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Abstract: The development of enantioconvergent cross-coupling of
racemic alkyl halides directly with heteroarene C(sp?)-H bonds has
been impeded by the commonly necessary use of base at elevated
temperature that leads to racemization. We herein report a
copper(l)/cinchona-alkaloid-derived N,N,P-ligand catalytic system
that enables oxidative addition with racemic alkyl bromides under mild
conditions. Thus, the coupling with azole C(sp?)-H bonds has been
achieved in high enantioselectivity, affording a number of potentially
useful a-chiral alkylated azoles, such as 1,3,4-oxadiazoles, oxazoles,
and benzo[d]oxazoles as well as 1,3,4-triazoles, for drug discovery.
Mechanistic experiments indicated facile deprotonation of an azole
C(sp?)-H bond and the involvement of alkyl radical species under the
reaction conditions.

Introduction

a-Chiral alkyl heteroarenes are common structural motifs in
many drugs, bioactive small molecules, and natural products."l
Synthetically, transition metal-catalyzed enantioconvergent
radical C(sp®)-C cross-coupling of racemic alkyl (pseudo)halides
has received much attention over the past two decades.? In this
context, enantioconvergent  (hetero)arylation of  alkyl
(pseudo)halides via coupling with a diverse array of
prefunctionalized (hetero)aryl reagents has emerged as a
powerful method for the efficient construction of a-chiral alkyl
(hetero)arene scaffolds with high levels of stereocontrol (Scheme
1A).5-81 Thus, a variety of chiral catalysts based on first-row
transition metals such as Ni, Co, and Fe have been utilized to
convert racemic alkyl electrophiles to prochiral alkyl radicals, a
strategy pioneered by Fu, Reisman and others.>%! Although
impressive results have been achieved with this approach, the
direct use of heteroarenes in place of these prefunctionalized
heteroaryl reagents would be more desirable considering the

ready material availability, operational simplicity, and high atom
economy of C-H functionalization.®! Nonetheless, the usually
inevitable use of base at elevated temperature (typically 80—
160 °C)®19 in racemic coupling of alkyl electrophiles with
heteroarene C(sp?)-H bonds poses a remarkable challenge for
enantioconvergent synthesis: racemization might readily occur
(Scheme 1B), particularly with electron-deficient heteroarenes.

A. Prior Works on Enantioconvergent (Hetero)arylation of Racemic Alkyl
(Pseudo)Halides via (Reductive) Cross-Coupling
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B. Challenge for Enantioconvergent Heteroarylation of Racemic Alkyl Halides with
Heteroarene C(sp?)-H Bonds via Cross-Coupling
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challenge: racemization at elevated temperature in presence of base!
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Scheme 1. Enantioconvergent heteroarylation of racemic alkyl electrophiles.

As a part of our research program on asymmetric chemistry
involving alkyl radical species,''! we recently discovered that

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

chiral alkaloid-derived multidentate N,N,P-ligand greatly
enhanced the reducing capability of copper catalyst.['? Thus, the
resulting chiral copper catalyst readily reduced alkyl halides to
alkyl radicals under ambient conditions. In view of the
aforementioned racemization issue as well as the importance of
azole in drug discovery (Scheme S1 in the Supporting
Information),["! we envisioned that our Cu(l)/N,N,P-ligand catalyst
might promote the desired enantioconvergent coupling of alkyl

halides with azole C(sp?)—H bonds under mild conditions. As such,

the remaining challenges would be: i. efficient inhibition of
homocoupling of heterocycles!'® and/or alkyl halides;[" ii.
enantiocontrol over the heteroarylation of alkyl radicals. If
successful, this method would provide not only an excellent
complementary approach to the previous reported
enantioselective heteroarene C(sp?)-H alkylation,['® but also an
immediate access to enantioenriched a-chiral alkylated azoles for
potential drug discovery (Scheme S1).l" Herein, we describe the
development of a mild copper(l)/cinchona alkaloid-derived N,N,P-
ligand catalytic system for an asymmetric radical C(sp®)—C(sp?)
cross-coupling of racemic alkyl bromides with azole C(sp?)-H
bonds (Scheme 1C).

