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1. Introduction



Homochilarity

Homochirality: A uniformity of chirality
In nature, amino acids/sugars are homochilal.

CO,H
H NH, p-amino acid
R
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25G ¥1,800
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Q: What is the origin and the mechanism of homochilarity in biology?
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Symmetry Breaking

<circularly polarized light, CPL>

)\ left-CPL right-CPL

: < >
/'\ 212.8 nm 212.8 nm
HO,C NH, HO,C NH, HO,C NH,
(S)-leucine rac-leucine (R)-leucine
2.50% ee in 0.1 M aq HCI 1.98% ee

<Recrystalization with CPL>

Ph
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crystal no crystal
ee: 20~99%

1. Flores, J. J.; Bonner, W. A.; Massey, G. A. J. Am. Chem. Soc. 1977, 99, 3622.
2. Sakamoto, M.; Uemura, N.; Saito, R.; Shimobayashi, H.; Yoshida, Y.; Mino, T.; Omatsu, T.
Angew. Chem., Int. Ed. 2021, 60, 12819.



Chiral Transmission

1. chiral substrate — chiral product
OBz OBz

D-mannose hikizimycin

2. achiral substrate — chiral product (with chiral catalyst)
Most asymmetric reactions are "chiral transmission" reactions.

NAL" . _O. .OH
N O OH TIPS0”

0 SH TiCl,, CH,Cl, Q
> > .,

TIPSO OTIPS OH

L-mannose derivative
87%, 95% ee

1. Fujino, H.; Fukuda, T.; Nagatomo, M.; Inoue, M. J. Am. Chem. Soc. 2020, 142, 13277.
2. a) Northrup, A. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124, 6798.
b) Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 5691.



Chiral Amplification

<Recrystalization> (0]
to obtain the higher ee product
(with seed crystal)

(0] (0 (o)
99% ee

sead crystal

>

~
(o) (o)
74% ee 99% ee

<Reaction>
Nonlinear phenomena of "the ee of product™ and "the ee of asymmetric catalyst”
<linear interaction> - -

asymmetric
catalyst (X% ee)
substrate ——3 | substrate - - - catalyst| ————>» product

= — o
<nonlinear interaction> _ _ (X% ee)
asymmetric _ - catalyst
catalyst (X% ee) -
substrate —3 | substrate ——3 product
*~ catalyst
- - (>X% ee)

In this case, if X = 50, the ee of product would be up to 80%.



Asymmetric Autocatalyst

OH
N~ I
I\\N If the catalyst were completely recovered,
(20 mol%, 57% ee) newly formed alcohol:
O i-Pr,Zn (1.2 eq) OH OH

toluene (0.3 M)

N H > N7 N~

k | 0°C, 96 h k | k |

N N N
N N N
achiral OH 80%, 81% ee 60%, 89% ee
9
N
Z N
= If the catalyst were completely recovered,
TMS (20 mol%, 20% ee) newly formed alcohol:
O i-Pr,Zn (1.4 eq)
toluene (0.03 M)
7 H o
| 0°C,4h
Z SN
74
T™S achiral

1. Soali, K.; Niwa, S.; Hori, H. J. Chem. Soc., Chem. Commun. 1990, 1990, 982.
2. Soal, K.; Shibata, T.; Morioka, H.; Choji, K. Nature 1995, 378, 767.



Possible Reaction Mechanism (1)

‘N/\( ,,.Zn(i-Pr)z
l-PrZZn / N~ j-Pr—2Zn.
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N
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l' I
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1. Matsumoto, A.; Abe, T.; Hara, A.; Tobita, T.; Sasagawa, T.; Kawasaki, T.; Soai, K.
Angew. Chem. Int. Ed. 2015, 54, 15218.



