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ABSTRACT: Rh/silane-cocatalyzed regio- and enantioselctive allylic cyanomethylation with inert acetonitrile directly has been
developed. Addition of a catalytic amount neutral silane reagent as an acetonitrile anion carrier is essential for the success of this
reaction. The synthesis of mono- and bis-allylation products can be switched by adjusting the size of substituents on the silane,
ligands, and temperature. Chiral homoallylic nitriles could be synthesized in above 20:1 branch/linear ratio, up to 98% yield and
>99% ee.

Alkylnitriles widely exist in natural products and bio-
logically active molecules.1 Nitriles are also frequently

utilized as versatile organic intermediates in the synthesis of
acids, esters, amides, amines, and other functional groups.2

Compared with methods from cyanide and activated nitriles,3

the direct functionalization of alkyl nitriles (especially
acetonitrile) provides a less-toxic and more atom-economic
strategy to prepare substituted nitriles. Acetonitrile is
commonly used as solvent for its inertness and weak acidity
(pKa = 31.3 in DMSO).4 Stoichiometric strong bases are
normally required in the alkylation of acetonitrile, which limits
the functional group tolerance and may result in byproducts
formation.5 Several activation modes of acetonitrile based on
transition metals6 and radical process7 have been developed
under milder conditions. However, the direct utilization of
acetonitrile in asymmetric catalysis is still very limited. Only
the enantioselective addition to aldehydes, ketones, and imines
have been reported.8 The development of new acetonitrile
activation and steric control strategy in asymmetric catalysis is
of great value.
Transition-metal-catalyzed regio- and enantioselective allylic

substitution reactions is one of the most powerful methods to
construct carbon−carbon bonds.9 Although acetonitrile
surrogates have been successfully applied in allylation
reactions,10 direct allylic cyanomethylation of readily available
acetonitrile is never reported. Reaction of acetonitrile under
strong basic conditions led to the Thorpe condensation before
allylation.11 Evans reported an elegant Rh-catalyzed regiose-
lective and stereospecific allylic cyanomethylation with
stoichiometric amount of trialkylsilylacetonitrile (Scheme
1a).10a Recently, our group developed catalyst based on Co/
Rh and bisoxazolinephosphine (NPN*) to realize asymmetric
allylic substitution reactions of various acidic pronucleo-
philes.12 However, attempts to extend nucleophiles to
acetonitrile failed, probably due to the fact that the
deprotonation of acetonitrile by the released alkoxide anion
is not efficient enough to form a hard and reactive acetonitrile
anion. Inspired by Evans’ work and the successful isolation of
pentaorgano-silicates from reactive carbon anions and neutral
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Scheme 1. Asymmetric Allylic Cyanomethylation Enabled
by Silicon Reagents
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silicons,13 we envisioned that the addition of R3SiX may trap
and tame the acetonitrile anion. The good balance between
stability and reactivity of silicates enables soft pentaorgano-
silicate nucleophiles formation from a hard acetonitrile anion
(Scheme 1b). Moreover, the substituents on silane can affect
the reactivity and selectivity in the allylation. Herein, we
present a highly branched and enantioselective allylic
cyanomethylation from acetonitrile directly by synergistic
rhodium and silane catalysis. The size of R groups in a
catalytic amount of silane plays the key role to switch mono- or
bis-allylation (Scheme 1c).
We tested the effect of different silicon reagents with racemic

allylic carbonate 1a, acetonitrile 2a, [Rh(cod)Cl]2, and L1 at
80 °C (Figure 1). To our delight, the addition of Si-1 with

stabilizing biphenyldiyl groups13a leads to the formation of
both monoallylation 3a and bis-allylation 4a in moderate
yields. Further silicon screening indicates that the degree of Si-
X polarization should be moderate. Si-2 and Si-3 with excellent
leaving groups are not reactive, probably due to the direct
attack of base to silicon. Si-4 with nonpolar ethyl groups
cannot catalyze the reaction.
Silanes with electron-withdrawing CF3, CH2CO2Et, and

CH2CN groups are all efficient (Si-5−Si-10) and bis-allylation
4a is formed predominantly. Low yield was obtained with
TMSOt-Bu (Si-11), which excludes that in situ generated Si-
11 from Si-8 is the active silicon. Trialkyl or triphenyl silanes
Si-12 and Si-13 are also reactive. A silyl imine or silylated
amine from acetonitrile reduction14 might be the active
catalyst. The silyl imines can be detected by GC-MS after
reactions. This was supported by the high reactivity of Si-14
and Si-15 with imine or diethylamino groups.
Bis-allylic product 4a with 99% ee15 and >20:1 dr was

obtained in 93% yield after addition of 10 mol % TMSCH2CN
(Table 1, entry 1). The yield and ee did not decrease when 1

