5w 3

H—RF ) Fa— T HERIRE B RGO & H

WA Fosst



BINOL
Boc

Bn

Bu
conv

CPME

DCM
DMF
DMSO
EDCI
ee

eq

Er

ESI
Et,O
EtN
EtOAc

HOBt
HPLC

IR

Me
MeTHF
min

MS
MTBE

acetyl

argon or aryl

aqueous
1,1°-bi-2-naphthol
tertiary-butoxycarbonyl
benzyl

butyl

conversion

cyclopentyl methyl ether
doublet

dichloromethane
N,N-dimethylformamide
dimethyl sulfoxide
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
enantiomeric excess
equivalent(s)

erbium

electrospray ionization
diethyl ether
triethylamine

ethyl acetate

hour(s)
1-hydroxybenzotriazole
high performance liquid chromatography
iso

infrared

multiplet

meta

metal or molar

methyl
2-methyltetrahydrofurane
minute(s)

mass spectrometry or molecular sieves

methyl tertiary-butyl ether



MWNT
n
NaHMDS
NMO
NMR

P

Ph

pH
PMB
ppm

Pr
quant.
R

rac
PrCN
PrOH
recryst.

multiwalled carbon nanotube
normal

sodium hexamethyldisilazide
4-methylmorpholine-4-oxide
nuclear magnetic resonance
para

phenyl

power of hydrogen
4-methoxybenzyl

parts per million

propyl

quantitative

rectus

racemic

propionitrile

propanol

recrystallization

room temperature

singlet

saturated

triplet

tertiary

tertiary

trifluoroacetic acid
trifluoroacetic anhydride
tetrahydrofuran

turnover number



H &

5

& o R

MWNT FH RS 35 [ FR Al o> i B FR S O 4t

ARy &

fil e AL Ot R

g RIE T B LT A o R A R~ D T H
MWNT FHEFR AR5 [E AR AR 0O e 7 v — A i~ DG FAAFZE
i WFFEE

MWNT $HEFRAR F [ AR Al & I 72 5ife 7 1 — Al D KR
BRI A R~ DI H
Pj— A O REALERRS & SRR

WFFEH

MWNT FHEFFRUAS 77 R f e o> 1)
MWNT FHRFRUAS 75 [E AR ik oD

nmm®

&
¥

nmz

"
B OB W o B RE LR EE -
g

o=

(98
=

«
=\
E:D

]

S
51 F Sk
A

14
19

21
23
34

35
38

44
48
50
82
86



=2

=g
=

C-C MBTEMEUN T AL FORBE R TRICTH V) A LFORATHLE S - ThildE
TIEZRV, T THMBAIARE C-C fE BTSN IEE DA [R5 & R S SO A
B DWIE R DB Z S EIHER TEX 06 & L TRAIRBRFEETH D,

1872 412 Wurtz T Borodin (2 X W R ENT=T 0 F— s Nid, BAR= L o fif T
C-CHEGEIMT DI E LTaBIL, < 0 BFNMICHIZE N T T& -, &512 1895
. L Henry HiX, 7Tk Re=buTrhrtaisEs=ba7 b R—ILKG
(Henry fiJin) ZWRMH L7 % ARISIZ 12-= ha T h ) — L5255 DA Th 578,
DRI X antilsyn DT AT LA~ — BILOENENO T o F A~ —NIHFET 5,
O XD RIEEREM D BHIOSIARD % 7B - KT 5 I ZI3MIE ORE & =R L ¥
—WRE LR DT, = F T AR, S H6ICIEY T AT VA BRI R OGS R DN L E
TWz,

1995 45, SEIFRFZRRCIX T v & /A R—=7 v 0 U &REAT et (LLB fitil) % HuvC
syn EIRAIMBEAD R = b 7L R— VRS2 R TR0 TR L °) ARSI E MO
7a b E RIS B S B R AR 100%D SR TH Y . BEIEDHIEST b AT o
I —OBENOREICEIVEE LIS E 25, ARISEREYIVIZT v b o BEhilfih
BT DT ER O D X DR L LARD, I HEICE < Ot RE = h
07 v R—=/VEEMWNIME SND LRI b b 63, MUSEBREEDENIEN D syn
SEIRAY 72 SUSICIRIE S, anti AR FUSIE 20 HHAZHICIZBIRE S e dso 72 %, 2007 4F
WCRIFONRT b T T 2 ) RAR=T AFEEROTZAIO anti BRFREO AT = Fa 7L R
— VI G E R LTS °, B[R U< UCERRFESR CTH 7 2 REIERNL 7, 70 % /1 K,
BEOT A Y &EH 575 Nd/Na Bl e R s ooz EBR LS,

ZO XD ITEBEICSLRE HIE L iR R = b e 7L RV BROGDSBASE ST E 728,

BE AR NS 2 R T 5 72 O F% S U ARRE & U O o IR 23 28T B, Z A L
TR IR IS LB & 70 %, — RIS, ENZARERIRAY . SRR SO 1T 2 1% &
Ao EVIROS RIS 28— R CTd 0 | RO FVE & i B2 fil A B2 723 i U 72 3 s fid i
TEPEZ TR L9\, 8 B O [N (X RER] « =3 L X — 3B & 70 5 72 D JR AR
IEEVOMERICREIND, —F. AR IS IEE & O#flmE 23 RER THh
O RS MEAME N & S R B 523, B, RO TIRIEFICHEFICTh 5, g
PED ] FIZIXFE R 22 % FTRE 72 R O fUIME T 2 B & 5 23, BRI T ER O il 23 R C &

by BUMETE 2L LTHIERREOTVHRITPHEE O BB EL, BAHICEL W
—ANEER DD,

Nd/Na BflE 4 RAMEE 2 anti SEROOABEO AR K = b a 7L R —) LR TS
ADRERIE CHEAT L, A — Rl & U CTHRER BT 2 &\ 5 FERIC BRI W RS 2 FF
ST, LInLRRG, fillltr 5 2% —3 A R KE W72 @ fliig 4 & 865 ¢ & 3,



FIEEOBRICHE E VBB AELHBIHNLICK WE WS RERH - 72, iR IC B
CHARRAEIZ X o TRIBMEOAMEE 7 T 2 X —Z T 5 &0 5 RIS aE B L C il B o % ik
ft Liz& Z A, Nd/Na BfE e Rtz 20 —AR ) /7 Fa2—7 (MWNT) IZHEF
52 LT, @RI AR 5 L RIRFIC @R 2 R 2 LA R L TS, v
MWNT [ EHEHER DT T 2 — T DEMEICHE E 0 B o 72 ZIRT 2 i 1S 2 R0, AR B RE
H AR LS T 2 BR S 2 [RET 5. 3772005 MWNT @ 100 nm LA F OGN
8 H AR 2 NI AR 2 B D 5 Z & TARIEMEAREE 7 T 2 2 — W A ZOMUMEIZERZh L, il
TEPEDRIEZ: A2 LTz, £72. B OHMRkMEIC X2 R Tt A#-EIC L2 b 0TIk
N2 [EFRHEERE b AR O AR F BREEDMRAF S AU, SEAREIRPEIR T & [ AT RE

pote, ST, fBEHHEF S MWNT (213 < OZERAH 5720, 88 « yEEoBICH
FREVZEZ LIS K RYVBIHABRES L o7,

INHOBUMRZHEE 2. FAIL MWNT FHEFRUR P [ AR AR O B R 2 gL A2 PR 35 & &
HIT, AREBEDOEIRMELSRA~DO S BB ERE L, L0 & E R REFRAR AR S o1
F HEE L7285 1 3 Tld, MWNT FHEFR R 55 [ FR il 00 B o 7o R A 2 545 L 72 ° MWNT
AT THIUE, $ERIE AR ICRRI BV E Th - 72ENL 2 - L T H 2 L < 3 Ok
{EREITTHZ 2R LTz, 7o, HWad=bhux& o OMEIZHBEENAAG S D
—H T, —EROKGDMBERIS 2T 5 2 L 2 Lz, 205 O RIS S
DHEERFTHY, ZNOLEHIEL THLT 52 & TROCOBIRMENREL D EEZI LN
%o %52 % TlE, Nd/Na B 4 REMIEEO MWNT ~O4HEHZ L v St m 45 &
) IS H LT, AR A 7 v — A RIS L7 ', EE AR A il e L. BAOK
IS E R B AR D 2 b e S HEHIRICHE S 2 L ITRRB LTn, AR AF = b e T L K—
IV RO %38t 7 1 — G AT K0 R L 729D COMER & e o7, F7o. HEiEMKD
Ry —NT v IR THDLZ EBFEFEL, MR, B2 X MOEMBREmICI T
i 7 0 — AR ERMEOFAEEISHTE 2 /M2 RET R/ SO, F3
T, syn @RI R A~ v = v ERIRIRICBW T, ZhETH R Tho7z Er'fil
BEDOBUL O " EARIZ L0 R LA A LT, Al S 7o R — R AR T MWNT ~HEr
WAREL 72 0 | b U A oA 7 V0N 7 o — SRS TR Ch D Z LR FRE L

REE TR LT OHFFERIE T, O — RSN T IR TE 2 /RN &
5 LRIFFIC Y A 7 AR 7 0 — BRI B TE 2, AFRMERN L < OFFRE N
ZHRIh, 5% LBET D THA > ABIELFRERMAEROMENOE o M55 2
ENTEIUIMERERIIRE 5,



1-1 anti AR AR F = F o 70 R— VUG

TV R=VRUE 3R ERA 7R C-C ARSI TH 0 | AL BV CEGR I - EEH
IR OBELIZKIGDO—2>Th b, #hHER < HIO ISR E 155 72 DI IXfEAE H 2
P L, BEESLAS., HDWVIERARYOBEBIIIRAIRRFIETH D, TR
SN DANRT =F KGR E L THWDZOPAMENS . & < Bk e Sk
WZIRAE U TR ANCAFZE M TN T & 72, 1985 4EIC L. Henry IC L » CRH SN Z= T
b R— Vi (Henry &) 137V R—=ARIGOIR/ETHY, = haT7 b ET LT R
EERIGEEDE L,2-= a7 vl ) —v 3) BE5ILDH (Scheme 1) 2, HTHARKF=h
07 v R=/VEMZ Ko TR OGN D IEFAEMR 1, 2-= a7 v /) —)b B3 EihiE Lo
DT N2-T X T a—VITFHEARETod D R - E3E R E DO EYTEML A OARF G
WCBWTHRD THHZRMIGE 720155 (Scheme 2), LM LANL., SN A4EBMICIE
antilsyn DT AT LA —KB I OENETNO T TFA~—KNGFET L2, BRO
SARD B G DI R ZHIEH T 2L ERH D, S BT, BEEYHIESCT haxza
J I —OBRNG, EMT 7 N UBEO R TERY Z 155 505 100% 0 A5 il BSOS
HANEEND, LOLERL ZORTFEOMIZEZ O AR INTELIT LN DH
FLOEE TIND & m BRI U 72 A ROS R ITBRER Td o 72,

OH OH
2 2
WJ\(R WJ\rR
NO, NO,
2 anti-3 syn-3
Q + rR N y ——>,  Natural products,
R! H —> Drug substances
NO, OH OH
1 2 N R? A~ 2
R1/\r RN
NO, NO,
anti-3' syn-3'

Scheme 1. Nitroaldol reaction (Henry reaction).



e

anacetrapib
(CEPT inhibitor)

OH Cl

ZT

Ms”

Zn

H

prophylactic agent

NH,

OH NHAC

zanamivir
(Neuraminidase inhibitors)

Taxol®
(anti cancer)

OH

H
HO \V/:Ii::li
0" CO,Et

Ps-adrenoceptor agonist

2

OH

Zn

H

HO V\@\
OH

ritodrine
(Po-adrenoceptor agonist)

MeO

AZD5423
(glucocorticoid receptor agonist)

OH O
HO
OH HCI
HO NH,
DOPS®

Scheme 2. Structure of drug and drug candidate having 1,2-aminoalcohol skeleton.



1995 A= \ZLEIEHF 78 = Tk — LAl C & % (R)-Lanthanum-Lithium-BINOL  (LLB)
IR Z AT syn BIRAOMMELAO AR = b e 7L F— VRS 2 iR TRl Tk L= %, AE
7' e b BEIOALTERMERLAFIETHY . ZERY 0 IZZ D% x ORI
BNERE S Y REZREIIBIE LT TR %R T (Scheme 3a-c), RiESIIFA T L
T =TT ==y AR R, o, R DIIRFEEE T T I v —Cu S5 E VTR
LR Z R L TV D,

a) Shibasaki et al (1995)

(R)-LLB
'I-i\o/'j up to 97% yield
o, 1.0 OO up to anti/lsyn = 6/94
( ,L_a~ SLi (OH — OH up to 97% ee
_0 OH ~ OH
-6 oY) on
0 R2 3.3 mol% : 2
I+ r - RN
1 -
R" H NO, THF, -40 °C NO,
1 2 syn-3
b) Nagasawa et al (2007)
CigHaz< b CI
H H * 37){\1\"' H H up to 91% yield
FaC N\n/N N N/\_/N\H/N CF; up to antilsyn = 1/99
\©/ s B T M o5 s \©/ up to 99% ee
CFs 10 mol% CFs OH
1+2 R1J\I/ R?
Kl (50 mol%), KOH, toluene-H,0, 0 °C
NO,
syn-3
c) Arai et al, (2007) @
5 mol%
up to 95% vyield
up to anti/syn = 20/80
up to 99% ee
OH
Cu(OAc), 5 mol% ~_R?
1+2 ( - - RTY
rt, "PrOH NO,
syn-3

Scheme 3. syn-Selective catalytic asymmetric nitroaldol reaction catalyzed by a)
Lanthanum-Lithium-BINOL complex b) guanidine-thiourea bifinctional organocatalyst c)

chiral diamine-Cu complex.



— 7. anti "ERE NFEWERE LTHEZ D07 A7 LA BRAMER A& = ke 7L R
NES e

— VRSE. 2007 RIS KIESLDT RT3 T 3 ) AR AKR= T AEE AT 2 A A 12 22
L= DN OB EE & 725 (Scheme 4) 2, L L7H

5. BHAEICBWT b AR 2
TRTEEENTD <. BROSMAE L T D L

Ooi et al (2007)

HH up to 96% vyield
N, /N : up to antilsyn = >19/1
/®\N Ar (Ar = p-CF5-Ph) up to 99% ee
o) rR2 1 5 mol% (E)H R2
+ > 1
RJLH NO, KO'Bu / THF, -78 °C R
NO,
anti-3
Scheme 4. anti-Selective catalytic = asymmetric nitroaldol
tetraaminophosphonium salt

reaction catalyzed by

LFLO anti FTEHRMIFEBEAI AR A = b v 70 R— VRSN HASE S5 o L IFIEFRFF O 2008
A SRIRFAFZE R Cld Nd/Na BAE A B AL @\ anti SBRVEIF NS = > F A 84R M &
BT HZ L AERH LT (Scheme 5) ﬂmﬁMéHKT‘FWEQ%4&N&m®Hmm
NaHMDS % 2/1/2 O k. Cii

A LFHR SN A A 1—6 mol% W 7-3a . BRLEWIC
TIIL R 99% LA b, anti EIRMED3>40/1,

anti & L T>98% ce TH O, £/, mefb VL
H—ittrd o2 xR LT,

)

up to 99% yield
up to antilsyn = >40/1
up to 99% ee
amide-based ligand 4
NdO1/5(0"Pr)35 1 1-6 mol% OH
Q R? NaHMDS 2 C
1J\H + N(o a R1/-\|/R2
R 2
1 2 THF, -40°C NO,
anti-3

Scheme 5. anti-Selective catalytic nitroaldol reaction via Nd/Na heterobimetallic catalyst



= ha 7 PV RISIZEN T, BESR — AL FA 2 Al & L THWD A, RIS
DEBIRECTH @B CAME SN ANEREBREZ AT 5720 iR E LT syn (K& E
2525 &2 b5, SRS TR S 472 Nd/Na H2FE B, L1 2@
LT, KO, A#L=tnt— b 2Bl T 2700 B L% ITEHSELZ &
T, NREREBREZRLWT VFRY 77 7 —ROBEBIRIEIZE BN anti (K% 5 %

D XD IR F STV 5 (Scheme 6),

Scheme 6. anti-Selective catalytic nitroaldol reaction via Nd/Na heterobimetallic catalyst.

10

+,! +) 2
--N - - 2 R
o H o N R | R1)\|/

<
1 H 1 H NO2
R/ R syn-3



1-2 =R F ) F = — 7 FHEARUR S [E AR fl g

LEIRFRFFE SR TIESER L7z Nd/Na BLFE R4 B AL O MBI 72 B &2 R L Ch— R v
J F 2 — T HERR S E A OB L TS, — RIS, R R Al A A
DITIE, BUSKE TRICZ = F, fli#EE IRMEERIE, e VA5 57 m~ b
757 4 —HORMREERAT O LERDH Y RSB EEIT BT L K&
TRAF W], REEOGER LT 5 P, TOin, KRWARSPERSEIZB N T
A BAFMENT 1 EERA RO TH Y . BERMEOBLE ) HWE L ARTIEARS
RVEED D L o TS, THEMIRT 27 O0F, il 2 BFEET 25 2 & TRIG
B - A ASIC L. FRHEZAREICL LS LT3R/ EHShTWS 4 ZoF
HEO—o & LT, OB F2 2 ) B A ARR Y ~— A RS CHEFT 2 50, it
WAEERY ~—0 7 BVIE AT D HERSH D (Scheme 7)., LU, TUHIEK
JER DR BB SN TH 0 | B ARSI 0w ST AR 2% U 72 S R /Y &
e TWNA B,

silica, polymer, etc.

X =(CHy)p, ether, ester, amide,
% * phosphate, etc.
immobilization M7
oo Ay A
. M 2
metal ligand metal-based
asymmetric catalyst polymer, etc.

Scheme 7. Immobilization of metal-based asymmetric catalyst. Conventional method of

immobilization through covalent bond grafting or encapsulation in a polymer support.
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— XA AN S B AR ) — R & U CHERERE BT 2 DIk L Nd/Na 24FE 74 @ il it X
AR fidfie & U CREREFEBL T 2 & ) BLBRIR WA AR50, 77200 b SR OMFRIC
FBWTH O L TR LT 27D AR FEBRESHERF C& | @ LSRR ME 2 58 53 2 [E FH
filfie & U CHERE T 5, SBICEE I —R T/ Fa—7 (MWNT) ' fEE FIcfilfiiz B T
MR S, EIEE O FERH ATEE 7Y MWNT FHEFf i D A5 2 EHL L7~ 7 (Scheme 8),
iiflk MWNT & —Ffi T % Baytubes® C70P" 1%, HEADE WD —R LT ) F 2 —7 73
WCHEE D HoTmMBERO =Rl 2o, 20X HeEmT A7 FbEFEFO MWNT O
Hikx > U —27 N THOMMIEEIT D & REMEREE 7 7 2 % — O R IX MWNT Of0)s
BRMHDORE IS CTHEIET 5 LE 2 65, 20—100 nm |& E DRUN Rl 7 Z 2 2 —
BENTERR S LTt 5L, AR R RS IE R UAE AL 3 M 95 & B2 b b,
S BT, AR 37 MWNT IZIEZ < OZERBAH 5720, HESEVRAET D Z &7 <8
W SEECE, HRANES L o7z,

NP
HO g S self-assembling Nd/Na
l\ _,1 H 6 M L \ heterobimetallic catalyst
~TOF 4 R
- - . self-assembly
amide-based ligand 4 2
NdO+5(OPr)135 1
| NaHMDS 2
| MWNT
0 T OH (Baytubes® C70P)
N
Ho_~_AL N
(TNTT) —
“PNE g O N
3 - self-assembly

amide-based ligand 4 2 Multiwalled
NdO45(OPr)y35 1 carbon nanotube (MWNT)

NaHMDS 2 Baytubes® C70P
g g dispersed

self-assembling Nd/Na
heterobimetallic catalyst

Scheme 8. Immobilization of metal-based asymmetric catalyst. Strategic confinement of a
self-assembling asymmetric catalyst supported by multiwalled carbon nanotube (MWNT, Baytube
s®C70P. Source of image: Bayer MaterialScience).
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il 2 MWNT (ZH8E L 7= 5] 2 7k, N. Iravani (%, @ER{LKBIFEET. T 2%
RAL ZRFIALTEDLT =V v —F U AT Uil JARESIC LD MWNTIIZHEE L7
(Scheme 9a) %, FUS#H D A, SlEATREL L, BENC K SV A 7V E2ER L TW5D,
F72, mn HEMERNC X o T A LEF T 2 FIERNERE ST 528, o (& TR o
T T & DYRBEAIRE S5 (Scheme 9b) %, —J7, SEIEFRTFZESE TR Sz MWNT
PEFRAR A FE ARSI X B AR 2RI U CHEMBEHET 2720 ARG 2 V3 R
AT AT CTHEUNRARETH Y . AV DF Aol b RO RFRE LR LTS & &

bbb,

a)

0.6 mol% OCru.., V|V ----- co
[W(CO)s@DAB-MWCNT] oc/ Nco

b)

0
M

(O )

\ kmo y. 100%
CH,Cly, 1t, 7h
S

Scheme 9. Immobilization of metal-based asymmetric catalyst. a) Covalent anchoring on to

MWNT b) Non-covalent immobilization through ©-n interactions
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528 fiERRE D R