Possible Reaction Mechanism (2)

\ B - .
| Zn : chiral alcohol moiety OH
\
’ \yj-m ~
R -~ S
Zn~ N
Z
TMS

1. Matsumoto, A.; Abe, T.; Hara, A.; Tobita, T.; Sasagawa, T.; Kawasaki, T.; Soali, K.
Angew. Chem. Int. Ed. 2015, 54, 15218.
2. Athavale, S. V.; Simon, A.; Houk, K. N.; Denmark, S. E. J. Am. Chem. Soc. 2020, 142, 18387.
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Research Area
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2. Polymer reaction
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1. http://www.sbchem.kyoto-u.ac.jp/suginome-lab/jp/index.php?%E3%83%9B%E3%83%BC%E3%83%A0



Solvent Effect for Asymmetric Reactions

<Possible effect of chral solvents on asymmetric reactions>

| F)-B
t
Solv*
Cat®
(TSR]
(R)B
c Solv*
Solv* olv*
cat®
Solvg’o""
Solv*

A _'-‘F,-—q‘\\-‘.
Solv* Solv*
Cat® = cat®

Solv* ¥

Cat®

C

Solv*

£,

Solv*
- cat®

-—
SOIV§SO'V'

Solv

the direct interaction
o strong interaction
x narrow reaction scope

catalyst-solvent interaction
o wide reaction scope (catalytic site doesn't change)
x weak interaction

polymer-solvent interaction
o wide reaction scope
o strong interaction with multisites

? the preparation of the flexible polymer
? the chiral amplification

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Poly(quinoxaline-2,3-diyl)s (PQXs)
Synthesis: Ito (1990)
N N R
- Features: robust helical structure
N (stable at 80 °C in solution)
“ N R high screw-sense

R R

b -t N

poly(quinoxaline-2,3-diyl)s (PQXs)

Me
N R
Me -
N
R N
Me
~
N R
R N z R
Me ~
N R
Me
planar structure helical structure

1. Ito, Y.; Ihara, E.; Murakami, M.; Shiro, M. J. Am. Chem. Soc. 1990, 112, 6446.

2. Ito, Y.; Miyake, T.; Hatano, S.; Shima, R.; Ohara, T. Suginome, M. J. Am. Chem. Soc. 1998, 120, 11880.
3. Yamamoto, T.; Suginome, M. Angew. Chem. Int. Ed. 2009, 48, 539.

4. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Helically Chiral Conformation of PQXs

N N_ LH

: n-PrO n-Pro \:[’

I -
(PhMe,P),Pd" n-Pro N n-Pro NZ

<c
Me
(40 eq) - —40
-
- S
NaBH |
\7—Ph aBH, _ N

N \r/\>—Ph

71%, >99% se (P)

. se: screw-sense excess
<helicity>

P-helix (plus) M-helix (minus) The high se was achieved derived from one chiral unit.

Is the high se achieved derived from solvent chirality?

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.
2. Suginome, M.; Coolet, S.; Ito, Y. Org. Lett. 2002, 4, 351.



Estimation of Screw-Sense Excess (SE) (1)

polymer: the structures of the products are uneven (the number of monomer)
—the screw-sense excess is estimated (impossible to measure se like ee)

1. the measurement of CD spectrum

AG RT1n [P] R: the constant, T: temperature
9max ¥ — — Il e
[M]
Jabs [1,;.] G;: the energy difference
AG =GN = —RTIn- between P- and M-helices
o " M| N: the number of units
Gh N
Pl=Mlexp [ ———
. Pl = (e (- 527 )
Substitution for the se formula:
s — Jabs exp | — %\ -1
- g-n.l,fj_;f; ge — RT / o talnh ( G};N)
[P = [M] | exp (_ G ORT
TP M RT
[P], [M]: the concentration of G N
each polymer Gabs = Ymazx - tanh | — ORT

1. Lifson, S.; Andreola, C.; Peterson, N. C.; Green, M. M. J. Am. Chem. Soc. 1989, 111, 8850—-8858
2. Nagata, Y.; Yamada, T.; Adachi, T.; Alao, Y.; Yamamoto, T.; Suginome, M. J. Am. Chem. Soc. 2013, 135, 10104.
3. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Estimation of Screw-Sense Excess (SE) (2)

2. Fitting

unknown constant: g,,.,, Gj,

Gh_.i'?\r Japs: Measurable
Jabs = Gmay - tanh | —

2RT +
R: the constant, T: temperature
Gy: the energy difference To synthesize the various polymers with
between P- and M-helices different N and to measure the g_,
N: the number of units the trendline can be obtained.
Yabs
gmax m gmax

From the trendline (shown in blue),
~Omax gmax can be estimated.
Using the formula

Gabs
hE —

.'_;"m T

the se value can also be calculated.

