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Umpolung reactions of C=X bonds (X = O, N) are valuable ways of constructing new C-C bonds,
which are sometimes difficult to be constructed using traditional synthetic pathways. Classical po-
larity inversion of C=X bonds (X = O, N) usually requires air or moisture-sensitive and strong reduc-
ing agents, which limit the feasibility of substrate scope. Herein we describe a photo-induced reduc-
tive cross-coupling reaction of aldehydes, ketones and imines with electron-deficient arenes (aro-
matic nitriles) using fac-Ir(ppy)s as a photocatalyst and diisopropylethylamine (DIPEA) as a termi-
nal reductant under visible light irradiation. Mild conditions and high yields mean that this new
polarity inversion strategy can be used with aryl-substituted alcohols and amines. Spectroscopic
studies and control experiments have demonstrated the oxidative quenching of Ir(ppy)s" by elec-
tron-deficient arenes involved in the key step for the C-C bond formation.
© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

range of substrates are compatible [24,25], greatly limiting
their subsequent transformation. In contrast to using tradition-

Substantial development in visible-light catalysis has been
witnessed over recent years [1-3]. Due to the unique ability of
visible-light harvesting, Ru(II) [4-11] and Ir(IIl) [12-17] com-
plexes, organic dyes [18-21] and semiconductors [22,23] have
been successfully used in single electron transfer (SET) to acti-
vate a variety of functional groups. In this regard, the umpolung
conversion of C=X double bonds (X = O, N) is highly attractive.
Classical polarity inversion of aldehydes, ketones and imines
usually requires excess metals or unstable strong reducing
agents under harsh conditions, meaning that only a narrow

al methods, these C=X double bonds (X = O, N) can easily obtain
one electron via visible-light catalysis to be converted into a
practical nucleophilic intermediate. In 2013, Knowles et al
[26,27] reported an intramolecular reductive coupling between
ketones and hydrazones or electron-deficient olefins under
visible-light catalysis via proton coupled electron transfer. In
the same year, MacMillan et al. [28,29] demonstrated the cou-
pling of ketones and amines with activated C-H bonds, includ-
ing benzylic ethers with the S-position of enamines generated
in situ. More recently, Rueping et al. [30,31] realized the dimer-
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ization of C=X double bonds (X = O, N) and the cross coupling of
tertiary amines and Kketones assisted by photo-induced
two-center/three-electron intermediates. Xiao et al [32] ex-
panded this cross coupling reaction to include secondary
amines. Chen et al. [33] demonstrated the visible-light-induced
polarity-reversed allylation of aldehydes, ketones and imines
with electron-withdrawing allyl sulfones. Furthermore, Ngai et
al. [34] described reductive coupling of these polar C=X double
bonds (X = O, N) with weak electrophilic alkenylpyridines
through chelation with a lanthanide. Visible-light-induced po-
larity inversion of C=X bonds (X = O, N) has demonstrated the
potential to synthesize alkyl alcohols and amines. We were
keen to investigate if a visible-light strategy could be applied to
the construction of aryl-substituted products, which are gener-
ally synthesized using air- or water-sensitive Grignard reagents
under thermal conditions (Scheme 1). This would provide a
simple and mild way to generate aryl alcohols and amines, with
no need for harsh conditions and sensitive reagents.

2. Experimental
2.1. General methods

1H NMR spectra were recorded using a Bruker Avance DPX
400 MHz instrument with tetramethylsilane (TMS) as the in-
ternal standard. 13C NMR spectra were obtained at 100 MHz
and referenced to the internal solvent signals. Mass spectra
were recorded using a Trio-2000 GC-MS spectrometer. Com-
mercially available reagents and solvents were used without
further purification. Blue LEDs (3 W, A =450 + 10 nm, 145 Im @
700 mA) were used as the irradiation light.

2.2. General procedure for the preparation of imines

The aldehyde (1.0 mmol) was added to a solution of aryl
amine (1.0 mmol) in anhydrous Et20 (20 mL) in the presence of
molecular sieves (4 A 1.6 mm pellets, 7 g). The reaction was
performed at room temperature (RT) under magnetic stirring
and monitored by TLC. When the reaction was complete, the
molecular sieves were removed by filtration, and the solvent
was removed under vacuum. The residue was recrystallized
from Et20/n-hexane to afford the imines directly as pure (E)
products.

2.3.  General procedure for radical trapping experiments
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Scheme 1. Visible light catalyzed umpolung reactions of C=X (X = O, N)
with electron-deficient arenes.

A 10-mL Pyrex tube equipped with a magnetic stir bar was
charged with 1,4-dicyanobenzene (1,4-DCB) (25.6 mg, 0.2
mmol), fac-Ir(ppy)s (2.6 mg, 2 mol%), TEMPO (0.4 mmol, 2
equiv.) and DMSO (2 mL). The Pyrex tube was sealed with
rubber plug and then deaerated by bubbling Ar for 15 min.
benzaldehyde (30.5 pL, 0.3 mmol) and DIPEA (52.4 uL, 0.3
mmol) were added. The reaction system was irradiated with
blue LEDs (A = 450 + 10 nm) for 12 h at RT. When the reaction
was complete, the aqueous solution was extracted with ethyl
acetate (5 mL x 3). The organic extracts were combined,
washed with brine and dried over anhydrous sodium sulfate.
The solvent was removed under vacuum, then diphe-
nylacetonitrile (23.2 mg) was added as an internal standard
and the yield (19%) was detected by 'H NMR.

