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Abstract: The significance of stereoselective C�H bond

functionalization thrives on its direct application poten-

tial to pharmaceuticals or complex chiral molecule

synthesis. Complication arises when there are multiple

stereogenic elements such as a center and an axis of

chirality to control. Over the years cooperative assis-

tance of multiple chiral ligands has been applied to

control only chiral centers. In this work, we harness the

essence of cooperative ligand approach to control two

different stereogenic elements in the same molecule by

atroposelective allylation to synthesize axially chiral

biaryls from its racemic precursor. The crucial roles

played by chiral phosphoric acid and chiral amino acid

ligand in concert helped us to obtain one major stereo-

isomer out of four distinct possibilities.

Introduction

The genre of C�H activation has redefined the retrosyn-

thetic disconnection approach for the generation of molec-

ular complexity. It has enabled simple logic that may be

applied for rapid access to bio-relevant molecules.[1] How-

ever, biologically important molecules usually possess multi-

ple stereocenters in them; hence the use of a stereoselective

C�H activation strategy would help broaden its

applicability.[2] Notable efforts have been made toward

chiral ligand assisted asymmetric C�H bond activation to

create central chirality in aliphatic molecules.[2b,3] While for

the biaryls, one of the possible modes of inducing asymme-

try is by restricting the bond rotation around the biaryl axis

which subsequently leads to the development of axial

chirality.[4] The atropisomerism due to axial chirality is a

general phenomenon observed in o,o’-substituted biaryls

prevalent in various natural products, chiral ligands, cata-

lysts and reagents.[4b,5] However, a C�H activation strategy

to induce stereoselective formation of a particular atro-

pisomer remains difficult given the elevated temperature

typically used in C�H bond activation reactions that may

cause racemization. Nevertheless, the C�H functionalization

that restricts the biaryl bond rotation by incorporating

hindered functional groups was able to provide

atroposelectivity.[6] In one such approach, a chiral sulfone

directing group (DG) is pre-installed in the biaryl that

directs metallation as well as controls the stereo-induction

step (Scheme 1A).[7] In another approach, similar functions

were accomplished by a transient auxiliary that reversibly

binds to the aldehyde functionality (Scheme 1B).[8] The

latter approach gives the cushion of utilizing catalytic

quantity of the chiral ligand cum transient auxiliary over the

use of chiral DG attached biaryls.[9] It shall be noted that

although both approaches can accommodate diverse func-

tionalizations but can control only the axial chirality. We

envisaged developing a catalytic system that can lead to

allylation[10] by employing unactivated olefin and can exert

simultaneous control on both the axial chirality of the biaryl

and the center of chirality at the allylic position. Unlike

previous reports on atroposelective allylation using activated

allylating reagents, incorporation of an internal olefin as an

allyl surrogate at the ortho-position of a biaryl motif itself

offers two major challenges: (i) the reactivity should prefer

allyl selectivity over styrenyl selectivity, and (ii) control over

four stereoisomers arising from two different stereo-environ-

ments to selectively form one major diastereoisomer.

A stereoselective transformation relies on a chiral

environment predominantly controlled by either a chiral

ligand or catalyst.[11] The current diastereoselective trans-

formation to control two distant stereo-environments man-

dates a judicious choice of metal-ligand system that should

aptly fit for the convergence of multiple stereoisomers into a

single stereoisomer starting from a racemic biaryl substrate.

When controlling two simultaneous stereo-induction, the

“combinatorial ligand model” that involves mixing of more

than one chiral ligands may become beneficial.[12] In a dual

ligand system comprising La and Lb ligands, hetero-metal-

ligand complexes (MLaLb) can form along with correspond-

ing homo-metal-complexes (MLaLa or MLbLb) depending on

the availability of the coordination site of a transition metal

and the denticity of the ligand. In many cases it has been

observed that hetero-metal-ligand complex plays a key role

in the stereo-induction process to obtain an elevated

stereoselectivity.[12b,c] Despite its enormous potential, the

major focus of such approaches has been on one prochiral

center or specifically on center, or axis or plane of chirality
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of a particular substrate.[12b,c] The use of a combinatorial

ligand system for stereo-induction at two distant positions

has been an unexplored venture in asymmetric C�H

functionalizations. This is likely due to the undesirable

formation of various diastereoisomers leaving little room for

stereocontrol making only a handful of work on this concept

till date.[13] In this regard, we have developed the first ever

transformation that uses a combinatorial ligand assistance to

effectuate Pd-catalyzed atroposelective o-allylation of biar-

yls and is effective in controlling both axis and center of

chirality (Scheme 1C).

