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ABSTRACT: A novel strategy for the stereospecific Pd-cata-
lyzed acylative cross-coupling of enantiomerically enriched al-
kylboron compounds has been developed. The protocol features
an extremely high level of enantiospecificity to allow facile ac-
cess to synthetically challenging and valuable chiral ketones and
carboxylic acid derivatives. The use of a sterically encumbered
and electron-rich phosphine ligand proved to be crucial for the
success of the reaction. Furthermore, based on experimental and
computational studies, a unique mechanism for the transmeta-
lation of the C(sp®)-based organoboron reagent has been identi-
fied.

Stereochemically enriched a-aryl carbonyl groups are an im-
portant class of structural motifs that are ubiquitously found in
bioactive compounds, including natural products and pharma-
ceuticals (Figure 1A).! The biomedical significance of these
moieties has prompted the synthetic community to devise nu-
merous strategies to access the structural target with special fo-
cus on (a) the efficient installation of the aryl group and (b) the
introduction/preservation of the stereochemical integrity at the
reaction center.2 Over time, the synthetic approaches that are
based on either enolates (Figure 1B, a) or a-halo carbonyl com-
pounds (Figure 1B, b) have played a pivotal role in the ad-
vancement of the discipline with the help of transition metal-
based asymmetric catalysis.>* More recently, orthogonal ap-
proaches that exploit the elevated reactivity of an activated acyl
donor have successfully furnished the target structure via stere-
oselective introduction of a benzylic moiety (Figure 1B, c).°
These methods, in combination with other types of catalytic ap-
proaches, have significantly contributed to providing the valua-
ble a-aryl carbonyl compounds in an enantiopure form.5

Among the established approaches, acyl donor-based strate-
gies have several crucial synthetic advantages, such as conven-
ient access to precursors, convergence of the synthetic design,
and mild reaction conditions. However, the stereo-induction
process of this category presents synthetic challenges arising
from the fundamental limitations of enantioselective catalysis.
The performance of chiral catalysts can often be perturbed by
numerous reaction parameters, for instance, the existing stereo-
chemical information of the reaction partners and/or functional
groups that can influence stereoselectivity. Therefore, an ideal
alternative to the existing method is the stereospecific cross-
coupling reaction.” The utilization of an optically active, pre-
formed organometallic reagent could, in principle, enable
highly efficient transfer of stereochemical information, inde-
pendent of other complicating factors. Indeed, this possibility
was recognized, and the preparation of optically active ketones
from chiral alkyl stannanes was demonstrated.® However, the
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inherent restraints embedded in the preparation and utilization
of organotin reagents has stymied a wider application of the
strategy, both in terms of safety and practicality. In addition, the
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limited reactivity of organometallic reagents is not sufficient for
the comprehensive preparation of chiral carbonyl compounds,
particularly carboxylic acid derivatives. We envisioned that ste-
reospecific employment of enantioenriched organoboron rea-
gents in a Pd-catalyzed reaction system could resolve these in-
tegral synthetic problems (Figure 1C). Specifically, the rapidly
advancing borylation techniques can widen the synthetic ap-
plicability of the system.® In addition, the synthetically versatile
nature of organoboron reagents should resolve the problems of
applicability, and allow access to a more diverse set of carbonyl
compounds.®

Herein, we report an unprecedented stereospecific Pd-cata-
lyzed acylative Suzuki-Miyaura cross coupling of chiral or-
ganoboron reagents to deliver a multitude of chiral a-aryl car-
bonyl compounds, including aryl/alkyl ketones and, carboxylic
acid derivatives.'**® The approach generally exhibits an ex-
tremely high level of stereospecificity through a novel process
that enables the transfer of stereochemical information from the
organoboron reagent to the reaction center of the catalytic sys-
tem.

