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Recent progress using two types of enantioselective two-
center catalysts, Lewis acid—Bronsted base and Lewis acid—
Lewis base bifunctional complexes, is described. The first
part of this review discusses improvements in the syn-
selective direct catalytic enantioselective aldol reaction and
1,4-addition reaction of a 2-hydroxyacetophenone derivative
using a Zn-linked-BINOL complex. In the second part, we
describe the development of catalysts displaying Lewis
acidity and Lewis basicity in a catalytic enantioselective
cyanosilylation of aldehydes and the logical extension to a
tetrasubstituted carbon synthesis through a Reissert-type
reaction and a cyanosilylation of ketones.

I ntroduction

Catalytic enantioselective reactions are extremely powerful
methods for organic synthesis. The development of new
enantiosel ective catalysts continues to be an important topic in
thefield of organic chemistry. A number of chiral catalystshave
been reported, some of which exhibit a much higher catalytic
efficiency than do natural catalysts, enzymes.r Most of the
synthetic asymmetric catalysts, however, are limited in terms of
enantioselectivity or substrate generality. The major difference
between synthetic asymmetric catalysts and enzymesisthat the
former activates, in general, only one side of the substrate in an
intermolecular reaction, whereas the latter activates both sides
and can also control the orientation of the substrates (Fig. 1). If
this type of synergistic cooperation can be realized with
artificial asymmetric catalysts, a new field in asymmetric
synthesis can be developed, resulting in a wide range of
applications. Thus, we are developing asymmetric catalysts
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Fig. 1 General concept of two-center catalysis and mechanism of natural
two-center catalysis by enzyme (class-11 aldolase).
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based on the concept of a two-center catalysis. The present
review discusses recent advances?3 in two types of asymmetric
two-center catalyses promoted by complexeswith Lewisacidity
and Bronsted basicity and/or Lewis acidity and Lewis ba-
sicity.

Direct catalytic enantio- and diaster eoselective
aldol reaction promoted by a L ewis acid-Brdnsted
base two-center catalyst

The adol reaction is generally regarded as one of the most
powerful and efficient carbon—carbon bond-forming reactions.
Many efforts have been directed towards the development of
catalytic asymmetric aldol reactions4 but ailmost all of these
reactions require preconversion of the ketone or ester moiety
into a more reactive species such as an enol silyl ether or a
ketene silyl acetal using no less than stoichiometric amounts of
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reagents. Since we successfully performed direct catalytic
asymmetric aldol reactions using unmodified ketones such as
acetophenone and acetone,5 this potentially advantageous
strategy has attracted much interest in terms of atom economy.6
List et al.” and Trost et al.8 reported direct asymmetric aldol
reactions using L-proline or achiral semi-crown Zn complex as
catalysts.® Moreover, severa groups recently reported enantio-
and diastereoselective direct aldol reactions with «-hydrox-
yketones using biological-type catalystst? or small molecular
catalysts,11-12 which has considerably widened the scope of the
field. We a'so reported an enantio- and diastereosel ective direct
adol reaction with 2-hydroxyacetophenone (4), which provided
either anti- or syn-«,-dihydroxyketones using two Lewis acid-
Bronsted base two-center catalysts, a Lalistris(binaphthox-
ide)-KOH (LLB-KOH) complex (6: anti selective) or a Zn-
linked-BINOL (7) complex (syn selective) (Scheme 1).13 Our
ongoing investigationsto further improve the efficiency of these
reactions with respect to catalyst amount, diastereomeric ratio,
enantiomeric excess, reaction rate, and yield led to the
development of a practical atom-economical direct adol
reaction promoted by Zn-linked-BINOL complex.14

Previous results suggested that substituents on the aromatic
ring of the acetophenones affected both diastereosel ectivity and
enantioselectivity. We chose methoxy substituted acetophe-
nones, because the additional coordination of the methoxy
group to the metal more predominantly defines the specific
orientation of the intermediate zinc enolate in the catalyst and
because conversions such as a Baeyer-Villiger oxidation of the
product are more facile. The reaction rate, yield, diastereomeric
ratio, and enantiomeric excess of the aldol reaction improved
when 2-hydroxy-2’-methoxyacetophenone (8) was used.1s The
adol reaction of 8 proceeded smoothly, even when the catalyst
amount was reduced to 1 mol%. Table 1 shows the scope and
limitations of the reaction. In all cases, 1 mol% of the Zn-7
complex was sufficient to complete the reaction within 24 h.16
Both normal (entries 1-3 and 5-7) and branched (entry 4)

+ Et,Zn (2 equiv to 7)

OH O OH O
R/\:)J\ ph * R)\:/U\Ph
OH OH

syn-5 (2R 3S)

(S)-6 or (S,9)-7-Zn
THF
anti-5 (2R, 3R)

dr=2:1-5:1 (anti selective)
90 - 95% ee (anti)

(S)-LLB-KOH ((S)-6)

5or10mol% (07 92%

(S, S)-linked-BINOL ((S,S)-7)
+ Et,Zn (1:2)
10 mol %

dr=1:2 - 1:7 (syn selective)

80-92% 77 - 86% ee (syn)

Scheme 1 Direct catalytic enantio- and diastereoselective aldol reaction.

primary («-unsubstituted) aldehydes gave the corresponding
aldol adductsin good to excellent yield and enantiomeric excess
without forming any self-condensation products. The results
indicate high chemoselectivity of the present catalysis. In the
case of trans-4-decena (3e, entry 5), synthesis of the corre-
sponding diol 5e via Sharpless asymmetric dihydroxylation
(AD)17 is difficult due to the problems with chemoselectivity.
Aldehydes with oxygen functionalities such as 3f (entry 6) and
3g (entry 7), which lead to useful intermediates for the synthesis
of polyoxygenated compounds, were also converted into diols
in excellent enantiomeric excess. Remarkably, secondary («-
monosubstituted) aldehydes (entries 8-10) showed good yield,
excellent diastereomeric ratio, and enantiomeric excess. In all
cases in which the absolute configurations of the product were