1. Lifson, S.; Andreola, C.; Peterson, N. C.; Green, M. M. J. Am. Chem. Soc. 1989, 111, 8850—-8858
2. Nagata, Y.; Yamada, T.; Adachi, T.; Alao, Y.; Yamamoto, T.; Suginome, M. J. Am. Chem. Soc. 2013, 135, 10104.
3. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Research Design

<possible polymers>
- - - - n-Bu

Me Me
RO N. | 1(n):R=n-Bu N. | 3(n):R= n-Bu

N RO N
_ RO _ 4(n): R = n-heptyl
RO N N Et N N
2(n): R = V\r 5(n): R = n-Pr
Me Me

- —n Et

<determination of se>

chiral solvent
polymers  -------c------ » or

P-helix M-helix
<application to the asymmetric reaction>

\ .
P(OMe), . I polymer ligand o
Z

B(OH),

/

\
o=
@)
=
D,
N

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Preparation of PQXs Monomer (1)

Me TsO’R Me Me
HO KOH RO H,SO, RO NO,
DMSO - HNO;3
78% 58%
HO RO RO NO,
Me £t Me Me
R = n-Bu or /\r
Et

A

Me Me
Hcpc(;I ISH CH,Cly; 2C
6H 4 RO NH, POCIs, Et;N RO N
Et ’
y y
62%, 2 steps
RO NH, RO N\\C
Me Me
1: R = n-Bu
Et
2:R = /ﬁ/
Et

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Preparation of PQXs Monomer (2)

7N
ROH o 0
EtMgBr Br B B. Me

THF/HMPA Me” YO “Me
reflux, 93% RO =N, Pd(dba),, +BusP RO =N,
> S > S
RO <N  KF, THFH,0 RO <N
reflux, 80%

Br Me
, AM/ ,or n-Pr
6

R =
n-Bu
(0] (0]
I A~
3:R=
NaBH, Me 0 Me h-Bu
COC|2H20 NH CH2C|2, N//C
EtOH, 98% RO > POCI;,EtsN g /<(\¥
> > 4: R =
RO 45% RO 6
NH, N\\C
Me Me 5:R = n-Pr

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Preparation of PQXs Polymer

Cl
Nl
Me c s T ~PMe;
2,
n-BuO N~ PMe,
(1 eq)
THF;
-BuO N ’
==t c NaBH,
Me
1
(40 eq)
Me c
n-BuO N“ "
Ni -
~
n-BuO N
Me

Me
n-BuO N LH
N
)
n-BuO N
Me

— -1 40
1(40)
92%

I

Me
N Ni'
N
Z
n-BuO N
Me

2(40), 3(40), 4(40), and 5(40) were prepared with the same process.

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Me
RO

RO

Me

polymer (1S)-a-pinene

1(40)
2(40)
3(40)
4(40)
5(40)

Investigation of Chiral Solvent

N
\/
7’

—4

screw-sense excess (se)

2% (P)
6% (M)
14% (P)
12% (P)
20% (P)

1(40): R = n-Bu

N 2(40): R = Y\rEt
0 Et

insoluble

4% (P)
21% (P)
33% (P)
40% (P)

(R)-menthene

RO
RO

(R)-limonene
51% (P)
30% (P)
44% (P)
59% (P)
72% (P)

Me

&

n-Bu

_ 3(40): R = \e\n-su

4(40): R = n-heptyl

N
5(40): R = n-Pr

40

(1S)-a-pinene (R)-menthene (R)-limonene

Each se was estimated with the measured g,,s and the estimated g,,, -

Imax = 2.37 x 1073 at 366.0 nm.

