
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
7:

48
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A practical iodine
College of Chemical Engineering, Zhejian

310014, China. E-mail: zhenlushen@zjut.ed

† Electronic supplementary information (
and copies of 1H NMR spectra. See DOI: 1

Cite this: RSC Adv., 2017, 7, 1484

Received 7th November 2016
Accepted 20th December 2016

DOI: 10.1039/c6ra26435b

www.rsc.org/advances

1484 | RSC Adv., 2017, 7, 1484–1489
-catalyzed oxidative conversion
of aldehydes to nitriles†

Chaojie Fang, Meichao Li,* Xinquan Hu, Weimin Mo, Baoxiang Hu, Nan Sun, Liqun Jin
and Zhenlu Shen*

A simple and efficient method for the direct synthesis of nitriles from aldehydes using ammonium acetate as

the nitrogen source has been developed. The reactions were performedwith iodine as the catalyst and tert-

butyl hydroperoxide (TBHP) as the oxidant under mild conditions. A variety of aromatic, heteroaromatic,

aliphatic and allylic aldehydes could be converted into their corresponding nitriles in good to excellent

yields.
Introduction

Nitriles are important starting materials for the synthesis of
amides,1–3 amines,4,5 ketones,6,7 carbonic acids8,9 and esters.10,11

Furthermore, the cyano group is a key motif in the structure of
numerous useful compounds, such as bioactive natural prod-
ucts, pharmaceuticals12,13 and functional materials.14 Tradition-
ally, the Sandmeyer15 and Rosenmund–von Braun reaction16were
widely used in synthesizing aryl nitriles, while highly toxic
cyanide salts, were always required and the reactions produced
large amounts of inorganic salts as waste. Therefore, the devel-
opment of new pathways for the synthesis of nitriles has gained
increasing attention. In the past decades, a large number of new
methods utilizing different kinds of compounds, like alco-
hols,17–21 amines,22–25 amides26–28 and aldoximes29,30 as starting
materials have been reported. These methods offer great
improvements, but always need high temperature or pressure,
stoichiometric or excess amount of highly reactive oxidants,
transition metal catalysts or metal complex catalysts.

Aldehydes have been utilized as attractive starting materials
for the synthesis of nitriles due to their ready availability, and
several methods have been reported with different compounds
as nitrogen sources.31–42 Inevitably, there were some drawbacks
existing in these methods: (i) high reaction temperature was
still needed; (ii) stoichiometric halogen-containing or metal
oxidants were always required; (iii) limited substrate scopes; (iv)
transition metal catalysts were essential in most cases.

Metal-free catalysis inmodern organic synthesis has received
much attention because of its economy and low toxicity. The I2/
tert-butyl hydroperoxide (TBHP) catalytic oxidation system is
one of the most popular examples. TBHP is a kind of mild,
g University of Technology, Hangzhou
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efficient and manageable oxidant, giving tert-butanol as the
benign by-product in most cases. Recently, the I2/TBHP system
has been widely used in oxidative reactions, such as C–C bond
cleavage,43 oxidation of indoles,44 oxidative coupling reaction45

and oxidative cyclization,46 etc. Reddy and co-workers47 reported
a KI/I2–TBHP system for the conversion of alcohols, aldehydes
and amines into nitriles. Under this catalytic system, they
prepared a series of aromatic nitriles from aromatic aldehydes
by using ammonia as the nitrogen source in water. However, the
yields of products were general low and the nitro-substituted
substrate cannot be converted into the desired product.
What's more, the large excess of ammonia may cause environ-
mental problems as a result of its easy volatility and would be an
undesirable contaminant in waste water.

Ammonium acetate (NH4OAc), which has many remarkable
advantages, including good stability and low toxicity, is an idea
low-cost alternative nitrogen source instead of ammonia.
Previously, ammonium acetate as the cyanide source has
already been developed in the direct synthesis of nitriles from
aldehydes, like NH4OAc/HTIB48 and NH4OAc/PPTB49 systems.
One of limitations of these examples is the use of expensive
halogen-containing oxidants, which could generate hazardous
Scheme 1 The improved method for the synthesis of nitriles from
aldehydes with NH4OAc as a nitrogen source.

This journal is © The Royal Society of Chemistry 2017
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wastes during work-up. On the other hand, about decade times
of NH4OAc had to be employed to ensure the full conversion of
aldehydes, which is extremely wasteful.

