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. Introduction

Conventional
Chiral Catalyst

< Central metal atom > ( Fine tuned chiral ligands »

Rational design of chiral ligands  Conventional chiral ligands are
remains very difficult. constructed with covalent bonds.

4 g

Numerous trial-and-error attempts  Synthesis of chiral ligands require
are needed. multi-step operation and can be
complicated.

- =

Optimizing ligands is time-and-energy consuming




~Supramolecular Chiral Catalyst

Le second était de diviser
chacune des difficultés (...)

Rene Descartes
(1596 -1650)

OH_eaftoa QD ! > O -Q

dividing into
components

< non-covalent interaction’

Supramolecular
chiral catalyst

€  combinatorial methods > < self assembly >

These attributes are induced by small components of supramolecular catalyst.




~Supramolecular Chiral Catalyst

What is the advantage of supramolecular chiral catalyst?

 Synthesis of each small component is much easier than
complex conventional large ligand.

« Theligands can be tuned easily by changing each component.

 Combinatorial methods can be used for screening ligands

- conventional chiral catalyst two monodentate ligands
To date, some strategies e :
’ scaffold
for supramolecular catalysts
have been developed.
chiral component with achiral component with
achiral components chiral subcomponent

e
o @
-

L = coodinating group
--- = non-covalent interaction




Supramolecular Catalysis Strategy 1

1)Zn-pyridine interactions

two monodentate ligands

_® o 2L o L M o L
Sl——" | & ——> |5
= - o - o M
5 g 51 /
—® A i T L Ag B L
Zn-pyridine interaction is indeed selective L=monodentate ligand
M=transition metal
R 0 o)
OO 1 o S 2 o  Rhlacac)(CO), D Q 3
(0] Ph - + _—— - /
:P-O @R & % H,/CO d H CO b
© <\ ) “P—Rh— ./
OO 7 N\ Ph 07 i =
= 2b Co o N0
N . o)
1 Ph 2a:R=H N 5 Q
Rh ; co gHO
IO RO 0
’ P23°/ First example of supramolecular
o €ee

bidentate ligands
6% ee with HRh(1+2a),(CO),

N. H. Reek, et al. Chem. Commun. 2003, 89, 3446.
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~Supramolecular Catalyst Strategy 2

Achiral ligand upon chiral scaffold

chiral
component

O

1) ion-paired chiral ligands

easy 3 steps

+

B-Naph

\

&

/

(o) Me3

R

02N COztBu

b

=+

Ph” X-"0cOo,Me

(R)-BINOL derivative>

I OH
p-Naph

sz(dba)3'CHC|3
(1.25 mol%)

ligand 1 (5 mol%) -

mestylene/ H,0
0°C

r"'j .
/D\ = H

/

Ar,P R —0

Ar= p-CI-C6H4
R= tBu

97% yield
94% ee

CO,tBu
Ph/\/y ’
Me NO,

T. Ooi, et al. Nat Chem. 2012, 4, 473



Reaction Mechanism

— +
Z MesN ’\/@\
ArZ,P R

3¢: Ar? = p-Cl-CgHy, R=H
3d: Ar? = p-CI-CgHg, R = t-Bu
3e: Ar2 = p-CI-CgHy, R = Ph

3b: A =Ph,R =H z

For 3,7,8,9,
B-Naph
LK
OO OH
B-Naph

b

Z MesN"Ph ) . Entry Ligand Conditions Yield ee.
7 Z MeN (%)* (ON
. \/\/g 1 3a rty5h 56 38
MesN L 2 3b rt,5h 78 68
9 3 PPh, With 7 (5 mol%), r.t, 5h 99 <]
8  PPh, 4 1.Br With 2b (5 mol%), r.t., 5 h 85 <1
(GET
6 9 it 5ih 83 <]
OO P-Naph ‘7 10 rt 5h 92 _3
O 8 3c rt, 5h 99 73
OMe 9 3d Lt 5h 99 75
OG PhzP 10 3e rt, 5 h 99 83
p-Naph 1] 3e 0°C 24h 78 22
10 12 3e Toluene/H,O (20:1. v/v), 97 94
0°C,12h

MeOH

Nu—H

A

\ 4

Hydrogen bond is critical for enantio
selectivity.

co-solvent system is efficient?
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T. Ooi, et al. Nat Chem. 2012, 4, 473



In Situ Generation and Deconvolution Method

In situ generation of chiral ligands enables us
to use combinatorial strategy much easier.

S

N

Pd,(dba);*CHCl;
(1.25 mol%)

Just mixing reagent is enough
to evaluate ligand selectivity.

Hso; Me3N o OH 1+HSO, (5 mol%) Bn
2 (5 moi%) //~~C0,tBu
K2C03 (10 mOI%)
Ar'sP + folene/ H,0 (20:1) > o
1HSO, Me0,CO CO,tBu
2: octahydrobinaphthyl (H8) AN %
or binaphthyl (B)
1 RS RR Ar! 2 Ar2 Step1 | 2a-2f 2g-2I Step 2 2g-2i  2j-2I

12 H H  4-Cl-CgH, 2a H8  2,6-Mey-4-MeO-CgH, 1a1d | 1pee 72%ee 1e 1f 82%ee 66% ee

(97%) (99%) ' (95%) (96%)
b H H  4-MeO-CgH, 2b H8  26-Et,-4-MeO-CgH, '
1c H H 4-F-CgH,4 2c H8 2,4,6-(MeO)3-CgH, desily 75% ee 79% ee 1g, 1h 85% ee | 65% ee

x [v) 0, ) 0, )
1d H H  4-CF3-CgH, 2d H8  24,6-Me;-CgH, Ll B9n) e Hhis)
1e H Me  4-Cl-CgH, 2e H8  4-Ph-CgH, 1141 75%ee  74% ee i
b (86%) (94%)
1f H Me 4-MeO-CgH, 2f H8 B-Naph
19 H Me 4-F-CgH, 29 B 26-Mey4-MeO-CgH, values in parentheses are
isolated yields of 8a Step 3 2g 2h 2i

th  H Me  4-CF3-CgH, 2h B 26-Et,-4-MeO-CgH,

"""""""""""""""""" . 89% ee 78% ee 70% ee
1i Me H 4 Cl-C6H4 2i B 2,4,6-(MeO)3—C6H2 19 (950/0) (890/0) (90%)
1] Me H 4-MeO-C6H4 2] B 2,4,6-Me3-C6H2 .
1k Me H  4F-CgH, 2k B 4-Ph-CgH, Only 16 experiments 1h 92%ee | 94%ee| 79% ee

| (89%) (99%) (86%)
11 Me H  4-CF3CgHs 2l B B-Naph were enoug h!

