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1 - 27 Nd Y% v 5 Nd/Na FL5E 2 £% 48 il oo 587 HL R 8L vk o BR 7%
1-1. H=

IRFB-IRFREA TSN IR A AT ORI L R LS TH Y . REWRKIED—D &
LT 1895 FITHAFE s 7= b7 /L R—/L (Henry) FUGRZIT HiL5H 12 (Scheme 1),
=hu TN R=AROSIEEFET, = br 7D L7 AT e FERBT bbb B =
ra 7 Na—LEERTDORISTHY  FE L7 v b BEIORIT L > THET LSS HF
IR OENT RIS TH D,

OH
fR NS
+ —_— R R4
R" "R? NO, NO,

Scheme 1. Nitoroaldol (Henry) reaction

ASSFNEIRWEEEIZHEHAATRETH D . Flo= F e ki Nef RISIZ K> TRIST 2747
E R, ZRrBDWIEH VR ERIZS, 2D WITHEME LS I L > TR T 267 2 Fa
BHATEETH L7204 = bu 7 b F=/VROSHRRRITEE R AT EIE L 20155, KR
B=ha T Va—LnbEBHZELND BT I TIa—id% ORRYCERS, £
WiiE . B -5 %k%ﬂ’béiﬁ ETH L Z bR AEIETEW S, FIZIEX 7
N A RO—FETH Y AEARILE R T 5 Ephedrine, UIAVEHE « Ul FHEIGEIED
Ritodrine, Hi23 AFINEREED Paclitaxcel, Hii~ 7 U 7{LAEY T 5 Febrifugine, Z Al
28 A SERRIE M A A9 % Hapalosin, £ DY VEE O —FETH D X7 1 > TNEE OHEREK
43T % Sphingosine, K77 /L R—/LEUSIZHO B L5 AFAHBIA Evans auxiliary %5723
ZFbnd (Figure 1),
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Figure 1. Structure of molecules containing a /3 -amino alcohol

= a7 F=A RIS < OEMTEEWE DM E L MET oA e TFERo—o Lk
DM = b r TV RV ROSEFEIRIE synfanti (K36 K O 4 DT F A~ —DF 4 DDAE
REMEENEC D RER S S, —H, BT I/ T va—La=y NaRT 5% OEMIE
MBI ME AW TH LT, REEEEEMEZ AT 2 L T= a7 F— K

i X o THERR LS

reduction

j
OH ' OH
RZ | A~ R?
R! i R1/\-/
nitroaldol NO; N,OZ
0 r R? reaction syn . syn
J\ + B —
R "H NO '
2 OH . OH
R2 ~ R2
R1)\;/ LR
NO, ! NO,

anti

) anti'
X

DN 2 A A3 5 2N BB L 72 D (Scheme 2)

synthetically versatile
B-amino alcohols

OH
— Natural products,

—> Pharmaceuticals

Scheme 2. Nitroalcol reaction for the expedious stereoselective access to j -amino alcohol



1895 D= k17 /b F—/UJGEHA Lok, REICE D SCRERA 2B A F = b a7
NV R = VRSO S D T EE7Rn o723, 1992 2RI D 1T IS CRID CEH2H 72 fil
ERAREF = Fa 7 R—V s E 2R L7z (Scheme 3) 6, AKIGIE—2D 451 EIZ Lewis
et & Bronsted A2 A 2 2 AERMAAE L WO a7 F BRI S A KA T
WEAMED—FETH % LLB (LaLis tris(binaphthoxide) complex)?s= kw7 /L7 & 7L
T RE2 ZEEEESE D L &I MMELZ I LAEKC G EABET 22 LI2E0,. &
IWEENDBAFIRTF o FABIRK = b r 70 RV ROSREBL S L7z,

ITi\o/_w
. C O',’ Lla‘:o: Li
o2 o _ O,
Li * OH — OH
LLB I OH
0] ) 9
1)]\ + CHaNO, 3.3 mol% - R1/'\/N02

R H

THF, —42 °C
yield 79-91%
73-90% ee

Scheme 3. Asymmetric nitroaldol reaction by lanthanum-based catalyst

LEIRE S0 EREREE A L B L. 1995 AFITIT K W M= b T v o ERE E LTHWE R
[ZBW TR syn BIRAYRMIE A F = F o 7V F—L OGS ZB%E L7 7 (Scheme
4),

Li Et,Si
'~g ) N
oSl U,
?/é\j OH — O O OH
Li * OH
ﬁ\ rR2 3.3 mol% et ;\/RZ
+ - = ;
R "H NO, THF, —20/—40 °C NO,

yield 21-97%

74/26—-94/6 (syn/anti)

65-97% ee (syn)
Scheme 4. syn-Selective asymmetric nitroaldol reaction by lanthanum-lithium-6,6'-

disubstituted BINOL complex
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— 5. anti IRWIARF = F a7V R— VSO BRI I N2 fi b 7=, Seebach ©id Y /b
=hax— WD anti TR = b 70 F— VRIS 2R ARICHIZE L, SO SRR
PEREOND Z L aRE L% —MIICHMZR T L —3 3 BT L Cld syn BIRMEDMESE
T O, FRNCEE LS I = e r— 2 HAWEGRIE I = e r— T
NTE RBT o FRYVTFTF—EBBREZIRD Z LIZXK > T anti KOAERDBAERE 2D

(Scheme5), ARBUGIET v FA F L PRE2HLFSEDL Z L TRAURIC= Fr 7V R—)LK
JEDEITT D,

R? 0 o
o 1 Ry L _H Ho L R . OH
JJ\ * Nom —1 7=n A R1J\/R2
R" “H 0"+ 0 R T H < ROTTH TN H
SiR%; 0+ 0 0"+'0 Si waste NO,
SRS iR3 anti
silyl nitronate L SiR% SR _

Scheme 5. anti-Selective nitroaldol reaction using silyl nitrate

ERart T A EUCIE S I3 BB LT e m e 4 T =T A7 vk
WEHWSZ LTy U= hax—hET AT ROGEIEID anti BRI ARHK= o
TN K=V %A% L7z 10 (Scheme 6),

F3C O CF3

CF3
R2 OH
Q i (2 mol%) R1k/ R?  yield 88-94%

Joo oNo - H 83/17-94/6 (anti/syn)

R* H &M THF, —98/-78 °C NO,  90-95% ee (anti)
R =Ph V€3 anti

4-F-CgHa
4-Me-CgHy
2-naphythyl
2-furyl

Scheme 6. Chiral quaternary ammonium bifluorides for asymmetric nitroaldol reaction of

silyl nitronates with aromatic aldehydes

L LNG, by U= brxr— b2 HWD FETFRNICV I Vv = b xr—FEah
BT AVERHY  E- U ILHROBEEMNE L S L0 KEHGREAZ A LT\, 7 |k
Lxra ) I —OBANLITREOFRRMAEVNE LTS, o7 e hUBEIOARIZE ST
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HEAT L1 2 12058 100% D EHEA) 72 anti BERPIAMER R E = ~ a7 v R—/VEUS OB D
HHLEENT,

RIFDITHFREA A o Rl A 5 A TR 32 & 5 BFFEEREG 2> A B ICBAS L 7= P-
AT NI T ) RAKR= T A EHANT2007 FIZT VT Re=hnxo X L DE
2RO 72 anti IR AR F = b 1 7L R— )L EOG % R TR0 THE L7z 1 (Scheme 7)

©
Ar H Gl H
Ar N//,’@/N
/P\ Ar (Ar = p-CF3-C6H4)
N N
H H Ar
(5 mol%) OH

KO'Bu (5 mol%) H

R" “H
NO, THF, —78 °C NO,

yield 77-94%
4/1-19/1 (anti/syn)
93-97% ee (anti)

Scheme 7. Asymmetric nitroaldol reaction by chiral tetraaminophosphonium salt

BELEHF O, PTOLMIEL TWIEZEAFSRMEL L WS a7 MoESEAIR S
7= Nd/Na FHE 2 4@ it 2 2 81 LU anti BEREG R BER R A = Fa 70 K=K
A Uiz 12, ARERBEIX I A ERE SN2 T X RBIEL 1 1a 8 & NdOus(OPr)isst 35 &
" NaHMDS, = hrx% > 3a ol i, B OMkMEIC J 0 R — R A2 TR 2
Bz 2 U, MRIRWERE ISR L CEIRNOESAAERIR e = F a7V R— /L5 % Al RE
9% (Scheme 8),

amide-based ligand 1a 1. mix

HO. i ¢[§1‘ H NdO4/5(O'Pr)y3s5 2. centrifuge supernatant
TN BT | nerwios 2o M
F F

EINO, (3a) precipitate

ligand 1a

heterogeneous
Nd/Na heterobimetallic catalyst OH i 0
yield 75-99%
ﬁ rR2 (1-6 mol%) RJ\/ R2  8.31->20/1 (anti/syn)
+ : 82%—98% ee (anti)
R" "H NO —40°C
2 NO>

2 3 anti-4

Scheme 8. Asymmetric nitroaldol reaction promoted by Nd/Na heterobimetallic catalyst

— A= e TV =V RSRICBW CH &R LY AW-54. BBRREIIEEZ N L
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TeBRARIERIREZ I 155720 syn (KO AERKESET 5 (Scheme 9), —J7., 2 FEEER
fitfi 2 723556, 2 FFEO &R D3 % 4 Lewis [&/Bronsted X & L Cfix, 775k RO
EHEb/ SR = e xr— 2Kk L, 7T 77 —REBREZRD Z LI2L->T
anti IROAERRPENT 2 Z LI K D SARRFREDR I T 5 L EX BN TN D,

M M OH
monometallic O/ \ g O ,
| O ! 2 R
~_N H _/N R > R1
o+ < o NO
R1 H RV H 2
/ R2 H syn-4
0] R2 L _
+ —
R1JJ\H Nr ) B B
2 3 M M
o’ o OH
R H R H
heterobimetallic O/’J\rl\o_ O/'E\O_ NO
[ | anti-4
M2 M2

Scheme 9. Diastereoselectivity in nitroaldol reactions

AR THEL S 4 5 A — R AR T AL T STASIRYE 2 s 37— 05 . AREEER iRy oD i 2
WEOPFAET D ERBRMENME T35 2 &6, HEMMIEIZE 0 AT 2 EERAY —%
& BRI DU IR AT OS5 L TS Z &R S 7z (Scheme 10)
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amide-based ligand 1a 1. mix

NdO15(OPr)y35 w. supeTatant
NaHMDS "
EtNO, (3a) precipitate

(a) precipitate

OH
0o precipitate yield 96%
)J\ + ( ph)\_/ >20/1 (anti/syn)
Ph™ H NO, THF, —40 °C, 20 h No,  94%ee (ant)
2a 3a 4a
(b) supernatant
0 supernatant ).t/ yield 21%
)J\ + ( Ph y 6.5/1 (anti/syn)
Ph™ H NO, THF, —40 °C, 20 h Ko,  62%ee (ani)
2a 3a 4a
(c) whole catalyst mixture supernatant
+ OH .
0 ini Id 99%
recipitate yie o
)J\ + ( preee Ph)\./ >20/1 (anti/syn)
Ph H NO2 THF, —40 OC, 20 h [i]o2 84% ee (antl)
2a 3a 4a

Scheme 10. Nitroaldol reaction with separated precipitate or supernatant

Z AU E TIZ Nd/Na $F 2 B4 @At 2 N 72 anti @ROARF = b o 70 R— VOt 215 A
T 5 Z LT XY Zanamivir' X° Anacerapib'7a, AZD542317¢ &\ o 7o EIKAL & D U XSS
B DRI F B RLDER S LTS (Figure 2),

CF; 7//[\

O
Ox_OH ¢ N,
FC @ ‘ @QN
N 0

NH,
HO ., OMe  MeO
: " NH :
éHHN\W/ CF3 HerCFS
O F o}
Zanamivir Anacetrapib AZD5423

Figure 2. Structure of Zanamivir, Anacetrapib and AZD5423

K RIEOWALIE, 2 < OFFEE HIZ L 0SR-S < anti IR A FK =
M7V R= VOGRS Shu, S RpFZERS & L CORDIRE 220 15,

HFETV =TI AN —~DBRALOEEY NG, < OMEEN 7 v —KIsDIERIC
BL AT S5 5 2, BRO@EY = b 1 7L F—/U USRI K 5 R 2R oEh
RIS Th D=0, iz EEME Lz 7 v — KSRGS B F & KR E Y o fiifE
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IRy BRI 2 AR 3 5, BRI 513 Nd/Na 52Hi 2 4 B AR B CALRk L LAY — Rt
IR T DR EIEN L, 2B —AR > F ) F2—7 (MWNT: multi-walled carbon
nanotube) bIZARE A [EE( S, AEOBFRMB X O T v — S~ DE ] &2 KB L T
W% 17 (Scheme11), MWNT EIZITHEAHEE Tlidde < A AEHEIC K-> CTEE/ S
NTWDLTEOAFRE~OEEIIHR/NRTHL EEZ IV, FLEERICE L THEATOK
NI N T O ETH D 19,

heterogeneous catalyst

self-assembly prototype |
j —! h imetallic !
NdO+,5(0'Pr)13/5 | Nd/Na ctztgrlslsatlmeta ic E
0 OH NaHMDS  REREREEEEELEEEEEEEEE 2
H EtNO, (3a) one-shot use
HO N
N
F 0 F with TTTTTTTTmTomomomomomoes J
) ) MWNT 1 MWNT-confined
amide-based ligand 1a ———— Nd/Na heterobimetallic !
catalyst

recyclable, flow reaction

Scheme 11. Overview of the previously developed Nd/Na heterobimetallic heterogeneous

catalysts for anti-selective nitroaldol reaction

35-PA—RRUXT)T e Re=hpxH D anti BIRRAF= a7V R—ILK
JEIZFWNT, MWNT [EE AR 308 L0 b m OS2 7~ L7z 172 (Table 1), M &
L5 MWNT O—FffiCTo % Baytube C 70P [LmW\NT A7 Mk A2 A L, #H RO =RocHSE
EoTNDHTZH, ZO X 57 MWNT (F1E F Tl o B CHRAL XN e B N CHEfT
L. MWNT JEfFE T & 0 bV R BTGB R S D, £ ORGSR, Al oo fa g
MR L, @ L0 bBEEREL 2D LB bND,
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Table 1. anti-Selective catalytic asymmetric nitroaldol reaction promoted by self-assembled

heterobimetallic catalysts A-B
OH

| CHO . .
Nd/Na heterobimetallic |
N ( catalyst A-B li\lO
NO, THF, —60 °C, 20 h 2

(10 eq.)

Entry Catalyst (mol%)  t[h] Yield [%] anti/syn ee [%] (anti)

1 A (3) 1 98 98/2 99
2 A (1) 20 24 98/2 98
3 B (1) 20 99 98/2 99

A: Self-assembled catalyst without MWNT
B: Self-assembled catalyst confined in MWNT

FIZRHE L2y . 2L OEMEYEICRD b FEWR BT I /) T va—La
= NEWET OIS TIETEETH Y . Nd/Na B 2 e BT anti SRR FK = F
07 v K=V S OB Tl & U CHEET 208, AR CTHEH S5 NdOws(OPr)iss
FIEFICEMTH Y Hid A — D — D RENIDOZEAEFEDT- D ANTFHENZ LL 18, F7-22
R DOIKGFEARZE IR T ORNIEMET AFFR T COWM Y R METH Y | FEHMEICHE
WFE STV e, FAUSARMBEO ERMS L OFEEZED L2 L2 HE L, LV ZHTA
FRG . MOZRH TEAR O RTEEZR Nd JEAFIH RTEE 728 7= 7o Al R B E DO B 24T - 72,
EDICARfRE A 7 v — RIS ~EAT 5 2 &1 X o TERBEMHIEA Y T REO BRI A AL
NAHETHDHZ LN LD T, Z IR T 5,

1-2. Nd ¥i$ &£ O Na OB

— AT < O Nd HITAEBAEIC AR TH D20, ARG RISV D DR &
L s, BISEIT NdOus(OPr)ias | ZAMRES I~ D USSR EE 3 FEE 12 m < | Wil & AR
DB S NdOws(OPr)ias DEL & LTIk NdHMDS)20 23281 B 7z, FEEE, #/ETFIE
A lZBWVWT NAHMDS)s 72 bl U7z il X, X X7 V7t K2ab=hrxX 3a D
= ;a7 = RUNZEBV T, NdOwus(OPr)izs 7> b Fi L U 7= fil i & [/ % DI FS KON
RiERPEZ R L7 (Table2, entry 1,2), &V Zeffi 72 656 Nd #2 & LT Nd(OH)s & fgat L
TeD3, A5 BT OTEMEIZIEF IR FOGDO#ATIXIZ & A EH B -T2 (entry 3).
Fl B B OO SOSVRIRIIAEAR A T U — R TH VW . Nd(OH)s DIFEMEDIK S NRETH 5 &
HELR S ATz, fe N CTHIPE Nd MoK Ak | IS4 R & LM 2 NaHMDS %
Nd HIZx LC5 M58 (3 Y& +2 2 8) ([T E L 7= B ETIEB I CTRFH 21T - 72, Nd(NOs)s
6H20, Nd(OAc)s- H20, NdFs & W 235 SIS 3 E & A EHEITET, SRS IRME S Z L
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fEg & 72 o7z (entry4-6), —J7, NdCls & V72354515 NAOus(O™Pr)isys fili FH R & [FIFREE 0D
WRE L ONARRIRME AR L7228 (entry 7). £ O/KFIHE NdCls-6H20 % flW 255613 X
JEIREE A EHELT LR 272 (entry 8) . NdCIs 1 3JH{ELT % NdBrs (T E L THEIZ S IR

