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Rare earth metal-based enantioselective catalysts that can promote practical cyanation reactions of
ketones and ketoimines were developed. These catalytic enantioselective tetrasubstituted
carbon-forming reactions are useful platforms for the synthesis of biologically active compounds.
ESI-MS and crystallographic studies of the asymmetric catalysts revealed that the active catalysts are
polymetallic complexes produced through the assembly of modules. The higher-order structure of the
polymetallic complexes has strong effects on catalyst activity and enantioselectivity. Controlling the
higher-order structure of artificial polymetallic asymmetric catalysts is a new strategy for optimizing
asymmetric catalysts. Recent progress in this approach is also described.

1 Introduction

Asymmetric catalysis is a useful synthetic methodology.! In
addition to high enantioselectivity, its robustness and user-
friendliness are important requirements for asymmetric catalysts.

Asymmetric organocatalysis is an ideal approach in this direction.?
Asymmetric, metal-based catalysts, however, are generally more
reactive than organocatalysts, and promote various unique reac-
tion patterns. Specifically, the high activity of metal-based asym-
metric catalysts is usually required for tetrasubstituted carbon

synthesis through carbon—carbon bond-formation to ketones and
ketoimines.>** Despite the existence of many catalytic asymmetric
methods that produce chiral secondary alcohols and a-secondary
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amines, catalytic construction of chiral tertiary alcohols and a-
tertiary amines is still an immature field. Considering the fact that
there are a number of biologically active compounds, including
drugs, that contain chiral tetrasubstituted carbons, developing
practical asymmetric catalysts that can construct tetrasubstituted
carbons is a demanding challenge.

To tackle this challenge, our basic concept for the catalyst design
is a bifunctional asymmetric catalysis (Fig. 1).® Because many
chemical reactions are bond-formations between nucleophiles and
electrophiles, high enantioselectivity and catalyst activity can be
expected if an asymmetric catalyst activates both of the reactants
at the defined positions. There is a logical basis for using rare
earth metals for bifunctional asymmetric catalysts. Rare earth
metals contain the following characteristics, (1) moderate to high
Lewis acidity, (2) high coordination numbers (up to 9), and
(3) high ligand exchange rate. Due to the high coordination
numbers [characteristic (2)], rare earth metal complexes tend to
form aggregated polymetallic structures, resulting in catalysts with
multiple active sites. A Lewis acidic rare earth metal [characteristic
(1)] can activate an electrophile, whereas another rare earth metal
in the same polymetallic complex can activate a nucleophile
through, for example, transmetalation [characteristic (3)]. The rare
earth metal complexes used in our studies are stable, and can
tolerate a small amount of water and air.” In this perspective, we
describe the development, application, structure, and mechanisms
of the rare earth metal asymmetric catalysts that can promote
tetrasubstituted carbon synthesis.®

Q ) substrate 1
chiral
backbone )

> Esubstrate 2
Bronsted base, Lewis base, Lewis acid,
or metal for transmetalation

Fig. 1 Bifunctional asymmetric catalysis.

2 Catalytic enantioselective cyanosilylation of
ketones

2.1 Reaction development

We developed the first general catalytic enantioselective cyanosi-
lylation of ketones using a Ti complex generated from chiral
ligands 1 and 2 (Table 1).** Those ligands were designed based
on the concept of Lewis acid—Lewis base bifunctional asymmetric
catalysis.® Catalysts prepared from D-glucose-derived ligands 1
and 2 generally produced (R)-ketone cyanohydrins with high
enantioselectivity [Table 1, eqn (1)]. Mechanistic studies, including
control experiments using a catalyst without phosphine oxide, led
us to propose the dual activation transition state model depicted
as 6 in Fig. 2. TMSCN activated by the phosphine oxide would
react with a ketone that was activated by Ti.

(NC)
Me; /

SI\)

Ph\P/ R Rs
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Fig. 2 Proposed transition state model for (R)-selective Ti-catalyzed
enantioselective cyanosilylation of ketones.

We planned to use this reaction as a platform for a catalytic
asymmetric synthesis of camptothecins (14), anti-cancer drugs.
The substrate (7, Scheme 1) for camptothecin synthesis has low
reactivity because the ketone carbonyl is conjugated to an electron-
rich pyridine containing a sterically bulky substituent at the ortho-
position. As predicted, the reaction proceeded very sluggishly
using 20 mol% of the Ti catalyst, and the corresponding (R)-
ketone cyanohydrin (undesired configuration) was produced with
low enantioselectivity [Scheme 1, eqn (1)].

OMe
catalyst
NN 0TBS TMSCN
—
TMS
(0]
7

Ti(OPr)4 + 1 (1:1) 18% ee (R), 34%
(20 mol %) (THF, 1t, 144 h)

Sm(O'Pr); + 1 (1:1.8) 84% ee (S), 98%
(5 mol %) (CH3CH,CN, -40 °C, 18 h)

Sm(O'Pr); + 4 (1:1.8) 90% ee (S), 91%
(2 mol %) (CH3CH,CN-CH3CN, -40 °C, 34 h)

Scheme 1  Platform reaction for the synthesis of camptothecins.

To overcome the low reactivity of 7, we used a rare earth
metal catalyst based on Utimoto’s finding that rare earth metal
alkoxides activate TMSCN through transmetalation, generating
a highly nucleophilic rare earth metal cyanide species."' As
expected, the reaction proceeded smoothly at —40 °C using a
catalyst derived from Sm(O'Pr); and 1 mixed in a 1 : 1.8 ratio.
Unexpectedly, product 8 with the desired (S)-configuration was
obtained with 84% ee [Scheme 1, eqn (2)]. The reaction conditions
were optimized, and 8 was obtained with 90% ee using 2 mol% of
catalyst derived from an electronically tuned ligand 4 [Scheme 1,
eqn (3)]."> Using this reaction as a key step, a versatile intermediate
for camptothecins was synthesized.