Results and Discussion

Optimization of the Reaction Conditions

With the objective of accomplishing a diastereoselective

functionalization utilizing a chiral transient auxiliary, a

preliminary reaction was attempted between the biaryl

aldehyde (1a) and ethyl trans-3-hexenoate (2a) as an allyl

source. The reaction was executed in the presence of

Pd(OAc)2 catalyst with a mono-ligand system comprising of

L-tert-leucine (L1) in a DCE/AcOH (v/v 4 :1) solvent media.

The α-amino acid ligand L1 was envisaged to act as the

bidentate chiral transient DG (CTDG) and have a simulta-

neous control over both the axial chirality at the biaryl and

the center chirality in the allylic system. Intriguingly, the

catalytic system afforded the allylic product 3a exclusively

without any trace of the olefinic product. Noteworthy, for

the unsymmetrical internal olefin 2a, the β-hydride elimi-

nation to form the olefinic bond in the product is favored

towards the ester terminus over the alkyl side. However, the

yield (25%) and the level of stereo-induction (ee 70 %, dr

4 : 1) exhibited by the ligand L1 was low. To improve on the

yield and stereoselectivity, several variants of α-amino acids

(L2–L10) were tested, all of which afforded inferior results

in comparison to L1 (Table 1). Further, the α-amino acids

were converted to their corresponding amino oxazolines and

employed as the chiral transient auxiliary (L11–L14); albeit

found ineffective in promoting the diastereoselective allyla-

tion. Subsequently, the amide variants of amino acids (L15–

L17), previously known as effective CTDG,[14] were tested but

found unsuitable to augment the stereoselectivity. Addition-

ally, a di-peptide ligand L18 having two stereo-centers was

employed to scrutinize its effect on both the possible

proximal axial and distal center chirality in the desired

product.[15] Even the dipeptide ligand L18 failed to have any

significant effect in improving the yield or stereoselectivity.

The failure of the mono-ligand system in delivering the

desired stereo-induction at the allylated product 3a led us to

resort to the combinatorial ligand approach. The importance

of ligand L1 as the CTDG to impart the axial chirality is

obvious in this transformation. Thus, to have a simultaneous

control of the center of chirality by an additional ligand, we

expected that a BINOL-derived chiral phosphoric acid

Scheme 1. Ligand assisted stereoselective C�H functionalization.
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might influence the stereochemistry at the chiral center and

