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The design, synthesis, and application of a new bifunctional enantioselective catalyst containing both Lewis acidity
and Lewis basicity are described. Recent developments of chiral quaternary stereocenter synthesis through catalytic
enantioselective Reissert-type reaction and cyanosilylation of ketones forming the S—enantiomer are chiefly reviewed.
The catalysts are composed of a Lewis acid metal (aluminum, titanium, or lanthanide) and a Lewis base (the oxygen
atom of a phosphine oxide), of which positions are defined by 2,2’-binaphthol (BINOL) or a carbohydrate scaffold.
Utilizing these catalysts, we have developed a variety of enantioselective cyanation reactions, such as cyanosilylation of
aldehydes and ketones, Strecker-type reaction, and Reissert-type reaction. These reactions showed a broad substrate
generality. Investigations toward the elucidation of the reaction mechanism, involving kinetic studies, comparison of the
results by control catalysts, and absolute configurations of the products, revealed that these reactions are catalyzed by a
dual activation of a substrate and trimethylsilyl cyanide (TMSCN) by the Lewis acid and the Lewis base of these
catalysts. Catalytic enantioselective synthesis of several drug lead compounds, such as anti-cancer epothilones, potent N
—methyl-D-aspartate (NMDA) receptor antagonists, phenytoin analogs, salsolinol carboxylic acid, and anti-cancer
camptothecin was achieved, using these reactions as key steps.
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Table 1. Catalytic Asymmetric Cyanosilylation of Benzalde-
hyde: Combinations of Lewis Acid and Lewis Base

o 1 (CH)SICN(1:2eq) |y op

catalyst (9 mol %) >\
Ph” H |
2)2 N HCI s
Entry Cat. (Mtl) Solvent T(eorg;) : T(i}?; ¢ ‘Ei/il)d (2’/:) Conf.
1 1(AICD CH,Cl, —40 36 91 87 S
2 2(Ti(OPr),) Toluene —40 192 75 29 S
3 3(AICD CH,Cl, —20 110 27 24 R
4 4(AlQ) CH,Cl, —40 36 4 — —
5  5(AIC) CH,Cl, —40 36 50 12 R

O‘AI’ H
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Fig. 1. Reversed Sense of Enantioselectivity by 5 or 1
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FIIUIN T ZENRETLDITHL, L1 AHE
HEMEZFOMEE 1 TIERAT 1 >4 F > RN S b
UAFIVZUNN T ZRPREL TSI EERL
Tw3% (Fig. 1).
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Fig. 2. Assumption for Improvement of Enantioselectivity by
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Table 2. Catalytic Asymmetric Cyanosilylation of Various Aldehydes under the Optimized Conditions
1) 1 (9 mol %), additive (36 mol %)
j\ CHoCly, -40 °C Hy OH
+ (CHj3)3SIiCN X
R "H (1.8eq) 2 2NHCI R o CN
7 slow addition
Entry R Aldehyde Product Additive Time (h) Yield (%) ee (%)
1 Ph(CH,), Ta 8a Bu;P (0O) 37 97 97
2 CH;(CH,);s 7b 8b Bu;P (O) 58 100 98
3 (CH3),CH Tc 8¢ Bu;P (O) 45 96 90
4 (CH;CH,),CH 7d 8d Bu;P (O) 60 98 83
5 trans—CH3 (CHz) 3CH =CH Te 8e BU3P (O) 58 94 97
6 PhCH=CH 7t 8f Bu;P(0O) 40 99 98
HaC._N
70 s X m g 8g BusP (0) 50 97 99
3

8v) Ph 7h 8h CH;P (O)Ph, 96 98 96
9 p—CH;C¢H,y Ti 8i CH;P (O)Ph, 79 87 90
109 ®/ 7j 8j CH;P (O)Ph, 70 86 95

a) 5mol% of 1 was used. b)) TMSCN was added over 1 min. ¢) 18 mol% of 1 and 72 mol% of additive were used.
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Fig. 3. Proposed Catalytic Cycle
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Fig. 4. Reactions and Applications of Lewis Acid-Lewis Base Enantioselective Bifunctional Catalysts
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Scheme 2. Catalytic Enantioselective Reissert-Type Reaction: Chiral Quaternary Stereocenter Synthesis
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KIZ, BN NMDA Lt 7% — D5k )z HEAIT
H O IHEREREE DY — REL THEWEHZED T
W% MK801 (24) OflifE)AFE SRk &z fam L T,
DR T ORIESGEMITX D IE 22h Z H W 7z fil
ﬁ%xﬁiftwbmﬁﬁ%ﬁotﬁ H 4 23h
MINE 53%,73% ee TLNELNaMho7z. £2

Table 3. Ligand Effect on Catalytic Enantioselective Reissert—
Type Reaction
catalyst (9 mol %)?

