base is identified in the turnover-
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determining step that can enhance the yield but not the enantioselectivity. Hence,
computational tools have been successfully employed toward enhancing the
enantioselectivity in Heck—Matsuda arylation reaction. We believe a similar synergetic
approach involving computations and in-line experiments could become beneficial to the

emerging family of multicatalytic enantioselective transformations.2

CONCLUSION

We have presented a comprehensive computational study on the mechanism of a dual-
catalytic Heck—Matsuda arylation of cyclic alkenes by using aryl diazonium salts under a
dual-catalytic condition involving Pd,(dba); and BINAM-derived chiral phosphoric acid.
Among various mechanistic possibilities considered, the one with an explicit participation of
sodium bicarbonate, which is generated in situ from the sodium carbonate base used in the
reaction, has been found to be the most preferred pathway. In the precatalytic events, a
favorable formation of a diazonium—phosphate ion pair, from the substrate aryl diazonium
and the chiral phosphoric acid catalyst, is predicted as the most likely species to enter the
catalytic cycle. The first catalytic step involving the oxidative addition of Pd(0) to the Cyyi-
diazo bond, leading to a Pd-aryl intermediate, exhibits the highest barrier as compared to

ensuing events such as migratory insertion and reductive elimination.

The critical step that dictates the enantioselectivity has been found to be the migratory
insertion of the Pd-aryl to the bound cycloalkene. In the enantiocontrolling transition state,
the sole chiral catalyst BDPA is dispositioned near the site of the reaction more like a
counterion bound to sodium bicarbonate. The aryl migration to the s7 prochiral face of the
cycloalkene has been found to be preferred over that to the re face, which leads to the
experimentally observed enantiomer as the coupled product. A combination of weak
noncovalent interactions between the catalysts and the substrates (such as C-H:--O, C-H---N,
C-H---F, C-H---m, Ip---r, O-H---r, and C-F--- ) in the enantiocontrolling transition state has
been identified as responsible in rendering the si-face aryl migration energetically more
preferred. A higher number of noncovalent interactions has been found to be effective
toward enhanced enantioselectivities. Replacing the phenyl substituent of the N-aryl group
in BDPA catalyst with an admantyl group led to a higher number of noncovalent interactions
and improved enantioselectivity for spirocyclic cyclopentene as the substrate. Additional
computations on the migratory insertion transition states, with cycloheptene as the substrate,
revealed that the noncovalent interactions between the catalyst and the substrate could
favorably be modulated by changing the N-aryl group of BDPA by 3,5-diisopropoxyphenyl
toward improved enantio-selectivity. The predicted enantioselectivities using our transition
states have been found to be in very good agreement with that of the experimental
observations, which could serve as a lead toward the design of catalyst libraries for
asymmetric synthesis.

Computational Methods.

All calculations were carried out using the Gaussian(09 suite of quantum chemical program.
30 Geometries of all stationary points were obtained using density functional theory (DFT)
calculations with the B3LYP-D33! functional in conjunction with basis set 6-31G** (C, H,
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O, N, P, Na, and F) and LanL.2DZ32 basis set consisting of an effective core potential (ECP)
for 28 core electrons, and a double-{ quality valence basis set for 18 valence electrons was
used for palladium in the solvent phase. The effect of continuum solvation was incorporated
by using the Truhlar—Cramer SMD solvation model,33 wherein the full solute electron
density is employed without defining partial atomic charges as well as a universal solvation
model. Because the experimental studies employed toluene, MTBE (methyl ter+-butyl ether),
and toluene/MTBE (1:1) as the solvents, we have used the continuum dielectric of toluene (&
=2.38), MTBE (£ =4.50), and an average dielectric of toluene—MTBE (e = 3.44). Fully
optimized geometries of all the stationary points were characterized by frequency
calculations to verify that the TSs have one and only one imaginary frequency as desired for
the given reaction coordinate, and all minimum energy structures have only positive Hessian
index. The intrinsic reaction coordinate (IRC) calculations were performed at the B3LYP-D3
level of theory to further authenticate that the TS on the energy profiles connects to the
respective minima on either side of the first-order saddle point. The enthalpy and Gibbs free
energy in the solvent phase for all stationary points were obtained by adding the zero-point
vibrational energy (ZPVE) and thermal energy corrections obtained by using standard
statistical mechanics approximations at 298.15 K and 1 atm pressure. Thermal Gibbs free
energy corrections were calculated based on the rigid rotor-harmonic oscillator (RRHO)
approximation of Grimme.3* Additional single-point energy refinements were done at the
M1(mix) = SMDo—3 44)/M06/def2-TZVP, M2(tol) = SMDoyenc)/MO06/def2-TZVP,
M3(mix) = SMD -3 44yM06/6-31+G**,SDD-(Pd), M4(tol) = SMD ouene)/ @B97XD/def2-
TZVP, and M5(tol) = SMD o1ueney/M06/6-311G**,SDD(Pd) and using SMD(o1ene)/
B3LYP-D3/6-31G**,LanL.2DZ(Pd) optimized geometries.3> The discussions in the
manuscript are provided on the basis of the Gibbs free energies (kcal/mol) at the M1 and M2
levels of theory for spirocyclic cyclopentene derivatives and M2 for cycloheptene derivatives
in the main text.