2-1 = bz oML RIERO b

MWNT AT R OBE . W 2 3R ORI C/K 535 & 0D 76 RIS 4 0 28 8 3 81 52
EnTe, RIBOMESCKDE RO CTHARDIEMER BRI TE 5 L5 2, B
IEFHSREORESL 2 B LIFZEICE F L, RS 351 5 #E 7 v — % Scheme 10 12777,
7 2 NBIEIAL T~ 4 % THF IZIEf# L, NdOys(O'Pr)izs. NaHMDS % 12 % & [ R & Rk
T 5, WIZ=br=X > Qa)zlzx s & ARLEIT—EHKRT 0, BE_ZEa8RIHED B
CARRR L 00 E © ANEBIC A AR E OG- 2 5, SERIZAICHRIH SR b o To R Rl EE %
wOHEL ChRE%., AfEEfEE . U CRISIZEEH T % (Scheme 10, Cat.A), LC/MS
HIELD, AMBEIINd: Na:4281:2: 1 OEIAETEEN, & 512 2a 28K 5 CMfk(L
[CUEDOHREHZETH D Z ENbh>TW5D b NdOys(O'Pr)i3s. NaHMDS 725 F bR %
TER%. 412%F L C 2 {58 MWNT C70P % I 2. 721212 2a Z1RINIT 5 & . MWNT O#fE H 1k
F v FU—27 THCOHMBEETT L. MWNT RN 505 (CatB),

(a) Preparation of the prototype catalyst (Cat. A)

EtNO,
NdO;5(0"Pn)iai5 2a cat. A
ligand 4 ¢ white } ¢ [ clear ] " b protolypg ‘
in THF T suspension | | solution | ity Nd/Na heterobimetallic
catalyst
NaHMDS ) ) : molar ratio: Nd:Na:4 = 1:1.8:0.967
NAO;5(0Pr)135:NaHMDS:4 = 1:2:2 discarded in supernatant & washings incorporation

o . N a
Nd: 15%, Na: 23%, 4: 61% N: 85%, Na: 775%, 4: 39942

(b) Preparation of the MWNT-confined catalyst (Cat. B)
EtNO,
2a

NdO;5(0Pn)y35 MWNT® cat. B
ligand 4 J- white ¢ ¢ clear self-assembly MWNT-confined
o ThE S solution™ MWNT in Nd/Na heterobimetallic
T P nanotube network catalyst
NaHMDS . ) ) molar ratio: Nd:Na:4 = 1:2.18:1.0°
NdO;5(0Pr)35:NaHMDS 4 = 1:2:2 discarded in supernatant & washings incorporation

. - - b
Nd:22%.INa:i 520, 4:(613% Nd: 78%, Na: 85%, 4: 39%

(c) Preparation of the MWNT-confined catalyst with higher loading ratio (Cat. C)

4 EtNO,
NdO;5(0"Pn)1as MWNT" 24 cat.C
i white clear sell-assembly MWNT-confined
hiﬁa'm: ¢ T suspension ‘ ¢ solution™ MWNT nanotubgnehpvork Nd/Na heterobimetallic
catalyst
NaHMDS molar ratio: Nd:Na:4 = 1:1.92:1.01®
NAO,5(OPr)155:NaHMDS:4 = 1:2:1 discarded in supernatant & washings incorporation

N . - o b
Nd: 12%, Na: 15%, 4: 11% Nd: 88%, Na: 85%, 4: 89%

Scheme 10. Schematic Representation of Catalyst Preparation. “The molar ratio of Nd:Na:4 in
heterobimetallic catalysts and the loading ratio of catalyst components were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray fluorescence
(XRF).6b ®The molar ratio of Nd:Na:4 in the heterobimetallic catalysts and the loading ratio of
catalyst components were determined by MP-AES and HPLC. 200 wt % of MWNT relative to 4
was used. %400 wt % of MWNT relative to 4 was used.
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FREHFNT D720, 7T —0oBALIL2a2Z0EEMH L, 7 & MEE
M1 T35 Va—RKRXUXT7 AT E R (1a) & 2aZ2RIRL, CatB ZHW TS EITH 72
LA 20D T ITA Y= THEENH D Z LMoz (Table 1), 774 ¥ —A,
F OB o 2a & W CMBGRR AT > 7256 @WABEME, R OSREIRMEE R LT,
EZABY T T —C oSz 2a ZH WD ERIENIZE A EHEIT LD »T7, 2a
WCEENDRGEEEN—NT 4y Y —ETHELZEZA, 7T A4 Y —A, B Z
ALZH 150 ppm, 301 ppm ToHo7=DIZf L, 7T A ¥ —C il 1965 ppm Th-o7=, R
FOKRDIC L DMBERIGEEEIR L, TR ENELF2T7——T A 3A (XL vy & A7)
TRIAKRLEE LS, R OSUSICHWEZ & 24, PRICK LCREBEOREE2 52, 7
FTAY—C SDORIENHET Lo 7= (entry 4—6), 2a % HPLC oW L7z 2 A, 7
FAY—C BTNV ODOREERARS D EENTND Z LML, 2/ H2 Nd/Na
B RO, = e 7 F—ARSHEEZREL TS & PR L,
TRIEB LY T I A v —C o T H RO R Z 5 272723 (entry 7). NaHCO; (FyARIK) %
MNWTH T TA ¥ —C izl L7c & 2 A, JONMITERITHEAT L7, R TlIkRETE R
3o TR B DOBEVERL Y W RANCBRE L7 LS &N D (entry 8), ELFaT—T—
T A 3A TRILERZAT O &, DT NN b IGHEEDIKTAR 547 (entry9),

Table 1. anti-Selective catalytic asymmetric nitroaldol reaction with MWNT-confined Nd/Na
heterobimetallic catalyst®.

e} OH
! H - Cat. B: 1 mol% |
+ - -
NO, THF, -60°C NO,
[ |
1a 2a 3a
en H>O content pretreatment
supplier of 2a  of 2a” (ppm)  dist. MS3AY  base’ time (h)  yield (%) anti /syn® ee® (%)

1 A 150 - - - 4 99 98/2 99
2 B 301 4 96 98/2 99
3 C 1965 - 8 <1 - -
4 A 13 - + 4 99 98/2 99
5 B 33 + 4 99 98/2 99
6 C 3 - + 8 <1 - -
7 ¢ 311 + - 8 <1 - -
8 C 1423 - - + 4 99 99/1 99
9 C 63 - + + 8 95 97/3 98

“1a: 0.2 mmol, 2a: 2.0 mmol. The same 2a was used for catalyst preparation and as substrate.
Catalyst loading is noted based on the amount of NdOl/s(OiPr)13/5 used for catalyst preparation.
’Determined by Karl Fischer titration. “Vacuum distillation for 2a was conducted twice before
use. “2a was treated with predried MS 3 A pellets before use. “2a was treated with NaHCOj5 solid
before use. ‘Determined by 'H NMR analysis. éDetermined by HPLC analysis.
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CatA, N UCat BT HEOMER L L GREIEDEMN F4OFEHANET o d, KR
FROBE, NdOys(O'Pr)yasiZ it L T2 EOANMETH 573, CatAICEHE ENHNdE4Z EEL
A, TOENIFTIZIEL : 1ITHY . 61%H DAREREAICFIH ST\ o 7=

(Scheme 10 a, b), 4D EZ L CRELL7- & Z A H ML EITET AL T 5 R
WRIEMIE NS D Te o T2, iRl R D473 B CARRM L 2 RET D & B X bhvd, — 5 MWNT
HFFIE (CatB) OB EREAZEET H720, AEFRHEE . S%IHNR A N X CRE LB L
MWNT & &% Dl S W72tk ~A 78V 2—T 77 X< N0 H0H (MP-AES) %475
T2 ZOFEF, Nd® :Na": 4131 :2.18: 1.0TH Y, Cat BOEJE-BLF DORERL LT Cat. AD
FNEIFERUTUTHDL Z Enbrol,

MWNTIZZ 7 7 =¥ — b ER > 7o ffiE 2 L TR Y | JAWREMEEFFO L & bIlE
VRN ARSI, ST LD - HEEANEWEEZ BN, £7-. MWNT#
HZII A NVR SO ERRENGFET D NN TS, 4DMSEETH LB
BN EMWNT E ORI Cr-n HHEERAR S D LB 2 b, ) A CMfbz2RiEd 50
BEMERH D, D VIIMWNTE H B DT NIIEET D B LR CBESER DO ZERERNL (12
752 L CTHOMBILAEE S D AR E X 5N b7, aREIE TR &b A O
WAEDHEITT 5 EWIFFCE D, ZOEFHED L2, 4OEHEZ ST, 7 OMWNT %
AW TR 21T > 72, £ OREHR. B ORI L2 Cat BIRIERIZHEAT L 72 Al R B 4L, £
ALEMP-AES/oHT L= ZANd : Na: 4281 : 1.92: 1.01 TH o7, T7hbb, ZHnETOY
HEDA4TH > THMWNTHAE T ThiT B CALRR L 2MELE S VB ARR 72 il 2 FZ Rk C & 72
DOTEFHRNNEEZB 25,
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2-2 FRIETHE G MWNT HEFRURF FEEAMEE (Cat.C) ORI

B A 4D B % 08 (NdOys(O'Pr)yastoxt LTI &) L CHiH L 7= Cat.CO MBI AR
= ha 7V R— VEJSIZ BT HIEMEFHl 21T > 720 MWNTIEFE FCHE L7 v & A
7O il T & D Cat. A, K 4D E A CatA &[] U TdH 5 MWNTfili i CatB (4 :
NdOys(O'Pr)y3s=2: 1) Z it g & LTH., a2 RS 5 720 I il 20.25 mol%
W2 T A 1T > 72 (Figure 1), Cat.B, &K UCat.ClZ, [F%5E D @ SLAREIRME (anti/syn = 98/2,
after 9 h) 27k L MWNTIZHFF Szt ix 7' v h Z A 7 DCat ALV & ISR -T2,
IS OFERIT, SR OBIFERE R & B &R, NdL Na', 40V iAHREEZ ERL
Tofik, CatB, MUCat.C& HICHFETH Y . Nd/Nafli “ e @Al 2 58 2 72 H 04
DY IAZF L LTIE89% (Cat.C) Th o7, CatA, B, RUOCEHEMK T DN, Na', 4
DT B LT :2: 1 TH-o7= (Scheme 10), WAL & i UNEE L S5 A5,
Cat.B, & *Cat.CIIMWNT D8 B IR K » b U — 27 N TN A ZOfhiE 7 7 2 % —35h3 X
HHL TV D T O OB ILR LA R A2 @b o L #HEZ s D,

o Cat. A, B, or C OH
! Ho, - 0.25 mol% l .
NO, THF, -60°C NO,
I 10 equiv i
1a 2a 3a
conversion (%) anti/syn = 98/2
99% ee
100 PY \
Fy
2 anti/syn = 98/2
80 | 99% ee
|
4
60 § ¢ Cat. A
A Cat. B
2 e Cat. C
40
2
20
Do eteeese & o * *
g 3 tme(h) © 9

Figure 1. Reaction profile of the reaction promoted by Cat. A-C. Nitoroethane 2a(supplier A)
was pretreated with MS3A pellets. Conversion and diastereo- and enantioselectivity were
determined by HPLC analysis. Catalyst loading is noted based on the amount of NdO, /5(OiPr)13/5

used for catalyst preparation.
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Table 1Mentry 8, 9DFERZ T 25 L 2allF F 45 K35 EORELTEMEIZ (] & DR 8
EHZTWDHHO LRI NI, KB EOREKAZAMICT 5720, 1a, KORx 720K
SamD2ar AN T= a7V R— A Ke%1T-7- (Figure 2) , #OfE%E., —EDHEBD
KOTFET TR TH S, —EBEU L TIIEMAMEEHOR T REZ 72, K&
DOEEPERMI 2 B BRE . 5>2600—2000 ppmD /K5y % 43 % 2a Thie b ZhR A ARBETE 1 %
M ESEe, REOSET 0 b OBERITH Y | MTEMEZ BT 212572 0 Ky 03 98E
B & 72> C7'm b UBENCHEERMNE 2 R T O TRV LIS D, £72, Cat.C
% -25CCT—HEMRAFE b AR O EEE 2 R LTz,

conversion (%)

100

80

NN :
2492 T oy 00 fime(h)
N
2087 1030 648 | ||,
) 131
H:O content in 2a (ppm) 3023

Figure 2. Reaction profile depending on the H,O content of nitroethane 2a. 2a (supplier A) with
varied H,O content was prepared by treatment with MS 3 A pellets followed by the arbitrary
addition of H,O. Each 2a was used for catalyst preparation and as substrate. Conversion was
determined by HPLC analysis. Diastereo- and enantioselectivity of each reaction were similar,
anti/syn = 97/3 and 98% ee on average. Catalyst loading is noted based on the amount of

NdOl/S(OiPr)13/5 used for catalyst preparation.
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F3H WRIETR B AIEO ER A A~ DI H]

MWNT FHEFRURZFFEFfREE (Cat.C) 2EkD 7 1 h ¥ A4 il (CatA) XV HENT
IR E 2> = L NFEIEES N, 1la b 2a L D= Fa T L R—LESIEH T 0.25 mol%
O fl i & TS RIZIE L 98% ee Tanti-3a I FFH— DT T AT L A~—L L THZ %,
O anti-3a 1%, KANVITHORBILEMTH D2 L AT V)L AT )VERER HFHE I
(CETP PH5E ) Anacetrapib (Phaselll, 2015 4 11 A A 2 L0 5 BIRAL B WA RF AT
5 ETo, BEEETREAEE D (Scheme 11-a), F7-. anti BIRAIARF=Fa T/ R—/LX
JRIC L > THELND anti-12-7 X ) T a— o=y M, x 2EFMED H 565
DEZERKETHY, B-T RLFT U UZHFKRT T=A DY k KU RO EK (5)
JR - IRREETBHEE (6), HiA v 7N F A NRIEOYF I EAOERK EOFHEE 3b -
3d) L LTHIFFC& % (Scheme 11-b,¢), U b FU U OEETEEE 722 3b 2155 BUGT
X, 7a R ¥ A 7D Cat.A TIHIFEN 22% T > 7=DITxt L Cat.C TIE 97% Th -7 (0.25
mol%, 72 h), F72. 1 mol%® Cat. C # TV VA 7 VEREZIToT-LZ A, 6[HIHET
ENLIRIRIRME A MERF 95 Z L Wb oTo, BIR - REZETRIEE (6) BRUTIIIAL 72D 3e
ZFLRGTIER, 7’1 M &2 A 7O Cat. A DEEIEED 62% (1 mol%, 48 h) To - 7= DITxt
L Cat.C TIL99% CTh -7 (1 mol%, 48h), HiA v TN P U A N RO F I DA
AR E 725 3d 2D NICBWTId & 1.0 g IC Ay — T v 7 L CR % Ehii L7z &
ZAULHE 84% T 1.25g @ 3d WS- (3 mol%,30h) (Scheme 11-d), — 77, Cat.A DA
TR 2% Th o2, £72, 6mol%?d Cat.C #HWTY VA 7 NVEBREToTmEZ A, 6
[6] B & Crc RS IRME A JERF L 7=,
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(a) intermediate for anacetrapib

o OH
I Cat. €?0.25 mol% |
H + K -
NO, THF, -60°C, 18 h NO,
| 10 equiv with prototype |
1a 2a Cat. A%(0.25 mol%): 3a
y. <2% 99%, antilsyn = 97/3,

98% ee (anti)

(b) intermediate for 3-adrenoceptor agonits

0 OH OH
Cat. €90.25 mol%
o g On = X
8O NO, THF, -30°C, 72 h BnO NO, HO H
10 equiv with prototype 3b
1b 2b Cat. A®(0.25 mol%):

o X 97%, antilsyn = >98/2,
y. 22%, antilsyn = 98/2, 98% ee (anti)

98% ee (anti)

catalyst reuse (Cat. C, 1 mol%, -30°C, 48h)
cycle 1 2 3 4 5 6

yield (%) 91 95 92 92 66 57
%ee(antiy 92 95 97 96 96 96

antilsyn = >98/2

(c) intermediate for sulfonamide-containing therapeutic agents

10 equiv
1c 2 with prototype Cat. A®:
62%, antilsyn = 89/11, 99%, antilsyn = 92/8,
89% ee (anti) 88% ee (anti)

(d) intermediate for zanamivir

o Pz Cat. C 3 mol%f OH
. —
PMBOMH ;\gv . PMBO\W HO
2 THF, -60°C, 30 h :
109 3 equiv y 3d125g NO2
. i
1d 2d" with prototype Cat. A"" 84%, antilsyn = 89/11,

42%, anti/syn = 91/91, 94% ee (anti)
95% ee (anti)

catalyst reuse (Cat. C9, 6 mol%, -60°C, 48h)
cycle 1 2 3 4 5 6

yield (%) 93 99 91 72 66 51
%ee(ant) 95 96 98 97 97 97

antilsyn = >10/1

CF;

anacetrapib

Zin

ritodrine: \/\©\OH

\ B,-adrenoceptor agonist
OH

HN
" Tl
0" > CO,Et

5: B3-adrenoceptor agonist

OH . OH cl
OZN:©)LH . K Cat. C®1 mol% 02N:©/I\/ Ms” N@/I\/\/@\
: p— :
NO, THF, -30°C, 48 h BrnO NO, HO HN cl
3c

6

zanamivir

Scheme 11. “Catalysts were prepared by following the procedures shown in Scheme 10. Catalyst
loading is noted based on the amount of NdO;;s(O'Pr);3s used for catalyst preparation.
Diastereoselectivity was determined b 'H NMR analysis or HPLC analysis. Enantioselectivity
was determined by HPLC analysis. "2a (supplier A, 2087 ppm H,0) was used for catalyst
preparation and as substrate. “2a (supplier A, 1992 ppm of H,0O) was used for catalyst
preparation and as substrate “a (supplier A, 356 ppm of H,O) was used for catalyst preparation
and as substrate. “2a (supplier A, 133 ppm of H,0O) was used for catalyst preparation and as
substrate. / Catalyst was prepared with ent-4 and 2a (supplier A, 1992 ppm H,0). *Catalyst was
prepared with ent-4 and 2a (supplier A, 1992 ppm H,0). "H,O content was 33 ppm. ‘0.4 mmol

scale.
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B2 =R T a— T HEPRURFEFE AR O T v — & ~D s H

1-1 #kE T v —A5k

Z D ZAAE TR 2 2R BRI AL G BB DS T IICBRSE Shu, ARG E AL T DG A~
ISR S oobh 5, £O—o& LTCH[E Y v —aliind v | mFEauRICHEL TE
2, —EDEMTHEE ARG SE AR O N v FRISICH L, #Eft 7 0 —8 R TlEF 2 —
T NOE I CHRE & SO SR AN ARG 5D (Figure 3, 2a) , AREAMT A MR IT A
<MMBHEBNTED, FlIXTENNN—N—Ry 2B T H R 7 v —4 i a2
MWTHIZR TV D, o, WETICEFAE 23R E L TN ISR & A & 245
GBS 5 Z L bRETH D (Figure 3,2b), Fiz, Fa—7 L) HSHAY R M CRIG
T o7 ALFRIEBRIED H HE . BIELEMZ IR0 ] O BEoZG@ N D7 BIER
Bo LD,

THE, Ta—T7OERELVMUMET 52 THRAR AV Y Nalb~AfrmrnT7n—5f
RSO ZIB D K 122D | KFETS B OERLF O ENRIEIZIVTIE

258172y — & LCTHIfF S LTV % (Figure 3, 2¢),

1) Batch reactor ~ 2) Continuous-flow reactor

coil

Substrate 1

i mﬁ“} a) Substrate 2 g heat w=p product
E\ . VJ / catalyst
< Substrate 1
2 | / b)  Substrate 2 - 4@7 w=p product
‘-%i %m J/ heat / cool
f h‘ﬁ'y’ ‘-‘7

|\ — \ c) Substrate 1 = Unstable
i — (6(,,,,”,@)) intermediate
cool
Substrate 2 =
= product
cool

Substrate 3 =)

Figure 3. 1) Batch reactor 2) Conceptual diagram of continuous-flow reactor
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FOSHOBMEIZED AV » b E LTIRUTOL IR bonEF bR 5, ORISEHNK
INT & % T2 DER OB T 2 BT W TIRA TR L RV BIENR Z v iz v, @
BVAE RS S ERT 5 72 O MBORRBS A S & 72 0 s R BRI BT H 5. OREE
TR OGS EASEORIE A TTRE TH 5. OWRIKIRE DRV ZORRIEC~A 72y =
— T RIGZDRINCEM TE B2 LT 0 —8RO A Y v MIBIIC RS, £2, i
78— B BIFFZER LIV D/ R — VRJSICIRE S, TRMAERE L THAY v
R % B, BRI DI E R E S MBRHEITE B2, /Sy FRIGTOMRIEZR &
Rz —m 203 RIERERRE L R/IMETE D, Ei2, OIS S
\CEMiCTE 7RG 2 BT 2 N TE, BiEaX NoOBAND b HOICHRIT
BB, EHIT, Ny FRIED AT —LT v FRFNUIZ R B BE L 2508, HiE 7
0 — TSR D 2 r— A7 v 7 EWHUE TG TE D720, A7 —L7 v St %
KIEIZHIET % 2 & NARE L 72 B,

g 7 17— & W T S R IE R & < Zo DR B D, — ol — Rl A B
ISR S B T7 o —RIGE1TH b O T, R 2 mId 5 35413 AR REHE O
WA BT B, b9~k KEOZRE R —RAEES R S h T DISH L TRIG
179 b O T, AR 2068130, i 7 7 — A E O T KEIRINER I % E O
RIFIDO—>TH Y, HHFe 7 0n—BRICII R RS LV E L TWH EEZBND,
&AM, B BB R — R AR H ST & 0 SRR < S AL E TREIIICRIFZE
S RAAERPEBM SN TE L, R R FHMEEOBRRIIRER EONTFTHY |
IO 7 0 — GBI OZER R L L IR R OFERHE > TN D, &
BT, RE R Z V= REROSICE - Tk, UE USRS MO SRR M O & T
PR Z B T % it AN U < BRIBIIIRER & 725 T B,