Our initial investigation commenced with the cross-coupling
reaction between benzoyl chloride (1a) and an enantioenriched
benzylic trifluoroborate (2b) as model substrates (Table 1).%> 4
Based on multidimensional evaluation of reaction parameters,
the use of Pd,dba; as the Pd(0) source and Na,COs as the base
was demonstrated to be optimal (See Sl for details). Interest-
ingly, the system exhibited the best performance in rigorously
anhydrous 1,2-dichloroethane (DCE) solvent.!> Conventional
catalytic systems of organoboron reagents usually utilize aque-
ous solvent systems that can effectively hydrolyze the organo-
boron compounds.'® Therefore, the result suggests the unique
participation of trifluoroborate in its native form (vide infra).
Another important element for successful transformation is the
identity of the supporting ligand. Most bidentate (L1-L4) and
dialkylbiarylphosphine ligands (L6—L38) were shown to be in-
effective. Only BINAP (L5) and CyJohnPhos (L9) exhibited
moderate reactivity in terms of product formation. In contrast,
monodentate triaryl (L10-L14) and trialkyl phosphines
(L16-L19) exhibited a noticeable level of reactivity. In general,
more efficient product formation was observed as the phosphine
ligand became bulkier and more electron-rich (L18 and L19).
Further optimization of the ligand structure revealed that the
placement of two bulky alkyl groups and one arene ring effec-
tively promoted the transformation (L20—L24). Eventually, di-
adamantyl phosphine with a highly electron-rich arene was
identified as the optimal ligand (L25).Y Interestingly, the stere-
ochemical outcome was minimally affected by the variations in
the ligand structure. Generally, a high level of enantiospecific-
ity was obtained throughout the study, and the stereochemical
information of the nucleophile was delivered with a net inver-
sion at the reaction center.

After establishing the optimal conditions, we explored the ap-
plicability of the protocol with respect to both enantioenriched
alkylboron reagents and acyl donors, by forming optically pure
a-aryl ketones (Table 2). First, a variety of arene substituents,
with different electronic and steric properties, were tolerated,
affording the desired products in good yields with excellent en-
antiospecificity (3aa—3ag). Trifluoroborates with an electron-
rich arene (3aa—3ac) or an electron-deficient arene (3ad-3ae)
participated equally in the reaction with high efficiency. In ad-
dition, systems containing an extended = system or a bicyclic
unit are also competent reaction partners (3af and 3ag). Further-

more, borates with longer alkyl chains could be used as nucle-
ophilic counterparts (3ah—3aj), although reduced reaction effi-
ciency was observed for substrates with a bulkier substituent
adjacent to the reaction center (3ak—3am). Importantly,
straightforward control of the stereochemical outcome was
achieved simply by utilizing a reaction partner with alternative
stereochemistry at the reaction center ((S)-3ab and (S)-3ah).

Table 1. Optimization of the reaction conditions?
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L8 (JohnPhos): trace L13 (R'=F): 20%, 97% es  L18 (R' = t-Bu): 60%, 98% es
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L20 (R" = Br): 25%, 98% es
L21 (R" = OMe): 33%, 98% es

L22: 72%, 98% es
L23: 76%, 98% es

L24 (R" = H): 7%, 98% es
L25 (R" = i-Pr): 81%, 98% es

2Unless otherwise noted, the reactions were conducted with 1a (2.0 equiv),
(S)-2b (0.1 mmol), Pd.dbas (2.5 mol%), ligand (7.5 mol%), and Na,COs;
(2.0 equiv) in DCE (1.2 mL) at 83 °C for 18 h under nitrogen atmosphere.
The yields indicate *H NMR yield using 1,3,5-trimethoxybenzene as an in-
ternal standard. The enantiomeric excess was determined by HPLC analysis

Next, the range of reactivity of the acyl donor was evaluated
using either a commercially available acid chloride or a reagent
generated in situ from the corresponding carboxylic acid. Place-
ment of a variety of substituents with different electronic prop-
erties on the arene ring of the acyl donor was well tolerated
(3bb—3ib). The substrate derived from chloroarene was also
found to be suitable for product formation, demonstrating the
mildness of the reaction conditions (3gb). Sterically encum-
bered substrates could be conveniently subjected to this proto-
col to afford the corresponding products in synthetically useful
yields (3fb and 3ib).

Notably, medicinally important heterocycles, such as furan
(3jb), thiophene (3kb and 3Ib), pyrrole (3mb) and indole (3nb)
could be successfully incorporated into the product. Therefore,
pharmaceutically relevant structural motifs, including a natural
product analogue (3jb), could be constructed in an enantiopure
form.*® Furthermore, aliphatic acid chlorides also exhibited the
desired reactivity (3ob—3qb). Interestingly, sterically demand-
ing acid chlorides exhibited even greater efficiency in terms of
product formation (3pb) than substrates containing a smaller al-
iphatic alkyl group (3gb—3sb). Finally, to further demonstrate
the synthetic robustness of this strategy, we attempted the direct
functionalization of complex commercial pharmaceuticals



Table 2. Stereospecific Pd-catalyzed acylative cross-coupling reaction for the synthesis of chiral ketones?

