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Abstract: Asymmetric functionalization of aromatic C—H
bonds of N,N-disubstituted anilines with diazo compounds and
imines is reported for the efficient construction of a,a-diaryl
benzylic quaternary stereocenters in good yields with high
diastereoselectivities and excellent enantioselectivities. This
Rh"/chiral phosphoric acid cocatalyzed transformation is
proposed to proceed through a metal-carbene-induced zwit-
terionic intermediate which undergoes electrophilic trapping.
To the best of our knowledge, this is the first asymmetric
example of metal carbene-induced intermolecular functional-
ization of aryl C—H bonds.

Carbene-induced C—H functionalization by transition-
metal-catalyzed decomposition of diazo compounds is
among the most efficient and reliable synthetic tools for the
construction of C—C bonds.['! Within this context, by taking
advantage of a broad selection of transition-metal catalysts,
both non-asymmetric and asymmetric functionalizations of
C(sp®)—H bonds have been extensively studied over the past
several decades.'">! However, while non-asymmetric func-
tionalization of aromatic C(sp?)—H bonds have also been
developed to some extent,” the asymmetric version of
metal-carbene-induced functionalization of aromatic C(sp?)—
H bonds remains unexplored except for intramolecular
examples® or those starting from heteroarenes.”!

Unlike the carbene-induced C(sp®)—H functionalization
in which efficient asymmetric control could be achieved by
chiral transition-metal catalysts via a concerted nonsynchro-
nous transition state,'®® the functionalization of aromatic
C—H bonds is generally considered to proceed through the
formation of a zwitterionic intermediate from electrophilic
addition of a metal carbene to the aromatic ring and
a subsequent rapid proton transfer (Scheme 1, path a).l'®!
This stepwise mechanism makes it very challenging to achieve
efficient enantioselective control by means of chiral transi-
tion-metal catalysts,”! probably owing to the difficulty in
controlling enantioselectivity during the asymmetric proto-
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Scheme 1. Catalytic asymmetric aromatic C—H functionalization by
trapping of a metal-carbene-induced intermedaite.

nation step.') As part of our continuous research efforts in
exploring new transformations based on asymmetric electro-
philic trapping of active intermediates generated from metal
carbenes,'"'? we became interested in developing catalytic
asymmetric functionalization of aromatic C—H bonds with
a similar strategy. We envisioned that the proposed metal-
carbene-induced zwitterionic intermediate could be inter-
cepted by electrophiles such as active imines prior to 1,2-
proton transfer to give formal C—H insertion products
(Scheme 1, path b). With such a strategy, asymmetric control
could be realized during the trapping process by introducing
chiral cocatalyst such as chiral phosphoric acid (PPA;
Scheme 1, path b).!"¥! Herein, we report the successful devel-
opment of a catalytic asymmetric functionalization of aro-
matic C—H bonds from a novel three-component reaction of
arenes, diazo compounds, and imines in the presence of
a rhodium(IT)/chiral PPA catalyst system.!" This transforma-
tion is proposed to proceed through electrophilic trapping of
metal-carbene-induced zwitterionic intermediates, and pro-
vides an efficient way to access chiral o,a-diaryl all-carbon
benzylic quaternary stereocenters, which are common struc-
tural scaffolds in medicinal products such as disopyramide
(Norpace),™ loperamide (Imodium),!'** methadone (Dolo-
phine),!'*) and proadifen (SKF525A).['*

We began our initial studies by examining an array of
substituted anilines or phenols in a reaction with methyl
phenyldiazoacetate (2a) and N-benzylideneaniline (3a) in
the presence of both [Rh,(OAc),] (1 mol%) and 3,3-bis-
(phenyl)-binol phosphoric acid (rac-5a, 10 mol % ).’ Among
different arenes tested, the formal C—H insertion products
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were generally observed as the major products, and only N,N-
bis(2-methoxyethyl)aniline (1a) was found to produce the
desired three-component product in low yield."” Albeit in
a very low yield, this result demonstrated the feasibility of our
designed electrophilic trapping pathway and encouraged us to
choose 1a as the model substrate for further optimization of
the reaction conditions. To fulfil catalytic asymmetric control
of this transformation, different chiral PPAs were first
evaluated. As shown in Table 1, both the efficiency and

Table 1: Optimization of reaction conditions.”!

