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ABSTRACT: A practical, convenient, and highly selective method
of synthesizing β-ketonitriles from the Pd-catalyzed addition of
organoboron reagents to dinitriles has been developed. This
method provides excellent functional-group tolerance, a broad
scope of substrates, and the convenience of using commercially
available substrates. The method is expected to show further utility
in future synthetic procedures.

■ INTRODUCTION

β-Ketonitriles are important materials that could serve as key
precursors for the synthesis of numerous heterocycles1−5 and
structural fragments of biologically active molecules.6 Thus,
over the years, a series of protocols to construct β-ketonitriles
have been developed. The most direct approach relies on the
nucleophilic substitution between carbonyl species with
cyanide or metalated nitriles (Figure 1a, left).7 Nevertheless,
the well-established method has been limited by the lack of
general applicability to various electrophilic functionalities. To
overcome this issue, metal-catalyzed carbonylative coupling has
attracted attention as an alternative approach because of its
high functional-group tolerance (Figure 1a, right).8 The Liu
group reported a green and convenient copper-catalyzed
cascade coupling of aromatic alcohols and acetonitrile to β-
ketonitriles.8a Lee and co-workers developed a one-pot, three-
component reaction to produce β-ketonitriles by Pd-catalyzed
carbonylation of aryl iodides, trimethylsilylacetonitrile, and
carbonic oxide (or Mo(CO)6).

8b,c Beller and co-workers
described a carbonylative α-arylation process of aryl iodides
and alkyl nitriles yielding α,α-disubstituted products.8f

2,2-Disubstituted malononitriles are safe, bench-stable,
efficient, and commercially available cyanating agents that
have found use in the synthesis of aryl nitriles with aryl boronic
acids by Rh catalysis.9a Moreover, in a similar catalytic system
(Rh-catalyzed), these reagents display diverse application
prospects as synthetic precursors in the construction of β-
ketonitriles with aryl boronic acids (Figure 1b).10 When
compared with other methods to produce β-ketonitriles, this
process offers the convenience of commercially available
starting materials and proceeds under milder reaction
conditions. However, the imperfection of this protocol is
that only substituted malononitriles have been explored.
Furthermore, the process of Rh-catalyzed addition of aryl
boronic acids to dinitriles needs bases as additives. The

synthesis of β-ketonitriles under acid-promoted conditions has
not been reported. Herein, we report the development of the
Pd-catalyzed addition of organoboron reagents to malononi-
trile under acidic conditions as an efficient means of preparing
β-ketonitriles (Figure 1c).

■ RESULTS AND DISCUSSION
We initiated our studies by attempting the conversion of
malononitrile to the β-ketonitrile using Pd(CF3CO2)2 as the
catalyst, 2,2′-bipyridine (L1) as the ligand, and 4-methyl-
benzenesulfonic acid (TsOH) as the acidic additive. When the
reaction was conducted at 80 °C in air (Table 1, entry 1), we
were surprised to find that the desired product 3a was obtained
in 85% yield and only a trace amount of diaddition product
(1,3-diphenylpropane-1,3-dione) was detected (Table 1, entry
1). Next, commercially available Pd catalysts were screened.
We found that Pd(II) and Pd(0) could catalyze the present
reaction and Pd(acac)2 was the most efficient catalyst (entries
2−7). Encouraged by this result, a series of bidentate nitrogen
ligands were examined (entries 8−13). The reaction showed
excellent yield, and 4,4′-dimethyl-2,2′-bipyridine (L3) proved
the best to give 3a in 98% yield (entry 9). After the
determination of the preferred ligand, the effect of the reaction
solvent was studied (entries 14−19). The yield was strongly
affected by the reaction medium. Solvents such as toluene,
tetrahydrofuran, dimethyl sulfoxide, and methanol gave
relatively lower yields, while toluene/H2O as a mixed solvent
was optimal. The screening of reaction time demonstrated that
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neither a shorter nor a longer reaction time increases the
reaction yield (entries 20−21). After in-depth screening, the
optimal reaction conditions were determined to comprise
Pd(acac)2 as the catalyst, 4,4′-dimethyl-2,2′-bipyridine as the
ligand, TsOH as an acidic additive, toluene/H2O as the
cosolvent, and an 80 °C reaction temperature under an air
atmosphere.
With the optimal conditions established, we proceeded to