Oo0i T, et al. Chem. Sci. 2014, 5. 3645
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~Supramolecular Catalyst Strategy 3

chiral component with In order to get higher ee, the reaction field should be bulkier

achiral components dissymmetrical environment. But such catalysts are often very
(- complicated and the synthesis of the catalysts is very laborious.
- Using hydrogen bond, Lewis acid-base pair and selective

molecules interaction is attractive strategy to make better
dissymmetrical environment based on chiral scaffold.

/l | (Y (B
I'I,' N\@ /N 0\ _ O e,\““
‘N P." P\\ o
H\ Ph N/ "'N Ph o
0,
' ' 0

CF3

Ln(OTf)3 \B_@
o/
,' CF,
H,| 0
N 0.,

P - ‘,
o/ \o 0,,""
K) ‘B(CgFs)3



Early Attempt to Use Supramolecular Catalyst

Transmission of the chiral scaffold to other molecules

(o) (o) Ph
/ o
N /\)l\ /[( 1 (10 mol%) O 96% yield
@ Ph™ " "N™ No —Ws.2A, CH,C, > /[( (exolendo= 90: 10)
L/ -78 °C to 0 °C o) L/ o 97%ee

OO \HQ Catalystl is prepared
(o)

“Yb(oTN from Yb(Otf)s, (R)-BINOL,

O‘ o] and a tertiary amine
H.,le
N

A

- — The axial chirality is transferred to the amine part,
which work as a “wall” in the transition state to
shield one side of the dienophile.

S. Kobayashi, et al. J. Am. Chem. Soc. 1994, 116, 4083.
Tetrahedron. 1994, 50, 11623. 10



The Effect of Tertiary Amine
L.

1.2 eq OH
OO 2.4 eq amine
YZ'%(OT?‘; o = "chiral Yb triflate"
(20 mol%]) MS 4A 0 °C. 30 min

Entry Amine Ms ® Yield (%) endo/exo ee (%)
1 Et;N — 87 76124 33]
2 Bu;N — quant. 83/17 68 The amine strongly influenced
3 ipr,NEt — 82 85/15 70 the diastereo- and
4 iPr,NBu — 7 84/16 66 enantioselectivities.
5 iPr,NH - 67 82/18 57
6 Pr(c-C¢H;1)NH —_ % 82/18 54
7 (c-CgHy)oNH — 43 81/19 46
18 fj — 85 81/19 50
19 E J — 71 76/24 16

Me 77% yield
+MS 4A endo/exo= 89/11

20 —_ 93 | 8or0 51 95% ee

21 /fij\ (cis) — 96 85/15 71
22 ﬁ\ —_ 96 85/15 69

Me S. Kobayashi, et al. Tetrahedron. 1994, 50, 11623.11



The Existence of Weak Interaction

0, (1.
5 \

.Ln(0TH); Yb-OTf

-

& /
oeaiNN GO n
N 10% ee sluggishly

N

Table 6. Comparison of >C NMR Chemical Shifts (CD,Cl,) of the Carbons of the
N-Methyl Groups of cis-1,2,6-Trimethylpiperidine (TMP) and IR Wave Numbers
(CH,Cl,) in the Region 930-1000 cm’’

N---Yb(OTf
N (OTf)3

Compound 3 (ppm) Wave Number (cm™)
TMP 38.2 947 This table indicate that
TMP + (R)~(+)-binaphthol (1:1) 35.1 989, 947 "l the existence of a
TMP + TfOH (1:1) 34.1 958 P weak interaction.

TMP + Yb(OTf); + (R)-(+)-binaphthol
+ 3-acetyl-1,3-oxazolidin-2-one (Catalyst A)
TMP + YB(OTf)3 + (R)-(+)-binaphthol
38.5 982,935
+PAA (Catalyst B) S. Kobayashi, et al. J. Am. Chem. Soc. 1994, 116, 4083.
Tetrahedron. 1994, 50, 11623. 12

37.5 997, 955




Additive is also Important Factor

S. Kobayashi, et al. Tetrahedron. 1994, 50, 11623.

(2S, 3R)

o N\/l—l\/o OAN\)_It/O

0O 0 "chiral Yb complex"
/U\ + additive (20 mol%)
+ >
/\)I\N 0 @ MS 4A, CH,CI,
Entry Additive Yield (%) endo/exo 28,3R/2R,3S (ee (%))
O O
1 A, 66 87/13 940/60  (88)
1 \J
2 o 77 89/11 96.5/3.5 _ (93)
-
O
5/9. 81
3 I 81 86/14 90.5/9.5  (81)
o O
4 H 54 77123 53.5/46.5 n?
o o 58 78122 7551245  (51)
3 FSCJULCF;, 80 79721 55.0/45.0  (10)?
0 O 80 88/12 225175 (59
6 M 81 85/15 25115 (55
o O
7 )l\é 36 81/19 190810  (62)
O O
)I\HJ\ 69 88/12 15.5/845  (69)
8 83 93/7 33505 G|
Bh
1 X 78/22 33.0/67.0 (347
9 77 0/67.
PhM
o O 77 72/28 42.5/51.5 (15)
10 " . 78 75125 39.0/61.0 (229

(2R, 3S)

Additive are effective not only in
stabilizing the catalyst, but also
iIn controlling the enantiofacial
selectivity.

Both enantiomers could be
prepared by the same chiral

The enantioselectivities were
controlled by the achiral ligands.
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Mechanism

JNR
SO,

substrate and additive are
under equilibrium condition.