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Optimization of Polymer Length

the length of polymer and g_,¢ value

3
L’
n-PrO
:[ —5(30)
n-PrO _ ——5(40)
~ T -5(60)
- —5(100)
Jn K 5(150)
= —5(200)
5(n) — 5(250)
n: the number of monomer ——5(300)
(=DP)
-3 Wavelength (nm)
the length of polymer and the se value the ee of imonene and the se value
100 e * . 100 — $ L
*-’ | -
80 80 e
» .y e
= 60| 4 = 60 f,-" _
@ @ 1Y
@ 40 w40/ - *— 5(40)
/ e *— 5(200)
20 i 20 a .#_,!l*" *— 5(1000)
04 0 &~
0 50 100 150 200 250 300 0 20 40 60 80 100
DP ee of (R)-limonene (%)

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Preparation of Polymer Ligand

On-Pr
On-Pr

" [foves)

o)

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.

On-Pr
On-Pr

On-Pr
On-Pr

P(NM92)3
toluene
82%

/

10

PPh,

10



Asymmetric Suzuki-Miyaura Coupling (1)

SeN

[PdCI(tr-allyl)], (2 mol%)

ligand

(4 mol% based on phospine)

>

K3PO, (3 eq), H,0 (57 eq)
solvent (0.03 M), rt, 24 h

Br ﬁ
R
I N P(OMe), + I
~
B(OH),
0.05 mmol (2 eq)
entry ligand solvent result
1 L1 THF 70%, <1% ee
-li )
2 L1 (R) ||m?9n5<72;=a ITHF  669%, 98% ee (S)
-li )
3 L2 (R) Ilm?gn;g;?a ITHF 550, 859 ee (S)
i )
4 L3 (R)-limonene?®/THF 59%, <1°
(95/5) %o % ee
-li )
5 L1 (S) Ilngnselg;*a ITHF 540, 98% ee (R)
-li b)
6 L1 (R "m?gns‘;g)e ITHF  69%, 70% ee (S)

a) 98.1% ee, b) 12.6% ee

chiral amplification was observed as expected.

Ph

N

X
S
Ph N

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.

e

N
On-Pr v
On-P >
n-Pr N
1000-x

L1: x=10
L2: x =50

O PPh,

®

L3

IDI(OMe.)2

| N
s
PPh,
x —




Asymmetric Suzuki-Miyaura Coupling (2)

(R)-limonene (98.1% ee)

[PdCI(tr-allyl)], (2 mol%) rt, 12 h;
L1 (4 mol% based on phospine)

P Pd-L1 complex
reprecipitated into MeOH;

wash; dried up

Br ﬂ
Pd-L1 complex
B O . OO
K;PO, (3 eq), H,0 (57 eq)
Z solvent (0.03 M), rt, 24 h P(OMe),
B(OH),
0.05 mmol (2 eq)

entry solvent result PPh
2
1 THF 62%, 45% ee (S) N
2 On-Pr
2 i-PrOH  64%, 88% ee (S) \N On-Pr

The less-solubility of Pd-L1 complex in i-PrOH memory would pronounce the memory of chirality.

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Plausible Mechanism of Enantioselectivity

minor atrope isomer major atrope isomer

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235. 26



Plausible Mechanism of Enantioselectivity (2)

O (MeO),P
PPh, TP- -Pd/‘
I g
P«MWeh I:

p @ - Pd%-polymer OO
Ph, Pd"
complex (o)
- IPI oM
I _ (OMe),
N

(S)-isomer

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Other Application of PQXs

[PdCI(tr-allyl)], (0.5 mol%) SiClj
L1
AN (1.2 mol% based on phospine)
I >
= HSICl; (2 eq)
(R)-limonene/THF (95/5)
0.2 mmol rt, 24 h 89%, 95% ee
Ph Ph szdba3 (2 mol%) Ph Ph
\/ L2 \S_/
O\B’SI\Me (2.4 mol% based on phospine) '“Me
I * > _
O (S)-limonene/THF (95/5) B(pin)
50~60 °C, 48 h
47%
0.05 mmol 1.5 eq 89% ee
O PPh, O PAr;
N N N N
- On-Pr - O - On-Pr ~ O
N - N ™ - N
N On-Pr N N On-Pr N
_ 990 10 _J L 990 10 |
L1 L2
Ar = 3,5-xylyl