examine the substrate scope of this transformation, with
respect to different substituted phenylboronic acids. As shown
in Scheme 1, a wide range of substituted phenylboronic acids
were suitable substrates under the acidic conditions and
furnished the corresponding β-ketonitriles in good to excellent
yields. For instance, a variety of alkyl or aryl substituents on the
phenyl ring of boronic acids, including methyl (2b−2d),
tertiary butyl (2e), isopropyl (2f), and phenyl (2g), allowed
the reaction to proceed smoothly, affording products 3b−3g
with yields in the range of 77−94%. Substrates that contained
fused rings such as 1-naphthyl and 2-naphthyl were also
transformed smoothly (Scheme 1, 3h−3i), while phenyl-
boronic acids bearing halogen groups, such as −F, −Cl, −Br,
and −I, were also valid substrates and provided expected
products 3j−3q. Furthermore, electron-donating substituents
(−OMe, −OPh, and −OCF3) and electron-withdrawing
substituents (−COCH3, −COOEt, and −CF3) on the phenyl
rings of the boronic acids were compatible with the reaction
(3r−3w). Notably, the treatment of thiophen-2-ylboronic acid
and benzo[b]thiophen-2-ylboronic acid was also successful
(3x−3y).
2,2-Dimethylmalononitrile is a novel carbon-bound cyanat-

ing reagent that undergoes a retro-Thorpe-type reaction with
aryl boronic acid or an aryl organometallic reagent to give the
aryl nitrile product.9 Recently, the Reeves group reported the
Rh-catalyzed addition of arylboronic acids to 2,2-disubstituted
malononitriles to synthesize α,α-disubstituted β-ketonitriles.10

Figure 1. Synthetic methods of β-ketonitriles.

Table 1. Optimization of Reaction Conditionsa

entry Catalyst ligand solventb yield (%)c

1 Pd(CF3CO2)2 L1 toluene/H2O 85
2 Pd(OAc)2 L1 toluene/H2O 92
3 PdCl2 L1 toluene/H2O trace
4 Pd(acac)2 L1 toluene/H2O 95
5 Pd(PPh3)2 L1 toluene/H2O ND
6 Pd(CH3CN)2Cl2 L1 toluene/H2O trace
7 Pd2(dba)3 L1 toluene/H2O 40
8 Pd(acac)2 L2 toluene/H2O 96
9 Pd(acac)2 L3 toluene/H2O 98
10 Pd(acac)2 L4 toluene/H2O 27
11 Pd(acac)2 L5 toluene/H2O 77
12 Pd(acac)2 L6 toluene/H2O 55
13 Pd(acac)2 L7 toluene/H2O 84
14 Pd(acac)2 L3 toluene 42
15 Pd(acac)2 L3 THF 27
16 Pd(acac)2 L3 DMSO 16
17 Pd(acac)2 L3 MeOH 12
18 Pd(acac)2 L3 acetone trace
19 Pd(acac)2 L3 1,4-dioxane ND
20 Pd(acac)2 L3 toluene/H2O 65d

21 Pd(acac)2 L3 toluene/H2O 94e

aReaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), Pd source (10
mol %), ligand (20 mol %), solvent (3.0 mL), TsOH (2 equiv), air, 80
°C, 24 h. bToluene/H2O (2.5 mL/0.5 mL). cIsolated yield. dReaction
time: 12 h. eReaction time: 36 h.
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However, the unsubstituted malononitrile was not described in
Reeves’ report. To examine the difference between our
methodology and Reeves’ approach, we observed that the
Rh-catalyzed addition of phenylboronic acids to malononitriles
to synthesize 3-oxo-3-phenylpropanenitrile proceeded in 34%
less yield than that achieved with Pd(acac)2 (Figure 2, 34%
yield vs 98% yield).

In a further comparison, we also screened various organo-
boronic acids with substituted malononitrile (Scheme 2).
Generally, our methodology was applicable to 2,2-dimethyl-
malononitrile with excellent functional-group tolerance,
producing the corresponding β-ketonitriles in medium to
high yields as per the Reeves strategy. Phenylboronic acids
bearing electron-donating groups or electron-withdrawing
groups were all afforded the corresponding products in yields

of 49−95% (Scheme 2, 4a−4f). Monosubstituted malononi-
trile bearing an acidic α-proton or bulky malononitrile also
gave β-ketonitriles (Scheme 2, 4g−4i). The reaction was
sensitive to steric hindrance of malononitrile given that a

Scheme 1. Synthesis of β-Ketonitrile from Malononitrilea

aReaction conditions: 1a (0.4 mmol), 2 (0.2 mmol), Pd(acac)2 (10 mol %), L3 (20 mol %), toluene/H2O (2.5 mL/0.5 mL), TsOH (2 equiv), air,
80 °C, 24 h, isolated yield.

Figure 2. Rh-catalyzed vs Pd-catalyzed reaction in the addition of
arylboronic acids to malononitrile.