Yb(OTf)3 —-— Turnover...?
CO XsneA CON O
NRs 0 0
/\)'L JL or )L JLO «
\/ 100
substrate additive
cat. A
— é 80
cat. B 5 l
substrate 3 60
NRg OO
,H‘ f ite B g 204
(d —_— - I
Yb(OTH), conto o A "
O, site A —/ 0 20 |40 60 80 100
H, \ %ee of/(R)-(+)-binaphthol
NR; O O
)‘\j)k Negative non-linear effect
Ph S. Kobayashi, et al. J. Am. Chem. Soc. 1994, 116, 4083.
additive

Tetrahedron. 1994, 50, 11623. 4



Supramolecular Catalyst Strategy3

1) Hydrogen bond + ion pair catalyst catalyst 1a
Me O /’ I \
“, N N
M catalyst 0j/'\/u\Bt - \("F?/
(1 mol%) — sy, Ph
Me/\)]\ t0|uene N PhPh H H Ph
-40 °C o7 : .
7% yield : :
dr = >20: 1 OH\@ ,HO
96% ee 0
\‘3
e .
- |
P'f/”// @’ 1t o Chiral tetra-
o . : : :
+PhOH \ aminophosphonium cation is
2o -2PhOH .
/I L - /, Lo hydrogen-bonded via two
@ N N @ M phenol molecules to
Ph—~n" s —A—Ph ph—~n~ y——pPh [Phenolate.
Ph H H Ph Ph H H Ph
by 0 hd
H\\@',H . .
o Ao The chirality of
n=/ aminophosphonium is
+3PhOH .
\ /I | / relayed over two achiral
-3PhOH \P/N phenols.
N7y —A—Ph
Ph H Ph

T. Ooi, et al. Science. 2009. 326. 120. 1°



Analysis of Interaction

Single-crystal x-ray diffraction analysis

B

/I//' I \
., N\%’N\
/ ""N/‘th
Ph—7~N N Pn
Ph H Ph\(:)
P g
O<ph

Ooi T, et al. Science. 2009, 326, 120.
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;i
1+ 2 (10 equiv) &

L A
f\

ﬁ

1+ 2(3.0 equiv) _,v/ k
trtep it e — @ e
i
1+ 2(2.5equiv) v Lw ~
WA AN Ay A (N
1+ 2(2.0 equiv) l\\h
3
1+ 2 (1.5 equiv) -
1+ 2 (1.0 equiv) WMWL

| |
1+ 2 (0.5 equiv) A\\mﬁwﬁ\wm

1 -WAW-M - L

1-[2],

B e L

50 45 40 35 30
31P NMR spectra of in situ generated,molecular assembries

of catalysts at -98 °C in toluene

Ooi T, et al. Angew. Chem. Int. Ed. 2011, 50, 3681 16



X-ray Crystal Analysis of Interaction

+ArOH f,,
_ Kia \@/
Ph

\\ /’
Ph
Ar

1 1+[2]4
3P NMR &= 45.4 ppm 35.4 ppm

Teo ®

° -~

"Sh e ¥
L

LS
-

e
&,

+ArOH ,, ArOH ,,
Kr", \@/ ' r1 \@/
Ph Ph KV Ph
2b H
0-A
A H Ar H‘ 'H '
14[2], S 1,
33.9 ppm /!\r 32.4 ppm
fo = & ’
"e'\fv t‘“ e & e‘\} g’
% ¥ vy ~ YAl Y
e e Vb &5 o J
o agye’ o
.s. ¥ . e, \6
N &a I o g
/| @ 1 p
« -

Ooi T, et al. Angew. Chem.

Int. Ed. 2011, 50, 3681 17



. The Effect of Phenol Derivative

o & catalyst " h: 9
(1 mol%) NBI
Oi% ' Ph/\)L Bt toluene =N
-40 °C
3a
dr = >20:1

ntr Catalyst Conc (mM) Time (h) Yield (%) ee (%)
1 1a-(PhO);H» | 6 99 60
2 1a’ | 2 99 34
3 1a’ + 3PhOH 1 10 08 62
-+ l1a-2’ + 3PhOH 1 16 87 61
5 la:(4-Me—C¢H40)3H> 1 4 96 58
6 la-(4-Cl1-CgH40);H» | 10 97 19
i/ la-(2-Cl-C¢H40)3H; 1 12 94 63
8 13'(3-Cl—CﬁHAO)zH‘> | 6 93 70
9 1a-(3,5-Cl,—CsH30)3H> 1 16 92 80
10* 1a-(3,5-Cl,—CgH30)3H> 2 24 99 85
11+ 13'(3.5-C12—C6H30)3H2 5 18 08 89
12$ la'(3,5-C]2—C6H30)3H2 10 20 94 89
138 12:(3 5-Cl—C H.0):Ho 10 4 99 87
| 148 1b-(3.5-Cl,—CsH10):H, 10 4 95 95

T. Ooi, et al. Science. 2009. 326. 120.
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~The Importance of Phenols

+2 +2 +2
p— 1-[2]4 P — 1:[2], P m— 1-[2]3 =
-2 -2 -2 5 -
INTX -
+3 +3 +3 42 ., EN\LO = O-Az
— AzOH -3 -3 -3 +3 S
(3)
Me Me Me Me
.o N, E,N ‘2 wN, , N
= Ph-7~N" N-TPh == Ph-7~N" "N-T-Ph
" -2 Ph H H Ph -2 Ph H H Ph
Less Selective o O - O o O More Selective
Molecular Assembly ? A Sy Az Ar/|l| |lr“‘Ar Molecular Assembly
Az Ry
1-13) 1121 131, R
-+
iPr T @ w0 | \
0 )\f (1mol%) ey NN “, _N N
+ 0 \/E/ Bt ‘e,
Ph/\)J\Bt N\L toluene 9 \@F?/
30 -60°C,48h  § d.r. = >20:1 Ph NS Ph
00 = 0: 85%, 51% ee Ph H H Ph
= o

n=0:
] n=1:81%, 67% ee
9 - n=2:82%, 89% ee Q/ H H0©
80 - n = 3: 89%, 90% ee O
] 70 - 0
% ee 60 -

Ooi T, et al. Angew. Chem. Int. Ed. 2011, 50, 3681
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~Supramolecular Catalyst Strategy 3

~ P\\q'B—CGF*‘ Subcomponents(=2B(CsFs)s )act as a
O f\ - CF bulky functional group to make a chiral
5‘)_‘ ’ cavity. And at once, they increase the
O O activity of catalyst center.
PZ O B—'Cer
C6F5 Cer

“anomalous” endo selective
catalyst (10 mol%)

@ . )]\ _'V;gfé«,:g]”zmz - CHO
CHO ) 7 7

99% (endo: exo=83: 17)

CHO
99% ee 80% ee

Chiral cavity which consists of subcomponents is
effective for anomalous Diels-Alder reaction.