hence could enhance the overall stereoselectivity.[16] Inter-

estingly, a simple (S)-(+)-1,1-binaphthyl-2,2-diyl hydrogen-

phosphate (L19) drastically improved the stereoinduction to

93 % ee with 11 :1 dr when used in conjunction with L1, thus

befitting our hypothesis. Noteworthy, the (R)-form of L19

i.e., L20 gave only traces of the product indicating how the

involvement of a matched ligand-pair is necessary to execute

double stereo differentiation in the product. Generally,

chiral phosphoric acids (CPA) with bulky substituents at the

3,3’ positions impact the enantioselectivity, although varia-

bility exists between different systems to the extent of

shutting down the reaction due to steric crowding.[16e] In this

case also we observed that no other CPA derivatives L21–

L24 were able to improve the yield or stereoselectivity

further. On the other hand, we further checked L25 and L26

with one of our highest yielding substrate 1e to clarify

whether a rigid conformation of the axis is necessary or if

just conformational adjustments in the phosphoric acid

frame could yield related optimal results. However, we

observed a significant decrease in yield and stereoselectivity

in both these cases (Table 1, entry 31 and 32) suggesting that

a binaphthyl phosphoric acid is crucial for the present

reaction. Worth mentioning that L19 solely was unable to

Table 1: Ligand screening for stereoselective o-allylation.a

[a]Reactions were performed on a 0.05 mmol scale using solvent DCE:AcOH (0.5 mL/0.0.05 mmol of 1a) and 3 equiv. of 2a, for a 24 h period at
80 °C.[b]Determined by 1H NMR spectroscopy of the crude reaction mixture using 1,3,5 –trimethoxy benzene (TMB) as internal standard.[c]The
branched/linear ratio and the diastereoselectivity [(Sa,R)-3 a/(Sa,S)-3a] were also determined by 1H NMR on the reaction crude.[d]Determined by
chiral HPLC analysis.[e] These reactions were run with the substrate 1e.
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deliver 3a, which alternatively confirms the necessity of a

free amine group in L1 ligand for a facile in situ imine

formation that performs the dual role of DG and axial chiral

control. Further optimization of other reaction parameters

led to the combination of Pd(TFA)2/L1+L19/p-benzoqui-

none (BQ)/AcOH at 80 °C for 24 hours which yielded the

diastereoselective allylated product 3a in synthetically useful

yield and high stereo-selectivity (see detailed optimization in

the Supporting Information).

Substrate Scope

The attainment of the optimal conditions was subsequently

followed by the execution of the diastereoselective C�H

allylation on different biaryls (Table 2). Gratifyingly, the

biaryls could be selectively allylated with high diastereose-

lectivity whilst generating the center and axial chiralities

upon reaction with the internal olefin 2a. Initially, the

substitution at the top aryl ring was varied, and with an

electron-withdrawing meta-F-substituent with respect to the

aldehyde group, moderate yields of the allylated product 3b

was obtained in excellent diastereoselectivity (dr 18 : 1) and

enantioselectivity (ee 94%). A similar stereoselectivity was

observed in the allylated product 3c having F-substituent at

the para-position to the aldehydic group. Also, with a Cl-

substituent, the transformation led to the product 3d with

high stereoselectivity (dr 14 :1; ee 96 %). However, with the

highly electron-rich di-OMe substituent at the aryl ring,

even though the yield of the allylated product 3e was high,

the diastereoselectivity was found to be moderate (dr 5 :1; ee

95 %). Hence the electronic nature and steric environment

provided by the substituent at the top aryl ring does

influence the yield but it had limited control on the stereo-

selectivity. Further, when an isopropyl group is present at

the ortho- position at the bottom ring instead of naphthyl,

the yield of the allylated product 3 f decreased considerably

while providing high stereoselectivity. A similar trend in

stereoselectivity was observed when the top ring was

naphthyl and the para-position of the bottom arene ring was

substituted by either F (3g) or OMe (3h). A slight decrease

in yield was observed when compound 3g was synthesized in

0.5 mmol scale however the stereochemistry was retained

almost intact in the final product (Table 2). It may be noted

that in either case second allylation occurred at the other

available ortho position. Even an attempt for sequential

allylation failed which implies the lack of planarity between

the transient DG and the other ortho-C�H bond due to

atropisomerism from the first step does not allow the second

C�H metalation (see Supporting Information, page S27).

Different variants of the unactivated internal olefins were

then attempted towards the diastereoselective allylation

with biaryl aldehydes using the chiral transient auxiliary

(Table 2). The reaction between methyl pent-3-ene-1-oate

(2b) with the biaryl aldehyde 1a afforded the desired

allylated product 3 i in synthetically useful yields and

diastereoselectivity. The same internal olefin 2b with the

acenaphthene containing biaryl aldehyde gave highly dia-

stereoselective allylated product 3j. The formation of the

allylated product and the absolute configuration for axial (S-

isomer) and point (R-isomer) chirality has been further

confirmed by X-ray crystallography (CCDC 2130315).[17] It

is to be noted that the configuration for the other allylated

products have been designated analogously based on the

crystal structure obtained. An instance of stereo divergence

was observed when the other stereoisomer of compound 3j

was formed in the presence of D-tert-leucine and L20 with

�92 % ee where the product with opposite configuration 3j’