Scheme 2. Synthesis of β-Ketonitrile from Substituted
Malononitrilesa

aReaction conditions: 1 (0.4 mmol), 2 (0.2 mmol), Pd(acac)2 (10
mol %), L3 (20 mol %), toluene/H2O (2.5 mL/0.5 mL), TsOH (2
equiv), air, 80 °C, 24 h, isolated yield.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.0c02388
J. Org. Chem. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02388?fig=sch2&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02388?ref=pdf


reduced yield was obtained with 2,2-dibenzylmalononitrile
relative to 2,2-dibenzylmalononitrile and 2-benzyl-2-methyl-
malononitrile (4h, 42% vs 4g, 95% and 4i, 97%, respectively).
Based on previous reports,11 the proposed catalytic cycle of

this Pd-catalyzed β-ketonitrile formation is shown in Scheme 3.

The transmetallation of the arylboronic acid with the Pd
catalyst would generate arylpalladium species A. Then, the
cyano group would coordinate with Pd, leading to intermediate
B. Subsequently, carbopalladation of the malononitrile would
give Pd-ketimine C. Hydrolysis of the imine Pd complex C
would generate the corresponding β-ketonitrile under acidic
conditions as well as the active Pd species.

■ CONCLUSIONS
In summary, we developed a practical, convenient, and highly
selective method of synthesizing β-ketonitriles by Pd-catalyzed
addition of organoboron reagents to dinitriles under acid
conditions. This method provides excellent functional-group
tolerance and a broad scope of substrates and uses
commercially available substrates. Compared with the similar
Rh-catalyzed process, our methodology showed a similarly
efficient catalytic effect, which is even better in some cases,
using cheaper Pd(acac)2 as the catalyst and TsOH as the acidic
additive in an air atmosphere. A plausible mechanism
described here is expected to be helpful in identifying or
tuning other substrates and catalysts, thereby helping to
develop more efficient catalytic processes.

■ EXPERIMENTAL SECTION
General Methods. Chemicals were received from commercial

sources without further purification or prepared by literature methods.
Melting points are uncorrected and recorded on a digital melting
point apparatus WRS-1B. 1H NMR and 13C NMR spectra were
recorded on a 500 or 400 MHz spectrometer using CDCl3 as the
solvent with tetramethylsilane (TMS) as the internal standard at room
temperature. Chemical shifts are given in δ relative to TMS, and the
coupling constants J are given in Hz. High-resolution mass
spectrometry (HRMS) was performed with a TOF MS instrument
with an EI or ESI source.
General Procedure for the Synthesis of β-Ketonitriles.

Dinitriles 1 (0.4 mmol), arylboronic acid (0.2 mmol), Pd(acac)2
(10 mmol %), 4,4′-dimethyl-2,2′-bipyridine (20 mmol %), TsOH (2
equiv), toluene (2.5 mL), and H2O (0.5 mL) were successively added
to a 25 mL Schlenk reaction tube. The reaction mixture was stirred
vigorously at 80 °C for 24 h in a heating mantle. After that, the

reaction mixture was cooled to room temperature, washed with
saturated NaHCO3, and extracted with ethyl acetate (3 × 10 mL).
The combined organic layers were dried over anhydrous Na2SO4 and
evaporated under vacuum. The residue was purified by flash column
chromatography with petroleum ether (PE)/ethyl acetate to afford
the desired product.

Procedure for the Synthesis of 2-Benzylmalononitrile and
2,2-Dibenzylmalononitrile.12 At room temperature, NaH 400 mg
(10 mmol) was dissolved in 40 mL of tetrahydrofuran (THF) and 4
mL of dimethylformamide solution, and then, a solution of
malononitrile (1.32 g, 20 mmol, in 5 mL of THF) was added
dropwise. Two hours later, a solution of benzyl bromide (10 mmol) in
THF (10 mL) was added slowly. The mixture was subjected to
continuous stirring at room temperature for 10 h, washed with
saturated NH4Cl, and extracted with ethyl acetate. The combined
organic layers were dried over anhydrous Na2SO4 and evaporated
under vacuum. The residue was purified by flash column
chromatography with PE/ethyl acetate to afford desired products 1c
in 23% yield and 1d in 38% yield.

Procedure for the Synthesis of 2-Benzyl-2-methylmalono-
nitrile.12 2-Benzylmalononitrile (1 mmol) was dissolved in acetone
(5 mL). Then, methyl iodide (2 mmol) and K2CO3 (2.5 mmol) were
added. The mixture was stirred overnight at room temperature. After
filtration and concentration, the residue was purified by flash
chromatography to yield desired product 1e in 98% yield.

3-Oxo-3-phenylpropanenitrile (3a). Flash column chromatogra-
phy on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3a. Pale-
yellow solid (28.5 mg, 98%), mp 80−81 °C. Lit.13 68−70 °C. 1H
NMR (400 MHz, CDCl3): δ 7.93−7.90 (m, 2H), 7.68−7.65 (m, 1H),
7.54−7.51 (m, 2H), 4.10 (s, 2H); 13C{1H} NMR (125 MHz,
CDCl3): δ 187.0, 134.7, 134.3, 129.2, 128.5, 113.7, 29.3.