BEONARERMEZ R LT (entry 7 vs. entry 9) .
Table 2. Screening of Nd salts

I\ For entries 1-3

Nd salt ligand1a NaHMDS 30 mm

3 mol% 3 mol% 6 mol% rt

in THF ° ° 300 mol%

[E] For entries 4-9

EtNO, centrifuge
3a

o} ¢4 OH
ROARRS!
o O F

1a

precipitate + supernatant

Nd salt NaHMDS ligand 1a NaHMDS asgg;;;-b,y
3mol% 9mol% 3 mol% 6 mol%
in THF " 60°C T 30mM
12 h rt OH
@] . K precipitate Ph/'\/
Ph)J\H NO, THF, —40 °C, 20 h riloz
2a® 3a?@ 4a
b c d
Entry Nd salt €/gNd preparation Yield [%] anti/syn ee [%]
1% NdO45(0Pr)135 239 A 99 >20/1 92
2 Nd(HMDS); 240 A >99 >20/1 94
3 Nd(OH); 17 A <5 1.7/1 nd’
4  Nd(NO3)*6H,0 3.3 B <5 2.7/ ndf
5 Nd(OAc)z*H,0 1.8 B <5 1.7/1 nd’
6 NdFs 0.9 B <5 1.2/1 ndf
7 NdCls 11 B 99 >20/1 93,
8 NdCl3+6H,0 1.6 B <5 1.9/1 nd
9 NdBr; 40 B 42 6.8/1 33

a2a: 0.4 mmol, 3a: 4.0 mmol

® Determined by 'H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by "H NMR analysis of the crude mixture.
d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.
€ Data from ref. 3. Nd salt in THF was mixed into ligand 1a/THF.

fnd: not determined

RO ORESL, NACL 2AMEN 2SR 2R LS, K0 2, AFRSI->ZEKAF Tl
W aTRE 7R KRN HE NdCls+ 6H0 & W 5 _ < ET &2 1T - 7, Bk NdClL 231 5,
entry 7 T/ L 72 il iR 15 135 3 % 5 NaHMDS % 53E| L CHRING 2 HiETH > 72208,
L0 FHEIC—FE L CRINT 5 5L CHATEOMBIERIT R Ch o7, T72bH NdCh B
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L OB 7 1a O THF #HRIC, Nd #I2xF LT 6 45 NaHMDS % ZiRIZ TMA THEH S
LD b b (AL 7 T 2 7R L7 (Table 3, entry 1), HJkix NaHMDS £ 0 % %2 fffi 7z
NaOBu Z W T H RIFDORER AL 52 72 (entry 2), ARAMEFHENE W TIE, Kk
NdCls-6H0 # W T B2kl E2 525 2 L & A L7 (entry 3), NdCls-6H20 fifi
R EERIE D IRNMNEFF ST 2 OB I IFE CH V| Nd Hd6 KON 77(E FIo CTHis
fe< = bmxZ e 3axllzsdl & TMEIEMAIMESND (Table 3, entry 3), —77, EfiL
TIE FICTHRAEZ N Z 5 & Nd HEIEECOISRIE M R BRI & 72 5 7= O AT O fil i
S ARE L 725 (Table 2, entry 8), L7 L7223 5, NdACls-6H20 % N2 RS EGAE TN &
FHEDITESENRE L, MEFRIELZSET LB ENH -T2, BALF 1a TINE O SOG
WREBERT D & RISBIED R & EHEEE R TH LI L, RISHRENTF L
<7 e I NACl 6H0 & B D RNEM OFRAF D RS S vz, IftEm -2 B e,
NdCls+6H20 i 2 FRICK L, B 1 1a 38 L OMEEEZ IR OIRE 4 60 CIZH T 2
L CHBMENHRTEDLZLERM L, S50, METHRRORKIRE Z EA S 85
ZET B0mM 25 40mM) KD H CRMED T T A Z LR LTe, Bk
DY RFFNET L > TH O LI EE B BN 2RO Z 5 272 (entry 4),
NaOBu DY &AM L7652 OGRS 2 52 5 —4 . NaO'Bu O &4 5 U
PG AIINRO KIGME T3 b7 (entry 5,6), ks L CidfhoF hY 7 AT L=
X RERWSGAETYH RFRERE 5 272 (entry 7-9), F7-. Nd/Na FFf 2 %48 fil
B H EARk L2 MWNT 774E TICTIT 9 2 &Ik il S 5 MWNT HEF Rl it 4 24
= TV R RISICHWT S BAF2R#E R 2 5 272 (entry 10),

Table 3. Screening of Na salts

300 mol%
EtNO, (3a)
ligand 1a Nasalt Y [TM] centrifuge
Nd salt 3 mol% xmol% z[°C
T «-» precipitate + supernatant
in THF <olf-
assembly
OH
(e} —
e + ( preuplt;clte o /'\/
Ph™ "H NO, THF, —-40°C, 20 h NO,
2a° 3a? 4a
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Na salt Preparation b c d
Entry Nd salt €/gNd €gNa —— Yield [%] anti/syn ee [%]
X y z

1 NdCl; 1 NaHMDS 18 35 30 rt 93 >20/1 93

2 NdCl5 11 NaO'Bu 18 0.6 30 rt 90 >20/1 92

3 NdCl3+6H,0 1.6 NaO'Bu 18 0.6 30 rt 98 >20/1 93

4 NdCl3*6H,0 1.6 NaO'Bu 18 0.6 40 60 98 >20/1 93

5 NdCl3+6H,0 1.6 NaO'Bu 21 0.6 40 60 >99 >20/1 94

6 NdCl;*6H,0 1.6 NaO'Bu 12 0.6 40 60 40 >20/1 95

7 NdCl3+6H,0 1.6 NaOMe 18 0.2 40 60 93 >20/1 94

8 NdClz+6H,0 1.6 NaOEt 18 0.3 40 60 >99 >20/1 93

9, NdClz+6H,0 1.6 NaO'Am 18 27 40 60 98 >20/1 94
10 NdClz*6H,0 1.6 NaO'Bu 18 0.6 40 60 97 >20/1 93

22a: 0.4 mmol, 3a: 4.0 mmol

b Determined by 'H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by "H NMR analysis of the crude mixture.

d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

€18 mg of MWNT was added before adding EtNO, (3a).

1-3. il 8E o Kb

POGEREEE THF (Z[EE L, Al Oyl 2 A FkEt L 72 (Table 4), fE2ki@ Y THF
VSIS TR U 72 B BN T RS 2 5 2 5 — 7. M R d = — 7 )L RIEE IS
T L2l a D258 13" A7 VT e R2a b=trxZ 2 3a LDO= b7 LR
—VEOSITHEAT Lo 72 (entry 1-6), —J7. ML & 50T CPME & THF OIRAH
BEHZ TR U 7 i 3 & RIS O SOGHEE B L2 2 L h | T2 O il AR s 12 1%
THF 235 L TW5 Z LR S/ (entry 7, 8).

Table 4. Solvent screening for preparation of Nd/Na heterobimetallic catalyst

ligand 1a 3mol%  EtNO,(3a)/solvent
NdCl3*6H,0 3 mol%
NaO'Bu 18 mol%

o OH
(o) precipitate
PR + -~ Ph7
Ph H NO, —40°C, 20 h NO,
2a° 3a° THF 4a
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b d
Entry  Solvent Yield [%] anti/synC ee [%]

1 THF 97 >20/1 93
2 toluene nd nd nd
3 DME nd nd nd
4 1,4-dioxane nd nd nd
5 CPME nd nd nd
6 MTBE nd nd nd
7 toluene/THF=1/1 98 >20/1 95
8 CPME/THF=1/1 99 >20/1 93

a2a: 0.4 mmol, 3a: 4.0 mmol

b Determined by 'H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by "H NMR analysis of the crude mixture.

d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

e\ TR B O L2 2 FERR T 5 72 O ISR SRR I 38 1 B BB AR R ORI T 1a
DORRRFH 72 A L 2 WE L7z (Figure 3), NdOws(OPr)ias & N 2 56K D J7 15 Tldal <
PACHTH 20 9 B OB BT U, BE3B AR P ORI 1L 2 IEHEFE TRz L
72o —77. NdCl+6H0 ¥ L O NaOBu % V5 LTl B CMAkbiZntskik & e L Che
R F#ZR L, BB OB FIREE D IS ET D F TICEIRIC T 8 IR L3
ThHIEBHLNE ol fBEFARE &R O ZE N FTE & § 2 Al A AR EE
EICHBER 52 TWDH I ENEZT,

ligand 1a conc. in supernatant
1.60%

1.40%

1.20% +
NdCl,* 6H,0

1.00% |
0.80% r

0.60% F )
NdOhfs[O’Pr]mS

ligand 1a wt%

0.40%

0.20% +

Om% L L L L Il L 1 ]
0.5 1 2 3 4 5 6 7 8

time (h)

Figure 3. Comparison of self-assembly behavior between original protocol and new

protocol for Nd/Na heterobimetallic catalyst preparation
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FE W CREEDOIRMIEZ #FE L7 (Table 5), Nd ¥i& LT NdOws(OPr)iss & 721X NdCls %
MWT25E . IINIE A &2V B W OEE T H BAFRIERE L ONLRSEIRM 2R L7z
(entry 1-4), —F4 . NdCls-6H20 Z# W 2856, IRINIE A TIENTZRER A2 52 2 DI
L (entry 5), #IINEB DS EIIUGHHEIT Lah > 72 (entry 6), FEAIIZOWTIIMDL
PATIXA2VWA, Nd DK TH D Z EBFKTH D EHLEZ I, TROLFIEBIC
BWTEANLFFEFAE TIZ T NdCl-6H0 & NaOBu 23R A X4 Nd(OH)s 25 O ARG 72 vk
BEDSHECMTAE T DT, BOBNLFHINC X 2R RES - EZ 6D, T
B o OFENL -5 BV ISUS D RIS £ 0 B e 723 B, fliEod B CRARA bl R 3 F 2
ThdZ AT (entry 1-5 vs. entry 6),

Table 5. Investigation of the addition order of reagents
Forentry 1, 3, 5

Nd salt ligand1a  Nasalt Y [mM]

3 mol% 3 mol% xmol% Z[°C]

in THF . . 300 mol%

I EtNO, centrifuge
/ 3a
E Forentry2, 4,6 < precipitate + supernatant
) self-

Nd salt Na sault ligand ;la assembly

3 mol% x mol% 3 mol%

in THF o .

y [mM]
z[°C] OH
o) . ( precipitate Ph /'\/
ph)J\H NO, THF, —40 °C, 20 h liloz
2a? 3a° 4a
Na salt Preparation b c d | e
) . gand 1ain
Entry Nd salt » y . Yield [%] anti/syn ee [%] precipitate [%]

1 NdOy5(OPr)35 NaHMDS 6 A 30 rt 95 >20/1 85 90
2 NdOy5(OPr)y35 NaHMDS 6 B 30 rt 94 >20/1 86 90
3 NdCl3 NaO'Bu 18 A 40 60 99 >20/1 88 93
4 NdCl3 NaO'Bu 18 B 40 60 99 >20/1 80 93
5 NdCl;+6H,0 NaO'Bu 18 A 40 60 98 >20/1 93 94
6 NdCl3+6H,0 NaOBu 18 B 40 60 <5 1.6/1 1.3 11

2 2a: 0.4 mmol, 3a: 4.0 mmol

b Determined by "H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by "H NMR analysis of the crude mixture.

d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

¢ Caluculated based on quantitative analysis of ligand 1a in supernatant.

—E ORI R FIER L O OfiEAIR OB Z 3 (Scheme 12), RIEIZH W T
NdCls+6H20 1 THF IZARE T 505, BN FAFAE T 60 CITMEAT 5 LITIFEE) — 7231k &
725, %WV T NaOBu #1225 &0z Ad L, 1R FENRIC THRERZERICHA L C
=hax=Z BNz 5 ERa AL (Nd/Na 25 2 4 B A A4 L, 12 K
BT LT DI & TRE R L UTRIATREE 722,

20



ligand 1a NaOBu EtNO, Self-

x mmol 6x mmol 100x mmol  assembly centrifuge
NdCl;-6H,0
x mmol .
in THF

60 °C 60 C (40 mM] rt, 12 h
05h heterogeneous

catalyst

Scheme 12. Schematic representation of new preparation protocol of the Nd/Na

heterogeneous catalyst. The solid white object is a magnetic stirring bar.

1-4. il o> FFAM

Bl (NdCls-6H20 + NaOBu) TfF 54172 Nd/Na L5 2 %488 Al & R

(NdO15(OPr)i35 + NaHMDS) Ot DR XRD (X #Rl=l141) fi#Hr 217> 7= (Figure 4),
ZORER, ARARE—713HET 5 2 LA D mAREHIIRSEOMMME A AL TnD Z N
SRR S HUTz, A CTHBHFRIE ) S5 5 - il 2 MWNT (ZFEE(L L7 MWNT $HEF fil
%A STEM GEBERLZRE T-BMEE) & EDS (= r/LF—20H# X #ok) IckvsaEL
7o EDSv¥ vy B ZIZE->TFE (B 1ladik), Cl, Nd iZ&m7 A2 ~tbod MWNT O
MEREEERPICHE SN TV DT Sz (Figure 5) ., Cl X 6E 3k ik

(NdO15(OPr)135 + NaHMDS) (ZIXAFAE L 72 W BT ARBEF S5 O NdCls-6H20 (IZH KT 5
TR TH DM, RIS LW ER L o7, Na OB —7 % Nd
DML ERDT2% Na © EDS 3 IE AR AIEEToH - 7243, EELS (BT /¥ —#HK5n
JEIE) 53HTIZ K > T Na O M2 sl U 7ol R g S A E T 2EEHE L7 4 & (Figure
6 (a)) DEHHNH Na 23 41, Nd/Na #2Ff 2 & RABEATER SN TND Z &2 <
w7 (Figure 6 (b)),
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Counts

Nd~ Ha
HNd.~Na

- Lot No, ANNIGA007 ; B &
WIS RAAE Lot No. ANNI5S4008: 7S+ Lm

20000 —|

I ‘ Red line: New (NdCl;-6H,0 + NaO'Bu)
| Blue line: Original (Nd;;5(O'Pr),35+ NaHMDS)

NaCl

Position [* 2Theta] (Copper (Cul

Figure 4. XRD analysis of Nd/Na heterobimetallic catalysts

(a)

(e)

200 nm
—f

Figure 5. STEM, EDS mapping of MWNT-confined Nd/Na heterobimetallic catalyst
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INTENS{I‘Y (arb. unit)
;, }; ,,

| | ]|

B W N =

f

N

880 980 1080 1180 1280
ENERGY LOSS [eV]

(b)
Figure 6. (a) STEM image and (b) EELS analysis of MWNT-confined Nd/Na heterobimetallic
catalyst; EELS analysis was conducted at arbitrary 4 points (as described 1-4 in (a)).

1-5. FEE kM & IR & o ol

FHFREN S/ LN M A W CHEA D7 VT R2b=brX v 3aln=tn
TV R VR E I L. ORERZ R O it 2 F 7356 L i L7 (Table6), A /v
MICEBEEEZHET 27 AT 8 B NIAUCE RS, B EERER L7 LT e F
WX LT RAF 2R R Z R LT (entry 2-5), /NTINC= P ka9 57 07 b RIFEKRIE
ERBRICM D B HFBRIEE L LR TETO dr BEL Wee DIKFRRD BN (entry6), v
FTAT AT e RIMENTNEER LONERERMEZ R L (entry 7). RENIEET V7 & RIZD;
FRET VTR REH LT dr BEW ee DR T T 2BMANHLNTZANTIVE BAF/2 KSR
A B L7z (entry 8-10), & FEA3HTHE F 72 © QN SUSPEAD> B i Al 1 3. 7] 25 O fib ShEAR i 4 AT
LTWD Z DR Rl s,

PLE, Zfli. AFES %K TR ATEEZ: NdCls6H20 3 X U NaOBu % v 7z
Nd/Na SL7H 2 124 @ it o 37 B Rk 2 B L7z,
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Table 6. Substrate generality of the nitroaldol reaction promoted by the Nd/Na
heterobimetallic catalyst via new protocol (NdCls + 6H20/NaO'Bu) or original protocol
(NdO15(OPr)135/NaHMDS)

<new protocol> <original protocol>
NdCl36H,0 3 mol% NdO15(OPr)135 3 mol%
ligand 1a 3mol% . ligand 1a 3 mol%
NaO'Bu 18 mol% NaHMDS 6 mol%
EtNO, (3a) 300 mol% EtNO, (3a) 300 mol%
OH
(0] . precipitate R /'\/
R1JLH NO, THF, —40 °C, 20 h NO,
2° 3a® anti-4
Aldehyde 2 Yield [%]° anti/syn © ee [%]¢
Entry y 4 s e e
R'= new original new originalc new original
1 Ph 2a 4a 9% 99 >20/1 >201 93 92
2 2,4-MeCgH, 2b 4b 95 99 >20/1 >20/1 99 98
3 4-BnOCgH, 2c 4c 87 89 >20/1  >201 99 97
4 4-NCCgH, 2d 4d 91 88 191 1511 97 94
5 4-MeO,CeH, 2e 4e 92 99 >2011  >201 96 96
6 4-NO,CgHy 2f af 92 99 6.51 571 88 86
7 (E)-PhCH=CH 2g 4g 95 96 >20/1  >201 98 97
89N cHex 2h 4h 90 92 6.8/1 831 94 95
99  PhCH,CH, 2i 4 94 99 441 491 8 77
109 "CgHyy 2j 4 90 93 331 341 8 g

22:0.4 mmol, 3a: 4.0 mmol

b |solated yield of diastereomixture.

¢ Determined by 'H NMR analysis of the crude mixture.