Intrigued by the high catalyst activity and reversed enan-
tioselectivity of the Sm catalyst, we next studied the substrate
generality of the (S)-selective cyanosilylation of ketones.'* When
using structurally simpler ketones, such as acetophenone, as
the substrates, the corresponding Gd catalyst prepared from
Gd(O'Pr); and 1in a 1 : 2 ratio produced higher enantioselectivity
[Table 1, eqn (2)] than the Sm catalyst. Thus, it is possible to
generally synthesize both enantiomers of ketone cyanohydrins
using one chiral source derived from cheap D-glucose by changing
the metal from Ti to a rare earth.
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Table 1 Catalytic enantioselective cyanosilylation of ketones

Ti(OPPr)4 (x mol %)

10r 2 (x mol %) TMSO')<CN
R™ “pg
0 THF R e
)k + TMSCN _ 1:Ar=Ph;X,Y=H
R “Rs Gd(O'Pr); (x mol %) X 2:Ar=Ph;X=COPh Y =H
1 (2x mol %) T™MSO, CN 3:Ar=Ph; X, Y=F
>\ 2 4:Ar=ptol; X,Y=F
CH3CH,CN R © Rs HO Y 5 Ar=Ph; X Y=Cl
Entry  Ketone Metal source Ligand  Loading/x mol%  Temp/°C  Time/h  Yield (%) Ee (%)
1 o} Ti(O'Pr), 2 1 —-20 88 92 94
2 Gd(O'Pr), 1 1 —40 16 93 91
3 o) Ti(O'Pr), 2 1 -25 92 7 90
4 /©/U\ Gd(O'Pr), 1 5 —60 55 89 89
cl
5 0 Ti(O'Pr), 2 1 -10 922 90 %
6 ©)J\/ Gd(O'Pr), 1 5 —60 14 93 97
7 o} Ti(O'Pr), 1 10 —50 88 7 91
8 ©/\/U\ Gd(O'Pr), 1 5 —60 6.5 94 87
B
9 o Ti(O'Pr), 2 25 -30 922 72 90
10 /v\/\)]\ Gd(O' Pr), 1 5 —60 19 96 76
N
11 o} Ti(O'Pr), 2 10 —50 36 922 85
12 ©/\)J\ Gd(O'Pr), 1 5 —60 1 97 66
13 0 Ti(O'Pr), 2 2.5 —45 92 80 82
14 M Gd(O'Pr), 1 5 —60 0.5 79 47

2.2 Reaction mechanism

Initial critical information about the composition of the asym-
metric rare earth catalyst was obtained from the dependency of
enantioselectivity on the mixed ratio of Gd(O'Pr); and 1 in the
catalyst preparation. The enantioselectivity increased according to
the 1 : Gd ratio, producing maximum enantioselectivity at 1/Gd =
2 (the optimized ratio). The enantioselectivity, however, almost
saturated at 1/Gd = 1.5. This dependency suggests that the active
catalystisa 2 : 3 complex of Gd and 1.

The results of the following studies, addressing the relationship
between enantioselectivity and the catalyst composition observed
by ESI-MS, strongly support this hypothesis. When the Gd catalyst
(prepared from Gd(O'Pr); and 3 in a | : 2 ratio, catalyst A in
Fig. 3) was applied to the cyanosilylation of 9, a substrate for
triazole antifungal (15) synthesis,* product 10 was obtained with
only 68% ee. The enantioselectivity increased up to 83% when
the catalyst was prepared from Gd{N(SiMe;),}; and 3ina 2:
3 ratio (catalyst B). The difference was due to the purity of
the catalytic species. A solution prepared from Gd(O'Pr); and

3 contained two main species: a 2 : 3 complex (11 and 11 + 3)
and a 4 : 5 + oxo complex (Fig. 3a). By contrast, a pre-catalyst
solution prepared from Gd{N(SiMe;), }; contained a 2 : 3 complex
(11) as the sole species (Fig. 3b). Because the enantioselectivity
increased according to the concentration of the 2 : 3 complex, the
2 : 3 complex is likely to be the actual pre-catalyst. Importantly,
the marked difference in enantioselectivity between the catalysts
prepared from Gd(O'Pr); and Gd{N(SiMe;), }; was only observed
when highly reactive ketones (such as 9) were used as substrates.
This finding suggests that the 4 : 5 + oxo complex would produce
lower enantioselectivity, but with lower catalyst activity, than the
2 : 3 complex (see below).

The pre-catalyst (11) was subjected to the reaction conditions
in the presence of excess TMSCN (Fig. 4). The Gd-O bond
was cleaved by TMSCN, and gadolinium cyanide complex 12
with silylated ligands was observed by ESI-MS (data not shown,
see ref 12a). "H NMR analysis of the recovered silylated ligand
demonstrated that the phenolic oxygen atom was the silylation
site. The generation of highly nucleophilic gadolinium cyanide in
12 suggests that the actual nucleophile was the gadolinium cyanide,
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Fig.3 Relationship between enantioselectivity and catalyst composition.
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Fig. 4 Proposed catalyst structure and mechanism of (S)-selective
Gd-catalyzed cyanosilylation of ketones.

not TMSCN. This hypothesis was supported by the following
experiments. After generation of the “CN-labelled 2 : 3 complex
using TMS"CN, cyanosilylation was performed in the presence
of variable amounts of TMS'>?CN. The incorporation of *CN in
the product was dependent on the ratio of ®CN and *CN in the

reaction mixture. In addition, only one signal corresponding to
CN was observed on the *C NMR (117 ppm) analysis of 12 (the
corresponding Pr complex, instead of the strongly paramagnetic
Gd complex, was used in the NMR studies) labelled by “CN in
the presence of variable amounts of TMS®CN (0 or 2 equiv.)
at —60 °C. These results confirmed the existence of a facile
pre-equilibrium between gadolinium cyanide of the catalyst (12)
and TMSCN. Kinetic studies were then conducted. The order
dependency of the initial reaction rate on [TMSCN] and [catalyst]
was determined to be 0 and 0.8, respectively. Therefore, the actual
nucleophile is likely the gadolinium cyanide.