2.4. General procedure for the polarity inversion/arylation
process

A 10-mL Pyrex tube equipped with a magnetic stir bar was
charged with 1,4-DCB (25.6 mg, 0.2 mmol), fac-Ir(ppy)s (2.6
mg, 2 mol%) and DMSO (2 mL). The Pyrex tube was sealed
with rubber plug and then deaerated by bubbling Ar for 15 min,
then benzaldehyde (30.5 pL, 0.3 mmol) and DIPEA (52.4 pL, 0.3
mmol) were added. The reaction system was irradiated with
blue LEDs (A = 450 + 10 nm) for 12 h at RT. When the reaction
was complete, the aqueous solution was extracted with ethyl
acetate (5 mL x 3). The organic extracts were combined,
washed with brine and dried over anhydrous sodium sulfate.
The solvent was removed under vacuum and the residue was
purified by chromatography on silica gel (petroleum ether:
ethyl acetate = 3:1) to afford the desired product.

4-(Hydroxy(phenyl)methyl)benzonitrile (3): colorless oil,
isolated yield: 83%. 1H NMR (400 MHz, CDCl3) 6 7.59 (d, / = 8.4
Hz, 2H), 7.49 (d, ] = 8.2 Hz, 2H), 7.38-7.26 (m, 5H), 5.83 (s, 1H),
2.65 (s, 1H). 13C NMR (100 MHz, CDCls) 149.01, 142.93, 132.34,
128.96, 128.36, 127.12, 126.78, 11891, 111.18, 75.69. HRMS
(EI) calculated for CisHuaNO [M-H]*: 208.0762, found:
208.0761.

4-(Hydroxy (phenyl)methyl)-2-methylbenzonitrile and
4-(hydroxyl(phenyl)methyl)-3-methylbenzonitrile (4): color-
less oil, isolated yield: 82%, the ratio of regioselectivity = 1.47.
1H NMR (400 MHz, CDCls) 6 7.76 (d, J = 8.0 Hz, 0.40 H),
7.58-7.50 (m, 1.00 H), 7.41-7.21 (m, 6.60 H), 5.95/5.80 (s,
1.00H), 2.53 (d, J = 2.7 Hz, 0.60 H), 2.50 (s,1.80H), 2.45 (d, ] =
3.1 Hz, 0.40H), 2.20 (s, 1.20H). 13C NMR (100 MHz, CDCl3) &
148.80, 146.78, 143.04, 142.28, 141.65, 136.64, 133.87, 132.74,
130.04, 128.94, 128.93, 128.40, 128.30, 128.11, 127.40, 126.92,
126.75, 124.36, 119.06, 118.22, 111.68, 111.22, 75.75, 73.22,
20.66, 19.33. HRMS (EI) calculated for CisH13NO [M]*:
223.0997, found: 223.0999.

Phenyl(4- (phenylsulfonyl)phenyl)methanol (5): white solid,
isolated yield: 52%. 'H NMR (400 MHz, CDCl3) 6 7.97-7.79 (m,
4H), 7.54-7.45 (m, 5H), 7.37-7.22 (m, 5H), 5.83 (s, 1H), 2.59 (s,
1H). 13C NMR (100 MHz, CDCl3) 6 149.46, 142.96, 141.68,
140.52,133.30, 129.39, 128.92, 128.29, 127.94, 127.76, 127.33,
126.77, 75.69. HRMS (ESI) calculated for C19H1603S [M+Na]*:
347.0712, found: 347.0709.
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Methyl 4-(hydroxy(phenyl)methyl)benzoate (6): colorless
oil, isolated yield: 48%. 1H NMR (400 MHz, CDCl3) § 7.97 (d, ] =
8.3 Hz, 2H), 7.44 (d, ] = 8.2 Hz, 2H), 7.34-7.24 (m, 5H), 5.83 (s,
1H), 3.87 (s, 3H), 2.68 (s, 1H). 13C NMR (100 MHz, CDCls) 6
167.07,148.89, 143.41, 129.88, 129.32, 128.78, 128.03, 126.77,
126.45, 75.99, 52.19. HRMS (EI) calculated for CisH1403 [M]*:
242.0943, found: 242.0941.

