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The asymmetric conjugate addition of cyanide to o.,S-unsaturated
carbonyl compounds is a highly versatile reaction. Significant
progress was recently made in the catalytic asymmetric variant
using a,B-unsaturated carboxylic acid derivatives (imides' and
N-acylpyrroles?). Synthetically useful catalytic asymmetric conju-
gate addition of cyanide to enones, however, has yet to be
developed.® This sharp contrast with respect to substrates is due
to the ambident characteristics of enones. There are two possible
reaction pathways from enones, 1,2-addition and 1,4-addition.
Therefore, differentiation of the two pathways, in addition to
enantioselection, is necessary. Catalytic control of even one of these
two factors, however, is not an easy task. Here, we report the first
synthetically useful catalytic enantioselective conjugate addition
of cyanide to enones.

Previously, we developed an asymmetric conjugate addition of
cyanide to a.,(-unsaturated N-acylpyrroles using the Gd catalysts
derived from ligands 1 and 3 in the presence of TMSCN and HCN
or 2,6-dimethylphenol (DMP).> The active catalysts were poly-
metallic complexes 5 with defined higher-order structures (Gd:1
= 2:3 and/or 4:5 + oxo, and Gd:3 = 5:6 + oxo + OH) generated
through modular self-assembly.* These complexes are multifunc-
tional; gadolinium cyanide (or isocyanide) generated through
transmetalation from TMSCN acting as a nucleophile, and an acidic
proton (Z in 5) incorporated from the protic additives acting as a
turnover accelerator.”
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We applied the Gd catalysts to an asymmetric conjugate addition
of cyanide to enones. 3-Hepten-2-one (8a) was selected as a model
substrate for initial optimization (Table 1). Preliminary ligand
screening demonstrated a remarkable difference between the
catalysts derived from 1 or 2 and 3, and identified 3 as the more
promising ligand in terms of regioselectivity (9a/10a) and enan-
tioselectivity (entries 1 and 2). Conversely, Gd-1/2 were completely
1,2-selective enantioselective catalysts at —60 °C; TMS-protected
cyanohydrin (TMS-10a) was produced in 80% yield with 84% ee
using 5 mol % of Gd-2 (9 h in propionitrile, 9a/10a = 1/>30).

The effects of protic additives were then studied using Gd-3.°
The addition of HCN did not change the reaction rate, however,
but produced markedly lower 1,4-selectivity (entry 3). In contrast,
a 1:1 ratio of TMSCN and DMP facilitated the reaction with
complete 1,4-selectivity as well as improved enantioselectivity
(70% vyield and 84% ee; entry 4).” Lowering the reaction temper-
ature, however, decreased 1,4-selectivity® with a gradual increase
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Table 1. Optimization of the Reaction Conditions

1) Gd-1 or 3 (10 mol %)?
o cyanide (2 equiv?) CN O HO, CN

A [protic additive (2 equiv?)] = ™
THF N .
8a 2) H* (S)-9a 10a

entry ligand conditions yield (%) 9a/10a ee (%)Y

1 1 TMSCN¢ 63% 19/81/ 15"
rt, 15 min

2 3 TMSCN¢ 62% 52/48" 40
rt, 18 h

3 3 TMSCN + HCN¢ 67% 18/82" 53
it, 18 h

4 3 TMSCN + DMP? 70% 100/0 84
rt, 1 h

5 3 TMSCN + DMP? 40% 72/28 90
—20°C,24 h

6 3 TMSCN + DMP? 44% 27/73 93
—40 °C, 45 h

7 3 HCN? 37% 27/73 47
—20 °C, 41 h

8 3 TBSCN + DMP” 77% 100/0 92
—20 °C, 24 h

“Gd(OPr); (10 mol %) + 1 (20 mol %) or Gd(O'Pr); (10 mol %) +
3 (15 mol %); rt = room temperature. ” Standard conditions. ¢ Run
using 1.5 equiv. ¢ Reaction run using 1 equiv of TMSCN and 1 equiv of
HCN. ¢ Combined yield of 9a and 10a. / The 1,2-product was silylated
in the reaction mixture. € The ee of 9a determined by chiral GC.
" (R)-9a was obtained.
in enantioselectivity (entries 4—6). Although TMSCN was com-
pletely converted to HCN under those conditions,” use of pure HCN
produced much less satisfactory results (entry 7 vs 5), suggesting
a key role of the silyl group for high 1,4-selectivity and enanti-
oselectivity. Thus, the effects of the silyl group structure were
studied using TBSCN in the presence of DMP (entry 8). As a result,
the catalyst activity and 1,4-selectivity significantly improved,
giving 9a as the sole regioisomer in 77% yield with 92% ee.

