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Highly enantioselective conjugate cyanation of alkylidenemalonates with KCN was achieved under mild phase-transfer conditions with a
bifunctional phase-transfer catalyst. The effect of Bronsted acid additives was examined based on the hypothetical catalytic cycle, and the
Bronsted acid additive was found to be essential to promote the conjugate cyanation efficiently.

Asymmetric conjugate cyanation of a,f-unsaturated
carboxylic acid derivatives offers an efficient synthetic
method for chiral S-substituted y-aminobutyric acids
(GABA)," which are an important class of pharmaceutical
compounds. Hence, the development of efficient asym-
metric conjugate cyanation of a,fB-unsaturated carbonyl
compounds is an important task for organic chemistry.>
Although several catalytic asymmetric cyanations of oS-
unsaturated carbonyl compounds have recently been
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developed using HCN,®> TMSCN,* ethyl cyanoformate,’
and acetone cyanohydrin® as cyanide sources, further
advances in practical methods for the asymmetric trans-
formation are still highly desirable. In this context, we
are interested in the development of the phase-transfer-
catalyzed’ asymmetric conjugate cyanation of alkylidene-
malonates 1 with KCN® as one of the most economical and
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practical cyanide sources (Scheme 1).° Here we report the
first example of highly enantioselective conjugate cyana-
tion with KCN under phase-transfer conditions."’

Scheme 1. Phase-Transfer-Catalyzed Conjugate Cyanation of
Alkylidenemalonate for the Synthesis of GABA
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In initial attempts of the phase-transfer-catalyzed con-
jugate cyanation in Scheme 1, we have observed a slow rate
of reaction with a catalytic amount of chiral phase-transfer
catalyst (~2 mol %)."" This slow reaction rate is attributed
to the slow regeneration step of ammonium cyanide
(R4NTCN™). That is to say, the ammonium salt of the
adduct 2 (2/-NR4") as a result of the conjugate cyanation
with ammonium cyanide (R4N1TCN™) and alkylidenema-
lonate 1 is relatively stable under the reaction conditions,
and the subsequent step of 2’ - NR, " with KCN seems to be
relatively slow for the regeneration of the ammonium cya-
nide (R4,NTCN™) (Figure 1, right cycle). From this assump-
tion, we expected that addition of a Brensted acid (HX) as a
proton source might be helpful for the acceleration of the
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slow reaction rate for this conjugate cyanation (Figure 1, left
cycle).!>13
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Figure 1. Hypothetical catalytic cycle of the phase-transfer-
catalyzed conjugate cyanation in the presence and absence of
a Bronsted acid additive.

Based on this hypothesis, we examined the effect of
Bronsted acid additives'® in the asymmetric conjugate
cyanation of alkylidenemalonate 1a with KCN under the
influence of chiral bifunctional phase-transfer catalyst
(S)-3a (2 mol %)'*"? in cyclopentane—H,>O biphasic con-
ditions'® (Scheme 2). In the absence of a Bronsted acid
additive, the reaction proceeded very sluggishly and only a
trace amount of cyanation product 2a was obtained. On
the other hand, the reaction with an equimolar amount of a
Bronsted acid additive, such as NH,Cl, HCI, or AcOH,
proceeded smoothly, and cyanation product 2a was pro-
duced in good yields (80—86%) with high enantioselectiv-
ities (88—90% ee). Reduction of the amount of Brensted
acid additive (0.2 equiv) caused a decrease in yields
(26—34% yields). It should be noted that the use of
TMSCN, which generates HCN in the presence of H,O,
as a cyanide source instead of KCN completely shuts off
the reaction. This result indicates that the use of KCN as a
cyanide source is essential to promote the present phase-
transfer-catalyzed conjugate cyanation.
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Scheme 2. Effect of Bronsted Acid Additives
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Based on these observations, we further optimized the
reaction conditions (Table 1). A change of the alkyl group
(R?) on the nitrogen of the catalyst from (S)-3a (R*> = Me)
to (S)-3band (S)-3¢'> caused a decrease in both reactivities
and enantioselectivities (entries 2 and 3). Importantly,
hydroxy-protected catalyst (S)-3d (R' = R?> = Me) gave
the product 2a with low enantioselectivity (30% ee,
entry 4). This result indicates that the bifunctional design
of catalyst (S)-3a is essential to achieve high enantioselec-
tivity in this reaction. The importance of the hydroxy
group in catalyst (S)-3a was further supported by X-ray
diffraction analysis of the related ammonium iodide (S)-3e
(Figure 2)."” The hydrogen-bonding interaction between
the hydroxy group and counteranion (I7) is clearly ob-
served in the crystal structure of (S)-3e, and hence it is
assumed that the position of the cyanide anion in ammo-
nium cyanide derived from (.5)-3a is fixed by the hydrogen
bond.

Switching the alkyl group of the ester moiety in the
alkylidenemalonate from tzert-butyl to isopropyl and
ethyl gave the products 2aa (R’ = i-Pr) and 2ab (R’ = Et)
in good yields with slightly lower enantioselectivities
(76—87% ee, entries 5 and 6). Lower reaction temperatures
increased the enantioselectivities slightly (entries 7—9),
and the highest enantioselectivity was attained at —10 °C
(95% ee, entry 9). A decrease of the catalyst loading to
0.2 mol % still gave the product 2a in acceptable yield
(64%) with high enantioselectivity (91% ee, entry 10). The
reaction with NaCN gave comparable results with the use
of KCN (compare entries 11 and 7).