Table 1 Direct aldol reaction of various aldehydes with 2-hydroxy-2’-methoxyacetophenone (8)2

o OMe OH O OMe
(8,5)-7 + Etyzn (1:2) :
RCHO + ,)K© 1mol % ) R%
OH OH
THF, -30°C
3 8(2.0 eq) 5
Entry R Product Time (h) Yieldd (%)  dre (syn/ anti) eed(syn/ anti)
F’h/\/
1 3a 5a 20 94 89/11 92/89
NS
2 3b 5b 18 88 88/12 95/91
NN
3 3c 5c 18 87/13 96/87
4 )\/ 5d 18 84/16 93/87
3d
N
5 (Z\/ 5e 24 94 86/14 87/92
3e
BnO/\/
6 3f 5f 18 81 86/14 95/90
BnO
7 >~ 3 5g 16 84 72128 96/93
8 \( 3h 5h 24 83 97/3 98/—
9 /j/ - 5i 16 92 96/4 99/—
10 O . 5 18 95 97/3 98/—
)

a All reactions were run on 1.0 mmol scale at 0.2 M in aldehyde. P Isolated yield after conversion to acetonides. ¢ Determined by H-NMR of crude mixture.

d Determined by chiral HPLC analysis of diols.

1990

CHEM. COMMUN., 2002, 1989-1999




determined, both the syn- and anti-products contained the (R)-
configuration at the «-carbons, indicating that the chiral catalyst
shields the S-face of the enolate generated from the ketone 8.
To the best of our knowledge, in terms of catalyst loading, this
is the most effective smal molecular catalyst for direct
asymmetric aldol reactions. The reaction proceeded smoothly
without any problems on a gram scale. Combined with the
simple protocol, the present reaction is practical and useful. The
reaction was performed by just mixing commercially available
Et>Zn in hexanes and easily available linked-BINOL in THF,
followed by the addition of ketone 8 and aldehyde.

The utility of the aldol adducts becomes even higher using the
2-methoxyphenyl moiety as a placeholder for further conver-
sions. As shown in Scheme 2, the Baeyer-Villiger oxidation

>< e} OMe
- . \_4
Ph/\ Baeyer-Villiger Ph/\ )kij

Me oxidation y. 89%

o]

(o] (0] OMe
\ (o]
P P
Ph Baeyer Villiger \—S(
Me  oxidation 2a (e}
Beckmann y. 93%

"| rearrangement

o Y-97%

o)J\o y o OMe OH

. ii X
Ph/\“\\—SrN " Ph/\/\I/\N

13a ¢ 14a OH OMe

y. 94%

Scheme 2 Transformations of aldol adducts via regioselective rearrange-
ment. Reagents and conditions: (i) mCPBA, NaH,PO,, CICH,CH,CI, 50
°C, 2 h; (i) O-mesitylenesulfonylhydroxylamine, CH,Cly, rt, 4 h; (iii)
DIBAL, CH,Cl,, —78°Ctort, 2 h.

proceeded smooathly by treating the acetonide-protected ketone
9a and the cyclic carbonate-protected ketone 10a with mCPBA,
probably with the aid of neighboring oxygen atoms. Benzoate
11a was obtained in 89% yield from 9a, and pheny! ester 12a
was obtained in 93% yield from 10a under the same conditions.
No regioisomerswere observed in either case. Furthermore, 10a
afforded amide 13a exclusively in 97% yield in one step via a
Beckmann rearrangement with O-mesitylenesulfonylhydrox-
ylamine (M SH).18 The amide 13a was readily transformed into
14a by reduction with DIBAL. 14a can be converted into an
amino-diol after oxidative remova of the 2-methoxyphenyl
group.1®

Although the detailed mechanism of the above mentioned
direct catalytic asymmetric aldol reaction is currently under
investigation, it is reasonable to assume a two-center mecha
nism in which a zinc naphthoxide functions as a Bronsted base
to generate a Zn-enolate from the ketone and another zinc
functions as a Lewis acid to activate the aldehyde.20

Catalytic asymmetric 1,4-addition of unmodified
ketone promoted by Zn-linked-BINOL complex

The Zn-linked-BINOL complex is very effective for shielding
one enantioface of enolate generated from 8, therefore we
investigated the direct catalytic asymmetric 1,4-addition of the
ketone to various vinyl ketones 152! that usually tend to
polymerize under harsh reaction conditions (Table 2). Because
of the mild basicity of the Zn-linked-BINOL complex,
1,4-addition of 8 proceeded smoothly using 1 mol% of catalyst
with only asmall amount of polymerization. Aryl vinyl ketones
with and without substituents on the aromatic ring (entries 1-4)
and akyl vinyl ketones (entries 5, 6) were successfully
converted to the corresponding 1,4-adducts in good chemical
yield and enantiomeric excess. With indenone 15g-15i, an

Table 2 Catalytic asymmetric 1,4-addition of unmodified ketone2

. Z 15 (S.9)-7 + EtyZn (1:2) 0 O  OMe
+ 1 mol % ' R
THF, 4°C OH
16
OH 8
20eq
Vinyl Time Yieldp Eec
Entry Rt ketone (h) (%) (%)
1 p-MeOCgH,4 15a 8 83 95
2 CeHs 15b 4 86d 93
3 0-MeOCgH, 15¢ 12 90 9
4 p-CICgH4 15d 12 84d 92
5 CH3 15e 4 86 93
6 CH3CH, 15f 4 82 91
o

(8,9)-7 + Et,Zn (1:2)

1 mol %

o OMe —

THF, -20 °C
OH 8
20eq

Time Eec
Entry X! X2 Enone  (h) Yidde  dre (%)
7 H H 159 4 74 98/2 99
8 Br H 15h 4 74 98/2 99
9 H MeO 15i 4 65 97/3 97

a Reactions were run on 1.0 mmol scale (entries 1-7, 9) or 0.5 mmol scale
(entry 8) at 0.4 M (entries 1-6) or 0.25 M (entries 7-9) in 15. b I solated yield
unless otherwise noted. ¢Determined by chira HPLC analysis. 9 De-
termined by *H-NMR analysis with hexamethyldisiloxiane as an interna
standard. © Determined by tH-NMR analysis of crude mixture.

y. 92%
dr=15/1

Mes = 2,4,6-trimethylphenyl

y. 79%

18 o OMe

Scheme 3 Transformation of 16g into lactam 18. Reagents and conditions:
(i) O-mesitylenesulfonylhydroxylamine, CH3CN, rt, 1 h; (ii) AlCls,
CHJCly, rt, 30 min.

excellent diastereomeric ratio was achieved when the reaction
was run at —20 °C. Products were converted to the correspond-
ing esters or amines via regioselective Baeyer-Villiger oxida-
tion or a Beckmann rearrangement. One example is shown in
Scheme 3.

