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Abstract A visible-light driven asymmetric Giese radical addition catalyzed by a bifunctional chiral-at-metal rhodium com-
plex has been developed. para-Aminobenzyl radicals generated from para-aminophenylacetic acids could undergo a
1,4-addition in a highly enantioselective approach to a.f-unsaturated 2-acyl imidazoles, and a variety of corresponding adducts
were obtained in moderate to high yields with excellent enantioselectivities. This reaction features high enantioselectivity, mild
reaction conditions and an operationally simple procedure. A plausible reaction mechanism is proposed based on our research
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and literature precedents on dual functional chiral-at-metal catalysis.
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1 Introduction

Visible-light photoredox catalysis which produces a
various range of radical intermediates in a mild and
convenient process has been identified as a vigorous tool in
organic synthesis.!"! However, due to the involvement of
open-shell radical species and quick subsequent reactions
featuring low energetic barriers, the development of cata-
lytic asymmetric photoredox reactions remains a challeng-
ing task in controlling the stercoselectivity of highly reac-
tive intermediates.”! Currently the major solutions for
asymmetric catalysis promoted by visible light are typi-
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cally relying on two strategies: (1) dual catalysis systems!*

involving two catalysts; (2) asymmetric/photoredox bifun-
ctional photocatalyst.”) The dual catalysis systems usually
contain one photocatalyst for the radical generation and an
additional chiral co-catalyst for controlling the enantio-
selectivity. On the other hand, single bifunctional photo-
catalyst integrates visible light harvest for activation of
substrates and stereocontrol during the chemical bond
formation together. In a word, both strategies show the
potential to overcome the inherent difficulties of visible
light driven asymmetric catalysis. For instance, the Giese-
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type reaction'® that is the addition of nucleophilic alkyl
radicals to electron-poor alkenes has long been considered
as one of the most established bimolecular radical reac-
tions. As a paradigm, Sibi, Porter and other researchers'”
have revealed that chiral Lewis acid catalysts are capable
of dominating the stercoselective conjugate addition of
radicals. Inspired by these pioneering achievements, Yoon
and co-workers'® developed the first highly enantioselec-
tive intermolecular conjugate addition of a-aminoalkyl
radicals generated from oa-silylalkyl anilines by merging
visible-light photoredox and Lewis acid catalysis. Recent-
ly, Gong group"® utilized a chiral nickel DBFOX complex
as a single catalyst for a catalytic asymmetric conjugate
radical addition.

Oxidative decarboxylation of carboxylic acids is a sub-
stantial process in nature. Since from the seminal work by
MacMillan,® the decarboxylation of a-amino acids via
visible-light photoredox catalysis has become a powerful
method to generate a-amino alkyl radicals.!'” As the
‘phenylogue’ of the a-amino acids, synthetic utilization of
the aminoarylacetic acids with visible light has been quite
limited.!""! In 2003, Miyake and co-workers!''!! succeeded
in utilizing para-aminophenylacetic acids as para-amino-
benzyl radical precursors in addition reactions with elec-
tron-deficient alkenes, but no enantioselectivity was ob-
served (Scheme 1, a). As a continuation of our interest in
the development of chiral-at-metal complexes''>"! as
bifunctional photocatalysts in catalytic asymmetric reac-
tions, herein, we report our recent findings on a catalytic
asymmetric conjugate addition of para-aminobenzyl radi-
cals generated from para-aminophenylacetic acids to
a,f-unsaturated carbonyl compounds catalyzed by a chi-
ral-at-metal rhodium complex under visible light irradia-
tion (Scheme 1, b).

2 Results and discussion

We initiated our studies with a,f-unsaturated 2-acyl im-
idazole 1a and 4-(N-methyl-N-phenylamino)-phenylacetic
acid 2a as model substrates in the presence of 2 mol% of

(a) Miyake, Nishibayashi (2013)
R1
hll ([Ir(ppyy2(bpy)I(BF 4)

EWG' . “g2 (1 mol%)
R EWG? hv, MeCN, r.t. RL
COOH
(b) This work

hv, solvent, r.t.

0 | A-Rh
QWR . K©/N\R2 (2.0 mol%)

COOH

chiral-at-metal Rh(III) complex A-Rh1l developed by
Meggers’ group under the irradiation with blue LEDs. To
our delight, the reaction proceeded smoothly in degassed
1,2-dichloroethane (DCE) to afford the desired product 3a
in 77% vyield with 82% ee (Table 1, Entry 1). Control

Table 1 Optimization of reaction conditions “

W)K/\ 20mol%
</ hv solvent
rt, 12 h
COOH
1a
-
Ol
- A-M | R X
N _CHj
w1 N A-Rh1 H 0
n,Mi
@g| Nsg_ A-Rh2|3,5-(CF3),CeHs O
_N CH,3
A-Ir H S
R X\@fsu
Entry A-M Solvent hv Yield”/%  ee/%
1 A-Rh1  DCE \ 77 82
2 A-Rh1  DCE — — —
3 None DCE v — —
4 A-Ir DCE v 53 89
5 A-Rh2  DCE v 70 88
6 A-Rh2  MeOH R 79 96
7 A-Rh2  Toluene v 46 93
8 A-Rh2  DMSO v 31 60
9 A-Rh2  Acetone R 75 91
10 A-Rh2 CH;CN v 65 87

N

bifunctional photoredox catalyst

“Unless otherwise noted, reactions were carried out by using 1a (0.1 mmol),
2a (0.15 mmol) and A-M (0.002 mmol, 2 mol%) in degassed solvent (0.3 mL)
at room temperature under irradiation with 20 W blue LEDs. *Isolated yields
based on 1a. ¢ Determined by chiral HPLC analysis.
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Scheme 1 Photoredox catalyzed addition of para-aminobenzyl radicals to electron-deficient alkenes
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experiments devoid of catalyst (no reaction) or performed
in the dark (no reaction) reveal that it is the combination of
chiral rhodium complex A-Rh1 and visible light that is
required for an efficient reaction (Entries 2, 3). Encouraged
by these promising results, other chiral-at-matal complexes
were examined. A-Ir could lead to the formation of the
target molecule 3a with an increased enantioselectivity
(89% ee) but with a diminished yield (53%, Entry 4). Grat-
ifyingly, A-Rh2 developed by our group gave the desired
product in 70% yield with 88% ee (Entry 5). Further
screening of solvents revealed that methanol was the supe-
rior one (Entries 6~10), leading to the formation of prod-
uct 3a in 79% yield with 96% ee (Entry 6). These reactions
could be finished in 12 h.

