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Abstract—The BINOL-salen compound (S)-5¢ in combination with Ti(OPr), is found to catalyze the addition of TMSCN to alde-
hydes to form chiral cyanohydrins with very good enantioselectivity (75-85% ee). The reactions are carried out in one-pot at room
temperature without the need to isolate the chiral Lewis acid catalyst.

© 2005 Elsevier Ltd. All rights reserved.

The asymmetric syntheses of cyanohydrins have at-
tracted considerable research activity because these
compounds are versatile starting materials for many
functional organic molecules such as a-hydroxyacids,
o-hydroxyketones, a-amino acids, and B-amino alco-
hols.! Among the methods developed for the asymmet-
ric cyanohydrin syntheses, use of the titanium
complexes derived from the chiral Schiff base of salicyl-
aldehydes (salen) as catalysts has given very good results
in a number of cases.!> However, most of the reactions
require the pre-preparation of the catalysts or/and low
temperature reaction conditions.!-? It is highly desirable
if the asymmetric reaction could be conducted by simply
combining the chiral ligand, the metal precursor, the
substrate and the reagent in one-pot at room tempera-
ture to form the cyanohydrin product with high enantio-
selectivity. Herein, we wish to report our progress
toward this objective by using chiral 1,1’-bi-2-naphthol
(BINOL)-salen ligands in combination with a Lewis
acid metal precursor for the asymmetric reaction of

aldehydes with trimethylsilyl cyanide (TMSCN). Very
good enantioselectivity has been achieved.

Recently, we reported that the BINOL-salen compound
(S)-13 could catalyze the addition of both aryl and alkyl
alkynes to aromatic aldehydes at room temperature to
form propargylic alcohols with high enantioselectivity
(up to 97% ee).* We also explored the use of this ligand
for the asymmetric cyanohydrin synthesis at room tem-
perature (Scheme 1). We initially employed a two-step
process for this reaction.”> A chiral metal complex was
first isolated from the reaction of (S)-1 with a Lewis acid
metal precursor. It was then used to catalyze the reac-
tion of TMSCN with benzaldehyde. The resulting cya-
nohydrin was converted to the corresponding acetate
for ee measurement by using GC-chiral column. The re-
sults of these reactions are summarized in Table 1. In en-
tries 1-8 of Table 1, Ti(O'Pr)4 was used as the Lewis
acid. Various solvents including methylene chloride, tolu-
ene, THF and diethyl ether were examined among
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Scheme 1. Asymmetric cyanohydrin synthesis catalyzed by (S)-1 in combination with Lewis acids.
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Table 1. Asymmetric addition of trimethylsilyl cyanide to benzaldehyde in the presence of (S)-1

Entry (S)-1 (%) TMSCN (equiv) Lewis acid complex Solvent Time (h) Ee (%)
1 20 4 Ti(O'Pr), (20%) CH,Cl, 22 46
2 20 4 Ti(OPr), (20%) Toluene 22 14
3 20 4 Ti(O'Pr), (20%) THF 22 14
4 20 4 Ti(O'Pr), (20%) Ether 22 15
5 10 4 Ti(O'Pr), (10%) CH,Cl, 22 66
6 10 4 Ti(OPr), (10%)* CH,Cl, 22 48
7 0.5 4 Ti(O'Pr), (0.5%) CH,Cl, 36 69
8 0.05 4 Ti(O'Pr)4 (0.05%) CH,Cl, 60 26
9 10 4 TiCly (10%) CH,Cl, 22 45
10 0.5 4 TiCly (0.5%) CH,Cl, 36 34
11 10 4 AlMe,Cl (10%) CH,Cl, 22 15
12 0.5 4 AlMe,Cl (0.5%) CH,Cl, 36 40
13 10 4 ZrCly (10%) CH,Cl, 18 2
14 10 4 CeCl; (10%) CH,Cl, 22 17
15 10 4 O=VSO0, (10%) CH,Cl, 20 52

#10% O=P(Ph); was added.

which methylene chloride was found to be the best
(Table 1, entries 1-4). Decreasing the catalyst loading
to 10 mol % improved the ee (Table 1, entry 5). Addition
of a Lewis base reduced the enantioselectivity (Table 1,
entry 6). Further decreasing the catalyst loading to
0.5 mol % slightly improved the ee, but gave much lower
reaction rate (Table 1, entry 7). At an even lower cata-
lyst loading of 0.05 mol %, the enantioselectivity was
significantly decreased (Table 1, entry 8). Other Lewis
acids besides Ti(O'Pr), were also tested but no improve-
ment was observed (Table 1, entries 9-15).

Since the highest ee observed with the use of (S)-1 was
only 69% (Table 1, entry 6), modification of the chiral
ligand was conducted. Scheme 2 shows the synthesis of
a series of BINOL-salen ligands. The mono-protected
BINOL (S)-2° was reacted with various alkyl iodides
to give (S)-3. ortho-Metallation’ of (S)-3 by reaction
with "BuLi followed by addition of DMF and deprotec-
tion with trifluoroacetic acid gave the binaphthyl alde-

hyde (S)-4. Condensation of (S)-4 with chiral diamines
in ethanol gave the BINOL-salen ligands (S)-5a—¢ and
(5)-6.3° In these ligands, various sizes of alkyl groups
were introduced in order to modify both the steric and
electronic environments of (S)-1.