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.

20



Enantio Selectivity VS endo/exo Selectivity

)

C

@/ re face C si face
looking down on re face
NU- Me Me NU-
u H H u
~a N/ \ S
i i
o o
Si face Re face
attack attack

H_’ Me . . Me :H
/'(Dr k ENANTIOMERSJ o >\

Mu Mu

Covering the re or si face is enough to
get enantiomer.

o )

+ [io > @I::O endo major
o} H o
HOMO @
014

endo TS
(kinetically favored)

exo TS
(kinetically disfavored)

Covering one of the faces doesn’t matter.

» Completely different two strategies are necessary to get endo/exo-

enantio- selectivity.
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Prof. Ishihara’s Strategy

a) Anomalous exo-control by catalyst (R, = H):
(@) Normal endo-control by substrate (R, = H) : )Sha,,ow and wide cavity eaioyEt =T

favored, endo disfavored, exo disfavored, endo favored, anomalous exo

H endo/exo
-control

=
« 3 3 :> H ) )
: 0 B® 0
enantio > : enantio :
-control Lewis acid -control
center

(b) Anomalous endo-control by catalyst (R, = H):

L/ecp darid Al T dAVILY

Lewis acid
center

(b) Normal exo-control by substrate (R, = H)
disfavored, endo favored, exo

favored, anomalous endo disfavored, exo

endo/exo
-control

Lewis acid
center

22



Supramolecular Chiral Cavity

Kazuaki Ishihara was born in
Aichi, Japan, in 1963, and
received his PhD from Nagoya
University in 1991 under the
direction of Professor Hisashi
Yamamoto. He had the
opportunity to work under the
direction of Professor Clayton
H. Heathcock at the University
of California, Berkeley, as a
visiting graduate student for three
months in 1958. He was a JSPS
Fellow under the Japanese Junior
Scientists Program from 1989
Kazuaki Ishihara to 1991. After he completed his
postdoctoral  studies — with
Professor E. J. Corey at Harvard University (15 months
beginning in 1991), he returned to Japan and joined Professor
Hisashi Yamamoto’s group at Nagoya University as an assistant
professor in 1992, and became associate professor in 1997. In
2002, he was appointed to his current position as a full professor
at Nagoya University. His research interests include asymmetric
catalysis, biomimetic catalysis induced by artificial enzymes,
dehydrative condensation catalysis toward green and sustainable
chemistry, acid-base combination chemistry, and designer
supramolecular acid-base combined catalysts.

\
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The First Anomalous Diels-Alder Reaction

Ph

AI—-O—@ "anomalous" exo
o | Ph ]3
+ R! (30- 150 mol%) /4 1 + / 2
@ \”)LRZ CH,Cl,, 78°C to 0°C" R COR
R1

2
R= H, Me, Br COR
R= Me, Ph, 4-28 : 96-72
SiMe;

Catalyst covers around carbonyl

group and inhibit the “secondary
orbital interactions”.

EH x:-: f” /} \11 7} {vrr‘ ,\\ 0.9?@ AT PH “ 0‘5%
) Cﬁ'pua NO)Y fo"\ /'Io'—\‘
: > S {*‘*:; L/, "‘\I, ,/4 CHaa CHa
0. - 1 -1
! ‘ 47% ™H Hp He™ Hep

~—/
SRS .
S

Yamamoto H, et al. J. Am. Chem. Soc. 1994. 116. 4131, 2



The First Enantio and endo/exo Control

5 (5 mol%} CHO
. e - Y H + /4
2,6-lutidine (5 mol%) H

CH,Cl,, —20 °C CHO
88% (endo:exo =70:30) endo-(25)-3a exo-(25)-3a onbososiingdl
1+ J\ ] 70% ee
H” > CHO )
2a
7 H é;’“?
6(5mol%) Abr . ﬁbCHo W el
2,6-lutidine (5 mol%) CHO Ao+ M
CH,Cl,, —20 °C H (CFIP™ 1" o < H
2vi2y O P(C.F.), —
(anomalous) /\,o M \
84% (endo:exo = 29:71) endo-(2R)-3a  exo-(2A)-3a o :
85% ee -
T
\\//
oy “SpFe <z Osore
CGFS |l @ CBF\S RI @ endo approach
CEFS'-;P’H\U"‘O=CM92 CeFs~p~ -lu"'0=CMeg
O ..P\\_CSFE) O P\__CEFE
. O CgFs O C4Fs

Heteroleptic complex coveres carbonyl group
and at once, makes enantiomeric reaction field.

Kindig, et al. Angew. Chem. Int. Ed. 2001, 40 4481.



The First Organic Catalyst
‘O CeHa(p-t-Bu)
NHMe
NHMe "anomalous" exo
. (0
CeHa(p-t-Bu) R CHO
(12 1%)
D + J)‘\ H p-Tsntl)(:-IonO Momorz) . L /

PhCF,, -20 °C
R CHO R
R= Ph: 160h, 80% (endo/exo= 7:93) 91% ee 92% ee
R=H: 45h, 93% (endo/exo= 34:66) 68% ee 86% ee

TS1 TS2

Maruoka K, et al. Org. Lett. 2006, 8. 2687.
Chem. Asian J. 2007 2 1161.
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Mechanism

"anomalous" exo

(o)
catalyst Ph CHO
(12 mol%) > 7 7
+ H “pTsOH-H,0 (10 mol%)
PhCF,, -20 °C
Ph CHO Ph

catalyst yield exo: endo
1 99% 9.2: 1
2 12% 6.6: 1 ,Me N
3 13% 6.6: 1 - é

I I NHMe

l l NHMe

1

SO
e

2

SO
ses

3

:HDNEO, e
g

l?.lH
‘r’//- Me
D

-Hzoy @

TfO

Qi}"!gi}i?ﬁﬂe
L.