With the optimal conditions established for 3a (Table 1,
Entry 6), the scope of this photoinduced conjugate addition
reaction was then examined. The reaction between para-
aminobenzyl radical precursor 2a and o,f-unsaturated
2-acyl imidazoles 1 bearing a f-aryl substituent was first
studied using the optimal conditions developed above. The
results are summarized in Table 2. The introduction of
electron-donating and electron-withdrawing groups on the
phenyl ring had little influence on enantioselectivities. The

Table 2  Substrate scope of a,f-unsaturated 2-acyl imidazoles”

R Ph\N/ 'Th
A-Rh2 N
N >\ (2.0 mol%) o R
—_—
oA VT hv, MeOH /"=
7 rt, 12 h N
N
7 COOH
1b-1 2a 3
| |
Me OMe F
3b 3c 3d

68% yield, 95% ee
|

v

58% yield, 92% ee

b o
f Me CF3
3f 3g

95% yield, 93% ee

81% yield, 91% ee

Cl
3e
70% yield, 96% ee

|
s |
Vv

o oo

3h 3i 3
68% yield, 94% ee  72% yield, 90% ee 54% yield, 95% ee
I

v

>, T

79% yield, 95% ee

S 3l
3k 48 h, 50% yield
72% yield, 93% ee 91% ee

“Unless otherwise noted, reactions were carried out by using 1 (0.1 mmol), 2a
(0.15 mmol) and A-Rh2 (2 mol%) in degassed MeOH (0.3 mL) at room
temperature under irradiation with 20 W blue LEDs. All isolated yields were
based on substrate 1, ee values were determined by chiral HPLC analysis.

3946 http://sioc-journal.cn/

© 2020 Chinese Chemical Society & SIOC, CAS

desired products 3b~3h were obtained in moderate to
high yields (58%~95%) with high enantioselectivities
(91%~96% ee). Naphthyl-based substrates 1i, 1j and het-
eroaromatic (eg. thienyl) 1k were also well tolerated, af-
fording 3i~3k in moderate yields (54%~72%) with high
enantioselectivities (90%~95% ee). a,f-Unsaturated 2-
acyl imidazole with a f-alkyl substituent (eg. isopropyl)
also worked well under the optimal reaction conditions,
although the conversion was incomplete even after 48 h,
affording product 31 in moderate yield and high
enantioselectivity (50% yield, 91% ee). The relative con-
figuration of compound 3h was confirmed by X-ray crys-
tallographic studies.!'"

Further examination of the substrate scope of arylacetic
acids 2 was also conducted using the optimal conditions
with 1a (Table 3). Phenylacetic acids bearing a tertiary
amino group such as N-dimethylamino, N-methyl-N-
benzylamino, N-dibenzylamino moieties at the para-
position of the aryl substituent were applicable, giving the
corresponding products 4a~4c in moderate yields (up to
83%) with good enantioselectivities (up to 91% ee). The
phenylacetic acid bearing a secondary amino group (eg.,
N-benzylamino) at the para-position also reacted smoothly
to give 4d in 70% yield with 95% ee. para-Primary amino
phenylacetic acid also worked for this reaction, although a
low yield and enantioselectivity was obtained (4e, 38%
yield, 58% ee). In addition, consistent with the report of
Miyake et al.,''! 4-methoxyl-substituted arylacetic acid
and phenylacetic acids with an amino group at the meta- or
ortho-position of the aryl substituent (2g~2i) could not
give any products under the optimal reaction conditions,
probably because the radical character of their one-electron
oxidized intermediate is too small to induce decarboxyla-
tion, or an intramolecular hydrogen bonding between the
amino group and carboxylic acid inhibits the electron
transfer oxidation.

Table 3 Substrate scope of arylacetic acids®

0 A-Rh2 Q Fh
N\W)K/\Ph . <COOH (2.0 mol%) {\W)K)\/Ar
&N a  Mv.MeOH \_N
7/ rt,12h
2b ~ 2i
1a 4
Entry Ar (2) 4 Yield/%  ee%
1 4-Me,NC¢H, (2b) 4a 36 90
2 4-BnMeNCgH, (2¢) 4b 83 91
3 4-Bn,NC¢H, (2d) 4c 60 80
4 4-BnHNCH, (2¢) 4d 70 95
54 4-H,NC¢H, (2f) 4e 38 58
6 4-MeOC¢Hy (2g) — — —
7 3-PhMeNCgH, (2h) — — —
8 2-PhMeNCgH, (2i) — — —

“ Unless otherwise noted, reactions were carried out by using 1a (0.1 mmol), 2
(0.15 mmol) and A-Rh2 (2 mol%) in degassed MeOH (0.3 mL) at room
temperature under irradiation with 20 W blue LEDs. ? Isolated yields based on
1a. ¢ Determined by chiral HPLC analysis. ¢ DMSO was used in place of
MeOH.
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To illustrate the potential application of current protocol,
a large-scale reaction of a,f-unsaturated 2-acyl imidazole
1h (0.52 g, 2.0 mmol) with arylacetic acid 2a (0.72 g, 3.0
mmol) was conducted in the presence of 2 mol% of A-Rh2
(Scheme 2, a). Gratifyingly, the reaction proceeded smoo-
thly to afford 3h in 54% yield (0.49 g) with 93% ee.
Moreover, the imidazole moiety of products could be easi-
ly transferred to other functional groups.!"! For example,
the removal of the imidazole moiety of 3h worked
smoothly to afford ester 5 in good yield without any loss in
enantiomeric excess (Scheme 2, b).