1-2 MWNT HERFRUR 25 [E AR fil 5 oD o 7 v — & i~ oD 3 H

AT Cim U7 MWNT HEEFRURF BRSO S 572505 & LT, @it 7 o —A/ i A~DIk
MzEB 2o, Rl REM O v o BEIOAT= ka7 0 F—/V RIS Z T S,
FOGRRIIBOGT e & B SN D -0 7 = FR7m b ) — ZADOFEOLER 720,
Afibli A 71 7 MZFRIE L Cllfe 7 B — A AT AL, BONTCEIRERGET 5O THR
D12-= b TN —=NABToNDEEZLND, £T-, RRUSHEIRX)IGTH 0 &%
WHT ZMERH L0, 7o —GRThiuimila=y Fi/METE 5, IBIT,
BRSO ERRNTELCON AL L S D72 L b T L R— L oMifil b IFR T 5,
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2 H MWNT HERURFE A AR 2 O 72 7 v — Ak D FE i

2-1 MWNT #HERE MOV —F o 77 2 b

Nd/Na 58 “ZE B A D MWNT ~OHFFHTHARAICL DO TIERV, HE 71—
ZHUT DT T O RS ER RS SN D DR AT o T2, [EFEfRIEERRLA & Table 2 (2
R, BLAL T 4 O THF IEIC NdOys(O'Pr)j3s. NaHMDS ZJEICINZ 5 & (B/VH 4 Nd " -
Na'=1:1:2), HABEERE 5225, SHIZMWNT, il CT=he=X 2z 5 &AM
O E R — BT 5 23t B SRS MWNT O HR R v b U —2 N TH#EFT L., &
FEAJIZ MWNT ICHHEF SN AF BB AR O D, 2O 1 HEO= e X 35S
RKO—E L TERTICIVIAEN D, 507z FMAE 2 o8sAloe 714 he s b
\{CTHF Z W CAT L AB-O BT A (¢ 46mm X 100mm, 7 4/bF—F 2 um) I
Bk L%, REEEEZRET 572D 12mL/h (200uL/min) T THF Z 35 L=, #13 2 B
MO AHE L. MP-AES Z W\ T 4, N&', Na G EAZHE LR, 12% 4). 6.2%

(Nd™). 11% (Na") (AhBEFERE ORI AR 100%E T 5) MRS, ZhbidE
(Zfb A AL O MWNT LIS ETEHRSr CTd 0 | Nd/Na BFE %4 R i R ic B 5- L
RN Th D, T7DbH. 88%. 94%. 89%7 4, Nd*', Na'#% MWNT [EHfREH (2
SN2 & &R L, ZOMRITATE CHlE Lm0 7 —2 & Bn—EE 77,
ROIDOT Z 7 v a L, RFGET 30 0 2 L ICENENOMRS DY —F v FEE T =4 —
L7, 180 WETOENENDT T2 >3 THERINIZEMIE, FEAED 0.1%LL T
Bbolz (entry 1—6), ZALHOFERL Y | AL Z)RAIIC MWNT ICHEFE 41, 7 = —
DIEWRIZB T HHEFFI RS 2 Z & AR STz,
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Table 2. Preparation of MWNT-confiened Nd/Na heterobimetallic catalyst and elution test

Bu OH THF

i H L& 200 wL/min
HO.:fLNJﬁrN.t , '
H 0
F "

- frit (2.0 ym)
ligand 4 . 1F 700wl

24 umol ' -
[ > Lo
4 4 ‘ I e a packed with

stainless steel

column
(¢ 4.6 x 100 mm)

NdO,5(OPr);a5s NaHMDS MWNT  EtNO, Celite
24 umol 48 umol (36 mg) (172 uL) (350 mg)
(0.2 M/THF) (1.0 M/THF) (2.0 um) frit __
88% 4 b
94% Nd  were incorporated” @ elution
89% Na test
o duration eluted volume ligand 4° Ng¢ Na'
" (min) (mL) (umol) (%) (umol) (%)’ (umol) (%)"
0  initial wash-out (2h) 24 2.9 12 1.5 6.2 5.5 11
1 0-30 6 0.047 0.19 0.017 0.071 0.031 0.064
2 30- 60 6 0.027 0.11 0.017 0.071 0.031 0.064
3 60 - 90 6 0.024 0.10 0.017 0.071 0.027 0.056
4 90 - 120 6 0.024 0.10 0.018 0.075 0.029 0.060
5 120 - 150 6 0.024 0.10 0.020 0.083 0.034 0.071
6 150 - 180 6 0.025 0.10 0.020 0.083 0.039 0.081

*Determined on the basis of the amount of each component in the initial wash-out. ®Determined

by reversed-phase HPLC. Average of two runs. “Determined by microwave plasma atomic

emission spectroscopy (MP-AES). Average of three runs. Relative to the amount used for

catalyst preparation. Determined on the basis of the amount of each component in the initial

wash-out.
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2-2  HEE O S R

= ha TV K= VRISIZ T 2 flEae & e KIRICRIH 32 72, i 7 b — & ko Ak
Rk 2 Bl L7, RPERZEMEZE R (COPD) ** & %f% & Lf:F%%éft/—\tF@ AZD5423 ~D&
RERZFM L. 7T A MEEE L Tm-A FFTRUXTITE R(le) L= Frx=% > (2a)
Z IR L72, 3 mol%D MWNT FHEFRUASF [E AR A 2 5 Ed U, 38R 2 HV T THF H1-40°C
TR S 21T o 72 & 2 AHa{bR 93%. anti/syn 96/4,91% ee C H D 3e 735 5 4172 (Table
3,entry 1), flffAl#Es= (TON) & L CiZ31 THo7z,

PRI, E#fE 7 B — B RIS D PO 2 a3 L7z, 12 pmol 0 MWNT FHRFRY Al 2 3
B HEOETA NEEBIZTHF ZHWTAT U L ABO LT A (¢ 6.0mm X 50 mm,
inner volume: 1.41 mL) (251 L7=, Table 3 IZ/R L7 BRI 1e & 2a 2 —FEDIRE TIAE
RS, 770V =R 7EHANT 1.5 mL/h THE L7z, flED T L %-40°CITHEIL,
HREANCE LN DIEED 9 B 2—8h DT T 7 ¥ a2 AZOW T LR, SRR 2 <7,
‘Z&Eﬂéﬁﬁ IZ &> TRIGHEICENTH I E 2 A, THE 2 W55 3 F UG TORE R
ZH b ITWAZRERIREZ 7R U (entry 2) | RAF7REA(13R T 3e 2315 H 4172 (Table 3, entry 2—5),

Table 3. Solvent screening for nitroaldol reaction in the continuous-flow platform.

O
MeO catalyst column
H MWNT-confined
Nd/Na heterobimetallic catalyst
1 12 pmol OH
e
MeO
1.5 mL/h
( + solvent m ¢6.0x 50 mm 3e
NO. -40°C
2a
3e
entry reaction system solvent” conv [%]° antilsyn® ee [%]d
1 batch”® THF 93 96/4 91
2 continuous-flow THF 70 94/6 86
3 continuous-flow EtOAc 59 92/8 84
4 continuous-flow DCM 14 82/18 71
5 continuous-flow CPME 80 78/23 60

“Catalyzed by 3 mol% of MWNT-confined Nd/Na heterobimetallic complex. The reaction time
was 20 hours. “Concentration of 1e was 0.027 M. Concentration of 2a was 0.27 M. “Determined

by 'H-NMR. “Determined by chiral stationary phase HPLC analysis.
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POGHER LR DM Ea HAyE U TMiEEL 2 f5ICL CHEfit 7 —GE1To 7o, MR %
Table 4 (27777, 24 pmol ® MWNT fHFEFUfMIE 2 FHEU%E . £ T 4 & & HIZ THF 20T
AT L AROH T A (¢ 8.0 mm X 30 mm. inner volume: 1.51 mL) (ZFHE L72, le &
2a % THF [CEfREE, 770 V% =R 7% HWT 1.5 mL/h TER L, 12 B[ (P18
FOHARER]) T EICENENDESS DAL, SREREAE=F—1L7, 2-6hD7
773 a TRy FROG L RKEOIMER SRR IRMEZ R LT (entry 1), LAL72RAR
5. BIRE kG T D & BRI EROE T AR SN, TOB, WTFhov7 7 v a
NEBWTHINMGRIRIEME T Ly 722 & h, iR E & I MWNT ICHEF S iz
Nd/Na $AE "4 @8 A Ot & 238 LT D & HERI S 47z,

Table 4. Nitroaldol reaction in the continuous-flow platform.

O
MeO catalyst col.umn
H MWNT-confined
Nd/Na heterobimetallic catalyst
1e 24 umol OH
MeO
1.5 mL/h
$8.0 x 30 mm
'\gz 3e
-40°C
2a + THF¢
eluted passed le 3e
entry duration in total in total coan anti /Syn b ee ¢
[h] [mL] [mmol] [%] [Y0] [%]
1 2-6 6 0.16 92 96/4 91
2 6-18 24 0.64 89 93/7 91
3 18 - 30 42 1.12 77 94/6 93
4 30-42 60 1.60 60 94/6 91
5 42 - 54 78 2.08 53 94/6 91

“Concentration of 1e was 0.027 M. Concentration of 2a was 0.27 M. “Determined by 'H-NMR.
“Determined by chiral stationary phase HPLC analysis.
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le ICEENIWMEBEOKDERET D10, FLFaT——7 A A QB L Tl 7 u—
BRREIT T, ek, AEEFTERNTIE 2000ppm FRAEDO Ky ZEA L= trnxa2r (2a) &
AW L X2 T ——T A3A AT L AEOT T A (¢ 10mm X 30 mm, inner
volume: 2.36 mL) (ZFH L, AlEED T LA DERNIEKE L7z, le, 2a @ THF &% 1.5 mL/h
TR LTz & Z AR OUGENBIEE S v7e— 7 T A REIRME DR I A3 /L 5 4172 (Table 5)
FELF 2T =T AFMBEEKRTH Y, MEICEN LB E D AR AR T S
e LHEHIEN D,

Table 5. The continuous-flow platform equipped with MS3 A-column.

0]

MeO
H
catalyst column

1e MS3A [ catalyst 24 umol ] OH

,\E 1.5 mb/h $10.0x30 mm  $8.0x 30 mm 30
2a2 + THF® -40%C
eluted passed le 3e

entry duration in total in total conv’ anti/syn" ee’
(h] [mL] [mmol] [%] [%0] [Y0]
1 2-8 9 0.24 93 90/10 85
2 8-20 27 0.72 93 92/8 87
3 20-32 45 1.20 95 94/6 90
4 32-40 63 1.68 84 93/7 87

“Concentration of 1e was 0.027 M. Concentration of 2a was 0.27 M. “Determined by "H-NMR.
“Determined by chiral stationary phase HPLC analysis.
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le (23 ENDMEMMEAMM & RE LR 7 0 —ER AT 70, BEHOTAHVIZE -
TEMERSE Ty FTH2 Ll Uiz, 7B Y L LUTIE THE ICKT AIRMENEL . 2
DGR 5. 2 7o W HMED NaHCO; 238 L7z, Foff L7z NaHCO; & A7 L A
#WoOHT A (¢ 10mm X 30 mm. inner volume: 236 mL) IZFHELEL Fa2TF7——T A
A7 LD EFRICERE LTz, le, 2a @ THF &K% 1.5 mL/h T L7172 & 2 A 100 FEIZIB W
THEAEFED 90%LL L& 70D Z Lo odz (Table6), LA L7225, SERERME IR 2
TEHHDOTIEenroT,

Table 6. The continuous-flow platform equipped with NaHCOs-column.

0
Me0\©)‘\H
catalyst column
1e NaHCO, MS3A [ catalyst 24 umol ] OH
MeO
No
r 1.5mbh 5 10.0x30 mm ¢10.0x30 mm 8.0 x 30 mm 36
NO, .
-40°C
2a +THF?
3e
. eluted passed l1e b b
d t o C
entry Hron in total in total conv anti/syn ce
(h] [mL] [mmol] [%] [%] [%]

1 2-8 9 0.24 96 91/9 88
2 8-20 27 0.72 96 91/9 88
3 20 - 32 45 1.20 98 91/9 89
4 32-44 63 1.68 95 91/9 88
5 44 - 56 81 2.16 98 92/8 90
6 56 - 68 99 2.64 96 93/7 90
7 68 - 80 117 3.12 97 94/6 92
8 80 -92 135 3.60 93 94/6 91
9 92 - 104 153 4.08 92 95/5 92
10 104 - 116 171 4.56 81 89/11 85

“Concentration of 1e was 0.027 M. Concentration of 2a was 0.27 M. “Determined by 'H-NMR.
“Determined by chiral stationary phase HPLC analysis.
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IR, K OREENZ B S U CmARERE, K OVE it & Clfi 7 0 — & & 1T
ol HHE LM DOHERBRE N L < 25 Ko, JVWrmAEN /NS < RIREON T 4 (¢ 4.6
mm X 100 mm, inner volume: 1.66 mL) Zi&{R L7z, iz 5 7 MIHRE L, 1le DIRE %
0.053 M, 2a DEEA 0.53 MIZFHTR L C3.0 mL/h TREZRKRLIZE 25, &S
b %R L7- (Table 7).

Table 7. The continuous-flow platform

0]

Meo\©)J\H
catalyst column
1e NaHCO; MS3A [ catalyst 24 pmol | OH
Meo\©)\_/
+ -
NO,
'\g 80mlh 4 100x30mm ¢10.0x30mm  $4.6x 100 mm 36
20 +THES e
3e
(h] [mL] [mmol] [%] [%] [%]
1 2-4 6 0.32 93 93/7 88
2 4-10 24 1.28 92 93/7 88
3 10-16 42 2.24 96 95/5 91
4 16 -22 60 3.20 92 95/5 90
5 22 -28 78 4.16 84 92/8 86

“Concentratio of 1e was 0.053 M. Concentration of 2a was 0.53 M. “Determined by 'H-NMR.
“Determined by chiral stationary phase HPLC analysis.
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FLFaTd—V—TANLRHT D EEZ DN IWMEREMELZT VI bT v T T 5
HIYT, EL¥aTF—— 7 AFED T AL NaHCO; D T LADOAE 58 2 CTHEBRELT
ST, FORER. BMLER L ZFORHGRMA M E L, SRR OMEE A BIEZZ S 7~ (Table
8,

Table 8. The continuous-flow platform

0
Meo\©)J\H
catalyst column
1e MS3A NaHCO3 [ catalyst 24 umol ] oH
Me0\©)\_/
+ =
NO,
I 30mLh 5 100x30mm $10.0x30mm  $4.6x 100 mm 36
22 +THES oe
3e
ity duration ;h::zgl pahis:o(:alle conv’ anti/syn ’ ee’
(h] [mL] [mmol] [%0] [%0] [%0]
1 2-4 6 0.32 96 94/6 89
2 4-10 24 1.28 96 94/6 90
3 10-16 42 2.24 92 89/11 84
4 16 - 22 60 3.20 96 96/4 91
5 22 - 28 78 4.16 95 96/4 92
6 28 -34 96 5.12 83 93/7 90

“Concentratio of 1e was 0.053 M. Concentration of 2a was 0.53 M. "Determined by 'H-NMR.
“Determined by chiral stationary phase HPLC analysis.
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2-3 T v —EAAE WS anti BEREUBER AR = S e 7L R— VRO

TR aRE I & v i 7 v — A E I Figure 4 O X 9 22k & L7z, 1e/THF & O
KSBELZBIE LIEEL X 2T —— 7 A 3A BN T L, KLOWEOYERHY O
ZHBYE L7z NaHCO; 3N 7 A EHNIKE LT, £72. TR0 VAT AP TO=
Fa 7V R—=VEIGE ST, = haxZy (2a) 13D 7 AOBERTCREAT 5 L5
WL, ¥ —=2=vy F TR éht/@«ﬁ FT-40CIZHmHE &, 19.5 pmol ¢ Nd/Na FfE —
B B AR S HER SN 7 AT = h e TV R— VUG ETTT 5, 3.0 mL/h CTi&iR
SNPUSDOHETE 4 R Z L ICE=F— LT, ®AID7 T 7 3 % NMR, HPLC Zi#r L
ToAER. 96%DHALER, 96/4 (antilsyn) DY T AT L ATRIRME, 91% ee DT F 2 F A EIR
P& RS L7= (Table 9, entry 1), %< 77 7 v a UEEL RO @WERLR, o7 A7 L 4
RiEZ R LT (entry 2—7), & 30 WRFfFlEGEREME) S 725, AfEAI#53 (Turnover Number:
TON) #3204 % Rk L7z,

MWNT-confined Nd/Na
heterobimetallic catalyst OH

MeO in continuous flow MeO
e - O,
\©)LH . ’\g 40°C \O)\/
2 [catalyst column] O,

® 4.6 x 100 mm, inner vol 1.66 mL

Zn

e
Te 2a 19.5 1 mol (based on Nd) 3
[0.1 M/THF] [1.0 MITHF] operated for 30 h at 3.0 mL/h
TON = 204
Scenvces no-work up procedure
supply
[0.10 M/THF] pumrn 1.5 mL/h
W MS 3A
column NaHCOs
‘ oolumn
1 Precooling
coll
1 5 mL/h Cooling medium
[PrOH: -40 *C)
i /“ ’ 3 0 mL/h

| 3 pump 2 Mixer

. ': b\ stainless steel

Nitroethane mixing volume: 32 pL
supply Catalyst column
1.0 WTHF] ] 18.5 umol  MWNT-confined
y Nama heterobimetallic catalyst

'
-
reaction product 3e
[See Table 9]

Figure 4. Overhead view of the flow reactor system and a scheme for the nitroaldol reaction of

aldehyde 1e.
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Table 9. Profile of nitroaldol reaction in the continuous-flow system.

eluted passed le 3e

iy duration  in total in total conv” TON’  anti [syn ee’ amount’ (mmol)
[h] [mL] [mmol] [%] [%] [%] each total

1 2-6 12 0.6 96 29 96/4 91 0.576 0.58

2 6-10 24 1.2 97 59 96/4 91 0.582 1.16
3 10-14 36 1.8 95 38 96/4 90 0.570 1.73
4 14-18 48 2.4 96 118 96/4 91 0.576 2.30
5 18-22 60 3 96 147 96/4 91 0.576 2.88

6 22 -26 72 3.6 94 176 96/4 92 0.564 3.44

7 26 - 30 84 4.2 91 204 97/3 92 0.546 3.99

“Conversion of each fraction. Determined by reversed-phase HPLC. "TON = (total amount of 3e
obtained)/(catalyst amount (19.5 pmol)). “Determined by 'H NMR analysis. “Determined by

chiral stationary phase HPLC analysis. “Calculation was based on the conversion
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2-3 AT —NVT v THGE

W7 v —ERIC KD anti RIRAIIEAIAR A = b a7V =V RIED A — /T » 7R
AIREMRFE L 72, 10 g L ED 1le #H WA Z EZ2MEL, ZNZ4 036 mmol @ Nd
NdO,5(0Pr)135. 7 3 FRIELAZF 4, 0.72 mmol @ NaHMDS % VT L 72 MWNT 5
il Nd/Na BFE — 48 A E AL %2 Table 9 THWW= 8 7 20K 10 (O REAEFFH>H T
A (@20 mmX50mm) IZEA L, TMETLED ., ZRENOREREE 0.15M, itiE%s
15 mL/h IZERE LT, PR (0-2h) (28 £415 4 % HPLC JIE L CERE L7k
R BT LHIZ 0294 mmol DFEENFEST D Z & MR LTz, 28 Kff#f%. 63 mmol O le
INT) T LA LTk RS D 2 b e IR D OB THIA R 3e 2315% Hiv7- (NMR
IR 94%), HIZERW) 3e ICEH ENDRIED e, KOO TNIY —F 7 LIEENL T 4 %
BrET DDV Y DTN T BEEREITV, 124 g D 3e #4372 (I3 93%, TON =200),

SMAREIE S e = e TV R VRIS R FE T DI H T D ARIBSRMERS LI L 72 D08, 18
ft 7 v —ERE WD L MAIRTEE BIRICH/ N CE D, BENR ANy FRIGEIT> 1256

(0.1 M in THF, 1e: 63 mmol), MEIBMREIT 630 mL &720, K& pmila=y MOBHET S
BANMEL 25, ZHIUCKE L, i 7 v —&x Ve a, LEHEIFFEIL 15.7mL T
HY, KRATF—NAVERIZBNTKRKERAY v hThDHEBX LN,

Table 10. Profile of Nitroaldol Reaction in the Continuous-flow System.

