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ABSTRACT: Enantioselective arylation of secondary β-C(sp3)−H
bonds of 8-aminoquinoline amides was realized with a palladium
catalyst. Chiral phosphoric amides and acids were used for the first
time to control the stereoselectivity at the C−H bond cleavage step
in the C−H activation reactions.

Transition-metal-catalyzed direct functionalization of un-
reactive C−H bonds has been extensively investigated in

recent years. Numerous synthetic methods have been developed
to build diverse complex compounds from simple and non-
functionalized molecules.1 By contrast, enantioselective C−H
activation has not received much attention probably because of
the absence of suitable ligands to control the stereoselectivity in
the C−H activation reaction. Chiral phosphine or nitrogen
ligands, which are widely used in asymmetric catalysis, have also
been applied to C−H activation reactions but with limitations.
Successful examples have only appeared recently.2 The most
frequently used strategies to generate enantioenriched products
are monoprotected amino acids in combination with a Pd
catalyst,3 chiral phosphine/NHC ligand-promoted Pd(0)-
catalyzed cyclization,4 and a chiral Cp* Rh catalyst.5 Despite
great progress, developing new protocols is still highly desirable
for enantioselective C−H activation reactions.
Carboxylic acids, such as pivalic acid, are frequently involved in

C−H activation reactions6 because these acids can facilitate the
cleavage of the unreactive C−H bond. This process is known as
the concerted metalation deprotonation mechanism.7 Con-
sequently, chiral carboxylic acids have been utilized to control
enantioselectivity in Pd(0)-catalyzed intramolecular cyclization
reactions with moderate enantiomeric excess.4d,f Chiral phos-
phoric acids (CPAs), as the prominent catalysts, have been
extensively applied in catalytic reactions with excellent
enantioselectivities.8 Although phosphoric acids have recently
been reported as additives in C−H activation reactions,9 the
detailed roles of these acids remain ambiguous.10 The use of
CPAs in C−H activation reactions to control stereoselectivity at
the C−H bond cleavage step has not been reported.11

Considering the high basicity of the PO function in the
phosphoric acid8d,g and good chiral environment induced by the
binaphthyl skeleton of BINOL-based CPAs, we envisioned
whether CPAs can serve as ligands to control stereoselectivity in

the C−H activation reaction, consequently generating a chiral
center. To realize our hypothesis, we attempted to apply CPAs
for the enantioselective β-arylation reactions of aliphatic
carboxylic amides bearing an 8-aminoquinoline12,13 moiety
(equation in Table 1). The direct enantioselective β-function-
alization of such monosubstituted carboxylic amides with flexible
carbon chains has not been realized yet.14−16

Carboxylic amide 1a was reacted with 4-iodoanisole 2a in the
presence of Pd(OAc)2 catalyst to examine an array of CPAs

17 in
p-xylene at 140 °C. The use of 3,3′-bis(2,4,6-triisopropylphenyl)-
1,1′-binaphthyl-2,2′-diyl hydrogen phosphate L1a only gener-
ated a racemic product (Table 1, entry 1). The use of CPAs (L1b
and L1c) bearing 1- or 2-naphthyl groups at the 3,3′-position of
the binaphthyl skeleton generated products with 61.5:38.5 and
54:46 er, respectively (entries 2 and 3), which proved the
feasibility of our initial hypothesis. Furthermore, various CPAs
(L1d−L1l) were examined (entries 4−12), and up to 71:29 er of
product was obtained when the catalyst with a 3,3′-bis(SiPh3)
moiety was tested (entry 10). The simplest CPA L1m without
any substituents unexpectedly generated products with 83:17 er
(entry 13). To further examine the substituent effects of CPAs on
the er of products, several CPAs (L2a−L2f) that only bear
monosubstituents at the 3-position of the binaphthyl skeleton
were prepared and examined. The mono-3-substituted CPAs L2
generally induced an er (entries 14−19) higher than that of the
corresponding 3,3′-disubstituted CPAs, but still inferior to L1m.
To further improve the er, CPAs with a spiro skeleton, L3a and
L3b, were also examined, but a racemic product was generated
(entries 20 and 21). However, examining several bases and
solvents with CPAs L1m did not further improve the er (see
Supporting Information for details). Given that the different
binding energies and bond distances between nitrogen and
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oxygen with Pd metal often exhibit varying results in the
reactions, whether chiral phosphoric amides L4 could enhance
stereoselectivity was also determined. The use of the chiral
phosphoric amide L4a enhanced the er of products to 86.5:13.5
(entry 22), which is better than the results derived from L4b−
L4f bearing different substituents on the nitrogen atom (see
Supporting Information for details). Carboxylic acids have
certain accelerated effects on the C−H activation reaction.6

Thus, different Pd sources were investigated, and the use of
PdCl2(MeCN)2 with ligand L1m or L4a increased the er to
88.5:11.5 and 90:10 (entries 23 and 24), respectively. Others
(Pd(OTFA)2, PdCl2, and Pd(acac)2) afforded inferior er (see
Supporting Information for details). Decreasing the temperature
to 120 °C slightly enhanced the er to 90.5:9.5 but with a
decreased 80% yield (entry 25).18

With the established conditions, the substrate scope of the
reaction was examined, and the results are shown in Scheme 1.19

