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Abstract: The asymmetric addition of ethyl cyanoformate to a
range of aldehydes was efficiently catalyzed by a easily prepared
C2-symmetric chiral N,N¢-dioxide–Ti(IV) complex in high yields
with up to 90% ee under mild conditions. A linear effect between
the enantiopurity of the ligand and the enantiopurity of the product
was observed.
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Cyanoformate esters (ROCOCN) are known to react with
aldehydes and ketones, leading directly to cyanohydrin
carbonates.1 Recently, asymmetric catalysts for this reac-
tion have been reported. While, the majority of chiral cat-
alysts used for this goal are cinchona alkaloid derivatives,
oxynitrilase enzyme and chiral metal complexes.2 In re-
cent years, chiral N-oxides have been used in several
asymmetric procedures, such as the allylation of alde-
hydes,3 the addition of Et2Zn to aldehydes,4 the reduction
of ketones,5 the epoxide openings,6 the aldol reaction7 and
the cyanosilylation of carbonyl compounds.8 Herein, we
wish to repot the results on the asymmetric cyano-ethoxy-
carbonylation reaction of aldehydes using a novel, easily
prepared C2-symmetric chiral N,N¢-dioxide (Figure 1)
titanium complexes.

For the initial studies, the addition of ethyl cyanoformate
to benzaldehyde catalyzed by chiral N,N¢-dioxide ligands
1a–h (Figure 1) with titanium complexes were investigat-
ed at –20 °C. As illustrated in Table 1, ligand 1a afforded
cyanohydrin ethyl carbonates with 90% yield and 38% ee
(Table 1, entry 1). Based on the successful ligand 1a skel-
eton, we then modified the prolinamide parts and prepared
a series of chiral N,N¢-dioxide derivatives 1b–h
(Figure 1).9 It was found that the amide substituent played
an important role on the enantioselectivity. Ligand 1c,10

which contained a 2-tert-butylphenyl group, gave good
enantioselectivity (Table 1, entry 3 vs. entries 1, 2, 4–8).
Increasing the size of the prolinamide parts resulted in ef-
ficiency with lower enantioselectivities than 1c (Table 1,
entries 5, 6).

Then the N-terminal effect of the catalyst was investigat-
ed, a variety of proline-based N,N¢-dioxides, bearing the
optimal 2-tert-butylphenylamine terminus, were prepared
and examined (Table 1, entries 7, 8). Lower enantioselec-
tivity than 1c was observed when the size of the N-termi-
nal substituents was increased (Table 1, entry 7). Ligands
bearing electron-poor substituents (1h) also led to low
reactivity and enantioselectivity (Table 1, entry 8). In
addition, in order to compare with catalyst 1c–Ti(Oi-Pr)4,
complex 3–Ti(Oi-Pr)4 was also examined in this reaction
under the same conditions, but it was less efficient than
1c–Ti(Oi-Pr)4 (Table 1, entry 10). While the alternative
diastereomer 2–Ti(Oi-Pr)4 promoted the same selective
transformation to afford the alternative product antipode
(Table 1, entry 9). Thus 1c was identified as the most
effective catalyst (Table 1, entry 3).

We then further optimized the reaction conditions by
exploring the use of other Lewis acids. The results were
summarized in Table 1. Ti(Oi-Pr)4 gave more promising
enantioselectivity (63% ee) than other Lewis acids

Figure 1 Ligands evaluated for asymmetric addition of ethyl cyano-
formate to benzaldehyde.

1a R1 = Me, R2 = cyclohexyl

1b R1 = Me, R2 =  o-tolyl

1c R1 = Me, R2 = 2-tert-butylphenyl

 1d R1 = Me, R2 = 2,6-diisopropylphenyl

1e R1 = Me, R2 = 1-adamantyl

 1f R1 = Me, R2 = diphenylmethyl

 1h R1 = Cl, R2 = 2-tert-butylphenyl

1g R1 = t-Bu, R2 = 2-tert-butylphenyl
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(Table 1, entries 11, 12). Changing the molar ratio be-
tween Ti(Oi-Pr)4:1c led to low yields and enantioselectiv-
ities (Table 1, entries 13, 14 vs. entry 3). Therefore, the
complex 1c–Ti(Oi-Pr)4 (1:1) was employed in screening
other conditions.

Firstly, a series of solvents including toluene, Et2O,
CH2Cl2 were screened (Table 2, entries 1–3). The best sol-
vent was found to be CH2Cl2 (Table 2, entry 1). Further
studies indicated that the concentration of benzaldehyde
had a slight influence upon the enantioselectivity
(Table 2, entries 4–6). The optimum concentration of
benzaldehyde was 0.5 M (Table 2, entry 4). Both the yield
and enantioselectivity were dramatically influenced by
catalyst loading. The most favorable catalyst loading was
found to be 10 mol% (Table 2, entry 7). The effect of ad-
ditives showed that 4 Å MS was most promising in this
catalytic system (Table 2, entry 10). Temperature clearly

affected the yield and the enantioselectivity. The satisfy-
ing temperature was –45 °C (Table 2, entry 12). Increas-
ing the temperature caused a drop in enantioselectivity
(Table 2, entry 11). Further decreasing the temperature
led to a dramatic decrease in reactivity without any im-
provement in enantioselectivity (Table 2, entry 13).

Extensive screening showed that the optimized catalytic
system was 10 mol% 1c–Ti(Oi-Pr)4 (1:1), 0.5 M benz-
aldehyde, 2.0 equivalents EtOCOCN in 0.5 mL of CH2Cl2

in the presence of 4 Å MS (20 mg) at –45 °C (Table 2,
entry 13).