A TMSCN (2 equiv)
_N PhOCOCI (1.1 equiv) \[]/OPh
22a Me CH;Cl, —60 °C md N O

Entry Catalyst Time (h) Yield (%)? ee (%)

1 1(X=H) 48 72 56
2 27(X=F) 48 74 71
3 28(X=Cl) 48 88 81
4 29(X=Br) 48 91 84
59 29(X=Br) 48 93 88
6 30(X=1) 60 85 81
7 31(X=CF3) 60 68 48

a) Y (counterion of aluminum) =Cl. b) Isolated yield. ¢) Determined
by HPLC analysis. d) Vinyl chloroformate (1.2 equiv) was used instead
of phenyl chloroformate.

TAFMIBED A ZABBEEZ I SITED D Z &L
TIF FAERENMETBHZEE2MFLT, 7
WIZTLDOXNAA Y) 270U REKDHETH
WREBTHEOHDEHNWSD ZE &L (Table 4).

ZTORER, WA A>ELTHRYT7T—1 (TIO) %
AWNWD ZET, INEK63%, 98% ee & ixm DiER 2
BBHIEMNMTE (entry3). HAA> &L T
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F O FARREIZME T T S (entry 2, 65% ee) T &
Mo, NFFMOEmESLTINIZTALIIBNT
OTf N CN ITE E b o =il i3I <FEL TV
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PR FEHEEE VEEICT S EENE, &I 2T AR
e filiit A RIS 2 Z STk L 7z,
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(Table 5). W< D DIEITHK L TIdfi &2 1
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mzn”ﬂbfiﬁ4ﬁ>ﬁhU77~h®%ﬁ;
DHr O ROMBED L NEINE, @SEREZ 5 A
o, TFUFABRMENTOFI)ViKHE LEHKE R
DI R EIICENZ ERLEEZ T RNDITE
HIXRERATHEN, B THRDZEXDICRALF
V272> 7= Fig. 5 TR TEBBIRED S AT
ZXHHbDEEZOND. A AEEKEER > TWiz
W32 b O — )Ll 5 2 FI 72 SR D #E R DYAR Rt
IZBNWTH 29 D)L A1 AR &L A A HEEL D 1o [F S

Table 4. Counterion Effect on Catalytic Enantioselective
Reissert—Type Reaction
TMSCN (2 equiv)

AN
ZN
CH,=CHOCOQCI (1.8 equiv)

Br
CH,Cly, -40°C, 72 h
22h

catalyst 6 (9 mol %)

Entry Catalyst Yield (%)@ ee (%)?
1 29(Y=Cl) 53 73
2 29(Y=CN) 73 65
3 29(Y=0Tf) 63 98
4 29(Y =NTf,) 55 88
5 29(Y =BF,) 58 31

a) Isolated yield. b) Determined by HPLC analysis.
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Table 5. Catalytic Enantioselective Quaternary Stereocenter—Forming Reissert—Type Reaction

catalyst 29 (2.5 mol %)

R! . R
~ TMSCN (2 equiv) =
Rl _N  CH>=CHOCOCI (1.8 equiv) R1mr\j\n/o\/
2 R CH,Clp, 48 h H CNO 23
Entry 22(R) Catalg“ 29 T<§’Cn>p ‘g},/‘zlgi 5
1 22a (Me) OTf —-60 88 89
2 22b (Et) OTf —-60 98 88
3 22¢ (CH,Ph) OTf —-60 95 92
4 Xy 22d (CH,0OCH3;) OTf —60 84 73
5 ~N22¢ (CH=CH,) OTf —60 80 84
6 R 22f ((E)-CH=CHCH,) OTf - 60 88 87
7 22g (Ph) OTf —40 95 95
8% 22g (Ph) OTf -50 88 95
90) 22h (0-Br-CgH,) OTf —40 62 95
1090) 22h (0-Br-CgH,) OTf —40 59 93
PhCOO N
11 PhCO O]@N 22i cl —-60 94 94
Me

a) 1molY% of catalyst was used. b) The reaction time was 72 h.

