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Abstract An efficient copper iodide mediated cyanation of arylboron-
ic acids and aryl iodides with ethyl (ethoxymethylene)cyanoacetate as
cyanating agent has been developed. The reaction involves a C(sp?)-CN
bond cleavage and tolerates a wide range of functional groups, afford-
ing the corresponding aryl nitriles in moderate to excellent yields.
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The transition-metal-catalyzed or -mediated C-CN
bond activation and cleavage has emerged as an attractive
research topic in recent years, not only because C-CN bonds
are widely present in many functional molecules but also it
can provide novel strategies for the synthesis of a variety of
structurally diverse compounds through a series of new re-
actions, including a) decyanative cross-coupling reactions,
b) carbocyanation reactions with unsaturated hydroncar-
bons, and c¢) cyanation reactions (Figure 1).!

(a) decyanative
cross-coupling

(b) carbocyanation

(c) cyanation
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Figure 1 The application of C-CN bond cleavage in organic synthesis

In particular, due to the importance of nitriles in natural
products, dyes, pharmaceuticals, and herbicides,? cyanation
reactions via C-CN bond cleavage are of greatly synthetic
interest, as it allows to establish many elegant alternative
routes to aryl nitriles, while avoiding the use of toxic metal
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cyanides as cyano-group sources frequently employed by
conventional synthetic methods.? Different organic com-
pounds, such as acetonitrile,* acetone cyanohydrins,” malo-
nonitrile,’ benzyl cyanide,” and 2,2'-azobisisobutyronitrile
(AIBN),®2 were successfully utilized as efficient cyanating
agent for the transition-metal-catalyzed or -mediated cy-
anantion of various substrates (Scheme 1, a). Although
great progress has been made, the development of novel,
nontoxic, and easily available cyanating agents for the cya-
nation is still highly desirable. Moreover, in most of the cas-
es mentioned above, the cyano group transfers from C(sp?)
to C(sp?). In sharp contrast, cyanation reaction involving cy-
ano-group migration from C(sp?) to C(sp?) has less been ex-
plored.
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Scheme 1 Synthesis of aryl nitriles through C-CN bond cleavage

Ethyl (ethoxymethylene)cyanoacetate is a versatile syn-
thetic building block,® but its application to cyanation reac-
tion as a nonmetallic cyano-group source has never been
explored. Recently, we found that ethyl (ethoxymethy-
lene)cyanoacetate could react with a-hydroxy ketones to
furnish 2,2,4-trisubstituted 3(2H)-furanones in good yields
in the presence of copper iodide as the catalyst.!® We envi-
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sioned that ethyl (ethoxymethylene)cyanoacetate might
serve as an efficient cyanating agent for the synthesis of
aryl nitriles. Herein, we wish to report our investigation on
the cyanation of arylboronic acids and aryl iodides with
ethyl (ethoxymethylene)cyanoacetate in detail (Scheme 1, b).

Initially, we chose 4-biphenylboronic acid (1a) as the
model substrate for the optimization of the reaction condi-
tions, and the results are summarized in Table 1. When the
reaction was performed in the presence of 20 mol% of Cul
as catalyst, two equivalents of TBHP as oxidant in DMF at
100 °C under air for 24 hours, the desired product 3a was
obtained in 29% yield (Table 1, entry 1). To our delight, the
yield of 3a was increased to 82% when we used one equiva-
lent of Cul and increased the reaction temperature to
130 °C (Table 1, entry 2). Control experiments showed that
the reaction could not occur in the absence of Cul (Table 1,
entry 3). Moreover, only low yield or trace amount of 3a
was observed when the reaction was conducted without
TBHP or under a nitrogen atmosphere, indicating that both
TBHP and air are necessary for the reaction (Table 1, entries
4 and 5).

Table 1 Optimization of Copper-Mediated Cyanation of Arylboronic
acid with 2a as Cyanating Agent?