MNNT-confined Nd/Na
o heterobimetallic catalyst OH

) ) q
MeO in cont_llr;sjc?cus ow MeO
H + ( :
NO, -catalyst column- NO,

¢ 20 x 50 mm, inner vol 15.7 mL

1e 2a catalyst: 0.294 mmol 3e
eluted passed le 3e
S duration in total in total conv” TON”
(h] [mL] [mmol] [“0]
1 2-7 150 11.3 99 38
2 7-10 240 18.0 99 60
3 10- 14 360 27.0 99 90
4 14- 18 480 36.0 98 120
5 18-22 600 45.0 98 150
6 22 -26 720 54.0 96 180
7 26 - 30 840 63.0 83 205

“Conversion of each fraction. Determined by reversed-phase HPLC. “TON = (total amount of 3e

obtained)/(catalyst amount (19.5 pmol)).
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PRl

B3 BEIRMA A~ OIGH

B 7 0 —AIC > THELNZ= a7V R—/VARY 3e 2 AZD5423 (2 /-

(Scheme 12), AZD5423 (X128 M:PAZEMEMIZ B (COPD) AxfB & LicT7 A b7 BX B+
LB TH D, 5 mol%?D PA(OH),/C fFIE T, A%/ —/VHTCKBRMKIGEITH Z & T
3e T X ) T — L~ HRL R S LCT 257 (K 61%), — ., 2-7 A5
I— RRUZXTAFTE R 8), 47 F -7 =Lt R (9) ZH IS T TG
SETCT V=AU HF =10 & LTz (FRfEam%INEE 28%) . fitl T3 (LA E . 10
LOTYL—ya R EITWT U Lo —F Ll L, VT NMO {2 F. TFAA & G &
T AZD5423 #4537 (IR 58% 2 Tf2),

Pd(OH),/C Q
OH 5 mol% oH HCI N
Meo\©)\/ H,, MeOH, 4h Meo\©)\/ 10, Cul,, Cs,CO; /EI\N
= _— : /
NO,  then NH, PrCN, 120°C, 10 h 0
HCI/MeOH Meo\©)\/
3e 61% 7 -
after recrystallization NH,

(EtOAC/ICPME) N

TFAA, NMO, 58%
F 2-MeTHF, rt, 0.5 h (2 steps)

F
; F
F HN, 9 N Q
oL, w oo
/ N\
I CHO Cs,CO3, DMF I /©/\//N
8 o)

28% 10
after recrystallization MeO .
o
AZD5423

Scheme 12. Enantioselective Synthesis of AZD5423.
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3E B R D R LR & SR

&

WFFEH

=
=
=

1-1 5 — R oD AR bk

AT TR~ 72 X 502, BRI 2 FTEE & 3 2 [EFE AR X 6 A E I I B W T O RN
WV BRI RIS E 2 A M TH D Z ENZWRFEMBIZE L Tix, BRI Lo TAE=

NEORIBHIEA I CE D, ZNETEL OENTE—ZARFMENHE I TE
B, ZNHETY ATNANRRNY v —FOEMIZILAHEEZHOTHE T 5 FIETIEAFR
B 55 ORI 72 AL CRMEEE SRR IERNMR T2 Z & 3%, Tz, #ift 7 e—
B AR DEFESAC R IE ~ OIS A3 e rh | BRI TIEREME D & 2 AR [EAR il <0 [ AH 48
FEDI=O D=7 7 a—F ORBENRYFF STV 5,

THVE T, Fox L Nd/Na $FE e B A A MWNT ICHEFLCU A 7L, 5T
ft7 v —EBRUTISHATRETH D Z L AR Lic, RFIETLARHE OB NARE CTHAMIRES
WXV EfEEZFRR x5 A Y v F2®H D (Figure Sa), — 757, ¥)—RAEEIZ MWNT % &
Eé@f%%%&%%ikhk@%ﬁ 7 X MWNT ([ZHEFF v, D F D s+
MWNT | wﬁﬁét IR O B O H SRR E L TR — “%%mﬁézkﬁﬁﬁ
LD, WITEZRDHED hifﬂ RTE o TR 2 o] & 72D FE CTRE)—RITTE UL,
H%@%&?NmmT%ﬁ%@%f%\)%47»%@M7m~~@m%#%ﬁ?%éo%
T, BfFO¥) RO RE LA BHEE L THEICETF LT,

A2 HED D124 72 0 (Bf7 7 Na & A HHESE A A EDE ISR R bE L TWD
LBz 7= (Figure 5b) P, Olla & 7 HHEARE & OMAE D TEHEO MBI R 7 UG A3 B
FEINTEZZ Q7 I NIEN A 1a (34 THESEN T4 L OERERREIC R b
LN H T2 ENZFOHBATH D, £ 2T, HTEER/T I FREN R DOARF G
Bl & L CLEIEIFZEE TR S iz syn BIRMBEA A F~ > = e BKISIZEH Lz
(Scheme 13) %, AKJlE, a-v7 /%4 b 12 & N-Boc A 2 13 b &R, @ ks
R B BEA Y 10a 2 5 %, Ex(O'Pr); L OV 2 RAIENL 1 11a 5> 5l S 5 it 38—
e & U CHERER BT 5 Y, £ 2T BT Na/Er B AOIEME AR T S5 L 9 Ik
PR 2 QA TR, SEREIRMEDIR T 2 < 2 & 22 <MD R LR ERL TE 5D T
X2 B 272 (Figure 5¢), —%IC NERER DM IR b Z L= b 720, Hifl
IRAN—H =% LT 2 DORL 1% Fb U T IVEMLF D @ O SRR A R
T&E D L9 ARG LT,
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a)

b)

c)

e NdO45(0iPr)q35
TR + NaHMDS
k\-//’\F EtNO,

OH
v/g:\ +  Er(OPr)3
S

OH 0 ™

11a._
“Linker~

1a'

L P

( \\[ | = | + ErOPr,
W o} = |
11a =

@

MWNT
(Baytubes™ C70P)

@

MWNT
(Baytubes™ C70P)

MWNT
(Baytubes™ C70P)

MWNT-confined
4-Nd**-Na*
heterogeneous catalyst

11a-Er*
homogeneous catalyst

MWNT-confined
11a"-Er*
heterogeneous catalyst

Figure 5. a) Confinement of the heterogeneous Nd/Na catalyst; b) homogeneous 11a-Er’*

catalyst ¢) modification of the chiral ligand for the production of new MWNT-confined catalyst.

cN

)

n

12

homogeneous catalyst

Iiganq 11a  2x mol% O  NHBoc
NBoc ErO'Pr)3  xmol%
> Ar
H Ar Et20, 0°C )nCN
x=1-5
13 (mostly x = 2) 14

Scheme 13. Asymmetric Mannich-type reaction of a-cyanoketone 12 and N-Boc imine 13 with
11a/Er’” catalyst.
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12 BN A2 U —=2 3

HIOIZEANL T 1la O EDENL DDV > B — M ENSLRHI SRS 2 872 bl a2 S
MU, T v —F, 2 FHNOU T REIZOW T b3 5 K 9 & L72 (Scheme
14), MEMEBIZOVWTIIARORS S EEEL, 7=V o=y bBMEME LY A
7 (A, KO, U FAfEa =y EOMAIEBR LTZ A7 B) & L7, 7 AVEEHLEL
Ta-¥7 /7 b 12a, MOMEE#RT V)L N-Boc 1 2> 13a ZRE L, 5515 14a DIYL
SR osyn BIRVE, = F o FARIRVEA G LT, £7-. TS OELT- & Ex(OPr); & DA
DRI CARYE) —REZERT HDERT A& L Lz, "B BT A7 Y —=2 7Tl
BT Dfihfit & LT o Sl &2 5EAl 3% 72 % MWNT (Baytubes® C70P) 134 & L 7=,

ligand
NBoc . HNBoc
Q Er(O'Pr); Q
é/CN + H
solvent, 0°C CN
12a 13a 14a
OH O H OH
N
O
11a
.............................................. A
/@)L\J;( Q e
Ilnker linker :
length

Scheme 14. Screening plan
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52 8 MWNT HEFRUARF AR oo fl

2-1  BEfEFARk

A Z A T DR FEREZ Scheme 1510777, 3-7 0E-6-= ka7 =Y—/L (15) &4
16 OIS LD 17 L U, K< KFBIRIMBUSIZE Y = ba ik, ROV A L% %
LT =V R18 L LTz, — ., o-7=YANru Y K (19) Z7N0 V&M TFAKFPTL-
NY L (20) ERORSET I R21 2457, GHh7221 &£ 18 %2 WSCLICK DA L TT 2
R{E22 &L, BB Z HHWTAFLEEREL 11b 21572,

OMe OMe
OMe PdCl,(PPhs), OoN NO>
O2N + [ = BN O O
™ =
DMF, rt A =
Br
15 16 38% 17
Pd/C, Hy
| THF, rt
52%
OMe OMe

H2N NH2

18

OMe O OMe O
o NaoH
cl + H,N
2 3 H,0, 0°C WSCI, HOBt

Et;N / THF, rt
0,
19 20 70 % 56%
OMe O j;(” OMe OMe , 7 0 oMe
N N~
N N
H ThH
o) o)
BBI’3
CH,Cl,, 0°C

69%

~" 0 OH

OH O j;(n OH OH 0 X
N j(\N
©)kH o o H%

Scheme 15. Synthetic procedure of 11b.
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B % A TR DEEAEN) A k%% Scheme 16 (27859, %k 4 BENLF (1le—i) BRI
W 30 @A LTHW, YT A 23 2 F LT ®ETF Y R—=F L
VIUTIVEERERIGSEY A 24 L, S EWEEBISIC KDY FARS A ~—1K 26

G, KL RTZ DU LEHNCTOA &%, TATIVENKGHELT 27 L LT,
—J, enxaAfnral ReHnT N-Boc-L--NU > (28) & o-T =V (29) ZHEt L
7et% AM HCV Y A % ¥ % Fl T Boe L2 i fRa+ 2 2 & THifel & L T30 21572, WSCI
ZHWT 27 % 30 EHES ST X MR 31 #4572, H&ZIZ, BB ZHWTAFAVEEZREL
He—i 2157,

OMe O
OMe
. | 25
. :iNHZ gﬂ?'é‘:ﬁhm* O OMe OMe O
BroyBr 5 \\\M/ : MeO O O OMe
n DMSO, 0°C n DMF, rt N
23 n=7:93% 24 n=7: 71% n
26

1) Pd(OH), Hy / THF, rt
2) KOH aq., 100°C
n="7:

93% by 2 steps

O OMe OMe O
HOOH
n
27

OMe 1) pivaloyl chloride,
HoN Et3N / toluene, 0 °C
BOC‘N OH + 2 WSCI, HOBt, EtzN
Ho 2) 4M Hel /DMF, 1t
28 ” /dioxane, rt n=7:95%
89%
OMe O e

<) WW

\ BBr3 / CH,Cly, 0°C

n=7:81%

" ~" 0 OH OH O j;(” OH
N N
N N
T(\HH 0 \©
n

11c-i

Scheme 16. Synthetic procedure of 11¢-i and representative yield.
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2-2  ENE A OFFAMm

FCNZ T 1a O SLAKHITEEERE 2 872U o — B TREEM . 2 s L 7=, A, B ZNZ
NDE A TORMLTTHEED =Y v —F4a CTIZEE L, EX —EAL T (11a, b, d) S5k
DARF~ v = e BRI 0T D AE e, SEARSRINME: 2 31 ~7= (Figure 6) , Z iUV E THE
ENTWA SRR TIZ EX S AT 11a OFRIELIT 1:2 THH 04 Y DT AR T 11a
Bla=y MeEZ BC ERNLF 11b (ord) OREELE 101 & L7z, A% THF (2
TR S, Br(O'Pr)s Z N A fiaiEl U=, A4 U DF VRN F 1a & O 7235 A il sik 1345
—RTH-oT=DIZH L, b, ¥ MAdDOELLEHH LBE TS, Er — AL 7ok
O H CARRRAL2SHETT UAY) —RAEN G D vz, A8 U - Al SOSIRBE O FEfR = T )L %
Mz T=t%, 00CTa->7 /7 b 12a, KON N-Boc 1 X > 13a Z M St Bt L1z, 5 FF
MR L ZNENOIER, U7 AT UARIRME, =) o FAmREE2 <7, R
Z Table 11 |OR"d, 7=V o=y 0 U h—HELEZ 1Ib ZHVHA, IR 35%,
synlanti 57/43 TH Y | 1ZE 7B IR (5%ee) Tholz (entry2), —FH., VIV FAfpa=y
FED VI —HELE IId Z WA, RIETEO e REDO VT A7 L A3k
RYE (syn/anti = 82/18) . HeHyE W) o F A8 IRME (86% ee) Z/n L7- (entry3), 7 =
Jya=y hnbD U v h—ET B — B AR R T 5Dk L, Y U F
ML=y R B DO Br — B AR A RSS2 E LI WeEEZ B X5,

OH O ! OH
N
o}
11a
OHOj;(H OH OHH\E/O OH
N N A
N j(\N
sasusNentne
7
11b

OHH\E/O OH OHOj;(H OH
NT(’\ N
N N
©/ o HH 0 \©
7
11d

Figure 6. Original and two types of dimeric ligand.
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Table 11. Catalytic asymmetric Mannich-type reaction of a-cyanoketone 12a and N-Boc imine

13a promoted by ligand (11a, b, d)/Er’" catalysts.”

o NBoc Er(O'Pr)s: 5 mol% 0 HNBoc
ligand 11a, b, d: x mol%
CN 4 H
é/ ©)‘\ EtOAc, 0°C, 5 h éil\l\@
12a 13a 14a
entry ligand ligand h'eterogepeity yield syn lanti‘ °
[xmol%]  with EXO'Pry’  [%]° ¥ [%]°
1 11a 10 - 95 89/11 98
2 11b 5 + 35 57/43 5
3 11d 5 + 22 82/18 86

“For 11a,b,d, heterogeneous mixtures of ligands and Er(O'Pr); were used as a catalyst
without centrifugation; b« and “+” indicates homogeneous and heterogeneous
mixtures, respectively; ‘determined by 'H NMR spectroscopy of the crude reaction
mixture using DMF as an internal standard; “determined by "H NMR spectroscopy;

‘the ee of the syn isomer, determined by chiral stationary-phase HPLC analysis.

FVFABL=y DV U —ETHZEEL, VT Y U —RE2H~T, R
Z Table 12 1Z"7, b U o I —ROEWENLT 1le ZHWZGE 75004/ 14a 13
synlanti 75 53/47, TREED T F o FARINE (66% ee) 235 DAY P F L flfit 11a/Er* X
0 BN ORIEEENTEE K T L2 (entry2), L L, Vb —%&MmET HICoONAL
REIRMEE A E L (entry2—6). CI1 Y > —11f Z W26 K b @ OSBRI 2R L
7= (entry5), _UPUBE Y U —OHLICES T BIK, RO =8KORIF 11h, 11i T
INREIRPEDIR TR A B 47z (entry 7,8), HLBRIZEWZ &2, —&E 11i 2 W8
T AT LA BRMES R UTe, fBETEME ST L CHIRF T o a2 AR XA — /a/%%WT
HZENTEIeolzlzb EHEER SIS (entry8), B, U U W —HEEHOWT I OEL
FEHWGETH, ARG a7z,
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Table 12. Catalytic asymmetric Mannich-type reaction of a-cyanoketone 12a and N-Boc imine

13a promoted by ligand (11a, c-i)/Er’* catalysts."

o NBoc Er(OPr)5: 3 mol% o0  NHBoc
ligand 11a c-i: 3 mol%
é/CN + H
ether, 0°C, 5 h CN
12a 13a 14a
Lo OH O ! OH
s Rae
0
Linker/ig“
finker [# of carbons] — heterogeneity yield 4 ee
en cr 01 caroons an i ¢ 1 e
™y & with ErO'Pr (%] MM o
1 - - 112 - >99 91/9 98
2 T [2] 11c + 75 53/47 66
3 et [7] 11d + 79 65/35 81
4 owt [9] 11e + 97 85/15 92
5 vy [ 11f + 99 92/8 96
6 L4 03 11g + 98 88/12 95

7 LWQ/% - 11h + 88 69/31 84
(t
s Mé\# 113 + 58 2773 31

“For 11c¢ - i , heterogeneous mixtures of ligands and Er(O'Pr); were used as a catalyst without
centrifugation; ” “-” and “+” indicates homogeneous and heterogencous mixtures, respectively;
“determined by "H NMR spectroscopy of the crude reaction mixture using DMF as an internal
standard; “determined by "H NMR spectroscopy; “the ee of the syn isomer, determined by chiral

stationary-phase HPLC analysis. /6 mol% of 11a was used; ¥2 mol% of 11i was used.
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2-3 BCALF 11£-Er’" 00 MWNT ~O

BN 11£-Er’" > MWNT ~O £ £ER %17 > 7= (Figure 7). 11f ® THF & (0.04 M) |
Er(O'Pr); (0.2 M THF &%) #M%x % &, NEEC T A CHRRMEIc L AaEkRE LTELN
7=o —7J7. MWNT (Baytubes” C70P, 250 wt%/11f) 77£{E F. Er(O'Pr); (0.2 M THF ¥&i%) %
Z12 & T A2 W% TH BTl S22 o7, BIfFL72EY MWNT Ry hU—7
¢ 1ELEC O B AL EIT LT MWNT ICRVIAENT- L EZ BN D, BRBIE 2O
SyBEL. THF % AW CREEREE A2 i35 2 & ¢ MWNT FHEFRUR & B ARl it 2 Bfs U 7=,
i RIS E END ErTL RO T 1f 2 B8 L7265, 92.7%0 Er'", 72.5%D BT
F 11 25 MWNT FIUICEV IAENTWD Z BTz,

RN T B AL MWNT HERUAF AR 2 W Ca -2 7 /77 b 12a & N-Boc A 2
Y 13a LD~ =y b RS ET o7, MR % 3 mol%IZiXE L C MWNT HHEpRfili i o>
A T~ =y e IR EEE LT 2 A, AU DT B2 AW TGE & RSO

FWINER, = F T AR, R E W T AT VAR AR LT,

Er(O'Pr);
THF in THF
heterogeneous
catalyst
~" 0 OH OH O (Table 12, entry 1)

SR s aeNoa st

11f

bt

THF MWNT Er(OPr)s
250 wt%  in THF

MWNT-confined

catalyst
NB A. 11-Er®* (3 mol%) 0 NHE
o °¢ B MWNT-confined 11f-Er** (3 mol%) oc
CN + H -
diethyl ether, 0 °C, 3 h CN
12a 13a , 14a

A: 99%, synlanti = 92/8, 96% ee (syn)
B: 96%, syn/anti = 90/10, 96% ee (syn)

Figure 7. Catalyst preparation procedure for the MWNT-confined catalyst and its catalytic

performance. White solid objects in the pictures are Tefloncoated magnetic stirring bars.
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%53 i MWNT FHEFRUAS A [E A fif i o i H
3-1 VA 77 Ak

MWNT HEFRUA S S FA R O AN & BRR M AR D 720 AR~ =y ERRRICE
JAREED Y YA 7 LT A N EFT -7 (Table 13), 5 mol%0> MWNT $HEFRUfil it 2 FH 5L L
a->7 /7 b 12a, KONN-Boc A 2> 13a Z iV C=—F L 0OC TG EIT > 72, 3 B
M, =—7 L& 0% T MWNT HERfRIE A5 00 BE L (ca. 3000 ipm, 30s), U P %
MWT EFEZRRL, = =7 V2 M TREEZ#HR VIR L%, =—7 /L 12a KU 13a
M2 CHOKNEIT> 72, BRIL7Z BEIBEICOW TR, BT 5 Z &7 < ERERMET 5
Z L CTHARY 14a BNEONT-, BONT- 14a 2L 24, 5EIBICBVT S &V Ol
EERALN, BTOVT AT UVABIRMEOK TR AL OO @\ ) F A iRk
HEFFL7- (entry 1), [RIEROFEERZMD N-Boc A > (13b—g) Z MW TSN L7z (entry
2-7), L& AW 7 FILEEEFFD N-Boc A 22 13b TIX U A 7 v Sl ) v
FARIREDIKRTRRONTZ L ODOE YT AT VA SR ZHERF L7 (entry 2), o- M VUL
ETIESEIBIZBWTHE YT AT VA BRRME, KOG o F A8 4 < L7 (entry 3),
p- MU NVIETIZV A I NTHICONTT AT LAERREDIKRTRAE LN DD EH==F
VFABRRMEEZ R LT (entry 4), B RSMEEIILTHD 0-7 v 7 == VEETIETT A
FUARIRME, =) FARRMEL QICETORTRRLNE (entry 5), p-Z7unR 7 ==
NVEETIE, VT AT UARFIEIETORTICE L 7208, = F 2 FARREOBEE 72K
THEE ST (entry 6), BGHEBEBRILTH D p-A MFVETIEE YT AT LA RR
M, KONET S TF AR EZ R LT (entry 7), #Rkx @ HUIEAE A L2 N-Boc 1 X IZ
BOTA Y DT IVENL T Na/Br Sk & AR ORBLENE, STARBIRMEZ R L2 &b 11f
IARE R CTH Y 72D Na SIFIEFREORFREL ZHFEL TV 5 LB IN 5,

Table 13. Repeated use of the MWNT-confined catalyst in asymmetric Mannich-type reaction of
12a and 13a-g.“

MWNT-confined

o catalyst (11f/Er®*) O  NHBoc
B°C|N 5 mol%
CN + )\ > Ar
H™ A diethyl ether, 0 °C, 1.5 h N
12a 13a-g 14a-g
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entry Ar 13 14 cycle  yield [%]”  syn/anti e [%]"

1 98 94/6 9

¥ 2 99 92/8 97
1 @ 13a 14a 3 99 91/9 9%
4 99 89/11 95

5 99 87/13 94

1 99 97/3 95

v 2 99 98/2 94
2 13b 14b 3 98 97/3 93
4 96 96/4 )