3-Oxo-3-(o-tolyl)propanenitrile (3b). Flash column chromatog-
raphy on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3b. White
solid (25.8 mg, 81%), mp 69−71 °C. Lit.13 68−70 °C.1H NMR (400
MHz, CDCl3): δ 7.62 (d, J = 7.6 Hz, 1H), 7.49−7.45 (m, 1H), 7.34−
7.30 (m, 2H), 4.07 (s, 2H), 2.56 (s, 3H); 13C{1H} NMR (125 MHz,
CDCl3): δ 189.4, 140.3, 133.9, 133.2, 132.7, 129.2, 126.1, 114.0, 31.4,
21.7.

3-Oxo-3-(m-tolyl)propanenitrile (3c). Flash column chromatog-
raphy on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3c. White
solid (26.4 mg, 83%), mp 71−72 °C. Lit.13 65−67 °C 1H NMR (400
MHz, CDCl3): δ 7.73−7.66 (m, 2H), 7.46 (d, J = 7.6 Hz, 1H), 7.41−
7.37 (m, 1H), 4.09 (s, 2H), 2.41 (s, 3H); 13C{1H} NMR (125 MHz,
CDCl3): δ 187.3, 139.1, 135.4, 134.3, 128.9, 128.8, 125.6, 113.9, 29.3,
21.2.

3-Oxo-3-(p-tolyl)propanenitrile (3d). Flash column chromatog-
raphy on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3d. White
solid (24.5 mg, 77%), mp 95−96 °C. Lit.13 94−96 °C. 1H NMR (400
MHz, CDCl3): δ 7.80 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H),
4.07 (s, 2H), 2.43 (s, 3H); 13C{1H} NMR (125 MHz, CDCl3): δ
186.7, 145.9, 131.8, 129.8, 128.5, 113.9, 29.2, 21.7.

3-(4-(tert-Butyl)phenyl)-3-oxopropanenitrile (3e). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford
3e. White solid (35.4 mg, 88%), mp 75−77 °C. Lit.14 71−75 °C. 1H
NMR (500 MHz, CDCl3): δ 7.84 (d, J = 8.5 Hz, 2H), 7.51 (d, J = 8.5
Hz, 2H), 4.10 (s, 2H), 1.32 (s, 9H); 13C{1H} NMR (125 MHz,
CDCl3): δ 186.8, 158.7, 131.7, 128.4, 126.0, 114.0, 35.2, 30.8, 29.2.

3-(4-Isopropylphenyl)-3-oxopropanenitrile (3f). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3f. White solid (35.2 mg, 94%), mp 94−96 °C. Lit.15 92−94
°C. 1H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 8.4 Hz, 2H), 7.35 (d,
J = 8.4 Hz, 2H), 4.08 (s, 2H), 2.97 (m, 1H), 1.25 (d, J = 6.9 Hz, 6H);
13C{1H} NMR (125 MHz, CDCl3): δ 186.7, 156.5, 132.1, 128.7,
127.1, 114.0, 34.3, 29.2, 23.4.

3-([1,1′-Biphenyl]-4-yl)-3-oxopropanenitrile (3g). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford
3g. White solid (35.4 mg, 80%), mp 112−113 °C. Lit.8e 112.1−113.3
°C. 1H NMR (400 MHz, CDCl3): δ 8.02−7.95 (m, 2H), 7.76−7.71
(m, 2H), 7.66−7.60 (m, 2H), 7.51−7.48 (m, 2H), 7.45−7.42 (m,

Scheme 3. Proposed Mechanism
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1H), 4.12 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ. 186.6,
147.5, 139.2, 133.0, 129.1, 128.7, 127.7, 127.3, 113.8, 29.3.
3-(Naphthalen-1-yl)-3-oxopropanenitrile (3h). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3h. White solid (29.6 mg, 76%), mp 96−97 °C. Lit.15 98−100
°C. 1H NMR (400 MHz, CDCl3): δ 8.82 (d, J = 8.4 Hz, 1H), 8.11 (d,
J = 8.0 Hz, 1H), 7.88−7.92 (m, 2H), 7.68−7.65 (m, 1H), 7.61−7.52
(m, 2H), 4.21 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 189.5,
135.2, 134.1, 131.6, 130.4, 129.5, 129.2, 128.7, 127.1, 125.6, 124.2,
114.0, 31.8.
3-(Naphthalen-2-yl)-3-oxopropanenitrile (3i). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3i. White solid (36.3 mg, 93%), mp 107−108 °C. Lit.15 97−
101 °C. 1H NMR (500 MHz, CDCl3): δ 8.42 (s, 1H), 8.00−7.90 (m,
4H), 7.69−7.66 (m, 1H), 7.63−7.60 (m, 1H), 4.22 (s, 2H); 13C{1H}
NMR (125 MHz, CDCl3): δ 186.9, 136.2, 132.3, 131.7, 130.7, 129.7,
129.5, 129.2, 127.9, 127.4, 123.4, 113.8, 29.4.
3-(2-Fluorophenyl)-3-oxopropanenitrile (3j). Flash column chro-

matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3j.
White solid (3.9 mg, 12%), mp 54−56 °C. Lit.18 60−61 °C. 1H NMR
(400 MHz, CDCl3): δ 8.00−7.95 (m, 1H), 7.65−7.63 (m, 1H),
7.33−7.29 (m, 1H), 7.23−7.18 (m, 1H), 4.10 (s, 2H); 13C{1H} NMR
(125 MHz, CDCl3): δ 185.0 (C−F, 4JC−F = 3.8 Hz), 162.2 (C−F,
1JC−F = 252.5 Hz), 136.6 (C−F, 3JC−F = 8.8 Hz), 131.2 (C−F, 4JC−F =
2.5 Hz), 125.2 (C−F, 4JC−F = 2.5 Hz), 122.7 (C−F, 3JC−F = 12.5 Hz),
116.9 (C−F, 2JC−F = 22.5 Hz), 113.4 (C−F, 4JC−F = 5.0 Hz), 33.7
(C−F, 3JC−F = 12.5 Hz).
3-(3-Fluorophenyl)-3-oxopropanenitrile (3k). Flash column chro-

matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3k.
White solid (24.2 mg, 75%), mp 69−71 °C. Lit.18 71−72 °C. 1H
NMR (400 MHz, CDCl3): δ 7.70−7.68 (m, 1H), 7.63−7.60 (m, 1H),
7.55−7.50 (m, 1H), 7.39−7.35 (m, 1H), 4.10 (s, 2H); 13C{1H} NMR
(125 MHz, CDCl3): δ 186.1, 162.9 (C−F, 1JC−F = 248.8 Hz), 136.2
(C−F, 3JC−F = 6.3 Hz), 130.9 (C−F, 3JC−F = 7.5 Hz), 124.2 (C−F,
4JC−F = 3.8 Hz), 121.9 (C−F, 2JC−F = 21.3 Hz), 115.2 (C−F, 2JC−F =
22.5 Hz), 113.4, 29.6.
3-(4-Fluorophenyl)-3-oxopropanenitrile (3l). Flash column chro-

matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3l.
White solid (22.8 mg, 76%), mp 72−74 °C. Lit.13 75−77 °C. 1H
NMR (400 MHz, CDCl3): δ 7.99−7.95 (m, 2H), 7.23−7.19 (m, 2H),
4.06 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 185.6, 166.6 (C−
F, 1JC−F = 256.3 Hz), 131.3 (C−F, 3JC−F = 10.0 Hz), 130.8 (C−F,
4JC−F = 3.0 Hz), 116.4(C−F, 2JC−F = 22.5 Hz), 113.6, 29.3.
3-(3-Chlorophenyl)-3-oxopropanenitrile (3m). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3m. White solid (21.4 mg, 60%), mp 80−81 °C. Lit.13 72−73
°C. 1H NMR (400 MHz, CDCl3): δ 7.90 (s, 1H), 7.80 (d, J = 8.0 Hz,
1H), 7.64 (d, J = 8.0 Hz, 1H), 7.50−7.46 (m, 1H), 4.07 (s, 2H);
13C{1H} NMR (125 MHz, CDCl3): δ 186.0, 135.7, 135.6, 134.7,
130.5, 128.5, 126.5, 113.3, 29.5.
3-(4-Chlorophenyl)-3-oxopropanenitrile (3n). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3n. White solid (25.8 mg, 72%), mp 123−125 °C. Lit.13 121−
123 °C. 1H NMR (500 MHz, CDCl3): δ 7.86 (d, J = 8.5 Hz, 2H),
7.50 (d, J = 8.5 Hz, 2H), 4.09 (s, 2H); 13C{1H} NMR (125 MHz,
CDCl3): δ 186.0, 141.4, 132.6, 129.8, 129.5, 113.5, 29.4.
3-(3-Bromophenyl)-3-oxopropanenitrile (3o). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3o. Yellow solid (28.3 mg, 64%), mp 91−93 °C. Lit.19 92−94
°C. 1H NMR (400 MHz, CDCl3): δ 8.04 (s, 1H), 7.81 (dd,

1J = 21.6,
2J = 7.2 Hz, 2H), 7.43−7.39 (m, 1H), 4.08 (s, 2H); 13C{1H} NMR
(125 MHz, CDCl3): δ 186.0, 137.5, 135.8, 131.4, 130.7, 126.9, 123.4,
113.3, 29.5.
3-(4-Bromophenyl)-3-oxopropanenitrile (3p). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3p. White solid (30.9 mg, 70%), mp 153−155 °C. Lit.13 156−
157 °C. 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.4 Hz, 2H),
7.67 (d, J = 8.4 Hz, 2H), 4.06 (s, 2H); 13C{1H} NMR (125 MHz,
CDCl3): δ 186.2, 133.0, 132.6, 130.3, 129.9, 113.4, 29.3.