Inspired by hereinbefore work, as a part of our research
program aimed at synthesis of nitriles and I2-catalyzed reac-
tion,50–52 we attempted to develop a simple, efficient, econom-
ical and environmentally friendly method for the direct
synthesis of nitriles from aldehydes using NH4OAc as the
nitrogen source under I2/TBHP system (Scheme 1).

Results and discussion

At the outset, benzaldehyde (1a) was chosen as the model
substrate to examine a variety of reaction condition parameters
and the results are summarized in Table 1. Firstly, a series of
solvents were screened and the results indicated 1a could be
transformed to benzonitrile (1b) in 86% yield in ethanol within
8 h at 60 �C (entry 4). As is known to all, water is an ideal solvent.
We have also tried to verify the feasibility of using water as the
solvent. Unfortunately, the easy formation of amide in aqueous
medium resulted in a low yield of nitrile (35%) (entry 8). Then
1.5 equiv. of K2CO3 as acid-binding agent was tentatively added
into the reaction, and 1a was almost completely converted into
1b in 2.5 h (entry 9). Some other acid-binding agents, such as
NaHCO3, NaOAc, Na2CO3 (entries 10–12), were also tested.
Gratifyingly, the reaction could be performed more smoothly in
the presence of Na2CO3 (entry 12).
Table 1 Optimization of I2–TBHP catalytic system for the direct synthe

Entry
NH4OAc
(equiv.)

I2
(mol%) Solvent

1 2.0 5.0 CH3CN
2 2.0 5.0 PhCH3

3 2.0 5.0 PhCl
4 2.0 5.0 C2H5OH
5 2.0 5.0 THF
6 2.0 5.0 DMF
7 2.0 5.0 EtOAc
8 2.0 5.0 H2O
9 2.0 5.0 C2H5OH
10 2.0 5.0 C2H5OH
11 2.0 5.0 C2H5OH
12 2.0 5.0 C2H5OH
13 2.0 5.0 C2H5OH
14 2.0 5.0 C2H5OH
15 2.0 2.5 C2H5OH
16 2.0 1.0 C2H5OH
17 2.0 2.5 C2H5OH
18 2.0 2.5 C2H5OH
19 1.5 2.5 C2H5OH
20 1.0 2.5 C2H5OH

a Reaction conditions: 1a (4 mmol, 0.424 g), 5 mL of solvents, 1.1 equiv
method.

This journal is © The Royal Society of Chemistry 2017
When the loading of Na2CO3 was reduced to 1.0 equiv. and
0.5 equiv., the reaction time had to be prolonged to 2.5 h and
8 h, respectively (entries 13 and 14). Thus, we chose to add 1.0
equiv. of Na2CO3 into the reaction system. When the loading of
I2 was reduced to 2.5 mol%, 1b could be obtained in 99% yield
in 5 h (entry 15). Aer that, the reaction temperature was
decreased and we found that 1b could be obtained in 99% yield
at 50 �C in 5.5 h (entries 17 and 18). At last, when the loading of
NH4OAc was reduced to 1.5 equiv., 1a could also be converted
into 1b successfully with high yield in 6 h (entry 19).

Having dened the optimum conditions for the reaction, the
substrate scope of this methodology was investigated and the
results are summarized in Scheme 2. Initially, the catalytic
system was examined to tolerate a wide range of aromatic alde-
hydes which bearing electron-withdrawing or electron-donating
groups on benzene ring. It was observed that substrates
carrying electron-withdrawing groups could be smoothly con-
verted into the desired products in 5 h (2b–9b). Benzaldehydes
carrying electron-donating groups, need much more time to
complete their transformation (10b–17b). The I2–TBHP catalytic
system was also tolerant of substrates containing heteroatoms
such as oxygen, sulfur and nitrogen. In the case of 20a and 22a,
the conversions could perform smoothly in 5 h (20b and 22b).
However, in the case of electron-rich heteroaromatic aldehydes
containing N and S atoms, prolonged time was needed for full
conversions (19b and 21b). In addition, the representative
sis of benzonitrile from benzaldehydea

Addictive
(equiv.) T (�C) t (h) Yieldb (%)

— 60 8.0 72
— 60 8.0 14
— 60 8.0 25
— 60 8.0 86
— 60 8.0 25
— 60 8.0 70
— 60 8.0 37
— 60 8.0 35
K2CO3 (1.5) 60 2.5 98
NaOAc (1.5) 60 7.0 96
NaHCO3 (1.5) 60 4.0 99
Na2CO3 (1.5) 60 1.5 99
Na2CO3 (1.0) 60 2.5 99
Na2CO3 (0.5) 60 8.0 94
Na2CO3 (1.0) 60 5.0 99
Na2CO3 (1.0) 60 12.0 94
Na2CO3 (1.0) 50 5.5 99
Na2CO3 (1.0) 40 11.0 94
Na2CO3 (1.0) 50 6.0 98
Na2CO3 (1.0) 50 12.0 90