Me
_ N y R

TfO~  Me

Maruoka K, et al. Chem. Asian J. 2007 2 1161.



~Other Example

clo,

OTMS
D{—cmg,s«cab

CeH33,5-(CF3),

+
o N
2 R
(5 mol%)
O - o s
R

"anomalous" exo

CHO

R

92% ee
86% ee

Hayashi Y, et al. Angew. Chem. 2008, 120. 6736.

CHO
R=Ph: 7h, 93% (endo/exo= 20: 80) 91% ee
R=H: 24h, 85% (endo/exo= 38:62) 68% ee
| N
o z o
Phn-<’| N" i Ph

O o \—N N ;

J o~ PH (tBmol%)  ph
D . N Yb(OTf); (15 mol%)
R N CH2C|2, rt.
\—Ar

R

Angew. Chem. Int. Ed. 2008, 47. 6634.

"anomalous" exo

(0 0O

N
\
N N R
( wr

Ar—/ R Ar

R= Et, Ar= 2,4,6-Me;C¢H,: 62%[endo:exo= 16:84 (93% ee)]

R= Me Ar= Ph

: 93%[endo:exo= 56:44 (84% ee)]

M. P. Sibi, et al. Synlett. 2008,2655



Epimerization

% OHC\|T® ﬁ@ aplmenzatlon |§ *_CHO

‘ endo-3a (normal) exo-3a (anomalous)

anomalous exo-approach

1 ‘ 2b exo-3b (normal) endo-3b (anomalous)

anomalous endo-approach

S
(R, = H) .

'

(R,=H)  Hg 42
VI
6" "Ry
endo-approach exo-approach
(orbital interaction) (steric repulsion)

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474. 2°



B(CsFs)s Function as Bulky Groups and LLA

CF;

6 5 eFs
’\ B—cst

~o (10 mol%) CFs Y \
oH H,0 (100 mol%) %-
CH,ClI,/ THF (20:3), rt, 12h HFs
b) 4A M.S., <5 Torr
100 °C, 2h .
OO ) B (20 malt) O‘ Catalytic anomalous end-
z CH,Cly, rt, 1h p0- "B—CoFs : . .
selective enantioselective
Diels-Alder ractions with

a-substituted acroleins

C6F5 c6F5
2 (10 mol%)

catalyst
@ )I\ MS 4A, CH,CI,
cHo -78°C,3h

(1 equiv) (5 equiv)
catalyst yield endo/exo e

1 (10 mol%) 99% 83:17 99% (endo)
2 (10 mol%) 0%
3 (10 mol%) >99% 6:94
4 (10 mol%) 93% 12:88
2 (10 mol%) + 3 (10 mol%) 2% l

2 (10 mol%) + 4 (20 mol%) 0%

P=0...B(CsFs)s moieties are critical not only for
bulky functional group, but also for LLA catalyst.

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474. 30



What is LLA?

LLA= Lewis acid assisted Lewis acid catalyst
LLA is one of the combined acid catalysis strategies.

Catalyst system General structure Examples
0. oer 0 OOk
Bronsted acid assisted Lewis acid catalyst (BLA) -0 o C)."
Enhancement of Lewis acidity by the combination with Brgnsted acid Hag” i xoa)—
ro
H Ph
. : N LT &
Lewis acid assisted Lewis acid catalyst (LLA) 9/ A4 DPh
Enhancement of Lewis acidity by the combination with Lewis acid ~M H,8 @
- Me
~oa T o :

. . . . B. -~ o S | 0@
Lewis acid assisted Brensted acid catalyst (LBA) 0 \SHCL
Enhancement of Brgnsted acidity by the combination with Lewis acid M L

J H
Ar Ar
, . . Q. .- 0
Brensted acid assisted Brensted acid catalyst (BBA) 0 >< 40
Enhancement of Brensted acidity by the combination with Brensted acid H.g~ Ie) 0‘@
Af Ar

Yamamoto H. and Futatsugi K, Angew. Chem. Int. Ed. 2005, 44. 1924 31



NMR and Intermediate

5+ ) C6F5 CoFs

\f\ B —CgFs

PS 24
N N
O L ¢ OO N
OH O\ Fs
—_—> /B
o9 99N OO oner,
20 020 CFs _O...

6F5 Cer
3P NMR (CDCl,) 3P NMR (CDCl,) 31P NMR (CDCl,)

519.16 ppm 617.91 ppm 69.42 ppm
Ishihara K, et al. Chem. Commun. 2012, 48. 4273

5+ ) CoF5 CeFs
P \-B—CF;
ot o+ R
Yy s H
Ny
"/
£ >
OO ) o
O.
PZ B—€iFs
7\
CeF5 CoFs B—CgF
6" 5 I 6' 5
CeFs CeFs

C,-symmetric C,-symmetric

/7 N\

/4




. Theoretical Calculation

Ar - -III'IA
Are  / erl b “{\ Arg ':F.i Z ‘E\ Arg
\ A / 5 L A /
B~Arg F—B . Q !
= —a H - . -“ 0 | -

0 0O 3,3"-rotation - 0 .
ho \ ? — ‘3‘34'\5 In fact, the two flexible
O e gt "0 b —eq subcomponents could have a syn
%J \\78 Arcdg LK conformation.
FsC CFs / X |FsC CFs It is more stable than the anti
Arg 177 .
syn (25) anti (26) conformation by 3.86 kcal/ mol.
anti
syn
anti N A (0] /\\<\
syn-form (S13) (0 kcal/mol) anti-form (S14) (+ 3.86 kcal/mol)

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.
Chem. Commun. 2012, 48. 4273.
33



. Precedent Works and Results

@ J catalyst (5 mol%) CHO
+ =
Br~ “cHo 78°C 7 Br 7
Br
CHO
96 :

4

95% yield

>99% ee

E. J. Corey, et al. J. Am. Chem. Soc. 1991, 113. 8967.
Yamamoto H, et al. J. Org. Chem. 1989, 54. 1481.

I
Catalyst 1

catalyst (10 mol%)
O A, e
X CHO 2™ " /4 X /
X
CHO

X catalyst yield endo:exo ee -€«—>» catalyst endo:exo
Br 1 94% 93:7 >99% B(CgF5)3 15:85

Cl 2 >99% 88:12 >99% B(CgF5)3 10:90

F 3 >99% 82:18 98% B(CeF5)3 *49:51

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.
Chem. Commun. 2012, 48. 4273.



