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ABSTRACT: Phosphine organocatalysis enabled vicinal
acylcyanation of alkynoates with acyl cyanides to form
acrylonitrile derivatives with a tetrasubstituted alkene moiety.
The acyl and cyano groups were introduced at the α and β
carbon atoms, respectively, of the C−C triple bond in the
alkynoates with complete regioselectivity and high anti
stereoselectivity. A variety of functional groups in the acyl cyanides and alkynoates were tolerated.

Nitrile structures are found in many pharmaceuticals,
agrochemicals, natural products, and biologically active

compounds.1 Accordingly, the development of versatile and
efficient methods for the introduction of a cyano group into
organic molecules presents an important synthetic challenge.
Cyanocarbonyl compounds have been used as reagents for
introducing carbonyl and cyano groups into molecules through
addition of the C−CN bond across unsaturated bonds of the
substrate. To date, several transition-metal-catalyzed carbocya-
nations of unsaturated C−C bonds, which result in simultaneous
formation of two C−C bonds, have been reported (Scheme 1a).2

Lewis base catalyzed reactions of cyanocarbonyl compounds
have also been reported, but the scope has been limited to
addition reactions across carbon−heteroatom double bonds
(CO, CN) (Strecker-type reactions) (Scheme 1b).3,4

Herein, we report phosphine-catalyzed vicinal acylcyanation of
alkynoates with acyl cyanides (Scheme 1c).5 The acyl and cyano
groups were introduced at the α and β carbon atoms of the C−C
triple bond in the alkynoates, respectively, with complete
regioselectivity and high anti stereoselectivity. Various functional
groups were tolerated in both the acyl cyanides and alkynoates.
Thus, this protocol provides a versatile and efficient approach to

functionalized acrylonitrile derivatives with a tetrasubstituted
alkene moiety. The simple and transition-metal-free reaction
conditions are attractive features of this method.
We previously developed phosphine-catalyzed anti-selective

vicinal carboboration, silaboration, and diboration across the C−C
triple bond in alkynoates.6 This prompted us to explore the vicinal
carbocyanation of alkynoates using the C−CN bond in place of
the C−B, Si−B, and B−B bonds.
Screening of Lewis base catalysts for the reaction between

1a and 2a identified PPhMe2 to be the most effective. Thus,
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Scheme 1. Catalytic Carbocyanation of Unsaturated
Compounds

Table 1. Catalyst Effects in Reactions between 1a and 2aa

entry catalyst yieldb (%) anti/sync

1 PPhMe2 (eq 1) 97 (97) 87:13
2 PPhEt2 82 85:15
3 PPh2Me 74 82:18
4 PMe3 0
5 PBu3 48 84:16
6 PPh3 0
7 PCy3 0
8 PtBu3 0
9 DPPE 25 85:15
10 SIMe 0
11 SICy 0
12 IMes 0
13 DABCO 0
14 DBU 0
15 DMAP 0
16 Bu4NCN 0

aConditions: 1a (0.3 mmol), 2a (0.3 mmol), PPhMe2 (10 mol %),
toluene (1.2 mL), 60 °C, 12 h. b1H NMR yield. Yield of isolated
product is in parentheses. cDetermined by 1H NMR analysis of the
crude product.
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the reaction between benzoyl cyanide (1a) (0.3 mmol) and ethyl
3-phenylpropiolate (2a) (0.3 mmol) in the presence of PPhMe2
(10 mol %) in toluene (1.2 mL) at 60 °C over 12 h afforded
acrylonitrile 3aa in 97% isolated yield (based on 2a; 97% NMR
yield; complete conversion of 2a) (eq 1). The NMR analysis of
the crude product indicated that the anti/syn ratio for the
addition stereochemistry was 87:13. The reaction was readily
scalable: a gram-scale reaction with 1.74 g (10 mmol) of 2a
afforded 3aa in 95% isolated yield.

The effect of Lewis base catalysts on the reaction between 1a
and 2a are shown in Table 1.7 The use of PPhEt2 or PPh2Me
instead of PPhMe2 under otherwise identical conditions resulted
in slightly decreased product yields and anti selectivities (entries
1−3). Sterically less demanding PMe3 was ineffective (entry 4).
The more strongly electron-donating PBu3 gave a moderate
product yield with a slightly decreased anti selectivity (entry 5).
The bulkier phosphines such as PPh3, PCy3, and P

tBu3 resulted in
no reaction (entries 6−8). DPPE bisphosphine gave a significantly
decreased product yield (entry 9). No reaction occurred with
N-heterocyclic carbenes or amines (DABCO, DBU, and DMAP)
with different steric and electronic natures (entries 10−15). The
use of Bu4NCN also resulted in no reaction (entry 16).
Various alkynoates were subjected to acylcyanation with 1a