Atoms in molecule (AIM) analyses were employed to identify important noncovalent
interactions in the form of bond paths and bond critical points.3¢ Electron densities at such
bond critical points (pycp) are used in this study for evaluating the relative strength of the
interactions. The Espinosa equation is employed to calculate the strength of noncovalent
interactions (such as C-H---O, C-H--N, C-H--- F, C-H--- &, lp---r, O-H---r, and C-F--- ) by
using topological parameters such as electron density as well as Laplacian at the bond
critical points and kinetic energy density.?” We have also carried out activation-strain
analysis3® on the important lower-energy diastereomeric TSs to understand the origin of the
vital energy difference between the TSs. In the activation-strain model, the activation energy
(AEY) is equated to the sum of distortions in the reactant geometries (AE4*) as noted in the
TS structures as compared to the respective ground-state geometries and the interaction
energy (AE,*) between such distorted fragments in the TS geometries. Therefore, the
activation barrier is described as AE* = AEg+ + AE,,*. The energetic-span model developed
by Shaik and Kozuch was applied to the computed catalytic cycles to evaluate the energetic
span for various likely pathways considered in this study.’?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Gibbs free energy (kcal/mol) profile obtained using the geometries at the SMDtoyene)/
B3LYP-D3/6-31G**,LanL2DZ(Pd) level of theory for Heck—Matsuda arylation for
spirocyclic cyclopentene derivative catalyzed by phosphoric acid C1 and Pd(0). The free
energies in parentheses are at M1(mix) and M2(tol) levels of theory. For the 1:1 mixed-
solvent system of toluene and methyl zer-butyl ether (MTBE), an average dielectric constant
of 3.44 is used.
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Optimized geometries of the enantiocontrolling migratory insertion transition states TS(2'-
3) for catalyst C1 obtained at the SMDo1yene)/B3LYP-D3/6-31G** LanL.2DZ(Pd) level of
theory. The relative free energies (kcal/mol) at M1(mix) and M2(tol) levels of theory are
given in square brackets. The distances are in A. The values in parentheses are electron
densities at the bond critical points along the bond paths (o x 1072 au).
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F OMe
A1 A2 D1 D2
Figure 3.

Modified catalysts and substrates considered for evaluating the role of noncovalent
interactions in the enantiocontrolling migratory insertion transition state. Only a schematic
representation of BINOL backbone is shown for all BDPA catalysts.
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Figure 4.
Optimized geometries of the enantiocontrolling migratory insertion transition states (TS(2”

-3)) for catalysts C2 and C3 obtained at the SMD ¢]yene)/B3LYP-D3/6—
31G**,LanL.2DZ(Pd) level of theory. The relative free energies (kcal/mol) at M1(mix) and
M2(tol) levels of theory are given in square brackets. The distances are in A. The values in
parentheses are electron densities at the bond critical points along the bond paths (o x 1072
au).
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Figure 5.

Graphical summary of important noncovalent interactions in the enantiocontrolling
transition states for the Heck—Matsuda coupling between A1 and D1 substrates. Here, X =
O, N, and F; Y = C-H, O-H, lp, and C-F. Values in italics given above the bar diagrams are
the sum of the individual interaction energies computed using the electron densities at the
respective bond critical points (ppcp)-
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TS-sic3 (0.0) TS-recs (1.6)
Computed %ee = 88 Experimental %ee = 84
(b) with NaH2POg4 as the base

TS-sic3 (0.0) TS-recs (1.4)
Computed %ee = 83 Experimental %ee = 82

Figure 6.
Space-filling models of enantiocontrolling migratory insertion transition states in the

presence of (a) NaHCOj3 and (b) NaH,PO,4 for A1-D1 substrates with C3 catalyst. For better
clarity, the position of the base is shown using a stick model inside the dotted circle.
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Enantioselective Heck—Matsuda Arylation of a Spirocyclic Pentene under a Dual-Catalytic
Condition Involving BINAM-Derived Phosphoric Acid (BDPA) and Pd;(dba); (Where dba
= trans,trans-Dibenzylideneacetone) Catalysts
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Scheme 2.
Key Steps Involved in the Enantioselective Heck—Matsuda Arylation of Spirocyclic

Cyclopentene Using Chiral BDPA Catalyst C1 in Conjunction with Pd;(dba); with NayCO3
As the Base
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