3-(4-Iodophenyl)-3-oxopropanenitrile (3q). Flash column chro-
matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3q.
White solid (38.5 mg, 71%), mp 173−174 °C. Lit.13 173−175 °C. 1H
NMR (400 MHz, CDCl3): δ 7.88 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.4
Hz, 2H), 4.03 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 186.5,
138.6, 133.6, 129.6, 113.3, 103.2, 29.3.

3-(4-Methoxyphenyl)-3-oxopropanenitrile (3r). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3r. White solid (23.5 mg, 67%), mp 126−127 °C. Lit.8e 129.2−
131.1 °C. 1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 8.8 Hz, 2H),
6.97 (d, J = 8.8 Hz, 2H), 4.03 (s, 2H), 3.88 (s, 3H); 13C{1H} NMR
(125 MHz, CDCl3): δ 185.4, 164.7, 130.9, 127.3, 114.3, 114.1, 55.6,
29.0.

3-Oxo-3-(4-phenoxyphenyl)propanenitrile (3s). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3s. White solid (35.5 mg, 75%). mp 98−100 °C. Lit.8a 1H
NMR (500 MHz, CDCl3): δ 7.89 (d, J = 8.5 Hz, 2H), 7.43−7.40 (m,
2H), 7.25−7.22 (m, 1H), 7.08 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 9.0
Hz, 2H), 4.04 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 185.6,
163.4, 154.8, 130.9, 130.2, 128.7, 125.1, 120.4, 117.4, 113.9, 29.1.

3-Oxo-3-(4-(trifluoromethoxy)phenyl)propanenitrile (3t). Flash
column chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/
v) to afford 3t. White solid (40.3 mg, 88%), mp 88−89 °C. 1H NMR
(400 MHz, CDCl3): δ 8.01−7.98 (m, 2H), 7.35 (d, J = 8.0 Hz, 2H),
4.08 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 185.6, 153.8,
132.3, 130.7, 120.2 (C−F, 1JC−F = 257.5 Hz), 120.7, 113.3, 29.4.
HRMS (ESI): calcd for C10H6F3NO2 [M + Na]+, 252.0249; found,
252.0239.

3-(4-Acetylphenyl)-3-oxopropanenitrile (3u). Flash column chro-
matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3u.
Yellow solid (6.4 mg, 17%), mp 121−123 °C. Lit.8e 121.7−122.8 °C.
1H NMR (400 MHz, CDCl3): δ 8.08 (d, J = 8.0 Hz, 2H), 8.01 (d, J =
8.4 Hz, 2H), 4.13 (s, 2H), 2.66 (s, 3H); 13C{1H} NMR (125 MHz,
CDCl3): δ 196.9, 186.7, 141.4, 137.2, 128.9, 128.7, 113.3, 29.7, 26.9.

Ethyl 4-(2-Cyanoacetyl)benzoate (3v). Flash column chromatog-
raphy on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3v.
Orange oil (6.4 mg, 17%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J
= 8.4 Hz, 2H), 7.98 (d, J = 8.4 Hz, 2H), 4.42 (q, J = 7.2 Hz, 2H), 4.11
(s, 2H), 1.42 (t, J = 7.2 Hz, 3H); 13C{1H} NMR (125 MHz, CDCl3):
δ 186.7, 165.2, 137.2, 135.8 130.2, 128.4, 113.3, 61.8, 29.7, 14.2.
HRMS (ESI): calcd for C12H11NO3 [M + Na]+, 240.0637; found,
240.0638.

3-Oxo-3-(4-(trifluoromethyl)phenyl)propanenitrile (3w). Flash
column chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/
v) to afford 3w. Yellow solid (6.4 mg, 17%), mp 141−143 °C. Lit.18

143−144 °C. 1H NMR (400 MHz, CDCl3): δ 8.05 (d, J = 8.0 Hz,
2H), 7.80 (d, J = 8.0 Hz, 2H), 4.12 (s, 2H); 13C{1H} NMR (125
MHz, CDCl3): δ 186.3, 135.9 (C−F, 2JC−F = 32.5 Hz), 128.8, 126.3
(C−F, 4JC−F = 3.8 Hz), 123.2 (C−F, 1JC−F = 271.3 Hz), 113.2, 29.7.

3-Oxo-3-(thiophen-2-yl)propanenitrile (3x). Flash column chro-
matography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to afford 3x.
Yellow solid (8.9 mg, 30%), mp 137−138 °C. Lit.8e 136.3−138.3 °C.
1H NMR (500 MHz, CDCl3): δ 7.80−7.78 (m, 2H), 7.21−7.19 (m,
1H), 4.01 (s, 2H); 13C{1H} NMR (125 MHz, CDCl3): δ 179.5,
140.9, 133.7, 128.7, 113.4, 29.6.