using the PPhMe2 catalyst (Table 2).8,9 The ethoxycarbonyl

Table 2. Scope of Alkynoatesa

aConditions: 1a (0.3 mmol), 2 (0.3 mmol), PPhMe2 (10 mol %), toluene (1.2 mL), 60 °C, 12 h. bYield of isolated product. cDetermined by
1H NMR analysis of the crude product. dPPhMe2 (20 mol %) was used.
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group of 2a could be replaced with methoxy-, isopropoxy-, and
tert-butoxycarbonyl groups without a significant change in the
anti selectivity (entries 1−3). Sugar (2e) and cholesterol (2f)
derivatives underwent acylcyanation (entries 4 and 5).
Alkynoates 2g−l bearing functional groups such as methoxy,

fluoro, bromo, ester, ketone, and 2-(dimethylamino)ethoxy
moieties at the meta- or para-positions of aromatic rings of the
β-substituent reacted to afford the corresponding acrylonitrile
products with high anti selectivities (82−90% anti) (entries 6−11).
However, the substitution with a CN group at the para position
of aromatic ring inhibited the reaction (data not shown). The
2-furyl-, 2-thienyl-, and 3-quinolinyl-substituted alkynoates were
compatible with the acylcyanation and gave high anti selectivities
(entries 12−14). 2-Naphthyl-conjugated alkynoate also under-
went acylcyanation (entry 15). o-Tolyl-substituted alkynoate did
not react at all (data not shown).

Various acyl cyanideswere used in the reactionwith 2a (Table 3).9

The methoxy, bromo and fluoro groups were tolerated as para-
or meta-substituents of the aromatic rings in the acyl cyanides
(entries 1−3). The sterically more demanding aroyl cyanides
bearing ortho-substituents such as methyl and bromo on the
aromatic ring underwent the acylcyanation without a significant
reduction in the anti selectivity (entries 4 and 5). 1-Naphthoyl
cyanide 1g also reacted with high anti selectivity (entry 6).
Thiophene derivatives (1h,i) served as suitable substrates
(entries 7 and 8). However, alkanoyl cyanides resulted in no
reaction (data not shown).
The cyanoesterification of alkynoate with cyanoformate also

proceeded in high yield, but a significant reduction in
stereoselectivity was observed. In this case, PBu3 was a more
appropriate catalyst than PPhMe2. The reaction between
methyl cyanoformate (4a) and 2a provided the correspond-
ing acrylonitrile 5aa in 89% yield with a 50:50 anti/syn ratio
(eq 2).10

As shown in Table 1, entry 16, the reaction with Bu4NCN
catalyst as a cyanide ion source did not give the acylcyanation
product. Based on this observation, the addition of PPhMe2 to
benzoyl cyanide to form a cyanide ion was ruled out as a
reaction pathway for the phosphine-catalyzed acylcyanation.
Thus, the phosphine catalysis is likely initiated by conju-
gate addition of the phosphine to the alkynoate 2 (Figure 1).6

The conjugate addition forms a zwitterionic allenolate inter-
mediate A. The acyl cyanide 1 then undergoes a nucleophilic
acyl substitution with A to form phosphonium cyanide B.
Conjugate addition of the cyanide ion to the β-phosphonium
acrylate counterpart in B followed by the elimination of
phosphine gives 3.
Alkene isomerization experiments were carried out to clarify

how syn-acylcyanation products formed (eqs 3 and 4). The
subjection of isomerically pure anti-3aa or syn-3aa to the
standard reaction conditions gave identical 87:13 anti/syn ratios
for 3aa. This result indicated that the zwitterionic intermediate
C is in equilibrium with 3 through addition−elimination of the
phosphine catalyst. Thus, the phosphine-catalyzed acylcyanation
affords the thermodynamically favored product.

Table 3. Scope of Acyl Cyanidesa

aConditions: 1 (0.3 mmol), 2a (0.3 mmol), PPhMe2 (10 mol %),
toluene (1.2 mL), 60 °C, 12 h. bYield of isolated product.
cDetermined by 1H NMR analysis of the crude product. dThe
reaction was carried out at 80 °C.

Figure 1. Possible catalytic cycle.
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In summary, we have developed a phosphine-catalyzed vicinal
acylcyanation of alkynoates with acyl cyanides as a versatile and
efficient route to acrylonitrile derivatives with a tetrasubstituted
alkene moiety. The acylcyanation across the C−C triple bond in
alkynoates occurred with complete regioselectivity and with high
anti selectivity. Various functional groups were tolerated in both
the acyl cyanides and alkynoates. This metal-free phosphine-
catalyzed protocol provides a new strategy for the carbocyana-
tion of unsaturated C−C bonds.2
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