5 99 95/5 91

| 99 97/3 98

Me 2 99 97/3 98

3 ?@ 13¢ 14¢ 3 99 95/5 98
4 99 97/3 08

5 99 96/4 98

1 99 94/6 97

¢ 2 99 92/8 9
4 Q 13d 14d 3 98 90/10 96
Me 4 99 89/11 95

5 99 89/11 95

1 99 97/3 97

¢ 2 99 95/5 96

5 ¥ 13e 14e 3 99 93/7 95
4 99 92/8 93

5 99 90/10 )

| 90 97/3 93

4 2 85 97/3 87
6 Q 13f 14f 3 9% 96/4 86
ci 4 94 94/6 86

5 93 93/7 78

1 99 94/6 93

4 2 99 94/6 95
7 @\ 13g 14g 3 99 95/5 97
OMe 4 99 94/6 97

5 99 94/6 97

“Catalyst loading was designated based on the amount of Er(O'Pr); used to prepare the catalyst;
’determined by "H NMR spectroscopy of the crude reaction mixture with DMF as an internal
standard; “determined by '"H NMR spectroscopy; “the ee of the syn isomer, determined by chiral

stationary-phase HPLC analysis; “reaction time was 3 h.
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3-2 i 7 1 —AEk

MWNT PR EARAREE (MPECY) % 35 7 v — ARl 2 O 7o A 7R 75 SO
WIS L7z (Figure 8), A4 0.10 mmol @ 11f, K& Y Er(O'Pr); Z JHWV THl# L 72 MWNT
W27 A4 NI T AR E LT, BT LA NIRRT A > 7 OR%
b 2o0H T AEBEINIHER LT (¢ 10X30 mm (X2), total volume: 4.7 mL), $H{ATZEKIC
fEDONIR D - AR &2 P9 5 728 THF 2 H\W T 15 mL/h TEKR L=, T OPEIR%E
TER LI2AE B, 71.7%0 11f, %18 88.8%0 Er' 73 MWNT [ZHEF S LT 5 D % (0.089 mmol
on Er'"), N-Boc A 2 13a [Z/KCEEMEARFMI S L TCARLEETHLT-DELF 2T —
— 7 A 3A (powder type) . NaHCO; & 83 L7=7 L 1 7 L% 5% E L 12a/THF &% (0.06 M)
DRILERZITVN, 7 U7 AT T 12a/THF &K (0.05M) 2 TR I X9 TRG L, ¥
U VR T2 HWTENZEIL 7.5 mL/h TRER LA Z L8 A L7z (total 15 mL/h),
i 7 2z OCIZImEN LS b D 728D 2 IRk ik R . 8 R[] 2 L IZE N E N DR IRIR D
14a ~DHR(LER, R ONARRIREE T =4 — LT, TNENOMERKDOE =X —fER%
Table 14 (TR 7,

N-Bocimine 13a
[0.06 M/ ether ]

f/

7.5 mL/h

catalyst column
MWNT-confined ]

3
11f/Er catalyst
89 pumol

cyanoketone 12a
[0.05 M/ ether ]

—_—

crude 14a

Figure 8. Catalytic asymmetric Mannich-type reaction promoted by the

MWNT-confined11f/Er’" catalyst in a continuous-flow platform*
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TRFET 56 RS U, A1 AR AN O T R C Oy ZiRE, IBiEL, 7757 a< |k
7T 7 4 —KEMEIT o RER . BRMEAY 14a DNEBRINER 6.27 g CEYWER(LER 96%) T
ATz, syn/anti 93/7, 94% ee T v ABELAIELZE TON (X 225 (282 L7c, [ A 7 — L ARkE S
F Bt TIT o 125 A ORELBEHHY A X2 d 5 L Ny FEM 199 mL THDH DI
R L CHf 7 0 —BRA4TmL THY K1A0ICE T oAV T TEDL I ERNbhoT,
BEER T — N INKREL R DIZONZ O 7 v —GOT AN T—3ER L, HEI.
SR OBLE CHF AN R FETH L LHHTE 5,

Table 14. Profile of Mannich-type reaction in the continuous-flow system.

o NBoc MWNT-confined 11f/Er®* catalyst O  NHBoc
in continuous flow
O GO
0°C CN
12a 13a -catalyst clumn- 14a
¢ 10x30 mm x 2, inner vol 4.7 mL
89 1 mol (based on Er®*)
. eluted  passed 12a 14a
entry duritlon in total in total conv” b a ee’
[h] [(mL] [mmol] (%] TON syn /anti %
1 2-4 30 0.75 98 8 95/5 97
2 4-8 90 2.25 97 25 94/6 97
3 8-16 210 5.25 97 58 93/7 96
4 16 - 24 330 8.25 97 90 92/8 96
5 24 - 32 450 11.25 97 123 90/10 95
6 32-40 570 14.25 97 156 88/12 93
7 40 - 48 690 17.25 97 188 86/14 92
8 48 - 56 810 20.25 93 220 84/16 92

“Conversion of each fraction. Determined by 'H NMR. "TON = [total amount of 14a obtained]
/[catalyst amount (89 pmol)]. “The ee of the syn isomer, determined by chiral stationary-phase

HPLC analysis.
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# 1 FE T anti SRR RE = S o 70 R— OSSR W TEByErE, &R
PRPEA I BT 25 MWNT FHEFRUR 5 S A Al o0 BR A2 e g Al 1k 2 i 58 U 7=, BREE AR SOE O
BRI E AN RSB E A, (RIS AR Sy O B H RS U ZH & 72 B, S RS A
T, MWNT 1F/E F ChIUIER 3 RN &2 0 I0B UC b RN /e Th 5 =
EERRHL, BEROICEMN o —F ¢ U7 BRI LT, £/, = ha=m X lEE
L% 600—2000 ppm DIKGy ARG 2 K O REET 2 2 & AR Lo, F£7o, ARG
FHWA = b X ONEICEASNDZ EH DY 26 ORISR S M
EHERT IOV ARRERICRDEBEZH XD,

55 2 B CIE MWNT FEEFRURF AR AR 2086t 7 = — A RIS Lz, $5—RAF AR
BRAKNEETH 25 01k L MWNT HEFRR A EAR M IR E S Th D, MWNT *
v N —ZIZfE 7 T A X — N 3H L T D 72D BN AR & 72 0 O il 7y 8 A3 Hei i)
— LRV RERICERES T LTS, b OfICER LR Y v — AR ~DIE A %
Exle, V—F 77 A MTIE, BT LIOREFF L7 MWNT 225 O Nd/Na H7E 4 )& At
DIREN RN L 2R LTz, BB LT VT R, kU= hax & & filifiih 5 51
BT D EHFMEORmN= ha T R — RS 5 2 L e IS B LTz,
FREEA) AT = b v 7V R =V ROG 2 i 7 v — & AT IS K0 2R L 72 9] T O &
2%, Fiz, BEEERE A —IVT v 75 LT 12.4g O BEULA WD B STARZIRIZ 15
S, MWNT ~OH RS EIR LS ORI APEIC S TE DRl R S, F7o,
FeD Sy FIE & R LTl 7 v — AR CIINBER AR E X 7 A U AR
5, ISAT—BRKEL2HIZON, WHNCKLERE) A MOERMBHEEIZBNTH
HEFIIRERT RRUT—=UThDEEZLND,

F3ETIIINE TH R TH o il 2 R (bT 5 2 & T, MWNT HHERUR 5 [E FA i
BECRE ST, Y A 7 LR 7 o — A RIS AR TH D Z L A EIE L2, %
WFAIF 72 2 CHHIE S AL7z syn BIRAUARELAI AR F ~ o = » e BIRORICHE B L, %) — R il 2 R
b & 25 72 DI IR R A P U7 W B ARBR O BN A E A M kIS & & 72, 2
DDA Y PFNVENL R Y v h—F e CRLE S AL L WENL T & R LA R
Er(O'Pr); & N2 CTHF DAL DS A L) — Rl & U CHtE S 5 Z L 3B s, UV v —R
23 C11 OFENLA- 11f The b B WBRBLIEE, 7 A7 U AR, kO o F AR 2 R
L72. MWNT f7#7E N CZ Ofiti 2 832 2 & TESIZ MWNT FLEFRIA A [E FE AR 2315
DAz, AL, EEOERESOE LG, B RS I E L 2 RO N-Boc A
JVEDRISIZENTHRmWEE LR S, £, Mo U A 7 LT 2 MZBWNT
b E O ANE « BREEVEAZ B D m s v, ma L IRERIRME AR Le, £72. 2 MWNT fHEF
HIARF E ARl 2 e 7 o — S RRICISHATRE T 5 2 & 2 ERFE LT, AT TR LI fiklf o
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FEHRIE (Experimental Section)

1. General

The anti-selective catalytic asymmetric nitroaldol reaction was performed in a flame-dried 20
mL glass test tube with a Teflon-coated magnetic stirring bar unless otherwise noted. Flasks or
test tubes were fitted with a 3-way glass stopcock and reactions were run under Ar atmosphere.
Air- and moisture-sensitive liquids were transferred via a gas-tight syringe and a stainless-steel
needle. All work-up and purification procedures were carried out with reagent-grade solvents
under ambient atmosphere. A continuous-flow reaction was performed using the assembly of
plunger pumps, stainless steel columns, and stainless steel tubing. Air- and moisture-sensitive
liquids were transferred via a gas-tight syringe and a stainless-steel needle. All work-up and
purification procedures were carried out with reagent-grade solvents under ambient
atmosphere. The synthesis of AZD5423 was carried out using glass flasks with appropriate size
fitted with a 3-way glass stopcock and reactions were run under Ar atmosphere unless othewise
noted. Air- and moisture-sensitive liquids were transferred via a gas-tight syringe and a
stainless-steel needle. All work-up and purification procedures were carried out with
reagent-grade solvents under ambient atmosphere. The catalytic asymmetric Mannich-type
reaction was performed in a 20 mL glass test tubes fitted with a 3-way glass stopcock. A
continuous-flow reaction was performed using the assembly of syringe pumps with glass
syringes, stainless steel columns, and stainless steel tubing. Air- and moisture-sensitive liquids
were transferred via a gas-tight syringe and a stainless-steel needle. All work-up and
purification procedures were carried out with reagent-grade solvents under ambient

atmosphere.

2. Instrumentation

Infrared (IR) spectra were recorded on a JASCO FT / IR 410 Fourier transform infrared
spectrophotometer. NMR was recorded on JEOL ECS-400 and ECA-600 spectrometers.
Chemical shifts for proton are reported in parts per million downfield from tetramethylsilane
and referenced to residual protium in the NMR solvent (CDCls: 6 7.26 ppm, DMSO-de: 6 2.50
ppm, CD3CN: 6 1.94 ppm, acetone-dg: 6 2.05 ppm). For 13C NMR chemical shifts are reported in
the scale relative to NMR solvent (CDCls: 6 77.16 ppm, DMSO-ds: 6 39.50 ppm, CD5CN: 6 1.32,
118.26 ppm, acetone-ds: 6 29.84, 206.26 ppm) as an internal reference. For 19F NMR chemical
shifts were reported in the scale relative to TFA (8 76.50 ppm) as an external reference. NMR
data are reported as follows: chemical shifts, multiplicity (s: singlet, d: doublet, dd: doublet of
doublets, t: triplet, q: quartet, m: multiplet, br: broad signal), coupling constant (Hz), and
integration. Optical rotation was measured using a 2 mL cell with a 1.0 dm path length on a

JASCO polarimeter P-1030. High resolution mass spectra (ESI Orbitrap (+)) were measured on
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ThermoFisher Scientific LTQ Orbitrap XL. HPLC analysis was conducted on a JASCO HPLC
system equipped with Daicel chiral-stationary-phase columns (0.46 cm ¢ x 25 cm). YMC
stainless steel empty columns were used to prepare precolumns and a catalyst column.
Substrates were transferred by Shimadzu double plunger pump LC-20AD. YMC Deneb mixer
(stainless steel, 30 x 30 x 1.8 mm, mixing volume 32 pL) was used to mix the each stream of
aldehyde and nitroalkane. These units were concatenated by stainless steel tubing (inner
diameter: 0.5 mm, outer diameter 1/16 inch) and stainless steel ferrules. For the catalytic
asymmetric Mannich-type reaction in a flow-reactions substrates were transferred by Harvard
syringe pump PHD-ULTRA4400. YMC T-shape mixer was used to mix the each stream of
substrates. These units were concatenated by stainless steel tubing (inner diameter: 0.5 mm,
outer diameter 1/16 inch) and stainless steel ferrules. Quantitative analysis of Nd%*, Er3*, Na*

were performed on Agilent MP-AES 4100.

3. Materials

Unless otherwise noted, materials were purchased from commercial suppliers and were used
without further purification. THF were purified by passing through a solvent purification
system (Glass Contour). 3,5-Diiodebenzaldehyde (1a), 4-Benzyloxybenzaldehyde (1b), sodium
bis(trimethylsilyl)amide (NaHMDS) solution 1.0 M in THF, and Nd3/Er®/Na* standard
solutions for quantitative analysis were purchased from commercial suppliers. Aldehydes 1c
and 1d were prepared by following the reported procedures.? Ligand 4 and ent-4 were
prepared by following the reported procedure.®® Nitroethane (2a) was purchased from TCI
(supplier A), and Wako Pure Chemical Co. Ltd. (supplier B), and Sigma-Aldrich (supplier C).
Nitroethane 2a purchased from commercial suppliers sometimes contain tiny acidic impurity
and it sharply shut down the catalysis. The acidic impurity could not be removed after
distillation. Nitroethane after the treatment with inorganic base could be used for nitroaldol
reaction. NdOy/5(OPr)i3;s was purchased from Kojundo Chemical Co. Ltd.
(http:/ /www.kojundo.co.jp/English /index.html, Fax: +81-49-284-1351, e-mail:

sales@kojundo.co.jp.) and handled in a dry box under Ar atmosphere. Multi-walled carbon
nanotubes (Baytubes® C 70P, C-purity 295 wt%) were purchased from Bayer MaterialScience.
Cat. A was prepared by following the reported procedure.®® Cyanoketone 12a and N-Boc
imines 13a were prepared by following the reported procedures.?! Er(OPr); powder was

handled in a glove box under Ar atmosphere. Multi-walled carbon nanotubes
4. General procedure (Chapter 1)
4-1. General procedure for the anti-selective catalytic asymmetric nitroaldol reaction

All the nitroaldol products 1a,” 1b, * 1¢c, 3 1d 32 are reported compounds. Enantiomeric excess of
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these products were determined by HPLC analysis under reported conditions.

4-1-1. For Table 1.

Nitroethane (2a) purchased from supplier A (TCI) or B (Wako Pure Chemical Co. Ltd.) could be
used as received (Table 1, entries 1 and 2). Nitroethane (2a) purchased from supplier C
(Sigma-Aldrich) could be used after treatment with NaHCOs3 (entries 3 vs 8 and 9). Moisture
content of each 2a sample was determined by Karl Fischer titration. For entries 4-6, 2a was
treated with dried MS 3A pellets (ca. 4 g MS 3A/20 mL 2a, pre-dried by microwave oven and
subsequent vacuum drying [0.9 kPa, 30 min], 4 cycles) at room temperature for 1 h. Filtration by
a syringe filter (0.2 pm) gave the dried samples of 2a, whose moisture content was determined
by Karl Fischer titration. For entry 7, 2a from supplier C (Sigma-Aldrich) was double distilled
under reduced pressure (11-12 kPa, 49-51 °C [bath temp 65-70 °C]). For entries 8 and 9, 2a from
supplier C (Sigma-Aldrich) was suspended commercial NaHCO3 powder (ca. 20 g NaHCO3/20
mL 2a) at room temperature for 1 h. Filtration by a syringe filter (0.2 pm) gave NaHCO3-treated

2a and moisture content was determined 1423 ppm by Karl Fischer titration.

4-1-2. For Figure 1 and 2.

Nitroethane (2a) purchased from supplier A (TCI) was treated with dried MS 3A for Figure 1.
2a from supplier A (TCI) with varied H;O content was prepared by treatment with MS 3A
pellets followed by the arbitrary addition of ultra pure H>O for Figure 2. Each 2a was used for
catalyst preparation and as substrate. Cat. A was prepared by following the reported
procedure.®® Cat. B. and Cat. C were prepared by following the general procedure described in
experimental section. Reaction progress was monitored by extracting a small aliquot of the
reaction mixture at the specified reaction time. The extracted sample was immediately
quenched with AcOH/THF and directly submitted to reverse-phase HPLC analysis to
determine the conversion [Kinetex core-shell column 2.6 pm C18, ¢ 4.6 mm x 100 mm, detection
at 220 nm, solvent: A = 0.1% TFA/H20, B = 0.1% TFA/acetonitrile, gradient: 10-90% B in 10

minutes then hold 2 minutes, flow rate = 1.5 mL/min, column oven 40 °C].

4-2. MP-AES Analysis of MWNT-Confined Catalyst

4-2-1. MP-AES analysis of Cat. B.

Preparation of Nd standard solution.

1004 mg/L Nd(NOs)3 aq. standard solution (for chemical analysis, in 5% HNO; aq.) was diluted
with 5% HNO;s aq. (prepared by spectroscopic grade HNOs and ultra pure water) to give 1, 2, 5,
10, 20 ppm standard solution.

Preparation of Na standard solution.
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998 mg/L NaNOs aq. standard solution (for chemical analysis, in 5% HNO3 aq.) was diluted
with 5% HNOs aq. (prepared by spectroscopic grade HNO3 and ultra-pure water) to give 0.2,
0.5,1, 2, 5 ppm standard solution.

Preparation of the catalyst sample

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and a 3-way glass
stopcock was charged with ligand 4 (9.1 mg, 0.024 mmol) and dried under vacuum for ca. 5 min.
Ar was back-filled to the test tube, after which dry THF (400 mL, 2 ppm on average) and 0.2 M
THEF solution of NdO1,5(OPr)13/5 (60 pL, 0.012 mmol) were added via a gas-tight syringe with a
stainless steel needle under an Ar atmosphere at 0 °C. After stirring the mixture at room
temperature for 30 min, the slightly cloudy solution was cooled to 0 °C. 1.0 M THF solution of
NaHMDS (24 pL, 0.024 mmol) was added via syringe at 0 °C to form white suspension. After
stirring at room temperature for 1 h, carbon nanotubes (Baytubes® C 70P, 18 mg) was added.
Nitroethane (2a) (86 pL, 1.2 mmol, moisture content 1992 ppm) was added via syringe at room
temperature. After stirring at room temperature for 2 h, the resulting whole black suspension
was transferred to Eppendorf safe-lock tube (2 mL volume) with THF washing (ca. 1.2 mL). The
tube was centrifuged (ca. 104 rpm, 15 sec). The supernatant was decanted and dry THF (1.5 mL)
was added. The tube was agitated by vortex mixer for 20 sec (and occasional finger tapping, if
necessary) and centrifuged again (washing process). The resulting Cat. B was suspended in 5%
HNOs aq. (1.5 mL, prepared by spectroscopic grade HNOs and ultra-pure water) and the
resulting black suspension was stirred at room temperature for 1 min. The suspension was
filtered through syringe filter (0.2 pm). The 1IN HNO; treatment was repeated, and the
combined filtrate and washings were diluted with 5% HNO; aq. (final volume 50.0 mL) and
submitted to MP-AES analysis for Nd (A = 589.153 nm) and Na (A = 588.995 nm). Analytical
curve was created by MP-AES analysis of standard Nd solutions. The amount of Nd and Na
was determined to be 9.3 pmol and 20.7 pmol, which corresponded to 78% and 85%

incorporation, respectively.

The supernatant and washings during catalyst preparation were collected and diluted with
0.1% TFA/acetonitrile to give 20.0 mL solution, which was analyzed by HPLC [Kinetex
core-shell column 2.6 pm C18, ¢ 4.6 mm x 100 mm, detection at 220 nm, solvent: A = 0.1%
TFA/H>0, B = 0.1% TFA/acetonitrile, gradient: 10-90% B in 10 minutes then hold 2 minutes,
flow rate = 1.5 mL/min, column oven 40 °C] to determine the amount of ligand 4 in supernatant
(5.6 mg). The amount of ligand 4 in Cat. B was estimated to be 3.5 mg (9.3 pmol), which

corresponded to 34% incorporation.
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4-2-2. MP-AES analysis of Cat. C.

Preparation of the catalyst sample

A flame-dried 20 mL test tube equipped with a magnetic stirring bar and a 3-way glass
stopcock was charged with ligand 4 (4.5 mg, 0.012 mmol) and dried under vacuum for ca. 5 min.
Ar was back-filled to the test tube, after which dry THF (400 mL, 2 ppm on average) and 0.2 M
THEF solution of NdO1/5(OiPry13/5 (60 pL, 0.012 mmol) were added via a gas-tight syringe with a
stainless steel needle under an Ar atmosphere at 0 °C. After stirring the mixture at room
temperature for 30 min, the slightly cloudy solution was cooled to 0 °C. 1.0 M THF solution of
NaHMDS (24 pL, 0.024 mmol) was added via syringe at 0 °C to form white suspension. After
stirring at room temperature for 1 h, carbon nanotubes (Baytubes® C 70P, 18 mg) was added.
Nitroethane (2a) (86 pL, 1.2 mmol, moisture content 1992 ppm) was added via syringe at room
temperature. After stirring at room temperature for 2 h, the resulting whole black suspension
was transferred to Eppendorf safe-lock tube (2 mL volume) with THF washing (ca. 1.2 mL). The
tube was centrifuged (ca. 104 rpm, 15 sec). The supernatant was decanted and dry THF (1.5 mL)
was added. The tube was agitated by vortex mixer for 20 sec (and occasional finger tapping, if
necessary) and centrifuged again (washing process). The supernatant was decanted. After
additional two-cycles of washing procedure, the resulting Cat. C was suspended in 5% HNO;
ag. (1.5 mL, prepared by spectroscopic grade HNO; and ultra-pure water) and the resulting
black suspension was stirred at room temperature for 1 min. The suspension was filtered
through syringe filter (0.2 pm). The 5% HNOj3 treatment was repeated, and the combined filtrate
and washings were diluted with 5% HNO; aq. (final volume 50.0 mL) and submitted to
MP-AES analysis for Nd (A = 589.153 nm) and Na (A = 588.995 nm). Analytical curve was
created by MP-AES analysis of standard Nd solutions. The amount of Nd and Na was
determined to be 10.6 pmol and 20.3 pmol, which corresponded to 88% and 85% incorporation,

respectively.