3-(Benzo[b]thiophen-2-yl)-3-oxopropanenitrile (3y). Flash col-
umn chromatography on silica gel (eluent: PE/EtOAc = 6/1, v/v) to
afford 3y. Yellow solid (14.3 mg, 36%), mp 136−137 °C. Lit.8e

118.4−125.6 °C. 1H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H), 7.91
(dd, J1 = 23.5 Hz, J2 = 8.0 Hz, 2H), 7.55−7.52 (m, 1H), 7.47−7.44
(m, 1H), 4.11 (s, 2H); 13C{1H} NMR (126 MHz, CDCl3): δ 181.1,
143.1, 140.1, 138.6, 131.1, 128.5, 126.4, 125.6, 123.0, 113.3, 29.5.

2,2-Dimethyl-3-oxo-3-phenylpropanenitrile (4a).16 Flash column
chromatography on silica gel (eluent: PE/EtOAc = 16/1, v/v) to
afford 4a. Pale-yellow oil (32.9 mg, 95%). Lit.16 1H NMR (500 MHz,
CDCl3): δ 8.17−8.15 (m, 2H), 7.63−7.60 (m, 1H), 7.52−7.49 (m,
2H), 1.72 (s, 6H); 13C{1H} NMR (125 MHz, CDCl3): δ 193.9,
133.7, 133.6, 129.3, 128.7, 122.6, 40.8, 25.6.

2,2-Dimethyl-3-oxo-3-(p-tolyl)propanenitrile (4b). Flash column
chromatography on silica gel (eluent: PE/EtOAc = 16/1, v/v) to
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afford 4b. White solid (33.7 mg, 90%), mp 43−45 °C. Lit.9 44−46
°C. 1H NMR (400 MHz, CDCl3): δ 8.07 (d, J = 8.4 Hz, 2H), 7.29 (d,
J = 8.4 Hz, 2H), 2.42 (s, 3H), 1.71 (s, 6H); 13C{1H} NMR (125
MHz, CDCl3): δ 193.3, 144.7, 130.9, 129.5, 129.3, 122.7, 40.6, 25.5,
21.5.
2,2-Dimethyl-3-(naphthalen-1-yl)-3-oxopropanenitrile (4c).

Flash column chromatography on silica gel (eluent: PE/EtOAc =
16/1, v/v) to afford 4c. Colorless oil (40.8 mg, 91%). Lit.9 1H NMR
(500 MHz, CDCl3): δ 7.98−7.90 (m, 4H), 7.57−7.54 (m, 3H), 1.75
(s, 6H); 13C{1H} NMR (125 MHz, CDCl3): δ 199.1, 134.0, 133.7,
132.0, 129.9, 128.6, 127.8, 126.6, 125.5, 124.8, 123.9, 121.9, 44.0,
25.2.
2,2-Dimethyl-3-oxo-3-(p-tolyl)propanenitrile (4d). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 16/1, v/v) to
afford 4d. Colorless oil (30.5 mg, 75%). Lit.9 1H NMR (500 MHz,
CDCl3): δ 8.18 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 3.88 (s,
3H), 1.70 (s, 6H); 13C{1H} NMR (125 MHz, CDCl3): δ 192.0,
164.0, 131.9, 126.2, 123.0, 113.9, 55.5, 40.3, 25.7.
2,2-Dimethyl-3-oxo-3-(4-(trifluoromethyl)phenyl)propanenitrile

(4e). Flash column chromatography on silica gel (eluent: PE/EtOAc
= 16/1, v/v) to afford 4e. White solid (23.4 mg, 49%), mp 95−97 °C.
1H NMR (400 MHz, CDCl3): δ 8.25 (d, J = 8.8 Hz, 2H), 7.77 (d, J =
8.8 Hz, 2H), 1.73 (s, 6H); 13C{1H} NMR (125 MHz, CDCl3): δ
193.4, 136.6, 135.0 (q, 2JC−F = 32.5 Hz, 3C), 129.6, 125.8 (q, 4JC−F =
3.7 Hz, 3C), 123.3 (q, 1JC−F = 271.3 Hz, 3C), 122.0, 41.1, 25.4.
HRMS (ESI) calcd for C12H10F3NO [M + Na]+, 264.0612; found,
264.0604.
3-(4-Chlorophenyl)-2,2-dimethyl-3-oxopropanenitrile (4f). Flash