Fig. 5. Working Model
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%, Tbb, 2.5mol% D 5(Y=Cl) KU5(Y=
OTf) ZZNZTNHNWDH &, WEIED 23a & 23g "
12% ee (36% LK), 4% ee (95% WHE) TETNZF
nEonkz. ZO/RIE, P72 IV AFIVEILSE
RIEE & U TEH LA ABREAL THER LS NY &
WAV F U 2T AFBEKITEH LT TMSCN 8 2
NETHEPMNSHBL TERMZE S Z5DITHL,
fikidt 29 TIIIV A ZAHEHKRZX 7 1 > A F 2 ROMM
5 TMSCN IR L TWA Z L& RBLTND,
PLEDFERMNS Fig. S IR EBREZBEL T
W5, VAREEEZITSEDIT7IIAYF /U
UL REETFVICUIRETIVA ABRITEAL
LCiEH g, e U TRIBEAR A 7 ¢ >4

F RIZKVIEMELE /2 TMSCN NIKEB T % Z
ETERMNESNDHDEZEZ LN,
AENERRREZEEZRT D1V F /U HERI,
WAL Ty —07 T X MR
ETdhS. MK801 (24)2V|35% /172 NMDA L &7
5 —DIEFBEWHEAITHO, BIEZDLEHEH
WizFH, IR E DI D @R BEREARBH DR FE A4
DB TIIR IITITHhbNTNVWS, SEBEFIC
R U 7o AR E 5 A )L M RIR S ZE W T,
MK801 @ )8 T DA FE G Ek )L — b Z RS L
72 (Scheme 3). Table 5 T/RUZ@ED, 22h 05 1
mol% & % \1d 2.5 mol% D 29(Y=0TS) IZ&k
D 93% ee HDWNIL95% ee DT )b ALK&
2h G 65N, INEANE EBF BusSnH,
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Scheme 3. Application of the Catalytic Enantioselective Reissert-Type Reaction to Synthesis of Biologically Active Compounds
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Scheme 4. Synthetic Plan of Camptothecin Intermediate
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Scheme 5. Catalytic Enantioselective Synthesis of Key Inter-
mediate 35
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Fig. 6. Relationship between ee and 32/Gd Ratio
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Table 6. Catalytic Asymmetric Cyanosilylation of Ketones
Gd(O'Pr)g (xmol %) . 14 (Ticat) TMSO, CN

(0]
32 (2x mol % x mol %
r g, + TMSCN ( ) ( 0 R” “Rg
LS THF S
39a-h 21a-h
Catalyst Temp Time Yield ee
Entry Ketone Kmol%) (O w0 ¢ SR
1 o R=H 3% 41(5) —40 2 92 92 s
2 o 14(10) ~30 36 85 92 R
3 *R=Cl 3% 41( 5) —60 55 89 89 s
4 R 14(10) —40 80 82 92 R
o
5 “/K 39¢ 41(5) —60 24 95 87 s
6 14(10) —40 80 82 95 R
o
©)'\/ 39d 41(°5) —60 14 93 97 s
14(10) ~20 64 89 91 R
o
9 @/\)L 39¢ 41(10) —60 14 97 86 s
10 14(10) —50 88 72 91 R
11 PP SR 41(15) —60 18 87 80 s
o

12 ©)LCH3 39¢g 41(15) —60 4 95 89 S
O

13 ©/\)LCH3 3%h 41( 5) —60 1 90 62 S

14 14(10) —50 24 79 84 R

YN
o 0o, 0
2Ln(OPr); + C \Lln/o + 32
o) —~ )
-6 'ProH
s J
0 1 + >4 TMSCN
Ph. ﬂg 2
Ph/e\Od: 0. © pomo
029 O o )
( N D ( N |/Q T™MSO O
o---tn' Ne—Ln-- g Ln? + )
TMSO

L(Ij: \Q\L? ?\) Lo CN NC o\)
™S RL)\RS ™S “ 22

a3 M- CN]®= 1753.4 (Ln = Gd)
(observed by ESI-MS)

Scheme 6. Working Model of the Catalyst Structure and the Reaction Mechanism
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