Catalytic asymmetric cyanosilylation of aldehydes
promoted by L ewis acid-L ewis base two-center
catalysts

The success of the Lewis acid-Bronsted base catalystsled usto
design a new bifunctional asymmetric catalyst consisting of
Lewis acid and Lewis base moieties, which simultaneously
activate both electrophiles and nucleophiles at defined posi-
tions. This type of asymmetric catalysis is rarely observed.22
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We selected TMSCN as a nucleophile, because TMSCN is
activated by a L ewis base, forming hypervalent silicate.23 Thus,
we first examined the catalytic enantioselective cyanosilylation
of aldehydes.24

BINOL was selected as the chiral backbone for arranging the
Lewisacid (Mtl) and Lewis base (X) moieties, as shownin Fig.
2. When the Lewis acid metal is connected to the two

Y. O l X <— Lewis base site
(0]

~Mtl <— Lewis acid site

Y I I X

19: X =P(O)Phy, Y =H 24: X =P(O)Phy, Y =F
20: X = CH,P(O)Phy, Y = H 25: X = P(O)Phy, Y =Cl
21: X=CHPhy, Y=H 26: X = P(O)Ph,, Y = Br
22: X =P(O)(CgHsN(CHg)op)p, Y=H  27: X=P(O)Ph,, Y =1
23: X = P(O)(o-tol)y, Y =H 28: X = P(O)Phy, Y = CF4

Fig. 2 Lewis acid-Lewis base two-center catalysts.

naphthoxides, the Lewis base moieties should be connected to
the 3,3’-positions of BINOL to promote the reaction efficiently
via a dual activation pathway. The following two points are
important for constructing asuccessful bifunctional catalyst: (1)
Theactivation ability of the Lewisacid and Lewisbase moieties
toward an aldehyde and TM SCN should be balanced to promote
the reaction via a dua activation pathway. (2) Internal
coordination of the Lewis base to the Lewis acid should be
avoided. The design shown in Fig. 2 is very flexible for
optimizing these points by altering the metal, the Lewis base,
and the linker length connecting the Lewis base and BINOL as
needed. For example, the importance of point (2) was
demonstrated by the results of catalyst 20 containing an
ethylene linker: 20 did not promote the reaction efficiently
probably because internal coordination of the Lewis base to the
Lewis acid metal diminished catalyst activity.

Intensive optimization revealed that catalyst 19, which
contains an aluminium as the Lewis acid and a phosphine oxide
as the Lewis base, is the best catalyst.2> The optimized
conditions are 9 mol% of 19 (Mtl = AICI) and the additive
phosphine oxide2é (BusP(O) or Ph,MeP(O); probably for a
balance of the Lewis acidity and the Lewis basicity of the
catalyst by coordination with Al) with the slow addition of
TMSCN at —40 °C in CH,Cl,. Thus, 19 produced generally
excellent enantioselectivity from a wide range of aldehydes
(Table 3). Moreover, the practicality of 19 was clearly
demonstrated by its application to a catalytic enantioselective
total synthesisof important anti-cancer natural products, such as
epothilones.2” The following experimental results support the
two-center catalysis mechanism of 19. (1) A control catalyst 21

(Mtl = AICI), which contains only a steric bulkiness (diph-
enylmethyl group), but not a Lewis base, at the 3,3’-position of
BINOL produced cyanohydrins in lower yield and enantiose-
lectivity with the opposite configuration compared to those
obtained by 19. In the case of 21, it isreasonable to assume that
TMSCN attacks the activated aldehyde, coordinating to the
aluminium from the less hindered side (opposite to the
diphenylmethyl group). In the case of 19, TMSCN appears to
attack the aldehyde from the side of the phosphine oxide. This
can be explained if we assume that TMSCN, which is activated
by the phosphine oxide, reacts with the aldehyde. (2) Theinitial
reaction rate using 22 (10 mol%) was 1.2 times faster than that
using 19 (10 mol%) (kx2/kie = 1.2), reflecting the higher Lewis
basicity of the phosphine oxide in the reaction of hydro-
cinnamaldehyde in the presence of BuzP(O) (40 mol%).
Furthermore, with the one-portion addition of TMSCN, catalyst
22 (10 mol%) gave ahigher yield and enantiosel ectivity than 19
in the presence of BuzP(O) (40 mol%). The increased reaction
rate and enantioselectivity by 22 is consistent with the dual
activation mechanism of these catalysts. A more electron-rich
phosphine oxide activates TMSCN more efficiently, thus
facilitating the desired dual activation pathway. These mecha-
nism studiesled usto propose aworking model for thetransition
state of the cyanosilylation of aldehydes by catalyst 19 or 22
(Fig. 3).

A H* source for this reaction is very important. Thus, when
this catalytic asymmetric cyanosilylation was applied to alarger
scale reaction (5 g scale of adehyde 3n), the addition of a
catalytic amount of proton source (5 mol% of MeOH) was
necessary to reproduce the results of smaller scale reactions.
Although therole of the proton sourceisnot clear at present, we
think that the proton source facilitates the catalytic cycle by
protonating the intermediate generated by a cyanide attack. The
free cyanohydrin 29n was silylated immediately under the
reaction conditions. For a discussion of the role of the proton
source in facilitating the catalytic cycle, see ref. 33.