The supernatant and washings during catalyst preparation were collected and diluted with
0.1% TFA/acetonitrile to give 20.0 mL solution, which was analyzed by HPLC [Kinetex
core-shell column 2.6 pm C18, ¢ 4.6 mm x 100 mm, detection at 220 nm, solvent: A = 0.1%
TFA/H>O, B = 0.1% TFA/acetonitrile, gradient: 10-90% B in 10 minutes then hold 2 minutes,
flow rate = 1.5 mL/min, column oven 40 °C] to determine the amount of ligand 4 in supernatant
(0.51 mg). The amount of ligand 4 in Cat. C was estimated to be 8.6 mg (10.7 pmol), which

corresponded to 89% incorporation.

4-3. HPLC Analysis of Nitroethane (2a)

Nitroethane (2a) from each commercial source was analyzed by reverse phase HPLC analysis
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[Kinetex core-shell column 2.6 pm C18, ¢ 4.6 mm x 100 mm, detection at 220 nm, solvent: A =
0.1% TFA/H>O, B = 0.1% TFA/acetonitrile, gradient: 10-90% B in 10 minutes then hold 2
minutes, flow rate = 1.5 mL/min, column oven 40 °C]. 2a from supplier A and B (TCI and Wako
pure chemical Co. Ltd., respectively), with which the nitroaldol reaction proceeded without any
treatment, showed >98% purity in HPLC analysis (Figure S1 and S2). In contrast, several
unidentified peaks appeared in the HPLC analysis of untreated 2a from supplier C
(Sigma-Aldrich) (Figure S3). After double distillation of 2a from C (Sigma-Aldrich), the
unidentified peaks disappeared in HPLC trace (Figure S4), but the reaction barely proceeded.
As decribed in Table 1, 2a from supplier C (Sigma-Aldrich) could be used after the treatment
with NaHCO:s.

2500000 | 2a #[tR [min] | area%
| 1 1.602| 98.392)
2| 30500 1.082
3 9725] 0079
2000000
4 10972 0245
5| 11842] 0202
S 1500000 |
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S 1000000
500000 |
0 | -
| o
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Figure S1. HPLC trace of nitroethane (2a) from supplier A (TCI).
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Figure S2. HPLC trace of nitroethane (2a) from supplier B (WAKO).
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Figure S3. HPLC trace of nitroethane (2a) from supplier C (Sigma-Aldrich).
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Figure S4. HPLC trace of double distilled nitroethane (2a) from supplier C (Sigma-Aldrich).

4-4. HPLC Charts of For Ee Determination
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Figure S5. HPLC trace for product 3a (Table 1, entry 1 (99% ee)). [Daicel CHIRALPAK IC, ¢
0.46 cm x 25 cm, detection at 254 nm, n-hexane/iPrOH = 19/1, flow rate = 1.0 mL/min]
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Figure S6. HPLC trace for product 3b (Scheme 11, with Cat. A (98% ee)). [Daicel
CHIRALPAK AS-H, ¢ 0.46 cm x 25 cm, detection at 254 nm, n-hexane/iPrOH = 9/1, flow

rate = 2.0 mL/min]
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Figure S7. HPLC trace for product 3c (Scheme 11, with Cat. C (88% ee)). [Daicel
CHIRALPAK AS-H, ¢ 0.46 cm x 25 cm, detection at 254 nm, n-hexane/iPrOH = 9/1, flow

rate = 1.0 mL/min]
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Figure §8. HPLC trace for product 3d (Scheme 11, with Cat. C (94% ee)). [Daicel
CHIRALPAK AD-H, ¢ 0.46 cm x 25 cm, detection at 254 nm, n-hexane/iPrOH = 9/1, flow

rate = 1.0 mL/min]
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5. General procedure (Chapter 2)

5-1. Preparation of Nd/Na Heterobimetallic Catalyst

5-1-1. Pretreatment of nitroethane.

Purchased nitroethane was distilled and subsequently suspended with dried MS 3A pellets (ca.
4 ¢ MS 3A/20 mL 2a, pre-dried by microwave oven and subsequent vacuum drying [0.9 kPa,
30 min], 4 cycles) and powdered NaHCO;3 at room temperature for 1 h. Filtration through a
syringe filter (0.2 pm) gave dried and acid-free nitroethane. Appropriate amount of ultra-pure
H>O was then added to produce nitroethane containing ca. 1800-2000 ppm H>O, which was
determined by Karl Fisher titration. The final addition is not essential but tiny amount of water
was found to be beneficial for higher reaction rate.” Exposure of nitroethane to MS 3A resulted

in the formation of unidentified by-products and should be avoided.

5-1-2. Preparation/packing of Nd/Na heterobimetallic catalyst in stainless steel column and
elution test (for Table 2).

A flame-dried 20 mL glass test tube equipped with a magnetic stirring bar and a 3-way glass
stopcock was charged with amide-based ligand 4 (9.1 mg, 24 pmol) and dried under vacuum
for ca. 5 min. Ar was back-filled to the test tube, after which dry THF (700 pL, 2 ppm on
average) and 0.2 M THF solution of NdO1,5(OiPr)13/5 (120 pL, 0.024 mmol) were added via a
gas-tight syringe with a stainless steel needle under an Ar atmosphere at 0 °C. After stirring the
mixture at room temperature for 30 min, the cloudy solution was cooled to 0 °C. 1.0 M THF
solution of NaHMDS (48 pL, 0.048 mmol) was added via syringe at 0 °C to give white
suspension. After stirring at room temperature for 1 h, carbon nanotubes (Baytubes® C 70P, 36
mg) was added. Nitroethane (pretreated as described in section 5-1-1, 172 pL, 2.4 mmol,
moisture content 1891 ppm, determined by Karl Fisher titration) was added via syringe at room
temperature. After stirring at room temperature for 2 h, dried Celite (350 mg, pretreatment:
Celite (50 g) was suspended in dry THF (250 mL) then filtered, which was washed by dry THF
(250 mL). The washed Celite was dried under vacuum (0.6 kPPa) at 120 °C for 10 h) was added to
the resulting whole black suspension. The mottled black and white suspension was transferred
by a glass pippet to YMC stainless steel empty column (¢ 4.6 x 100 mm) fitted with an end-
capping bearing a 2 pm stainless steel frit at the bottom under Ar dispersed from an inverted
funnel. The elution of THF was accelerated by suction from the bottom side using a syringe. All
the solid material was transferred by rinsing with minimum amount of dried THF, then the top
of the column was sealed with an end-cap bearing a 2 pm stainless steel frit. The column was
connected to a plunger pump and dried THF was passed through the column at 200 pL/min for
2 h. This initial wash-out (24 mL) and eluted solution during packing of the catalyst were
collected and analyzed by reversed-phase HPLC (for ligand 4) and MP-AES (microwave
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plasma atomic emission spectroscopy, for Nd and Na). The running of dried THF was
continued for the following 3 h and the fractions were collected every 30 min. Each fraction was
directly analyzed (100 pL aliquot) by reversed-phase HPLC analysis [Kinetex core-shell column
2.6 pm C18, ¢ 4.6 mm x 100 mm, detection at 220 nm, solvent: A = 0.1% TFA/H>O, B = 0.1%
TFA/acetonitrile, gradient: 10-90% B in 10 minutes then hold 2 minutes, flow rate = 1.7
mL/min, column oven 40 °C] to determine the amount of ligand 4. Each fraction was then
concentrated under reduced pressure to dryness and the resulting residue was taken up with
1N HCI to give 10 mL solutions. Each solutions were submitted to MP- AES analysis for Nd (A =
589.153 nm) and Na (A = 588.995 nm). Analytical curve was created by MP-AES analysis of

standard Nd and Na solutions. Numbers provided in Table 2 is average of two runs.

—Original data—

Initial Wash-out
run content umol %
Ligand 1 3.18 13.3
1 Nd 1.57 6.5
Na 6.27 13.1
Ligand 1 2.62 10.9
2 Nd 1.42 5.9
Na 4.77 9
Fractions
g eluted ligand 1 Nd* Na'
duration
S (min) e umol % umol % umol %
(mL) '
0 - 30 6 0.031 0.13 0.016 0.065 0.030 0.063
30 - 60 6 0.030 0.12 0.018 0.075 0.042 0.087
! 60 - 90 6 0.029 0.12 0.019 0.081 0.037 0.078
90 - 120 6 0.031 0.13 0.021 0.087 0.042 0.088
120 - 150 6 0.034 0.14 0.024 0.101 0.053 0.11
150 — 180 6 0.037 0.15 0.025 0.104 0.057 0.12
0 - 30 6 0.064 0.27 0.018 0.075 0.032 0.066
30 - 60 6 0.024 0.10 0.017 0.069 0.019 0.040
2 60 - 90 6 0.020 0.082 0.015 0.064 0.017 0.035
90 - 120 6 0.017 0.071 0.016 0.066 0.016 0.033
120 - 150 6 0.015 0.061 0.015 0.064 0.015 0.030
150 - 180 6 0.012 0.052 0.015 0.064 0.022 0.045

5-1-3. anti-Selective catalytic asymmetric nitroaldol reaction in a continuous-flow platform
(for Table 9).

The NaHCO3 and MS 3A precolumn (¢ 10 x 30 mm) was prepared by adding the powdered
material to the empty column with end-capping equipped with stainless steel frit (2 pm). MS 3A

powder was pretreated for drying (pre-dried by microwave oven and subsequent vacuum
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drying [0.9 kPa, 30 min], 4 cycles). Dry THF was passed through the precolumns for ca. 1-2 h at
1.5 mL/h. The catalyst column was prepared by the identical procedure and 19.5 pmol catalyst
was packed (based on Nd, determined by the analysis of the initial wash-out during the
preparation of column). As shown in Figure 4, glass bottles containing THF solutions of
substrates (0.1 M for 3-methoxybenzaldehyde (1le), 1.0 M for nitroethane), plunger pump,
precolumns, mixer, precooling coil, catalyst column, and receiver bottle were concatenated with
stainless steel tubing (inner diameter: 0.5 mm, outer diameter: 1/16 inch. For the connection
between substrate bottles and plunger pump, PTFE tubing with identical size was used). The
precooling coil and the catalyst column was immersed to a cryogenic bath (medium:
2-propanol) and each pump was run at 1.5 mL/h. For 2 h, the substrate solution in THF was
passed through the whole system to replace THF and the eluent was not collected during that
time. Then the eluent was collected every 4 h, and each fraction was collected and analyzed
separately. Each fraction was concentrated under reduced pressure and the crude product was
analyzed by TH NMR to determine conversion and anti/syn ratio (syn: Ar-CH(OH)- 4.95 ppm,
anti: Ar-CH(OH)- 5.35 ppm, in CDCl3). Small aliquot of the crude material was purified by
PTLC and the purified product was analyzed by HPLC [Daicel CHIRALPAK IC, ¢ 0.46 cm x 25
cm, detection at 220 nm, n-hexane/iPrOH = 9/1, flow rate = 1.0 mL/min; antimajor = 9.2 min,

antiminor = 10.7 min].

5-1-4. anti-Selective catalytic asymmetric nitroaldol reaction in a continuous-flow platform
on >10 g scale (for Table 10 ).

The identical flow reactor configuration and procedure were used as described in section 5-1-3,
except for; Precolumn (NaHCO;): NaHCO; 18.0 g, ¢ 20 x 50 mm. Precolumn (MS 3A): MS 3A
11.3 g, ¢ 20 x 50 mm Catalyst column: Prepared by using THF (10 mL), ligand 4 (136.2 mg, 0.36
mmol), NdO15(OiPr)13/5 (1.8 mL [0.2 M/THF], 0.36 mmol), NaHMDS (0.72 mL [1.0 M/THF],
0.72 mmol), nitroethane (2.6 mL), Baytubes® C 70P (540 mg), and Celite (4.0 g). 0.294 mmol
catalyst (based on Nd) was packed in the column. Flow rate: 15 mL/h (each pump).

The eluent collection was initiated after running the system for 2 h (replacing THF in the whole
system). To avoid the degradation of the product (relatively susceptible to retro-reaction at
room temperature), the eluent was collected ca. every 4 h and kept in the freezer (5 °C) after
concentration under reduced pressure. The small aliquot of the eluent was occasionally (1 drop,
at 5, 8, 12, 16, 20, 24, 28 h) submitted to reversed-phase HPLC analysis [Kinetex core-shell
column 2.6 pm C18, ¢ 4.6 mm x 100 mm, detection at 220 nm, solvent: A = 0.1% TFA/H>O, B
= 0.1% TFA/acetonitrile, gradient: 10-90% B in 10 minutes then hold 2 minutes, flow rate = 1.7

mL/min, column oven 40 °C; 3-methoxybenzaldehyde (1e) tR = 4.7 min, anti/syn mixture of
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product 3e tR = 5.2 min] to monitor the conversion. After 28 h of operation (63 mmol of
aldehyde 1e entered into the catalyst column), marked decrease in conversion was detected
(87.4%) and the flow was discontinued. The collected and concentrated eluent was analyzed by
TH NMR to determine overall conversion (94%). The crude material was purified by flash silica
gel column chromatography to give 1242 g (58.8 mmol) of product 3e (93% yield).
Diastereomeric ratio (anti/syn = 93/7) was determined by 1H NMR (syn: Ar-CH(OH)- 4.95 ppm,
anti: Ar-CH(OH)- 5.35 ppm, in CDCls). Enantiomeric ratio of anti-3e was determined by HPLC
[Daicel CHIRALPAK IC, ¢ 0.46 cm x 25 cm, detection at 220 nm, n-hexane/iPrOH = 9/1, flow
rate = 1.0 mL/min; antimajor = 9.2 min, antiminor = 10.8 min]. TON was 200 (58.8 mmol
[3e]/0.294 mmol [catalyst]).

(1R,2S)-1-(3-Methoxyphenyl)-2-nitropropan-1-ol (3e)

OH

MeO
O2

3e

Zn

Colorless oil; IR (KBr): v 3457, 2945, 1548, 1260, 1042 cm'%; 'H NMR (400 MHz, CDCls) 6 7.28 (dd,
J=8.2,8.2Hz, 1H), 6.93-6.91 (m, 2H), 6.84 (ddd, ] = 8.2, 2.5, 0.9 Hz, 1H), 5.37 (dd, ] = 3.7, 3.5 Hz,
1H), 4.66 (dq, ] = 6.8, 3.5 Hz, 1H), 3.79 (s, 3H), 2.66 (d, ] = 3.7 Hz, 1H), 1.48 (d, | = 6.8 Hz, 3H);
13C NMR (100 MHz, CDCI3) 6 160.0, 140.2, 130.0, 118.2, 113.9, 111.7, 87.5, 73.8, 55.4, 12.1;
ESI-MS m/z 234 [M+Na]*; HRMS (ESI) Anal. calcd. for CioH14NO4 m/z 212.0917 [M+H]*, found
212.0917; [a]p®* 2.9 (c 0.58, CHCls, 88% ee); HPLC [Daicel CHIRALPAK IC, ¢ 0.46 cm x 25 cm,
detection at 220 nm, n-hexane/iPrOH = 9/1, flow rate = 1.0 mL/min; tR: antimajor = 9.2 min,

antiminor = 10.8 min].
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5-2. Enantioselective Synthesis of AZD5423
(1R,2S)-2-Amino-1-(3-methoxyphenyl)propan-1-ol hydrochloride (7)

oH Pd(OH), 5 mol% OH
MeO MeO
: : HCI
\©)\Ng2 MeOH, rt \©)\N;
; 2N HCI/MeOH
3e ; recrystallization 7
(EtOAC/CPME)

61%

To a solution of 3e (9.1 g, 43.1 mmol, anti/syn = 94/6, 91% ee) in MeOH (91 mL) was added
Pd(OH)2/C (3.0 g, 2.2 mmol [20wt%Pd, 50% wet]) and the resulting mixture was stirred at room
temperature under H, atmosphere for 4 h. After filtration, 2N HCl/MeOH was added and the
resulting mixture was concentrated under reduced pressure. The resulting residue was
dissolved in EtOAc (50 mL). After addition of CPME (25 mL), the mixture was cooled to 0 °C for
crystallization. Crystals were collected by filtration and washed with CPME to give 7 (5.7 g, 26.4
mmol, anti/syn = 95/5) as a colorless crystal. 7 is a known compound (CAS: 1034156-00-7). Mp:
128-130 °C; IR (KBr): v 3441, 2992, 2908, 1588, 1492, 1286, 1037, 785 cm ; 1H NMR (400 MHz,
DMSO-ds): 6 8.20 (brs, 3H), 7.27 (dd, ] = 7.6, 7.6 Hz, 1H), 6.93 (s, 1H), 6.91 (d, ] = 7.6 Hz, 1H), 6.83
(d, J=7.6 Hz, 1H), 6.04 (d, ] = 3.4 Hz, 1H), 4.94 (brdd, ] = 3.4, 3.2 Hz, 1H), 3.75 (s, 3H), 3.36 (dq, |
= 6.6, 3.2 Hz, 1H), 0.94 (d, ] = 6.6 Hz, 3H); 3C NMR (100 MHz, DMSO-4°%): 6 159.2, 143.0, 129.3,
118.2, 112.7, 111.6, 71.2, 55.0, 51.8, 11.6; ESI-MS m/z 182 [M-Cl]*; HRMS (ESI) calcd. for
C10H16NO2 m/z 182.1176 [M-Cl]*, found 182.1173; [a]p?* 32.8 (c 1.13, CHCls).

F

F
F Cs,CO;
| Ho* N
H,NHN DMF /@DN

o ; crystallization |

(MeCN)
8 9 o 10
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2,2,2-Trifluoro-N-((1R,25)-1-((1-(4-fluorophenyl)-1H-indazol-5-yl)oxy)-1-(3-methoxyphenyl)pr
opan-2-yl)acetamide (AZD5423)
F

F
1.
N
I N,
OH N

Cul, Cs,COs, "PICN, 120°C 0
NH
z HCI \©):/\H/CF3

Zin

2. TFAA, NMM, 2-MeTHF, rt

58% (2 steps) ¢
AZD5423

7

To a stirred suspension of 7 (64.3 mg, 0.30 mmol) in nPrCN (1.0 mL), were added Cul (112.7 mg,
0.59 mmol), Cs,CO3 (313.2 mg, 0.96 mmol), and 10** (100.0 mg, 0.30 mmol) and the resulting
mixture was stirred at 120 °C for 10 h. After cooling to room temperature, insoluble materials were
filtered off and the filtrate was purified by aminated silica gel (Wakogel 50-NH2). Thus-obtained
product (89 mg, 77% yield, 55 mg was used for next step) was dissolved in 2-Me-THF (2.0 mL). To
the solution were added N-methylmorpholine (38.6 pL, 0.35 mmol) and TFAA (39.4 pL, 0.28mmol)
at room temperature. After stirring at the same temperature for 30 min, sat. NH4Cl aq. was added.
Organic layer was washed with H,O and brine successively and dried over Na,SO,. After filtration,
volatiles were removed under reduced pressure and the resulting residue was purified by silica gel
column chromatography to give AZD5423 (5.2 mg, 0.11 mmol, anti/syn =>99/1, 58% (2 steps)) as a
colorless oil. AZD5423 is a known compound (CAS: 1034148-04-3)

Colorless oil; IR (KBr) v 1711, 1514, 1222, 1159, 842 cm’l; "H NMR (600 MHz, acetone-ds): 6 8.61
(brd, J=17.9 Hz, 1H), 8.04 (d, J = 1.0 Hz, 1H), 7.77-7.75 (m, 2H), 7.69 (d, J = 9.3 Hz, 1H), 7.34-
7.28 (m, 3H), 7.24 (dd, J=9.3, 2.5 Hz, 1H), 7.16 (d, J = 2.0 Hz, 1H), 7.07-7.06(m, 2H), 6.87-6.85
(m, 1H), 5.48 (d, J = 4.8 Hz, 1H), 4.44 (ddq, /= 7.9, 6.8, 4.8 Hz, 1H), 3.78 (s, 3H), 1.39 (d, /= 6.8
Hz, 3H); °C NMR (150 MHz, acetone-ds): 8 161.7 (d, J = 244.2 Hz), 160.9, 157.0 (q, J = 36.2 Hz),
154.1,

140.6, 137.6, 135.6, 135.5, 130.4, 126.7, 124.9 (d, J = 8.6 Hz), 120.6, 119.8, 117.0 (q, J = 287.5 Hz),
116.9 (d, J = 23.1 Hz), 114.1, 113.3, 112.1, 105.1, 82.3, 55.4, 52.2, 14.6; 19F NMR (376 MHz,
acetone-dg): & -76.2, -117.4; ESI-MS m/z 488 [M+H]+; HRMS (ESI) calcd. for C,sH,F4N;O3Na
m/z 510.1411 [M+Na]", found 510.1404; [a]p>* 13.6 (¢ 1.25, CHCl;, 91% ee). HPLC [Daicel
CHIRALPAK IC, ¢ 0.46 cm x 25 cm, detection at 254 nm, n-hexane/iPrOH = 9/1, flow rate = 1.0
mL/min; tR: AZD5423 = 12.3 min, ent-AZD5423 = 14.2 min].
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6. General procedure (Chapter 3)

6-1. The reaction promoted by 11f/Er catalyst.