5-(Hydroxy(phenyl)methyl)isobenzofuran-1(3H)-one (7):
white solid, isolated yield: 42%. 'H NMR (400 MHz, CDCls) &
7.80 (d, J = 7.9 Hz, 1H), 7.55 (s, 1H), 7.51 (d, ] = 7.9 Hz, 1H),
7.35-7.35 (m, 5H), 5.92 (s, 1H), 5.24 (s, 2H), 2.94 (s, 1H). 13C
NMR (100 MHz, CDCls) & 171.14, 150.88, 147.13, 143.16,
128.93, 128.29, 127.70, 126.76, 125.75, 124.81, 119.83, 75.90,
69.79. HRMS (EI) calculated for CisHi203 [M]*: 240.0786,
found: 240.0790.

Phenyl(1H-pyrrolo[2,3-b]pyridin-4-yl)methanol (8): yellow
oil, isolated yield: 82%. 1H NMR (400 MHz, CDCl3) § 10.50 (s,
1H), 8.13 (d, ] = 5.0 Hz, 1H), 7.37 (d, ] = 7.1 Hz, 2H), 7.26-7.09
(m, 5H), 6.38 (d, J/ = 3.5 Hz, 1H), 6.12 (s, 1H), 3.37 (s, 1H). 13C
NMR (100 MHz, CDCl3) § 148.83, 145.19, 142.85, 128.74,
128.07, 126.98, 125.13, 118.06, 112.84, 99.84, 74.49. HRMS
(ESI) calculated for Ci4H12N20 [M+H]*: 225.1028, found:
225.1016.

Phenyl(pyridin-4-yl)methanol (9): yellow solid, isolated
yield: 99%. H NMR (400 MHz, CDCl3) & 8.25 (dd, ] = 4.6, 1.6 Hz,
2H), 7.30-7.23 (m, 7H), 5.70 (s, 1H). 13C NMR (100 MHz, CDCls)
6153.83,149.05, 143.16,128.71, 128.01, 126.87, 121.53, 74.59.
HRMS (ESI) calculated for C1zH11NO [M+H]+: 186.0919, found:
186.0911.

(2,6-Dimethylpyridin-4-yl) (phenyl)methanol (10): yellow
oil, isolated yield: 99%.1H NMR (400 MHz, CDCl3) 6 7.48-7.20
(m, 5H), 6.96 (s, 2H), 5.68 (s, 1H), 4.05 (s, 1H), 2.42 (s, 6H). 13C
NMR (100 MHz, CDCl3) § 157.81, 153.63, 143.25, 128.75,
128.06, 126.85, 118.07, 74.94, 24.30. HRMS (ESI) calculated for
C14H1sNO [M+H]*: 214.1232, found: 214.1224.

Isoquinolin-1-yl(phenyl)methanol (11): yellow oil, isolated
yield: 86%. 1H NMR (400 MHz, CDCs) 6 8.53 (d, ] = 5.6 Hz, 1H),
7.95 (d, ] = 8.4 Hz, 1H), 7.82 (d, ] = 8.1 Hz, 1H), 7.64-7.60 (m,
2H), 7.49-7.45 (m, 1H), 7.41-7.16 (m, 5H), 6.36 (s, 1H), 6.15 (s,
1H). 13C NMR (100 MHz, CDCls) & 159.33, 143.47, 140.14,
136.71,130.38,128.83,127.97, 127.79, 127.57, 127.50, 125.34,
124.92, 121.20, 72.70. HRMS (ESI) calculated for CisH13NO
[M+H]*: 236.1075, found: 236.1067.

4-((4-Chlorophenyl) (hydroxy)methyl)benzonitrile (12):
white solid, isolated yield: 55%. H NMR (400 MHz, CDCls) &
7.61 (d, ] = 8.1 Hz, 2H), 7.48 (d, ] = 8.1 Hz, 2H), 7.32 (d, ] = 8.4
Hz, 2H), 7.27 (d, ] = 7.7 Hz, 2H), 5.84 (s, 1H), 2.55 (s, 1H). 13C
NMR (100 MHz, CDCl3) § 148.55, 141.35, 134.22, 132.50,
129.13,128.14, 127.13, 118.79, 111.56, 75.05. HRMS (ESI) cal-
culated for C14H10CINO [M-H]*: 242.0373, found: 242.0377.

4-(Hydroxy(4-methoxyphenyl)methyl)benzonitrile ~ (13):
white solid, isolated yield: 83%. 1H NMR (400 MHz, CDCls) &
7.60 (d, J = 8.1 Hz, 2H), 7.49 (d, ] = 8.0 Hz, 2H), 7.22 (d, ] = 8.4
Hz, 2H), 6.86 (d, ] = 8.4 Hz, 2H), 5.81 (s, 1H), 3.78 (s, 3H), 2.45
(s, 1H). 13C NMR (100 MHz, CDCl3) § 159.66, 149.26, 135.24,
132.31, 128.21, 127.03, 118.97, 114.35, 111.10, 75.30, 55.43.
HRMS (ESI) calculated for CisH13NOz [M-H]*: 238.0863, found:

238.0871.
4-(Hydroxy (thiophen-2-yl)methyl)benzonitrile (14): yellow
oil, isolated yield: 68%. 1H NMR (400 MHz, CDCl3) § 7.64 (d, ] =
8.1 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 7.29 (d, / = 5.0 Hz, 1H),
6.98-6.94 (m, 1H), 6.93-6.92 (m, 1H), 6.10 (s, 1H), 2.76 (d, ] =
17.4 Hz, 1H). 13C NMR (100 MHz, CDCls) & 148.23, 146.83,
132.44, 126.99, 126.31, 125.56, 118.83, 111.67, 71.53. HRMS
(EI) calculated for C12HoNOS [M]+: 215.0405, found: 215.0408.
4-(Hydroxy(naphthalen-2-yl)methyl)benzonitrile (15):
white solid, isolated yield: 62%. H NMR (400 MHz, CDCls) &
7.87-7.79 (m, 4H), 7.66-7.44 (m, 6H), 7.37 (m, 1H), 6.02 (s,
1H), 2.52 (s, 1H). 13C NMR (100 MHz, CDCl3) § 148.78, 140.19,
133.32,133.24,132.41, 129.02, 128.16, 127.88, 127.26, 126.68,
126.57, 125.74, 124.48, 118.92, 111.35, 75.88. HRMS (EI) cal-
culated for C1sH13NO [M]*: 259.0997, found: 259.0994.
4-(1-Hydroxy-1-phenylethyl)benzonitrile (18): colorless oil,
isolated yield: 82%.1H NMR (400 MHz, CDCl3) 6 7.58 (d, /] = 8.2
Hz, 2H), 7.53 (d, ] = 8.2 Hz, 2H), 7.42-7.23 (m, 5H), 2.38 (s, 1H),
1.95 (s, 3H). 13C NMR (100 MHz, CDCls) 6 153.45, 146.75,
132.13, 128.65, 127.74, 126.66, 125.93, 118.96, 110.77, 76.08,
30.66. HRMS (EI) calculated for CisHisNO [M]+: 223.0997,
found: 223.0995.
4-(1-(4-Ethylphenyl)-1-hydroxyethyl)benzonitrile (19):
colorless oil, isolated yield: 87%. 'H NMR (400 MHz, CDCl3) §
7.58 (d, ] = 8.4 Hz, 2H), 7.53 (d, ] = 8.4 Hz, 2H), 7.29 (d, ] = 8.1
Hz, 2H), 7.17 (d, ] = 8.1 Hz, 2H), 2.63 (q, ] = 7.6 Hz, 2H), 2.26 (s,
1H), 1.93 (s, 3H), 1.22 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz,
CDCls) & 153.68, 144.08, 143.87, 132.10, 128.13, 126.64,
125.95, 119.03, 110.68, 76.00, 30.72, 28.51, 15.53. HRMS
(MALDI-TOF) calculated for Ci7H17NO [M+Na]* 274.1208,
found: 274.1202.
4-(1-Hydroxy-2,3-dihydro-1H-inden-1-yl)benzonitrile (20):
colorless oil, isolated yield: 81%. 1H NMR (400 MHz, CDCl3) §
7.61 (d, ] = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.38-7.29 (m,
2H), 7.25-7.21 (m, 1H), 7.01 (d, J = 7.6 Hz, 1H), 3.23-3.21 (m,
1H), 3.06-2.93 (m, 1H), 2.53-2.40 (m, 2H), 2.21 (s, 1H). 13C
NMR (100 MHz, CDCl3) § 152.03, 147.19, 144.21, 132.05,
129.21, 127.55, 126.70, 125.33, 123.99, 119.08, 110.82, 85.41,
4498, 30.07. HRMS (EI) calculated for CicH13NO [M]*:
235.0997, found: 235.0999.
4-(1-(4-Chlorophenyl)-1-hydroxyethyl)benzonitrile ~ (21):
white solid, isolated yield: 76%. 1H NMR (400 MHz, CDCls) &
7.60 (d, ] = 8.3 Hz, 2H), 7.51 (d, ] = 8.2 Hz, 2H), 7.31 (m, 4H),
2.35 (s, 1H), 1.94 (s, 3H). 13C NMR (100 MHz, CDCl3) § 152.86,
145.31, 133.65, 132.26, 128.75, 127.43, 126.61, 118.83, 111.08,
75.72, 30.69. HRMS (EI) calculated for CisH12CINO [M]*:
257.0607 found: 257.0610.
4-(1-Hydroxy-1-(4-methoxyphenyl)ethyl)benzonitrile (22):
colorless oil, isolated yield: 76%. 1H NMR (400 MHz, CDCl3) §
7.58 (d, /] = 8.4 Hz, 2H), 7.52 (d, ] = 8.5 Hz, 2H), 7.29 (d, ] = 8.8
Hz, 2H), 6.85 (d, / = 8.8 Hz, 2H), 3.79 (s, 3H), 2.29 (d, /= 11.9 Hz,
1H), 1.92 (s, 3H). 13C NMR (100 MHz, CDCl3) § 159.07, 153.80,
139.00, 132.09, 127.30, 126.60, 119.02, 113.92, 110.64, 75.80,
55.41, 30.82. HRMS (EI) calculated for CisHisNOz [M]*:
253.1103, found: 253.1106.
4-(Cyclopropyl(hydroxy)(phenyl)methyl)benzonitrile (23):
white solid, isolated yield: 67%.1H NMR (400 MHz, CDCls) &