i.e., R-configuration of the chiral axis and S-configuration at

the center of chirality were observed. With the 4-phenyl

substituted naphthyl containing biaryl aldehyde excellent

stereoselectivity for the axial and center of chirality was

obtained for product 3k. With a butyl protected derivative

of hex-3-ene-1-oic acid, the transformation was found to be

efficient in delivering highly stereoselective allylated product

3 l with the biaryl aldehyde 1c. The protocol was then

conducted on benzyl protected hexenoic acid with biaryl

aldehydes 1b, 1c and 1d and in all cases moderate yields of

respective allylated products (3m–3o) bearing high level of

axial and center of chiralities were obtained. Apart from

simple benzyl ester, para-tolyl benzyl ester (3p) also yielded

the desired product with synthetically useful yield and

stereoselectivity. Interestingly, long chain fatty acids e.g.,

oleic acid derivatives where the internal double bond

encumbered by long aliphatic chains from both sides, also

afforded the E-selective o-allyl product with high enantiose-

lectivity, albeit with a lower diastereoselectivity (3q–3r).

Similar observation was made with the adamantyl acid

protected oleyl alcohol (3s). Worth mentioning, that despite

the unsymmetrical nature of the internal olefin in oleic acid

and oleyl alcohol, allylic double bond formation occurred

preferably at the functional group containing terminal.

Further, unbiased aliphatic internal alkenes such as 4-octene

and 5-decene also delivered the o-allyl biaryls (3t–3v) with

high enantioselectivity despite poor diastereoselectivities in

them. Unlike others, substrate 1u is known to undergo

kinetic resolution. However, when we checked the HPLC

traces of synthesized and unreacted 1u, both of them

showed an enantiomeric ratio of 50 : 50 which indicated a

DKR pathway. This observation could be feasible since at

high temperature (at 80 °C the bond rotation could be facile

between the two atropisomers). To verify whether it’s a KR

or DKR pathway, we further isolated two isomers of 1u i.e.

(+) and (�) 1u by prep HPLC and reacted them separately.

At the end, both the isomers were found to retain their

initial stereochemistry which indicated a KR pathway for 1u

(see Supporting Information page S27–S28 for detailed

HPLC analysis).

Computational Study

To gain mechanistic insights into the Pd(TFA)2 catalyzed

atroposelective allylation of racemic biaryls to yield a

product with axial as well as center of chirality, density

functional theory computations at the SMD(AcOH)/

B3LYP-D3/6-31G**,SDD(Pd) level of theory was

undertaken.[18] Our computational study is aimed at address-
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ing several important aspects of this reaction, such as a) the

identification of the most likely catalytic pathway based on

the energetic span, b) the origin of observed stereoselectivity

leading to axial and center of chirality, c) the role of chiral

auxiliary L-tert-leucine in asymmetric induction, d) whether

or not the chiral phosphoric acid (CPA) which is used as an

Table 2: Substrate scope.a

[a]Reactions performed at 0.1 mmol scale in AcOH (1 mL/0.1 mmol of 1) with 3 equiv. of ethyl trans-3-hexenoate for a 24 h period at 80 °C.[b]NaOTf
(2 equiv.) was added. The dr’s were determined by 1H NMR spectroscopy in the crude reaction mixtures. The ee’s were determined by chiral HPLC
analysis.
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additive is directly involved in the catalytic cycle or the

reaction may proceed in the absence of CPA,[19] and e) the

origin of low diastereoselectivity observed in the case of

unactivated internal olefins. A comprehensive investigation

is undertaken where multiple possibilities are considered for

each catalytic step to identify the most likely pathway. The

results are organized in the following sections; i) generation

of the active catalyst and the primary catalytic cycle, ii) the

C(sp2)�H functionalization of the racemic biaryl, iii) migra-

tory insertion step, iv) Gibbs free energy profile, and v) the

origin of stereoselectivity. The catalytic cycle in the case of

racemic 1e as the starting substrate can be considered to

begin with the formation of a catalyst-substrate complex 4e

as shown in Scheme 2. This Pd-bound aldimine 4e formed

by the action of L-tert-leucine on racemic biaryl aldehyde

could serve as a potential active catalyst. We envisaged

explicit participation of (Sa)-CPA, trifluoroacetate, water,

and benzoquinone (BQ) in the generation of this active

catalyst species. Apart from the substrate, (Sa)-CPA, water,

and BQ might as well bind to Pd(II) through various ligand

exchanges.[20] The biaryl aldimine can coordinate to Pd(II)