Based on control experiments and literature precedents

o} Ph

on dual functional chiral-at-metal catalysis,”*'*'%! a plau-

sible reaction pathway is proposed in Scheme 3. Substrate
1a first coordinates with the rhodium complex A-Rh2 in a
bidentate fashion to generate a N,0-coordinated intermedi-
ate I, which could be photoexcited (I*) and then oxidizes
aminoarylacetic acid 2a to generate a benzyl radical II and
the reduced I” via a single electron transfer (SET) process.
The benzyl radical II then trapped by the intermediate I in
a highly stereoselective approach to form a radical inter-
mediate III. This intermediate III undergoes another SET
process with strong reductant I”™ to regenerate I and furnish
an anion 1V, followed by protonation to afford a neutral

|
Ny Z N A-Rh, (2.0 mol%)
+
<\/N . hv, MeOH, r.t., 12 h

7/ COOH

1h 2a
052g,20mmol  0.72 g, 3.0 mmol

(b)

(1) Mel, DMF, 80 °C, 6 h o

3h,049¢
54% yield, 93% ee

N
O “~Ph

96% ee

(2) DBU, MeOH, r.t., 20 h o *

5
60% yield, 97% ee

Scheme 2 Large-scale experiment and synthetic transformation of product 3h
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Scheme 3 Proposed mechanism and transition-state model
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complex V. The substitution of complex V with 1a even-
tually releases the desired product 3a, and a new catalytic
cycle is initiated.

3 Conclusions

In conclusion, a highly efficient and practical catalytic
enantioselective Giese radical addition of para-amino-
benzyl radicals generated from para-aminophenylacetic
acids to electron-deficient alkenes catalyzed by a bifunc-
tional chiral-at-metal rhodium complex has been devel-
oped, affording the desired adducts in moderate to high
yields with excellent enantioselectivities. Here the rhodium
complex works not only as a chiral Lewis acid to improve
the electrophilicity of substrates and control the stereose-
lectivity during the chemical bond formation, but also a
photocatalyst to form photosensitive substrate-coordinated
complex. This reaction features high enantioselectivity,
mild reaction conditions and an operationally simple pro-
cedure. Further research on the development of new types
of bifunctional chiral-at-metal complexes and their appli-
cation in asymmetric reactions are ongoing in our labora-

tory.
4 Experimental section

4.1 Experimental details

All reactions were performed in Schlenk tubes under an
atmosphere of argon using oven-dried glassware. Com-
mercially obtained reagents were used without further pu-
rification, unless otherwise noted. Dry DCE, toluene,
CH;CN and tetrahydrofuran (THF) were obtained from
solvent distillation machine (Vigor VSPS-5). Dimethyl
sulfoxide (DMSO) was distilled from CaH,. Methanol and
acetone (IPA) were used without further purification. Re-
actions were checked by thin-layer chromatography (TLC)
analysis and plates were visualized with short-wave UV
light (254 nm). The 'H NMR and ">C NMR and "’F NMR
spectra were obtained in CDCl; using a Bruker-BioSpin
AVANCE III HD NMR spectrometer at 400, 100 and
376.4 MHz, respectively. HPLC analyses of the com-
pounds were done using chiralcel IA-IF columns and chi-
ralcel AD-H, AS-H, OJ-H and OD-H columns using hex-
ane and isopropanol as eluent. The infrared spectra were
recorded on a Bruker VERTEX 70 IR spectrometer as KBr
pellets. High-resolution mass spectra were recorded on a
Bruker Impact I UHR TOF LC/MS mass spectrometry.
Chiral-at-metal complexes A-Rh1,'7 A-Rh2!"! and
A-Ir'" were prepared according to reported procedure.
a,B-Unsaturated 2-acyl imidazoles 1"'* and arylacetic acid
(2a~2e, 2h and 2i)!"'""! were synthesized according to
reported procedures.