Although 1H, 13C, and 3P NMR did not indicate any
interaction between TMSCN and the phosphine oxide, we
recently observed infrared (IR) spectroscopic evidence for the
interaction (Fig. 4). Belokon’ et al. utilized the IR spectra (CN
stretching frequency) to determine the generation of titanium
cyanidein their catalytic system.28 In the Belokon’ system, the
weakly coordinating cyanide to titanium produced a band at
2070 cm—1, In our experiments, the absorption band derived
from C=N of TMSCN in CH,Cl, was observed at 2192 cm—1.
Upon addition of TMSCN to catalyst 19, this band disappeared
and a new band appeared at 2057 cm—1 (Fig. 4, A). A similar
change was observed in the case of the TMSCN + BuzP(O) (Fig.
4, B), however no change occurred in the case of TMSCN +

Table 3 Catalytic asymmetric cyanosilylation of various aldehydes under the optimized conditions

o}

1) 19 (Mt = AICI, 9 mol %) , additive (36 mol %)

CH,Cl,, —40°C H_ .OH
RJ\H (Cza.)éselg)N 2) 2N HCI R>\CN
3 slow addition 29

Entry R Aldehyde Product Additive Time (h) Yield (%) Ee (%) SR
1 Ph(CH.)> 3a 29a BusP(O) 37 o7 97 s
2 CHa(CH,)s 3b 29b BusP(O) 58 100 98 S
3 (CHa),CH 3h 29h BusP(O) 45 % % s
4 (CH3CH.),CH 3i 20i BusP(0) 60 98 83 s
5 trans-CHs(CH,)sCH=CH. 3k 20k BusP(0) 58 %4 97 —
6 PhCH=CH 3l 29i BuzP(O) 40 99 98 S

HCc N
a Z N
7 \gm 3m 29m BusP(O) 50 97 99 s
8 Ph 3n 29n CH3P(O)Ph, 96 98 96 S
9 p-CH3CeHa 30 3% CHsP(O)Ph, 79 87 ) s
o

100 @/ 3p 29p CHsP(O)Ph, 70 86 95 R

a5 mol% of 19 (Mtl = AICI) was used. P TMSCN was added over 1 min. ¢ 18 mol% of 19 (Mtl = AICI) and 72 mol% of additive were added.
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Fig. 3 Proposed transition state of the cyanosilylation of aldehydes.
o MSC=N

TMSCN
(5 equiv to catalyst,
2.5 equiv to "P(O)")

A: catalyst 19
(Mtl = AICI)

2158
2127
2057

TMSCN
(1 equiv to catalyst,
0.5 equiv to "P(O)")

T i I T ]
2200 2100 2000

B: BugP(0)

~——TMSCN

M (2.5 equiv)
M — TMSCN

(0.5 equiv)

C: BINOL 3
+ EtAIC]

-——TMSCN
(2.5 equiv)

-——TMSCN
(0.5 equiv)

I ! ¢ 1 1
2200 2100 2000

Fig. 4 IR spectra of mixtures of TMSCN and catalyst 19 (Mtl = AICI) (A),
TMSCN and BuzP(O) (B), TMSCN and BINOL-AI complex (C).

BINOL-AI complex (Fig. 4, C). Thesedataindicated that the IR
absorption change was derived from the interaction between
TMSCN and the phosphine oxide.2® Because the absorption of
silyl isonitriles was reported to be around 2100 cm—1,30 the
observed absorption at 2057 cm—1 might indicate the generation
of a dissociated cyanide ion.31.32 This dissociated cyanide
nucleophile is more reactive than TMSCN alone. As expected,
BuzP(O) (40 mol%) catalyzed the cyanosilylation of hydro-
cinnamaldehyde at an ambient temperature to give the corre-
sponding cyanohydrin in 81% vyield (7.5 h). The same

conditions in the absence of BusP(O) gave the product in only
12% yield.

Catalyst 19 and modified 23 were useful in a Strecker-type
reaction33 and Reissert-type reaction of quinolines.34 Fur-
thermore, immobilization of these catalyststo resin (JandaJEL )
produced recyclable catalysts.34b.35 Because these topics were
recently reviewed,2 we have restricted our discussion to recent
progress on the construction of tetrasubstituted carbons through
a Reissert-type reaction.

Catalytic asymmetric construction of chiral
tetrasubstituted carbons through Reissert-type
reaction

A Reissert-typereaction isan acyl-cyanation of heteroaromatics
such as quinolines and isoquinolines via acy! (iso)quinolinium
intermediates.36 Thereaction iswidely used asakey step for the
synthesis of various heterocyclic compounds, especially for the
synthesis of biologically important akaloids. In 2000, we
reported the first example of a catalytic enantioselective
Rei ssert-type reaction promoted by atwo-center catalyst 23. We
planned to extend the reaction scope to a chiral tetrasubstituted
carbon synthesis,37 because there are many biologically active
natural products and pharmaceuticals that contain chira
tetrasubstituted centers (Scheme 4).

catalyst
TMSCN

CH C|2 R CN o
HO
”O N
>¢O NH-HCI
HO
< YCoH
MK801 (30) 31a:R = Me 32

31b: R =Ph

Scheme 4 Catalytic enantioselective Reissert-type reaction: chiral tetra-
substituted center construction.

Catalytic construction of chiral tetrasubstituted stereocenters
is aso very important, but challenging. Difficulties in the
construction of chiral tetrasubstituted carbons through an
addition of nucleophiles to carbonyl derivatives, such as
ketones, ketoimines, and their equivalents, are due mainly to the
lack of the hydrogen on the pro-chiral carbon (Fig. 5). In
tetrasubstituted carbon wnth&ds (Fig. 5, B) the transition state

9.9

cdrbon construction carbon construction

* More severe steric repulsion
during bond formation

« Stricter differentiation
between the substituents
Fig. 5 Conceivable difficulties in chiral tetrasubstituted carbon construc-
tion.

energy is higher than that of the trisubstituted carbon synthesis
(Fig. 5, A) due to a more severe steric repulsion between the
reacting nucleophile and the substrate. Furthermore, differ-
entiation of the two substituents (R and R2) isrequired for high
enantio-induction. The differentiation, however, is difficult due
tothesmall steric difference. To overcomethese difficultiesand
achieve an efficient catalytic construction of chira tetra-
substituted carbons, the asymmetric catalyst needs to be more
active and enantioselective. We anticipated that the concept of
the two-center catalysis would be advantageous for this
purpose

CHEM. COMMUN., 2002, 1989-1999
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When the optimized reaction conditions previoudy re-
ported34 (9 mol% of catalyst 19, 1.1 equiv of 2-furoyl chloride
as an acylating reagent, and 2 equiv of TMSCN) were applied
using 2-methylquinoline as a substrate, the tetrasubstituted
carbon-constructing reaction did not proceed. On the other
hand, the more reactive substrate, 1-methylisoquinoline (33a),
gave the corresponding Reissert product in 60% yield with 38%
ee at —40 °C for 48 h. Preliminary screening of the acylating
reagents revealed that chloroformates produced better chemical
yield and enantioselectivity than did acid chlorides. Thus,
PhOCOCI gave the corresponding product from 33a in 72%
yield with 56% ee at —60 °C (Table 4, entry 1).