Results and Discussion

Initially we found that the desired coupling product 3 was
formed in 24% yield with 49% ee from racemic 1a and 1,3,4-
oxadiazole 2a under the catalysis of CuBH4(PPhs), and L*1 in
presence of LiO'Bu in DMA (N,N-dimethylacetamide) at room
temperature (Scheme 2 and Table S1, entry 1 in the Supporting
Information). The addition of two equivalents of H,O greatly
increased the yield of 3 to 58% without affecting the
enantioselectivity (49% ee) (Table S1, entry 4), possibly due to
enhanced transmetalation for the formation of a C-Cu bond
(Scheme S2).'8 Besides, the presence of H,O also rendered the
reaction results readily repeatable. Further screening of solvents,
ligands L*1-L*3, base additives, copper salts, and reaction
temperatures identified the optimal conditions as follows (Scheme
2 and Table S1, entry 19): (x)-1a (2 equiv), 2a (1 equiv),
CuBH4(PPhz); (10 mol%), L*3 (12 mol%), H,O (2 equiv), and
LiOBu (4.5 equiv) in DMA/DCM (2/1, 0.60 mL) at 10 °C under
argon, affording 3 in 90% NMR yield and 90% ee. The absolute
configuration of 3 was determined to be R by X-ray!""! structural
analysis (Scheme 2 and Figure S1 in the Supporting Information)

and those of other products in this work were assigned by analogy.

PMP CuBH,(PPh3), (10 mol%), L*3 (12 mol%) PMR
Br >7N H,0 (2.0 equiv), LIO'Bu (4.5 equiv) =N
/‘\ \/ N O\?N
Ph” "Et [ DMA/DCM (2/1), 10 °C H
(t)>1a ) H Ph~ Et
a 3, 90%, 90% ee
OMe / (PMP: para-methoxyphenyl)
‘ NH PAr, Ar2P HN o /.\“\/\ I/!
Na
O /\’\R/D\Q/ \)[
L*1, Ar = Ph L*4 Ar =9-Phen X-ray structure of 3
L*2, Ar = 3,5-(OMe),-CgH3
L*3, Ar =9-Phen

Scheme 2. Reaction development.

10.1002/anie.202009527

WILEY-VCH

Next, we examined the scope of alkyl bromides in this reaction
(Table 1). Thus, benzyl bromides featuring linear and branched
purely aliphatic side chains were all suitable substrates for this
reaction (3—6). In addition, substituents such as terminal alkene
(7 and 8), ether (9), silyl-protected alcohol (10), and primary
chloride (11) on the alkyl side chains were tolerated. On the other
hand, various functional groups of either electron-donating or -
withdrawing properties on the phenyl rings of benzyl bromides
were compatible with the reaction conditions, delivering product
12-19 in moderate to good yield with good enantioselectivity.
Interestingly, medicinally relevant heteroaryl substituents such as
furanyl (20), thiophenyl (21, 22, and 24), and pyrrolyl (23)
appended on the phenyl rings were also applicable to the reaction.
In addition, bicyclic 2-naphthalenyl- and heterocyclic 3-
thiophenyl-substituted alkyl bromides were viable substrates,
leading to products 25 and 26, respectively, in moderate yield and
good enantioselectivity. Interestingly, a mixture of regioisomeric
allylic bromides also gave rise to the coupling product as a single
regioisomer in good yield with promising enantioselectivity
(Scheme S3), of which the result is currently under further