Encouraged by the result obtained for the benzaldehyde,
the addition of ethyl cyanoformate to other aldehydes was
then investigated under the optimized conditions,11 and
the results were shown in Table 3. The asymmetric cy-
anosilylation of aromatic, a,b-unsaturated and aliphatic
aldehydes proceeded smoothly to provide the corre-
sponding cyanohydrin carbonates in high yields with
moderate to good enantioselectivities (Table 3). Electron-
rich or electron-withdrawing aromatic aldehydes were
found to be good substrates for this reaction, giving
enantioselectivities of cyanohydrin carbonates similar to
those obtained with benzaldehyde (Table 3, entries 2–8).
b-Naphthaldehyde was found to be excellent substrate

Table 1 Asymmetric Addition of Ethyl Cyanoformate to 
Benzaldehyde by Different C2-Symmetric Chiral N,N¢-Dioxide 
Ligand–Titanium Complexesa

Entry Ligandf Metal Yield (%)b ee (%)c

1 1a Ti(Oi-Pr)4 90 38

2 1b Ti(Oi-Pr)4 91 39

3 1c Ti(Oi-Pr)4 86 63

4 1d Ti(Oi-Pr)4 64 37

5 1e Ti(Oi-Pr)4 80 36

6 1f Ti(Oi-Pr)4 84 36

7 1g Ti(Oi-Pr)4 86 44

8 1h Ti(Oi-Pr)4 76 38

9 2 Ti(Oi-Pr)4 83 63g

10 3 Ti(Oi-Pr)4 75 27

11 1c AlEt3 40 23

12 1c Ti(Oi-Pr)4 – –

13d 1c Ti(Oi-Pr)4 10 36

14e 1c Ti(Oi-Pr)4 17 43

a Reactions were carried out on a 0.25 mmol scale of benzaldehyde in 
1.0 mL of CH2Cl2; ligand:metal (5 mol%) = 1:1; EtOCOCN (2.0 
equiv).
b Isolated yield of the cyanohydrin carbonates.
c Determined by HPLC on a Chiralcel OD-H column.
d Ratio 1c:Ti(Oi-Pr)4 (5 mol%) = 1:2.
e Ratio 1c:Ti(Oi-Pr)4 (5 mol%) = 1.25:1.
f Structural identity of all ligands were determined by 1H NMR, 
13C NMR and HRMS.
g The configurations was S, determined by comparison of optical 
rotation with reported in the literature, and the others were R.2b

H

O

CN

OCO2Et

*
5 mol% L*–Metal

2.0 equiv EtOCOCN
CH2Cl2, –20 °C, 36 h

Table 2 Optimization of the Addition of Ethyl Cyanoformate to 
Benzaldehyde in the Presence of 1c–Ti(IV) Complexa

Entry 1c 
(mol%)

Solvent Temp 
(°C)

Time (h) Yield 
(%)b

ee (%)c

1d 5 CH2Cl2 –20 36 86 63

2d 5 Toluene –20 36 34 33

3d 5 Et2O –20 36 30 27

4 5 CH2Cl2 –20 36 92 65

5e 5 CH2Cl2 –20 36 54 57

6f 5 CH2Cl2 –20 36 94 54

7 10 CH2Cl2 –20 36 97 72

8 15 CH2Cl2 –20 30 98 69

9 30 CH2Cl2 –20 30 98 65

10g 10 CH2Cl2 –20 30 93 78

11g 10 CH2Cl2 0 8 85 66

12g 10 CH2Cl2 –45 48 85 86

13g 10 CH2Cl2 –78 48 53 86

a Unless otherwise specified, reactions were carried out on a 0.25 
mmol scale of benzaldehyde in 0.5 mL of solvent; EtOCOCN (2.0 
equiv); 1c: Ti(Oi-Pr)4 (10 mol%) = 1:1.
b Isolated yield of cyanohydrin carbonates.
c Determined by HPLC on a Chiralcel OD-H column.
d [Benzaldehyde] = 0.25 M.
e [Benzaldehyde] = 0.125 M.
f [Benzaldehyde] = 1.0 M.
g In the presence of 4 Å MS (20 mg).
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giving cyanohydrin carbonate with 90% enantiomeric
excess, while (E)-cinnamaldehyde and cyclohexane-
carbaldehyde only gave moderate enantioselectivities
(Table 3, entries 13, 14).

Finally, in order to obtain the information on possible
structure of the C2-symmetric chiral N,N¢-dioxide–Ti(IV)
complex in solution, a series of experiments about the
relationship between the enantiopurity of the ligand 1c
(Figure 1) and the enantioselectivity of the product were
studied. A clear linear effect was observed in this reaction

(Figure 2). The result simply indicated that homochiral
polymeric 1c– Ti(Oi-Pr)4 (1:1) complexes are more stable
than heterochiral polymers in the stereodiscriminating
step of the reaction.12

In conclusion, asymmetric cyanation of aldehydes has
been achieved using 10 mol% of the C2-symmetric chiral
N,N¢-dioxide–Ti(IV) complex and good yields of the cor-
responding cyanohydrin carbonates are obtained with
high enantioselectivities (up to 90% ee) under mild reac-
tion conditions. Further investigations are planned to
search for more effective chiral N-oxide ligands and pro-
vide additional information with regard to the scope and
precise mechanism.
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