9 Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.
¢ Data are cited from ref. 12b.

f Runfor 14 h

9 DME was used as solvent with 6 mol% of catalyst.

R Run for 22 h.
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%2 % Nd/Na 2Ff 2 e REAEEHER 7 o — IS ZEH L7z AZD7594 O RIED A
%

2-1. HE:

BHFEICE Y A kPO R TITAEERSLZ AN, MEEZERT LI FEL L TER 7 =
—BUOSHIRY AL, FHMliS VT E e, — . 77 A4 U I B RIEEE R IT I V\ T
IREAN Y FRIEHERTHY | 7o —EDOIENIRER TH D, LNLRBS, EHET
0 — SRR OFRZ B R T XL E L OMEEREOEMRICELEZRIT>oH Y, £
V=7 I AR =DEROFmED b7 0 —RISE BT LT L5 K EhoTND, BREEIC
BLE T D7 EOBLAD Anastas HIZL > TV =07 I AN —DHEARI2EZEZ T E L
TLTO 12 JFAIBRB S TWD 2,

1. Prevention
It is better to prevent waste than to treat or clean up waste after it has been created.

2. Atom Economy
Synthetic methods should be designed to maximize the incorporation of all materials used
in the process into the final product.

3. Less Hazardous Chemical Syntheses
Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Designing Safer Chemicals
Chemical products should be designed to affect their desired function while minimizing
their toxicity.

5. Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be made
unnecessary wherever possible and innocuous when used.

6. Design for Energy Efficiency
Energy requirements of chemical processes should be recognized for their environmental
and economic impacts and should be minimized. If possible, synthetic methods should be
conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks
A raw material or feedstock should be renewable rather than depleting whenever
technically and economically practicable.

8. Reduce Derivatives
Unnecessary derivatization (use of blocking groups, protection/deprotection, temporary
modification of physical/chemical processes) should be minimized or avoided if possible,

because such steps require additional reagents and can generate waste.
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9. Catalyst
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Design for Degradation
Chemical products should be designed so that at the end of their function they break down
into innocuous degradation products and do not persist in the environment.

11. Real-time analysis for Pollution Prevention
Analytical methodologies need to be further developed to allow for real-time, in-process
monitoring and control prior to the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should be chosen to

minimize the potential for chemical accidents, including releases, explosions, and fires.

# 1 BECRREN RIS OBRRIZ Y — o 7 I A N —&2FERT L FEO -2 TH
LH—F, 7a—Eb V=7 I AN =2 ERT LMY — LDV EDE LTIRR
HBITWD, o7 — I Ny TG & el U TERBR I O 72 b 3L A A OB S )
5HLLFTOEN TRt E % < fHx T\ 5,

7 0 — UG DRI
FEERLORAGNE, 70— KRR OB RN E\N T2 SOSKR I 23EHE S h 5
INERSOMEE DN 5 < 72 DM H D
mE. i, AR 2 AT RE

UT WG A Dopiikds & O RV
R =T T HNEG

B FEDIEREE ~D G Y 27 MR
JEIEEAT IR DL 2 7 PR
BRI F—

B ANR— A
MR~ A 7 v UG & OFRPED B
FFBMEA R

2 B S SIS 7033 s P RE

HBEk L3

O L7 —RISORBEIRHICREARELE L TLEXERNSOBLAE < EHM
DERIZIE S DR REANATE SN TN D 2,

INRBITT B =S Z 4 FREIC 0T 5 2 L 2B LT\ D # (Figure7), 3 7b bk
HIRE ABLOB 2liKT 52 & TRISHEITT 28 THY . AL T 54 C 13-
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Ak %

B ZfEF L7207 HTHE A
FHCHEFSN7Z Y 7R hFvRn e KU REHWEET
JED A B DU B OIRNIZBLT 5 A3,
/oD, FEMUGRICE > ULBRIBE N EIT LSS,
BIRS 2 2 & TRUGHEIT T 2R TH Y . BURIEITER T 2 2588 IR AR 2N R A
T 5, WEIVIIEA B L2 7 2B ABL OB @i L, 77 2N TG
ﬁﬁé%fﬁb\%ﬁ%W%ﬁé&W#ﬁgkﬁéﬂ BRI AR BEIR A L7220,

VI ARNY—DBEND YR IV 0N E L < AR D & st A 45 B

YR L 5D\ NE5

HiF % BRI RS DIE A 5 VNE B, E 7 I RMRA LIES,
BB 5 T L TH T AN TRISHSETT 2% (2 2E
M7 3 AL
W SHD T T T ADIHRA
THE A, B3 EUH

BOSH] B 3R %12

SRR E

ax =0 | WEGrInS -

) THY | R

TAHVERRNVSEIVALIVEE LW Wz 5,
type |
Substrate A - -
No catalyst + _— w Product C
Substrate B
type Il
Supported Substrate A ————— sl Product C
reagent
supported B
type Il Substrate A
+ Product C
Homogeneous g \cirateg ——> m - +
catalyst +
Catalyst
Catalyst
type IV
Substrate A
Supported N —— = g— Productc
catalyst
Substrate B supported
catalyst

7Y —

Figure 7. Types of flow system

V=2 IA RN —OFEROEE Y D6, TFE TIEFHIAY —RAEIC L2 71—k
(¥ IV) ~OBELREED 22H Y, W VIR B T XIS — il A FEAE L 7= T T LoD
AWz T v — SR A BYE L, ERLOZBEPEG A HE LT D M, 2otz < O
GEAE O DA — Rl ié7m—ﬁﬁ%$ibfw5#% ;ﬁrAﬁA%m§E &
0 OISR 22 SO IR R Blcdh v . 2 < Ofld TON IR MENIZ &

m%%uiofﬁ%éﬂkNWMM%@2&%@%%@Kﬂ*%%ﬁk“5%@%ﬁﬂ
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L. MWNT ~DAFEAIZ L D EEM, 7o —(b P~ 2z EH L T\ D, 7r—K
JRIZE ST 22 A FFIRUZXAT AT Fe=hnzZ b= ka7 /L R—/ V& Tlip
IR L ONAEIRM: 2R L, TON (X204 2R LT-, AT =T v 7 HERKS5THY .
10g L bD= kT R=/VREERD G ZEIR L TW\5 7 (Figure 8),

MS3A
MeO CHO 1om powder NaHCO3
Nd/Na heterobimetallic
catalystMWNT OH
0.1 Min THF (NdO1/(O'Pr)y35, NaHMDS) MeO
mixer CB—E - H
NO2
1.5 mLh celite

( I—OI - operation for 30 h at 3.0 mL/h

NO, @ oe . -rl;(?\,/\‘vorki?; procedure
1 Min THF

Figure 8. Continuous-flow platform by self-assembled asymmetric catalyst for the nitroaldol

reaction

B 1 BT LR RS D4 5D Nd/Na FFE 2 %48 Al 1 3 pE skik & R o
TR 2 R T 2 E 0D, 7 e —ISICBW T Z ORISR ERE A c& 5, £ 2T
O, ARMEER O FEERAAAMOFGEE BHiE L 7 v — KR A TEH Lo ERSERM{E A Y
AZD7594 OEFEUADERUIZEF LD THRET 5,

2-2. AZD7594 {225\ T

AZD75% 132, COPD (1EMEPAZEMEMIRE) ZEISES 325, T A T XA
(AstraZeneca) |2 &> CHKRBABFTOILEMTHD %6, 77 = iFEIK8 #HWE L L
T3 TRRZZRIEONDGT I /T ha— K11 Z R E L AZD7594 ~ & H < ARV
— F3RE STV D (Scheme13), SEFIATH LT X/ 73— UK 11 DERKICK L
T, RY—RMEEORR A AN LI 70— S ZIEM LT anti B@RAIAF = he 70 F—
WG EATEETHIUE L VW RIRMICT T u—F TE 5 EEX -, T bbT7 AT RS
t=hoxXr3aldanti BRAF= ba TV R— RN BE LD EAER 6 D= b
o R AR LSRR 11 ~E< 2 L A FE LT,
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mix-and- go solid-phase catalyst

o) /¢| OH +NdCly"6H,0
HO. N +NaOBu
my approach \©fl\u \©\ +EtNO,
O. CHO F 1 F o+ MWNT
reported scheme [ j@/ . ( 2 [ ]@J\/
o NO,

« Highly stereoselective

0 Br Mg, cat. I 0 MgBr 5 3a + Continuous-flow reaction
—— « Inexpensive metal salts for preparation .
O THF O reduction
7
Al(OPr)y
PrMaCl \ PrOHr 6 M HCl in PrOH
MeO. )V _ My [ , [ [
NH
" NHBoc  THF, 95% NHBOC  t5sene, 84% NHBoc ACOEt 85% tol

key intermediate

&
. UK%

AZD7594

Scheme 13. Application of highly stereoselective nitroaldol reaction in a continuous flow

platform to afford key intermediate of AZD7594

2-3. Ny FRISIC & D AiEfl

FOELAETESYE (NACl-6H20 + NaOBu) 72543 H 4172 Nd/Na FFE 2 %4 @il 2
W, ANy FIEICTHRE T2 anti IBIRIAE = F a7V R— VRS DR b SeF 2 15T L
7z (Table 7)., Entry 1-6 (IR T = —7 AREHEZ NG 1T 0T b BRIEFRIERE L O
SARTERIRPEZ R L, 2-Me-THF 23 b RAF 245 % 5 2 7= (entry 6),

Table 7. anti-Selective asymmetric nitroaldol reaction of aldehyde 5 promoted by
heterogeneous catalyst prepared from NdCls- 6H20/NaOBu

ligand 1a 3 mol% THF
NdCl3*6H,0 3 mol%
NaOBu 18 mol%
EtNO, (3a) 300 mol%

OH
Nd/Na heterobimetallic
o} CHO (e}
|
[ j©/ . K catalyst [ :©/k/
o NO2 5o o NO,
5° 3a® 6
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Entry Solvent Temp [°C]  Yield [%]b anti/synC ee [%]d
1 THF —40 83 >20/1 95
2 Et,0 —40 92 19/1 95
3 DME —40 80 >20/1 94
4 CPME —40 95 16/1 93
5 2-Me-THF -30 92 14/1 94
6 2-Me-THF -40 96 >20/1 96
7 toluene —40 56 8.6/1 87

@ 5: 0.4 mmol, 3a: 4.0 mmol

® Determined by "H NMR analysis of the crude mixture with DMF as an internal standard.

¢ Determined by "H NMR analysis of the crude mixture.

d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

[, BB B & AERIE Ot 2 I 7256 O ROSZE B 2 8L L7/ R, W 13[RO BUG

P& R L7 (Figure9),

Nd/Na heterobimetallic catalyst prepared OH

by original protocol or new protocol

0 CHO
(I &
o NO,

5 3a

2-Me-THF (0.25 M), —40 °C

NO,

100%
90% |
B80%

70% |

os | [
m-/
40%

30%

conv.

20%

10% F

0% .
0 5

10
time (h)

15

— NdCJ‘.-s(O'Pr)‘g.-sfNaHMDS
NdCl-6H,0 / NaO'Bu

20

Figure 9. Comparison of the reaction profile promoted by the Nd/Na heterobimetallic

catalys prepared by orginal protocol or new protocol

2-4. FENLA DR

AT BN - DOFSREMEAT N Z BAE 2 T2 B 1 DL ERM 2 Fiit L7~ (Table8), fililityEMED
M bEEHE LT S BRFRIEERNT 2 Fl A4 2883 U 72BN (Ib-i) ZAak L. & Ofhitae 2 51
fli L=y RAERREANL T DA LS Scheme 14, Scheme 15 (2779, —RE\EH R LB T
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1b X° 1c. LV AEEORZ W 1f 2 H WA IR L ONRSRIEOIR TR A 51
c—7 (entry1,2,5), XV SAREEEFEA /NS WEUZF 1d 1 EBAN7 T 1a & FIFLE OULERI LY
SRR Z R LT (entry 3), £7- MWNT & BRI EAEA I S s e L L7 %
GeBINL - 1g 1 HRERH) RAF 2R L ONLIRRIEZ /R L7z (entry 6), ‘BREHAL S N7z
T X BRI G LT A A WSS A IR NE E A T LR o 72 (entry 7, 8) .
— 07 BALAOFHEFR EOBEBREICONTIT, BEOHMNL 250t FuF ARl 0r
v FITBOSER LONLRRIREORBUCEE TH L E W) MARHF LN TV D, B
B EOMOENIZ Me FEEBANLEN T 2ET /MEEHME LTAKR L, TOBEBRILTFR
HERFI L (Qj-1m), ZOMRER, WINOBBR Y — 25T D0 1% V728546 T
HULERE L ONLIARRIRE DK T3 S 1 (entry 9-12) . H&EER b~ B HFLE A XN TH
HZENERT,

Table 8. anti-Selective asymmetric nitroaldol reaction of aldehyde 5 promoted by

heterogeneous catalyst prepared from NdCls- 6H20/NaO’Bu/modified ligand 1b—1m

: RO R, OH g RI=MeRERLR'=H g
ligand 1 3 mol% EHOﬁLNX(N i Tk R'=Me,R\ R,RI=H
igand 1a mol% THF : H | . R3= 1 R2 R4 =
NdCl3*6H,0 3 mol% PRt e 0o R . :Im l; r\’ae, ';1' F;z, I;a :
NaO'Bu 18 mol% H . H :R"=Me, R, R, R’ =
EtNO, (3a) 300 mol% b RE .

OH R' R2 R3 R4=H

5° 3a° 6

o CHO Nd/Na heterobimetallic o
catalyst - RS =
[ oo eyt [ Y P COsBn
o NO2  40°c,20h o NO, ‘H< / )7 K
1b 1c 1d 1e

1f 1g 1h

Entry Ligand Yield [%]b anti/synC ee [%]OI

1 1b 35 9.7/1 69
2 1c <5 2.7/1 20
3 1d 89 >20/1 94
4 1e 29 12/1 80
5 1f <5 3.8/1 11
6 1g 83 >20/1 90
7 1h <5 2.4/1 0
8 1i <5 5.1/1 32
9 1j <5 1.4/1 <5
10 1k <5 1.9/1 <5
11 11 6.1 3.5/1 31
12 1m 68 14/1 57

@5:0.4 mmol, 3a: 4.0 mmol

b Determined by 'H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by "H NMR analysis of the crude mixture.

4 Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.
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N,OH

I
1. DIPEA \/OWH\CN

OH o

HoN (OxymaPure) N
NN eang HO. COH
S - X -
P HCl OH 3. EDCI HCI . o H
HoN

( DMF/CH,Cl, (EDCI HCl) H OxymaPure, DIPEA HO. N N
H
BocHN™ ~CO,H o DMF/CH,Cl, . Is)
F

2. BiCly, HoO/CH;CN
0 L OH
Hp, PA(OH),/C Ho\(:ka N\©\
M PAPRRE N
THF/MeOH, rt Lo .
1d

Scheme 14. Synthetic route of ligand 1d

1. EDCI HCI =Z Meo oM Z
= OxymaPure, DIPEA H Me 3. EDCI HCI H
DMF/CH,Cl, HN N\©\ OxymaPure, DIPEA F MeO\dLN N\©\
2!
H
(o]
F F

BocHN” “CO,H 2. TFA, CHyCl, TFA DMF/CH,Cl,

CpyZrHCI PdCl,(PPhs),, Cul
then I NEt;
90 L "o
3

! ! BBr; C ‘ H,, Pd(OH),/C
-

oH CHoCl 0 Me THF

Scheme 15. Synthetic route of ligand 1g

2-5. 7 u—IG Ol & K ER
TN TNy FROGHRF TR b - e b b 2 I LT 7 v — RIS O f b 2 M- 7,

MWNT #:47 Fi2 T H CME S8 5 2 & ¢ MWNT (2 E{k L= Nd/Na B8 2 %48 fir
WEAYTA REEBICAT ULV AAT AT LT, 7T FUOHKIZIZI FH—F
AR EREZ B L LiGM b Lz MS3A LRI OBREZ B L L REEKFE S
NV D AERE LT VAT AEESNCEE Lz, iz AE LD T 2340 CITHAIL,
TNATE RBIO= brx=d v —ER B L 5572 SOSK O L OV dr, ee &
S3BF L7z (Table 9), HEBEEIZF03M £TEFDE dr DFELWVEFRALNZZH 02M
& L7z (entry 1vs.entry 3), BT Lt ACMEREE, A M L7 R, Az T
HIFE EEMROM LN A DN T2 RHEAIZHEIL 0.6 mL/h E3RE L7 (entry 8), F7z
MS3A & NaHCOs % & I HT LU b DIZE Y #2 2 TRINOBREE 2 kD 2 & A liE e
FBICHEETHDL VI HANE LN,
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Table 9. Optimization of flow system for anti-selective nitroaldol reaction with aldehyde 5

and nitroethane 3a

[ZD/CHO
5 (NdCl36H20, NaO'Bu) o
x M in 2-Me-THF mixer ( ) E E
NO,

y mL/h celite

. 0

3a
10x M in 2-Me-THF

y mL/h powder NaHCO3

Nd/Na heterobimetallic
catalyst MWNT OH

b b c
x: Concentration y: Flow rate Operation time Residence time Conv.[%] anti/syn

Entry  Column [mmf’ * 506y ] (each pump) [mUh] [h] [min] (avg)  (avg)  ©e[%l
1 24.6 x 100 0.2 1.500 19 33 73 >20/1 94
2 28.0 x 30 0.2 1.500 17 30 61 20/1 94
3 24.6 x 100 0.3 1.500 19 33 58 7.6/1 93
4 24.6 x 100 0.2 1.125 25 44 75 >20/1 94
5 24.6 x 100 0.2 0.750 35 66 83 >20/1 96
6 210 x 30 0.2 0.750 28 94 77 >20/1 95
7 24.6 x 100 0.2 0.720 15 69 88 >20/1 95
8 24.6 x 100 0.2 0.600 100 83 87 >20/1 96

2 Stainless column @ (diameter) x (length) [mm]
b Determined by 'H NMR analysis of the crude mixture.
C Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