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7.59 (d, ] = 8.3 Hz, 2H), 7.53 (d, ] = 8.2 Hz, 2H), 7.44 (d, ] = 8.0
Hz, 2H), 7.37-7.28 (m, 3H), 1.96 (s, 1H), 1.61-1.58 (m, 1H),
0.76-0.64 (m, 1H), 0.60-0.41 (m, 3H). 13C NMR (100 MHz,
CDCls) & 152.78, 146.16, 131.89, 12849, 127.90, 127.49,
127.07, 119.06, 110.82, 76.96, 21.54, 2.53, 1.38. HRMS (EI)
calculated for C17H1sNO [M]+: 249.1154, found: 249.1156.
4-(Phenyl(phenylamino)methyl)benzonitrile (24): pale yel-
low oil, isolated yield: 83%. 1H NMR (400 MHz, CDCls) 6 7.63 (d,
J =83 Hz, 2H), 7.55 (d, ] = 8.1 Hz, 2H), 7.40-7.31 (m, 5H), 7.16
(t,J = 7.6 Hz, 2H), 6.76 (t,] = 7.3 Hz, 1H), 6.54 (d, ] = 8.2 Hz, 2H),
5.55 (s, 1H), 4.26 (s, 1H). 13C NMR (100 MHz, CDCl3) § 148.30,
146.83,141.93, 132.69, 129.35, 129.21, 128.18, 128.08, 127.71,
118.87, 118.42, 113.65, 111.26, 63.01. HRMS (MALDI-TOF)
calculated for C20H16N2 [M+H]*: 285.1392, found: 285.1388.
4-((Phenylamino)(p-tolyl)methyl)benzonitrile (25): pale
yellow oil, isolated yield: 90%. 1H NMR (400 MHz, CDCls) § 7.63
(d, ] = 8.3 Hz, 2H), 7.55 (d, ] = 8.2 Hz, 2H), 7.24-7.12 (m, 6H),
6.77 (t,] = 7.3 Hz, 1H), 6.54 (d, ] = 7.9 Hz, 2H), 5.52 (s, 1H), 4.26
(s, 1H), 2.37 (s, 3H). 13C NMR (100 MHz, CDCl3) § 148.55,
146.89, 139.08, 138.00, 132.66, 129.87, 129.34, 128.01, 127.62,
11892, 11836, 113.64, 111.16, 62.76, 21.18. HRMS
(MALDI-TOF) calculated for Cz1HisNz [M+H]*: 299.1548, found:
299.1545.
4-((4-Methoxyphenyl) (phenylamino)methyl)benzonitrile
(26): white solid, isolated yield: 98%. 1H NMR (400 MHz,
CDCl3) 6 7.58 (d, ] = 8.2 Hz, 2H), 7.49 (d, ] = 8.1 Hz, 2H), 7.17 (d,
] =85 Hz, 2H), 7.11 (t, ] = 7.8 Hz, 2H), 6.85 (d, ] = 8.5 Hz, 2H),
6.71 (t,] = 7.4 Hz, 1H), 6.49 (d, ] = 7.9 Hz, 2H), 5.46 (s, 1H), 4.19
(s, 1H), 3.76 (s, 3H). 13C NMR (100 MHz, CDCl3) § 159.40,
148.63,146.87, 134.14, 132.64, 129.31, 128.89, 127.98, 118.91,
118.30, 114.51, 113.61, 111.09, 62.34, 55.38. HRMS
(MALDI-TOF) calculated for C21H1sN20 [M-H]*: 313.1341,
found: 313.1337.
4-((4-Chlorophenyl)(phenylamino)methyl)benzonitrile
(27): white solid, isolated yield: 82%. 'H NMR (400 MHz,
CDCl3) § 7.61 (d, = 8.3 Hz, 2H), 7.47 (d, ] = 8.2 Hz, 2H), 7.31 (d,
] = 8.5 Hz, 2H), 7.23 (d, ] = 8.4 Hz, 2H), 7.17-7.09 (m, 2H), 6.74
(t,] = 7.4 Hz, 1H), 6.50 (d, ] = 7.7 Hz, 2H), 5.50 (s, 1H), 4.17 (s,
1H). 13C NMR (100 MHz, CDCls) & 147.69, 146.50, 140.22,
133.96,132.75, 129.33, 129.31, 128.94, 128.06, 118.64, 113.67,
111.55, 62.29. HRMS (MALDI-TOF) calculated for Cz20H1sCIN2
[M+H]*: 319.1002, found: 319.0998.
4-(Naphthalen-2-yl(phenylamino)methyl)benzonitrile (28):
white solid, isolated yield: 91%. 1H NMR (400 MHz, CDCls) &
7.86-7.74 (m, 3H), 7.73 (s, 1H), 7.59 (d, ] = 8.3 Hz, 2H), 7.53 (d, ]
= 8.3 Hz, 2H), 7.47 (dd, J = 6.2, 3.3 Hz, 2H), 7.38 (dd, /= 8.5, 1.5
Hz, 1H), 7.13 (t, ] = 7.9 Hz, 2H), 6.74 (t,] = 7.3 Hz, 1H), 6.54 (d, ]
= 7.9 Hz, 2H), 5.67 (s, 1H), 4.30 (s, 1H). 13C NMR (100 MHz,
CDCls) & 148.14, 146.88, 139.16, 133.48, 133.06, 132.72,
129.39, 129.19, 128.26, 128.10, 127.82, 126.67, 126.60 126.52,
125.42, 11884, 118.51, 113.74, 111.37, 63.14. HRMS
(MALDI-TOF) calculated for Cz4H1sNz [M-H]*: 333.1392, found:
333.1388.
4-(((4-Fluorophenyl)amino)(phenyl)methyl)benzonitrile
(29): pale yellow oil, isolated yield: 93%. 'H NMR (400 MHz,
CDCl3) 6 7.60 (d, Jj = 8.2 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H),
7.36-7.27 (m, 5H), 6.81 (t, ] = 8.7 Hz, 2H), 6.49-6.38 (m, 2H),