Combining the mechanistic information described above led
us to propose a model 13 for the (S)-selective cyanosilylation
of ketones promoted by the Gd catalyst (Fig. 4).”* The reaction
should proceed through an intramolecular cyanide transfer from
a Gd to an activated ketone coordinating to the other Lewis acidic
Gd of the bimetallic complex. The reversal of the enantioselectivity
using either the Ti-catalyst or the Ln-catalyst resulted from
differences in the catalyst structure and the reaction mechanism
(Fig. 2 vs. Fig. 4).

The phosphine oxide of the ligand was essential for the
high catalyst activity and enantioselectivity. The control catalyst,
without phosphine oxide, produced significantly lower activity
and enantioselectivity. No ESI-MS peaks were observed with
the control catalyst, suggesting the lack of a defined structure.
In addition, there was less gadolinium cyanide formation, based
on the smaller amount of silylated ligand observed by 'H
NMR. Therefore, the phosphine oxide probably stabilizes the
active 2 : 3 complex, as well as facilitating the transmetalation
for generation of the active nucleophile.

2.3 Synthetic applications

Catalytic enantioselective cyanosilylation of ketones is a powerful
synthetic method. We have achieved asymmetric syntheses of
versatile intermediates of camptothecins (14)' and triazole anti-
fungals (15)," oxybutynin (16),"* a neurokinin receptor antagonist
(17)," and fostriecin (18) and 8-epi-fostriecin (19),'¢ using catalytic
cyanosilylation as a key step (Fig. 5). We describe here our latest
achievement in this area—the catalytic asymmetric synthesis of
fostriecin and 8-epi-fostriecin.

Fostriecin (18) is a secondary metabolite of Streptomyces pul-
veraceus that exhibits potent anti-tumor activity through selective
protein phosphatase 2A inhibition."” Due to its chemical structure
and biological activity, fostriecin is an attractive synthetic target.'
Our synthesis is unique due to the fact that four stereocenters were
independently constructed using catalytic asymmetric reactions.
This strategy is advantageous for the synthesis of stereo-analogues.
Switching the enantioselectivity of each asymmetric catalyst
allows for the synthesis of stereoisomers without changing the
basic synthetic strategy. Specifically, we were interested in the
effect of the chirality at the tetrasubstituted carbon C-8 on the
biological activity. Generally, the chirality of tetrasubstituted
carbons strongly influences on the global molecular structure.”

Thus, we achieved the synthesis of fostriecin using the (R)-
selective Ti-catalyzed cyanosilylation of ketone 20 (5 mol% of
Ti-2, 93% yield, 86% ee) as the initial key step. Synthesis of §-epi-
fostriecin (19) was also completed without significantly changing
the synthetic route, starting from the (S)-selective Gd-catalyzed
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18 (R' = Me, R2 = OH): fostriecin (anticancer)
19 (R' = OH, R2 = Me): 8-epi-fostriecin

Fig. 5 Synthetic targets of the catalytic enantioselective cyanosilylation
of ketones.

cyanosilylation. Key steps for the 8-epi-fostriecin synthesis are
shown in Scheme 2. The (S)-selective cyanosilylation of 20 pro-
ceeded in the presence of 2 mol% catalyst, producing cyanohydrin
21 in 95% yield with 86% ee. This reaction was performed in
up to 120-g scale. 21 was converted to enantiomerically-pure
aldehyde 22 via several operations, including recrystallization,
which was subjected to a highly stereoselective (selectivity =
16 : 1) allylation using AgF—(R)-p-tol-BINAP catalyst developed
by H. Yamamoto.”® The chiral lactone was constructed from

Gd-1 (2 mol %)

% TMSCN CN
oo > o KN —
EtCN, -60 °C < OTMS
20 120 g-scale 21

_______________________ o) 0,
E-catalytic enantioselective | 95%, 86% ee ()

(S)-LLB (10 mol %)
LiOTf (20 mol %)
MeC(O)C=CTMS

H OTIPS AgF (5 mol %)

23 through O-acryloylation followed by ring-closing metathesis.
Aldehyde 24, which was synthesized through subsequent deprotec-
tion and oxidation, was subjected to a catalytic asymmetric direct
aldol reaction using (S)-LLB-LiOTf as an asymmetric catalyst*!
and an alkynyl ketone as a donor. Product 25 was obtained after
protection in 65% yield with a diastereoselectivity of 4 : 1. It
is noteworthy that this aldol reaction was very susceptible to a
retro-aldol reaction under highly basic conditions. In fact, the
aldol reaction via stoichiometric formation of the corresponding
lithium enolate or zinc enolate of the alkynyl ketone did not afford
the desired product. Only a bifunctional catalyst can provide such
a base-sensitive aldol product.?

The final asymmetric induction was conducted under Noyori’s
transfer hydrogenation conditions, giving propargyl alcohol 26
with greater than 10 : 1 selectivity. At this stage, all of the
stereogenic centers of 8-epi-fostriecin were constructed under
catalyst control. Alkynylsilane 26 was converted to vinyl iodide
27 containing the appropriate protection pattern, which was sub-
jected to the Stille cross-coupling reaction with a dienylstannane,
and followed by phosphorylation and deprotection to produce 8-
epi-fostriecin (19). Based on the protein phosphatase inhibition
assay, 8-epi-fostriecin (19) was less active, but a more protein
phosphatase 2A-selective inhibitor than fostriecin (18).'* This is
the first biological study of fostriecin’s stereo-analogues.