Compounds (S)-Sa—c and (S)-6 in combination with
Ti(O'Pr)4 were used to catalyze the reaction of benzalde-
hyde with TMSCN at room temperature and the results
are summarized in Table 2. Compound (S)-5a that con-

Table 2. Reactions of TMSCN with benzaldehyde in the presence of
ligands (S)-5a-c and (S)-6

Entry Ligand TMSCN Ti(O'Pr); Solvent Time Ee
(12%)  (equiv) (%) (O]
1 (S)-5a 4 10 CH,Cl, 22 52
2 (S)-5b 4 10 CH,Cl, 4 66
3 (S)-5¢ 4 10 CH,Cl, 4 84
4 (S)-6 4 10 CH,Cl, 4 32
5 (S)-6 4 10 Toluene 6 18

@O OCH,OCHj RI: K2COs, acetone @O OCH,OCH; 1- "BuLi; DMF
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Scheme 2. Synthesis of the BINOL-salen ligands (S)-5a—c and (S)-6.
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Table 3. Reactions of TMSCN with benzaldehyde in the presence of (S)-5¢

and Ti(O'Pr),

Entry Ligand (%) TMSCN (equiv) Lewis acid Solvent Temperature Time (h) Ee (%)
1 10 4 Ti(O'Pr), (10%)* CH,(Cl, Rt 4 84
2 10 4 Ti(OPr), (10%) CH,Cl, Rt 4 85
3 10 4 AlMe,Cl (10%) CH,(Cl, Rt 18 3
4 10 4 Ti(O'Pr), (15%) CH,(Cl, Rt 2.5 55
5 10 4 Ti(O'Pr), (8%) CH,Cl, Rt 3 82
6 25 4 Ti(O'Pr)4 (20%) CH,(Cl, Rt 4 80
7 12 4 Ti(O'Pr), (10%) CH,Cl, Rt 3 85
8 12 4 Ti(O'Pr)4 (10%)® CH,Cl, Rt 3 85
9 12 4 Ti(O'Pr), (10%)° CH,Cl, Rt 3 86
10 12 2 Ti(O'Pr), (10%) CH,(Cl, Rt 4 85
11 12 2 Ti(OPr), (10%)° CH,Cl, -20°C 4 89

#The isolated BINOL-salen—Ti(IV) complex was used.
®10% O=PPh; was added.
°4 A molecular sieves were added.

tains a methyl group in each of the two BINOL units
showed lower enantioselectivity than (S)-1 (Table 2, en-
try 1). Increasing the size of the methyl group of (S)-5a
to the isopropyl group of (S)-5b improved the enantiose-
lectivity but it was still lower than that of (S)-1 (Table 2,
entry 2). Surprisingly, replacing the methyl and isopro-
pyl groups of (S)-5a,b with the hexyl groups in (S)-5¢
led to very good ee (Table 2, entry 3). Changing the dia-
mine unit from the more rigid cyclohexanediamine of
(S)-5a—c¢ to the more flexible 1,2-diphenylethylenedi-
amine of (S)-6 gave greatly decreased enantioselectivity
(Table 2, entries 4 and 5). These studies demonstrate
that ligand (S)-5c¢ is the best in the catalytic asymmetric
reaction with very good enantioselectivity.

We further explored the conditions for the reaction of
TMSCN with benzaldehyde catalyzed by (S)-5¢ in com-
bination with Ti(O'Pr);. We attempted to simplify the
reaction procedure by mixing ligand (S)-5¢ with
Ti(O'Pr)4 in methylene chloride followed by the addition
of benzaldehyde and TMSCN in one-pot at room tem-
perature without the pre-preparation and isolation of
the titanium complex.'! As shown in Table 3, this sim-
plified procedure (entry 2) gave the same enantioselectiv-
ity as that used the isolated catalyst (entry 1). All the
other entries in Table 3 used this simplified procedure.
Replacement of Ti(O'Pr); with AlMe,Cl gave dimin-
ished enantioselectivity (Table 3, entry 3). Increasing
the amount of Ti(O'Pr), significantly reduced the ee (Ta-
ble 3, entry 4) and decreasing the amount of Ti(O'Pr),
also slightly decreased the ee (Table 3, entry 5). Increas-
ing the amount of the chiral ligand, reducing the ratio of
Ti(O'Pr)4 versus (S)-5¢, adding a Lewis base, reducing
the amount of TMSCN, or using molecular sieves all
could not further improve the enantioselectivity (Table
3, entries 6-9). Lowering the reaction temperature to
—20 °C only led to a small increase in ee (Table 3, entry
11). The configuration of the cyanohydrin product in the
reaction catalyzed by (S)-5¢ and Ti(O'Pr), was deter-
mined to be S by comparing the optical rotation of
the product with that in the literature.

The reaction conditions in entry 2 of Table 3 were applied
to the reaction of various aldehydes with TMSCN. The
following results were obtained for the TMSCN addition

to several aromatic and aliphatic aldehydes in the
presence of (S)-5¢ and Ti(O'Pr)4: 85% ee and 78% yield
for benzaldehyde; 80% ee and 68% yield for p-methoxy-
benzaldehyde; 85% ee and 70% yield for p-methylbenzal-
dehyde; and 75% ee and 64% yield for octyl aldehyde.

In summary, we have found that the BINOL-salen com-
pound (S)-5¢ in combination with Ti(O'Pr)4 can catalyze
the addition of TMSCN to aldehydes to form chiral cya-
nohydrins with very good enantioselectivity. The reac-
tions can be carried out in one-pot at room
temperature without the need to isolate the chiral Lewis
acid catalyst.
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The general procedure. Under nitrogen, to a solution of
the chiral ligand, the Lewis acid metal precursor was
added. The resulting mixture was stirred at room temper-
ature for 2 h. An aldehyde and TMSCN were added into
the solution directly. The reaction was monitored by TLC.
The workup and the ee determination were the same as
described in reference.’
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