4.2 General procedure for chiral Rhodium(lll) com-
plex catalyzed enantioselective Giese addition reac-
tion

To an oven-dried 25 mL Schlenk tube equipped with a
stir bar, A-Rh2 (2.5 mg, 2 mol%) was added along with
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a,f-unsaturated 2-acyl imidazoles 1 (0.1 mmol, 1.0 equiv.),
4-amino phenylacetic acid 2 (1.5 equiv.) and MeOH (0.3
mL). After degassing via three freeze-pump-thaw cycles,
the Schlenk tube was sealed and positioned at a distance of
5~10 cm from 20 W blue LEDs. The reaction was stirred
at room temperature for 12~48 h under argon, and then
the mixture directly purified by silica gel column chroma-
tography (EtOAc/petroleum ether, V. V'=1:10to 1 : 5)
to afford the title products 3 or 4.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-phenylbutan-1-one (3a): Pale yellow oil,
35 mg, 79% yield, 96% ee [HPLC: chiralpak AD-H col-
umn, 254 nm, hexane/isopropanol (¥ : V=90 : 10), flow
rate 1 mL/min, 40 C, tz(minor)=8.42 min, fr(major)=
9.18 min]. [a]h +32.919 (c 0.5, CHCL;); '"H NMR (400
MHz, CDCl;) 6: 7.39~7.13 (m, 9H), 7.07 (d, /=8.3 Hz,
1H), 7.01~6.87 (m, 5H), 5.49~5.35 (m, 1H), 3.85~3.63
(m, 2H), 3.55~3.41 (m, 1H), 3.30 (s, 3H), 3.03~2.88 (m,
2H), 1.38 (d, J=6.7 Hz, 3H), 1.33 (d, J=6.7 Hz, 3H); "°C
NMR (101 MHz, CDCI;) 6: 191.8, 149.2, 147.0, 144.4,
142.6, 133.6, 130.2, 129.4, 129.1, 128.3, 127.8, 126.2,
121.3, 120.9, 1204, 119.2, 49.0, 44.8, 43.3, 43.0, 40.2,
23.6, 23.5; IR (KBr) v: 2926, 2361, 2343, 1678, 1595,
1512, 1497, 1457,1397, 1346, 1258, 982, 760, 704 cm ';
HRMS (ESI) caled for CyH;N;NaO [M + Na] *
460.2365, found 460.2359.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(p-tolyl)butan-1-one (3b): Pale yellow
oil, 31 mg, 68% yield, 95% ee [HPLC: chiralpak AD-H
column, 254 nm, hexane/isopropanol (V' : V=90 : 10),
flow rate 1.0 mL/min, 40 °C, fg(minor)=7.58 min,
tr(major)=8.49 min]. [a]5 +46.781 (¢ 0.5, CHCl;); 'H
NMR (400 MHz, CDCls) ¢6: 7.27~7.19 (m, 2H), 7.19~
7.09 (m, 4H), 7.19~7.09 (m, 4H), 7.06~6.99 (m, 4H),
5.42~5.30 (m, 1H), 3.72~3.54 (m, 2H), 3.40 (dd, J=
15.8, 4.7 Hz, 1H), 3.26 (s, 3H), 2.95~2.81 (m, 2H), 2.27
(s, 3H), 1.33 (d, J/=6.6 Hz, 3H), 1.30 (d, J/=6.7 Hz, 3H);
C NMR (101 MHz, CDCls) § 191.9, 149.3, 147.0, 142.5,
141.5, 135.7, 133.8, 130.2, 129.2, 129.1, 127.7, 121.5,
121.0, 120.4, 119.1,49.2, 44.9, 43.1, 42.8, 40.3, 23.7, 23.5,
21.2; IR (KBr) v: 2922, 2855, 2361, 2345, 1676, 1597,
1512, 1498, 1395, 1340, 1255, 981, 916, 822, 695 cm ';
HRMS (ESI) caled for Ci;Hi3N;NaO [M + Na] *
474.2521, found 474.2515.
1-(1-Isopropyl-1H-imidazol-2-yl)-3-(4-methoxyphenyl)-
4-(4-(methyl(phenyl)amino)phenyl)butan-1-one (3c¢): Pale
yellow oil, 27 mg, 58% yield, 92% ee [HPLC: chiralpak IC
column, 254 nm, hexane/isopropanol (V' : V=75 [ 25),
flow rate 1.0 mL/min, 40 C, fr(minor)=6.02 min,
tr(major)=6.77 min). [a]5 +37.251 (c 0.5, CHCl;); 'H
NMR (400 MHz, CDCls) 6: 7.25~7.19 (m, 1H), 7.20~
7.11 (m, 4H), 7.01 (d, J=8.4 Hz, 1H), 6.95~6.84 (m,
3H), 6.77 (d, J/=8.7 Hz, 1H), 5.43~5.31 (m, 1H), 3.75 (s,
1H), 3.71~3.54 (m, 2H), 3.39 (dd, /=15.9, 5.0 Hz, 1H),
3.26 (s, 3H), 2.87 (d, /=7.2 Hz, 1H), 1.34 (d, /=6.6 Hz,
1H), 1.31 (d, J=6.7 Hz, 1H); *C NMR (101 MHz, CDCl5)
0: 191.9, 158.0, 149.3, 147.0, 142.5, 136.5, 133.8, 130.2,
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129.2, 128.8, 121.5, 121.0, 120.4, 119.2, 113.7, 55.3, 49.2,
45.1,43.2, 425, 40.4, 23.7, 23.6; IR (KBr) v: 2925, 2851,
2362, 2342, 1678, 1598, 1512, 1497, 1395, 1343, 1250,
1039, 986, 830, 697 cm™'; HRMS (ESI) caled for CsoHas-
N;NaO, [M+Na]" 490.2470, found 490.2464.
3-(4-Fluorophenyl)-1-(1-isopropyl-1H-imidazol-2-yl)-4-
(4-(methyl(phenyl)amino)phenyl)butan-1-one (3d): Pale
yellow oil, 37.1 mg, 81% yield, 91% ee [HPLC: chiralpak
AD-H column, 254 nm, hexane/isopropanol (V' I V=90 :
10), flow rate 1.0 mL/min, 40 °C, fr(minor)=8.29 min,
tr(major)=8.97 min]. [a]} +32.119 (¢ 0.5, CHCl;); 'H
NMR (400 MHz, CDCl;) 6: 7.21~7.03 (m, 6H), 6.95~
6.73 (m, 9H), 5.36~5.24 (m, 1H), 3.65~3.49 (m, 2H),
3.38~3.27 (m, 1H), 3.18 (s, 3H), 2.86~2.71 (m, 2H),
1.27 (d, J=6.6 Hz, 3H), 1.23 (d, J=6.7 Hz, 3H); "*C
NMR (101 MHz, CDCl;) d: 191.7, 161.5 (d, J=244.6 Hz),
149.3, 147.2, 142.6, 140.0 (d, J=3.0 Hz), 133.3, 130.2,
129.5, 129.3 (d, J=7.7 Hz), 129.2, 121.3, 121.2, 120.6,
1194, 115.1 (d, J=21.1 Hz), 49.2, 45.0, 43.1, 42.7, 40.3,
23.7, 23.6; ""F NMR (376 MHz, CDCl3) §: —117.12; IR
(KBr) v: 2923, 2367, 2340, 1676, 1595, 1512, 1498, 1456,
1396, 1348, 1257, 1225, 984, 917, 834, 698 cm™'; HRMS
(ESI) caled for CyH3;FN3NaO [M + Na] ™ 478.2271,
found 478.2263.
3-(4-Chlorophenyl)-1-(1-isopropyl-1H-imidazol-2-yl)-4-
(4-(methyl(phenyl)amino)phenyl)butan-1-one (3e): Pale
yellow oil, 33 mg, 70% yield, 96% ee [HPLC: chiralpak
AD-H column, 254 nm, hexane/isopropanol (V' : V=92 :
8), flow rate 0.6 mL/min, 40 ‘C, tzx(minor)=17.35 min,
tr(major)=18.17 min]. [a]} +67.172 (¢ 0.5, CHCl;); 'H
NMR (400 MHz, CDCl;) d: 7.28~7.10 (m, 8H), 6.98 (d,
J=8.4 Hz, 2H), 6.96~6.85 (m, 5H), 5.43~5.30 (m, 1H),
3.76~3.56 (m, 2H), 3.40 (dd, /=16.0, 4.8 Hz, 1H), 3.26
(s, 3H), 2.98~2.78 (m, 2H), 1.35 (d, J/=6.6 Hz, 3H), 1.31
(d, J=6.7 Hz, 3H); *C NMR (101 MHz, CDCl;) §: 191.4,
149.2, 147.2, 1429, 142.4, 133.0, 131.9, 130.1, 1294,
129.3,129.2, 128.4, 121.2, 121.1, 120.7, 119.5, 49.2, 44.8,
42.8,42.8,40.3, 23.7, 23.5; IR (KBr) v: 2934, 2363, 2336,
1676, 1596, 1518, 1503, 1346, 1259, 992, 828, 762, 697
cm '; HRMS (ESI) caled for CyoH30CINsNaO [M+Na]*
494.1975, found 494.1969.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(m-tolyl)butan-1-one (3f): Colorless oil,
43 mg, 95% yield, 93% ee [HPLC: chiralpak IA column,
254 nm, hexane/isopropanol (V . V=94 : 6), flow rate 0.4
mL/min, 40 ‘C, fr(minor)=21.32 min, fr(major)=22.55
min]. [a]5 +30.054 (¢ 0.5, CHCLy); "H NMR (400 MHz,
CDCl;) d: 7.18~7.09 (m, 3H), 7.07~7.00 (m, 2H),
6.98~6.791 (m, 4H), 6.89~6.76 (m, 6H), 5.36~5.23 (m,
1H), 3.64~3.47 (m, 2H), 3.33 (dd, J=15.6, 4.8 Hz, 1H),
3.18 (s, 1H), 2.87~2.73 (m, 2H), 2.20 (s, 3H), 1.26 (d, J=
6.6 Hz, 3H), 1.22 (d, J=6.6 Hz, 3H); *C NMR (101 MHz,
CDCl;) 0: 191.9, 149.3, 147.1, 144.5, 142.7, 137.8, 133.9,
130.2, 129.4, 129.2, 128.7, 128.2, 127.1, 124.8, 121.6,
121.0,120.4, 119.1,49.2,44.7,43.2, 43.1, 40.3, 23.7, 23.5,
21.6; IR (KBr) v: 2926, 2362, 2345, 1676, 1599, 1512,
1498, 1456, 1396, 1342, 1257, 984, 702 cm™'; HRMS
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(ESI) caled for C30H;33N;3NaO [M+Na]" 474.2521, found
474.2514.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(3-(trifluoromethyl)phenyl)butan-1-one
(3g): Pale yellow oil, 40 mg, 79% yield, 95% ee [HPLC:
chiralpak AD-H column, 254 nm, hexane/isopropanol=
(V. V=15 :25), flow rate 1.0 mL/min, 40 ‘C, tr(minor)=
425 min, tx(major)=4.62 min]. [a]} +43.915 (¢ 0.5,
CHCl;); '"H NMR (400 MHz, CDCLy) 6: 7.46~7.30 (m,
4H), 7.27~7.12 (m, 4H), 7.00~6.84 (m, 7H), 5.44~5.30
(m, 1H), 3.75~3.63 (m, 2H), 3.54~3.41 (m, 1H), 3.25 (s,
3H), 2.95 (dd, J=13.6, 6.6 Hz, 1H), 2.86 (dd, J=13.5, 6.7
Hz, 1H), 1.35 (d, J/=6.7 Hz, 3H), 1.30 (d, /=6.7 Hz, 3H);
C NMR (101 MHz, CDCl;) 0: 191.2, 149.2, 147.3, 1452,
142.4, 132.7, 131.2, 130.4 (q, J=31.3 Hz), 130.1, 129.5,
129.5, 128.7, 124.9 (q, J=3.6 Hz), 124.3 (q, J/=273.7 Hz),
123.2 (q, J=3.7 Hz), 121.3, 121.3, 120.6, 119.4, 49.3,
44.5, 43.3, 42.8, 403, 23.6, 23.5; "’F NMR (376 MHz,
CDCl;) 6: —62.47; IR (KBr) v: 2929, 2361, 2344, 1676,
1595, 1512, 1498, 1455, 1408, 1397, 1330, 1256, 1176,
1127, 982, 919, 707 cm™'; HRMS (ESI) calcd for CsoHs-
F3N;NaO [M+Na]" 528.2239, found 528.2230.
3-(2-Fluorophenyl)-1-(1-isopropyl-1H-imidazol-2-yl)-4-
(4-(methyl(phenyl)amino)phenyl)butan-1-one (3h): Pale
yellow oil, 31 mg, 68% yield, 94% ee [HPLC: chiralpak IC
column, 254 nm, hexane/isopropanol (V' : V=70 I 30),
flow rate 1.0 mL/min, 40 °C, fr(minor)=4.67 min,
tr(major)=5.04 min]. [a]5 +49.312 (¢ 0.5, CHCl;); 'H