. of TBHP. b Yields were determined by GC using an internal standard
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26435b


Scheme 2 Oxidative conversion of aldehydes to nitrilesa. a Reaction
conditions: aldehyde (4 mmol), NH4OAc (1.5 equiv.), I2 (2.5 mol%),
TBHP (1.1 equiv.), 5 mL of ethanol, 50 �C. Y ¼ yield of the isolated
product. b Yields were determined by GC using an internal standard
method. cAldehyde was slowly added into reaction solution.
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polycyclic substrate, 1-naphthaldehyde (18a) tolerated our cata-
lytic system to give the product 18b in excellent yield.

Adamantane-1-carbaldehyde (23a), an a-saturated aliphatic
aldehyde, gave the desired nitrile 23b in 94% yield. As is known
to all, aldehydes with a-H atoms can be halogenated at their
a positions by reaction with halogens, like Cl2, Br2 and I2. This
conclusion was proved by the representative aliphatic aldehyde
3-phenylpropanal (24a). When it was used as the substrate, the
yield of 3-phenylpropanenitrile (24b) was very low. However,
when aldehyde 24a was slowly added into the reaction solution,
60% yield of 24b could be obtained. This consequence suggested
1486 | RSC Adv., 2017, 7, 1484–1489
there was a competitive relationship between the halogenated
reaction and the desired reaction.

With this encouraging nding in hand, some other a-
unsaturated aldehydes, such as undecanal (25a), helional (26a)
and N-Boc-piperidin-4-ylformaldehyde (27a) were also exam-
ined in this modied method. To our delight, all of them could
be converted into the desired nitriles with satisfying yields. At
last, two allylic aldehydes, cinnamaldehyde (28a) and (E)-2-
methyl-3-phenylacrylaldehyde (29a) also tolerated our catalytic
system. Cinnamonitrile (28b) could be obtained in 80% yield
under optimized and modied conditions.

In addition, this catalytic system could also be applied in the
synthesis of a complex compound (30b) (eqn (1)), which
displays appreciable anti-inammatory and selective COX-2
inhibitory activity.51 Because of the poor solubility of 30a in
ethanol, equal volume of DMF was chosen as the solvent in the
transformation of 30a to 30b. To our delight, the reaction was
smoothly performed and 84% yield of 30b was obtained.

(1)

In order to examine the practicability of this catalytic system,
gram-scale reaction was also performed under the optimized
conditions (14.8 g of 4-bromobenzaldehyde (7a)). It was grati-
fying that the isolated product 13.5 g of 4-bromobenzonitrile
(7b) could be obtained (93% yield).

Next, we envisioned oxidative conversion of primary alcohol to
nitrile using our method (eqn (2)). However, the oxidative
conversion of benzyl alcohol under the optimized conditions
gave only 1b in 58% yield aer 24 h although the loading of TBHP
was increased to 2.5 equiv. A large amount of benzyl alcohol was
remained, which cannot be converted into the desired product.

(2)

With these results in hand, we tried to explore the plausible
reaction mechanism. When 4 mmol of benzaldehyde (1a), 1.5
equiv. of NH4OAc, 1.0 equiv. of Na2CO3 and 5 mL of ethanol were
mixed up and stirred under 50 �C for 8 h, phenylmethanimine
was achieved in 13% yield determined by GC with the normali-
zation method. Then 2.5 mol% of I2 and 1.1 equiv. of TBHP were
added into the reaction mixture, it was founded that benzonitrile
(1b) was the sole product aer 6 h. These results implied that: (i)
phenylmethanimine was the intermediate product; (ii) the
process of transformation phenylmethanimine into 1b could
promote the generation of phenylmethanimine from 1a.
This journal is © The Royal Society of Chemistry 2017
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Scheme 3 A plausible reaction mechanism.
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According to literatures and our observations, a plausible
reaction mechanism of this I2/TBHP catalytic system has been
proposed in Scheme 3. First of all, aldehyde reacted with
ammonium acetate to form aldimine 3 and sodium acetate in
the presence of Na2CO3. Then aldimine 3 was oxidized by I2,
affording N-iodo aldimine 4 as an intermediate, which was
transformed into nitrile 2 by b-elimination of HI under alkaline
condition. At the same time, I� was oxidized to I2 by TBHP,
which was reduced to tert-butanol immediately.