3 Catalytic enantioselective Strecker reaction of
ketoimines

3.1 Reaction development

Chiral a,0-disubstituted a-amino acids are important building
blocks for pharmaceuticals and artificially designed peptides.?®
The catalytic enantioselective Strecker reaction of ketoimines is
one of the most direct and practical methods for the synthesis
of this class of compounds.* Jacobsen’s group developed an
organocatalytic asymmetric Strecker reaction of aryl methyl
and fert-butyl methyl ketoimines.’** Vallée er al. reported a

(R)-p-tol-BINAP (5 mol %)
allyltrimethoxysilane

MeOH, —20 °C
88% (d.r. = 16:1)

T
'
'
'
'
L

H. Yamamoto's '
catalytic asymmetric allylation!

Noyori's cat. (3.3 mol %)
KOH (3 mol %)

THF, -20 °C
65% (d.r. = 4:1)

IPrOH, 81%
™S  (d.r.>10:1)

Fo=mmmmmmmmm—--- '
'
!

Noyori reduction !

> 19

26 27

Scheme 2 Catalytic asymmetric synthesis of 8-epi-fostriecin.
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Table 2 Catalytic enantioselective Strecker reaction of ketoimines

Il H (I)I
PPh, "
N~ Condition A or B NC, N—PPh,
| 3
R! R2 CH3CH,CN, -40°C R! R?

Entry Substrate Condition,* x = loading/mol% Time/h Yield (%) Ee (%)
1 /P(O)th A (1) 30 94 92
2 i B(O.1) 19 97 %

©)\Me
3 N~ POPh2 A 31 97 95
4 P(O)Ph, A 21 93 93
5 N B (1) 3 99 99

7 | Me

S
6 N~ P OPh2 Al 2 92 92

|
7 N,P(O)th A1) 43 73 90
|

CH3(CH2)s™ “Me

8 N,P(O)Ph2 A (2.5) 2.5 91 80
|

ﬁ)\Me

9 N/P(O)th A1) 38 93 96
|
Ph/\/l\ Me

“ Condition A: catalyst = Gd(O'Pr); (x mol%) + 3 (2x mol%); TMSCN (1.5 equiv.), 2,6-dimethylphenol (1 equiv.). B: Catalyst = Gd(O'Pr); (x mol%) +

3 (2x mol%); TMSCN (2.5-5 mol%), HCN (150 mol%).

reaction with an acetophenone-derived ketoimine, catalyzed by
a chiral heterobimetallic complex.”® We established the most
general catalytic enantioselective Strecker reaction of phosphinoyl
ketoimines using a Gd catalyst derived from ligand 3 in the
presence of a protic additive (2,6-dimethylphenol or HCN).*
Excellent enantioselectivity was produced from a wide range
of substrates, including aromatic, heteroaromatic, cyclic, and
aliphatic ketoimines (Table 2).

The protic additive significantly improved the catalyst activity
as well as enantioselectivity. To gain insight into the additive
effect, ESI-MS studies of the catalyst were performed in the
presence of 2,6-dimethylphenol. A catalyst prepared from a
1 : 2 ratio of Gd(O'Pr); and 3, in the presence of TMSCN
(15 equiv. to the catalyst) in acetonitrile, mainly afforded a peak
corresponding to the O-silylated 2 : 3 complex (12). When 2,6-
dimethylphenol (10 equiv.) was added to the catalyst solution,
the peak corresponding to the 2 : 3 complex disappeared and a
new peak corresponding to an O-protonated 2 : 3 complex (28)
appeared [Scheme 3, eqn (1)]. Therefore, this protonated complex

was a highly active enantioselective catalyst in this asymmetric
Strecker reaction of ketoimines.

Based on this finding, we expected that the same active catalyst
28 would be generated through the reaction of HCN with 12

2 2 +HCN
Gd(OPr; + 3
+ TMSCN OH OTMS
of\f\ eqn (1) /\/\
(O __________ O'> (‘o O O O’>
o-- Gd Gd Gd Gd“‘O
Co on nd o) w0
|
™S 28
HCN 2TMSCN

Scheme 3  Generation of protonated asymmetric catalyst.
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[Scheme 3, eq. (2)]. Protonolysis with HCN produces 2 equiv. of
TMSCN. Thus, only a catalytic amount of TMSCN is required if
HCN is used as the proton source and stoichiometric cyanide
source. This would lead to a more atom-economical catalytic
enantioselective Strecker reaction.

As expected, the reaction proceeded smoothly in the presence
of a catalytic amount of TMSCN and a stoichiometric amount of
HCN (Table 2, condition B).? The reaction time was significantly
shortened compared to using 2,6-dimethylphenol as an additive
(condition A). The higher reactivity allowed us to reduce the
catalyst amount to as low as 0.1 mol%, while maintaining excellent
enantioselectivity. The difference in reactivity when using HCN or
2,6-dimethylphenol as the proton source might be partly due to
the acidity of the additive. In the presence of HCN (pK, = 9.2),
the concentration of the active catalyst 28 should be higher than
in the presence of 2,6-dimethylphenol (pK, = 10).

We propose the catalytic cycle shown in Scheme 4. To the
active catalyst 28, the substrate ketoimine is incorporated and
activated. An intramolecular cyanide transfer from the gadolinium
cyanide to the activated substrate defines the enantioselectivity
(29), and the zwitter ionic intermediate 30 is generated. In this step,
the characteristics of phosphinoyl ketoimines—i.e., the cis/trans
isomers equilibrate very rapidly at the reaction temperature
(—40 °C)**—should work advantageously in determining the
reactive imine geometry. The intermediate 30 should collapse
through intramolecular proton transfer, and the product was
liberated with regeneration of gadolinium alkoxide complex 11.
From 11, successive reactions with TMSCN and HCN reproduced
the active catalyst 28. The reaction did not proceed at all in the
absence of a catalytic amount of TMSCN. This finding suggests
that the active catalyst 28 is generated only through the silylated
pre-catalyst 12, and direct generation of 28 from the alkoxide
complex 11 and HCN does not occur.