Table 4 Ligand effect on catalytic enantioselective Reissert-type re-
actiona

catalyst (9 mol %)?
B TMSCN (2 equiv)
PhOCOCI (1.1 equiv)

A
N \H/OPh
CH,Cl,, —60 °C M

_N

33a Me deN o 34
Entry Catalyst Time (h) Yield (%)°  Ee (%)
1 19(Y = H) 48 72 56
2 24(Y = F) 48 74 71
3 25(Y = Q) 48 88 81
4 26 (Y = Br) 48 91 84
5d 26 (Y = Br) 48 93 88
6 27 (Y =1) 60 85 81
7 28 (Y = CRy) 60 68 48

aMtl = AICI. blsolated yield. ¢ Determined by HPLC analysis. 9 Vinyl
chloroformate (1.2 equiv) was used instead of phenyl chloroformate.

The two-center catalyst was then electronically tuned to
further improve its efficiency. The Lewis acidity and/or Lewis
basicity were increased by substitutions on the naphthyl or
phenyl groups. Although the catalyst containing a more
electron-rich di-p-methoxyphenyl phosphine oxide gave poorer
results, the strategy to increase the Lewis acidity by introducing
an electron withdrawing group at the 6,6’-positions of the
BINOL (Y, Fig. 2) was successful. Thus, as shown in Table 4,
entries 2—4 and 6, catalysts derived from the 6,6’-dihalogen-
substituted BINOL had improved activity and enantiosel ectiv-
ity.38 Among them, the 6,6’-dibromo substituted catalyst 26
(Mtl = AICI) had the best results and the product was obtained
in 91% yield with 84% ee (entry 4). Use of vinyl chloroformate
improved theyield (93%) and enantiomeric excess (88%) (entry
5

Theseinitial promising results led usto apply thisreaction to
a catalytic enantioselective synthesis of a pharmaceutically
important agent, MK801 (30).3° MK801 is a very potent
noncompetitive antagonist of the N-methyl-p-aspartate
(NMDA) subclass of receptors for the excitatory amino acid -
glutamate in brain tissue, and might therefore be clinicaly
useful as an anticonvulsant and neuroprotective drug. The
(5S10R)-(+) isomer is seven times more potent than the
(5R,109-(—) isomer, however there are no reports of an
enantioselective synthesis.4® We expected that Reissert com-
pound 34h would be directly converted to the 10,11-dihydro-
5H-dibenzo[a,d]cyclohepten-5,10-imine core structure  of
MK®801 by regioselective radical cyclization.

Thus, we attempted a Reissert-type reaction of 1-o-bromo-
phenylisoquinoline (33h) at —40 °C in the presence of 9 mol%
of 26 (Mtl = AICI), and 34h was obtained in 53% yield with
73% ee (Table 5, entry 1). To improve the yield and
enantioselectivity, we further increased the Lewis acidity of the
catalyst by tuning the counterion of the aluminium.41 As shown
in Table 5, when an dluminium triflate (Mtl = AlOTf) wasused
as the Lewis acid, product 34h was obtained in higher yield
(63%) with 98% ee (entry 3). These improvementswere not due
to the formation of an aluminium cyanide (Mtl = AICN) by
anion exchange, because the aluminium cyanide catalyst gave

1994 | CHEM. COMMUN., 2002, 1989-1999 |

Table 5 Counterion effect on catalytic enantioselective Reissert-type

reaction
TMSCN (2 equiv)

N
A
CH,=CHOCOCI (1.8 equiv)
Br
O CH,Cl,, —40°C, 72 h
33h

catalyst 26 (9 mol %)

Entry Catalyst

1 26 (Mtl = AICI) 53 73
2 26 (Mtl = AICN) 73 65
3 26 (Mtl = AIOTf) 63 98
4 26 (Mtl = AINTF,) 55 88
5 26 (Mtl = AIBF,) 58 31
a

Isolated yield. P Determined by HPLC analysis.

significantly lower enantiomeric excess (entry 2), abeit in
higher yield. On the other hand, when more electron-with-
drawing counterions (NTf;42 or BF,) than triflate were used
(entries 4, 5), enantioselectivity decreased. These results
indicated that there was almost no anion exchange on the
aluminium when weakly coordinating triflate was used as the
counterion.

The substrate scope was investigated once the reaction
conditions were optimized. As shown in Table 6, using 2.5
mol% of 26 (Mtl = AIOTf), the Reissert-type reaction
proceeded with a broad range of 1-substituted isoguinolines to
give the products in excellent yield and enantioselectivity. The
reaction is not very sensitive to the steric bulkiness of the
substituent at the 1-position (R). In some cases, catalyst loading
could be reduced to 1 mol% (entries 8 and 10).

The utility of this reaction was clearly demonstrated by an
efficient catalytic enantioselective synthesis of several bio-
logically significant compounds. First, MK801 (30) was
synthesized in six stepsfrom the Reissert product ent-34h, using
radical cyclization as a key step (Scheme 5). Second, anti-
convulsant phenytoin analogs*® 31a and 31b were synthesized
in highyield from ent-34a or ent-34g. To our knowledge, thisis
the first example of an asymmetric synthesis of these three
compounds. Similarly, an enantioselective synthesis of 32, a
biosynthetic intermediate of a dopamine-derived akaloid
salsolinal,#4 was achieved in three steps from ent-34i.

Although the complete reaction mechanism is not clear at
present, the absolute configuration of the products and results
using control catalyst 21 supports the idea that the reaction
proceeds via dual activation of the acyl isoquinolinium and
TMSCN by the Lewis acid and the Lewis base of the catalyst,
asdepicted in Fig. 6. Thus, using 2.5 mol% of 21 (Mtl = AICI),
(R)-34a (the opposite configuration) was obtained in 36% yield
with 12% ee. Similarly, 21 (Mtl = AlOTf) gave (R)-34gin 95%
yield with 4% ee. These control experiments indicated that in
the case of bifunctional catalyst 21 the cyanide attacked the
activated acyl isoquinolinium from the side of the phosphine
oxide.