column chromatography on silica gel (eluent: PE/EtOAc = 16/1, v/
v) to afford 4f. White solid (38.4 mg, 92%). mp 74−75 °C. Lit.9 74−
76 °C. 1H NMR (500 MHz, CDCl3): δ 8.09 (d, J = 9.0 Hz, 2H), 7.46
(d, J = 8.5 Hz, 2H), 1.69 (s, 6H); 13C{1H} NMR (125 MHz, CDCl3):
δ 192.7, 140.3, 131.8, 130.7, 129.0, 122.3, 40.7, 25.4.
2-Benzyl-3-oxo-3-phenylpropanenitrile (4g). Flash column chro-

matography on silica gel (eluent: PE/EtOAc = 12/1, v/v) to afford
4g. White solid (44.5 mg, 95%). mp 85−86 °C. Lit.9 80−83 °C. 1H
NMR (500 MHz, CDCl3): δ 7.96 (d, J = 8.0 Hz, 2H), 7.66−7.63 (m,
1H), 7.53−7.50 (m, 2H), 7.35−7.27 (m, 5H), 4.58−4.55 (m, 1H),
3.36 (dd, J1 = 14.0, J2 = 6.0 Hz, 1H), 3.24 (dd, J1 = 14.0, J2 = 8.5 Hz,
1H); 13C{1H} NMR (125 MHz, CDCl3): δ 190.0, 135.9, 134.5,
134.1, 129.1, 129.0, 128.9, 128.8, 127.6, 116.9, 41.8, 35.5.
2,2-Dibenzyl-3-oxo-3-phenylpropanenitrile (4h). Flash column

chromatography on silica gel (eluent: PE/EtOAc = 12/1, v/v) to
afford 4h. Light-yellow oil (26.8 mg, 42%). 1H NMR (500 MHz,
CDCl3): δ 7.38−7.35 (m, 1H), 7.33−7.27 (m, 10H), 7.20−7.13 (m,
4H), 3.58 (d, J = 13.5 Hz, 2H), 3.21 (d, J = 13.5 Hz, 2H); 13C{1H}
NMR (125 MHz, CDCl3): δ 197.7, 137.0, 134.3, 132.5, 130.5, 128.6,
128.0, 127.82, 127.80, 120.9, 56.3, 44.7. HRMS (ESI): calcd for
C23H19NO [M + Na]+, 348.1359; found, 348.1356.
2-Benzyl-2-methyl-3-oxo-3-phenylpropanenitrile (4i). Flash col-

umn chromatography on silica gel (eluent: PE/EtOAc = 12/1, v/v) to
afford 4i. Light-yellow oil (48.5 mg, 97%). Lit.9 1H NMR (400 MHz,
CDCl3): δ 8.00−7.97 (m, 2H), 7.60−7.56 (m, 1H), 7.48−7.44 (m,
2H), 7.34−7.289 (m, 5H), 3.50 (d, J = 13.6 Hz, 1H), 3.11 (d, J = 13.6
Hz, 1H), 1.69 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 194.8,
134.7, 134.3, 133.5, 130.4, 129.1, 128.50, 128.48, 127.7, 121.6, 47.5,
43.8, 24.0.
2-Benzylmalononitrile (1c). Flash column chromatography on

silica gel (eluent: PE/EtOAc = 16/1, v/v) to afford 1c. White solid
(589.9 mg, 38%), mp 90−91 °C. Lit.17 84−86 °C. 1H NMR (500
MHz, CDCl3): δ 7.43−7.39 (m, 3H), 7.33 (d, J = 7.0 Hz, 2H), 3.92
(t, J = 7.0 Hz, 1H), 3.27 (d, J = 7.0 Hz, 2H); 13C{1H} NMR (125
MHz, CDCl3): δ 132.9, 129.2, 129.1, 128.7, 112.2, 36.5, 24.9.
2,2-Dibenzylmalononitrile (1d). Flash column chromatography on

silica gel (eluent: PE/EtOAc = 16/1, v/v) to afford 1d. White solid
(277.0 mg, 23%), mp 125−127 °C. Lit.17 128−130 °C. 1H NMR
(500 MHz, CDCl3): δ 7.42−7.41 (m, 10H), 3.25 (s, 4H); 13C{1H}
NMR (125 MHz, CDCl3): δ 132.0, 130.3, 129.0, 128.8, 114.9, 43.5,
41.2.

2-Benzyl-2-methylmalononitrile (1e). Flash column chromatog-
raphy on silica gel (eluent: PE/EtOAc = 16/1, v/v) to afford 1e.
White solid (166.4 mg, 98%), mp 94−95 °C, Lit.12 94.3−95.3 °C. 1H
NMR (500 MHz, CDCl3): δ 7.42−7.39 (m, 3H), 7.38−7.36 (m, 2H),
3.21 (s, 2H), 1.81 (s, 3H); 13C{1H} NMR (125 MHz, CDCl3): δ
131.9, 130.2, 129.0,128.9, 115.9, 44.5, 33.1, 24.4.
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