Gd(OPr); + 3

N R
NC, N-PPh 0,
LK s 2 C_O\ | ’ AN /O
R® R 0"G|d Gd-.. 2 TMSCN
Lo " *Ny);
N /TN
R e o
GI®  Sd--g (O, 5 /O>
(o) oo o) 0--Gd Gd:--0
W g Co N Ne )
0NN I |
ne, N7 b ™s 12 ™S
RL RS HCN
30 \ . 2 TMSCN
Ph_ o] Q
P
Ph* \\A%Q 09 .0.90
(0] 4
(Coup-*9 0 g), cd G(\j\g
_Gd Gd -0
0---C . o CN o)
&/OI \CN . 0) ‘/<o | 28 \)
NC) O f H
| ( //
HL o _PPh,
20 gox{ ph PR X
RS RY "RS

Scheme 4 Proposed catalytic cycle of Strecker reaction of ketoimines.

3.2 Synthetic application

Due to the versatility of o,0-disubstituted amino acids in bio-
logically active compounds, there are many potential synthetic
targets for our reaction. We achieved catalytic asymmetric syn-
thesis of sorbinil (31)** and lactacystin (32)*” using the catalytic
enantioselective Strecker reaction of ketoimines. Here we describe
our lactacystin synthesis.

HO,C._ _NHAc

(0] 0 j/
NH

sorbinil (31)

(+)-lactacystin (32)

(+)-Lactacystin (32) is a potent and selective proteasome in-
hibitor, isolated from the Streptomyces sp. by Omura et al.® Due to
its potent biological activity and complex chemical structure, many
synthetic chemists study 32 as a synthetic target.* We planned
to utilize our catalytic enantioselective Strecker reaction for the
construction of the tetrasubstituted carbon C-5 of lactacystin.
Based on this plan, o-hydroxy ketoimines are an obvious starting
point. This type of imine, however, is unstable and not isolable in
a pure form. Thus, we utilized an enone-derived, stable 33 as a
masked o-hydroxy ketoimine.

Imine 33, containing a bulky isopropyl group at the a-position,
was barely reactive under the Strecker reaction conditions, and
optimization of the reaction conditions was necessary. It was found
that the catalyst generated from Gd{N(SiMe;),}; and 3ina 2 :
3 ratio produced higher activity and enantioselectivity than the
catalyst prepared from Gd(O'Pr);. The difference was attributed to
the purity of the active 2 : 3 complex (Fig. 3). Under the optimized
conditions, the Strecker reaction of 33 completed using 2.5 mol%
catalyst in 2 days, and product 34 was obtained in quantitative
yield with 98% ee (Scheme 5).

Amidonitrile 34 was converted to the protected amino acid
derivative 35, which was further transformed to y-lactam 36
through ozonolysis, oxidation and cyclization. Stereoselective
reduction of C-9 ketone using PrMgBr* via a presumed cyclic
transition state produced a diastereomixture of C-9 secondary
alcohols with the desired o-alcohol 37 as the major isomer
(dr = 10 : 1). Diastereomerically and enantiomerically pure 37
was obtained by recrystallization of the crude mixture from a
toluene-hexane mixed solvent. After protection of the secondary
alcohol and the lactam nitrogen atom with acetyl and Boc groups,
respectively, selenenylation and oxidation of 38 produced the a,[3-
unsaturated lactam 39 in excellent yield. The B-hydroxyl group of
C-6 was introduced via a stereoselective conjugate addition of the
Et,NPh,Si group from the less hindered side of the enone, followed
by Tamao-Fleming oxidation of the silicon with retension of
configuration,* producing enantiomerically pure known interme-
diate 40. Methylation at C-7 of 40 under the conditions developed
by Donohoe** produced the desired stereoisomer 41, which was
further converted to lactacystin following the procedures reported
by Corey and Donohoe.
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GAH{N(SiMes),}; (2.5 mol %)
3 (3.75 mol %) n
TMSCN (2 equiv) NC, HN—PPhy

2,6-dimethylphenol (1 equiv) \ f

33 34
>99%, 98% ee

CH3CH,CN, —40 °C, 2 days

1) conc. HCl aq. EtOZC,(I NHBoc 1) Oz Me,S

2) SOCl,, EtOH 2) NaClO,
3) BOCzo, NaHC03 3) H2304
MeCN EtOH
68% (3 steps) 35 81% (3 steps) 36

PrMgBr; recryst. from 1) Ac,0, py. 1) LHMDS, PhSeBr
toluene—hexane 2) Boc,0, EtzN 2) H,0,
53% 93% (2 steps) 92%
(d.r. = 10:1)
37
>99% ee
1) Et,NPh,SiLi
Et,Zn
2) mCPBA, KHF, LDA; Mel (+)32
+)-
57% (2 steps) HMPA, THF

(>30:1) 58% (d.r. >15:1)

(94% b.r.s.m.)

40
Donohoe's intermediate

Scheme 5 Catalytic asymmetric total synthesis of lactacystin.

4 Structural studies of the poly rare earth metal
asymmetric catalysts

To elucidate the enantiodifferentiation mechanism of the asym-
metric rare earth metal catalysts, we studied crystallization of
the catalytic species by varying the ligand structure and metal.
Colorless, air-stable prisms were obtained from a propionitrile—
hexane (2 : 1) solution of the complex prepared from a 2 :
3 ratio of Gd(O'Pr); and ligand 5 (crystal A: 80% yield). X-
Ray crystallographic analysis revealed that crystal A was a 4 :
5 complex of Gd and 5 with a p-oxo atom surrounded by
four gadolinium atoms (Fig. 6).* The tetranuclear structure was
maintained in a solution state, and the sole peak observed by
ESI-MS corresponded to crystal A.

Fig. 6 Crystal structure of 4 : 5 + oxo complex [crystal A] (a), and its
chemical structure depiction (b).