----Table 12, Entry 5----

To a flame dried 20 mL test-tube with a Teflon-coated magnetic stirring bar was charged with
11f (4.9 mg, 6 umol). To the test tube were successively added THF (150 pL) and Er(OiPr)s (30
uL, 6 pmol, 0.2 M/THF) via a syringe equipped with a stainless-steel needle at room
temperature under Ar atmosphere. After stirring the resulting mixture at the same temperature
for 1 h, dry ether (1.0 mL) was added at room temperature. To the resulting suspension was
added 2-cyanocyclopentanone (12a) (21.0 uL, 0.20 mmol) at room temperature and the reaction
mixture was cooled to 0 °C. To the mixture was added N-Boc-imine 13a (45.0 uL, 0.22 mmol) at
0 °C and the resulting mixture was stirred at the same temperature. After stirring for 3 h, sat. 1
N HCI aq. (200 uL) was added and the resulting mixture was extracted with ethyl acetate. The
organic layer was washed with sat. NaHCOs aq. and brine, and dried over Na2SOs. After
filtration, organic solvent was removed under reduced pressure and the resulting residue was
submitted to 1H NMR analysis with DMF as an internal standard to determine yield and
diastereomeric ratio by integration value of the specified position (99% yield, syn/anti = 92/8, d
5.08 ppm (syn: ----CH(Ph)NHBoc), d 5.10 ppm (anti: ----CH(Ph)NHBoc)). Small aliquot of pure
product was isolated by PTLC and enantiomeric excess (ee) was determined to be 96% ee by
chiral stationary phase HPLC analysis (Daicel CHIRALPAK IC (0.46 cm ¢ x 25 cm), eluent:
n-hexane/2-propanol = 4/1, detection 215 nm, flow rate 1.0 mL/min, tr= 7.4 min (minor), 31.8

min (major)). 14a is a known compound (CAS # 1123681-60-6) and spectroscopic data matched.

6-2. Determination of incorporation ratio of 11f/Er catalyst into MWNT.

To a flame dried 20 mL test-tube with a Teflon-coated magnetic stirring bar was charged with
11f (49 mg, 6 umol). To the test tube were successively added THF (600 uL), MWNT
(Baytubes® C 70P, 12.3 mg, 250wt% to 11f), and Er(OiPr)s (30 pL, 6 pmol, 0.2 M/THF). After
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stirring the resulting mixture at room temperature for 1 h, the resulting whole black suspension
was transferred to Eppendorf safe-lock tube (2 mL volume) with THF washing (ca. 1.2 mL). The
tube was centrifuged (ca. 104 rpm, 15 s). The supernatant was decanted and dry THF (1.5 mL)
was added. The tube was agitated by vortex mixer for 20 sec (and occasional finger tapping, if
necessary) and centrifuged again (washing process). The supernatant and washings were
diluted with THF to give 10 mL solution, which was analyzed by reversed-phase HPLC
analysis [Kinetex core-shell column 2.6 um C18, ¢ 4.6 mm x 100 mm, detection at 254 nm,
solvent: A = 0.1% TFA/H:20, B = 0.1% TFA/acetonitrile, gradient: 10-90% B in 10 minutes then
hold 2 minutes, flow rate = 1.7 mL/min, column oven 40 °C] to determine the amount of ligand
11f. The THF solution was concentrated under reduced pressure to dryness and the resulting
residue was taken up with IN HCl to give a 10 mL solution. The solution was submitted to
MP-AES (microwave plasma atomic emission spectroscopy) analysis for Er (A = 337.271 nm).

Analytical curve was created by MP-AES analysis of standard Er(NOsz)s/HNOs aq. solutions.

Content umol % in supernatant % icorporated
Ligand 11f 1.67 27.5 72.5
Er3* 0.44 7.3 92.7

6-3. The reaction promoted by MWNT-confined 11f/Er catalyst with recycling.

--—-Table 13, Entry 1----

To a flame dried 20 mL test-tube with a Teflon-coated magnetic stirring bar was charged with
11f (8.1 mg, 10 pumol). To the test tube were successively added THF (0.8 mL), MWNT
(Baytubes® C 70P, 20.2 mg, 250wt% to 11f), and Er(OiPr)s (50 pL, 0.01 mmol, 0.2 M/THF). After
stirring the resulting mixture at room temperature for 1 h, dry ether (1.0 mL) was added and the
resulting whole black suspension centrifuged (3000 rpm, 30 s). The supernatant was decanted
and dry THF (2.0 mL) was added. The resulting mixture was stirred at 0 °C for 10 s and
centrifuged (3000 rpm, 30 s) again (washing process). After the supernatant was decanted, to
the resulting MWNT-confined 11f/Er catalyst was added dry ether (1.0 mL) and
2-cyanocyclopentanone (12a) (21 uL, 0.20 mmol) at room temperature, and the reaction mixture
was cooled to 0 °C under Ar. To the mixture was added N-Boc-imine 13a (45 pL, 0.24 mmol) at
0 °C and the resulting mixture was stirred at the same temperature. After stirring for 3 h, the
mixture was diluted with dry ether (1 mL) and the test tube was centrifuged (3000 rpm, 30 sec)).
Supernatant was extracted via a syringe and the resulting MWNT-confined catalyst was
re-suspended with dry ether (2 mL), and centrifugation and extraction of supernatant was
repeated. Dry ether (1 mL) and 12a (21 uL, 0.20 mmol) were added to the washed catalyst and

the resulting suspension was cooled to 0 °C. The second cycle of the reaction was initiated by
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adding 13a (45 pL, 0.24 mmol). The following cycles have been done through the identical
procedure. The collected supernatant was evaporated to give the crude reaction product, which
was submitted to 'H NMR analysis with DMF as an internal standard to determine yield and
diastereomeric ratio by integration value of the specified position (1st cycle: 98% yield, syn/anti
= 94/6,  5.08 ppm (syn: -CH(Ph)NHBoc), d 5.10 ppm (anti:-CH(Ph)NHBoc)). Small aliquot of
pure product was isolated by PTLC and enantiomeric excess (ee) was determined to be 96% ee
by chiral stationary phase HPLC analysis (Daicel CHIRALPAK IC (0.46 cm ¢ x 25 cm), eluent:
n-hexane/2-propanol = 4/1, detection 215 nm, flow rate 1.0 mL/min, tR = 7.4 min (minor), 31.8

min (major)).
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HPLC trace for 14b (CAS # 1123681-70-8)
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HPLC trace for 14d (CAS # 1123681-68-4)
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HPLC trace for 14f (CAS # 1123681-75-3)
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6-4. The reaction promoted by MWNT-confined 11f/Er catalyst with recycling in a
continuous-flow platform.

Catalyst column

To a flame dried 25 mL test-tube with a Teflon-coated magnetic stirring bar was charged with
11f (80.9 mg, 0.1 mmol). To the test tube were successively added THF (8.0 mL), MWNT
(Baytubes® C 70P, 243 mg, 300wt% to 11f), and Er(OiPr)s (500 uL, 0.1 mmol, 0.2 M/THF) to
initiate self-assembly of 11f/Er in MWNT. After stirring the resulting mixture at room
temperature for 2 h, MWNT (Baytubes® C 70P, 50 mg) was added. The whole black suspension
was transferred by a glass pippet to two YMC stainless steel empty columns (¢ 10 x 30 mm
each) fitted with an end-capping bearing a 2 um stainless steel frit at the bottom under Ar
dispersed from an inverted funnel. The elution of THF was accelerated by suction from the
bottom side using a syringe. All the solid materials were transferred by rinsing with minimum
amount of dried ether, then the top of the column was sealed with end-caps bearing a 2 um
stainless steel frit. The column was connected to a syringe pump and dried ether was passed
through the column at 15 mL/h for 3 h. This initial wash-out (45 mL) and eluted solution during
packing of the catalyst were collected and analyzed by reversed-phase HPLC (for ligand 11f)
and MP-AES (for Er*) to determine the amount of escaped catalyst components as 11f: 23.1
pumol, 23.1%, Exr3+: 11.2 umol, 11.2%, which corresponded to the incorporation ratio of 76.9%
and 88.8% for 11f and Er®, respectively.

Precolumns

The NaHCQOs and MS 3A precolumns (¢ 20 x 50 mm) was prepared by adding the powdered
materials (NaHCOs 18.0 g, MS 3A 11.3 g) to the empty columns with end-cappings equipped
with stainless steel frit (2 um). MS 3A powder was pretreated for drying (dried under vacuum
[0.9 kPa, 30 min]). Dry ether was passed through the precolumns for ca. 1-2 h at 15 mL/h. These
columns were concatenated using stainless steel tubing (inner diameter: 0.5 mm, outer diameter
1/16 inch) as depicted in an assembly style shown in Figure 8 of the manuscript (one catalyst
column designated two columns for clarity). N-Boc imine 13a (0.06-0.066 M/ether) was supplied
by a syringe pump at 7.5 mL/h and passed through MS 3A and NaHCO: columns before
reaching the mixer. 2-Cyanocyclopentanone (12a) (0.05-0.055 M/ether) was supplied by a
syringe pump at 7.5 mL/h. At neutral and basic conditions,12a and 13a can react without any
catalyst. To avoid the non-catalyzed background reaction of the tiny amount of unreacted
starting materials in the eluent, the reaction mixture was eluted out to c. HCl aq. (80 uL)/THF (1
mL). The flow system was operated for 56 h and the eluent was monitored every 8 h (Table 14).
Each fraction was concentrated and taken up with ether (100 mL), which was washed with 1N
HCl aq. x 2. The organic phase was analyzed by reversed phase HPLC and 1H NMR to

determine the amount of leached ligand 11f and conversion, respectively, by using the methods
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described in above sections. The collected organic extracts from each fraction were concentrated
and purified by silica gel column chromatography (n-hexane/ethyl acetate 100/0-60/40) to give
14a (6.27 g, 19.9 mmol, TON = 225 (based on 0.088 mmol of Er®* in MWNT-confined catalyst)).
Diastereomeric ratio and enantioselectivity was determined by following the procedure
described above (syn/anti = 93/7, 94% ee). The collected aqueous layers from each fraction were

analyzed by MP-AES to determine the leached Er® as 1.5%.

6-5. Preparation of Linked Ligands
6-5-1. Synthesis of ligand 11b.
1,7-bis(3-methoxy-4-nitrophenyl)hepta-1,6-diyne (17)

OMe OMe
O,5N l ! NO,

X Z

To a flame-dried 30 mL round-bottomed flask, were charged with PdClx(PPhs)> (68 mg, 0.10
mmol), Cul (37 mg, 0.19 mmol), 4-bromo-2-methoxy-1-nitrobenzene (420 mg, 1.81 mmol), and
hepta-1,6-diyne (80 mg, 0.87 mmol). Under Ar atmosphere, DMF (4.5 mL) was added and the
resulting solution was added Et;N (588 mg, 5.81 mmol) via a syringe at room temperature.
After stirring at room temperature for 15 h, the reaction mixture was diluted with ethyl acetate
(50 mL) and successively washed with H>O x 3, and brine x 1, and the organic layer was dried
over NasSO,. After filtration, volatiles were removed under reduce pressure and the resulting
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 100/0-
75/25) to give 17 (270 mg, 0.68 mmol, 79%) as a brown oil.

4,4'-(heptane-1,7-diyl) bis(2-methoxyaniline) (18)

OMe OMe

HzN\‘\/\/\/\/HCNHZ

To a flame-dried 30 mL round-bottomed flask, were charged with 17 (220 mg, 0.56 mmol) and
THF (5 mL). To the solution was added Pd/C (20wt%, 50% wet, 22 mg) and the resulting
solution was stirred for 20 h under H, atmosphere. Pd/C was filtered through a syringe filter
(0.2 pm) and the eluent was evaporated under reduced pressure. The resulting residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate 100/0-30/70) to give 18
(100 mg, 0.29 mmol, 52 %) as a white solid.

(2-methoxybenzoyl)-L-valine (21)
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OMe O
@)&N oH
H

(0]

To a 1 L round-bottomed flask, was charged with L-valine (8.9 g, 76 mmol), water (186 g), and
NaOH (5.8 g, 147 mmol). The resulting clear solution was cooled to 0 °C and added
2-methoxybenzoyl chloride (10.0 g, 59 mmol) in THF (50 mL) at room temperature. After
stirring at 0 °C for 2 h, the reaction mixture was washed with ethyl acetate (120 g) and acidfied
with 1 N HCI. The resulting mixture was diluted with ethyl acetate (100 mL) and washed with
H>O x3 and brine, and the organic layer was dried over NaxSOs. After filtration, volatiles were
removed under reduce pressure and the resulting residue was diluted with ethyl acetate (150
mL). After stirring at 80 °C, the mixture was diluted with hexane (150 mL) and cooled to room
temperature. The generated crystal was separated by filtration, and washed with hexane. The
collected white solid was dried under vacuum at 45 °C to give 21 (10.0 g, 40 mmol, 68 %) as a
white solid.

White solid; IR (KBr): v 3335, 2945, 2832, 1450, 1029 cm ’; 'H NMR (400 MHz, CDCls): & 8.52 (bd,
J=17.8Hz, 1H), 8.20 (dd, J = 7.9, 1.7 Hz, 1H), 7.48 (ddd, J = 8.2, 7.8, 1.7 Hz, 1H), 7.09 (ddd, J =
7.9,7.8,0.9 Hz, 1H), 7.00 (dd, J= 8.2, 0.9 Hz, 1H), 4.72 (dd, J = 7.8, 4.8 Hz, 1H), 4.00 (s, 3H), 2.40
(dq, J = 6.8, 4.8 Hz, 1H), dd (6.8, 6H); °C NMR (100 MHz, CDCly): & 155.5, 148.4, 140.2, 115.4,
113.2,103.0, 102.9, 94.0, 39.9, 37.6, 13.0, 0.4, -1.0; HRMS (ESI-Orbitrap) calcd. for C13H1s02 m/z
252.1230 [M+H]*, found 252.1229; [a]p?* 32.6 (c 1.35, CDCL).

N,N'-((25,2'S)-((heptane-1,7-diylbis(2-methoxy-4,1-phenylene))bis(azanediyl)) bis(3-methyl-1-
oxobutane-1,2-diyl))bis(2-methoxybenzamide) (22)

OMe O j;rH OMe OMe , Y O OMe
N N~
N j(\N

To a flame-dried 30 mL round-bottomed flask, were charged with 18 (100 mg, 0.29 mmol), 21
(147 mg, 0.58 mmol), EDCI-HCI (123 mg, 0.64 mmol), and HOBt*H>O (98 mg, 0.64 mmol).
These solid materials were dissolved with THF (10 mL) and EtsN (148 mg, 1.45 mmol) and the
resulting solution was stirred at room temperature for 24 h. The reaction mixture was diluted
with ethyl acetate and successively washed with 1 N HCl x 1, HO x 2, and brine x 1, and the
organic layer was dried over NaySO,. After filtration, volatiles were removed under reduce
pressure and the resulting residue was purified by silica gel column chromatography
(n-hexane/ethyl acetate 100/0-30/70) to give 22 (132 mg, 0.16 mmol, 56%) as a colorless

amorphous.

73



N,N'-((25,2'S)-((heptane-1,7-diylbis(2-hydroxy-4,1-phenylene))bis(azanediyl)) bis(3-methyl-1-o
xobutane-1,2-diyl))bis(2-hydroxybenzamide) (11b)

OHOj;(H OH OH ., Y o oH
N N
N j(\N
©)kH o o H%

To a flame-dried 30 mL round-bottomed flask, were charged with 22 (132 mg, 0.16 mmol) and
CHxCl> (10 mL). After cooling the resulting solution to 0 °C, BBr3 (ca. 1.0 M/CH2Cl,, 1 mL, 1
mmol) was added via a syringe and the resulting solution was stirred at the same temperature
for 3 h. The reaction mixture was quenched with MeOH and washed with H>O x 1, and brine x
1, and the organic layer was dried over NaySO,. After filtration, volatiles were removed under
reduce pressure and the resulting residue was purified by silica gel column chromatography
(n-hexane/ ethyl acetate 100/0-40/60) to give 11b (85 mg, 0.11 mmol, 69%) as a white solid.
White solid; IR (KBr): v 1637,1605, 1531 cm 1; '"H NMR (400 MHz, CH;CN-ds): § 12.27 (bs, 2H),
9.45 (bs, 2H), 9.04 (bs, 2H), 8.29 (bd, J = 7.8 Hz, 2H), 8.02 (dd, J = 7.9, 6.8 Hz, 2H), 7.53 (d, J =
8.0 Hz, 2H), 7.47 (ddd, J = 8.2, 7.8, 1.8 Hz, 2H), 6.96 (dd, J = 8.0, 1.8 Hz, 2H), 6.94 (ddd, J = 7.9,
7.8, 0.9 Hz, 2H), 6.79 (d, J = 1.8 Hz, 2H), 6.70 (dd, J = 8.0, 1.8 Hz, 2H), 5.67 (s, 2H), 4.77 (dd, J =
7.8, 4.8 Hz, 2H), 2.54 (t, J = 7.6 Hz, 4H), 2.44-2.37 (m, 2H), 1.63-2.00 (m, 4H), 1.40-1.30 (m, 6H),
1.13 (d, J = 6.8 Hz, 12H); °C NMR (100 MHz, CH;CN-ds): & 153.0, 150.3, 140.3, 130.4, 122.9,
115.4,111.2,104.8, 104.4, 101.3, 101.2, 98.7, 98.7, 97.6, 41.5, 17.1, 13.1, 13.0, 11.0, 10.8, 0.5, -0.6;
HRMS (ESI-Orbitrap) calcd. for CiHssNyOs m/z 753.3858 [M+H]*, found 753.3852; [a]p* 3.2 (c
0.35, CH;CN).

6-5-2. Synthesis of ligand 11f.

Undeca-1,10-diyne (24f)

NP

To a flame-dried 200 mL round-bottomed flask, was charged with lithium acetylide
ethylenediamine complex (9.9 g, 97 mmol). Under Ar atmosphere, DMSO (80 mL) was added
and the resulting solution was cooled to 0 °C. 1,7-Dibromoheptane (10 g, 39 mmol) in DMSO (20
mL) was added via a syringe at the same temperature. After stirring at 0 °C for 2 h, the reaction
mixture was diluted with ether (400 mL) and washed with H>O x3 and brine, and the organic
layer was dried over Na;SOs. After filtration, volatiles were removed under reduce pressure
and the resulting residue was purified by silica gel column chromatography (n-hexane 100%) to
give 24f (5.33 g, 36 mmol, 93%) as a colorless oil.

Colorless oil; IR (KBr): v 3300, 2935 cm'; TH NMR (600 MHz, CDCls): 6 2.16-2.15 (m, 4H), 1.91-
1.90 (m, 2H), 1.52-1.47 (m, 4H), 1.39-1.36 (m, 4H), 1.31-1.26 (m, 2H); 3C NMR (150 MHz,
CDCls): 6 84.4, 68.0, 28.4, 28.4, 28.3, 18.2; HRMS (APCI-Orbitrap) caled. for Ci1His m/z 149.1330
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[M+H]*, found 149.1322.

Dimethyl 4,4'-(undeca-1,10-diyne-1,11-diyl)bis(2-methoxybenzoate) (26f)

O OMe OMe O

MeO O O OMe

X Z

To a flame-dried 50 mL round-bottomed flask, were charged with PdClx(PPhs): (172 mg, 0.24
mmol), Cul (93 mg, 0.49 mmol), 24f (363 mg, 2.5 mmol), and methyl 4-iodo-2-methoxybenzoate
(25)(1.5 g, 5.1 mmol). Under Ar atmosphere, DMF (20 mL) was added and the resulting solution
was cooled to 0 °C. EtzN (1.0 mL, 7.4 mmol) was added via a syringe at the same temperature.
After stirring at room temperature for 4 h, the reaction mixture was diluted with ethyl acetate
(50 mL) and successively washed with 1 N HCl x 1, H>O x 2, and brine x 1, and the organic layer
was dried over Na>SOs. After filtration, volatiles were removed under reduce pressure and the
resulting residue was purified by silica gel column chromatography (n-hexane/ethyl acetate
100/0-60/40) to give 26f (737 mg, 1.8 mmol, 71%) as a colorless oil.

Colorless oil; IR (KBr): v 2934, 1730, 1604, 1290 cm™; TH NMR (400 MHz, CDCls): 6 7.72 (d, | =
7.8 Hz, 2H), 6.99 (dd, ] = 7.8, 1.4 Hz, 2H), 6.98 (d, ] = 1.4 Hz, 2H), 3.89 (s, 6H), 3.87 (s, 6H), 2.43 (t,
] = 7.1 Hz, 4H), 1.69-1.59 (m, 4H), 1.52-1.43 (m, 4H), 1.43-1.37 (m, 2H); 3C NMR (100 MHz,
CDCl): 6 166.3, 159.0, 131.8, 129.5, 123.5, 119.0, 115.0, 93.4, 80.2, 56.1, 52.2, 28.9, 28.8, 28.6, 19.6;
HRMS (ESI-Orbitrap) caled. for C2H3:0s Na m1/z 499.2091 [M+Na]*, found 499.2084.

4,4'-(Undecane-1,11-diyl)bis(2-methoxybenzoic acid) (26f)

O OMe OMe O

MeOOMe

To a flame-dried 50 mL round-bottomed flask, were charged with 26f (952 mg, 2.0 mmol) and
THF (8.5 mL). To the solution was added Pd(OH)>/C (20wt%, 50% wet, 125 mg, 0.09 mmol) and
the resulting solution was stirred for 5 h under H> atmosphere. Pd(OH),/C was filtered through
a syringe filter (0.2 pm) and the eluent was evaporated under reduced pressure. The resulting
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 100/0-
70/30) to give 26f" (968 mg, 2.0 mmol, quant.) as a colorless amorphous.