through the N and/or O center, either in a monodentate or a

bidentate chelation.[21] The monodentate binding of the

substrate through the aldimine N is found to be energetically

more favorable over the bidentate alternative resulting in

the most exoergic species (4e) from the precatalyst Pd-

(TFA)2 (1). The additive (Sa)-CPA is incorporated as the

counter ion, hydrogen bonded to H3O
+, in the near vicinity

of the substrate (Scheme 2).[21] While detailed discussions on

each catalytic step are provided in the subsequent sections,

here we focus on the key events. First, the C�H bond

activation of the Pd-bound biaryl aldimine can give a

palladacycle intermediate 5e. The migratory insertion of the

allyl coupling partner 2a to the Pd-aryl bond in 5e through a

specific prochiral face can then generate a new stereogenic

center in intermediate 7e. The Pd-alkyl intermediate 7e can

Scheme 2. Mechanistic cycle for the Pd(II)-catalyzed atroposelective allylation of racemic biaryl aldehyde (1e) in the presence of L-tert-leucine and
axially chiral phosphoric acid.
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then undergo a β-hydride elimination to give Pd(II)-hydride

8e and then a reductive elimination can furnish the desired

product-catalyst complex 9e. The oxidation of Pd(0) in 9e

to Pd(II) by benzoquinone (BQ) can help sustain the

catalytic cycle. In the first major step of the mechanism, the

chiral aldimine moiety serves as the directing group for

bringing the Pd center closer to the ortho aryl C(sp2)�H

bond enabling the bond activation through a concerted

metalation deprotonation (CMD). The ligand involved here

could be the Pd-bound trifluoroacetate, or an external base

such as the chiral phosphate derived from (Sa)-CPA, or even

an unbound trifluoroacetate. Different likely combinations

among the available ligands around the Pd(II) center are

considered for their involvement in the C�H bond

activation.[22] The Gibbs free energy of the transition states

for the external phosphate assisted C�H bond activation

([4e–5e]‡/[4c–5c]‡) is found to be 20–25 kcal/mol more

preferred over the corresponding Pd-bound trifluoroacetate-

assisted alternative ([4e’–5e’]‡/[4c’–5c’]‡ as shown in Fig-

ure 1a), suggesting a vital role of (Sa)-CPA early on in the

mechanism. Given that the starting material 1e/1c partic-

ipating in the form of corresponding aldimine is racemic, the

Ra and Sa enantiomers are expected to show differential

reactivity in the presence of (Sa)-CPA. In the (Sa)-CPA

assisted pathway, the Gibbs free energy of the C�H bond

activation TS [4e–5e]‡ for (Ra)-1e is found to be 3.0 kcal/

mol lower than (Sa)-1e, indicating that the Ra enantiomer

would react faster than the Sa (Figure 1a). The elementary

step barrier, computed with respect to the corresponding

pre-reacting complex of TS [4e–5e]‡ for the (Ra)-enantiom-

er is 2.3 kcal/mol lower than that from (Sa)-enantiomer. A

similar energetic preference for (Ra)-1c over (Sa)-1c is noted

in the case of racemic 1c as well (Figure 1a). Such energetic

details imply a possible kinetic resolution or even a dynamic

kinetic resolution in this catalytic transformation. In view of

the kinetic advantage, the (Ra)-configuration of the pallada-

cycle intermediate 5e is considered as the major intermedi-

ate obtained from the C�H bond activation step. An

intramolecular proton transfers from H3O
+ to the Pd-bound

trifluoroacetate in 5e can facilitate a ligand exchange with

the alkene 2a, leading to the formation of a π-complex 6e

with the release of trifluoroacetic acid (Figure 1b). With

this, the stage is set for the stereocontrolling migratory

insertion via a four membered transition state [6e–7e]‡.