5.45 (s, 1H), 4.15 (s, 1H). 13C NMR (100 MHz, CDCl3) 6 156.46
(d, J = 237.35 Hz), 148.14, 143.16 (d, / = 2.02 Hz), 141.76,
132.72, 129.23, 128.23, 128.04, 127.61, 118.82, 115.80 (d, ] =
23 Hz) 114.51 (d, J = 8.08 Hz), 111.34, 63.52. 19F NMR (377
MHz, CDCl3) § -126.70. HRMS (MALDI-TOF) calculated for
C20H1sFN2 [M+H]*: 303.1298, found: 303.1292.

4-(((4-Chlorophenyl)amino)(phenyl)methyl)benzonitrile
(30): pale yellow oil, isolated yield: 78%. 'H NMR (400 MHz,
CDCl3) 6 7.61 (d, J = 8.3 Hz, 2H), 748 (d, ] = 8.2 Hz, 2H),
7.38-7.22 (m, 5H), 7.06 (d, ] = 8.8 Hz, 2H), 6.42 (d, ] = 8.8 Hz,
2H), 5.47 (s, 1H), 4.26 (s, 1H). 3C NMR (100 MHz, CDCls) &
147.80, 145.33, 141.47, 132.76, 129.28, 129.19, 128.33, 128.05,
127.64, 123.11, 118.77, 114.77, 111.45, 63.03. HRMS
(MALDI-TOF) calculated for CzoHisCINz [M+Na]*: 341.0821,
found: 341.0816.

4-(((4-Methoxyphenyl)amino)(phenyl)methyl)benzonitrile
(31): pale yellow oil, isolated yield: 99%. 'H NMR (400 MHz,
CDCl3) 6 7.62 (d, J = 8.3 Hz, 2H), 7.54 (d, ] = 8.2 Hz, 2H),
7.35-7.30 (m, 5H), 6.74 (d, ] = 8.9 Hz, 2H), 6.48 (d, /] = 8.9 Hz,
2H), 5.46 (s, 1H), 4.02 (s, 1H), 3.72 (s, 3H). 13C NMR (100 MHz,
CDCl3) & 152.69, 148.63, 142.17, 141.04, 132.67, 129.16,
128.10. 128.07, 127.64, 118.90, 114.92, 114.88, 111.19, 63.79,
55.80. HRMS (MALDI-TOF) calculated for Cz1H1sN20 [M]*:
314.1419, found: 314.1415.

4-(Phenyl((4- (trifluoromethyl)phenyl)amino)methyl)benzo
nitrile (32): pale yellow oil, isolated yield: 47%. 1H NMR (400
MHz, CDCl3) 6 7.64 (d, ] = 8.3 Hz, 2H), 7.49 (d, ] = 8.2 Hz, 2H),
7.41-7.29 (m, 5H), 7.27 (dd, J = 8.5, 1.7 Hz, 2H), 6.53 (d, /= 8.5
Hz, 2H), 5.57 (d, ] = 4.1 Hz, 1H), 4.54 (d, ] = 2.9 Hz, 1H). 13C NMR
(100 MHz, CDCl3) 6 149.18, 147.31, 141.07, 132.87, 129.41,
128.53, 128.08, 127.69, 126.76 (q, /] = 4.04 Hz), 124.85 (q, ] =
270.68 Hz), 120.18 (q, J = 33.33 Hz) 118.70, 112.98, 111.71,
62.63. 19F NMR (377 MHz, CDCl3) 6 -61.22. HRMS (MALDI-TOF)
calculated for C21H1sF3N2z [M+H]*: 353.1266, found: 353.1260.