Catalytic asymmetric cyanosilylation of ketones
promoted by lanthanide catalyst

We reported the first example of catalytic enantioselective
cyanosilylation of ketones with broad substrate generality using
atitanium catalyst generated from p-glucose-derived ligands 35
and 36 (Fig. 7).4546 (R)-Tertiary cyanohydrins are obtained
from both aromatic and aliphatic ketones with high enantiose-
lectivity using 1-10 mol% of 35 or 36. Using catalyst 19, which
gives excellent results in the cyanosilylation of aldehydes or in
the Reissert-type reaction, did not promote this reaction. The
mechanism studies indicate that 35 works as a two-center
catalyst with the titanium and the phosphine oxide activating the
substrate ketone and TMSCN asa L ewisacid and aLewis base,
respectively. In collaboration with Curran’'s group at the



Table 6 Catalytic enantioselective tetrasubstituted stereocenter-forming Relssert-type reaction

catalyst 26 (Mtl = Al-Z, 2.5 mol %)

R1
Xy TMSCN (2 equiv)
) _N CH,=CHOCOCI (1.8 equiv)
R

33 R CH,Cl,, 48 h CN O 34

Entry 33 (R) Catalyst 26 Z Temp. (°C) Yield (%) Ee (%)
1 33a (Me) OTf —60 88 89
2 33b (Et) oTf —60 98 88
3 N 33c (CH,Ph) oTf —60 95 92
4 @ 33d (CH,OCHy) OTf —60 84 73
5 z 33e (CH=CH,) OoTf —60 80 84
6 R 33f (E)-CH=CHCH3;) OTf —60 88 87
7 33g (Ph) oTf —40 95 95
8a 33g (Ph) OoTf —50 88 95
9b 33h (0-Br-CgHa) oTf —40 62 95

1020 33h (0-Br-CgHa) oTf —40 59 93

PhCOO N
11 _N 33i Cl —60 94 94

PhCOO
Me
a1 mol% of catalyst 26 was used. P The reaction time was 72 h.

' 1) NaOH/EtOH
Bu;SnH

) HCO,Et
LIBHEt,

; HCI 1
AIBN L|AIH ” 2) SOBr,; HBr aq. @O .
ent-3dh ——> _— —_— 30
85% 89% O 81% Q 85%
Br

A 1) H,O, LiOH
PAIC, H, I 2) EtONa/EtOH PdIC, H,
ent-34ao0r34g — » N \n/ ~ 31aor 31b
93% (R = Me) RN 93% (R = Me) 100% (R = Me)
98% (R = Ph) 87% (R = Ph) 96% (R = Ph)
PhCOO
(PhsP);RNCI, H, 1) HCI, EtOH

ent-34i

38% (93% conv.) PhCOO

32

\ﬂ/ O~ 2) AcOH/12 N HCl aq

80%

Scheme 5 Application of the catalytic enantioselective Reissert-type reaction to synthesis of biologically active compounds.
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Fig. 6 Proposed transition state of the Reissert-type reaction.

ArP(O) °
HO
o

HO Y

35:Ar=Ph, X,Y=H

36: Ar = Ph, X=COPh, Y = H
X 37:Ar=Ph, X,Y=F

38 Ar=ptol, X,Y=F

Fig. 7 p-Glucose derived ligands for catalytic asymmetric cyanosilylation
of ketones.

University of Pittsburgh, weapplied thisreaction to the catalytic
enantioselective synthesis of (209)-camptothecin 39 and its
analogs, which are among the most effective agents for the
treatment of solid tumors.47 For this purpose, however, the more
expensive L-glucose was needed as the chiral source.48 The
synthetic utility of thereaction is highly improved if both of the
product enantiomers can be similarly accessible using areadily
available chiral source.

Based on Curran’s established synthetic route, «-hydroxy
lactone 40 offers a genera synthetic intermediate for the
synthesis of the camptothecin family. Therefore, we selected
ethyl ketone 42 as a substrate for the catalytic enantioselective
cyanosilylation (Scheme 6). Although the Ti-35 complex (20
mol%) produced the undesired (R)-41 in low yield with low
enantioselectivity, a samarium catalyst (5 mol%) prepared from
Sm(O'Pr)z4° and 35 in aratio of 1:1.8 gave the desired (S)-41
in 92% yield with 72% ee at —40 °C for 24 h (THF). When
propionitrile was used as a solvent, both the reactivity and
enantioselectivity were improved and 41 was obtained in 98%
yield with 84% ee for 18 h.5°

Although the initial results were promising, neither enantio-
selectivity nor catalyst loading were satisfactory for the
application to plant synthesis of camptothecin analogs. There-
fore, we continued to attempt to improve the catalyst. To do so
required a more flexible synthetic route of the chiral ligand,
which alows a rapid synthesis of an array of various ligands.
The ligand was previously synthesized through an aromatic
substitution of an arene—chromium complex. Use of a stoichio-
metric amount of chromium, however, is environmentally
problematic, especialy in alarge-scale synthesis. Furthermore,
tuning the catechol moiety of 35 was very difficult using this
synthetic route, because arene—chromium complexes contain-
ing electron-deficient aromatic groups are generally difficult to
prepare. Introducing an electron-withdrawing group on the
catechol moiety is an attractive approach for improving the
catalyst efficiency, because it increases the Lewis acidity of the
metal. Thus, we developed a new synthetic route via cyclic
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difficulties. Further catalyst improvement is currently in
progress.
Key intermediate 40 for the synthesis of the camptothecin

K family was synthesized in three steps from (S)-cyanohydrin 41
(Scheme 8). Enantiomerically pure 40 was obtained by
recrystallization from MeOH—CHCI; (8:1).
Cunanv’s ladical
H cyclization OMe SM(OPr);-38 (1:1.8) OMe
o) N (2 mol %)
N OTBS  TMSCN (1.2 equiv) N7 oTBS
= N o) | - |
/ “ | s Ms” N MeCN-EtCN Mg N, N
| ;o 2 0 -40°C,34h TMSO! /
ne O / (Sy41
OMe 91%, 90% ee
1)ICI
CH,Cl,~CCl, NF o ™SI
0°C | H,O (cat) 40
o - o X - .
2) HCI-EtOH ! HO' “, CH,CN > 99% ee, 68%
HN | o 90 °C / 97% after recryst. from
AN s o 77% (2 steps) MeOH-CHCI,
HO / 0 Scheme 8 Catalytic enantioselective synthesis of key intermediate 40.
H Next, to demonstrate the generality of this catalytic (S)-
MeO selective cyanosilylation, we used acetophenone (44a) as a
NN Nor8s substrate using ligand 35. The new catalyst derived from 38
L o gave comparable results for 44a. Thus, in the presence of 5