Ph. [Rho(OAG)s] Z:N

N
ZzN\Q Ny | (1 mol %)
+ )J\ +
H Ph” “CO,Me K@\
1a Cl

5 (10 mol %)
solvent
T
Z=(CHp,OMe 22 3a

5a: R =Ph
5b:R=H
5¢: R = p-CF3CgHy4

- \OH 5d: R = p-MeOCgHy4
OO 5e: R = 9-phenanthryl
R 5f: R =2,4,6-iPrzCeH,

Entry 5 Solvent  T[°C]  Yield [%]" d.rid ee (%]
1 5a  CH,Cl, 0 19 60:40 16
2 5b  CH,Cl, 0 9 60:40 7
3 5¢  CH,Cl, 0 <5 - -
4 5d  CH,Cl, 0 19 80:20 23
5 5e  CH,Cl, 0 12 62:38 89
6 5f  CH,l, 0 74 91:9 99
7 5f  PhMe 0 56 89:11 96
8 5f DCE 0 58 90:10 99
9 5f  CHCl 0 47 89:11 99
10 5f  CH,Cl, 25 31 86:14 97
n 5f CH).Cl,  —20 48 90:10 99
12 - CH,Cl, 0 <5 - -

[a] Unless otherwise noted, all reactions were conducted in 0.2 mmol
scale of 3a, Ta:2a:3a=1.5/2.5/1. See the Supporting Information for
experimental details. [b] Yield of isolated product after column chroma-
tography. [c] Determined by '"H NMR analysis of crude reaction mixture.
[d] Determined by HPLC analysis of the major diastereomer using

a chiral stationary phase. DCE=1,2-dichloroethane.

enantioselectivity of this three-component reaction were
dramatically affected by the structure of the chiral phosphoric
acid catalysts. The highest diastereo- and enantioselectivity
were obtained when (R)-3,3'-bis(2,4,6-triisopropylphenyl)-
binol phosphoric acid (5f) was used, thus affording the
desired three-component product 4a in 74 % yield with 91:9
d.r. and 99 % ee (entries 1-6). With 1 mol % [Rh,(OAc),] and
10 mol% 5f, the effects of solvent and temperature were
further investigated. When toluene, 1,2-dichloroethane
(DCE), or CHCI; was used as the solvent instead of CH,Cl,,
the yield of the desired product 4a decreased, and the d.r. and
ee values remained unaffected (entries 7-9). Increasing the
reaction temperature to 25°C or decreasing it to —20°C also
caused reduced yields of 4a, but still resulted in high
stereoselectivities (entries 10 and 11). The desired product
4a was not afforded in the absence of phosphoric acid and the
corresponding C—H insertion product was observed as the
major product (entry 12). This result indicated that the use of
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phosphoric acid as the co-catalyst can not only provide
efficient stereoselective control but is also crucial in increas-
ing the reactivity of imine toward the Mannich-type electro-
philic trapping process. In contrast, the C—H insertion product
6a was reacted with the imine 3a under the optimal reaction
conditions, and the formation of 4a was not observed.!'”! This
control experiment excluded the possibility that this three-
component reaction proceeded through a stepwise C—H
insertion/Mannich addition pathway. Finally, the absolute
configuration of the major isomer, anti-4a, was unambigu-
ously determined to be 2R,3S by X-ray analysis.['”

With the optimized reaction conditions in hand, the scope
with respect to the imines for this Rh'/chiral PPA-catalyzed
aromatic C—H functionalization was first examined. A series
of substituted N-benzylideneanilines was found to undergo
the desired transformation to give the corresponding product
in good yields with high diastereoselectivities and excellent
enantioselectivities (Table 2). Generally, imines derived from

Table 2: Substrate scope of imines.!

\©\H+Ph)J\COZMe+ lKAH %"l XA
1a 2a 3 0°C MeO,C Ph
Z = (CHp),0Me 4
Entry 3 Ar'/AF 4 Yield  d.rM ee
(%] (%]

1 32 pCICH,/Ph 4a 74 9.9 99
2 3b  p-BrCeH,/Ph 4b 68 92:8 98
3 3c p-FCsH,4/Ph 4c 67 91:9 99
4 3d  p-CF,CeH,/Ph 4d 68 87:13 98
5 3e 3,4-Cl,C¢H;/Ph 4e 73 95:5 90
6 3f Ph/Ph 4f 57 88:12 96
7 3g  p-MeCgH,/Ph 4g 83 8218 98
8 3h  pFCH,pCICH, 4h 68 86:14 99
9 3i  pCICH,/pBICH, 4i 57 85:15 99
10 3j  Ph/m-BrCeH, 4 56 8020 97