WIZ EFOMRET L 0 R S e i S 2 IR R 0 7 v — s % 3406 L 7= (Scheme 16) ,

fl A BRI f ] L 72 Nd #2 (24 pmol) @ 93.5% (22.4 umol) AR Afilll 2 Rk L,

I MBS TH I LK LT, TATE FRIETOMEOKSBRELZBE L

7o MS3A FHE 1 7 Lk K OMEREYER > DFREZ HAY & L7 NaHCOs eI T L& T VT
b R 5O EICEE L. 7 /V7 & K 5/2-Me-THF {3} X O'= b v = % > 3a/2-Me-THF
Wi % 0.6 mL/h OYEEIZ T-40 °C\THEN L 7= il 7 Z Ak U CRTE O S & Fhi L7z,
ZOREFR., R ORI & & HITHAEROFESLH R B A BT 6 OO dr 38 L O ee 15 400
REFILL B iz s L7z (Figure 10) . FfRIIC 398 BER 43 O BUREIR OIS A BB L, v
UBTNITEIa~ T T77 4 —IZXoTHERMT 22 L T= a7 F—L R 6 2

8.89 g (anti/syn = >20/1, 95% ee) 3L 4L, Z OfitfiElEEL (TON) (X 1661 IZF T L7,

Tu—KEEEHAT 52 E TRy FRIETIE 372 cm® (0.1 M OEA) MEE L 78 2 OGSEE
245D 1D 1.66 cm3IH T YA T TEIZ LD, NI EIRA 7 —Vin

B B0 THRIR SRR O 8 7 BN L R EE L 72 D A%, SO HEE O KiiE a8 A~ — 21kl

RV R 2R BRI N Bk S D RS B R E LTS FICCTERRTRE & 72 5,

33



° o ligand 1a 24 pmol o H OH
NACly#6H,0 24 pmol HO@\)LN N@
o NaO'Bu 144 umol FH o) E
5

MWNT 36 mg .
MS3A ligand 1a
02Min2-Me-THF  powder NaHCO3
T centrifuge
Lt 1 Lt ]
OH
—40°C o yield 81% (8.89 g)
( ; v dr>20/1 (anti/syn)
NO2 mixer C%E »~ fo 95% ee (ant)
3a @ 4.6x 100 mm o) 2 TON 1661
2.0 M in 2-Me-THF MWNT-loonﬁnled 6
Nd/Na heterobimetallic catalyst
pump with celite

224 pmol (based on Nd)

Scheme 16. anti-Selective catalytic asymmetric nitroaldol reaction in flow

100
2000
80
——COnV.
1500 =m=r
——ca
60 ==TON
z
& 9
1000
40
. 500
20
‘M : substrates reloaded and
MS3A, NaHCOz exchanged
0 0
0 100 200 300 400 500

time (h)

Figure 10. Reaction profile (conv., dr, ee, TON)

v LA E eI 1g 13 MWNT & OB AER AR S 5728, MWNT (2%}
ToWAERZWE LT, 2-Me-THF I TERAM+ 1la H5\ 1g & MWNT O—fETH D
Baytube C 70P /7T, —40 CIZT 2 h fii#k L 72 D MWNT ~DENL W& H 1L 1a DY
AL 0%IZxF L, 1g DHFA 8% E DT NN b EWEERE R LTz, HWVT Ny FEIZEN
TRIFREREZ R LR T 1d BE O 1g 27 v —IGICHEH L7223, WTivb A1 1a
Z W56 L0 ROV ER bR IS L ONLIR®RIRM: 2 5- % 72 (Table 10, Figure 11, Figure 12),
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Table 10. Nitroaldol reaction between aldehyde 5 and nitroethane 3a with ligand 1d or ligand

1g in flow
ligand1dor 1g 3 mol% THF
NdCl3+6H,0 3 mol%
NaO'Bu 18 mol%
EtNO, (3a) 300 mol%
OH
Nd/Na heterobimetallic
O™ pem OO %
o NO2  _40°C, 2-Me-THF o NO2
5° 3a° in flow 6
. . b
Entry Ligand Conv. [%] @ anti/syn @ ee [%]
1 1d 68-75 >20/1 84-94
2 19 29-34 11/1-18/1 83-88
@ Determined by "H NMR analysis of the crude mixture.
b Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.
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90 400
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Figure 11. Reaction profile in flow (ligand 1d)
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Figure 12. Reaction profile in flow (ligand 1g)

B2 1a, 1d, 1g O/ F UK I D SOSZEE) 2 Folse U 72t 2R, B2 1a & H# L T 1d,
1g (TWTILBIGENRE D720, 7 —IGIZB W THZ LWERE 5 2 - LR S hiz

(Figure 13), KV IRIREIC T7 v —RISEFEMT 5 2 & ClRAbLRO M QIR TE 223,
Ry THEREC A PEME DS S 2L EOFEK FIXRETH 5 L &2 b,

ligand 1aor1dor 1g 3 mol% THF
NdCl3*6H,0 3 mol%
NaO'Bu 18 mol%
Nd/Na heterobimetallic '
SOMNNE S e
o NO2  2.Me-THF (0.25M) o NO,
5 3a —40°C 6
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100%

90% I
80% [
70% |
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== ligand 1d

== ligand 1g
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Figure 13. Reaction profile (ligand 1a vs. ligand 1d vs. ligand 1g) in batch condition

2-6. [EEALARIBE O

BN T 1g i 7 v —RRICIERE CTH o2, EL e h—RoF ) Fa—T 2GR
FU— FOMAEM E WO FBEICER L, EICRAL T 2 B ERICE EL Lc b O & fli
JSMZRIT % 2 & il d Tz, MEHTIESL - TS RO & W EE A 28 E L 72fs &, High
Purity SWNT 788 & @ W3R 47~ L7z (Table 11, entry 4),

Table 11. Screening of solid support

Entr Solid support Immobilized rate (%)
1 SWNT (0.7-0.9 nm diameter) 17 -
2 SWNT (0.7-1.1 nm diameter) 34 -
3 SWNT (0.7-1.3 nm diameter) 37 -
4 High Purity SWNT (<2 nm diameter) 53 7
5 MWNT C 70P (Baytube C 70P) 1 -
6 MWNT C150P 19 -
7 MWNT (6—9 nm diameter x 5 mm length) <5 -
8 Glaphite (platelet nanofibers) <5 -
9 Graphene monoplate <5 -

Immobilization procedure: The mixture of solid support and THF was sonicated
for 1 h and stirred for 12 h at room temperature. The filtrate was dried to afford
immobilized ligand on solid support. Immobilized rate was calculated based on
quantitative analysis of ligand in the mother liquid.

12 High Purity SWNT (Z[E &1k L 72BLAL+- 1g 2 VT Nd/Na S5 2 168 fi i o 3 5
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RS, XRUXT AT E R2ab=btaxX 3a L0 anti BIRIAZF =7 /L R—LX
JRIZHEH Uz, ZORER, ROSIRIFE S . BFOSEFEERD dr B8 L Wee b FFEEICH E 72
(Table 12, entry 1), /NI & O TIL, 4 O FEEMAF(E NI T Nd/Na 57 2 4 8 At
AL, BB A HWT 35-03 — KRRXUXT VT Re=hroH o bD
anti BIRAJARF T /L B =)V OS2 et L2 R, MWNT O —Ff T& % Baytube C 70P 73
TR L ONIREBR M &~ 37—, SWNT Z#h® & L7 O FEEFITE LWIERS &
ONLRBRIMEDIK T3 A HiTe 72, Liehi o T, ARGTO L 5 ICFRNCEEMIC TS S
72BN % VTRl EE L 72 Nd/Na 28 2 & @ BT X 2 anti BIREORFE T L R —/I/}yim
BT [AIRRIZ [ FH O R X > TIERE L ONIARTIRME DR T8 A D7 & %2
iz,

Table 12. anti-Selective nitroaldore reaction with Nd/Na bimetallic catalyst immobilized on

carbon nanotube

ligand 1g immobilized on solid support 3 mol% THF
NdO+1/5(O'Pr)qa5 3 mol%
NaHMDS 6 mol%
EtNO, (3a) 300 mol%
catalyst immobilized OH
on MWNT
)OL e - P
Ph~ “H NO2  _40°C, 20h, THF NO,
2a° 3a’° 4a
. . Ligand loading b o C d
Entry  Ligand Solid support o Yield [%] anti/syn  ee [%]
rate [%]
1 19 High Purity SWNT 10 27 7.21 61
2 19 - - 94 >20/1 79
3 1a - - 99 >20/1 93

22a: 0.4 mmol, 3a: 4.0 mmol

b Determined by 'H NMR analysis of the crude mixture with DMF as an internal standard.
¢ Determined by 'H NMR analysis of the crude mixture.

d Ee of anti diastereomer. Determined by chiral stationary phase HPLC analysis.

2-7. #EFEEOE K
T —RISICTELN= ha T a—E 6 BT 2 T a3 — L~ KBRS
MBI 2N E R DA T a— KR ERSy & L TAERT 228, BERAZ RN % 2
WKV BEET LT I T a— U EREIRIER L LTIRESAELOND Z 2 AL
7z (Table 13, entry 3).
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Table 13. Reduction of nitro group on nitroalcohol 6

OH OH
[O:O/'\/ reduction O:©/'\/
Iil > [ lilH * acid
o o)) o 2
6

1« XH
Entry Condition Additive Time Result
1 Pd(OH)./C (5mol%) - 15h Benzyl alcohol major
2 Pd(OH)./C (5mol%) HCI (1 eq.) 10 h 29% (SM was remained)
3 Pd(OH),/C (5mol%) AcOH (1 eq.) 10h >95%

FRKIGEHFICEVEOND T X ) T a— VERRERITRPIC CEREZEH ST 2 L
THWET D7 2 7 7 va— UEREER 11 ZIUER &7 (Scheme17), 7 /7L a—
JVHETEHEIR 11 % Boc A 10 ~ & 284 L, Biffdh XRD fi#dTIC & 0 15 B 7L ST LT it
SARRE A AT D Z & 2Rl L7z (Figure 14), F£72 Boc 1K 10 & ee ZHfER T2 Z &IT &
V. = b ERITOBRICEFMENMET L T RWNWZ L 2R L, TEFEEICKSEHE
U 72 P AR 11 O REABY B 4 Lol U 75, 1ERIEITA 42 TP kg I2xkt L, A E]
Wt U72 HIEI349 29 T /kg & 720 @i TON SRR L7z 2 A N T OB R S 7z 2,

LB Nd/Na 55 2 4R A2 e 7 v —BOSIT @O 2SR S KO TON 208
L. ARSZENT 5 2 & TEEMEMLEDRTEIRZ DRI AHRTEDL L 2R
7

H,, Pd(OH),/C
OH chcr:H, MeOH . OH on
Ojij/'v 2 M HCI/MeOH [ :©/'\/ Boc,0, NEtg Ojij/'\/
X NH i [ N
[o NO, 93% 0 2 HCI glcg;(ane/Hzo o NHBoc
0
6 1 10
95% ee 98% o

Scheme 17. Reduction of nitroaldol product to key intermediate 11

39



Figure 14. Absolute configuration of Boc 10 by X-ray analysis
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i i

1 I, AFESHO%ERHP THRY BV ATEEZ: NdCls6H20 I K OVl TR
PEDEV NaOBu % FIVN % Nd/Na FLFE 2 #2468 il oo Bl g Sk 4 B s Uz, AL oo fidgtt
FENETHW B SD NdOys(OPr)iss (X Eflin > KEAFHETH Y, RGN AFHAKT
TOBRYFNE LI L UIzpS, Hiz 12 B%E U7 AR SR 3 flis - APk - REMED T RT
OFEZ MR L, Nd ¥ - Na FHOFHE = 2 M3 1/120 (2 Sz, £SO
£ O AR O e & FIAE OIS 2 A LTV D 2 E AR S 1L, IBIRWEEICE
F % anti IRIAF = ba 7V R— U SIZEBWT Y, JFAELOfEE 2 72356 & R E
DENTZILR LONAGEIREDS IS D 2 & 2B L7z, A WIBA%E L - Al sds i
FPER L OFIMENME 2 RIS X, FRICKBBRRISEAr— L TIEZEDORA ) v N &E
ZTELZEMbEMETOEMRHf SN D,

552 B CILE 1 OB Lo AlBEFARE X 0 5 517 Nd/Na B4 2 #%4 8 il o fil i se
AR L. 7 v — G ETE A Lo ER i LG AZD7594 D8RR D G RcE: B2 LTz,
7o — b, BRI — R A A 7 o — RS IERE AR L S FEER S I H 2D
DN, RFB-IRFAEE PO X DR ARFROSENIARTEZ LS, %<& TON OZ L E»
ML LTETONS, BRI ENOFHR SN Nd/Na R 2 48 filut 2
MWNT (2 El L, 70— SR REE LR, T O anti #IRAEF=Fa 7L K
— VS AR — Rl 7 v — RS RIZF V)T TON 28 1600 % HE 2 2 FEOD @ 2h=: 7 it
JISEEB LT, = b7 b R= A AHEEIIESICT I )TV a— b ~OERTHZ LT
AZD7594 S~ LB ZERAHEETH Y | SRR O I X OWREREE NS K
7 v — UGSk O REA M & 35GE LT, APEMEICSGE DRI & 503, A% — Rt
FrHES B LA OO m E% 2 U CAEEROWEEZ XD Z &N TEAUXFEHMER
BMED, AN Y =07 IA RN —DHEROEEY 2B RIS B —BOREN TR
DAY — Rl 7 v — RS OB D —B) & 2 iUTENWTh 5,
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FERIH

1. General

Unless otherwise noted, all reactions were carried out in an oven-dried glassware fitted with
a 3-way glass stopcock under an argon atmosphere with magnetically stirred chips. All
work-up and purification procedures were carried out with reagent-grade solvents under
ambient atmosphere. Thin layer chromatography (TLC) was performed on Merck TLC plates
(0.25 mm) pre-coated with silica gel 60 F254 and visualized by UV quenching and staining
with bromocresol green for carboxylic acids, ninhydrin for amines, and KMnOs,
anisaldehyde or ceric ammonium molybdate solution for other compounds. Flash column
chromatography was performed on a Teledyne CombiFlash Rf 200 or a Biotage Isolera
Spektra One.

2. Instrumentation
Infrared (IR) spectra were recorded on a HORIBA FT210 Fourier transform infrared
spectrophotometer. NMR spectra were recorded on a JEOL ECS-400, a Bruker AVANCE III
HD400 or a Bruker AVANCE III 500. Chemical shifts (8) are given in ppm relative to residual
solvent peaks. Data for 'H NMR are reported as follows: chemical shift (multiplicity,
coupling constants where applicable, number of hydrogens). Abbreviations are as follows: s
(singlet), d (doublet), t (triplet), dd (doublet of doublet), dt (doublet of triplet), ddd (doublet
of doublet of doublet), q (quartet), m (multiplet), br (broad). For F NMR, chemical shifts
were reported in the scale relative to PhCFs (8 —62.7680 ppm in CDCls) as an external
reference. High performance liquid chromatography (HPLC) analysis was performed on
Jasco analytical instruments with dual pumps, mixer and degasser, a variable wavelength
UV detector, and an auto-sampler. The eluent was monitored simultaneously at 210 nm, 254
nm, 280 nm and 301 nm. Optical rotation was measured using a 1 mL cell with a 1.0 dm path
length on a JASCO polarimeter P-1030. High-resolution mass spectra were measured on a

Thermo Fisher Scientific LTQ Orbitrap XL.

3. Materials
Aldehydes were purchased from commercial suppliers (Sigma-Aldrich, TCI) and were used
after usual purification procedure. Nd salts were purchased from Sigma-Alrdich
(Nd(HMDS)s;, Nd(OH)s, Nd(OAc)s *+ H:O, Nd(NOs)s « 6H20, NdFs, NdBrs), Wako Pure
Chemical Co. Ltd. (NdCls, NdCls* 6H20). NdO1/5(O™Pr)13/5 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 the powder was handled in a dry box under Ar atmosphere.
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2-Me-THF was purchased from TCI Co. Ltd. THF, EtzO, DME, CPME and toluene were
passed through a solvent purification system (Glass Contour). Flash column
chromatography was performed using Biotage systems with Redisep column. Amide-based
ligand 1a was prepared by following the reported procedure. Nitroethane was purchased
from TCI Co. Ltd. and used after pretreatment [nitroethane was distilled and subsequently
suspended with dried MS3A pellets (ca. 4 g MS3A/20 mL nitroethane, pre-dried by
microwave oven and subsequent vacuum drying [0.9 kPa, 30 min], 4 cycles) and powdered
NaHCO:s at room temperature for 1 h. Filtration through a syringe filter (0.2 um) gave dried
and acid-free nitroethane]. Multi-walled carbon nanotubes (Baytubes® C 70P, C-purity 295
wt%) were purchased from Bayer MaterialScience. YMC stainless steel empty columns (¢ 10
x 30 mm) were used to prepare precolumns (NaHCOs, MS3A) and an empty column (¢ 4.6
x 100 mm) was used for a catalyst column with stainless steel frits (2 um). Substrates were
transferred by 100 mL gastight syringes with Harvard syringe pump PHP-ULTRA 4400.
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 nitroethane. These units were concatenated by stainless

steel tubing (inner diameter: 0.5 mm, outer diameter 1/16 inch) and stainless steel ferrules.

4. General Procedure (Chapter 1)

4-1. Screening of Nd salts (Table 2, entry 2, 3).