PhOB\OH + 0 CN/ OEt W Ph—@—CN
1a 2a 3a
Entry  Cu (equiv) Oxidant Solvent Temp (°C)  Yield (%)°
1 Cul (0.2) TBHP DMF 100 29
2 Cul (1.0) TBHP DMF 130 82(72)
3 - TBHP DMF 130 N.D.©
4 Cul (1.0) - DMF 130 15
5d Cul (1.0) TBHP DMF 130 trace
6° Cul (1.0) TBHP DMF 130 trace
7 CuBr (1.0) TBHP DMF 130 N.D.
8 CuCl(1.0) TBHP DMF 130 N.D.
9 Cuso, (1.0) TBHP DMF 130 N.D.
10 Cu(OAc), (1.0)  TBHP DMF 130 N.D.
1 Cul (1.0) TBHP DMSO 130 55
12 Cul (1.0) TBHP DMA 130 50
13 Cul (1.0) BQ DMF 130 28
14 Cul (1.0) DTBP DMF 130 31
15¢ Cul (1.0) 0, DMF 130 10

3 Reaction conditions: 1a (0.3 mmol), 2a (0.6 mmol), Cu source, oxidant
(2 equiv), solvent (2 mL), 24 h, air.

b GC yield with dodecane as internal standard. Number in parentheses is
the yield of isolated product.

¢N.D. = not detected.

4Under N, atmosphere.

¢ Without 2a.

fUnder 1 atm of O,.

Considering that DMF have previously been employed
as the CN source,!" we performed a control experiment in
the absence of 2a. The result showed that only trace
amount of 3a was detected in this case (Table 1, entry 6),
confirming that 2a indeed act as a source of cyano group in
this transformation. Further screening of different copper
salts revealed that only Cul was effective for the reaction,
and other copper salts such as CuBr, CuCl, CuSO, or
Cu(OACc), failed to give the desired product (Table 1, entries
7-10). We also investigated the influence of different sol-
vents on the reaction. DMF was found to be the best media
for the reaction while the use of dimethyl sulfoxide (DMSO)
or dimethylacetamide (DMA) as solvent resulted in a dra-
matic decrease in the yield (entries 11 and 12). The oxidant
also has an important influence on the reaction. For exam-
ple, when TBHP was replaced by benzoquinone (BQ) or di-
tert-butylperoxide (DTBP), only a low yield of 3a was ob-
tained (Table 1, entries 13 and 14). The use of molecular ox-
ygen (1 atm) as the sole oxidant afforded 3a only in 10%
yield (Table 1, entry 15).

The scope of the copper iodide promoted cyanation re-
action was subsequently investigated with various arylbo-
ronic acids (Table 2).1? To our delight, both electron-defi-
cient and electron-rich arylboronic acids underwent the re-
action and gave the corresponding products 3b-o in
moderate to high yields, although in some cases a longer re-
action time (48 h) is required for the reaction to complete.
It is noteworthy that all halogen substituents (F, Cl, Br, and
I) are tolerated in the reaction conditions, which is advanta-
geous for further transformations (products 3g-j). The re-
sults also shows that steric hindrance has a significant in-
fluence on the reaction since the substrates with substitu-
ent in the 3- or 4-position gave the desired products in
higher yields than their 2-substituted analogues. Fused aryl
ring such as naphthalene and anthracene derivatives 1p-s
could also work well to furnish the corresponding products
3p-s in satisfactory yields.

In order to further explore the scope of our protocol,
aryl iodides were also examined as the coupling partner for
the reaction, and the experimental results are given in Ta-
ble 3. Pleasingly, under the standard conditions, a variety of
aryl iodides could efficiently react with 2a, forming the de-
sired product in good to excellent yields. Both electron-do-
nating groups such as methoxy and methyl, and electron-
withdrawing groups such as trifluoromethyl, nitro, cyano,
fluro, and chloro on the aromatic moiety could be tolerated.
It is noteworthy that 2-iodophenol (4k), whose molecule
contains an active proton, entered into the reaction
smoothly to give the expected product 3u in 61% yield.