Previously, the MS peak corresponding to crystal A was
observed, concomitant with the 2 : 3 complex (active catalyst),
in a solution prepared from a 1 : 2 ratio of Gd(O'Pr); and 5
(see Fig. 3a). The high yield of crystal A suggested that there is a

conversion process from the 2 : 3 complex to the 4 : 5 + oxo complex
(crystal A) during crystallization. In addition, time-dependent
conversion of the 2 : 3 complex to the 4 : 5 + oxo complex in a
solution state was observed by ESI-MS. Moreover, this conversion
was an autocatalytic process. Thus, seeding the 4 : 5 + oxo
complex to a solution containing pure 2 : 3 complex (prepared
from Gd{N(SiMe;),};) markedly accelerated the formation of
the 4 : 5 + oxo complex. Therefore, the 4 : 5 + oxo complex is
thermodynamically more stable than the active kinetically-formed
catalyst, the 2 : 3 complex.

The function of crystal A as an enantioselective catalyst was
evaluated by Strecker reaction of ketoimines. To our surprise,
enantioselectivity was completely reversed when crystal A was
used as a catalyst, compared to the catalyst prepared in situ
(Table 3).* This dramatic reversal in enantioselectivity was
attributed to the change in the higher-order structure of the chiral
polymetallic catalyst. The reaction rate was approximately 5—
50 times slower than that using the catalyst prepared in situ. Due
to the marked difference in catalyst activity, the major enantiomer
obtained using the catalyst prepared from Gd(O'Pr); was (.S),
whereas the catalyst solution contained a mixture of the 2 : 3
complex and the 4 : 5 + oxo complex.

Efforts to elucidate the structure of the active 2 : 3 complex
continued. Colorless, air-stable prisms (crystal B) were obtained
from a THF solution of La(O'Pr); and ligand 1 mixed ina 2 : 3 ratio
(47% yield). The X-ray diffraction study revealed the structure to
be a pseudo C,-symmetric 6 : 8 complex of La and 1 (Fig. 7a).*
Six La atoms were arranged in line as a backbone, and eight
chiral ligands were arranged around the backbone. This structure
was maintained in solution, based on the fact that the parent
peak corresponding to crystal B was observed by ESI-QFT-MS
(Fig. 7b). In addition, two major fragment peaks corresponding
to metal : ligand = 2 : 3 and 4 : 5 + oxo complexes were observed.
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Table 3

Higher-order structure dependency of catalytic enantioselective Strecker reaction of ketoimines

I catalyst (2.5-10 mol %) 0
. H ||
N/Pph2 TMS(..‘,N (1.5 equiv) . NC, N—PPh,
2,6-dimethylphenol (1 equiv)
)l\ R'” "R?
R! R2 CH3CH2CN, -40°C (S)

Entry Substrate Catalyst* Time/h Yield (%) Ee (%) Configuration®
1 N,P(O)Ph2 Gd-5 0.5 99 98 (S)
2 | Crystal A 2 99 91 (R)

/ N\
S
3 _P(O)Ph, Gd-5 0.5 99 88 (S)
4 )Nl\ Crystal A 1 93 96 (R)
Ph
5 Ph N,P(O)Ph2 Gd-5 2 99 87 S)
6 C I Crystal A 2 95 87 (R)
7 N,P(O)Ph2 Gd-3 2.5 91 80 S)
8 \2\ Crystal A 12 99 82 (R)
9 N P(O)Ph, Gd-5 2 92 74 (S)
Crystal A 14 99 98 (R)

10 })I\

“ Loading of Gd was 5 mol% in entries 1, 3 and 5, 2.5 mol% in entry 7, 10 mol% in entry 9, and 7 mol% in entries 2, 4, 6, 8 and 10. * Absolute configuration
was determined in entries 3 and 4. In other entries, absolute configuration was temporarily assigned by analogy.

The ESI-MS fragment patterns of crystal B provide insight
into the relevance of crystal B to the optimized Gd catalyst
(2 : 3 complex) in solution. The observed MS-fragments (2 : 3
and 4 : 5 + oxo) can be viewed as subunits of the entire
polymetallic assembly. The X-ray structure of crystal B supports
this consideration: the distance between La’ and La’® atoms (or
La* and La® atoms) was significantly longer than that between La'
and La’ (or La® and La®) (Fig. 7¢). In addition, the coordination
number of La® (and La*) was smaller than those of La' and La?
(or La’ and La®), which might induce Lewis base coordination
to La* (or La*) and dissociation of the terminal 2 : 3 subunits.
Thus, the 6 : 8 complex (crystal B) is likely to be constructed via
assembly of the 2 : 3 subunit (the red part in Fig. 7c) and the
4 : 5 + oxo subunit (the blue part). The terminal 2 : 3 subunits
of crystal B might correspond to the optimized active catalyst.
This hypothesis is supported by the fact that crystal B (8§ mol%
La) promoted the catalytic enantioselective Strecker reaction of
acetylthiophene-derived ketoimine, giving the product with 26%
ee. Configuration of the major product was the same (S) as when
using a catalyst prepared in situ. Crystal B produced a similar level
of enantioselectivity as when using a catalyst prepared in situ from
La(O'Pr); and 1 (16% ee). Therefore, crystal B represents one of
the structures of the lanthanum catalyst in solution.

Although the three-dimensional structure of the actual cat-
alyst (2 : 3 complex) has yet to be clarified, these results
demonstrated that the higher-order structure of an artificial
asymmetric polymetallic catalyst is a determining factor of the
function (enantioselectivity and activity) of the asymmetric cata-
lysts.

5. Otbher utilities of the poly rare earth metal
asymmetric catalysts

5.1. Catalytic enantioselective conjugate addition of cyanide to
o,p-unsaturated /N-acylpyrroles

The Gd catalyst promotes a general catalytic enantioselective con-
jugate addition of TMSCN to o,B-unsaturated N-acylpyrroles.3*
This type of reaction is useful for the synthesis of chiral y-amino
acids. Prior to our contribution, Jacobsen’s group reported the first
catalytic enantioselective conjugate addition of cyanide using the
chiral salen-Al complex.’® Although excellent enantioselectivity
was realized from B-aliphatic-substituted substrates, substrates
with B-aryl or vinyl substituents were unreactive. Our catalyst has
overcome this limitation, and products were obtained with high
enantioselectivity from a wide range of substrates, including f-
aliphatic, aromatic, and alkenyl N-acylpyrroles, in the presence
of TMSCN and HCN (Scheme 6). Pharmaceuticals and their
lead compounds, such as pregabalin (an anticonvulsant drug)
and B-phenyl-GABA (an inhibitor in the nervous system), were
synthesized using this reaction as the key step.