To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with Nd salts (0.012 mmol, 7.5 mg for Nd(HMDS)3;; 2.3 mg for
Nd(OH)3) and the salts were dried under vacuum at room temperature. Ar was backfilled
(evacuation/backfill was repeated for several times) to the test tube, and THF (200 pL) and
ligand 1a (200 uL, 0.6 M/THF, 0.012 mmol) were added successively by well-dried syringes
and needles at room temperature. After stirring the resulting solution at the same
temperature for 10 min (Nd(HMDS)3: solution, Nd(OH)s3: white suspension), NaHMDS (24
uL, 0.024 mmol, 1.0 M/THF) was added dropwise at room temperature. After stirring the
resulting mixture for 1 h (Nd(HMDS)3: white suspension, Nd(OH)3: white suspension),
nitroethane (3a) (86 puL, 1.2 mmol) was added (Nd(HMDS)s: cloudy solution, Nd(OH)s: white
suspension). For Nd(HMDS)s, self-assembly of the Nd/Na catalyst initiated in a few minutes
after addition of nitroethane (3a) to give white suspension. After stirring the resulting
suspension at room temperature for 2 h, the whole suspension was transferred to an
Eppendorf tube with THF (1.2 mL) and the tube was centrifuged at ca. 10* rpm for 30 sec.
The supernatant was decanted and dry THF (1.2 mL) was added to the precipitate. The tube
was agitated using a vortex mixer for 30 sec and the resulting tube was centrifuged again,

then the supernatant was decanted (washing process). The resulting precipitate was agitated
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with dry THF (1.6 mL) and the resulting suspension was transferred to a flame-dried 20 mL
test tube. After adding nitroethane (3a) (286 pL, 4.0 mmol), the mixture was cooled to —40 °C
and benzaldehyde (2a) (41 puL, 0.4 mmol) was added dropwise. After stirring the reaction
mixture at the same temperature for 20 h, 2 M AcOH/THF was added and the resulting
mixture was extracted with EtOAc (x2). The combined organic layers were washed with sat.
aq. NaHCOs, H20, and brine, and dried over Na:SOs. After removal of volatiles under
reduced pressure, the resulting residue was analyzed by 'H NMR to determine chemical
yield (DMF (8.03 ppm) was used as an internal standard) and diastereomeric ratio of product
4a. Enantiomeric excess was determined by HPLC analysis [DAICEL CHIRALPAK IC (¢
0.46 cm x 25 cm), 2-propanol/n-hexane 1/20, flow rate 1.0 mL/min, detection at 254 nm, tR

11.3 min (anti major-enantiomer: (1R,2S)) and 14.4 min (anti minor-enantiomer: (15,2R))].

4-2. Screening of Nd salts (Table 3, entry 4-9).

To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with Nd salts (0.012 mmol), and dried under vacuum at room
temperature. Ar was backfilled (evacuation/backfill was repeated for several times) to the
test tube, and THF (200 pL) and NaHMDS (36 uL, 0.036 mmol, 1.0 M/THF) were successively
added at room temperature. After stirring the resulting solution at 60 °C for 12 h, ligand 1a
(200 pL, 0.6 M/THF, 0.012 mmol) was added dropwise (sparingly cloudy solution was
formed for NdCls, white suspension was formed for Nd(NOs)3*6H20, grinded NdCls*6H:0,
Nd(OAc):*H20, NdFs, NdBrs). Additional NaHMDS (24 uL, 0.024 mmol, 1.0 M/THF) was
subsequently added at room temperature. After stirring the resulting mixture at room
temperature for 1 h, nitroethane (3a) (86 uL, 1.2 mmol) was added and the resulting mixture
was stirred for 6 h at the same temperature. The whole suspension was transferred to an
Eppendorf tube and the tube was centrifuged at ca. 10* rpm for 30 sec. The supernatant was
decanted and dry THF (1.2 mL) was added to the precipitate. The tube was agitated using a
vortex mixer for 30 sec and the resulting tube was centrifuged again, then the supernatant
was decanted (washing process). The resulting precipitate was agitated with dry THF (1.6
mL) and the resulting suspension was transferred to a flame-dried 20 mL test tube. After
adding nitroethane (3a) (286 uL, 4.0 mmol), the mixture was cooled to —40 °C and
benzaldehyde (2a) (41 uL, 0.4 mmol) was added dropwise. After stirring the reaction at the
same temperature for 20 h, 0.2 M AcOH/THF was added and the resulting mixture was
extracted with EtOAc (x2). The combined organic layers were washed with sat. aq. NaHCOs,
H20, and brine, and dried over Na250s. After removal of volatiles under reduced pressure,
the resulting residue was analyzed by 'H NMR to determine chemical yield (DMF (8.03 ppm)

was used as an internal standard) and diastereomeric ratio of product 4a. Enantiomeric
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excess was determined by HPLC analysis [DAICEL CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-
propanol/n-hexane 1/20, flow rate 1.0 mL/min, detection at 254 nm, tR 11.3 min (anti major-

enantiomer: (1R,25)) and 14.4 min (anti minor-enantiomer: (15,2R))].

4-3. Optimized procedure using NdCls*6H20/NaO*Bu (Table 6, entry 1).

To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with NdCls*6H20 (4.3 mg, 0.012 mmol), and dried under vacuum at
room temperature. Ar was backfilled (evacuation/backfill was repeated for several times) to
the test tube, and THF (100 pL) and ligand 1a (200 uL, 0.012 mmol, 0.6 M/THF were added
successively by well-dried syringes and needles at room temperature. After stirring the
resulting slightly cloudy solution at 60 °C for 30 min, NaO'Bu (36 puL, 0.072 mmol, 2.0 M/THF)
was added dropwise at the same temperature. After stirring the resulting mixture at 60 °C
for 1 h (white precipitate appeared), the mixture was cooled to room temperature and
nitroethane (3a) (86 pL, 1.2 mmol) was added (the precipitate was partly dissolved). Self-
assembly of Nd/Na catalyst initaiated in a few minutes and the resulting mixture was stirred
at room temperature for 12 h to give a thick white suspension. The whole suspension was
transferred to an Eppendorf tube and the tube was centrifuged at ca. 10* rpm for 30 sec. The
supernatant was decanted and dry THF (1.2 mL) was added to the precipitate. The tube was
agitated using a vortex mixer for 30 sec and the resulting tube was centrifuged again, then
the supernatant was decanted (washing process). The resulting precipitate was agitated with
dry THF (1.6 mL) and the resulting suspension was transferred to a flame-dried 20 mL test
tube. After adding nitroethane (3a) (286 uL, 4.0 mmol), the mixture was cooled to —40 °C and
benzaldehyde (2a) (41 uL, 0.4 mmol) was added dropwise. After stirring the reaction mixture
at the same temperature for 20 h, 0.2 M AcOH/THF was added and the resulting mixture
was extracted with EtOAc (x2). The combined organic layers were washed with sat. aq.
NaHCO:s, H20, and brine, and dried over Na2SOs. After removal of volatiles under reduced
pressure, the resulting residue was analyzed by 'H NMR to determine diastereomeric ratio
of product 4a (anti/syn = >20/1). The crude product was purified by silica gel column
chromatography (neutral SiO2 (Kanto Chemical 60N; spherical, 50 -60 pm), eluent: n-
hexane/ethyl acetate 8/1) to give 4a (70 mg, 0.38 mmol, 96%). Enantiomeric excess was
determined by HPLC analysis [93% ee, DAICEL CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-
propanol/n-hexane 1/20, flow rate 1.0 mL/min, detection at 254 nm, tR 11.3 min (anti major-
enantiomer: (1R,2S)) and 14.4 min (anti minor-enantiomer: (15,2R)]. Other runs in Table 6
were operated in a similar manner. DME was used as reaction solvents (after preparation of

6 mol% of the catalyst in THF) in Table 6, entry 8-10.
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4-4. Procedure for the preparation of MWNT-confined catalyst from NdCls*6H20/NaO*Bu
(Table 3, entry 10)

To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with grinded NdCls*6H20 (4.3 mg, 0.012 mmol), and dried under
vacuum at room temperature. Ar was backfilled (evacuation/backfill was repeated for
several times) to the test tube, and THF (100 pL) and ligand 1a (200 pL, 0.012 mmol, 0.6
M/THF were added successively by well-dried syringes and needles at room temperature.
After stirring the resulting cloudy solution at 60 °C for 30 min, NaO'Bu (36 pL, 0.072 mmol,
2.0 M/THF) was added dropwise at the same temperature. After stirring the resulting
mixture at 60 °C for 1 h (white precipitate appeared), the mixture was cooled to room
temperature, and MWNT (Baytubes® C 70P, 18 mg, 400 wt% to ligand 1a) and nitroethane
(3a) (86 pL, 1.2 mmol) were successively added to initiate self-assembly of the catalyst in the
fibrous matrix of MWNT. After stirring at room temperature for 12 h, the black suspension
(MWNT-confined catalyst), which contained small amount of insoluble white solid (likely
coproduced NaCl), was transferred to an Eppendorf tube and the tube was centrifuged at ca.
10* rpm for 30 sec. The supernatant was decanted and dry THF (1.2 mL) was added to the
precipitate. The tube was agitated using a vortex mixer for 30 sec and the resulting tube was
centrifuged again, then the supernatant was decanted (washing process). The resulting
precipitate was agitated with dry THF (1.6 mL) and the resulting suspension was transferred
to a flame-dried 20 mL test tube. After adding nitroethane (3a) (286 pL, 4.0 mmol), the
mixture was cooled to —40 °C and benzaldehyde (2a) (41 uL, 0.4 mmol) was added dropwise.
After stirring the reaction mixture at the same temperature for 20 h, 0.2 M AcOH/THF and
EtOAc was added and the resulting mixture filtered through a syringe filter (0.2 um), and
the resulting mixture was extracted with EtOAc (x2). The combined organic layers were
washed with sat. aq. NaHCOs, H20, and brine, and dried over Na2SOs. After removal of
volatiles under reduced pressure, the resulting residue was analyzed by 'H NMR to
determine determine chemical yield (97%, DMF (8.03 ppm) was used as an internal standard)
and diastereomeric ratio of product 4a (anti/syn = >20/1). Enantiomeric excess was
determined by HPLC analysis [93% ee, DAICEL CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-
propanol/n-hexane 1/20, flow rate 1.0 mL/min, detection at 254 nm, tR 11.3 min (anti major-

enantiomer: (1R,2S)) and 14.4 min (anti minor-enantiomer: (15,2R))].

5. Reaction with Various Aldehydes (Table 6)
All the products were reported compounds in ref 12b (in ESI or in the maintext).
Spectroscopic data of these compounds matched to the reported ones. Improved HPLC

conditions and HPLC traces were listed below.
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(1R,25)-2-Nitro-1-phenylpropan-1-ol (4a)
93% ee; HPLC [DAICEL CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane 1/20,
flow rate 1.0 mL/min, detection at 254 nm, tR 11.3 min (anti major-enantiomer: (1R,25)) and

14.4 min (anti minor-enantiomer: (15,2R))].

racemic sample reaction sample
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(1R,25)-1-(2,4-Dimethylphenyl)-2-nitropropan-1-ol (4b)
99% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 c¢m), 2-propanol/n-
hexane 1/9, flow rate 1.0 mL/min, detection at 254 nm, tR 7.1 min (anti minor-enantiomer:

(1S,2R)) and 7.7 min (anti major-enantiomer: (1R,2S5))].

racemic sample reaction sample
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(1R,25)-1-(4-(Benzyloxy)phenyl)-2-nitropropan-1-ol (4c)
99% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 cm x 2), 2-propanol/n-
hexane 1/9, flow rate 1.0 mL/min, detection at 254 nm, tR 31.4 min (anti minor-enantiomer:

(15,2R)) and 33.0 min (anti major-enantiomer: (1R,2S))].
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4-((1R,25)-1-Hydroxy-2-nitropropyl)benzonitrile (4d)
97% ee sample; HPLC [DAICEL CHIRALPAK IF (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane
1/20, rate 1.0 mL/min, detection at 254 nm, tR 42.5 min (anti minor-enantiomer: (15,2R)) and

46.1 min (anti major-enantiomer: (1R,25))].
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Methyl 4-((1R,25)-1-hydroxy-2-nitropropyl)benzoate (4e)
96% ee sample; HPLC [DAICEL CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane
1/9, flow rate 0.5 mL/min, detection at 254 nm, tR 30.6 min (anti major-enantiomer: (1R,2S))

and 33.8 min (anti minor-enantiomer: (1S,2R))].
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racemic sample reaction sample
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(1R,25)-2-Nitro-1-(4-nitrophenyl) propan-1-ol (4f)
88% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 cm), CHIRALCEL OD-
H (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane 1/9, flow rate 1.0 mL/min, detection at 254 nm,

tR 36.1 min (anti major-enantiomer: (1R,2S)) and 41.3 min (anti minor-enantiomer: (15,2R))].

racemic sample reaction sample
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(3R,4S,E)-4-Nitro-1-phenylpent-1-en-3-ol (4g)
98% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 cm x2), 2-propanol/n-
hexane 1/9, flow rate 0.5 mL/min, detection at 254 nm, tR 93.5 min (anti minor-enantiomer:

(1S,2R)) and 113.0 min (anti major-enantiomer: (1R,2S5))].
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racemic sample reaction sample
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(1R,25)-1-Cyclohexyl-2-nitropropan-1-ol (4h)

94% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 cm x2), 2-propanol/n-

hexane 1/20, flow rate 0.5 mL/min, detection at 210 nm, tR 45.4 min (anti major-enantiomer:
(1R,2S)) and 52.1 min (anti minor-enantiomer: (1S,2R))].
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(3R,45)-4-Nitro-1-phenylpentan-3-ol (4i)

82% ee sample; HPLC [DAICEL CHIRALPAK AD-H (¢ 0.46 cm x 25 cm x2), 2-propanol/n-

hexane 1/9, flow rate 0.5 mL/min, detection at 254 nm, tR 35.4 min (anti minor-enantiomer:
(1S,2R)) and 37.5 min (anti major-enantiomer: (1R,2S))].
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(25,3R)-2-Nitroundecan-3-ol (4j)
85% ee sample; HPLC [DAICEL CHIRALPAK ID (¢ 0.46 cm x 25 cm x2), 2-propanol/n-
hexane 1/20, flow rate 0.5 mL/min, detection at 210 nm, tR 16.1 min (anti minor-enantiomer:

(15,2R)) and 17.1 min (anti major-enantiomer: (1R,2S))].

racemic sample reaction sample
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6. Powder-XRD and STEM Analysis of the Catalyst
Powder XRD spectra of the Nd/Na heterobimetallic catalyst is shown in Figure 4 and Figure
S1. The original catalyst (NdO1s5(O™Pr)135/NaHMDS) was prepared as described in the
literature 17b. The new catalyst (NdCl3*6H20/NaO'Bu) was prepared as described above.
Similar spectral pattern suggested that nearly identical heterobimetallic assembly was
formed, which is in line with the similar catalytic performance of them in terms of both
catalytic efficiency and stereoselectivity. A striking difference, an intence peak appeared in
the spectrum of new catalyst at 20 = 31.6978 °, was assained as a peak derived from NaCl,
which was coproduced in the self-assembly of NdCl3*6H20/NaO'Bu/ligand 1a. Peak at 20 =
28.3086 ° can be also assigned to NaCl. A specimen for STEM, MWNT-confined catalyst, was
prepared by following the procedure as described above. Stem images and EDS mapping
analysis were shown in Figure 5. Na was not detectable because the energy of Na(Ka) is close

to that of Nd(Ma). EELS image was shown in Figure 5.

(a) Nd/Na heterobimetallic catalyst prepared by the original protocol
(NdO15(OPr)135/NaHMDS)
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(b) Nd/Na heterobimetallic catalyst prepared by the new protocol (NdCl3*6H20/NaOBu)
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Figure S1. XRD analysis of the catalyst of (a) the original catalyst; (b) new catalyst

7. General Procedure (Chapter 2)

Screening of ligands and solvents

To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with NdCls*6H20 (4.3 mg, 0.012 mmol), and dried under vacuum at
room temperature. Ar was backfilled (evacuation/backfill was repeated for several times) to
the test tube, and THF (100 uL) and ligand 1a (200 uL, 0.012 mmol, 0.06 M/THF were added
successively by well-dried syringes and needles at room temperature. After stirring the
resulting slightly cloudy solution at 60 °C for 30 min, NaO'Bu (36 puL, 0.072 mmol, 2.0 M/THF)
was added dropwise at the same temperature. After stirring the resulting mixture at 60 °C
for 1 h (white precipitate appeared), the mixture was cooled to room temperature and
nitroethane (3a) (86 pL, 1.2 mmol) was added (the precipitate was partly dissolved). Self-
assembly of Nd/Na catalyst initiated and the resulting mixture was stirred at room
temperature for 12 h to give a thick white suspension. The whole suspension was transferred

to an Eppendorf tube and the tube was centrifuged at ca. 10* rpm for 30 sec. The supernatant
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was decanted and dry 2-Me-THF or appropriate solvent (1.2 mL) was added to the
precipitate. The tube was agitated using a vortex mixer for 30 sec and the resulting tube was
centrifuged again, then the supernatant was decanted (washing process). The resulting
precipitate was agitated with dry 2-Me-THF or appropriate solvent (1.0 mL) and the
resulting suspension was transferred to a flame-dried 20 mL test tube. After adding
nitroethane (3a) (286 pL, 4.0 mmol), the mixture was cooled to —40 °C and 3, 4-
ethylenedioxybenzaldehyde (5) (65.7 mg, 0.4 mmol) was added. After stirring the reaction
mixture at the same temperature for 20 h, 0.2 M AcOH/THF (300 puL) was added and the
resulting mixture was extracted with EtOAc (x2). The combined organic layers were washed
with sat. aq. NaHCOs, H20, and brine, and dried over Na:SOs. After removal of volatiles
under reduced pressure, the resulting residue was analyzed by 'H NMR to determine
chemical yield (DMF (8.03 ppm) was used as an internal standard) and diastereomeric ratio

of product 6. Enantiomeric excess was determined by HPLC analysis.