Colorless amorphous; IR (KBr): v 2925, 2851, 1728, 1611, 1248 cm'%; *H NMR (400 MHz, CDCl):
867.73 (d, J=7.8 Hz, 2H), 6.79 (dd, ] = 7.8, 1.4 Hz, 2H), 6.78 (d, ] = 1.4 Hz, 2H), 3.90 (s, 6H), 3.87 (s,
6H), 2.64 (t, ] = 7.7 Hz, 4H), 1.65-1.57 (m, 4H), 1.33-1.27 (m, 8H), 1.27-1.23 (m, 6H). 3C NMR
(100 MHz, CDCls): 6 166.8, 159.5, 149.7, 131.9, 1204, 117.2, 112.2, 56.1, 52.0, 36.5, 31.2, 29.7, 29.7,
29.6, 29.4; HRMS (ESI-Orbitrap) calcd. for CH40Os Na m/z 507.2717 [M+Na]*, found 507.2705.
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4,4'-(Undecane-1,11-diyl)bis(2-methoxybenzoic acid) (27f)
O OMe OMe O

To a flame-dried 50 mL round-bottomed flask, were charged with 26f” (950 mg, 1.96 mmol),
10% KOH agq. (3.3 g, 5.88 mmol), and H>O (5 mL). After stirring the resulting mixture at 100-
110 °C for 3 h, the mixture was cooled to room temperature and acidified with 1 N HCl to pH
1-2. The resulting suspension was filtered and the solid material was washed with H>O. The
collected white solid was dried under vacuum at 45 °C to give 27f (830 mg, 1.82 mmol) as a
white solid.

White solid; M.p. 122-124 °C; IR (KBr): v 3233, 2925, 1733, 1613, 1426 cm!; 'H NMR (400 MHz,
THF-ds): 6 10.76 (brs, 2H), 7.76 (d, ] = 7.8 Hz, 2H), 6.90 (d, ] = 1.4 Hz, 2H), 6.81 (dd, ] = 7.8, 1.4 Hz,
2H), 3.88 (s, 6H), 2.65-2.61 (m, 4H), 1.67-1.60 (m, 4H), 1.38-1.32 (m, 10H), 1.32-1.28 (m, 4H); 13C
NMR (100 MHz, THF-ds): 6 166.2, 160.0, 149.9, 133.0, 121.0, 118.5, 112.8, 56.0, 36.8, 31.9, 30.4, 30.3,
30.3, 30.1; HRMS (ESI-Orbitrap) caled. for C2yHasOsNa 11/ z 479.2404 [M+Na]*, found 479.2394.

(S)-2-amino-N-(2-methoxyphenyl)-3-methylbutanamide hydrochloride (30)

H e HCI
PO

e}

To a flame-dried 200 mL round-bottomed flask, were charged with Boc-L-Val-OH (28) (5.0 g, 23
mmol), EtsN (2.57 g, 25.3 mmol), and toluene (80 mL). After cooling the resulting mixture to
0 °C, pivaloyl chloride (2.78 g, 23 mmol) was added dropwise and the resulting suspension was
stirred at the same temperature for 30 min. The suspension was filtered and the filtrated cake
was washed with toluene (20 mL). To the collected filtrate, was added o-anisidine (29) (2.77 g,
23 mmol). After stirring at room temperature for 1 h, the reaction mixture was successively
washed with 1 N HCl x 2, sat. NaHCO:; aq. x 1, H2O x 1, and brine x 1, and the organic layer
was dried over Na>SOs. After filtration, volatiles were removed under reduce pressure and the
resulting residue was dissolved in CHxCl> (15 mL). To the solution was added 4 N
HCl/1,4-dioxane (17.3 mL, 69 mmol) dropwise, and the resulting solution was stirred at room
temperature for 11 h. The solution was evaporated to dryness and refilled with ether. After
cooling to 0 °C, the white solids were collected by filtration and dried in vacuo to give 30 (5.32 g,
20.6 mmol, 89% (2 steps)) as a white solid.

White solid; M.p. 200-205 °C; IR (KBr): v 3406, 2968, 1693, 1498, 1255 cm 1; 1H NMR (400 MHz,
DMSO-ds): 6 9.78 (bs, 1H), 8.32 (bs, ] = 7.8 Hz, 3H), 7.83 (dd, ] = 7.8, 1.4 Hz, 1H), 7.15 (ddd, | =
8.2,7.6,14 Hz, 1H), 7.08 (dd, ] =8.2, 1.4 Hz, 1H), 6.94 (ddd, ] = 7.8, 7.6, 1.4 Hz, 1H), 4.01 (bd, | =
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5.7 Hz, 1H), 3.84 (s, 3H), 2.20-2.12 (m, 1H), 1.00 (dd, ] = 6.9, 1.4 Hz, 6H); 13C NMR (100 MHz,
DMSO-ds): & 167.1, 150.6, 126.1, 125.6, 123.0, 120.3, 111.6, 57.4, 55.8, 30.1, 18.4, 18.1, HRMS
(ESI-Orbitrap) calcd. for Ci2Hi1sNoO2 m/z 223.1441 [M+H]*, found 223.1441; [a]p® 62.9 (c 1.36,
DMSO).

4,4'-(Undecane-1,11-diyl)bis(2-methoxy-N-((S)-1-((2-methoxyphenyl)amino)-3-methyl-1-oxob
utan-2-yl)benzamide) (31f)

OMe 7 0 oMme OMe O j;(H OMe
NT(’\ N
N N
©/ o HH © \©

To a flame-dried 50 mL round-bottomed flask, were charged with 27f (800 mg, 1.75 mmol), 30
(952 mg, 3.68 mmol), EDCI-HCI (739 mg, 3.85 mmol), and HOBt*H>O (590 mg, 3.85 mmol).
These solid materials were dissolved with DMF (15 mL) and Et:N (1.08 mL, 7.88 mmol) and the
resulting solution was stirred at room temperature for 3 h. The reaction mixture was diluted
with ethyl acetate and successively washed with 1 N HCl x 1, HXO x 2, and brine x 1, and the
organic layer was dried over NaySO,. After filtration, volatiles were removed under reduce
pressure and the resulting residue was purified by silica gel column chromatography
(n-hexane/ethyl acetate 100/0-50/50) to give 31f (1.44 g, 1.66 mmol, 95%) as a colorless
amorphous.

Colorless amorphous; IR (KBr): v 2927, 1647, 1523, 1253 cm!; '"H NMR (400 MHz, CDCls): 6 8.49
(brd, ] = 8.2 Hz, 2H), 8.36 (d, | = 1.5 Hz, 2H), 8.35 (dd, ] = 8.0, 1.5 Hz, 2H), 8.11 (d, ] = 8.0 Hz, 2H),
7.03 (ddd, ] =8.0,7.6, 1.5 Hz, 2H), 6.94 (ddd, ] = 8.0, 7.6, 1.5 Hz, 2H), 6.90 (dd, ] = 8.0, 1.5 Hz, 2H),
6.85 (dd, ] = 8.0, 1.5 Hz, 2H), 6.79 (brd, ] = 0.9 Hz, 1H), 4.68 (dd, | = 8.2, 6.0 Hz, 2H), 4.01 (s, 6H),
3.82 (s, 6H), 2.63 (dd, ] = 7.8, 7.8 Hz, 4H), 2.45-2.35 (m, 2H), 1.66-1.58 (m, 4H), 1.34-1.28 (m,
10H), 1.28-1.24 (m, 4H), 1.07 (dd, ] = 6.9, 3.2 Hz, 12H); 3C NMR (100 MHz, CDCls): § 169.7,
165.7,157.8,149.1, 148.3, 132.4, 127.5, 124.0, 121.6, 121.1, 120.0, 118.6, 111.5, 110.2, 60.0, 56.2, 55.9,
36.3, 31.3, 30.9, 29.8, 29.7, 29.6, 29.4, 19.7, 18.2; HRMS (ESI-Orbitrap) calcd. for Cs:HeNsOsNa
m/z 887.4929 [M+Na]*, found 887.4909; [a]p? 46.9 (c 0.51, CDCl;).

4,4'-(Undecane-1,11-diyl)bis(2-hydroxy-N-((S)-1-((2-hy droxyphenyl)amino)-3-methyl-1-oxobu
tan-2-yl)benzamide) (11f)

OHH\E/O OH OHO\J;(H OH
NT(’\ N
N N
©/ e} HH (@) \©

To a flame-dried 50 mL round-bottomed flask, were charged with 31f (1.4 g, 1.62 mmol) and
CHxCl> (10 mL). After cooling the resulting solution to 0 °C, BBr3 (ca. 1.0 M/CHxCl,, 16.2 mL,
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16.2 mmol) was added via a syringe and the resulting solution was stirred at the same
temperature for 3 h. The reaction mixture was quenched with MeOH and washed with H>O x 1,
and brine x 1, and the organic layer was dried over Na)SO;. After filtration, volatiles were
removed under reduce pressure and the resulting residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 100/0-40/60) to give 11f (1.054 g, 1.30 mmol, 81%) as
a white solid.

White solid; M.p. 139-141 °C; IR (KBr): v 3333, 2923, 2364, 1615, 1533 cm'!; 'H NMR (400 MHz,
CH3CN-ds): 6 8.73 (brs, 2H), 7.65 (d, ] = 8.0 Hz, 2H), 7.49 (brd, ] = 7.8 Hz, 2H), 7.46 (dd, ] = 8.0,
1.5 Hz, 2H), 7.06 (ddd, ] = 8.0, 7.6, 1.5 Hz, 2H), 6.91 (dd, ] = 8.0, 1.5 Hz, 2H), 6.85 (ddd, ] = 8.0, 7.6,
1.5 Hz, 2H), 6.74 (d, ] = 1.5 Hz, 2H), 6.73 (dd, ] = 8.0, 1.5 Hz, 2H), 4.56 (dd, ] = 7.8, 7.6 Hz, 2H),
2.56 (dd, ] =7.8,7.5 Hz, 4H), 2.37-2.28 (m, 2H), 1.95-1.93 (m, 2H), 1.61-1.54 (m, 4H), 1.30-1.22 (m,
4H), 1.05 (d, ] = 6.9 Hz, 12H); 3C NMR (100 MHz, CH5CN-d5): 6 172.0, 171.2, 162.0, 151.5, 149.2,
128.0,127.3, 126.5, 123.5, 121.1, 120.2, 118.4, 112.7, 60.4, 36.3, 31.5, 31.4, 30.1, 30.1, 30.0, 29.8, 19.3,
18.9; HRMS (ESI-Orbitrap) calcd. for Ci7HsoN4OsNa m/z 831.4303 [M+ Na]*, found 831.4285;
[a]p? 33.8 (¢ 1.03, CHsCN).

6-5-3. Characterization of ligands 11c-e, g-i.

Ligands 11c-e, g-i were synthesized by following the analogous procedure.
4,4'-(ethane-1,2-diyl)bis(2-hydroxy-N-((S)-1-((2-hydroxyphenyl)amino)-3-methyl-1-oxobutan-2
-yDbenzamide) (11c)

OH , Y o oH OHOj;rH OH
NT(:\ N
N N
©/ o HH o \©

White solid; M.p. 189-191 °C; IR (KBr): v 3299, 2966, 1638, 1537, 1363 cm~'; '"H NMR (400 MHz,
acetone-ds): 0 12.23 (brs, 2H), 9.37 (brs, 2H), 9.04 (brs, 2H), 8.16 (brd, ] = 8.2 Hz, 2H), 7.84 (d, | =
8.2 Hz, 2H), 7.70 (dd, ] = 8.0, 1.5 Hz, 2H), 7.00 (ddd, | = 8.0, 7.5, 1.5 Hz, 2H), 6.91 (dd, J=7.5, 1.5
Hz, 2H), 6.82 (ddd, | = 8.0, 7.5, 1.5 Hz, 2H), 6.80 (d, | = 1.6 Hz, 2H), 6.73 (dd, ] = 8.2, 1.6 Hz, 2H),
4.72 (dd, ] = 8.2, 7.8 Hz, 2H), 2.91 (s, 4H), 2.44 (m, 2H), 1.09 (d, ] = 6.9 Hz, 12H); 3C NMR (100
MHz, acetone-ds): 0 206.5, 171.7, 171.2, 162.4, 149.7, 149.1, 128.3, 127.3, 126.6, 123.0, 120.8, 120.3,
118.5, 118.1, 113.4, 60.6, 37.7, 31.5, 19.9, 19.2; HRMS (ESI-Orbitrap) calcd. for CssH#2N4OsNa m/z
705.2895 [M+Na]*, found 705.2883; [a]P288.2 (¢ 1.03, acetone).

4,4'-(heptane-1,7-diyl)bis(2-hydroxy-N-((S)-1-((2-hydroxyphenyl)amino)-3-methyl-1-oxobutan
-2-yl)benzamide) (11d)
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OH ,, Y o OoH OHOj;(H OH
NT(:\ N
N N

White solid; M.p. 99-101 °C; IR (KBr): v 3285, 2931, 1638, 1536, 1244 cm~'; '"H NMR (600 MHz,
acetone-ds): 0 12.21 (brs, 2H), 9.36 (brs, 2H), 9.01 (brs, 2H), 8.12 (brd, ] = 8.2 Hz, 2H), 7.86 (d, | =
8.2 Hz, 2H), 7.69 (dd, ] = 8.0, 1.5 Hz, 2H), 7.01 (ddd, | = 8.0, 7.5, 1.5 Hz, 2H), 6.91 (dd, J=7.5, 1.5
Hz, 2H), 6.82 (ddd, | = 8.0, 7.5, 1.5 Hz, 2H), 6.76 (d, | = 1.6 Hz, 2H), 6.73 (dd, | = 8.2, 1.6 Hz, 2H),
4.73 (dd, ] =8.2, 7.8 Hz, 2H), 2.58 (t, ] = 7.5 Hz, 4H), 2.43-2.35 (m, 2H), 1.63-1.58 (m, 4H), 1.39-
1.30 (m, 6H), 1.10 (dd, ] = 6.9, 1.0 Hz, 12H); 3*C NMR (150 MHz, acetone-ds): d 171.6, 171.1, 162.3,
150.9, 149.0, 128.1, 127.1, 126.5, 122.8, 120.7, 120.0, 118.1, 117.9, 113.0, 60.3, 36.3, 31.6, 31.4, 29.8,
19.8, 19.0; HRMS (ESI-Orbitrap) caled. for CssHs2N4«OsNa m/z 775.3677 [M+Na]*, found 775.3660;
[a]P##53.9 (¢ 1.09, acetone).

4,4'-(nonane-1,9-diyl)bis(2-hydroxy-N-((5)-1-((2-hydroxyphenyl)amino)-3-methyl-1-oxobutan-
2-yDbenzamide) (11e)

OHH\:/O OH OHO\J;(H OH
N~ N
N N
O (e}

White solid; M.p. 170172 °C; IR (KBr): v 3237, 2929, 1631, 1537, 1370 cm-%; 'H NMR (400 MHz,
DMSO-de): d 11.90 (brs, 2H), 9.78 (brs, 2H), 9.41 (brs, 2H), 8.80 (brd, ] = 8.0 Hz, 2H), 7.89 (d, ] =
8.2 Hz, 2H), 7.76 (dd, ] = 8.0, 1.4 Hz, 2H), 6.94 (ddd, ] = 8.0, 7.6, 1.4 Hz, 2H), 6.85 (dd, ] = 7.6, 1.4
Hz, 2H), 6.78-—--6.74 (m, 6H), 4.67 (dd, ] = 8.0, 7.8 Hz, 4H), 2.52 (t, ] = 7.6 Hz, 4H), 2.28-2.19 (m,
2H), 1.58-1.48 (m, 4H), 1.29-1.20 (m, 10H), 0.98 (dd, ] = 6.9, 6.9 Hz, 12H); 3C NMR (100 MHz,
DMSO-de): d 170.1, 167.4, 158.4, 148.7, 147.9, 129.3, 125.8, 124.8, 122.3, 119.4, 119.0, 116.6, 115.5,
114.2, 58.7, 35.0, 30.4, 29.0, 28.9, 28.6, 19.3, 18.4; HRMS (ESI-Orbitrap) calcd. for CssHseN:OsNa
m/z 803.3990 [M+Na], found 803.3972; [«]P2 11.9 (c 1.14, DMSO).

4,4'-(tridecane-1,13-diyl)bis(2-hydroxy-N-((S)-1-((2-hydroxyphenyl)amino)-3-methyl-1-oxobut
an-2-yl)benzamide) (11g)

OH , Y o oH OHO\J;(H OH
NT(:\ N
N N
©/ o HH o] \©

White solid; M.p. 100103 °C; IR (KBr): v 3408, 2918, 1632, 1537, 1455 cm-; 'H NMR (400 MHz,
DMSO-de): d 11.86 (brs, 2H), 9.79 (brs, 2H), 9.41 (brs, 2H), 8.80 (brd, ] = 8.2 Hz, 2H), 7.89 (d, ] =
8.2 Hz, 2H), 7.75 (dd, ] = 8.0, 1.4 Hz, 2H), 6.93 (ddd, ] = 8.0, 7.6, 1.4 Hz, 2H), 6.86 (dd, ] = 7.6, 1.4
Hz, 2H), 6.78-6.74 (m, 6H), 4.66 (dd, [ = 8.2, 7.8 Hz, 2H), 2.52 (t, ] = 7.6 Hz, 4H), 2.27-2.19 (m, 2H),
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1.58-1.48 (m, 4H), 1.28-1.20 (m, 18H), 0.97 (dd, ] = 6.9, 6.9 Hz, 12H); 13C NMR (100 MHz,
DMSO-de): d 170.0, 167.3, 158.4, 148.7, 147.9, 129.3, 125.8, 124.8, 122.2, 119.3, 118.9, 116.6, 115.5,
114.1,58.7, 35.0, 30.4, 30.4, 29.1, 29.0, 28.9, 28.6, 19.3, 18.4; HRMS (ESI-Orbitrap) calcd. for
CivHuN:OsNa m/z 859.4616 [M+Nal*, found 859.4598; []P%30.9 (c 1.04, DMSO).

4,4'-(1,4-phenylenebis(ethane-2,1-diyl))bis(2-hydroxy-N-((S)-1-((2-hydroxyphenyl)amino)-3-m
ethyl-1-oxobutan-2-yl)benzamide) (11h)

OH O H OH
N
9 -

N
OH O OH

White solid; IR (KBr): v 3334, 2966, 1637, 1534, 1364 cm-'; M.p. 179-182 °C; 'TH NMR (600 MHz,
acetone-ds): 0 12.20 (brs, 2H), 9.37 (brs, 2H), 9.02 (brs, 2H), 8.14 (brd, | =8.2 Hz, 2H), 7.85 (d, | =
8.2 Hz, 2H), 7.69 (dd, ] = 8.0, 1.5 Hz, 2H), 7.12 (s, 4H), 7.02 (ddd, ] = 8.0, 7.5, 1.5 Hz, 2H), 6.91 (dd,
J=7.5,15Hz, 2H), 6.83 (ddd, | =8.0, 7.5, 1.5 Hz, 2H), 6.79 (d, ] = 1.6 Hz, 2H), 6.75 (dd, ] = 8.2, 1.6
Hz, 2H), 4.74 (dd, ] = 8.2, 7.8 Hz, 2H), 2.88 (s, 8H), 2.42-2.35 (m, 2H), 1.09 (d, ] = 6.9 Hz, 12H); 13C
NMR (150 MHz, acetone-ds): 0 171.7, 171.2, 162.4, 150.1, 149.1, 140.0, 129.4, 128.3, 127.3, 126.6,
123.0, 120.8, 120.3, 118.5, 118.1, 113.3, 60.5, 38.5, 37.5, 31.6, 19.9, 19.1; HRMS (ESI-Orbitrap) calcd.
for CasHs0N4OsNa m/z 809.3521 [M+Na]*, found 809.3501; [a]P?246.2 (¢ 0.66, acetone).

44'4"-(benzene-1,3,5-triyltris(ethane-2,1-diyl))tris(2-hydroxy-N-((S)-1-((2-hy droxyphenyl)ami
no)-3-methyl-1-oxobutan-2-yl)benzamide) (11i)

OH ,, Y o OH OHO\J;(H OH
N N
N N
Jasne : YO

HN™ ~O
O,

OH
White solid; M.p. 122-125 °C; IR (KBr): v 3309, 2965, 1637, 1535, 1364 cm-1; 'H NMR (600 MHz,
acetone-de): d 12.22 (brs, 3H), 9.36 (brs, 3H), 9.02 (brs, 3H), 8.13 (brd, ] = 8.2 Hz, 3H), 7.84 (d, ] =

8.2 Hz, 3H), 7.68 (dd, ] = 8.0, 1.5 Hz, 3H), 7.01 (ddd, | = 8.0, 7.5, 1.5 Hz, 3H), 6.91 (dd, J=7.5, 1.5
Hz, 3H), 6.89 (s, 3H), 6.82 (ddd, | =8.0, 7.5, 1.5 Hz, 3H), 6.76 (d, ] = 1.6 Hz, 3H), 6.71 (dd, ] = 8.2,

OH
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1.6 Hz, 3H), 4.73 (dd, ] = 8.2, 7.8 Hz, 3H), 2.84 (s, 12H), 2.42-2.34 (m, 3H), 1.09 (dd, ] = 6.8, 3.8 Hz,
18H); 3*C NMR (100 MHz, acetone-de): d 171.5, 170.9, 162.1, 149.9, 148.8, 142.1, 128.0, 127.2, 127.0,
126.4,122.7, 120.5, 120.0, 118.3, 117.8, 113.0, 60.2, 38.3, 37.7, 31.3, 19.6, 18.9; HRMS (ESI-Orbitrap)
calcd. For CesH72N6O12Na m/z 1163.5100 [M+Na]*, found 1163.5061; [«]P22 41.9 (c 1.03, acetone).
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