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ABSTRACT

A novel phosphine-promoted intramolecular acylcyanation of r-substituted activated alkenes has been developed, which provides a unique
access to densely functionalized acyclic ketones bearing β- quaternary carbon centers with a remarkable feature that both r- and β-positions of
activated alkene are functionalized.

To develop efficient strategies regarding how to con-
struct a carbon�carbonbond formation becomes a central
theme in synthetic organic chemistry due to its unique role
in assembling the diverse and complex carbon frameworks.
Within this field, the generation of an all-carbon-substi-
tuted quaternary center is fundamentally important and
represents a great challenge.1 As one of the most straight-
forward and atom-economical C�C bond-formation re-
actions, the transitionmetal-catalyzed acylcyanation reac-
tion of alkynes and alkenes has receivedmore considerable

attention.2 In particular, a transition metal-catalyzed in-
tramolecular acylcyanation reaction of alkenes has
emerged as a powerful tool for preparing functionalized
nitriles incorporating an all-carbon-substituted quatern-
ary center, because this atom-economical transformation
allows simultaneous installation of both carbonyl and
cyano functional groups in a highly selective and efficient
manner (Scheme 1, eq 1).3 However, these intramolecular
transformations employed electron-rich alkenes as sub-
strates with limited functional group compatibility and
required harsh reaction conditions. In addition, these
processes were restricted to the cyanocarbamoylation of
alkenes which provide cyclic compounds,3 while the in-
stallations of other acyl groups have not been exploited.
With the goal of developing efficient metal-free processes
to construct the diverse carbon frameworks incorporating
quaternary carbon centers,4 we are interested in a Lewis
base catalyzed acylcyanation of electron-deficient alkenes
which may have advantages such as: (i) providing a
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metal-free access to highly functionalized nitriles with
diverse functional group compatibility in a single step;
(ii) from readily available startingmaterials; and (iii) under
neutral and mild conditions. Although Lewis base cata-
lyzed acylcyanation of carbonyl compounds and imines
have been studied extensively in recent years,5,6 an intra-
molecular acylcyanation reaction of activated alkenes
catalyzed by Lewis base has not been developed.
Herein, we report an unprecedented phosphine promoted

intramolecular acylcyanation of R-substituted activated
alkenes which provides an unique access to densely functio-
nalized acyclic ketones bearing β-quaternary carbon centers
with the remarkable feature that bothR- and β-positions of
activated alkene are functionalized (Scheme 2, eq 2).7

Recently, we developed a novel synthetic strategy to
furnish the highly functionalized cyanohydrins 1.4a We
envisioned that these valuable cyanohydrins 1 with a
tertiary alcohol moiety as well as cyanide and allylic
functional groups may serve as suitable scaffolds for
exploring anunique intramolecular acylcyanation reaction
with R-substituted activated alkenes as the substrate. We
hypothesized that a possible conjugate addition of Lewis
base catalyst to the activated terminal alkene moiety of
cyanohydrins 1 and followed by a tandem intramolecular
condensation with the ester group and an elimination
would afford a phosphonium salt III with cyanide ion as
a counterion. Subsequently, a SN2 substitution of inter-
mediate III could furnish densely functionalized desired
product 2 by utilizing the nucleophilicity of cyanide ion
(Scheme 2).8

To assess the feasibility of this transformation, an initial
investigation was examined with O-ethoxycarbonyl pro-
tected cyanohydrins 1aa in acetonitrile with a catalytic
amount of PPh3 (20 mol %), which were readily prepared
from the cyanation-allyic-alkylation reaction.4a Gratify-
ingly, this reaction gave rise to highly functionalized
ketone 2aa with a quaternary carbon atom incorporated,
whose structure is unambiguously supported by 1H NMR
and 13C NMR spectra, albeit rather sluggishly (Table 1,

entry 1). More electron-rich phosphine catalysts were
employed and afforded desired product in increased yields
(Table 1, entries 2�4). Tertiary amines, such as DMAP,
DABCO, and DBU, were also evaluated. However, all of
themgave desired product 2aa in relatively low yields, even
at elevated temperature (Table 1, entries 5�7). Solvent
optimization showed that this acylcyanation reaction