Two different binding possibilities for the alkene to the

Pd(II) center that differ in terms of the relative proximity

between the -CO2Et group of the alkene and (Sa)-CPA are

considered. As shown in Figure 1c, in mode-I the -CO2Et

group is closer to the (Sa)-CPA while in mode-II it is farther.

Within each of these binding modes, the prochiral face of 2a

involved in the migratory insertion can give rise to four

stereochemically distinct transition states, denoted using re-

I, si-I, re-II, and si-II stereochemical descriptors, as

applicable.[23] Here, the re/si refers to the prochiral face of

the alkene carbon of 2a that forms the new C-C bond with

the aryl carbon during the migratory insertion. It should be

noted that the configuration of the axially chiral biaryl

changes upon going from intermediate 6e to 7e due to the

change in priority order of the substituents along the chiral

axis. The change in the axial configuration effected by the

migratory insertion to the ortho-position of the biaryl

appears like a reversal of configuration in the product as

compared to the axial configuration at the beginning of the

catalytic cycle.

An important aspect pertaining to the formation of the

new chiral center in the product is directly linked to the

stereochemical preferences in the migratory insertion step,

thus demands careful scrutiny. The mode-I insertion of the

alkene (2a) to the Pd-aryl bond in through TS [6e–7e]‡ is

found to be 1.5–2.0 kcal/mol more preferred over that from

mode-II binding of (Ra)-1e. A similar trend in the energetic

preference is also noticed in the case of (Sa)-1e for mode-I

binding over mode-II by about 4–7 kcal/mol (Figure 2). The

migratory insertion TS [6e–7e]re-I‡ involving the re-I face in

(Ra)-6e leading to the (Sa,R) product is found to be 1.4 kcal/

mol lower than that through the si-I face. Interestingly, the

transition states for the re-I and si-I face insertions in the

case of the enantiomeric substrate (Sa)-6e are about 6–

9 kcal/mol higher than that responsible for the formation of

the (Sa,R) product from (Ra)-6e. These data suggest that the

most preferred binding of 2a is through its re-I face and a

migratory insertion in such a binding mode would lead to

the formation of the (Sa,R) stereoisomer of the final product.

Another important aspect of the transition state models

shown in Figure 2 is the explicit participation of the chiral

(Sa)-CPA. The fact that the new chiral center is generated

via the migratory insertion step, the presence of a chiral

inductor such as (Sa)-CPA should be considered desirable.

Interestingly, the expulsion of (Sa)-CPA prior to the

migratory insertion resulted in transition states 10–20 kcal/

mol higher energy as compared to those with a bound (Sa)-

CPA molecule.[24] Therefore, the computational investiga-

tion demonstrates that the absence of (Sa)-CPA renders the

reaction pathway energetically unfavorable, aligning with

experimental findings (Table 1). In addition, the product

stereoselectivity predicted using such transition states devoid

of (Sa)-CPA is also found to be incorrect. The role of (Sa)-

CPA in the stereocontrolling migratory insertion manifests

in the form of providing access to lower energy pathway as

well in controlling the stereochemical outcome of the

reaction. In the case of (Sa)-CPA assisted allylation, the

Gibbs free energies indicate the exclusive formation of the

product bearing the (Sa,R) configuration from racemic 1e

involving [6e–7e]‡re-I as the stereocontrolling TS. Similarly,

racemic 1c is predicted to offer (Sa,R) product via [6c–

7c]‡re-I.[25]