mol % [Rh(cod)Cl]2 is used (entry 2). The bis-allylation could
be explained by the β-aryl and olefin enhanced acidity of α-H
of nitrile 3a,16 which makes the monoallylation challenging.
The bigger size of silyl groups in Si-9 and Si-10 led to high
ratio of 3a (entries 3 and 4). 85% of 3a in 85% ee was isolated
at 100 °C with Si-10 (entry 5). Si-8 at 100 °C can only lead to
6% of 3a (entry 6), which indicates both size of silicon and
temperature are important for monoallylation. Higher temper-
ature may accelerate the exchange between 2a and 3a in the
Rh(I)/nitrile complex (see mechanism scheme). Ligand
screening demonstrates that L6 with bulkier R1 can further
increase the monoselectivity and ee (entries 7−11).
The scope of the monoallylation was evaluated (Scheme 2).

Both electron-donating and electron-withdrawing groups could
be tolerated at the 4-position of the phenyl group in allylic
carbonates (3a−3h). The desired monoallylation products
were obtained in high yields and ee. The 2-methyl group on
phenyl leads to lower conversion (3i). 2-Naphthyl, 2-
thiophenyl, and styryl substituted allylic carbonates can also
be converted to monoallylation products successfully (3j−3l).
Unfortunately, a large amount of 1,3-diene byproduct from β-
hydride elimination was obtained when alkyl-substituted allylic
substrates were used in the identical condition due to the
slower C−C bond formation. Further screening indicates that
Ph3SiH is much more effective even with lower Rh loading.
The in situ formed silyl imine14 is more reactive than
TIPSCH2CN, probably due to the more polar Si−N bond.
Allylic carbonates bearing phenylethyl and ether groups were
tolerated (3m, 3n). 3o and 3p with more hindered cyclohexyl
and 3-pentyl groups could also be obtained successfully.
Finally, 3q with an all-carbon quaternary carbon center could
be prepared in 81% yield, although lower 48% ee was obtained.
Both 3a and 3m can be synthesized in gram scale. When other
alkylnitriles were used, the α-allylation product could not be
obtained under standard or other conditions, probably due to

Figure 1. Effect of different silicon reagents.

Table 1. Optimization for Rh-Catalyzed Asymmetric Allylic
Cyanomethylationa

entry L [Si] 3a, yield (ee), % 4a, yield (ee), %

1 L1 Si-8 93 (99)
2b L1 Si-8 94 (99)
3 L1 Si-9 9 (99) 88 (99)
4 L1 Si-10 21 (89) 72 (86)
5c L1 Si-10 85 (85) 11 (83)
6c L1 Si-8 6 (99) 88 (98)
7c,d L2 Si-10 92 (30)
8c L3 Si-10 86 (73)
9c L4 Si-10 71 (93) 21 (87)
10c L5 Si-10 80 (94) 15 (89)
11c L6 Si-10 93 (97)

aConditions: 1a (0.2 mmol, 1.0 equiv), [Si] (10 mol%), [Rh(cod)-
Cl]2 (2.5 mol%), L (5 mol%). b1 mol% [Rh(cod)Cl]2 and 2 mol%
L1. c100 °C. d60 h.
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their lower acidity. The alkylnitrile anion with relatively larger
size might be difficult to react with neutral silanes to form
pentaorganosilicate and easier to be protonated. The desired
product could be obtained indirectly from 2-(trimethylsilyl)
alkyl nitriles (see Supporting Information).
In the bis-allylation reaction (Scheme 3), both electron-

donating and electron-withdrawing groups could be tolerated
on the phenyl ring to give high yields, above 20:1
diastereomeric ratio and excellent ee (4a−4i). Similarly,
heterocyclic and styryl groups make no significant difference
on the reactivity and stereoselectivity (4j−4m). As for alkyl-
substituted allylic substrates, 1 mol % [Rh(cod)Cl]2, 2 mol %
L4, and 3 mol % less hindered Et3SiH at 80 °C for 10 h was
identified as an efficient condition. Bis-allylation products
bearing phenylethyl, ether, thioether, and n-pentyl groups were
obtained in high yields and ee (4n−4q). It is worth mentioning
that the more sterically hindered isobutyl and cyclohexyl
groups can be introduced to give 4r and 4s.
Control experiments were conducted to gain mechanistic

insight of the Rh-catalyzed asymmetric allylation of acetoni-
trile. First, when catalytic amount of PhMe2SiCH2CO2Et (Si-7,
20 mol %) and TIPSCH2CN (Si-10, 10 mol %) were subjected
to the bis- and monoallylation conditions, respectively, both of
the silicon catalysts could be mostly recovered (Scheme 4a). It
was demonstrated that the silane catalysts were not converted
to other species during the reactions.17 Second, the
substituents on the silyl groups can affect both the chemo-
and enantioselectivity of 3a (Scheme 4b), which indicates a
silicon-bonded nucleophile might be really involved. Deute-
rium exchange between TIPSCH2CN and CD3CN was

investigated in the presence of LiOtBu (Scheme 4c). No any
deuteration in TIPSCH2CN was observed after heating in
THF at 80 °C for 24 h. However, when Rh(I) and L1 were
added, quite a lot of deuterium was incorporated into the
recovered TIPSCH2CN. This result indicates that the
deprotonation of acetonitrile was assisted by Rh(I) complex.18