3. Results and discussion

We initially tested our hypothesis by using benzaldehyde
(1) and 1,4-dicyanobenzene (1,4-DCB, 2) as substrates,
fac-Ir(ppy)s as photocatalyst and diisopropylethylamine
(DIPEA) as the stoichiometric reductant in CH3CN. To our de-
light, the desired benzhydrol was formed in 37% yield under
blue light irradiation for 12 h (Table 1, entry 1). This encour-
aging result prompted us to optimize the efficiency of this reac-
tion (Table 1). First, we carried out a solvent screen. When the
reaction was performed in DMSO, the yield was dramatically
enhanced to 82% (Table 1, entry 2). Other solvents such as
acetone, DMF, 1,4-dioxane, DCM, DCE and MeOH showed lower
efficiency than CH3CN (Table 1, entries 3-8). Replacing the
iridium catalyst and electron donor with [Ru(bpy)s]Clz and
Hantzsch ester, respectively, led to a sharp decrease in the yield
(Table 1, entries 9 and 10). Triethylamine gave a similar yield
to DIPEA (Table 1, entry 11), and increasing the loading of
benzaldehyde and DIPEA did not further improve the yields of
desired product (Table 1, entries 12 and 13). No product was
obtained when DIPEA, visible light or photocatalyst were omit-
ted, indicating that these three components were vital to the
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Table 1
Optimization of reaction conditions.

o CN OH

O)LH + Conditions
CN
CN

3

Entry Photocatalyst Solvent Yield * (%)
1 fac-Ir(ppy)s CHsCN 37
2 fac-Ir(ppy)s DMSO 82
3 fac-Ir(ppy)s DMF <5
4 fac-Ir(ppy)s Acetone 13
5 fac-Ir(ppy)s 1,4-Dioxane <5
6 fac-Ir(ppy)s DCM <5
7 fac-Ir(ppy)s DCE 6
8 fac-Ir(ppy)s MeOH <5
9 [Ru(bpy)s]Cl, DMSO 0
10¢ fac-Ir(ppy)s DMSO 29
114 fac-Ir(ppy)s DMSO 80
12 fac-Ir(ppy)s DMSO 82
13f fac-Ir(ppy)s DMSO 82
14 fac-Ir(ppy)s DMSO 0
15+h fac-Ir(ppy)s DMSO 0
16 None DMSO 0

aReaction conditions: Benzaldehyde (0.3 mmol), 1,4-DCB (0.2 mmol),
DIPEA (0.3 mmol), fac-Ir(ppy)s (2 mol%) blue LEDs irradiated for 12 h
under an argon atmosphere. » Detected by 'H NMR analysis with di-
phenylacetonitrile as the internal standard. ¢ Hantzsch ester (HE, 0.3
mmol) as reductant. ¢EtzN (0.3 mmol) as reductant. ¢Benzaldehyde (0.4
mmol). DIPEA (0.4 mmol). ¢No DIPEA. "No light.

performance of the reaction (Table 1, entries 14-16).

With the optimized conditions in hand, we applied this visi-
ble-light-catalyzed cross-coupling reaction to a range of mole-
cules containing a C=X bond (X = O, N) and electron-deficient
arenes to examine the scope. A variety of aryl nitriles afforded
the corresponding cross-coupled products when benzaldehyde
was used as the reaction partner, as shown in Scheme 2. A
range of substituents, such as methyl, sulfuryl and ester groups,
were tolerated well in this reaction (4-7). Aza-aromatic sub-

OH
© 2 mol % fac—lr(ppy)a X
DIPEA DMSO l X
hv,Ar, rt, 12 h EWG
OH
O CN ‘)\‘\ //
CN /, “Ph
3,83% 4,82% 5,52%
OH
OH oH
J Cla. O T \
0 L ’\}
O (0] N" B
6, 48% 7,42% 8, 82%
OH
OH
OH N N\
SN | O I
=
| _N N O
9, 99% 10, 99% 11, 86%

Scheme 2. Screening electron-deficient aryl nitrile substrates.

strates, including 1H-pyrrolo[2,3-b]-pyridine-4-carbonitrile,
isonicotinonitrile, 2,6-dimethyl- isonicotinonitrile and isoquin-
oline-1-carbonitrile, also worked well affording the corre-
sponding products in yields 82%-99% (8-11).

We then explored the scope of the substrates containing the
C=0 double bond (aldehydes and ketones) reacting with
1,4-DCB. The desired products were obtained in good to excel-
lent yields. The results show that aldehydes with an elec-
tron-donating group had higher activity than those with elec-
tron-withdrawing groups (12, 13, 16). Thiofuran and naph-
thalene were both compatible to give moderate yields (14, 15).
In sharp contrast to the aryl aldehyde, alkyl aldehydes were not
reactive at all. Interestingly, ketones were found to be excellent
reaction partners in this strategy, and showed higher reactivity
than aldehydes (17). Under the optimized conditions, various
substituted acetophenones and indanone afforded the desired
products in 76%-87% yield (18-22). An acetophenone con-
taining a cyclopropane group was also converted into the de-
sired compound with preservation of three-membered ring
(23).