[a] Unless otherwise noted, all reactions were conducted in 0.2 mmol
scale of 3, 1a/2a/3=1.5:2.5:1. [b] Yield of product isolated after column
chromatography. [c] Determined by "H NMR analysis of crude reaction
mixture. [d] Determined by HPLC analysis of the major diastereomer
using a chiral stationary phase.

electron-deficient benzaldehydes gave the desired products in
higher yields with higher diastereoselectivities than those
derived from electron-rich benzaldehydes, whereas the enan-
tioselectivities remained excellent for almost all cases
(entries 1-3 and 5, 7 versus entries4 and 6). In contrast,
imines derived from electron-deficient anilines afforded the
desired products with slightly lower diastereoselectivites
while the yields and enantioselectivities remained almost
unaffected (entry 8 versus entry 3; entry 9 versus entry 1; and
entry 10 versus entry 4).

Next, the scope with respect to the diazo compounds and
arenes were further investigated. A series of substituted
methyl aryldiazoacetates were found to undergo the desired
transformation to give the corresponding products in good
yields with high diastereoselectivities and excellent enantio-
selectivities (4k—n; Scheme 2). When ethyl phenyldiazoace-
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Scheme 2. Substrate scope with respect to diazo compounds and

arenes. Reaction conditions: 1 (0.3 mmol),

2 (0.5 mmol), 3

(0.2 mmol). Yield of the isolated product is reported. The d.r. value
was determined by "H NMR analysis of the crude reaction mixture and
ee value was determined by HPLC of the major diastereomer using

a chiral stationary phase. Z=

(CH,),OMe.

tate was used as the diazo source, both the yield and d.r. value
of the desired product were decreased compared with the
results obtained from methyl phenyldiazoacetate (40 versus
4cin Table 2). Different N, N-disubstituted anilines were then
tested. N,N-dibenzyl aniline showed superior reactivity com-
pared to that of 1a, thus yielding the desired products in good
yields with much improved d.r. and excellent ee values (4p,
4q, and 4r; compare to 4b, 4f, and 4g in Table 2). Since the
N,N-dibenzyl substitution could be easily removed by hydro-
genation,™ the current transformation offers an appealing
way for introducing a benzylic quaternary stereocenter at the
para position of free anilines. Different unsymmetrically
disubstituted aniline derivatives also afforded the correspond-
ing products in good yields with high diastereoselectivities
and excellent enantioselectivities (4s-v).

To partially support our proposed pathway involving
a zwitterionic intermediate, an intermolecular kinetic isotope
effect experiment was conducted. The reaction between 1b

and the deuterated analogue [D

s]-1b demonstrated a kinetic

isotope effect of ky/kp=1.0, which suggests that the C—H
bond cleavage is not involved in the rate-limiting step
(Scheme 3). This result is consistent with our proposed
reaction pathway in which the electrophilic trapping of the
zwitterionic intermediate with the imine is the rate-determin-
ing as well as the asymmetric-controlling step.
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Scheme 3. Intermolecular kinetic isotope effect.

X = 2,4,6-iPrsCeHy

Scheme 4. Proposed transition state.

To rationalize the observed stereochemistry for this
aromatic C—H functionalization, an interaction model pro-
posed by Simon and Goodman”! was used to explain the
stereochemical outcome of this Mannich-type addition in the
presence of chiral PPAs (Scheme 4). The chiral PPA 5f
initially interacts with the imine substrate through hydrogen
bonding between the catalyst proton and the nitrogen atom of
the imine. In contrast, a weak hydrogen bond between the
Lewis basic phosphoryl oxygen atom and the acidic C-H
proton in the zwitterionic intermediate is also formed. These
two hydrogen-bonding interactions together cause the nitro-
gen substituent of the imine to be oriented toward the empty
side of the catalyst pocket to avoid steric hindrance with the
bulky substituent on the PPA. Followed by proton transfer
through chiral PPA, efficient chirality induction is realized.

In summary, we have achieved the first asymmetric
functionalization of aryl C—H bonds though a three-compo-
nent reaction of N,N-disubstituted anilines with diazo com-
pounds and imines in the presence of Rh"/chiral phosphoric
acid cocatalysts. This transformation is proposed to proceed
via the generation of zwitterionic intermediates by electro-
philic addition of metal carbenes to the aromatic ring, and
subsequent electrophilic trapping process with imines. This
transformation not only offers an efficient way for the
construction of a,o-diaryl all-carbon benzylic quaternary
stereocenters in good yields with high diastereoselectivities
and excellent enantioselectivities, but also provides exper-
imental evidence to support the electrophilic addition path-
way via a zwitterionic intermediate for traditional metal-
carbene-induced functionalization of aromatic C—H bonds.
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