Table 1: Substrate scope of alkyl bromides.[><!
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[a] Reaction conditions: 1 (2.0 equiv), 2a (0.10 mmol), CuBH4(PPhs)2 (10 mol%),
L*3 (12 mol%), H20 (2.0 equiv) and LiOBu (4.5 equiv) in DMA/DCM (2/1, 1.05
mL) at 10 °C. [b] Isolated yield. [c] The ee value was determined by HPLC. [d]
The enantiomer of 3, i.e., ent-3, was obtained using L*4 (see Scheme 2 for
structure) in 78% with 89% ee. [e] 1 (2.5 equiv). [f{] 1 (3.0 equiv), H20 (3.0 equiv),
and LiOBu (3.5 equiv). [g] 1 (3.0 equiv). [h] 2a (0.20 mmol) and LiOBu (3.8
equiv) were used. TBDPS: tert-butyldiphenylsilyl.
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Table 2: Scope of azoles and transformation. @l
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30% yield, 91% eel 63%19], 93% ee 12%, 87% eel°l
transformation to 1,2,4-triazole
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2a, 1.0 mmol™ 3,94% ee 46,90%, 93% ee
[a] Reaction conditions: 1a (2.0 equiv), 2 (0.10 mmol), CuBH4(PPhsz)2 (10 mol%),
L*3 (12 mol%), H20 (2 equiv) and LiO'Bu (4.5 equiv) in DMA/DCM (2/1, 1.05
mL) at 10 °C. [b] Isolated yield. [c] The ee value was determined by HPLC. [d]
1a (3.0 equiv) and LiO'Bu (2.5 equiv). [e] 1a (3.0 equiv) and 2 (0.20 mmol). [f]
1a (3.0 equiv) at rt. [g] Yield based on recovered starting material. [h] 1a (3.0
equiv) and H20 (3 equiv) in DMA/PhCF3 (1/2, 1.05 mL) at rt. [i] 1a (3.0 equiv)
and LiOBu (2.5 equiv) in DMA/PhCFs3 (1/2, 1.05 mL) at rt. [j] 1a (3.0 equiv) and
LiOBu (3.0 equiv). [k] 1a (10 equiv). Mono-alkylated product 40’ was obtained
in 34% with 77% ee. [I] 1a (3.0 equiv) and Cu(PrCOz2). (10 mol%). [m] 1a (3.0
equiv) and Cul (10 mol%) at rt. [n] 1a (2.5 equiv) and Cu(acac)z2 (10 mol%). [0]
1a (2.5 equiv) and Cul (10 mol%) at rt. [p] 1a (2.5 equiv), 2a (1.0 mmol),
CuBH4(PPh3z)2 (10 mol%), L*3 (12 mol%), H20 (2.0 equiv), and LiOBu (2.5
equiv) in DMA/DCM (2/1, 10 mL) at 10 °C. Acac: acetylacetonate.
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optimization. Nonetheless, alkyl bromides a to carbonyl groups
have so far failed to provide the desired products in spite of high
conversions.

As for the scope of azoles (Table 2), a variety of 2-phenyl-
substituted 1,3,4-oxadiazoles smoothly underwent the desired
alkylation reaction (27-34). Further, 1,3,4-oxadiazoles bearing
naphthalenyl, pyridinyl, and furanyl substituents also delivered the
desired coupling products 35, 36, and 37, respectively, in good
enantioselectivity. Notably, replacing the (hetero)aryl substituents
with alkyl groups did not obviously affect the reaction efficiency or
stereoselectivity and the products 38 and 39 were forged in
moderate yield with good to excellent ee. Interestingly,
unsubstituted 1,3,4-oxadiazoles delivered bis-alkylated product
40 in high enantioselectivity and moderate diastereoselectivity.
The reaction is not limited to 1,3,4-oxadiazoles and structurally
similar and medicinally important oxazoles and benzo[d]oxazoles
were suitable heteroarylation reagents, too, providing products
41-44 in moderate yield and excellent enantioselectivity. In
addition, benzo[d]thiazole was also applicable to the reaction and
the corresponding product 45 was obtained in 87% ee albeit of
low yield. However, many other azoles and cyanothiophenes
either remained intact or underwent decomposition under the
reaction conditions (see Scheme S4 for structures). Importantly,
the enantioenriched 1,3,4-oxadiazole product 3, obtained in the
preparative scale reaction of 2a, was readily converted to 1,2,4-
triazole 46 without obvious loss of enantiopurity, thus indicating
the synthetic potential of the current method towards this kind of
pharmaceutically useful heterocycles.l'! Additionally, the good
chemoselectivity observed in substrates containing additional
potentially reactive halides (11, 19, 30, and 33), which are
amenable to follow-up manipulations, further strengthens the
synthetic potential.