Tuning for a-halo-acrolein

.ul\\

Is resonance effect
4 important?

R
“, @ o -B(CeFs)s 4, O (o)
‘O \B — “—O0 \B
I
Gro 7 Sorg, | (mo 7 e
e A g™ ) e
O. .0
PZ '",B\"Cst P 0 : H H
QCGFS CGF5 o 0

Less selectivity
dihedral angle? Resonance effect?

o
K o
Wi
|70
O =
°2I1 3]
[3,]
A
_—

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.
Chem. Commun. 2012, 48. 4273. 35



The Cavity can be Applied for Acrolein

Same strateqy

(1] "
anomalous" exo Ar  Ar

catalyst (5 mol%)
@ J]\ _MS4A, CHCl, CHO é
—78°C,6h > H 7

N CGF‘S/CGFs

H
CHO N
>99% vyield 23% ee 94% ee S
endo/exo= 20/80 X
>99% yield @&
- o
with B(CeFs)s endolexo= 86/14 X
endo exo Q
Molecular recognition CHO Ar Ar
—> /[ H 7
anomalous
. . CHO H
acrolein:methacrolein | >99 20:80
— . o,
@ =1:1 _ . 95% ee cf. with B(CgFs)s
catalyst (5 mol%) acrolein: methacrolein

=63:37
: CHO
Heeeeeme L2 Abf

B Induced-fit 777777 cHO

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.



Mechanism

methacrolein-catalyst complex
A chiral, narrow and deep cavity is assumed.

the B-O(Naph) moiety was
doubly coordinated with the
C(=0O)H and C(=0O)H parts.

anti-conformation (31) (+ 3.86 kcal/mol)
TS-33 (disfavored)

Theoretical calculations using Gaussian03 with
B3LYP/6-31G* basis set.

endo-approach
Are
ArF _'.i % A
\B.‘ATF s‘.B/ F
o | =% by
\\p ! o / Me
/ \ - // CHO
o S O \’P\ anomalous endo-3b
chiral ¢ N }) o
F3C
TS-32 (favored)
exo-approach
Vi
Arg _,-" % Al
\B —=Arg \.‘B / e
> f CHO
M \¥ g — U
/ exo-3b

Ishihara K, et al. Chem. Commun. 2012, 48. 4273. 3/



Endo-Selective Diels Alder

What is the difference between endo- and exo- selective catalyst ?

endo-approach

B/ \ & Acrolein-catalyst complex
Al 8 A chiral, shallow and wide cavity.
t, — ﬁbH
~ t
&‘ N endo-3a
Ar = i Non-covalent amide-B(CesFs)s moiety
Ar turn outside the complex.

Br Ar
TS-34 (disfavored)
exo-approach f
The amide has a less-hindered planar
structure.

CHO ‘
H

Pseudo-tetrahedral phosphorus structure

TS-35 (favored)

K. Ishihara, et al. Angew. Chem. Int. Ed. 2011, 71. 6474.
Chem. Commun. 2012, 48. 4273. 38




Develop New Type Cavity

C6F5 C6F5 %\
Cer .
P~o 0.0
: ]
5 < \“~ F
B JCoFs B(CeFs)s
C(;F5 “CoFs
catalyst 1 (10 mol%)
@ . )]\ _MS4A CHCl,
CHO -78 C 3h

>99% yield
endo/exo= 9:91
6% ee(exo)

*

Excessive interaction between three
bulky groups is the reason of low ee?

Ishihara K, et al. Synlett. 2016,227. 1061. 39



Substrate Scope

endo exo
catalyst (10 mol%)

Ry
.| M.S. 4ACHCl, R, CHO
78 °C, 3h ; ;
R~ “CHO R

PZ
CHO R2 ‘O o 'B(C6F5)3

catalyst R4 R, yield endo:exo ee (major) //N
o
>99  3:97 85 ‘O
a Et H >99  2:98 92

1
2

7 98 70:90 ¥ iy
o b Br H 98 9:91 0 13
7 80 1599 9
2 ¢ Me Me 46 199 28

7 89 7624 36
o dH H 89 73:27 42

1 7_2 86:14 85
o © H COEt 86:14 10
Et” “CHO CHO j\CHO

a
Et0,C

J 1 :

H™ "CHO H” NcHo

d e Ishihara K, et al. Synlett. 2016,227. 1061.



~The Importance of Two B(CeFs)s

(@)

CF;

TS-15, favored TS-S10, disfavored

l

Low to high ee High ee

Ishihara K, et al. Synlett. 2016,227. 1061. 4!



Summary

conventional chiral catalyst

chiral
scaffold

two monodentate ligands

(i)

R RC
1

Q %

O—P Rh....,P

C/O co W Q

chiral component with
achiral components

(iii) C)
O
-

achiral component with
chiral subcomponent

9

L = coodinating group
-- = non-covalent interaction

m ~B(CeFs)3
Q\"“\
o
\“‘

I\) "B(C¢Fs)3

Hydrogen bond, acid-base pair,

selective interaction....

Deconvolution strategy....

~ O

Ar2P

B-Naph Ar= p'CI'C6H4

R= tBu

Supramolecular strategy could develop a new field which conventional
catalysts are useless in it.

I:} Chiral cavity strategy

42



Future Prospect

Problems
Each component is still difficult to synthesize.
The search for non-covalent interactions is an important task.