Conclusion

In conclusion, we have successfully developed a simple and
efficient method for the direct synthesis of nitriles from alde-
hydes with ammonium acetate as the nitrogen source, using I2
as the catalyst and TBHP as the oxidant. This catalytic system is
practical, environmentally friendly as it utilizes ethanol as
solvent and TBHP as oxidant. A broad range of substrates
including aromatic, heteroaromatic, aliphatic and allylic
nitriles could be obtained in good to excellent yields.

Experimental section
General procedure for the synthesis of 1b–23b, 29b and 30b

To a 20 mL, two-necked, round-bottom ask equipped with
a magnetic stirring bar and a thermometer, were added 4 mmol
of aldehyde, 0.462 g (6 mmol) of ammonium acetate, 0.424 g (4
mmol) of Na2CO3, 25.4 mg (0.1 mmol) of I2, 0.61 g of TBHP (wt%
¼ 65, 1.1 equiv.) and 5 mL of ethanol (replaced by 5 mL of DMF
for 30a). Then the ask was sealed by a bubbler and placed into
a preheated oil bath (50 �C). Aer the reaction was nished (as
determined by GC, except 30a which was determined by HPLC),
to the reaction mixture were added 10 mL of 5% of Na2S2O3

solution and stirred for 15 min. Then the mixture was trans-
ferred into a separation funnel, and 100 mL of diethyl ether
(replaced by 100 mL of dichloromethane for 30b) were also
added to the separation funnel. The two-phase mixture was
washed with saturated sodium bicarbonate solution (25 mL �
2). Then the organic layer was dried with Na2SO4, concentrated
on a rotary evaporator and the residue was puried by column
chromatography on silica gel using hexanes/EtOAc as eluent to
afford the pure product.

General procedure for the synthesis of 24b–28b

To a 20 mL, two-necked, round-bottom ask equipped with
a magnetic stirring bar and a thermometer, were added 0.462 g
This journal is © The Royal Society of Chemistry 2017
(6 mmol) of ammonium acetate, 0.424 g (4 mmol) of Na2CO3,
25.4 mg (0.1 mmol) of I2, 0.61 g of TBHP (wt% ¼ 65%, 1.1
equiv.) and 5 mL of ethanol. Then the ask was sealed by
a rubber plug and placed into a preheated oil bath (50 �C).
Aer that, 4 mmol of aldehyde, which was distilled to 1 mL
with ethanol, was injected into the solution slowly (4 h). The
work-up procedure was as same as that for the synthesis of
1b–24b.

Benzonitrile (1b). Colorless oil; 1H NMR (500 MHz, CDCl3)
d 7.66–7.63 (m, 2H), 7.62–7.59 (m, 1H), 7.49–7.46 (m, 2H); MS:
m/z ¼ 103.0 [M+].

4-Nitrobenzonitrile (2b). Pale yellow solid; mp: 146.3–
148.7 �C; 1H NMR (500 MHz, CDCl3) d 8.39–8.36 (m, 2H), 7.91–
7.90 (m, 2H); MS: m/z ¼ 148.0 [M+].

4-Fluorobenzonitrile (3b). White solid; mp: 32.7–34.1 �C; 1H
NMR (500 MHz, CDCl3) d 7.71–7.67 (m, 2H), 7.21–7.16 (m, 2H);
MS: m/z ¼ 121.0 [M+].

4-Chlorobenzonitrile (4b). White solid; mp: 93.1–94.7 �C; 1H
NMR (500 MHz, CDCl3) d 7.62–7.60 (m, 2H), 7.50–7.47 (m, 2H);
MS: m/z ¼ 137.0 [M+].

3-Chlorobenzonitrile (5b). White solid; mp: 44.0–45.8 �C; 1H
NMR (500 MHz, CDCl3) d 7.65 (t, J ¼ 1.7 Hz, 1H), 7.61–7.59 (m,
1H), 7.58–7.56 (m, 1H), 7.45 (t, J¼ 15.8 Hz, 2H); MS:m/z¼ 137.0
[M+].

2-Chlorobenzonitrile (6b). White solid; mp: 37.5–40.3 �C; 1H
NMR (500 MHz, CDCl3) d 7.70–7.68 (m, 1H), 7.58–7.52 (m, 2H),
7.41–7.38 (m, 1H); MS: m/z ¼ 137.0 [M+].