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Summary

chiral amplification
>

| )
= PPh,
/N On-Pr /:@/N
\N On-Pr \N
10 _

990
L1

>
chiral amplification

Suzuki-Miyaura OO
coupling o

hydrosilylation

\ sicl,

<Future perspective>

* Mechanism analysis for the screw-sense
selectivity with chiral limonene solvent

» Appliation to other asymmetric reactions

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Appendix



All Results

polymer

1(40)
2(40)
3(40)
4(40)
5(40)

N R
-
=

N R

-
0
1(40): 2 ~TN 3(40): “{\Dg/
2(40): "t,(o\/(/

5(40): g o N

Y

(S)-CMB

{(:5)-1-chloro-2-methylbutane)

)W

(S)-CIT

((:Z)-citranellal)

A

((R)- menthene]

(R)-limonene

{5} -HMBE a-PIN B-PIN
((S)-2-methyl-1-butanol) ((-)-a-pinene)  ((-)-f-pinene)
se {%]r’

(S)-CMB (S)-HMB (S)-CIT a-PIN f-PIN (R)-MEN (R)-limonene
' ' 2 (.P:' C C (Pj
5(P) 3 (P) 6 (M) 4 (P) 4 (P) 30 (P)

5 (M) 31 (M) 20 (P) 14 (P) 24 (P) 21 (P) 44 (P)
3 (M) 29 (M) 8 (P) 12 (P) 17 (P) 33 (P) 59 (P)
10 (P) 34 (M) 11 (P) 20 (P) 27 (P) 40 (P) 72 (P)

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.



Asymmetric Suzuki-Miyaura Coupling (1)

[PdCI(mr-allyl)], (2 mol%)

(4 mol% based on phospine)

ligand OO
0

-

K3PO, (3 eq), H,0 (57 eq)

solvent (0.03 M), rt, 24 h

Br ﬁ
R
N P(OMe), , ||
~Z
B(OH),
0.05 mmol (2 eq)
entry ligand solvent result
li )
1 L1 (R) ||m?9n5c72)ea ITHF 669, 98% ee (S)
i )
2 L4 (R) Ilm?9n572;aa ITHF 116 reaction
-li b)
3 L1 (R "m‘(’gns‘jg;a ITHF 8%, 36% ee (S)
i )
4 L1 (R) hmzagn;g;f ITHF 619, 93% ee (S)
5 L1 (S)-HMB®) 69%, 70% ee (S)

a) 98.1% ee, b) 6.7% ee, c) 63.4% ee, d) >99.9% ee

L1: x=10
L4:x=0

/\|/\OH

(S)-HMB

1. Nagata, Y.; Takeda, R.; Suginome, M. ACS Cent. Sci. 2019, 5, 1235.

L

N
- On-Pr -
\N On-Pr \N
_ 1000-x

N

IDI(OMe)2

| N
~
PPh,
X —




	スライド 0
	スライド 1:    1. Introduction   2. Main Paper   
	スライド 2:    1. Introduction   2. Main Paper   
	スライド 3
	スライド 4
	スライド 5
	スライド 6
	スライド 7
	スライド 8
	スライド 9
	スライド 10:    1. Introduction   2. Main Paper   
	スライド 11
	スライド 12
	スライド 13
	スライド 14
	スライド 15
	スライド 16
	スライド 17
	スライド 18
	スライド 19
	スライド 20
	スライド 21
	スライド 22
	スライド 23
	スライド 24
	スライド 25
	スライド 26
	スライド 27
	スライド 28
	スライド 29
	スライド 30
	スライド 31
	スライド 32