To date, most supramolecular catalytic asymmetric reaction proceed even
with conventional catalysts.

e but!

Conformationally flexible catalysts are promising!
I:> Induced-fit, tailor-made....

\/

May supramolecular catalysis be beyond enzyme mimics?

43
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Scheme 1. Preparation of Chiral Phosphoramide Table 1. Chiral Brensted Acid-Catalyzed Aza Diels—Alder
Reaction of Aldimines with Vinyl Ethers?

Ar POCI; (1.2 equiv)
Oe DMAP (2 equiv) entry Ar R yield (%) cis/trans ee(%)"
EtzN (7 equiv) TiNH, (2 equiv)

OH - = 20r3 1c Ph Et 89 99:1 94
Z OH CH,Cl, EtCN 2¢ Ph n-Bu 82 99:1 96
- O 0°C~rt,2h r.t. ~ reflux 34 Ph Bn 76 99:1 9]
Ar 4¢ Ph 4a 86 99:1 90
5d Ph 4b 95 99:1 97
Ph A 6° 4-BrCgHy Et 77 99:1 90
Oc ‘ 7¢ 4-BrCgHy n-Bu 86 99:1 89
Q0 =0 o ge 4-CICeH,4 Lt 79 99:1 88
P~on P Tl 9d A-MeCoH, Ft 59 99:1 91
OO 0 ‘O O y 104 2-CICH, Et 72 96:4 87
Ph Ar 114 2-naphthyl Et 74 99:1 95
124 2-naphthyl n-Bu 80 99:1 88
1 2: Ar=Ph
3: Ar = 1,3,5-(-Pr)3CgHs

@ The reaction time is 10—55 h by use of 10 mol % of (R)-3. ? ee of the
cis isomer. © The reaction was carried out at —10 °C. @ The reaction was

Table 1. Reactivity for the Diels—Alder Reactions? carried out at 0 °C.
O A
RO 10 mol% (R)-3 '
Q 4 Chiral Bransted Acid (5 mol%) <)\N&\‘Ar * l\\\ ]
Et or »  Diels-Alder Adduct OH toluene N~ ““Ar
78 °C on H
OTIPS (endo/exo = >98/ <2) Ar
L2 ee
5 Q 0
O'P‘OH
diene chiral time  vyield  ee®(%) Oc
en try (equiv) Brensted acid solvent (h) (%) (config.) Ar
1 4 1 CH,Cl, 2 0 n.d. (R)-3; Ar=9-anthryl
2 (1.2) 2 CH,Cl, 2 91 9 ()
3 3 CH,Cl, 1 86 32 (R)
4 5¢ 1 toluene 3 0 n.d.
5 (1.5) 2 toluene 3 <10 n.d.
6 3 toluene 3 954 92

@ Only endo product was observed by 'H NMR. ? Enantiomeric excess
was determined by GC analysis. ¢ (Z.E):(E.E) = 86:14. ¢ Mixture of olefin
recio 1somer: see Table 2.



using Chiral phosphoric acid for diels-alder

@ * )LCHO

entry

o
J

2}

O o0 NI N D s W

—
— o
~
~

O o
4-Ph-CgH,4

(R)-1a (5 mol%)
Lewis acid (2.5-10 mol%

4-Ph-CgH,

O O
N
P/

CH,Cl,, —78°C, 3 h

Lewis acid (mol%)

B(CFs); (8)
BF;-Et,0 (5)
BCL (5)
BBr; (2.5)
BBr; (5)
BBr; (7.5)
BBr; (10)
BI; (5)

BBr; (S)

yield (%)

0
51
64
87
88
92
99
78
64
98
66

By e

endo-4a exo-4a
endozexo  ee (%) of exo-4a
13:87 -7
10:90 S
3:97 52
4:96 62
3:97 61
2:98 89
2:98 85
3:92 18 Scheme 1. Achiral Lewis Acid-Assisted Chiral Phosphoric
7.93 17 Acid Catalysts as Chiral Acid—Base Cooperative Catalysts
10:90 Ar Lewis base a8 X8~
. I xo-
OO /@  Lewis acid OO M
o ,0: P o o Xo-
:Pil + MX; —> e
coct YN cocas
AT Bronsted acid Ar B,gﬁg,‘;a;e‘.,%id

Ishihara K, et al. J. Am. Chem. Soc. 2015, 137. 13472. 46



PBP Rhodium Complex
@)n + RJLCHO é;’:(?éi?smn‘:g% 2%H . %CHO

2a(n=1) 3a(R=Me) CHLCl, R
2b(n=2) 3b(R=Br) _78°C, 3-5h CHO
3c(R=Cl) endo-4 exo-4

Products 4, reaction time, yield, and enantioselectivity.

oo A A A

CHO
exo-4b endo-4c endo-4d endo—4e
3h, >99% yield® 4 h, 88% yield® 3 h, >99% yield® 5 h, 88% yielda
endo.exo =595 endoexo=973 endo.exo=94:6 endo.exo=94:6
86% ee (exo) 87% ee (endo) 91% ee (endo) 94% ee (endo)

COLPh (Ry1a (10 mol%) phoC.

N . RJLCHO BBr3 (10—15 mol%)
J

3a (R =Me) CH,Cl,, MS 5A

PhO,C.

CHO
R b

R
3b (R =Br) -78°C,3-5h CHO
%a 3d (R = Et) endo-10 exo-10
3e (R=H)

Products 10, reaction time, yield, and enantioselectivity.