4-Bromobenzonitrile (7b). White solid; mp: 109.6–112.4 �C;
1H NMR (500 MHz, CDCl3) d 7.66–7.64 (m, 2H), 7.55–7.53 (m,
2H); MS: m/z ¼ 180.9 [M+].

4-(Triuoromethyl)benzonitrile (8b). White solid; mp: 40.6–
42.8 �C; 1H NMR (500 MHz, CDCl3) d 7.82–7.81 (d, 2H, J ¼ 8.1
Hz), 7.76 (d, 2H, J ¼ 8.3 Hz); MS: m/z ¼ 171.1 [M+].

Methyl 4-cyanobenzoate (9b). White solid; mp: 60.0–61.5 �C;
1H NMR (500 MHz, CDCl3) d 8.16–8.14 (m, 2H), 7.77–7.75 (m,
2H), 3.97 (s, 3H); MS: m/z ¼ 161.1 [M+].

4-Methylbenzonitrile (10b). Colorless oil; 1H NMR (500 MHz,
CDCl3) d 7.54 (d, 2H, J¼ 8.2 Hz), 7.27 (d, 2H, J¼ 8.0 Hz), 2.42 (s,
3H); MS: m/z ¼ 117.1 [M+].

3-Methylbenzonitrile (11b). Colorless oil; 1H NMR (500 MHz,
CDCl3) d 7.44 (d, J ¼ 6.5 Hz, 2H), 7.40 (d, J ¼ 7.6 Hz, 1H), 7.36–
7.33 (m, 1H); MS: m/z ¼ 117.1 [M+].

2-Methylbenzonitrile (12b). Colorless oil; 1H NMR (500 MHz,
CDCl3) d 7.56 (d, J¼ 7.7 Hz, 1H), 7.48–7.45 (m, 2H), 7.30 (d, 1H, J
¼ 7.8 Hz), 7.26 (t, 1H, J ¼ 14.8 Hz), 2.53 (s, 1H); MS: m/z ¼ 117.1
[M+].

4-Methoxybenzonitrile (13b). White solid; mp: 58.2–60.3 �C;
1H NMR (500 MHz, CDCl3) d 7.60–7.58 (m, 2H), 6.97–6.94 (m,
2H), 3.86 (s, 3H); MS: m/z ¼ 133.0 [M+].

3,4-Dimethoxybenzonitrile (14b). White solid; mp: 64.9–
66.4 �C; 1H NMR (500 MHz, CDCl3) d 7.30–7.28 (m, 1H), 7.09 (d,
1H, J¼ 1.9 Hz), 6.90 (d, 2H, J¼ 8.3 Hz), 3.91 (s, 3H), 3.88 (s, 3H);
MS: m/z ¼ 163.1 [M+].

4-(Methylthio)benzonitrile (15b). White solid; mp: 59.7–
62.2 �C; 1H NMR (500 MHz, CDCl3) d 7.55–7.53 (m, 2H), 7.28–
7.26 (m, 2H), 2.52 (s, 3H); MS: m/z ¼ 149.0 [M+].
RSC Adv., 2017, 7, 1484–1489 | 1487
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4-(tert-Butyl)benzonitrile (16b). Pale yellow oil; 1H NMR (500
MHz, CDCl3) d 7.61–7.59 (m, 2H), 7.51–7.48 (m, 2H), 1.34 (s,
9H); MS: m/z ¼ 159.1 [M+].

4-(Diethoxymethyl)benzonitrile (17b). Colorless oil; 1H NMR
(500 MHz, CDCl3) d 7.60 (dd, J ¼ 24.0, 7.4 Hz, 1H), 5.51 (s, 1H),
3.61–3.49 (m, 4H), 1.21 (t, 6H, J ¼ 6.6 Hz); MS: m/z ¼ 205.1 [M+].

1-Naphthonitrile (18b). Pale yellow oil; 1H NMR (500 MHz,
CDCl3) d 8.24–8.22 (m, 1H), 8.07 (d, J ¼ 8.3 Hz, 1H), 7.93–7.89
(m, 2H), 7.70–7.67 (m, 1H), 7.63–7.60 (m, 1H), 7.53–7.50 (m,
1H); MS: m/z ¼ 153.0 [M+].

5-Bromothiophene-2-carbonitrile (19b). Pale yellow oil; 1H
NMR (500 MHz, CDCl3) d 7.39 (d, J ¼ 4.0 Hz, 1H), 7.10 (d, J ¼
4.0 Hz, 1H); MS: m/z ¼ 188.9 [M+].