(1R,25)-1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-nitropropan-1-ol (6)

Colorless oil; [a]p? 2.5 (¢ 0.61, CHCI3 95% ee sample); 'H NMR (400 MHz, CDCls) d 6.89-6.80
(m, 3H), 5.24 (d, ] = 3.9 Hz, 1H), 4.64 (qd, ] = 6.6, 3.9 Hz, 1H), 4.24 (s, 4H), 2.64 (brs, 1H), 1.50
(d, ] = 6.6 Hz, 3H); 3C NMR (100 MHz, CDCls) d 143.7 (2C), 131.7, 118.9, 117.5, 115.0, 87.4,
73.5,64.3 (2C), 12.3; IR (neat) v 3019, 1550, 1508, 1288, 1216, 756, 669 cm~'; HRMS (ESI) calcd.
for CuHisNOsNa m/z 262.0686 [M+Na]*, found 262.0686; HPLC analysis [DAICEL
CHIRALPAK IC (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane 1/4, flow rate 1.0 mL/min,
detection at 230 nm, tR 8.4 min (anti major-enantiomer: (1R,2S)) and 9.4 min (anti minor-
enantiomer: (15,2R))]. Small amount of aldehyde 5 was detected due to retro-nitroaldol

reaction during PTLC purification of the reaction sample.
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8. Preparation and Chracterization of New Amide Ligands 1b-1m
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1. EDCI HCI 1. EDCI HCI MeO COzH
OxymaPure, DIPEA OxymaPure, DIPEA
DMF/CH,Cly DMF/CH,Cl,
2. BBrg, CH,Cl,

(5)-2-Amino-N-(4-fluoro-2-methoxyphenyl)-5-methylhexanamide (S2)

To a solution of EDCI-HCI (573.2 mg, 2.99 mmol) in DMF (7 mL) and CH2Cl2 (7 mL) were
successively added OxymaPure® (425.0 mg, 2.99 mmol) and S1 (1.00 g, 2.72 mmol) at room

FmocHN™ “CO.H 2. p|per|d|ne
DM

S$1

temperature. After stirring the reaction mixture for 5 min, 4-fluoro-2-methoxyaniline (470.6
mg, 2.99 mmol) dissolved in DMF (1 mL) and DIPEA (590 uL, 4.08 mmol) were added, the
reaction mixture was stirred at the same temperature for 11 h. The volatiles were removed
under reduced pressure. The residue was diluted with ethyl acetate and 1 N HCI aq. was
added. The resulting mixture was extracted with ethyl acetate twice, the combined organic
layers were washed with aqueous saturated NaHCOs twice, H20, brine and dried over
NaxSOs. After filtration, the residue was concentrated under reduced pressure and dried in
vacuo to give crude amide as brown solid. To the amide in DMF (9 mL) was added piperidine
(240 pL, 4.08 mmol) and the reaction mixture was stirred at room temperature for 3 h. The
reaction mixture was diluted with ethyl acetate and H20 was added. The resulting mixture
was extracted with ethyl acetate twice, the combined organic layers were washed with H20,
brine, dried over Na2SOs. Filtrate was concentrated and the resulting residue was purified
by silica gel chromatography (ethyl acetate/n-hexane = 12/88 to 100/0) to give S2 (464.9 mg,
1.73 mmol, 64% over 2 steps) as a pale brown oil.

Pale brown oil; [a]p? —6.1 (c 0.44, CH:OH); 'H NMR (400 MHz, CDsOD) 6 8.01 (dd, ] =8.8,
6.2 Hz, 1H), 6.84 (dd, ] =10.5, 2.7 Hz, 1H), 6.66 (ddd, | = 8.8, 8.6, 2.7 Hz, 1H), 3.89 (s, 3H), 3.46
(dd, ] =7.3, 5.6 Hz, 1H), 1.86-1.77 (m, 1H), 1.66-1.53 (m, 2H), 1.35-1.29 (m, 2H), 0.93 (d, ] =
6.6 Hz, 3H), 0.92 (d, | = 6.6 Hz, 3H); *C NMR (100 MHz, CDsOD) 0 176.3, 161.4 (d, ] = 240.6
Hz), 152.7 (d, J]=10.2 Hz), 124.3 (d, ] =3.6 Hz), 123.4 (d, ] =9.5 Hz), 107.1 (d, ] =21.9 Hz), 100.2
(d, J=27.0 Hz), 56.9, 56.6, 35.8, 34.2, 29.2, 23.0, 22.9; F NMR (376 MHz, CD30D) d -117.4; IR
(neat) v 3019, 2959, 1673, 1611, 1531, 1465, 1415, 1216, 757, 669 cm~!; HRMS (ESI) calcd. for
C1aH22N202F m/z 269.1660 [M+H]*, found 269.1651.

(5)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-5-methyl-1-oxohexan-2-yl)-5-
hydroxybenzamide (1b)

To a solution of EDCI-HCI (264.5 mg, 1.38 mmol) in DMF (3.5 mL) and CH2Cl2 (3.5 mL) were
successively added OxymaPure® (196.1 mg, 1.28 mmol) and 2-fluoro-5-methoxybenzoic acid
(234.9 mg, 1.38 mmol) at room temperature. After the mixture was stirred for 5 min, S2 (370.5
mg, 1.38 mmol) and DIPEA (299 uL, 2.07 mmol) were added, the reaction mixture was stirred
for 10 h. The volatiles were removed under reduced pressure. The residue was diluted with
ethyl acetate and 1 N HCI aq. was added. The resulting mixture was extracted with ethyl
acetate twice, the combined organic layers were washed with aqueous saturated NaHCOs
twice, H20, brine and dried over Na2SOas. After filtration, the residue was concentrated under
reduced pressure, dried in vacuo to give crude diamide as a brown oil. To the diamide in
CH2Cl2 (6.9 mL) was added BBr3 (1.0 M in CH2Cl2, 6.9 mL, 6.9 mmol) over 5 min at 0 °C. After
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stirring for 24 h, the reaction was quenched with i-PrOH at the same temperature, and then
water was added. The resulting mixture was extracted with CHCls twice and the combined
organic layers were washed with aqueous saturated NaHCOs, H20, brine, and dried over
NazSOs. After filtration, the residue was concentrated under reduced pressure and the
resulting residue was purified by silica gel chromatography (acetone/n-hexane = 8/92 to
66/34) to give 1b (275.4 mg, 701.8 umol, 51% over 2 steps) as a white amorphous.

White amorphous; [a]p? -5.8 (c 0.16, CH3OH); 'H NMR (400 MHz, CDsOD) © 7.73 (dd, ] =
8.8,6.2Hz 1H), 7.15(dd, J=5.7, 3.1 Hz, 1H), 7.05 (dd, ] = 10.4, 8.9 Hz, 1H), 6.92 (ddd, ] =8.9,
4.0, 3.1 Hz, 1H), 6.60 (dd, ] =10.0, 2.9 Hz, 1H), 6.55 (ddd, ] =8.8, 8.4, 2.9 Hz, 1H), 4.69 (dd, | =
8.0, 5.5 Hz, 1H), 2.07-1.98 (m, 1H), 1.90-1.80 (m, 1H), 1.67-1.57 (m, 1H), 1.44-1.33 (m, 2H),
0.94 (d, ] = 6.6 Hz, 3H), 0.94 (d, ] = 6.6 Hz, 3H); 3C NMR (100 MHz, CDs0D) d 172.6, 166.7 (d,
J=2.2Hz),161.7 (d, ] =240.6 Hz), 155.1 (d, ] = 1.5 Hz), 155.0 (d, ] = 238.4 Hz), 151.3 (d, ] =10.9
Hz), 124.8 (d, J]=10.2 Hz), 123.8 (d, ]=15.3 Hz), 123.0 (d, ] =2.9 Hz), 120.7 (d, ] = 8.0 Hz), 117.9
(d, J=24.8Hz),117.0 (d, J=1.5Hz), 106.5 (d, ] =22.6 Hz), 103.8 (d, ] =25.5 Hz), 56.1, 35.9, 31.1,
29.0,23.0,22.8; YF NMR (376 MHz, CD30D) 5-118.1, -128.2; IR (KBr) v 3247, 2962, 1649, 1618,
1538, 1501, 1452, 1317, 1228, 1143 cm™!; HRMS (ESI) calcd. for C20H22N204F2Na m/z 415.1440
[M+Nal]*, found 415.1421.
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ﬁ< OxymaPure, DIPEA F y 1. TFA, CHoCly MeO. . R
BocHN
BocHN” “CO.H 2. EDCI HCI N
c 2 DMF/CH,Cl, 5 . namore. DIPEA Me0\©iCOzH LA ]
s s DMF/CH,Cl, i S5
0 . OH
BBr HO N N
CH,Cl, Lo .
1c

(S)-tert-Butyl (1-((4-fluoro-2-methoxyphenyl)amino)-4,4-dimethyl-1-oxopentan-2
yDcarbamate (S4)

To a solution of EDCI-HCI (858.8 mg, 4.48 mmol) in DMF (10 mL) and CH2Cl2 (10 mL) were
successively added OxymaPure® (637.0 mg, 4.48 mmol) and S3 (999.3 mg, 4.07 mmol) at
room temperature. After stirring the reaction mixture for 5 min, 4-fluoro-2-methoxyaniline
(704.2 mg, 4.48 mmol) in DMF (1 mL) and DIPEA (882 uL, 6.11 mmol) were added, and the
resulting mixture was stirred for 10 h at the same temperature. The volatiles were removed
under reduced pressure. The residue was diluted with ethyl acetate and 1 N HCI aq. was
added. The resulting mixture was extracted with ethyl acetate twice, the combined organic
layers were washed with aqueous saturated NaHCOs twice, H20, brine and dried over
NazSOs. After filtration, the residue was concentrated under reduced pressure and the
resulting residue was purified by silica gel chromatography (ethyl acetate/n-hexane = 8/92 to
66/34) to give S4 (1.41 g, 3.83 mmol, 94%) as a white solid.

White solid; m.p. 120-122 °C; [a]po? -45.4 (¢ 0.32, CHCls); 'H NMR (400 MHz, CDsOD) 6 8.02
(dd, ]=8.8, 6.4 Hz, 1H), 6.84 (dd, ] =10.5, 2.7 Hz, 1H), 6.66 (ddd, ] =8.8, 8.6, 2.7 Hz, 1H), 4.23
(dd, J=9.3, 4.2 Hz, 1H), 3.89 (s, 3H), 1.88 (dd, | = 14.4, 2.3 Hz, 1H), 1.56 (dd, ] = 14.4, 9.5 Hz,
1H), 1.48 (s, 9H), 1.00 (s, 9H); *C NMR (100 MHz, CDCls) 172.9, 159.2 (d, ] =241.3 Hz), 156.6,
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155.5, 149.2 (d, ] = 10.2 Hz), 1205 (d, ] = 9.5 Hz), 106.6 (d, ] = 21.1 Hz), 98.7 (d, ] = 27.0 Hz),
80.2, 5.9, 53.1, 45.5, 30.4, 29.6 (3C), 28.3 (3C); F NMR (376 MHz, CD:OD)  -117.3; IR (neat)
v 3019, 2361, 1685, 1510, 1216, 759, 669 cm-'; HRMS (ESI) calcd. for CioHzoN204F m/z 369.2184
[M+H]", found 369.2168.

(5)-2-Fluoro-N-(1-((4-fluoro-2-methoxyphenyl)amino)-4,4-dimethyl-1-oxopentan-2-yl)-5-
methoxybenzamide (S5)

To a solution of $4 (1.22 g, 3.31 mmol) in CH2Cl2 (12 mL) was added TFA (6 mL). The reaction
mixture was stirred at room temperature for 2 h and concentrated. Toluene was added to the
residue and the volatiles were removed under reduced pressure, which was repeated twice.
The resulting residue was dried in vacuo to give crude amine*TFA salt as a white solid. To a
solution of EDCI-HCI (634.5 mg, 3.31 mmol) in DMF (8.3 mL) and CH2Cl2 (8.3 mL) were
successively added OxymaPure® (470.4 mg, 3.31 mmol) and 2-fluoro-5-methoxybenzoic acid
(563.2 mg, 3.31 mmol) at room temperature. After stirring for 5 min, the crude amine*TFA
salt and DIPEA (717 uL, 4.97 mmol) were added, and then the resulting mixture was stirred
for 9 h at the same temperature. The volatiles were removed under reduced pressure. The
residue was diluted with ethyl acetate and 1 N HCI aq. was added. The resulting mixture
was extracted with ethyl acetate twice, the combined organic layers were washed with
aqueous saturated NaHCOs twice, H20, brine and dried over Na:SOa. After filtration, the
residue was concentrated under reduced pressure and the resulting residue was purified by
silica gel chromatography (ethyl acetate/n-hexane = 8/92 to 66/34) to give S5 (1.16 g, 2.76
mmol, 84% over 2 steps) as a colorless amorphous.

Colorless amorphous; [a]p?® =38.3 (c 1.12, CHCls); 'H NMR (400 MHz, CDsOD) d 7.96 (dd, |
=8.8, 6.1 Hz, 1H), 7.24 (dd, ] = 5.6, 3.2 Hz, 1H), 7.17 (dd, ] = 10.0, 9.0 Hz, 1H), 7.10 (ddd, ] =
9.0,3.9,3.2 Hz, 1H), 6.84 (dd, ] =10.5, 2.7 Hz, 1H), 6.66(ddd, ] = 8.6, 8.6, 2.7 Hz, 1H), 4.81 (dd,
J=9.1,3.4 Hz, 1H), 3.86 (s, 3H), 3.82 (s, 3H), 2.00 (dd, ] = 14.4, 3.4 Hz, 1H), 1.76 (dd, ] = 14.4,
9.1 Hz, 1H), 1.04 (s, 9H); *C NMR (100 MHz, CDs0D) d 172.9, 166.5 (d, ] = 1.5 Hz), 161.5 (d,
J=241.3 Hz), 157.4 (d, ] =2.2 Hz), 155.6 (d, | =240.6 Hz), 152.7 (d, ] =10.2 Hz), 124.2 (d, J=1.5
Hz),124.1 (d, J=10.9 Hz), 123.7 (d, ] =9.5 Hz), 119.7 (d, ] = 8.8 Hz), 118.1 (d, ] =25.5 Hz), 115.4
(d, J=29Hz), 107.1 (d, ] =21.9 Hz), 100.3 (d, ] =27.0 Hz), 56.7, 56.4, 53.7, 46.0, 31.5, 30.1 (3C);
YF NMR (376 MHz, CDsOD) d -116.9, —126.5; IR (neat) v 3019, 1686, 1656, 1531, 1492, 1216,
1216, 1036, 757, 689 cm~'; HRMS (ESI) calcd. for C22H26N204F2Na m/z 443.1753 [M+Na]*, found
443.1744.

(S)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-4,4-dimethyl-1-oxopentan-2-yl)-5-
hydroxybenzamide (1c)

To a solution of S5 (1.05 g, 2.50 mmol) in CH2Cl2 (25 mL) was added BBr3 (1.0 M in CH2Clz,
12.5 mL, 12.5 mmol) over 10 min at 0 °C. After the reaction mixture was stirred for 24.5 h,
additional BBrs (1.0 M in CH2Clz, 5 mL, 5 mmol) was added and the reaction mixture was
stirred for 18 h at the same temperature, then warmed to room temperature and stirred for
17 h. The reaction mixture was quenched with i-PrOH at 0 °C then water was added. The
resulting mixture was extracted with CHCIs twice and the combined organic layers were
washed with aqueous saturated NaHCOs, H20, brine, and dried over Na2SOa. After filtration,
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the residue was concentrated under reduced pressure and the resulting residue was purified
by silica gel chromatography (acetone/n-hexane = 8/92 to 66/34) to give 1c (791.2 mg, 2.02
mmol 81%) as a white amorphous.

White amorphous; [a]p?® -30.0 (c 0.33, CH3OH); '"H NMR (400 MHz, CDsOD) 6 7.78 (dd, | =
8.8, 6.1 Hz, 1H), 7.13 (dd, ] = 5.6, 3.2 Hz, 1H), 7.04 (dd, ] =10.3, 9.0 Hz, 1H), 6.91 (ddd, ] = 9.0,
3.9, 3.2 Hz, 1H), 6.60 (dd, ] =10.0, 2.9 Hz, 1H), 6.54 (ddd, ] =8.8, 8.6, 2.9 Hz, 1H), 4.80 (dd, ] =
9.1,3.2 Hz, 1H), 1.99 (dd, ] = 14.4, 3.4 Hz, 1H), 1.77 (dd, ] = 14.4, 9.0 Hz, 1H), 1.04 (s, 9H); 3C
NMR (100 MHz, CDsOD) 0 173.2, 166.8 (d, | = 1.5 Hz), 161.6 (d, ] = 240.6 Hz), 155.1 (d, ] =2.2
Hz), 154.9 (d, ] = 238.4 Hz), 150.9 (d, ] = 10.9 Hz), 124.1 (d, ] = 9.5 Hz), 124.0 (d, ] = 15.3 Hz),
123.3 (d, J=3.7 Hz), 120.6 (d, ] =8.0 Hz), 117.9 (d, ] = 24.8 Hz), 116.9 (d, ] =2.2 Hz), 106.5 (d, |
=21.9 Hz), 103.7 (d, ] = 25.5 Hz), 53.7, 46.1, 31.5, 30.1 (3C); F NMR (376 MHz, CDsOD) d —
118.2,-128.2; IR (KBr) v 3198, 1646, 1533, 1496, 1444, 1317, 1246, 1226, 1187, 1142, 976, 761 cm~
1, HRMS (ESI) calcd. for C20H2sN204F2 m/z 393.1620 [M+H]*, found 393.1602.
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(S)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-1-oxopent-4-yn-2-yl)-5
hydroxybenzamide (1e)

To a solution of EDCI-HCI (240.0 mg, 1.25 mmol) in DMF (3.1 mL) and CH2Cl2 (3.1 mL) were
successively added OxymaPure® (177.6 mg, 1.25 mmol) and S6 (266.7 mg, 1.25 mmol) at 0 °C.
After stirring the reaction mixture for 5 min, 2-amino-5-fluorophenol (159.0 mg, 1.25 mmol)
and DIPEA (238 pL, 1.63 mmol) were added, and the resulting mixture was stirred for 10
min at the same temperature. The reaction mixture was warmed to room temperature and
stirred for 8 h. The volatiles were removed under reduced pressure. The residue was diluted
with ethyl acetate and 1 N HCI aq. was added. The resulting mixture was extracted with
ethyl acetate twice, the combined organic layers were washed with aqueous saturated
NaHCOs twice, H20, brine and dried over Na2SOs. After filtration, the residue was
concentrated under reduced pressure and dried in vacuo to give crude amide as brown oil.
To the amide in CH3CN (6 mL) and H20 (120 puL) was added BiCls (788.0 mg, 2.50 mmol).
After the reaction mixture was stirred for 2 h at 55 °C, NaHCOs powder (1.05 g) was added
and filtrate was concentrated under reduced pressure to give crude S7 as brown oil. To a
solution of EDCI-HCI (216.0 mg, 1.13 mmol) in DMF (3 mL) and CH2Cl2 (3 mL) were
successively added OxymaPure® (160.0 mg, 1.13 mmol) and 2-fluoro-5-hydroxybonzoic acid
(176.0 mg, 1.13 mmol) at room temperature. After stirring the reaction mixture for 5 min,
crude S7 in DMF (1 mL) and DIPEA (244 uL, 1.69 mmol) were added, and the resulting
mixture was stirred for 12 h at room temperature. The volatiles were removed under reduced
pressure. The residue was diluted with ethyl acetate and 1 N HCl aq. was added. The
resulting mixture was extracted with ethyl acetate twice, the combined organic layers were
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washed with aqueous saturated NaHCO:s twice, H20, brine, then dried over Na2SO.. Filtrate
was concentrated and the resulting residue was purified by silica gel chromatography
(acetone/n-hexane = 12/88 to 100/0) to give 1e (173.2 mg, 480.7 umol, 38% over 3 steps) as a
white amorphous.