Substrates bearing various substituents on the iodoarene rings,
such as methyl, alkoxy, fluoro, chloro, and ester groups, were
well-tolerated, and the corresponding products were generated
in good yields andmoderate to good enantiomeric ratio (Scheme
1, 3a−3h). In terms of the substituent effects on the aliphatic
carboxylic amides, the substrates also contained different
moieties, such as methyl, methoxy, trifluoromethyl, and halogen
under the standard conditions, and moderate to good er of
products was formed. A sterically hindered ortho-methoxy group
on the phenyl ring of substrate 1 or iodoarene 2 was tolerated,
and the desired products 3i and 3jwere generated with decreased
yield and er (76.5:23.5 and 73.5:26.5). Coupling of substituted
amides with 4-iodoanisole yielded various β,β-diaryl-function-
alized carboxylic amides (3k−3o) in moderate to good er.
Notably, the heterocycle 2-iodothiophene was also used in the
reaction, and the β-functionalized product was isolated in 86:14
er. Finally, challenging substrates with alkyl substituents, such as
n-propyl and isopropyl, were examined, and the desired products

Table 1. Palladium-Catalyzed Enantioselective Arylation of
Carboxylic Amide 1a with 4-Iodoanisole

entry ligand Pd salt
temp (°C)/time

(h)
yield
(%)a erb

1 L1a Pd(OAc)2 140/7 40 racemic
2 L1b Pd(OAc)2 140/10 55 61.5:38.5
3 L1c Pd(OAc)2 140/12 54 54:46
4 L1d Pd(OAc)2 140/10 69 54:46
5 L1e Pd(OAc)2 140/12 71 67:33
6 L1f Pd(OAc)2 140/10 52 71:29
7 L1gc Pd(OAc)2 140/10 53 59:41
8 L1h Pd(OAc)2 140/10 38 53.5:46.5
9 L1i Pd(OAc)2 140/5 47 67.5:32.5
10 L1j Pd(OAc)2 140/10 70 71:29
11 L1k Pd(OAc)2 140/5 48 60:40
12 L1l Pd(OAc)2 140/8.5 24 55.5:44.5
13 L1m Pd(OAc)2 140/12 64d 83:17
14 L2a Pd(OAc)2 140/10 23 53.5:46.5
15 L2b Pd(OAc)2 140/5 86 70:30
16 L2c Pd(OAc)2 140/5 33 63:37
17 L2d Pd(OAc)2 140/11 91 75:25
18 L2e Pd(OAc)2 140/12 50 75:25
19 L2f Pd(OAc)2 140/10 58 77:23
20 L3a Pd(OAc)2 140/8 38 racemic
21 L3b Pd(OAc)2 140/6 31 racemic
22 L4a Pd(OAc)2 140/8.5 80 86.5:13.5
23e L1m PdCl2(MeCN)2 140/12 83d 88.5:11.5
24e L4a PdCl2(MeCN)2 140/7.5 97d 90:10
25e L4a PdCl2(MeCN)2 120/7.5 80d 90.5:9.5

aYields were determined by 1H NMR analysis of the crude product.
bThe er was determined with chiral HPLC using hexane/isopropyl
alcohol. c(S)-L1g was used. dIsolated yields. e10 mol % of Pd catalyst
and 20 mol % of ligand were used.

Scheme 1. Substrate Scopea,b

aIsolated yields; er was determined with chiral HPLC using hexane/
isopropyl alcohol. bThe absolute configuration of 3 was deduced from
the configuration of 3a, which was determined by comparison of the
specific optical rotation of a 3a derivative with the value reported in
literature (see Supporting Information). cReactions were run at 120 °C
for 12 h.
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3q and 3r were produced with relatively low enantioselectivities
and yields.
Considering the observed important effects of phosphoric

acid/amide in the reaction, we conducted a series of experiments
to compare their effects on the reaction rate (Figure 1). The

reaction rate with L4a was increased by 2.6 times compared with
that in the blank reaction. More acidic CPA L1m had a stronger
acceleration effect (3.7 times) than L4a. Meanwhile, widely used
pivalic acid exhibited an acceleration effect (1.3 times) inferior to
that of L1m and L4a. Then, the deuterium-labeled substrate was
used to examine the kinetic isotope effects, and kH/kD = 3.9 was
observed (see Supporting Information for details). This value
indicates that the C−H bond cleavage is the rate-limiting step in
this reaction,20 which is consistent with the reported data for a
similar reaction by Shi et al.13e

Based on the observed experimental results and published
examples,9,12,13 a tentative catalytic cycle is proposed in Scheme
2. First, the ligand exchange of PdCl2(CH3CN)2 with substrate

1a in the presence of Cs2CO3 and chiral phosphoric amide L4a
affords a Pd(II) intermediate I bearing an amide anion. Selective
cleavaging of one of the C−H bonds over another at the β-
position of 1a with the assistance of chiral amide L4a generates
an enantioenriched intermediate II. The oxidative addition of
iodoarene 2a to the Pd(II) atom affords a Pd(IV) intermediate
III. Finally, reductive elimination from the Pd(IV) center,
followed by a ligand exchange with substrate 1a, releases the
corresponding product 3a.
In summary, we have described a Pd-catalyzed enantioselec-

tive C(sp3)−H functionalization of aliphatic carboxylic amides.

This process effectively generated an array of β,β-diaryl
carboxylic derivatives in moderate to good enantiomeric ratios.
Chiral phosphoric amides and acids have been found to have
prominent effects on the control of enantioselectivity and the
acceleration of the reaction rate. Further improvement on the
stereoselectivity of the current reaction and extending the utility
of chiral CPAs in C−H bond activation are underway in our
laboratory.
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