Et
CHO CHO CHO CHO

endo-10a endo-10b endo-10c endo-10d
3 h, 82% yield? 5 h, 63% yield®? 5h, 58% yield@ 3 h, 96% yieldd
endo.exo = >99:1 endo.exo =>99:1 endo.exo =>99:1 endo:exo = 99:1
95% ee (endo) 98% ee (endo) 92% ee (endo) 94% ee (endo)
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Table 1 Screening of Chiral Supramolecular Catalysts®

(R)-3a—¢ (10 mol%) 28)
@ . JL Lewis acid (20 mol%) A? Lb/CHO
CHO  MS4A, CHuClo

-78°C,1h
4 5a endo-(25)-6a exo-(28)-6a
(minor) (major)
\ //
O—H
// \
(R)-3a (R-3b (R)-3¢
Entry (R)-3 Lewis acid Yield (%) endo-6a/exo-6a ee (%) of exo-6a

1 (R)-3a - 0 _ _

2 (R)-3a BF,-Et,0 >99 7:93 2

3 (R)-3a BBr, 98 8:92 14

4 (R)-3a B(CeFs)s 98 8:92 -53b

5° (R)-3a B(CeFs)s >99 8:92 -31°

64 (R)-3a B(CeFs), 20 19:81 -1b

7 (R)-3b - 0 - -

8 (R)-3b BF,-Et,0 >99 7:93 0

9 (R)-3b BEr, >99 5:95 0
10 (R)-3b B(CoFo)s >99 5:95 90
11¢ (R)-3b B(CeFs), 62 11:89 8
124 (R)-3b B(CeFs), 0 - -
13 (R)-3c - 0 - -
14 (R)-3¢ BF,-Et,0 98 6:94
15 (R)-3¢ BBr, 96 10:90
16 (R)-3c B(C.F.), >99 8:92 90
17¢ (R)-3c B(C.Fo), >99 9:91 85
184 (R)-3c B(CFs), 0 - -
19¢ - B(C.F.), >99 7:93 -



PBP Cobalt Complex

/ (R)-3c (1 equiv)
- wH  tight 3P NMR (CDCly): 4.0 ppm
coordination i

at-78 OC B(CsFs)3 (2 equiv) CDZC|2'
r.t., 30 min

19F NMR (CD,Cl,): —130.2 (6F)

+ B(CgFs)3 oy

-147.1 (3F)

: ppm,
achiral ~161.4 (6F)

active species ppm.

inactive species

31P NMR (CD,Cly): 4.6 ppm
19F NMR (CD,Cly): =137.0 (6F) ppm,
-159.5 (3F) ppm,
-166.3 (6F) ppm.
CsF\5 CeFs ESI-MS (-): calcd for C74HaoB2F3oN20gP~
B,( [M + 2H,0 — H]~ 1697.1463, found 1697.1459

v \\“b
CeFs

P.

g

O
/
H tight
coordination

ON : at-78 °C
+ B(CeFs)3

achiral
active species

O P
.

inactive species



PBP Cobalt Complex

Table 2 Substrate Specificity with the Use of 2B(CgFs);—(R)-3¢?

(R)-3c (10 mol%)
B(CgFs)3 (20 mol% @ _CHO
@ J\ tL -3¢ (10 mol%) o
CHO MS 4A, CH,Cly (R)-3¢ ( ) BRA + /] @9)
B(CGF5)3 (20 mOl% 29

-78°C,1h
4 5 endo-ﬁ exo-6 MS 4A, CH20I2 CHO
(anomalous, minor) (normal, major) —78°C.1h endo-(2S,3R)-8 exo-(25,3R)-8
56% ee
Entry 5(R) Product Yield (%) endo- ee (%) of 38% (endo-8/exo-8 = 1:>99)
6/exo0-6 exo-6 e s e
1 5a (Me) 6a >99 8:92 90 (25)
2b 5a (Me) 6a 94 (40°C, 3 h) 16:84 -
3 5b (Et) 6b >99 2:98 84 (25)
4b 5b (Et) 6b 73(110°C,24h) 24:76 -
5 5¢ (i-Pr) 6¢ 72 15:85 23 (2R)
6P 5¢ (i-Pr) 6¢c <5(110°C.3h) - -
7 5d (Br) 6d >99 15:85 18 (2R)
gb 5d (Br) 6d >99 (r.t., 3 h) 15:85 -



(a)
@ +)\ (R)-3¢ (10 mol%) M + /7 (23)CHO
B(CgF5)3 (20 mol%
- (CeFs)s ( °) @) @A)
4 7

(b)

MS 4A, CH,Cl, CHO
—78°C,1h endo-(2S,3R)-8 exo-(2S5,3R)-8
56% ee
38% (endo-8/exo-8 = 1:>99)
(R)-3c (10 mol%)
B(CsF5)3 (20 mol%)

techolb 10 mol%
catecholborane (10 Mol%) 1o (25,3R)-8 + exo-(25,3R)-8

MS 4A, CHJCl» 75% ee
-78°C,1h 71% (endo-8/exo-8 = 3:97)

(a)

©

Figure 4 Possible structures and chiral cavities of supramolecular cata-
lysts (Arg = CgFs). (a) Syn-conformation for 2B(C¢Fs);—(R)-3c. (b) Anti-
conformation for 2B(CgFs);—(R)-3c. () Anti-conformation for 2B(CgFs)s—
(R)-3c—catecholborane.
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TABLE 2. Enantioselective Diethylzinc Addition to Benzaldehyde
with Conjugate Acid—Base BINOL—Zn(II) Catalysts

n G
Ph 2 Ph Et
(1.5 equiv.) THF—toluene -

Ph, Ph EtQ OEt % IVIezN NMez
SOt OO OO
OH OH
OO, OO0 OO, O,
P”O ,P(O

PH Ph EtO OEt MezN NMe,
7 8 9 10

entry ligand temp time (h) yield (%)~ ee (%)°
(R)-7 rt 72 77 93

1

2 (R)-8 rt 48 70 94
3 (R)-9 rt 48 81 97
4 (R)-10 1t 24 98 97
5 (R)-7 50 °C 12 60 91
6 (R)-8 50 °C 12 65 94
7 (R)-9 50 °C 12 76 96
8 (R)-10  50°C 4 >99 95

“ Isolated yield. » Absolute configulation of product was R. The ee valu
were determined by chiral GC analysis.

R1

17 or 18

(3-10 mol%) HO R HO Ar

JJ\ . & R,Zn or ArZnX
(from RMgCI and ArB(OH),)

or
R1 * R2 R1 * R2

o. X O. ,0>< (o} ,NMez o _Ph
B = P
W 'x Yo % “NMe, m “Ph