Control experiments at higher reaction temperatures indicated
drastically diminished enantioselectivity starting at around 50 °C
(Table S1, entries 20 and 21). In addition, obvious racemization
of an enantioenriched alkylation product was observed at 60 °C
while only marginal racemization occurred at 40 °C under the
otherwise standard conditions (Tables S2 and S3). Besides, other
common bidentate or tridentate ligands only provided less than
15% vyield and poor enantioselectivity under the otherwise
identical conditions (Table S1, entries 22-24). All these results
strongly support the indispensable role of our ligand in enabling
facile oxidative addition at around ambient temperature for
suppressing product racemization. In regard to the overall
reaction mechanism, control experiments indicated that copper,
ligand, and base are all indispensable for the reaction to provide
the desirable product 3 (Table S4). Further, we observed facile
D/H exchange of the C5-H in substrate 2a with an excessive
amount of D,O at room temperature in the presence or absence
of copper (Scheme S2). Thus, the C5-H should be acidic enough
for direct deprotonation without the need for copper. The
subsequent radical trap experiment with 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) led to the formation of TEMPO-trapped
product 47 while providing no desired product 3 (Scheme 3A). In
addition, benzyl bromide (t)-1b tethered with an alkene moiety
underwent tandem 5-exo-trig cyclization and C(sp®)-C(sp?)
coupling, delivering 49 in addition to 48 (Scheme 3B; no
corresponding cyclization side products were observed for
products 7 and 8). Collectively, these results strongly support the
involvement of alkyl radical species in the reaction. Further radical
clock experiment with 2b provided only alkylation product 50 with
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an intact cyclopropane ring (Scheme 3C). Accordingly, the direct
addition of alkyl radical to the azole ring is unlikely under our
conditions.['® On the basis of the experimental results as well as
our previous works,!'1:122.125] g working mechanism was proposed,
shown in Scheme 3D. In the presence of base, the Cu'L* complex
I first forms and further reacts with azole 2, giving Cu' intermediate
Il. This intermediate next reduces alkyl bromide (z)-1 to alkyl
radical lll and itself transforms to Cu" complex IV. Finally, C(sp®)—
C(sp?) coupling occurs possibly via formation of a Cu"
intermediate!'® and its subsequent reductive elimination (see
Figure S2 for a tentative stereodiscrimination proposal via the
copper(lll) intermediate). Nonetheless, we currently have no solid
experimental or theoretical evidence supporting this Cu'

intermediate and thus, are carrying out further studies on this step.

A TEMPO (2.5 equiv) PMR

Br N/N\ standard conditions >:N

[ i Nem O N + N,

N g (6]
P Et  pup” O rt : ‘
(#)-1a 2a Ph O Et Ph” Et
3, 0% 47, 28%

B PMPR,

Br 2a =N
- \ N
| standard conditions O N N
PO * pu
Ph Ph” X PMP
3
Ph

o/

Ph
-\

P
Ph”

()-1b
48, 12% 49, 10%
¢ " pn—|
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P Vet PhW \\\\ o ON
i
(t)1a (£)-2b o
50, 69%, dr 1:1
D 27~y -N

Y
i l\\ \>*H + base
R 4

N -
A

Y 34s ()1

Scheme 3. Mechanistic experiments and proposal.

Conclusion

In summary, the use of N,N,P-ligand has enabled the
realization of direct enantioconvergent coupling of racemic alkyl
bromides with azole C(sp?)—H bonds. And the enhanced reducing
power of copper by the N,N,P-ligand is key to lower the reaction
temperature close to room temperature, thus effectively
suppressing undesired racemization of the newly formed chiral
stereocenters. This method provides a convenient access to a
range of enantioenriched a-chiral alkylated azoles, such as 1,3,4-
oxadiazoles, oxazoles, and benzo[d]oxazoles as well as 1,3,4-
triazoles, all of which are common structural motifs in many
bioactive molecules and drugs. Further studies on expanding the
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scope to other heteroarenes as well as arenes and on
investigating the reaction mechanism in details are currently
undergoing in this lab.
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