Scheme 1. Intramolecular Acylcyanation of Alkenes Reported
and in This Work

Table 1. Optimization of Phosphine Promoted Intramolecular
Acylcyanation of R-Substituted Activated Alkene 1aa

entry cat. solvent temp (�C) time (h) yield (%)b

1 PPh3 CH3CN 60 36 24

2 PPh2Et CH3CN 30 2 45

3 PPhEt2 CH3CN 30 0.5 62

4 PBu3 CH3CN 30 0.5 53

5 DABCO CH3CN 80 24 40

6 DMAP CH3CN 80 24 45

7 DBU CH3CN 30 1 41

8 PPhEt2 DMF 30 0.5 73

9c PPhEt2 DMF 30 0.5 81

10c,d PPhEt2 DMF 30 0.5 89

aReactions were performed with 1aa (0.1 mmol) and 20 mol % of
catalyst in solvent (c = 0.1 M). b Isolated yield. cReaction was carried
out in solvent (c = 0.02 M). d 4 Å molecular sieve was added.

Scheme 2. Proposed Reaction Pathway
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proceeded well in DMF in the presence of 20 mol %
PPhEt2 or PBu3.

9 Given the possibility of the intramole-
cular mechanism of this reaction involved, the reaction of
1aa was carried out at dilute concentration. Indeed, an
increased yieldwas observed as the reactionwas performed
in dilute DMF (Table 1, entry 9). The yield of 2aa could be
further enhanced by employing this reaction in dilute
DMF in the presence of a molecular sieve (Table 1, entry 9).
Finally, optimal reaction condition was obtained when
the reaction was conducted in dilute DMF in the presence
of 4 ÅMSand furnisheddesired product 2aa in 89%yield.
(Table 1, entry 10).
With optimal reaction conditions in hand, a variety of

different O-acyl protected cyanohydrins 1 were investi-
gated first. The results are summarized in Table 2.

Besides cyanohydrin carbonate 1aa,O-benzyloxycarbo-
nyl protected cyanohydrin carbonate 1ab also furnished
the functionalizedketone2ab in highyield (Table 2, entry 2).
Cyanohydrin esters other than carbonates were employed
and displayed the variant reactivities. O-acetyl protected
cyanohydrin 1ac, which may afford 1,4-diketone, gave the
desired product 2ac at a raised temperature in 80%yield in
the presence of 20mol%PBu3 (Table 2, entry 3).WhenO-
acryl protected cyanohydrins 1ad was employed, the acyl-
cyanation reaction furnished the desired product 2ad in
48% yield (Table 2, entry 4). However, benzoyl cyanohy-
drin 1ae did not provide any desired product under the
modified reaction conditions (Table 2, entry 5), presum-
ably due to the steric hindrance effect. Further performing
this reactionwith cinnamoyl analog 1af under optimal reac-
tion conditions afforded the desired unsaturated ketone
2af in low yield (Table 2, entry 6). Considering the possible
instability of R, β-unsaturated ketones under selected

reaction conditions,10 O-3-methylcrotonoyol protected
cyanohydrin 1ag was employed, and unsaturated ketone
2ag was obtained in improved yield indeed (Table 2,
entry 7). O-formyl protected group of cyanohydrin 1ah

seemed to be fragile under optimal reaction conditions,
and the reaction failed to give the desired product.
Next, an intramolecular acylcyanation of a spectrum of

O- ethoxycarbonyl protected cyanohydrins with a variety
of substituents located at the R-position of the cyano-
group was surveyed to explore the generality of this
transformation. The results are summarized in Scheme 3.
The reaction proceeded well regardless of whether the
aromatic group has an electron-withdrawing (2bb) or an

electron-donating (2bc) groups and whether the aromatic
group is substituted at the para- (2bb and 2bc), meta- (2bd),
or ortho- (2be and 2bf) position. β-Naphthyl and hetero-
aromatic subsititued cyanohydrins can also serve as good
substrates and provided desired products in comparably
good yields (2bg and 2bh). Cyanohydrin 1bi with an
aliphatic group located at the R-position of cyano-group
was next preparedand evaluated.As expected, the reaction
afforded ketone 2bi in excellent yield. Noteworthily, steri-
cally congested cyanohydrin 1bj was employed and
smoothly converted to the desired ketone 2bjwith adjacent