Pd,dbas (2.5 mol%)
L25 (7.5 mol%)
Na,COj3 (2.0 equiv)
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Me
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i-Pr
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applicability of trifluoroborates with 1a (benzoyl chloride)

iR DCE (0.08 M), N,
83°C,18h
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stereoinversion
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3aa, 68% yield
96% ee, 99% es

3ab, 75% yield
97% ee, 98% es

S)-3ab, 73% vyield
7% ee, 98% es
(from 97% ee (R)-2b)

3af, 60% yield
92% ee, 95% es

3ag, 70% yield
90% ee, 91% es

(S)-3ah, 61% yield
93% ee, 94% es
(from 99% ee (R)-2h)
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3ae, 88% yield
99% ee, >99% es

3ac, 85% yield
94% ee, >99% es

3ad, 83% yield
97% ee, >99% es

EtO,C
3aj, 25% yield 3ak, R' = Et, <5% yield

82% ee, 96% es 3al, R' = jso-Pr, trace
3am, R' = tert-Bu, N.R

3ai, 30% yield
96% ee, 98% es

3bb, 68% yield
99% ee, >99% es

3cb, 58% yield
96% ee, 97% es

3db, 72% yield
97% ee, 98% es

3hb, 83% yield
97% ee, 98% es

3ib, 68% vyield
93% ee, 94% es

3jb, 80% vyield
99% ee, >99% es

3mb, 78% yield
98% ee, 99% es

3nb, 60% yield
98% ee, 99% es

3ob, 25% vyield
70% ee, 71% es

3eb, 62% yield
94% ee, 95% es

3fb, 43% yield
96% ee, 97% es

3gb, 47% vyield
94% ee, 95% es

3kb, 83% yield
98% ee, 99% es

3lb, 65% yield
98% ee, 99% es

O

3pb, 78% yield
90% ee, 91% es

3gb, 10% yield 3rb, R' = CH,CH,Ph, <5%
92% ee, 93% es 3sb, R' = isopropyl, N.R

Me
Me
ANS y >\/
Me’ //S\\ e
3ub, 72% yield O O 3vb, 45% yield 3wb, 63% yield

96% ee, 97% es
from adapalene

96% ee, 97% es
from probenecid

94% ee, 95% es
from febuxostat

2Unless otherwise noted, the reactions were conducted with 1 (2.0 equiv), (S)-2 (0.2 mmol), Pd,dba; (2.5 mol%), L25 (7.5 mol%), and Na,COs; (2.0 equiv) in
DCE (2.4 mL) at 83 °C for 18 h under nitrogen atmosphere. All yields are of purified products. The enantiomeric excess was determined by HPLC analysis.

(3ub—3wb). Acid chlorides originating from adapalene, pro-
benecid, and febuxostat were successfully employed to afford
the corresponding ketone products in synthetically useful yields
with excellent stereochemical integrity. The complex architec-
ture of these bioactive molecules remained intact throughout the
transformation.

Thereafter, we applied the developed synthetic strategy to the
preparation of carboxylic acid derivatives (Table 3). Readily
available carbamoyl chlorides could be successfully incorpo-
rated into the catalytic carbamoylation process to furnish chiral
a-aryl amides. Both acyclic and cyclic carbamoyl chlorides

were competent reaction partners for this transformation, af-
fording the desired chiral amides (4a-4e). Importantly, N-meth-
oxy-N-methylcarbamoyl chloride could be used efficiently as
the carbamoyl donor under slightly modified conditions to yield
the corresponding Weinreb amide (4f).X° Moreover, the protocol
has been demonstrated to be amenable to a scale-up reaction.
No significant loss of reactivity was observed with a 10-fold in-
crease in reaction scale. Accordingly, using the Weinreb amide
as the key intermediate, the developed strategy could be ad-
vanced to a general synthetic protocol for the preparation of val-



uable chiral a-aryl carbonyl compounds. Simple hydride addi-
tion or Fisher esterification could be used to construct the cor-
responding aldehyde or methyl ester with complete preservation
of stereochemical integrity (5a and 5b). We also found that

Table 3. Stereospecific synthesis of carboxylic acid deriva-
tives?
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o
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2Unless otherwise noted, the reactions were conducted with 1 (2.0 equiv),

(S)-2b (0.1 mmol), Pd,dbas (2.5 mol%), L25 (7.5 mol%), and Na,CO3 (2.0

equiv) in DCE (1.2 mL) at 83 °C for 18 h under nitrogen atmosphere. °PAd;

(7.5 mol%) was used instead of L25. All yields are of purified products. The
enantiomeric excess was determined by HPLC analysis.