NMR (400 MHz, CDCls) ¢6: 7.28~7.19 (m, 4H), 7.17~
7.07 (m, 2H), 7.05 (d, J=8.5 Hz, 2H), 7.02~6.95 (m,
2H), 6.95~6.83 (m, 5H), 5.45~5.32 (m, 1H), 4.03~3.89
(m, 1H), 3.73 (dd, J=17.2, 8.8 Hz, 1H), 3.48 (dd, J=17.2,
5.9 Hz, 1H), 3.24 (s, 3H), 3.01~2.84 (m, 2H), 1.34 (d, J=
6.7 Hz, 3H), 1.31 (d, J=6.7 Hz, 3H); *C NMR (101 MHz,
CDCl;) 6: 191.4, 161.0 (d, J=246.4 Hz), 149.3, 147.1,
142.4, 1334, 131.2, 131.0, 130.1, 129.4, 129.1, 129.07,
127.8 (d, /=8.4 Hz), 124.0 (d, J/=3.3 Hz), 121.4, 121.1,
120.4, 119.2, 115.5 (d, J=22.8 Hz), 49.2, 43.6, 41.4, 40.3,
36.7, 23.7, 23.6; "F NMR (376 MHz, CDCly) o
—117.41; IR (KBr) v: 2921, 2363, 1676, 1595, 1512,
1497, 1457, 1409, 1395, 1346, 1258, 982, 919, 759, 704
cm '; HRMS (ESI) caled for CyoH3FN3NaO [M+Na]®
478.2271, found 478.2265.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(naphthalen-2-yl)butan-1-one (3i): Col-
orless oil, 34 mg, 72% yield, 90% ee [HPLC: chiralpak
OD-H column, 254 nm, hexane/isopropanol (V' . V=95
5), flow rate 0.8 mL/min, 40 ‘C, tzx(minor)=13.79 min,
tr(major)=18.65 min]. [a]5 +62.240 (c 0.5, CHCly); 'H
NMR (400 MHz, CDCl;) ¢: 8.23 (d, J/=8.4 Hz, 1H), 7.81
(d, /=179 Hz, 1H), 7.67 (d, J=8.1 Hz, 1H), 7.56~7.36
(m, 4H), 7.24~7.12 (m, 4H), 7.06 (d, J=8.1 Hz, 2H),
6.91~6.78 (m, 5H), 5.32~5.19 (m, 1H), 4.72~4.51 (m,
1H), 3.83 (dd, /=16.9, 8.0 Hz, 1H), 3.65 (dd, /=16.9, 6.5
Hz, 1H), 3.22 (s, 3H), 3.11 (dd, J/=13.9, 6.6 Hz, 1H), 2.98
(dd, J=13.6, 8.2 Hz, 1H), 1.24 (t, J=6.0 Hz, 6H); "°C
NMR (101 MHz, CDCl;) 6: 191.8, 149.3, 147.1, 142.7,
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142.0, 133.6, 133.6, 132.4, 130.2, 129.5, 129.2, 128.0,
127.8, 127.7, 126.5, 126.4, 125.8, 125.3, 121.5, 121.1,
120.4, 119.2, 49.2, 44.9, 43.5, 43.0, 40.3, 23.7, 23.5; IR
(KBr) v: 2924, 2363, 1675, 1597, 1510, 1497, 1457, 1396,
1340, 1255, 984, 918, 822, 750, 698 cm™'; HRMS (ESI)
caled for Cy;HysN3NaO [M + Na] ™ 510.2521, found
510.2512.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(naphthalen-1-yl)butan-1-one (3j): Col-
orless oil, 25 mg, 54% yield, 95% ee [HPLC: chiralpak
OD-H column, 254 nm, hexane/isopropanol (V' : V=95 :
5), flow rate 0.8 mL/min, 40 ‘C, tzx(minor)=14.09 min,
tr(major)=15.41 min]. [a]5 +30.454 (¢ 0.5, CHCl;); 'H
NMR (400 MHz, CDCl;) ¢: 7.83~7.69 (m, 3H), 7.64 (s,
1H), 7.47~7.34 (m, 3H), 7.29~7.11 (m, 4H), 7.03 (d, J=
7.4 Hz, 2H), 6.96~6.81 (m, 5H), 5.40~5.29 (m, 1H),
3.89~3.74 (m, 2H), 3.57~3.43 (m, 1H), 3.24 (d, J=2.1
Hz, 3H), 3.00 (d, J=6.5 Hz, 2H), 1.30 (d, /=6.6 Hz, 3H),
1.24 (d, J=6.6 Hz, 3H); *C NMR (101 MHz, CDCl;) ¢:
191.9, 149.3, 147.1, 142.7, 140.7, 134.0, 133.8, 131.9,
130.2, 129.5, 129.1, 128.9, 126.8, 125.9, 125.6, 125.4,
123.6, 123.4, 121.7, 121.0, 120.3, 119.0, 49.1, 44.7, 42.6,
40.3, 23.6, 23.5; IR (KBr) v: 2928, 2365, 1676, 1595,
1510, 1497, 1457, 1395, 1342, 1258, 979, 919, 779, 696
cm”'; HRMS (ESI) caled for Ci33H33N;NaO [M+Na]*
510.2521, found 510.2516.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-(4-(methyl(phenyl)-
amino)phenyl)-3-(thiophen-3-yl)butan-1-one (3k): Yellow
oil, 32.2 mg, 72% yield, 93% ee [HPLC: chiralpak AD-H
column, 254 nm, hexane/isopropanol (V' : V=90 : 10),
flow rate 1.0 mL/min, 40 °C, fr(minor)=9.68 min,
tr(major)=10.67 min]. [a]5 +23.790 (c 0.5, CHCl;); 'H
NMR (400 MHz, CDCl;) d: 7.28~7.14 (m, 4H), 7.10~
7.03 (m, 3H), 6.99~6.87 (m, 3H), 6.86~6.76 (m, 2H),
5.49~5.36 (m, 1H), 4.06~3.90 (m, 1H), 3.68 (dd, J=
17.0, 8.7 Hz, 1H), 3.45 (dd, J/=16.9, 5.7 Hz, 1H), 3.27 (s,
3H), 3.00 (dd, J=13.6, 7.1 Hz, 1H), 2.94 (dd, J=13.6, 7.9
Hz, 1H), 1.36 (t, J=6.5 Hz, 1H); *C NMR (101 MHz,
CDCly) o0: 191.2, 149.2, 148.3, 147.3, 142.3, 133.0, 130.2,
129.3, 129.2, 126.6, 124.1, 123.1, 121.2, 121.1, 120.7,
119.5, 49.3, 46.0, 43.7, 40.4, 38.5, 23.7, 23.6; IR (KBr) v:
2925, 2369, 2333, 1676, 1597, 1518, 1503, 1346, 1259,
979,917, 695 cm™'; HRMS (ESI) calcd for C,7H,0N3NaOS
[M-+Na]" 466.1929, found 466.1924.
1-(1-Isopropyl-1H-imidazol-2-yl)-4-methyl-3-(4-(methyl-
(phenyl)amino)benzyl)pentan-1-one (31): Colorless oil, 20
mg, 50% yield, 91% ee [HPLC: chiralpak AD-H column,
254 nm, hexane/isopropanol (V. V=92 : 8), flow rate 0.6
mL/min, 40 C, fr(minor)=9.06 min, #z(major)=9.81
min]; [a]5 —20.658 (c 0.5, CHCl3); 'H NMR (400 MHz,
CDCl;) 6: 7.25~7.18 (m, 3H), 7.17~7.06 (m, 3H), 6.93
(dd, J=8.5, 2.6 Hz, 4H), 6.87 (t, J/=7.3 Hz, 1H), 5.52~
5.40 (m, 1H), 3.26 (s, 3H), 3.16 (dd, J=17.1, 5.5 Hz, 1H),
3.06 (dd, J=17.1, 6.8 Hz, 1H), 2.72~2.56 (m, 1H),
2.51~2.33 (m, 2H), 1.84~1.72 (m, 1H), 1.40 (dd, J=
8.7, 6.7 Hz, 6H), 0.97 (d, J/=6.8 Hz, 3H), 0.93 (d, /=6.8
Hz, 3H); °C NMR (101 MHz, CDCl3) §: 193.4, 149.3,
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146.8, 142.9, 135.1, 130.2, 129.4, 129.2, 121.7, 121.0,
120.2, 119.0, 49.3, 41.9, 40.4, 40.2, 37.1, 29.7, 23.8, 23.7,
19.9, 18.7; IR (KBr) v: 2958, 2925, 2855, 2365, 1675,
1597, 1512, 1500, 1457, 1340, 1257, 870, 704 cm ';
HRMS (ESI) caled for Cs;Hi3N;NaO [M + Na] *
426.2521, found 426.2516.
4-(4-(Dimethylamino)phenyl)-1-(1-isopropyl-1H-
imidazol-2-yl)-3-phenylbutan-1-one (4a): Colorless oil,
36% yield, 90% ee [HPLC: chiralpak AD-H column, 254
nm, hexane/isopropanol (V' : V=90 : 10), flow rate 1.0
mL/min, 40 C, fr(minor)=7.92 min, tzx(major)=29.18
min]. [a]h +27.322 (c 0.5, CHCLy); "H NMR (400 MHz,
CDCl;) 0: 7.22~7.00 (m, 7H), 6.91 (d, J=8.6 Hz, 2H),
6.53 (d, J/=8.6 Hz, 2H), 5.32~5.26 (m, 1H), 3.64~3.46
(m, 2H), 3.30 (dd, J=15.0, 3.9 Hz, 1H), 2.86~2.68 (m,
2H), 2.80 (s, 6H), 1.24 (d, J/=6.6 Hz, 3H), 1.21 (d, J=6.6
Hz, 3H); “C NMR (101 MHz, CDCl;) d: 192.1, 149.2,
144.9, 142.8, 130.1, 129.4, 128.3, 127.9, 126.2, 120.9,
112.9, 49.1, 44.8, 43.5, 42.9, 41.0, 23.7, 23.6; IR (KBr) v:
2926, 2854, 2364, 1676, 1522, 1455, 1396, 1340, 1257,
984, 948, 917, 810, 703 cm™'; HRMS (ESI) calcd for
C,4H2oN3;NaO [M+Na]" 398.2208, found 398.2203.
4-(4-(Benzyl(methyl)amino)phenyl)-1-(1-isopropyl-1H-
imidazol-2-yl)-3-phenylbutan-1-one (4b) Colorless oil,
83% yield, 91% ee [HPLC: chiralpak AD-H column, 254
nm, hexane/isopropanol (V' : V=75 [ 25), flow rate 1.0
mL/min, 40 ‘C, fz(minor)=5.83 min, fx(major)=7.11
min]. [a]h +32.986 (c 0.5, CHCL3); "H NMR (400 MHz,
CDCl;) o: 7.26~6.98 (m, 12H), 6.88 (d, /=8.6 Hz, 2H),
6.54 (d, J/=8.6 Hz, 2H), 5.33~5.21 (m, 1H), 4.38 (s, 1H),
3.67~3.47 (m, 2H), 3.29 (dd, J=15.7, 4.6 Hz, 1H), 2.85
(s, 3H), 2.81 (dd, J/=13.7, 6.4 Hz, 1H), 2.73 (dd, J=13.7,
7.8 Hz, 1H), 1.24 (d, J=6.7 Hz, 3H), 1.20 (d, /=6.7 Hz,
3H); °C NMR (101 MHz, CDCl;) 8: 192.1, 148.3, 144.9,
142.8, 139.3, 130.1, 129.4, 128.6, 128.3, 128.1, 127.9,
127.0, 126.9, 126.2, 120.9, 112.5, 57.0, 49.1, 44.8, 43.5,
42.8,38.6, 23.7, 23.5; IR (KBr) v: 2923, 2853, 2367, 2344,
1676, 1522, 1455, 1373, 1257, 1225, 984, 917, 809, 700
cm”'; HRMS (ESI) caled for Cs0H33N3NaO [M+Na]®
474.2521, found 474.2516.
4-(4-(Dibenzylamino)phenyl)-1-(1-isopropyl-1H-imida-
zol-2-yl)-3-phenylbutan-1-one (4c¢): Colorless oil, 60%
yield, 80% ee [HPLC: chiralpak AD-H column, 254 nm,
hexane/isopropanol (V' : V=75 . 25), flow rate 1.0
mL/min, 40 C, fr(minor)=7.05 min, tz(major)=13.24
min]. [a]h +37.784 (c 0.5, CHCL;); "H NMR (400 MHz,
CDCl;) o: 7.34~7.26 (m, 4H), 7.27~7.17 (m, 10H),
7.17~7.07 (m, 3H), 6.92 (d, J/=8.3 Hz, 2H), 6.60 (d, J=
8.1 Hz, 2H), 5.41~5.28 (m, 1H), 4.58 (s, 4H), 3.69 (dd,
J=16.5, 9.3 Hz, 1H), 3.63~3.51 (m, 1H), 3.33 (dd, J=
16.5, 5.1 Hz, 1H), 2.87 (dd, J=13.7, 6.5 Hz, 1H), 2.78 (dd,
J=13.7,8.3 Hz, 1H), 1.31 (d, J=6.7 Hz, 3H), 1.27 (d, J=
6.7 Hz, 3H); °*C NMR (101 MHz, CDCl;) §: 192.1, 147.7,
144.8, 142.7, 138.9, 130.1, 129.3, 128.7, 128.3, 128.2,
127.9, 126.9, 126.9, 126.2, 120.9, 112.5, 54.3, 49.1, 44.7,
43.3,42.7,23.7,23.5; IR (KBr) v: 2929, 2854, 2363, 1676,
1524, 1497, 1457, 1395, 1363, 1258, 959, 813, 700 cm ';
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HRMS (ESI) caled for C3H3;N;NaO [M + Na] *
550.2834, found 550.2829.