This result also suggests that the formation of carbon-bounded
pentaorgano-silicates might be reversible. Both CH2CN and
CD2CN moieties in the silicate generated from TIPSCH2CN
can be transferred out. Finally, the promotion effect of silane
catalyst is not only limited to rhodium catalysis. The linear
selective bisallylation of acetonitrile can be realized with
catalytic amounts of Pd(0)/dppe and TMSCH2CN (Scheme
4d). 4t and 4u could be isolated in high yield from linear allylic
carbonate 1v and 1w, respectively. The monoallylated
acetonitrile is easier than simple acetonitrile to undergo the
allylation under the catalysis of Pd(0) and silane due to the
higher acidity of the α-H of monoallylated acetonitrile.
Based on the experiments above and literature reports, a

catalytic cycle was proposed in Scheme 5. First, Rh(I)Cl/NPN
complex undergoes oxidative addition with allyl t-butyl
carbonate 1 to form an ionic pair B of cationic 18-electron

Scheme 2. Scope of Mono-Allylationa

aConditions: 1 (0.2 mmol, 1.0 equiv), Si-10 (10 mol%), [Rh(cod)-
Cl]2 (2 mol%), L6 (4 mol%). b Gram-scale synthesis. c 1 mol%
[Rh(cod)Cl]2, 2 mol% L1 and 3 mol% Ph3SiH for 10 h. d 1 mol%
[Rh(cod)Cl]2, 2 mol% L1 and 3 mol% Et3SiH for 10 h.

Scheme 3. Scope of Bis-Allylationa

aConditions: 1 (0.2 mmol, 1.0 equiv), 2 (1 mL), TMSCH2CN (Si-8,
10 mol%), [Rh(cod)Cl]2 (1 mol%), L1 (2 mol%). b 3 mol% Et3SiH
(Si-12) and 2 mol% L4 were used instead, 10 h.
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π-allyl/rhodium intermediate and t-BuO anion. Deprotonation
of Rh(I)-activated acetonitrile 2 by t-BuO anion18 and the
formation of intermediate C is less favored due to the low
acidity of acetonitrile. However, this process can be accelerated
by reversible trapping the sterically less hindered acetonitrile
anion with neutral silicon reagent, and 5-coordinated silicate
based ionic pair D was formed.19 The competing reaction
between bulky t-butoxide anion and R′3SiX is reversible and
can be suppressed when large R′ group is attached to Si. More
active silicate in E20 from the isomerization of D attacks the
carbon of allyl/Rh intermediate in an outer-sphere manner
generates product 3, releasing Rh(I) A and silane reagent. 3 is

more acidic than 2 and could undergo another allylation. The
bulkier R′ groups in silane R′3SiX prevents the formation of D-
type intermediate in the second allylation and stops the
reaction at monoallylation 3.
The chiral homoallylic nitriles could be converted to

different chiral products by manipulating the cyano and olefin
functions (Scheme 6). The homoallylic nitrile 3m could be

transformed to chiral γ-stereogenic primary amine 5, cyclo-
propylamine 6, pyridine 7, and oxazoline 8 in single steps,
respectively, without any erosion of the enantioselectivity.
Chiral pyrrolidine 9 was synthesized in 68% overall yield and
>20:1 dr by reduction, protection, and Pd-catalyzed carboami-
nation sequence. Cyano-substituted cyclopentene 10 with 99%
ee could be synthesized by ring-closing-metathesis of bis-
allylated acetonitrile 4a in 91% yield.
In summary, we have reported a highly branched and

enantioselective allylic alkylation of acetonitrile directly by
synergistic rhodium and silane catalysis. A catalytic amount of
moderately polarized silane is the key to realize the high
reactivity of acetonitrile. A five-coordinated silicate intermedi-
ate was proposed by trapping the acetonitrile anion. The silane
catalyst can not only enhance the reactivity, but also switch the
mono- and bis-allylation pathways by its size effect. Chiral
nitriles bearing one or two allyl groups were synthesized in
above 20:1 branch/linear ratio, up to 98% yield and >99% ee.
The extension of the catalytic silicate formation strategy to
other nucleophiles is ongoing in our group.
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