nucleophilic substitution with a carbon-based organometallic
reagent can provide a range of synthetically challenging chiral
ketones. For instance, the addition of a primary alkyl nucleo-
phile resulted in the formation of an alkyl ketone (5c), which is
difficult to access using the direct addition of a trifluoroborate
to an acid chloride (Table 2, 3rb and 3sb). Furthermore, the
addition of C(sp?)- or C(sp)-based carbon nucleophiles was
demonstrated to be viable, affording delicate a,p-unsaturated
ketones (5d and 5e). Finally, a direct installation of a heterocy-
cle was performed to furnish a pharmaceutically relevant car-
bonyl compound (5f). In all these cases, the stereospecificity
was consistently high.

We then explored the origin of the high stereospecificity of the
catalytic system based on detailed mechanistic investigations.
In a stereospecific cross-coupling reaction of chiral organobo-
ron reagents, the stereochemical outcome is governed by the
mechanism over the course of transmetalation, which usually

follows an Sg2-type mechanism.” A stereoretentive pathway is
commonly observed, although several factors, including inter-
nal coordination by the substrate,® supporting ligand, steric
nature of nucleophile? or additives®® are known to influence the
process. To shed light on the robust stereoinvertive transmeta-
lation of our system, we used density functional theory compu-
tations using Gaussian 16 with PBE-D3BJ/6-31G(d) and
LANL2DZ. A solvent model based on density was employed
for DCE at 83 °C (Figure 2, A). Metal coordination to the tran-
sition structures as well as various intermediates were investi-
gated to capture the thermodynamically most likely coordina-
tion environment (see Sl for details).

The overall process commences with the oxidative addition of
palladium(0) species (1), doubly ligated with the catalytically
relevant ligand APhos (L23), to carbonyl chloride 1a to form
the corresponding oxidative addition complex (11) (Figure 2, A).
The dissociation of one phosphine ligand leads to the formation
of the reactive acylpalladium(Il) species (111) to set the stage for
the subsequent transmetalation.* The ligand dissociation pro-
cess from an analogous complex with a smaller ligand (II’ to
IIl’, L = PPh3) was disfavored by at least 10.8 kcal/mol owing
to the low energy of the bisligated palladium species II’. These
energy profiles are consistent with the experimental observation
that the reaction with a smaller ligand results in diminished re-
activity over a bulky ligand (Table 1). The potential formation
of a cationic palladium species (111 to IIT**) through liberation
of the chloride ligand was demonstrated to be energetically un-
favorable. Presumably, the nonpolar nature of the reaction me-
dium disfavors the commonly postulated prerequisite step for a
facile transmetalation.®f

Eventually, by comparing the two transition states for
transmetalation, the origin of the observed selectivity could be
explained (Figure 2, B).2® The transition state leading to inver-
sion of the stereochemistry (TS™-1V) was calculated to be
lower in energy than that of retention (TS"™-1V) by 2.3 kcal/mol,
a number fully consistent with the observed level of selectivity.
Interestingly, the TS™-1V exhibits a cyclic array of reaction
partners interlocked by the coordination of the potassium ion.?
The involvement of the cyclic transition state forces the Pd-C—
B angle to deviate from the conventionally proposed 180° ar-
rangement (135.6°), allowing efficient transmetalation. The un-
precedented interplay of multiple metal-halogen interactions in
the transition state is made possible by the direct participation
of the unhydrolyzed trifluoroborate ion, underscoring the im-
portance of the anhydrous reaction medium.'%¢% Importantly,
the related transition states without the potassium ion were
demonstrated to be significantly higher in energy for both inver-
sion and retention (See Sl for details).?” Finally, reductive elim-
ination from complex V completes the stereoselective cross-
coupling process (TS-VI).

In conclusion, we have developed a new Pd-catalyzed method
for the preparation of valuable chiral a-aryl carbonyl com-
pounds. The method exploits a direct use of activated acyl and
carbamoyl donors that react with stereochemically enriched
benzylic trifluoroborates in a highly stereospecific fashion. By
utilizing the strategy, a wide range of a-arylated ketones and
carboxylic acid derivatives were prepared with high stereo-
chemical integrity. The process was successfully mediated by a
catalyst system supported by a bulky and electron-rich mono-
dentate dialkylaryl phosphine ligand. In addition, a unique
metal-halogen interaction in the transition state was identified
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to facilitate a novel invertive transmetalation process at the sp*-
hybridized reaction center. It is expected that the mechanistic
insights attained from this study should extend the applicability
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