4-(4-(Benzylamino)phenyl)-1-(1-isopropyl-1H-imidazol-
2-yl)-3-phenylbutan-1-one (4d) Pale yellow oil, 33 mg,
70% yield, 95% ee [HPLC: chiralpak IC column, 254 nm,
hexane/isopropanol (V' V=70 : 30), flow rate 1.0 mL/
min, 40 C, fr(major)=6.77 min, fr(minor)=7.38 min].
[a]y +34.052 (¢ 0.5, CHCl;); 'H NMR (400 MHz,
CDCl;) o: 7.37~7.05 (m, 12H), 6.91 (d, /=8.1 Hz, 2H),
6.51 (d, J/=8.2 Hz, 2H), 5.41~5.28 (m, 1H), 4.26 (s, 2H),
3.66 (dd, /=16.0, 8.9 Hz, 1H), 3.63~3.52 (m, 1H), 3.37
(dd, /=16.0, 4.9 Hz, 1H), 2.86 (dd, J=13.6, 6.7 Hz, 1H),
2.80 (dd, J=13.6, 7.7 Hz, 1H), 1.32 (d, J=6.6 Hz, 3H),
1.28 (d, J=6.6 Hz, 3H); *C NMR (101 MHz, CDCl;) ¢:
192.0, 146.0, 144.7, 142.7, 139.3, 130.2, 129.5, 129.3,
128.7, 128.3, 127.9, 127.8, 127.4, 126.2, 120.9, 113.1,
49.1, 48.9, 44.8, 43.5, 43.0, 23.7, 23.5; IR (KBr) v: 2925,
2855, 2363, 2342, 1676, 1616, 1519, 1497, 1455, 1409,
1395, 1324, 1256, 979, 917, 702 cm™'; HRMS (ESI) calcd
for C,0H3;N3NaO [M+Na]" 460.2365, found 460.2359.