T™S

mol% of Sm-35 complex (1:1.8), the reaction in THF was
completed at —40 °Cin 2 h, giving (S)-cyanohydrin 45ain 85%
yield with 82% ee. When Gd was used instead of Sm, the
enantiomeric excess further improved to 89%. The optimal ratio
of Gdto 35was 1:2 (92% ee), as shown in Fig. 8, although the

TMSO / (S)-41

catalytic enantioselective
cyanosilylation of ketone

MeO

1007
N oTBS 3 |
| 904
™S E
42 804

o) E /
704

\

Scheme 6 Synthetic plan of camptothecin. 45a 3
% ee 60 /
sulfate 43 (Scheme 7).51 Facile synthesis of a wide range of 50
chiral ligands containing a variety of catechol groups and 401 /
phosphine oxides was possible using this new route. E
We expected to improve the catalyst by increasing the Lewis 303 /
acidity of the metal and Lewis basicity of the phosphine oxide, 20

by introducing electron-withdrawing groups on the catechol
moiety and electron-donating groups on the phosphine oxide,

respectively. Among many ligands synthesized through the new
route, ligand 38 containing difluorocatechol and di-p-tolylphos-
phine oxide produced significantly improved results. Thus, 2
mol % of the catalyst derived from 38 gave 41 in 95% yield with
89% eein 19 h. Under similar conditions, the original catalyst
35 gave the product in 100% yield with 82% ee in 44 h. Using
a mixed solvent of acetonitrile and propionitrile (1:1), the
enantiomeric excess was further improved to 90%, using 38.52
This reaction was performed on a 10 gram scale without any

0 0.5 1I“I1.5””2H”2.5H”3
35/Gd

Fig. 8 Relationship between ee and 35/Gd ratio.

enantiomeric excessreached aplateau at a35/Gd = 1.5: 1ratio.
Under the optimized conditions in propionitrile, 45a was
obtained in 89% yield with 95% ee (Table 7, entry 1). The
results of using Ti-35 (or 36) complex with other ketones are

) . Y
oo OGRS
(]

OH

o o
AcO | i, i, ii OK iv
AcO'™ PR O
OH
Ar,

OAc
Ar Ar Ar- o
Ar\\p O Ar\\p O (ll;l’
vi, vil, vii o . iX, X o . i, i o
— . 0 . QN — . H 0 X
H B SN
OH 0-5-0 j@[
W
0 43 35-38 v

Scheme 7 The practical synthetic route to chiral ligands for catalytic asymmetric cyanosilylation of ketones. Reagents and conditions: (i) Pd/C, H,, MeOH,
rt; (i) NaOMe (0.25 equiv), MeOH, rt; (iii) PhCH(OMe), (1.2 equiv), p-TsOH-H,O (0.3 equiv), toluene, reflux, 57% (3 steps); (iv) DMSO (2.5 equiv),
(COCl), (1.3 equiv), EtsN (5 equiv), CH,Cl,, —78 °Cto rt; (v) L-Selectride (1.03 equiv), THF, —78 °C, 93% (2 steps); (vi) Pd/C, H,, MeOH-ACOH (1:1),
rt, 92%,; (vii) TsCl (1.1 equiv), pyridine, 78%; (viii) PhoPK (2.5 equiv), THF, 0 °C; H,O,, 94% (Ar = Ph), [Ar = p-CH3CeH4: MOMCI (2.5 equiv), iProNEt
(3 equiv), CH.Cl,, reflux, 72%,; Ar,PLi (2 equiv), THF, 0 °C; H,O,; cat. HCl ag.-MeOH, reflux, 85% (3 steps)]; (ix) SOCI, (1.2 equiv), CH,Cly; (X)
RuCl3-3H,0 (1 mol%), NalO,4 (1.5 equiv), CCl,—CH3CN-H,0, 90% (Ar = Ph), 98% (Ar = p-CH3Ce¢H,) (2 steps); (xi) catechol monomethyl ether
derivatives (1.3 equiv), K,COj3 (2 equiv), DMF; 20% H,SO, aq, Et,0-CHCl3, 65 ~ 86% (2 steps); (xii) EtSH, AICl3, CH,Cl,, 82 ~ 100% (2 steps).
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summarized in Table 7. The reaction gave good to excellent
enantioselectivity when aromatic ketones or enones were used
as substrates (entries 1-11). Enones gave cyanohydrins with
complete regioselectivity. Although aliphatic ketones gave less
satisfactory results (entries 15 and 17), these products could be
easily synthesized by hydrogenation of the cyanohydrins from
enones in quantitative yield without loss of the enantiomeric
purity. Therefore, the present reaction affords a broad range of
(9)-ketone cyanohydrins using readily available p-glucose as a
chiral source. Combined with the previous Ti-35 or 36 catalyzed
reaction, both of the enantiomers can be synthesized by the
catalysts derived from one chiral source.

A preliminary catalyst structure and the reaction mechanism
are postulated in Scheme 9 based on the following experiments
performed in THF. When Pr(O'Pr); and 35 were mixedinal:2
ratio,3 a complete ligand exchange was observed by 1H NMR
analysis, indicating the generation of presumed complex 46 and
free 35. After evaporating iPrOH, excess TMSCN (>4 mol
equiv) was added at —40 °C. Then, pesks corresponding to
mono-silylated 35 (0.34 ppm, derived from 47) and di-silylated
35(0.38, 0.50 ppm) were observed in ca. 90% yield from 46 and
free 35, respectively. These observations indicated that 46 was
converted to praseodymium cyanide 47 by mono-silylation of
35 and free 35 was di-silylated. Furthermore, the molecular
formulaof complex 47 (Ln = Gd) was confirmed by ESI-M S.54
The relationship between the enantiomeric excess of the product
and 35/Gd ratio (Fig. 8) was also consistent with these results.
Therefore, the active catalyst was determined to be 2:3 complex
47.

Table 7 Catalytic asymmetric cyanosilylation of ketones?