With optimal reaction conditions in hand, we studied the
substrate generality of the asymmetric conjugate cyanation
of alkylidenemalonates 1 with KCN and a Brensted acid
additive (NH4Cl or HCI) in the presence of chiral bifunc-
tional catalyst (S)-3a under the biphasic phase-transfer
conditions (Table 2). Various types of alkylidenemalonates
1 were found to be employable for the reactions. The
reactions of alkylidenemalonates 1 with simple alkyl chains
gave the corresponding cyanation products 2a—d in high

(17) The crystal structure of (S)-3e has been deposited at the Cambridge
Crystallographic Data Centre (CCDC 911649). The data can be obtained
free of charge via the Internet at www.ccdc.cam.ac.uk/data_request/cif.
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Table 1. Optimization of Reaction Conditions®

KCN (2 equiv) CN
5)-3 (2 mol %
- COR' (5)-3 (2 mal %) CO,R'
, NH,4CI (1 equiv) .
COzR cyclopentane/H,0O COzR
1a (R’ = +-Bu) 2a (R' = t-Bu)
1aa (R'= i-Pr) 2aa (R' = i-Pr)
1ab (R'= Et) 2ab (R' = Et)
Ar_ Ar

(I e
O-R® (5)-3a:R'=H,R2=Me

*R? (S)-3b:R1=H,R2=Bu
OO omt (913 R" = H, R2,R2 = (CH,),0(CHy),

(S)-3d: R' = Me, R2 = Me
Ar Ar

(8)-3: Ar = 3,5-(CF3),-CgHs

temp time yield ee
entry catalyst R (°C) (h) (%) (%)

1 (S)-3a t-Bu rt 8 86 90
2 (S)-3b t-Bu rt 72 15 4
3 (8)-3¢ t-Bu rt 72 59 0
4 (S)-3d t-Bu rt 24 51 30
5 (S)-3a i-Pr rt 0.5 81 87
6 (S)-3a Et rt 0.5 82 76
7 (S)-3a t-Bu 0 24 68 93
8¢ (S)-3a t-Bu 0 10 86 92
9 (S)-3a t-Bu -10 72 64 95
10 (S)-3a° t-Bu 0 96 64 91
11/ (S)-3a ¢t-Bu 0 24 71 93

“Reaction conditions: 1a (0.050 mmol), KCN (0.10 mmol), and
NH,4CI (0.050 mmol) in the presence of (S)-3 (2 mol %) in cyclopentane
(2 mL)/H>O (0.1 mL). ®Yield of isolated products. ¢ Determined by
chiral HPLC analysis. “HCI was used instead of NH4CI. ¢ Reaction
was performed with 0.2 mol % of (S)-3a. /NaCN was used instead
of KCN.

Ph Ph

o e
-\@,Me

Ph Ph
(5)-3e

Figure 2. X-ray crystal structure of (S)-3e.

enantioselectivities (88—93% ee, entries 1—6). The alkyli-
denemalonates 1 possessing functional groups were also
employable for the reaction to give the corresponding
products 2e—g in high enantioselectivities (88—91% ee,
entries 7—11). The cyanation with phenyl-substituted al-
kylidenemalonate 1 (R = Ph) gave the product 2h in
moderate enantioselectivity (entry 12).

The synthetic utility of cyanation product 2f with a chloride
functional group was demonstrated in the intramolecular
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Table 2. Asymmetric Conjugate Cyanation of
Alkylidenemalonate 1 with KCN*

KCN (2 equiv) CN
- COatBu (5)-3a (2 mol %) CO,t-Bu
- additive (1 equiv) 3
CO12t Bu cyclopentane/H,0 0221 Bu
0°C
entry R additive time (h) yield (%)® ee (%)
1  (CHj3),CHCH, NH,C1 24 68 (2a) 93
2  (CH;),CHCH, HCI 10 86 (2a) 92
3 Me NH,C1 36 74 (2b) 92
4 Me HCI 12 76 (2b) 92
5¢  Et HCl 24 76 (2¢) 89
67 Ph(CH,),CH, HCI 24 70 (2d) 88
7  CH,=CHCH,CH, NH,Cl 12 64 (2e) 90
8  CH,=CHCH,CH, HCl 12 75 (2e) 90
9  CI(CH,),CH, NH,CI 8 74 (2f) 90
10  CI(CH,),CH, HCl 8 72 (2f) 91
11 TBSO(CH,,CH, HCI 12 84 (2g) 88
12 Ph HCl 48 34 (2h) 50

“Reaction conditions: 1 (0.050 mmol), KCN (0.10 mmol), and
NH,Cl or HCI (0.050 mmol) in the presence of (S)-3a (2 mol %) in cyclo-
pentane (2 mL)/H,0 (0.1 mL) at 0 °C. ® Yield of isolated products. ¢ Deter-
mined by chiral HPLC analysis. ¢ Reaction was performed at —10 °C.

cyclization to give product 4 as a useful chiral building
block (Scheme 3).

Org. Lett, Vol. 15, No. 6, 2013

Scheme 3. Transformation of the Cyanation Product 2f

CN i) Nal, acetone CN
cl co,tBy _reflx.12h CO,tBu
CO,tBu ii) K,CO3, DMF CO,tBu
of rt, 12 h

4
(90% ee) 91% (90% ee)

In summary, we have successfully developed a highly
enantioselective conjugate cyanation of alkylidenemalo-
nates with KCN in the presence of a chiral bifunctional
ammonium bromide under biphasic phase-transfer condi-
tions. The effect of Bronsted acid additives such as NH,4Cl
and HCl was examined based on the hypothetical catalytic
cycle, and we found that such an additive is essential to
promote the conjugate cyanation efficiently.
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