5.2. Catalytic asymmetric ring-opening reaction of
meso-aziridines with TMSCN

We reported the first catalytic asymmetric ring-opening reaction of
meso-aziridines by TMSCN using the Gd-3 complex (Scheme 7).3¢
The addition of a catalytic amount of trifluoroacetic acid (TFA)
reproducibly improved the enantioselectivity. Based on ESI-MS
studies, TFA was incorporated in the catalyst complex. TFA is
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2702 2488

Fig.7 Crystal structure of 6 : 8§ complex (crystal B) (a), ESI-QFT-MS of
crystal B (b), and chemical structure depiction of crystal B (c).
83-98% ee

o
R =
78-99% yield
Ph OH )\/\/U\OH

B-phenyl-GABA

Gd(OPr); (1020 mol %)
3 (20—40 mol %) CN O
TMSCN (0.5-1 equiv)
HCN (2 equiv)

CH3CH,CN, 20 °C R'

pregabalin

Scheme 6 Catalytic enantioselective conjugate addition of TMSCN to
o,B-unsaturated N-acylpyrroles.

believed to bridge the two Gd atoms of the catalyst and stabilize the
enantioselective polymetallic complex. In addition, enhancement
of the Lewis acidity of Gd, and fine-tuning of the relative positions
of the two Gd atoms, might also contribute to the improved
enantioselectivity. The ring-opened products were easily converted
to chiral f-amino acids through acid hydrolysis.

Gd(O'Pr); (10 mol %)

0 9
R 3 (20 mol %) R N A
TFA (5 mol % "
}Nkm 26(d' thol) henol j\ T)(
,6-dimethylpheno 1
R (1 equiv) R TCN
TMSCN (3 equiv) 80-93% ee

Ar = CgHy-4-NO, CH3;CH,CN 81-94%

Scheme 7 Catalytic asymmetric ring-opening reaction of meso-aziridines
with TMSCN.

5.3. Catalytic asymmetric ring-opening reaction of
meso-aziridines with TMSN;

The yttrium catalyst prepared from Y(O'Pr); and 3ina 1 : 2 ratio
promoted a general catalytic asymmetric ring-opening reaction
of meso-aziridines with TMSN; (Scheme 8).*” The products were
direct precursors for enantiomerically enriched 1,2-diamines, ver-
satile chiral building blocks for pharmaceuticals and chiral ligands.
We utilized this reaction as a platform for our catalytic asymmetric
synthesis of Tamiflu®, a very important anti-influenza drug.*”*® In
this synthesis, the aziridine opening reaction was performed in a 30
g-scale using 1 mol% of catalyst. The ligand was recovered through
base extraction (without column chromatography) for reuse.

Y(O'Pr)3 (1-10 mol %)

[0} o

R! 3 (2-20 mol %) R! H Ar

TMSN; (1.5 equiv b
}N)J\Arl 26(13'( thlqh) | j\ T
,6-dimethylpheno 1

R [ (1 equiv) ] R N3
CH;CH,CN, 0-40 °C 83-96% ee

Ar = CGH4-3,5-(N02)2 93->99%

«NHAC

EtO,C NH,-H3PO,

Tamiflu

Scheme 8 Catalytic asymmetric ring-opening reaction of meso-aziridines
with TMSN;.

6. New design of poly rare earth metal asymmetric
catalysts

The intimate relationship between higher-order structure and
function of the asymmetric polymetallic rare earth catalyst
described in section 4 demonstrated the importance of controlling
the catalyst’s higher-order structure. Logical design of the higher-
order structure, however, is difficult at this stage. Therefore, we plan
to extract a structural module from the self-assembled polymetallic
complex (crystals A and B), and modify the module structure for
the new catalyst design. We expected that the stabilization of the
module will lead to a more stable higher-order structure. As a
result, the active catalytic species should be unified, leading to
higher catalyst activity and enantioselectivity.

Based on this assumption, we identified module 42 in the
polymetallic complexes derived from 1-5 (Fig. 8). In module 42, a
chiralligand acts as a tetradentate ligand with each ligand bridging
two rare earth metals (RE) by forming a 7-, 5-, and 5-membered
fused chelation ring system. If the linker methylene between the
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_ Ar\\P
+ RE(O'Pr),

Fig. 8 Schematic depiction of the module structure of polymetallic
catalysts.

phosphine oxide and core tetrahydropyran ring is truncated, the
resulting module contains a more stable 6-, 5- and 5-membered
fused ring system (43). To avoid possible undesired phosphine
oxide elimination via oxonium formation, we also changed the
core structure from tetrahydropyran to cyclohexane. Thus, new
module 43 and chiral ligand 44 were designed. Ligand 44 was
readily synthesized via 5 steps from racemic 2-cyclohexen-1-ol
using a dynamic kinetic resolution developed by Trost.*

The new catalyst prepared from 44 and Gd(O'Pr); mixed
in a 1 : 1.5 ratio was superior to the catalyst derived from
3 in the desymmetrization of meso-aziridines with TMSCN.*
Both catalyst activity and enantioselectivity improved significantly
(Table 4). The enantioselectivity was not dependent on the
metal : ligand ratio used in catalyst preparation. Unexpectedly, the
enantioselectvity was reversed compared to the catalyst derived
from 3, whereas 44 and 3 contained the same chirality. The
enantio-switching was not due to the absence of the oxygen
atom in the scaffolding 6-membered ring (tetrahydropyran vs
cyclohexane); when using a catalyst prepared from Gd(O'Pr); and
control ligand 45 (10 mol%), the aziridine-opening product with
the same absolute configuration as those obtained using sugar-
derived ligand 3, was produced. Therefore, the enantio-switching
was attributed to the higher-order structural change induced by
the one-carbon truncation between the phophine oxide and the
core 6-membered ring. The new catalyst was also effective in
enantioselective conjugate addition of TMSCN to a,B-unsaturated
N-acylpyrroles.*®®

To obtain further insight into the mechanism of the enantio-
reversal, catalyst composition was studied by ESI-QFT-MS. A
single peak corresponding to a 44-Gd = 5: 6 + oxo + OH complex
was observed. Thus, the subtle change in the module structure
(one-carbon difference in the linker) was amplified in the higher-
order structure, and a completely different assembly state was
produced.