On the other hand, the corresponding si-I mode of

migratory insertion through [6e–7e]‡ is found to be 1.4 kcal/

mol higher than the re-I mode (Figure 1d). Such a difference

in TS energies corresponds to a diastereoselectivity of 76 %,

which is in good agreement with the experimentally

observed diastereomeric ratio (5 :1) in favor of the (Sa,R)

product.[26] The migratory insertion to the re-I face is

2.8 kcal/mol lower than the si-I face for substrate 1c,

suggesting a de of 96 % in concert with our experimental

observation (19 : 1 dr). The application of the energetic span

model[27] on the Gibbs free energy profile revealed that the

palladacycle intermediate 5e is the turn-over determining
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Figure 1. Theoretical calculations: (a) Optimized geometries of C(sp2)-H bond activation transition state and the corresponding relative Gibbs free
energies (in kcal/mol given in parentheses) with respect to the respective catalyst-substrate complex (Ra)-4 e/4c. Distances are in Å and hydrogen
bonding interactions involving H3O

+ ion are shown using violet-colored dotted lines. (b) Schematic representation of different modes of migratory
insertion of alkene to the Pd-aryl bond in TS [6 e–7e]‡. Relative Gibbs free energies (in kcal/mol) with respect to (Ra)-4 e are provided in
parentheses. (c) A simplified depiction of the optimized geometries of mode-I migratory insertion transition states. (d) The Gibbs free energy
profile (in kcal/mol) for the Pd-catalyzed atroposelective allylation of racemic biaryl (1e). For sake of improved clarity only (Ra)-1e is shown as a
representative case.
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intermediate (TDI) and the β-hydride elimination transition

state [8e–9e]‡ is the turn-over determining transition state

(TDTS) of the catalytic cycle (Figure 1d). The energy

difference between the TDTS and TDI is the energetic span

(δE), which is found to be 23.2 kcal/mol with a turnover

frequency (TOF) of 2.38×10�2 s�1 at 353.15 K.[28] The δE
value is suggestive of an effective catalytic transformation at

80 °C, which is in conformity with the reaction conditions

employed.

Another interesting discernible aspect from the Gibbs

free energy profile (Figure 1d) is that the C�H activation

step is likely more reversible and not the turnover determin-

ing step.[29] To verify the reversibility of the C�H activation

step, additional experiments were performed using d1-HFIP

solvent. In the presence of d1-HFIP, significant amount of

deuterium exchange was observed (Scheme 3), where both

the accessible ortho-C�H bonds got deuterated. This obser-

vation implies that the C�H activation step might be

reversible in nature.[30]

Dynamic Kinetic Resolution (DKR)

The yield of the reaction in the case of substrate 1e was

found to be 77%, indicating that both the enantiomers of

the racemic starting material are converted into the final

product. This observation can be reconciled by considering

different mechanistic scenarios as shown in Figure 2. The

most likely possibility is a dynamic kinetic resolution (DKR)

wherein one enantiomer of 1e interconverts to another, due

to the difference in their reactivities. Interestingly, the

barrier to interconversion of (Sa)-1e to (Ra)-1e is found to

be 20.6 kcal/mol, which is 4.9 kcal/mol lower than the

energetic span in the (Sa)-1e catalytic pathway (Figure 2).[28]

Similarly, the (Sa)-1e to (Ra)-1e interconversion barrier in

the form of the corresponding aldimine is also found to be

energetically more feasible (22.1 kcal/mol) than the ener-

getic span found in the (Sa)-1e catalytic pathway. Thus, the

asymmetric allylation of (Ra)-1e can take place through a

preferred natural route to the desired product whereas a

rapid interconversion of (Sa)-1e to (Ra)-1e engages (Sa)-1e

in the reaction. Such DKR helps in accessing the desired

biaryl product 3e with high enantio- and diastereo-selectiv-

ity. Similar to substrate 1e, the barrier for the (Sa)-1c to

(Ra)-1c interconversion is about 4 kcal/mol lower than the

energetic span found involving the (Sa)-1c catalytic pathway,

alluding to a DKR pathway.[31]

Reaction with Unactivated Olefin

Another observation that invited our attention was a drastic

lowering of diastereoselectivity when experiments were

conducted with an unactivated olefin such as 4-octene as

compared to alkene 2a bearing an ethyl ester group. Using

our understanding about the transition state for the stereo-

controlling migratory insertion step involving substrate 1e

and alkene 2a, we have considered the si-I and re-I modes

of additions of the unactivated 4-octene.[32] As anticipated,

the unactivated alkene exhibits higher barrier (by about 8–

9 kcal/mol) over the activated alkene. The elementary step

barriers for the migratory insertion for the re-I and si-I TSs

with 4-octene are respectively found to be 21.1 and

20.9 kcal/mol. Furthermore, the energy difference between

lower energy diastereomeric re-I and si-I TSs is reduced

from 2.8 kcal/mol for alkene 2a to 0.3 kcal/mol for 4-octene.