Encouraged by the above results, we wanted to expand the
scope of the new system by investigating the reactions of com-
pounds containing a C=N bond. To our delight, a range of aryl
imines were active in this reaction, as shown in Scheme 4. Nu-
merous substitutions, including hydrogen, methyl, methoxy
and chlorine all reacted well to give the desired products in
82%-98% yield (24-27). A naphthyl group was also tolerated
to give 91% yield (28). When the para-proton of the aryl ring in
R4 position was replaced with an electron-poor group, such as
fluorine, chlorine or trifluoromethyl, the reactions gave moder-
ate yields (29, 30, 32). The methoxy substituent at the same
position gave an excellent yield of the desired product (31).

To further investigate the reaction process, radical trapping
experiments were performed. When two equiv. of TEMPO were
added into the template reaction, the yield of the desired prod-

OH

2 mol % fac—lr(ppy);; X
T DIFEA DMSO l// Re
hv, Ar, 1t 12 h Ry CN

CJ*
R4
OH OH OH
S
o, JOU, 4
cl CN o CN CN
12, 55%

13, 83%
OH
CN

15, 62% 16, nr 17, nr

S, o, oY

19, 87%

22, 76%

20, 81%

Qs
OV

21,76% 23,67%

Scheme 3. Screening aldehyde and ketone substrates.
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| HN
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Scheme 4. Screening imine substrates.

uct decreased dramatically from 82% to 19%. This suggests the
presence of a radical pathway in the reaction mechanism. Fur-
ther details about the mechanism were determined by spec-

(a) 0 mol/L
2 -3
‘B 10~ mol/L
8
|
400 500 600 700 800
Wavelength (nm)
© 0 mol/L
>
2 10” mol/L
Q
£
400 500 600 700 800

Wavelength (nm)

troscopic investigation. Quenching the excited iridium catalyst
from the reactions involving 1,4-DCB, benzaldehyde and DIPEA
(Fig. 1) demonstrated that 1,4-DCB was the only species to
strongly interact with the excited Ir(ppy)s [35-38]. However,
the excited Ir(ppy)s was not able to either reduce the aldehyde
or oxidize the DIPEA because of the unfavorable redox poten-
tials (reductive potentials for *Ir(ppy)s, aldehyde and 1,4-DCB
are -1.73, -1.93 and -1.61V, respectively vs SCE; oxidative po-
tentials for Ir(ppy)s* and DIPEA are 0.31 and 0.71 V, respec-
tively vs SCE) [35,38,39]. We therefore believe that this reac-
tion begins with an interaction between Ir(ppy)s* and 1,4-DCB.

Based on the above results and from previous reports [4,5],
we proposed a plausible mechanism for this transformation
(Scheme 5). Visible-light irradiation promotes the photosensi-
tizer fac-Ir(ppy)s to its excited state, a long-lived triplet state,
which is oxidatively quenched by 1,4-DCB to afford the corre-
sponding aryl radical anion B and oxidized iridium complex
[IrV(ppy)s]* (E1/20x= 0.77 V). The generated Ir!V abstracts one
electron from DIPEA to yield a DIPEA radical cation and regen-
erate the ground state Ir(ppy)s. Under the activation of this
nitrogen radical cation, the C=0 double bond is reduced by
excited photocatalyst to afford the key radical intermediate A,
which subsequently couples with the aryl radical anion to fur-
nish the desired product.

(®) 0 mol/L
> -3
R 10~ mol/L
8
i
400 500 600 700 800
Wavelength (nm)
(d
S
O
-~ E
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V) vs SCE

Fig. 1. Luminescence spectra of Ir(ppy)s as a function of concentration of 1,4-DCB (a), benzaldehyde (b) and DIPEA (c). [Ir(ppy)s] = 1 x 10-°> mol/L;
solvent, DMSO; excitation wavelength, 400 nm. (d) CV spectra of DIPEA. [DIPEA] = 10-2 mol/L.
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Scheme 5. Possible reaction mechanism.

4. Conclusions

In summary, we have successfully achieved the reductive
radical-radical cross coupling of double bonds (C=0 and C=N)
with electron-deficient aryl nitriles under mild reaction condi-
tions. With a polarity inversion strategy induced by visible-light
catalysis, various aryl substituted alcohols and amines have
been constructed without involving air- or water-sensitive re-
agents. Broad substrate scope, high reaction yields and facile
reaction conditions make this method a promising new ap-
proach for these important motifs. Further investigations into
visible-light-induced polarity inversions are underway in our
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Aryl-substituted alcohols and amines have been efficiently con-
structed by reductive radical-radical cross-coupling between al-
dehydes, ketones and imines with electron-deficient arenes under
visible-light catalysis. The strategy of polarity inversion of the C=X
bond (X = O, N) avoids the use of air- and water-sensitive reagents,
tolerates various functional groups and produces the desired
products in yields up to 99% at room temperature.
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