The higher activity of the lanthanide-35 catalyst compared to
Ti-35, as well as the structure of catalyst 47 suggests that the
active nucleophileisthelanthanide metal cyanide, not TM SCN.
This was confirmed by the following results. First, there was a
facile CN-scrambling between the gadolinium cyanide of the
catalyst and TMSCN. Thus, after complex 47 (1 equiv)
containing 13CN was prepared from TMS3CN, acetophenone
(44a) (1 equiv) and a variable amount of TMS!2CN (1, 2, or 3
equiv) were added. 13C NMR analysis of the product cyanohy-
drin indicated that the incorporation of 23CN was dependent on
the ratio of added TMS!3CN and TMS!2CN. Moreover, only
one signal corresponding to a cyanide (117 ppm) was observed
on 13C NMR analysis of 47 (Ln = Pr) labeled by 13CN in the
presence of a variable amount of TMS!3CN (0 or 2 equiv) at
—60 °C. With confirmation of the pre-equilibrium, kinetic
studies were performed and the order with regard to TMSCN
was determined to be 0. In contrast, the Ti-35 catalyzed
reaction, in which TMSCN activated by the phosphine oxide
acts as the active nucleophile, had an order dependency of 0.7
with regard to TMSCN. Therefore, in the reaction catalyzed by
Ln-35, the lanthanide metal cyanide acted as the active
nucleophile.

These findings suggest a bimetallic transition state 48 in
Scheme 9 as a working model. The Ln! cyanide is more
electron-rich, and therefore more active as a nucleophile,
because Ln? is bound to two alkoxides and coordinated by the
phosphine oxide of the linker ligand. On the other hand, Ln2 is
more Lewis acidic. The intramolecular cyanide transfer from
the nucleophilic Lnt cyanide to a ketone activated by the more

Gd(O'Pr), (x mol %)

ligand 35 (2x mol %)

TMSO, CN
(o] S
R, s
RLA Ry + TMSCN or Ti(OPr), (x mol %) R
ligand 35 or 36 (x mol %)
44a-i 45a-i
Loading (x Temp. Yieldp Absolute
Entry Ketone Lewisacid Ligand  mol%) Solvent (°C) Time (h) (%) Eec (%) configuration
1 o 44a Gd(OPr); 35 5 EtCN —40 2 89 95 (94
2 44a Gd(OPr); 35 1 EtCN —40 16 93 91 (9¢
3 CH, 44a  Ti(OPr), 36 1 THF —20 88 92 94 (R
4 R 44b Gd(OPr); 35 5 THF —60 55 89 89 9
5 44b Ti(OPr), 36 1 THF —25 92 72 90 R
o]
6 CH, 44c Gd(OPr); 35 5 EtCN —60 18 93 96 9
7 OO 44c Ti(OPr), 35 10 THF —40 80 82 95 R
o)
8 44d Gd(OPr); 35 5 THF —60 14 93 97 9
9 44d Ti(O'Pr)4 36 1 THF —-10 92 90 92 R
o
10 N oH 44e Gd(OPr); 35 5 EtCN —60 6.5 94 87 9
11 : 44e Ti(OPr), 35 10 THF —50 88 72 91 R
12 /\/\/\)‘L 44f  GdOP); 35 5 EtCN 60 19 9% 76 S
13 X 44f TiOPr), 36 25 THF —30 92 72 90 R
o
14 Q)J\CHS 449 Gd(OPr); 35 5 EtCN —60 9 92 94 9
o
15 CH, 44h Gd(OPr); 35 5 EtCN —60 1 97 66 9
16 44h Ti(OPr), 35 10 THF —50 36 92 85 R
o
17 /\/\)J\ A4 Gd(OPr); 35 5 EtCN —60 05 79 47 9
18 44 Ti(OPr), 36 25 THF —45 92 80 82 R

aThe method for preparation of the catalysts and the general procedure of the reaction, see ref. 45 and 50. © Isolated yield. ¢ Determined by chiral HPLC or
GC analysis. 9 The absolute configurations were determined by comparison with the reported value of optical rotation. Others were assigned tentatively.
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Scheme 9 Working model of catalyst structure and reaction mechanism for Ln-35 system (left). Postulated transition state for Ti-35 system (top right, 49)

and the control ligand 50 (bottom right).

Lewis acidic Ln2 should control the direction of the cyanide  grateful for the JSPS Research Fellowships for Young Scien-
entry, giving products with high enantioselectivity. Consistent tists.

with this model, the order dependency of the reaction rate with
regard to the catalyst was determined to be 0.8. The reversal of

the enantioselectivity using either the Ti-complex or the Ln-  Notes and references

complex is due to the different catalyst structure and the
reaction mechanism. In the case of the Ti-catalyst, TMSCN
activated by the phosphine oxide works as the nucleophile,
suggested by the mechanistic studies as shown in Scheme 9, 49.
Theessentia contribution of the L ewis basic phosphine oxidein
the reaction of the Ln-catalyst was also highlighted from the
results by the catalyst prepared from control ligand 50. Thus,
Gd-50 (1: 2) promoted the reactions of 44a and 44h much more
slowly in THF, giving 45a and 45h with only 7% ee (98% yield
at —40 °Cfor 10 h) and 2% ee (97% yield at —40 °C for 18 h),
respectively. NMR studies revealed that less TMSCN was
consumed during the catalyst formation of Pr-50 (1: 2) than that
of Pr-35, which indicated the formation of lesslanthanide metal
cyanide in the case of the Pr-50 catalyst compared with the Pr-
35 catalyst. There were no ESI-M S peaks corresponding to the
Gd-50 complex under any conditions, which suggests a lack of
defined structure in this case. Therefore, the phosphine oxide
facilitates the lanthanide metal cyanide formation and stabilizes
the active 2:3 complex 47, together with activating the
lanthanide metal cyanide. Complete structure determinations of
the active catalyst through X-ray analysis, improvement of the
enantioselectivity, especially for aliphatic ketones, and applica-
tion for synthesis of natural products are now being investi-
gated.

Conclusion

The present review clearly demonstrates the power of asym-
metric two-center catalysis. These studies, however, arejust the
first step for truly efficient organic synthesis with respect to
atom economy, energy cost, and environmental friendliness.
The development of catalytic enantioselective carbon—carbon
bond formation reactions is a major future target in synthetic
organic chemistry.
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