White amorphous; [a]p? -5.2 (c 0.38, CH3OH); 'H NMR (400 MHz, CDsOD) © 7.80 (dd, ] =
8.8, 6.1 Hz, 1H), 7.22 (dd, ] =5.9, 3.2 Hz, 1H), 7.06 (dd, ] =10.6, 8.9 Hz, 1H), 6.94 (ddd, | =8.9,
4.2,3.2 Hz, 1H), 6.60 (dd, ] = 10.0, 2.7 Hz, 1H), 6.55 (ddd, ] =8.8, 8.6, 2.7 Hz, 1H), 4.91 (dd, | =
7.1, 6.0 Hz, 1H), 2.91 (ddd, ] = 16.9, 6.0, 2.7 Hz, 1H), 2.84 (ddd, ] =16.9, 7.1, 2.7 Hz, 1H), 2.44
(t, ]=2.7 Hz, 1H); ®*C NMR (100 MHz, CDsOD) d 170.4, 166.4 (d, ] =2.8 Hz), 161.7 (d, | =240.6
Hz), 155.3 (d, ] = 238.4 Hz), 155.1 (d, ] =2.2 Hz), 151.0 (d, ] = 10.9 Hz), 124.5 (d, ] = 10.2 Hz),
123.2,123.0 (d, J=2.2 Hz), 121.0 (d, ] =8.8 Hz), 118.0 (d, ] =25.5 Hz), 117.2 (d, ] =2.2 Hz), 106.5
(d, J=21.9 Hz), 103.7 (d, ] = 24.8 Hz), 79.9, 72.7, 54.4, 22.7; ¥YF NMR (376 MHz, CD30D) d —
118.1, -127.6; IR (KBr) v 3305, 1639, 1601, 1528, 1510, 1455, 1259, 1243 cm~; HRMS (ESI) calcd.
for CisH14sN204F2Na m/z 383.0814 [M+Na]*, found 383.0801.

(5)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-1-oxopentan-2-yl)-5-
hydroxybenzamide (1d)

To a solution of 1e (105.7 mg, 293.4 umol) in THF (1 mL) and MeOH (1 mL) was Pd(OH)2/C
(10.5 mg [20 wt%Pd, 50% wet]) and the resulting mixture was stirred at room temperature
under Hz atmosphere for 18 h. After filtration, the filtrate was concentrated under reduced
pressure and the resulting residue was purified by silica gel chromatography (acetone/n-
hexane = 8/92 to 66/34) to give 1d (99.4 mg, 272.9 umol, 93%) as a white amorphous.

White amorphous; [a]p?® -12.0 (¢ 0.17, CHsOH); '"H NMR (400 MHz, CD3OD) 0 7.73 (dd, | =
8.8, 6.1 Hz, 1H), 7.15 (dd, ] = 5.7, 3.0 Hz, 1H), 7.04 (dd, ] = 9.8, 9.8 Hz, 1H), 6.92 (ddd, ] =9.8,
3.7,3.0 Hz, 1H), 6.61 (dd, ] = 10.0, 2.7 Hz, 1H), 6.55 (ddd, ] =8.8, 8.6, 2.7 Hz, 1H), 4.73 (dd, | =
8.8, 54 Hz, 1H), 2.01-1.92 (m, 1H), 1.88-1.79 (m, 1H), 1.60-1.44 (m, 2H), 1.00 (t, ] = 7.3 Hz,
3H); 3C NMR (100 MHz, CDsOD) d 172.7, 166.8 (d, ] = 2.2 Hz), 161.7 (d, ] = 240.6 Hz), 155.1
(d, J=2.2Hz), 155.0 (d, ] =238.4 Hz), 151.2 (d, ] =10.9 Hz), 124.7 (d, ] =9.5 Hz), 123.8 (d, ] =
15.3 Hz), 123.1 (d, ] =2.9 Hz), 120.7 (d, ] = 8.0 Hz), 117.9 (d, ] =25.5 Hz), 117.0 (d, ] = 1.5 Hz),
106.5 (d, ] =21.9 Hz), 103.8 (d, ] = 25.5 Hz), 55.8 35.2, 20.1, 14.0; F NMR (376 MHz, CD30OD)
0-118.1, -128.2; IR (KBr) v 3239, 1652, 1618, 1532, 1499, 1451, 1320, 1247, 1228, 1146, 971 cm~
1, HRMS (ESI) calcd. for CisHi1sN2O4sF2Na m/z 387.1127 [M+Na]*, found 387.1111.
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(5)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-1-oxo-3-phenylpropan-2-yl)-5-
hydroxybenzamide (1f)

To a solution of EDCI-HCI (360.0 mg, 1.88 mmol) in DMF (4.7 mL) and CH2Cl2 (4.7 mL) were
successively added OxymaPure® (267.0 mg, 1.88 mmol) and Boc-Phe-OH (S8) (500.0 mg, 1.88
mmol) at room temperature. After stirring the reaction mixture for 5 min, 2-amino-5-
fluorophenol (240.0 mg, 1.88 mmol) and DIPEA (353 pL, 2.44 mmol) were added, and the
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reaction mixture was stirred for 8 h at the same temperature. The volatiles were removed
under reduced pressure. The residue was diluted with ethyl acetate and 1 N HCI aq. was
added. The resulting mixture was extracted with ethyl acetate twice, the combined organic
layers were washed with aqueous saturated NaHCOs twice, H20, brine and dried over
NaxSOs. After filtration, the residue was concentrated under reduced pressure and dried in
vacuo to give crude amide as brown oil. The resulting residue was treated with 4 N HCl in
1,4-dioxane (5.64 mL, 22.6 mmol) and stirred at room temperature for 2 h. The resulting
precipitates were filtered, and washed with 1,4-dioxane, and the precipitates were dried in
vacuo at 40 °C to give crude S9 as a pale purple solid. To a solution of EDCI-HCI(253.0 mg,
1.32 mmol) in DMF (3.3 mL) and CH2Cl2 (3.3 mL) was successively added OxymaPure® (188.0
mg, 1.32 mmol) and 2-fluoro-5-hydroxybonzoic acid (206.0 mg, 1.32 mmol) at room
temperature. After stirring the reaction mixture for 5 min, the crude S9 obtained above and
DIPEA (286 uL, 1.98 mmol) were added, the reaction mixture was 12 h at the same
temperature. The volatiles were removed under reduced pressure. The residue was diluted
with ethyl acetate and 1 N HCI aq. was added. The resulting mixture was extracted with
ethyl acetate twice, the combined organic layers were washed with aqueous saturated
NaHCO:s twice, H20, brine, then dried over Na2SOs. Filtrate was concentrated and the
resulting residue was purified by silica gel chromatography (acetone/n-hexane = 12/88 to
100/0) to give 1f (514.3 mg, 1.25 mmol, 68% over 3 steps) as a white amorphous.

White amorphous; [a]p¥ 6.7 (c 0.16, CH3OH); 'H NMR (400 MHz, CDsOD) d 7.62 (dd, ] =
8.8, 6.1 Hz, 1H), 7.28-7.16 (m, 5H), 7.06 (dd, ] =5.7, 3.1 Hz, 1H), 6.96 (dd, ] =10.5, 9.0 Hz, 1H),
6.86 (ddd, ] =9.0, 3.7, 3.1 Hz, 1H), 6.55 (dd, ] =10.0, 2.7 Hz, 1H), 6.50 (ddd, ] =8.8, 8.6, 2.7 Hz,
1H), 4.97 (dd, ] = 7.0, 7.0 Hz, 1H), 3.31-3.27 (m, 1H), 3.10 (dd, ] = 13.9, 8.3 Hz, 1H); *C NMR
(100 MHz, CDsOD) 6 171.7, 166.3 (d, ] = 2.2 Hz), 161.8 (d, ] =240.6 Hz), 155.1 (d, ] = 238.4 Hz),
155.0 (d, ] =2.2 Hz), 151.3 (d, ] =11.7 Hz), 138.0, 130.4 (2C), 129.5 (2C), 127.9, 124.8 (d, ] =10.2
Hz), 123.3 (d, ] = 14.6 Hz), 122.9 (d, ] = 11.6 Hz), 120.8 (d, ] = 8.8 Hz), 117.9 (d, ] = 25.5 Hz),
117.1(d, J=1.5Hz), 106.5 (d, ] =21.9 Hz), 103.8 (d, ] =24.8 Hz), 57.2, 39.0; ’F NMR (376 MHz,
CDs0OD) d -118.0, —127.6; IR (KBr) v 3314, 1644, 1609, 1574, 1546, 1498, 1312, 1267, 1200 cm™;
HRMS (ESI) calcd. for C22H1sN20sF2Na m/z 435.1127 [M+Na], found 435.1107.
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(S)-2-Fluoro-N-(1-((4-fluoro-2-methoxyphenyl)amino)-1-oxopent-4-yn-2-yl)-5-
methoxybenzamide (S11)

To a solution of EDCI-HCI (1.08 g, 5.63 mmol) in DMF (14 mL) and CH2Cl2 (14 mL) were
successively added OxymaPure (800.1 mg, 5.63 mmol) and S6 (1.20 g, 5.63 mmol) at room
temperature. After stirring the reaction mixture for 5 min, 4-fluoro-2-methoxyaniline (884.6
mg, 5.63 mmol) and DIPEA (1.06 mL, 7.32 mmol) were added, and the reaction mixture was
stirred for 5 h at the same temperature. The volatiles were removed under reduced pressure.
The residue was diluted with ethyl acetate and 1 N HCl aq. was added. The resulting mixture
was extracted with ethyl acetate twice, the combined organic layers were washed with
aqueous saturated NaHCOs twice, H20, brine and dried over Na2SOa. After filtration, the
residue was concentrated under reduced pressure and dried in vacuo to give crude amide as
a brown oil.

To the crude amide in CH2Cl2 (20 mL) was added TFA (10 mL). The reaction mixture was
stirred at room temperature for 5 h and concentrated. Toluene was added to the residue and
the volatiles were removed under reduced pressure, which was repeated twice. The resulting
residue was dried in vacuo to give crude amine S10 as a brown oil. To a solution of EDCI-
HCI (1.08 g, 5.63 mmol) in DMF (14 mL) and CH2Cl> (14 mL) were successively added
OxymaPure (800.0 mg, 5.63 mmol) and 2-fluoro-5-methoxybenzoic acid (958.0 mg, 5.63
mmol) at room temperature. After stirring the reaction mixture for 5 min, the crude amine
$10 in DMF (1 mL) and DIPEA (1.22 mL, 8.45 mmol) were added, and the resulting mixture
was stirred for 12 h at the same temperature. The volatiles were removed under reduced
pressure. The residue was diluted with ethyl acetate and 1 N HCl aq. was added. The
resulting mixture was extracted with ethyl acetate twice, the combined organic layers were
washed with aqueous saturated NaHCO:s twice, H20, brine, and dried over Na2SOa. After
filtration, the residue was concentrated under reduced pressure and the resulting residue
was purified by silica gel chromatography (ethyl acetate/n-hexane = 8/92 to 66/34) to give S11
(1.36 g, 3.57 mmol, 62% over 3 steps) as a white solid.

White solid; m.p. 130-132 °C; [a]p?® -17.6 (¢ 1.66, CHCl3); 'H NMR (400 MHz, CDsOD) 6 7.97
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(dd, J=8.8, 6.1 Hz, 1H), 7.34 (dd, ] =5.6, 3.2 Hz, 1H), 7.18 (dd, ] = 10.3, 9.0 Hz, 1H), 7.11 (ddd,
]=9.0,4.0,3.2 Hz, 1H), 6.84 (dd, | = 10.5, 2.7 Hz, 1H), 6.67 (ddd, ] = 8.8, 8.4, 2.7 Hz, 1H), 4.93
(dd, J=7.1,6.1 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 2.91 (ddd, | = 16.9, 6.1, 2.7 Hz, 1H), 2.83 (ddd,
J=16.9,7.1,2.7 Hz, 1H), 2.45 (t, ] = 2.7 Hz, 1H); 3C NMR (100 MHz, CDCl3) 0 167.3, 163.3 (d,
J=3.7Hz), 159.5 (d, ] =242.1 Hz), 156.0 (d, ] = 1.5 Hz), 155.3 (d, ] = 239.9 Hz), 149.4 (d, ] =10.2
Hz), 123.2 (d, ] =3.7 Hz), 120.9 (d, ] =9.5 Hz), 120.4 (d, | = 8.8 Hz), 120.3 (d, ] = 13.1 Hz), 117.1
(d, J=27.0Hz), 114.6 (d, ] =2.2 Hz), 106.7 (d, ] = 21.9 Hz), 98.8 (d, ] = 27.0 Hz), 79.0, 72.1, 56.0,
55.9,52.9, 22.0; F NMR (376 MHz, CDCl3) 6 -115.6, -123.1; IR (KBr) v 3413, 3307, 3019, 1658,
1493, 1216, 758, 668 cm~'; HRMS (ESI) calcd. for C20H1sN204F2Na m1/z 411.1127 [M+Na]*, found
411.1123.

(E)-1-(5-Iodopent-4-en-1-yl)pyrene (513)

To a solution of $12 (2.08 g, 7.76 mmol) in THF (78 mL) was added Cp2ZrHCI (3.00 g, 11.6
mmol) and the reaction mixture was stirred for 2 h 45 min at 0 °C. The reaction mixture was
warmed to room temperature and stirred for 1 h. Iodine (3.06 g, 11.6 mmol) was added to
the reaction mixture at 0 °C, the reaction mixture was warmed to room temperature. After
stirring for 10 h 30 min. the reaction mixture was diluted with ethyl acetate and aqueous
saturated Na25:03 was added. The resulting mixture was extracted with ethyl acetate twice.
The combined organic layers were washed with H20, brine and dried over Na2SOa. After
filtration, the filtrate was concentrated under reduced pressure and the residue was purified
by silica gel chromatography (ethyl acetate/n-hexane = 1/99) to give S13 (1.76 g, 4.44 mmol,
57%) as a white solid.

White solid; m.p. 107-109 °C; 'H NMR (500 MHz, CDCls) 0 8.23 (d, ] =9.2 Hz, 1H), 8.18 (d, ]
= 7.6 Hz, 1H), 8.17 (d, ] = 7.6 Hz, 1H), 8.11 (d, ] = 9.2 Hz, 2H), 8.04 (d, ] = 8.8 Hz, 1H), 8.03 (d,
J=8.8 Hz, 1H), 8.00 (t, ] = 7.6 Hz, 1H), 7.83 (d, ] = 7.6 Hz, 1H), 6.61 (dt, ] = 14.5, 7.3 Hz, 1H),
6.06 (d, ] = 14.5 Hz, 1H), 3.33 (t, ] = 7.6 Hz, 2H), 2.20 (q, ] = 7.6 Hz, 2H), 1.96 (quin, ] = 7.6 Hz,
2H); 3C NMR (125 MHz, CDCls) d 146.0, 136.0, 131.1, 130.8, 129.8, 128.6, 127.5, 127.3, 127.2,
126.6, 125.8, 125.1, 125.0, 124.9, 124.7, 124.7, 123.2, 75.1, 35.8, 32.6, 30.2; IR (KBr) v 3019, 1216,
908, 759, 669 cmt; HRMS (ESI) calcd. for CaiHusl m/z 397.0448 [M+H]*, found 397.0445.

(S,E)-2-Fluoro-N-(1-((4-fluoro-2-methoxyphenyl)amino)-1-oxo-10-(pyren-1-yl)dec-6-en-4-
yn-2-yl)-5-methoxybenzamide (514)

To a solution of S11 (457.5 mg, 1.18 mmol) and S13 (459.7 mg, 1.18 mmol) in DMF (5.9 mL)
were successively added PdCl2(PPhs)z (41.4 mg, 0.059 mmol), Cul (22.5 mg, 0.12 mmol) and
triethylamine (492 uL, 3.54 mmol) at room temperature. After stirring the reaction mixture
for 16 h, the resulting mixture was diluted with ethyl acetate and 1 N HCI aq. was added.
The resulting mixture was extracted with ethyl acetate twice, the combined organic layers
were washed with H20, brine and dried over Na2SOs. After filtration, the filtrate was
concentrated under reduced pressure and the residue was purified by silica gel
chromatography (ethyl acetate/n-hexane = 12/88 to 100/0) to give S14 (315.5 mg, 480.4 umol,
41%) as a brown solid.