Therefore, the computed diastereoselectivity of the reaction

involving 4-octene is as low as 21 %, in agreement with the

low observed diastereoselectivity in our experiments (dr

2 : 1).

Origin of Stereoselectivity

The stereocontrolling transition states are anaylsed using the

activation strain model[33] to gather additional insights into

the factors responsible for the origin of the center of

chirality. We have probed the effect of distortion and

interaction between the reaction partners as they move from

their respective ground state to the transition state

geometry.[34] The sum of the distortion energies for each of

the reacting partners at the transition state is found to be

higher by 16.3 kcal/mol for the lower energy [6e–7e]re-I‡ as

compared to the higher energy diastereomeric counterpart

[6e–7e]si-I‡. On the other hand, the stabilizing interaction

energy between these distorted fragments is found to be

lower by 19.5 kcal/mol in [6e–7e]re-I‡ than that in [6e–7e]si-

I‡. The net effect of these opposing factors is found to be in

favor of the lower energy [6e–7e]re-I‡ transition state. The

Figure 2. Schematic representation of the probable reaction pathway
for the Pd-catalyzed atroposelective allylation of racemic biaryl (1 e).

Scheme 3. Reversibility experiment. [a]Reaction was performed at
0.05 mmol scale in d1-HFIP (0.5 mL/0.05 mmol of 1e) for a 24 h
period at 80 °C.
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presence of more effective interactions between the chiral

(Sa)-CPA, substrate, and the catalyst can therefore be

regarded as the major contributing factor rendering the

migratory insertion to the si-I prochiral face more preferred

over that to the re-I face of the olefin. Similarly, the origin

of axis of chirality induced in the C�H activation step could

be understood based the relative distortion and

interaction.[32] The total distortion energy is found to be

1.9 kcal/mol higher in [4e–5e]S
‡ than that in [4e–5e]R

‡.

Also, the stabilizing interaction energy between these

distorted fragments is higher by 1.5 kcal/mol in the [4e–

5e]S
‡, thereby resulting in an overall stabilization of the

lower energy [4e–5e]R
‡. The interactions between the

substrate and the (Sa)-CPA catalyst fragment can therefore

be considered to play a crucial role in rendering [4e–5e]R
‡

as the lower energy transition state. The above analysis

indicates that the substrate bound chiral auxiliary L-tert-

leucine influences the axial chirality of the final product.

Conclusion

In summary we have developed a protocol to synthesize

diastereoselective allylation of axially chiral biaryls. Cooper-

ative assistance by L-tert-leucine and S(+) chiral phosphoric

acid offered a highly stereoselective pathway to the product.

An array of substituted biaryl aldehydes were tolerated

under the reaction condition. High stereoselectivity was

observed even when a long chain aliphatic fatty acid

derivatives were used as the allyl source. Among the various

steps involved in the catalytic cycle, the β-hydride elimina-

tion is found to be the turn-over determining transition state

and the palladacycle intermediate formed via the C�H bond

activation is the turn-over determining intermediate. Enrich-

ment in favor of (Ra)-axial chiral product from the racemic

starting material is found to depend on the chiral auxiliary

L-tert-leucine, which preferentially engages the (Ra)-enan-

tiomer in the C�H bond activation over the corresponding

(Sa)-enantiomer. In the ensuing step, the migratory insertion

of the Pd-bound alkene through its re prochiral face is found

to be energetically most preferred leading to the (Sa,R)

product, bearing an axis and a center of chirality.
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