4-(4-Aminophenyl)-1-(1-isopropyl-1H-imidazol-2-yl)-3-
phenylbutan-1-one (4e): Pale Yellow oil, 38% yield, 58%
ee [HPLC: chiralpak IC column, 254 nm, hexane/ isopro-
panol (V. V=75 . 25), flow rate 1.0 mL/min, 40 C,
tr(major) =11.49 min, tz(minor)=16.95 min]. [oc]zD5 +
20.859 (¢ 0.5, CHCl;); 'H NMR (400 MHz, CDCl;) o:
7.24~7.16 (m, 5H), 7.15~7.08 (m, 2H), 6.87 (d, J=8.2
Hz, 2H), 6.53 (d, /=8.3 Hz, 2H), 5.41~5.28 (m, 1H),
3.69~3.50 (m, 2H), 3.39 (dd, J=15.6, 4.8 Hz, 1H),
2.89~2.76 (m, 2H), 1.33 (d, J/=6.6 Hz, 3H), 1.29 (d, J=
6.6 Hz, 3H); °C NMR (101 MHz, CDCl;) J: 192.0, 144.6,
144.3, 142.7, 130.3, 129.7, 129.4, 128.3, 127.9, 126.2,
120.9, 115.2,49.1, 44.9, 43.5, 43.0, 23.7, 23.6; IR (KBr) v:
2923, 2852, 2362, 2344, 1673, 1519, 1458, 1396, 1257,
981, 919, 830, 703 cm '; HRMS (ESI) calcd for Cp,Hos-
N;NaO [M+Na]" 370.1895, found 370.1890.