We suggested that the cyanation of arylboronic acids
might proceed through an aryl iodide intermediate. To veri-
fy the hypothesis, we investigated the reaction profile of
the copper-mediated cyanation of 1a under the standard
conditions. As can be seen from Figure 2, the iodination
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Table 2 Copper-Mediated Cyanation of Arylboronic Acids with 2a as
Cyanating Agent®

Ar—B(OH), BOC A~ omt o Ar—CN
N DMF
1 2a 3
Entry 1 Yield of 3 (%)°
1 1b R = 4-i-Pr 3b 86
2 1cR=4-OMe 3c47¢
3 1dR=4-F,C 3d 90°
4 1eR=4-O,N 3e70
5 1fR =4-NC 3f45
6 1gR=4-F 39 68, 95¢
7 Xy BOH2 1hR=4-Cl 3h 85¢
8 "I = 1iR=4-Br 3i70°
9 1jR=4 3j 68¢¢
10 1kR=3-O,N 3k 88
11 1IR=2-O,N 3165
12 TmR=2-Ph 3m 60
13 TnR=2-Me 3n44
14 ToR=2-F 3058
B(OH),
15 1p 3p54
B(OH),
16 1q 3q 61
B(OH),
17 r 3r52¢
(HO).B
1s 3569

_
(o]

2 Reaction conditions: 1 (0.3 mmol), 2a (0.6 mmol), Cul (1 equiv), TBHP (2
equiv), DMF (2 mL), 130 °C, 24 h, air.

b Isolated yield.

¢ The reaction was carried out in 48 h.

4 3f was also isolated in 20% yield as a byproduct.

product, 4-iodobiphenyl, was formed as the major product
at the initial stage of the reaction. The yield of 4-iodobiphe-
nyl reached a maximum value (77% yield) after two hours
and then decreased gradually. At the same time, the cyanat-
ed product 3a was gradually produced after a short period
of induction (0.5 h). Therefore, the iodination products
were proved to be the key reaction intermediates toward
the expected aryl nitriles, and copper(I) iodide acted also as
a supplier of iodide anions in this transformation.

Table 3 Copper-Mediated Cyanation of Aryl lodides with 2a as Cya-
nating Agent®

EtO,C Cul, TBHP
Ar—I + 2 ~ "OEt —— >  Ar—CN
eN DMF
4 2a 3
Entry 4 Yield of 3 (%)°
1 4aR =4-MeO 3c65
2 4bR = 4-F;C 3d73
3 4cR=4-O,N 3e 82
4 4dR =4-CN 3f91
5 4e R =4-F 3g 81
N |
6 R 4fR = 4-Cl 3h 83
Z
7 4g R =3-O,N 3k 61
8 4hR = 2-Me 3n91
9 4iR =2-F 3069
10 4jR=H 3t 82
1 4k R = 2-HO 3u b1

12 al 3q87

3 Reaction conditions: 4 (0.3 mmol), 2a (0.6 mmol), Cul (1 equiv), TBHP (2
equiv), DMF (2 mL), 130 °C, 24 h, air.
b Isolated yield.
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Figure 2 Reaction profile in the copper-mediated cyanation of 1a with
2a as cyanating agent

In order to gain more insight into the mechanism of the
reaction, we also attempted to test the existence of cyanide
anions formed in situ during the reaction. As expected,
when the reaction was performed in the absence of 1a un-
der standard reaction conditions, the cyanide anions could
be detected by using a picric acid strip (see Supporting in-
formation for more details).
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Based on the above-mentioned results and previous re-
ports,*<7c we proposed a possible mechanism for the cya-
nation of arylboronic acids (Scheme 2). Initially, the iodina-
tion of arylboronic acid 1 occurred in the presence of Cul
and TBHP, giving rise to aryl iodide 4 as the key intermedi-
ate. Then, the oxidative addition of 4 to Cu(I) took place to
form ArCu(IlI)I species 5, which could further react with the
cyanide anion generated in situ from the C(sp?)-CN bond
cleavage of 2a to furnish species 6. Finally, the reductive
elimination of 6 would yield the target product 3 and re-
generated the copper catalyst.

AB(OH), ——— > Al Cu(l) ArCN
; TBHP, air Y \(

ArCu(llll ArCu(lll)CN
5 6

Cul o
2a —> CN
TBHP, air

Scheme 2 Possible reaction mechanism

In summary, we have successfully developed an effi-
cient approach for the synthesis of aryl nitriles via a copper
iodide mediated cyanation of arylboronic acids or aryl io-
dines with ethyl (ethoxymethylene)cyanoacetate as the cy-
anating agent. The reaction involves a C(sp?)-CN bond
cleavage and tolerates a wide range of functional groups, af-
fording the corresponding aryl nitriles in moderate to excel-
lent yields. Further investigation on the reaction mecha-
nism and the synthetic application of the new method are
ongoing in our laboratory.
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