Substrate scope was evaluated under the optimized reaction
conditions (Table 2). Excellent to high enantioselectivity was
produced not only from methyl ketones, but also from linear,
branched, aryl, and cyclic enones. In the case of a,[-disubstituted
enone 8 h and cyclic enones 8i, 8j, and 8k, the catalyst derived
from electronically tuned ligand 4 afforded significantly higher
enantioselectivity than 3.'° The catalyst loading could be reduced
to 5 mol % (entries 2, 4, and 6). In all entries, the reactions were
completely 1,4-selective. The products can be converted to
synthetically useful keto carboxylic acid derivatives through acid
hydrolysis without racemization.'®

In addition to high enantioselectivity and wide substrate scope,
it is noteworthy that the asymmetric rare earth metal catalyst
selectively produced the 1,4-adducts from enones. Specifically, new
reaction conditions using a 1:1 ratio of TBSCN and DMP were
effective.” To gain insight into the origin of the pathway—selectivity,
mechanistic information was collected, leading to two important
findings.
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Table 2. Catalytic Enantioselective Conjugate Addition of Cyanide
to Enones

o} 1) GA(OPr)5 (x mol %)-3 or 4 (1.5x mol %) CN ©

R1J\!\HI\R2 TBSCN (2 equiv), DMP (2 equiv), THF R1/\H|\R2

Re 2) H B3
8 9
entry substrate temp (°C) time (h) yield (%) ee (%)
1a /\)?\ 20 24 77 92!
2ab o N -20 24 84 88
317 8a
o)
32 x 0 18 91 98
430 CsH7 8b 0 18 80 94
o)
5 A rt 15 94 93
CsH
gab e it 12 87 94

72 /\)J\) —20 18 100 90
CoHr Y
8d
o
8? A 20 24 100 88
o
N O N 18 77 90
511 af
o

102

Ph/\/\)k
8g
o]
11¢ ®)k 0 24 674 954

dr=3.6:1
8h ( )

0
120 8i:n=1 rt 4 90 81’
13°¢ 8j:n=2 rt 24 73 52
14°  8kn=3 it 18 74 81

“Ligand 3 was used. ” Reaction run using 5 mol % of catalyst. In
other entries, 10 mol % of catalyst was used. “Ligand 4 was used.
4 Combined yield of cis (major) and trans isomers and enantiomeric
excess of the cis isomer. ¢ Reaction run using 2.5 equiv of TBSCN and
2.5 equiv of DMP. /The absolute configuration was determined to be

(S).

First, whereas the Gd-3 catalyst in the presence of TMSCN and
DMP was a proton-containing poly-Gd complex (5: generated
through protonolysis of 6),'' ESI-MS studies indicated that the
asymmetric catalyst under the current optimized conditions was
an O-t-butyldimethylsilylated complex (7).'° This structural infor-
mation is consistent with the experimental results; the silyl group
significantly affected the reaction rate and regio- and enantiose-
lectivities (Table 1, entries 5, 7, and 8). Together, the silylated
complex might be a more efficient 1,4-selective catalyst than the
proton-containing complex.'? The complex contained a more robust
silyl group when TBSCN was used (7) than when TMSCN was
used (6), leading to stabilization of the silylated, 1,4-selective
asymmetric catalyst.

Second, the Gd complex can enantioselectively convert free
cyanohydrins to the corresponding 1,4-products.'® Thus, treatment
of racemic cyanohydrin 10a under the reaction conditions produced
1,4-product 9a in 87% yield with 85% ee (Scheme 1)."* No reaction
proceeded in the absence of the catalyst, indicating that the catalyst
promoted retro-cyanation from the cyanohydrin (1,2-adduct) and
the subsequent irreversible asymmetric 1,4-addition of cyanide.
Cyanohydrin formation was detected by TLC analysis in the middle

Scheme 1. Catalytic Asymmetric Rearrangement of Cyanide

HO_ ON  Gd(OPr) (10mol %)-3 (15mol%) =V §
(\)Q TBSCN (2 equiv), DMP (2 equiv)
THF, —20 °C, 24 h
rac-10a 9a
0% ee 87%, 85% 66

of the reaction in some entries of Table 2 (e.g., entries 4 and 6).
The cyanohydrin was gradually converted to the 1,4-product
according to the reaction progress. Therefore, the complete 1,4-
selectivity depended on the ability of the enantioselective catalyst
to promote both reversible 1,2-cyanation/retro-cyanation and ir-
reversible 1,4-cyanation. 15

In conclusion, we developed the first synthetically useful
catalytic enantioselective conjugate addition of cyanide to
enones. Combining the previous results,” both a-cyanohydrins
(1,2-adducts) and f-cyano ketones (1,4-adducts) can be produced
selectively from enones with high enantioselectivity. Studies
are ongoing to improve catalyst turn-over and to extend these
findings to quaternary carbon synthesis.
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