Methyl-3-(2-fluorophenyl)-4-(4-(methyl(phenyl)amino)-
phenyl)butanoate (5): Colorless oil, 60% yield, 97% ee
[HPLC: chiralpak IC column, 254 nm, hexane/isopropanol
V V=975 :.25), flow rate 0.6 mL/min, 40 C,
tr(major) =11.23 min, tz(minor)=11.88 min]. [oc]zD5 +
5.888 (¢ 0.5, CHCL;); 'H NMR (400 MHz, CDCLy) 6:
7.32~6.79 (m, 13H), 3.76~3.61 (m, 1H), 3.53 (s, 3H),
3.25 (s, 3H), 2.99~2.80 (m, 2H), 2.78~2.61 (m, 2H); "*C
NMR (101 MHz, CDCl;) 6: 172.7, 161.0 (d, J/=244.4 Hz),
149.2, 147.3, 132.7, 130.3, 130.2, 130.0, 129.1, 128.1 (d,
J=8.4 Hz), 124.0 (d, J=3.2 Hz), 121.2, 120.7, 119.5,
115.6 (d, J=22.7 Hz), 51.6, 40.7, 40.3, 38.4, 38.3; "F
NMR (376 MHz, CDCl;) 6: —117.48; IR (KBr) v: 2363,
2345, 1736, 1637, 1595, 1510, 1492, 1384, 1341, 1254,
1152, 755, 695 cm™'; HRMS (ESI) caled for Co4HuN-
FNaO, [M+Na]" 400.1689, found 400.1684.

4.3 General procedure for synthetic transformation

To a solution of 3h (227 mg, 0.5 mmol) in N,N-dime-
thylformamide (DMF) (5.0 mL) was added Mel (710 mg,
5.0 mmol, 10.0 equiv.). The mixture was stirred at 80 C
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for 6 h (monitored by TLC) under argon atmosphere, fol-
lowed by addition of MeOH (2.0 mL) and DBU (76 mg,
2.5 mmol, 5.0 equiv.). After stirring at room temperature
for 20 h, the reaction mixture was diluted with EtOAc (25
mL) and H,O (25 mL). The aqueous layer was separated
and extracted with EtOAc (25 mL X2). The combined or-
ganic layers were washed with brine (10 mL), dried over
anhydrous Na,SO,, filtered and concentrated under re-
duced pressure. The residue was purified by column chro-
matography on silica gel (EtOAc/petroleum ether, V' . V=
2 1 8) to provide the compound 5 as pale yellow oil (113
mg, 60% yield).

Supporting Information X-ray data for compound 3h,
'"H NMR, BC NMR spectra, and HPLC chromatograms for
compounds 3, 4 and 5. The Supporting Information is
available free of charge via the Internet at http://sioc-
journal.cn.
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