Elucidation of the three-dimensional structure of the catalyst is
currently ongoing. During this time, we succeeded in determining
the crystal structure of the Gd-44 = 3 : 4 + 20H complex (Fig. 9).
This crystal, however, was not the actual catalyst. Using the crystal

~Gdy H 6
O pEA
Phy 7 \0\ AC um

i 0-.0\3

Fig. 9 X-Ray structure of Gd-44 = 3 : 4 + 20H complex (a) and its
chemical depiction (b).

as a catalyst, both enantioselectivity (62% ee from cyclohexene-
derived aziridine, cf. Table 4, entry 1) and catalyst activity were
significantly lower than those of the catalyst prepared in situ.
We propose the term “assemblymer” to denote the relationship
between the 5: 6 + oxo + OH complex and the 3 : 4 + 20H complex.
These assemblymers contain the same module, but the modular
assembly states (higher-order structure) are different. In this sense,
the 2 : 3 complex and the 4 : 5 + oxo complex derived from the
sugar-based ligands described in section 4 are also assemblymers.
The assemblymers generally produce completely different catalytic
functions.

The two assemblymers derived from 44 were interconvertible.
The enantioselectivity recovered to 94% ee when Gd(O'Pr); was
added to the crystal (3 : 4 + 20H complex) solution to adjust the
Gd : ligand ratio to 5 : 6 and heated at 50 °C for 1 h before the
reaction was conducted. Therefore, the highly enantioselective 5 :
6 + oxo + OH complex could be generated from the 3 : 4 + 20H
complex. In this case, the kinetically formed assemblymer (5 : 6 +
oxo + OH complex) was more stable in a solution state than
the assemblymer obtained through crystallization (3 : 4 + 20H
complex). Importantly, the crystal structure supports our initial
hypothesis that the polymetallic complex is comprised of a stable
6-, 5-, and 5-membered fused chelation system. Further studies are
ongoing to elucidate the actual catalyst structure and to extend the
utility of the new catalyst.

Conclusions

In this review, we described our development of asymmetric
poly rare earth metal catalysts that can promote cyanation and
azidation reactions, including cyanation of ketones and ketoimines
(tetrasubstituted carbon-forming reactions). The reactions are
practical, and used as key steps in catalytic asymmetric syntheses
of several biologically active compounds.

Structural studies of the asymmetric catalyst revealed that
the catalyst was a polymetallic rare earth complex constructed
through the self-assembly of modules (Fig. 8, 42). Two distinct
higher-order structures were formed depending on the assembly
state of the module, Gd : ligand = 2 : 3 complex and 4 : 5 +
oxo complex. These two complexes can be selectively prepared
either using Gd{N(SiMe;),}; as the metal source for the 2 : 3
complex or crystallization for the 4 : 5 + oxo complex. These
two “assemblymers” demonstrated completely distinct catalytic
functions. Specifically, the enantioselectivity was reversed to an
excellent level depending on the higher-order assembled structure
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Table 4 Catalytic asymmetric aziridine opening of meso-aziridines

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

o ligand (1.5x mol %)
TMSCN (3 equiv)

2,6-dimethylphenol (1 equiv)

R! N\H/Ar
T
R! ‘CN

(Ar = CoHa-4-NO,) THF, rt~67 °C
Entry Substrate Ligand Loading/x mol% Time/h Yield (%) Ee (%)
1 44 2 13 98 98
2 O:NRz 3 10 20 94 87
3 44 2 12 83 96
4 @:NRZ 3 10 95 85 82
5 44 2 14 98 95
6 @NRz 3 10 I 91 83
7 , 44 2 14 98 98
8 <\/I\NR 3 20 14 98 91
9 , 44 2 2 99 96
10 Csz(\/I\ NR 3 20 23 89 84
11 , 44 2 28 84 96
12 0<) NR 3 20 96 92 84
13 44 5 15 99 95
14 <:>NR2 3 10 64 92 80
15 Me 44 2 14 98 98
16 )NRz 3 10 39 93 85
Me

“ Using a catalyst generated from x mol% of Gd(O'Pr); and 2x mol% of 3 (x = 10 or 20) in the presence of 5 (or 2.5) mol% of TFA and 1 equiv. of
2,6-dimethylphenol. The absolute configuration of products was opposite to the one shown in the above scheme. See ref. 34.

of the catalyst in the Strecker reaction of ketoimines. The 2 : 3
complex afforded the (S)-products, while the 4 : 5 + oxo complex
afforded the (R)-products. Therefore, the higher-order structure
of the polymetallic catalyst is a determining factor of its function.

On the basis of this finding, we are currently investigating the
logical design of higher-order structures of a polymetallic com-
plex. Toward this goal, we started with tuning the module
structure. This approach led us to identify a new polymetallic
catalyst derived from ligand 44. The higher-order structure of
the catalyst derived from 44 appears to be more stable than those
of catalysts derived from 1-5. The new catalyst is markedly more
effective in catalytic asymmetric aziridine-opening reactions with
TMSCN. Efforts are ongoing to explore new asymmetric catalysts
based on the logical design of the higher-order structure of the
polymetallic catalysis.
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