Table 2. Phosphine-Promoted Intramolecular Acylcyanation of
Various O-acyl Protected Cyanohydrinsa

entry R1 1 temp (�C) time (h) yield(%)b

1 OEt 1aa 30 0.5 89(2aa)

2 OBn 1ab 30 2 71(2ab)

3c Me 1ac 60 18 80(2ac)

4c Et 1ad 30 6 48(2ad)

5 Ph 1ae 30 � �d

6c (E)-PhCHdCH 1af 60 36 16(2af)

7c (CH3)2CdCH 1ag 60 36 41(2ag)

8 H 1ah 30 � �d

aReactions were performed with 1 (0.1 mmol), 4 Å molecular sieve,
and 20 mol % of PPhEt2 in DMF (c = 0.02 M). b Isolated yield.
cPBu3(20 mol %) was used. dNo desired product was detected.

Scheme 3. Phosphine Promoted Intramolecular Acylcyanation
of Various Cyanohydrinsa,b

aFor full experimental details, see the Supporting Information.
b Isolated yield.

(9) See Supporting Information for details.

(10) The stability of R,β-unsaturated ketone 2ca was tested. Submit-
ting 2ca to the optimal reaction conditions in 24 h, 2ca was recovered in
29% yield along with some unindentified substances.
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quaternary and tertiary centers in 25%yield.Furthermore,
cyanohydrin carbonates with different ester moieties have
been applied in the developed process (2bk and 2bl). The
substrate 1bl with bulkily ester group gave the product 2bl
in relatively low yield.

In the course of further studies, cyanohydrin carbonates
1 with vinyl substituents located at the R-position of the
cyano group were evaluated (Scheme 4). In contrast with
phosphine promoted intramolecular acylcyanation of O-
R,β-unsaturated acyl protected cyanohydrin (1af and 1ag),
cyanohydrins 1 with vinyl substituents located at the
R-position of the cyano group add a new dimension to
the scope of these reactions. The linear vinyl substituted
cyanohydrins (1ca and 1cb) afforded unsaturated ketones
2ca and 2cb in relatively low yields (2ca and 2cb). Thus, the
branched vinyl substituted cyanohydrin carbonate 1ccwas
investigated. To our delight, this process furnished the
desired unsaturated ketone 2cc in high yield with high
efficiency. Other branched vinyl substituted cyanohydrin
carbonates also provided good to excellent results under
the optimal reaction conditions (2cd and 2ce). In addition,
intramolecular acylcyanation of cyanohydrin acetate 1cf

has been investigated and gave rise to unsaturated 1,4-
diketone 2cf in 36% yield.
To gain some preliminary mechanistic understanding of

this intramolecular transformation, control experiments
were conducted (Scheme 5). Since phosphines can undergo
1,2-addition to carbonyl compounds,7b,5g a possible alter-
native mechanism is that the attack of phosphine at the
CdO bond of O-acyl group of cyanohydrin 1aa, which
results in ketone 4a and acylphosphonium salt (VI), and

followed by an insertion of VI across the CdC bond of 4a
could lead to a final product. However, this possibility
was ruled out due to the fact that treatment of ketone 4a,
ethyl cyanoformate, and PPhEt2 (20 mol %) did not
provide the desired product (Scheme 5a). Interestingly,
the treatment of substrate 1aa with tetrabutylammonium
cyanide (20 mol %) provided 2aa in 80% yield as well,
which indicated that cyanide ion can promote this process
alone (Scheme 5b).11 Based on these investigations, it is
also possible that cyanide ion generated in situ could
undertake a tandem transformation to provide the desired
product (Scheme 5, pathB). Further studies of the reaction
mechanism are ongoing in our laboratories and will be
reported in due course.
In summary, we have developed a novel phosphine

promoted intramolecular acylcyanation reaction of R-sub-
stituted activated alkenes, which are prepared from readily
available starting materials. This protocol provides a facile
access to construct quaternary carbon centers under neutral
and mild conditions. The broad scope and versatility of the
processwasdemonstratedby the introductionof avarietyof
alkyl, aryl, allylic, and heteroaryl substituents at multiple
sites in the densely functionalized ketone products.
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Scheme 4. Phosphine Promoted Intramolecular Acylcyanation
of Various Vinyl (R2) Cyanohydrinsa

aFor full experimental details, see the Supporting Information.
b Isolated yield.
cPBu3 (20 mol %) was used.

Scheme 5. Control Experiments and Mechanistic Proposal
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