5-Bromofuran-2-carbonitrile (20b). Pale orange oil; 1H NMR
(500 MHz, CDCl3) d 7.07 (d, J ¼ 3.6 Hz, 1H), 6.49 (d, J ¼ 3.6 Hz,
1H); MS: m/z ¼ 171.0 [M+].

N-Boc-3-indolecarbonitrile (21b). White solid; mp: 119.3–
121.1 �C; 1H NMR (500 MHz, CDCl3) d 8.20 (d, J ¼ 8.3 Hz, 1H),
8.13 (s, 1H), 7.74 (d, J¼ 7.9 Hz, 1H), 7.47–7.44 (m, 1H), 7.41–7.38
(m, 1H), 1.71 (s, 9H); MS (ESI): m/z ¼ 265.1 [M + Na+].

Benzofuran-2-carbonitrile (22b). Yellow oil; 1HNMR (500MHz,
CDCl3) d 7.70 (d, J ¼ 7.9 Hz, 1H), 7.59–7.57 (m, 1H), 7.55–7.51 (m,
1H), 7.48 (d, J¼ 7.9Hz, 1H), 7.40–7.37 (m, 1H);MS:m/z¼ 143.0 [M+].

Adamantane-1-carbonitrile (23b). White solid; mp: 185.2–
191.2 �C; 1H NMR (500 MHz, CDCl3) d 2.04 (d, J ¼ 6.2 Hz, 9H),
1.76–1.70 (m, 6H); MS: m/z ¼ 161.1 [M+].

3-Phenylpropanenitrile (24b). Pale yellow oil; 1H NMR (500
MHz, CDCl3) d 7.39–7.36 (m, 2H), 7.32–7.29 (m, 1H), 7.27–7.25
(m, 2H), 2.96 (t, J ¼ 7.4 Hz, 2H), 2.62 (t, J ¼ 7.4 Hz, 2H); MS: m/z
¼ 131.1 [M+].

Dodecanenitrile (25b). Colorless oil; 1HNMR (500MHz, CDCl3)
d 2.33 (t, J¼ 7.1 Hz, 2H), 1.66–1.62 (m, 2H), 1.47–1.41 (m, 2H), 1.29–
1.27 (m, 12H), 0.87 (t, J ¼ 7.0 Hz, 3H); MS: m/z ¼ 162.1 [M+].

1,3-Benzodioxole-5-propanenitrile (26b). Pale yellow oil; 1H
NMR (500 MHz, CDCl3) d 6.77 (d, J ¼ 7.9 Hz, 1H), 6.72 (d, J ¼
1.6 Hz, 1H), 6.69–6.67 (m, 1H), 5.93 (s, 2H), 2.85–2.73 (m, 3H),
1.31 (d, J ¼ 6.7 Hz, 3H); MS: m/z ¼ 189.1 [M+].

N-Boc-4-piperidinecarbonitrile (27b). Colorless oil; 1H NMR
(500 MHz, CDCl3) d 3.68–3.31 (m, 4H), 2.82–2.77 (m, 1H), 1.90–
1.75 (m, 4H), 1.45 (s, 9H); MS: m/z ¼ 209.2 [M+].

Cinnamonitrile (28b). Pale yellow oil; 1H NMR (500 MHz,
CDCl3) d 7.47–7.39 (m, 6H), 5.89 (d, J ¼ 16.7 Hz, 1H); MS: m/z ¼
129.0 [M+].

a-Methylcinnamonitrile (29b). Pale yellow oil; 1H NMR (500
MHz, CDCl3) d 7.43–7.42 (m, 2H), 7.40–7.38 (m, 1H), 7.35–7.34
(m, 2H), 7.23 (d, J¼ 0.5 Hz, 1H), 2.16 (d, J¼ 1.6 Hz, 3H); MS:m/z
¼ 143.1 [M+].

4-(4-Cyano-3-(p-tolyl)-1H-pyrazol-1-yl)benzenesulfonamide
(30b). White solid; 1H NMR (500 MHz, DMSO-d6) d 9.55 (s, 1H),
8.15 (d, J ¼ 8.8 Hz, 2H), 8.02 (d, J ¼ 8.8 Hz, 2H), 7.90 (d, J ¼
8.1 Hz, 2H), 7.51 (s, 2H), 7.41 (d, J¼ 8.0 Hz, 2H), 2.40 (s, 3H); MS
(ESI): m/z ¼ 360.3 (M + Na)+.
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