Brown solid; m.p. 156-158 °C; [a]p¥ —8.6 (c 0.11, CHCls); 'H NMR (400 MHz, CDCls) d 8.49
(s, 1H), 8.33 (dd, ] =8.8, 6.1 Hz, 1H), 8.23 (d, ] =9.2 Hz, 1H), 8.16 (d, ] = 7.8 Hz, 2H), 8.10 (d, |
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=7.8 Hz, 1H), 8.09 (d, ] =9.2 Hz, 1H), 8.04 (d, ] = 9.0 Hz, 1H), 8.00 (d, ] =9.0 Hz, 1H), 7.98 (t, ]
=7.8Hz, 1H),7.83(d, J=7.8 Hz, 1H), 7.76-7.71 (m, 1H), 7.59 (dd, ] = 5.9, 3.2 Hz, 1H), 7.04 (dd,
J=11.0,9.0 Hz, 1H), 6.97 (ddd, ] =9.0, 4.2, 3.2 Hz, 1H), 6.66 (ddd, | = 8.8, 8.6, 2.6 Hz, 1H), 6.55
(dd, ] = 10.0, 2.6 Hz, 1H), 6.19 (ddd, ] = 15.9, 7.1 Hz, 1H), 5.52 (dd, | = 15.9, 1.7 Hz, 1H),
4.98-4.92 (m, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 3.33 (t, ] = 7.3 Hz, 2H), 3.16 (ddd, [ =17.1,4.9, 1.7
Hz, 1H), 2.88 (ddd, J=17.1, 7.3, 1.7 Hz, 1H), 2.25 (q, ] = 7.3 Hz, 2H), 1.95 (quin, | =7.3 Hz, 2H);
13C NMR (100 MHz, CDCls) 6 167.6, 163.2 (d, ] = 3.6 Hz), 159.4 (d, ] = 241.3 Hz), 156.0 (d, ] =
2.2Hz),155.3 (d, ] =240.0 Hz), 149.3 (d, | =9.5 Hz), 144.3, 136.2, 131.4, 130.8, 129.8, 128.6, 127 4,
127.3, 127.2, 126.6, 125.8, 125.1, 125.0, 124.9, 124.7, 124.7, 123.3, 123.2, 120.8 (d, ] = 8.8 Hz),
120.5 (d, ] = 13.1 Hz), 120.3 (d, ] = 8.7 Hz), 117.1 (d, ] = 26.3 Hz), 114.6 (d, | = 1.5 Hz), 109.5,
106.7 (d, ] =21.9 Hz), 98.8 (d, ] = 27.0 Hz), 82.9, 82.8, 56.0, 55.9, 53.4, 32.8, 32.8, 30.6, 23.0; °F
NMR (376 MHz, CDCls) 6 -115.7, -123.1; IR (KBr) v 3019, 1513, 1425, 1216, 758, 673 cm™;
HRMS (ESI) calcd. for CaiH3sN204F2Na m/z 679.2379 [M+Na], found 679.2374.

(S)-2-Fluoro-N-(1-((4-fluoro-2-methoxyphenyl)amino)-1-oxo-10-(pyren-1-yl)decan-2-yl)-5-
methoxybenzamide (515)

To a solution of S14 (315.5 mg, 480.4 umol) in THF (6.3 mL) was added Pd(OH)2/C (10.5 mg
[20 wt%Pd, 50% wet]) and the reaction mixture was stirred at room temperature under H
atmosphere for 5 h. After filtration, the filtrate was concentrated under reduced pressure and
the resulting residue was purified by silica gel chromatography (ethyl acetate/n-hexane =
8/92 to 66/34) to give §15 (235.1 mg, 354.7 umol, 74%) as a white amorphous.

White amorphous; [a]p® —8.2 (c 0.06, CHCls); 'H NMR (400 MHz, CDCls) 6 8.29 (dd, ] =8.8,
6.1 Hz, 1H), 8.27 (d, ] = 9.3 Hz, 1H), 8.22 (s, 1H), 8.15 (d, | = 7.8 Hz, 1H), 8.15 (d, ] = 7.8 Hz,
1H), 8.10 (d, ] =7.8 Hz, 1H), 8.09 (d, ] =9.3 Hz, 1H), 8.03 (d, ] =8.8 Hz, 1H), 7.99 (d, ] = 8.8 Hz,
1H), 7.98 (t, ] =7.8 Hz, 1H), 7.85 (d, ] = 7.8 Hz, 1H), 7.57 (dd, ] =5.9, 3.2 Hz, 1H), 7.35-7.30 (m,
1H), 7.04 (dd, ] = 11.0, 8.9 Hz, 1H), 6.97 (ddd, | = 8.9, 4.2, 3.2 Hz, 1H), 6.66 (ddd, ] = 8.8, 8.6,
2.7 Hz, 1H), 6.58 (dd, ] = 10.0, 2.7 Hz, 1H), 4.82-4.77 (m, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.31 (t,
J=7.8 Hz, 2H), 2.11-2.02 (m, 1H), 1.87-1.79 (m, 3H), 1.50-1.31 (m, 10H); *C NMR (100 MHz,
CDCls) © 169.3, 163.2 (d, ] = 3.6 Hz), 159.4 (d, ] = 241.3 Hz), 156.0 (d, ] = 1.5 Hz), 155.1 (d, | =
239.2 Hz), 149.3 (d, ] =9.5 Hz), 137.2, 131.4, 130.9, 129.6, 128.5, 127.5, 127.2, 127.0, 126.4, 125.7,
125.0, 125.0, 124.7, 124.6, 123.5, 123.3, 123.2, 120.8 (d, ] = 9.5 Hz), 120.7 (d, ] = 13.1 Hz), 120.1
(d, J=8.8Hz), 117.0 (d, ] =27.0 Hz), 114.6 (d, ] = 1.5 Hz), 106.7 (d, ] = 21.9 Hz), 98.7 (d, ] = 27.0
Hz), 55.9, 55.9, 54.7, 33.5, 32.3, 31.8, 29.7, 29.4, 29.3, 29.2, 25.5; F NMR (376 MHz, CDCls) d -
115.9, -123.3; IR (KBr) v 3019, 1518,1492, 1216, 757, 669 cm™; HRMS (ESI) calcd. for
Ca1H40N204F2Na m/z 685.2848 [M+Na]*, found 685.2841.

(S)-2-Fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-1-oxo-10-(pyren-1-yl)decan-2-yl)-5-
hydroxybenzamide (1g)

To a solution of S15 (235.1 mg, 354.7 umol) in CH2Cl2 (5.3 mL) was added BBr3 (1.0 M in
CH2Clz, 1.8 mL, 1.8 mmol) at 0 °C, the reaction mixture was warmed to room temperature.
After stirring for 9 h, the reaction was quenched with i-PrOH at 0 °C, and then water was
added. The resulting mixture was extracted with CHCIs twice and the combined organic
layers were washed with aqueous saturated NaHCOs, H20, brine, and dried over Na2SOa.
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After filtration, the residue was concentrated under reduced pressure and the resulting
residue was purified by silica gel chromatography (acetone/n-hexane = 12/88 to 100/0) to give
1g (167.1 mg, 263.3 umol, 74%) as a white solid.

White solid; m.p. 163-164 °C; [a]p?* 1.59 (c 1.54, (CH3)2CO); 'H NMR (400 MHz, (CDs)2CO) d
9.44 (brs, 1H), 9.31 (s, 1H), 8.67 (brs, 1H), 8.34 (d, ] =9.3 Hz, 1H), 8.21 (d, ] =7.8 Hz, 2H), 8.16
(d, J=7.8 Hz, 1H), 8.16 (d, ] =9.3 Hz, 1H), 8.09 (d, ] = 8.9 Hz, 1H), 8.06 (d, ] = 8.9 Hz, 1H), 8.01
(t, J=7.8 Hz, 1H), 7.90 (d, ] = 7.8 Hz, 1H), 7.80-7.76 (m, 1H), 7.70 (dd, | = 8.8, 6.1 Hz, 1H), 7.36
(dd, J=6.1,3.2 Hz, 1H), 7.07 (dd, ] =10.8, 9.0 Hz, 1H), 6.98 (ddd, ] =9.0, 4.2, 3.2 Hz, 1H), 6.69
(dd, J=10.0, 2.9 Hz, 1H), 6.61 (ddd, ] = 8.8, 8.4, 2.9 Hz, 1H), 4.89-4.84 (m, 1H), 3.32 (t, ] =7.8
Hz, 2H), 2.09-2.01 (m, 1H), 1.95-1.87 (m, 1H), 1.81 (quin, ] = 7.8 Hz, 2H), 1.56-1.27 (m, 10H);
13C NMR (100 MHz, (CD3)2CO) 6 172.3, 164.4 (d, ] =2.9 Hz), 161.3 (d, ] =239.9 Hz), 155.0 (d, ]
=237.7 Hz), 154.7 (d, ] = 1.5 Hz), 150.6 (d, ] = 11.7 Hz), 138.4, 132.5, 132.0, 130.8, 129.6, 128.5,
128.5,128.1, 127.5, 127.0, 126.0, 125.9, 125.9, 125.8, 125.7, 124.6, 124.1 (d, ] = 9.5 Hz), 123.9 (d,
J=2.9 Hz), 123.6 (d, ] = 14.6 Hz), 120.6 (d, ] = 8.8 Hz), 117.9 (d, ] = 25.5 Hz), 117.6 (d, ] = 2.2
Hz), 106.9 (d, ] =22.6 Hz), 104.9 (d, ] =25.5 Hz), 55.4, 34.1, 33.0, 32.9, 30.7, 30.5, 30.2, 30.0, 26.5;
YF NMR (376 MHz, (CD3)2CO) 0 -118.1, -126.7; IR (KBr) v 3390, 3259, 2925, 2851, 1654, 1509,
843 cm~'; HRMS (ESI) calcd. for CsoHssN204F2Na m/z 657.2535 [M+Na]*, found 657.2565.
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4-Fluoro-2-((2-(trimethylsilyl)ethoxy)methoxy)aniline (S17)

To a solution of S16 (3.90 g, 22.6 mmol) in DMF (110 mL) were added K2COs (7.08 g, 25.9
mmol), TBAI (383.0 mg, 45.2 mmol) and SEMCI (4.33 g, 25.9 mmol), then the resulting
mixture was stirred at 70 °C for 2.5 h. The reaction mixture was quenched with H20 and the
mixture was extracted with ethyl acetate twice. The combined organic layers were washed
with aqueous saturated NH4Cl, H20, brine and dried over Na25Oa. Filtrate was concentrated
under reduced pressure and dried in vacuo. To the resulting residue in EtOH (75 mL) was
added Pd/C (343.0 mg [10 wt%Pd, 50% wet]) and the reaction mixture was stirred at room
temperature under H> atmosphere for 8.5 h. After filtration, the filtrate was concentrated
under reduced pressure and the residue was purified by silica gel chromatography (ethyl
acetate/n-hexane = 6/94 to 50/50) to give S17 (5.72 g, 22.2 mmol, 98% over 2 steps) as a pale
brown oil.
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Pale brown oil; 'TH NMR (400 MHz, CDCls) d 6.86 (dd, | = 10.3, 2.7 Hz, 1H), 6.65 (dd, ] = 8.6,
5.6 Hz, 1H), 5.22 (s, 2H), 6.55 (ddd, ] = 8.6, 8.6, 2.7 Hz, 1H), 3.77 (t, ] = 8.3 Hz, 2H), 3.79-3.75
(brs, 2H), 0.98 (t, ] = 8.3 Hz, 2H), 0.02 (s, 9H); *C NMR (100 MHz, CDCls) d 156.2 (d, | = 234.8
Hz), 145.5 (d, ] =10.2 Hz), 132.2 (d, | =2.2 Hz), 115.3 (d, ] =8.8 Hz), 107.9 (d, ] =21.9 Hz), 103.0
(d, ] = 26.3 Hz), 93.6, 66.4, 18.0, -1.5 (3C); F NMR (376 MHz, CDCls)  —124.0; IR (neat) v
3019, 2960, 1509, 1216, 1002, 940, 859, 838, 756, 669 cm~'; HRMS (ESI) caled. for Ci12H21NO2FSi
m/z 258.1320 [M+H]*, found 258.1309.

(S)-Benzyl 5-((4-fluoro-2-hydroxyphenyl)amino)-4-(2-fluoro-5-hydroxybenzamido)-5-
oxopentanoate (1h)

To a solution of EDCI-HCI (260.7 mg, 1.36 mmol) in DMF (3.5 mL) and CH2Cl2 (3.5 mL) were
successively added OxymaPure® (193.3 mg, 1.36 mmol) and S18 (625.0 mg, 1.36 mmol) at
room temperature. After stirring the reaction mixture for 5 min, $17 (350.0 mg, 1.36 mmol)
and DIPEA (295 pL, 2.04 mmol) were added. The reaction mixture was stirred at the same
temperature for 10 h. The volatiles were removed under reduced pressure. The residue was
diluted with ethyl acetate and 1 N HCI aq. was added. The resulting mixture was extracted
with ethyl acetate twice, the combined organic layers were washed with aqueous saturated
NaHCOs twice, H20, brine and dried over Na2SOs. After filtration, the residue was
concentrated under reduced pressure and dried in vacuo to give crude amide as a white solid.
To the amide in DMF (4.5 mL) was added piperidine (120 pL, 2.04 mmol), and the reaction
mixture was stirred at room temperature for 3 h. The reaction mixture was diluted with ethyl
acetate and H20 was added. The resulting mixture was extracted with ethyl acetate twice,
the combined organic layers were washed with H20, brine, dried over Na2SO.. Filtrate was
concentrated and dried in vacuo to give crude §19 as a yellow solid.

To a solution of EDCI-HCI (233.9 mg, 1.22 mmol) in DMF (3 mL) and CH2Cl2 (3 mL) were
successively added OxymaPure® (170.9 mg, 1.22 mmol) and 2-fluoro-5-hydroxybenzoic acid
(190.5 mg, 1.22 mmol) at room temperature. After stirring for 5 min, S19 and DIPEA (264 L,
1.83 mmol) were added, the reaction mixture was stirred for 12 h. The volatiles were removed
under reduced pressure. The residue was diluted with ethyl acetate and 1 N HCl aq.
wasadded. The resulting mixture was extracted with ethyl acetate twice, the combined
organic layers were washed with aqueous saturated NaHCO:s twice, H2O, brine and dried
over Na:2SOs. After filtration, the residue was concentrated under reduced pressure to give
crude diamide as a yellow oil. To the crude diamide in THF (6.1 mL) was added H2504 (260
uL, 4.88 mmol). The reaction mixture was stirred at room temperature for 1 h. The reaction
mixture was diluted with ethyl acetate and aqueous saturated NaHCOs was added. The
resulting mixture was extracted with ethyl acetate twice, the combined organic layers were
washed with H20, brine, then dried over Na2SO.s. Filtrate was concentrated and the resulting
residue was purified by silica gel chromatography (acetone/n-hexane = 12/88 to 100/0) to give
1h (184.2 mg, 380.2 umol, 28% over 4 steps) as a white amorphous.

White amorphous; [a]p* 8.1 (c 0.12, CH3OH); 'H NMR (400 MHz, CDsCN) 6 8.66 (s, 1H),
7.80 (brs, 1H), 7.53, (t, ]=7.5 Hz, 1H), 7.46 (dd, ] = 8.8, 6.2 Hz, 1H), 7.36-7.31 (m, 5H), 7.26 (dd,
J=5.9,3.2Hz, 1H), 7.06 (dd, ] = 10.9, 8.8 Hz, 1H), 6.95 (ddd, | = 8.8, 4.0, 3.2 Hz, 1H), 6.68 (dd,
J=10.1,2.9 Hz, 1H), 6.60 (ddd, ] = 8.8, 8.4, 2.9 Hz, 1H), 5.08 (s, 2H), 4.76—4.71 (m, 1H), 2.55 (t,
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J =7.6 Hz, 2H), 2.36-2.28 (m, 1H), 2.18-2.09 (m, 1H); *C NMR (100 MHz, CDsOD) & 174.3,
171.8,166.8 (d, ] =2.2 Hz), 161.7 (d, | = 240.6 Hz), 155.1 (d, ] = 2.2 Hz), 155.1 (d, ] = 239.2 Hz),
151.3 (d, ] = 10.9 Hz), 137.5, 129.5 (2C), 129.2 (3C), 124.8 (d, ] = 9.5 Hz), 123.6 (d, ] = 15.3 Hz),
123.0 (d, ] =2.9 Hz), 120.8 (d, ] =8.0 Hz), 118.0 (d, ] =25.5 Hz), 117.1 (d, ] = 1.5 Hz), 106.5 (d, |
=22.1 Hz), 103.7 (d, ] = 24.8 Hz), 67.5, 55.1, 31.4, 28.2; YF NMR (376 MHz, CDsOD) d -118.0,
-127.9; IR (KBr) v 3304, 1731, 1688, 1638, 1595, 1531, 1499, 1452, 1434, 1251, 1193 cm~1; HRMS
(ESI) caled. for C2sH23N206F2 m/z 485.1519 [M+H]", found 485.1495.

(S)-Benzyl (5-amino-6-((4-fluoro-2-((2-(trimethylsilyl)ethoxy)methoxy)phenyl)amino)-6-
oxohexyl)carbamate (S21)

To a solution of EDCI-HCI (485.0 mg, 2.53 mmol) in DMF (6.3 mL) and CH2Cl2 (6.3 mL) were
successively added OxymaPure® (360.0 mg, 2.53 mmol) and S20 (1.27 g, 2.53 mmol) at 0 °C.
After stirring the reaction mixture for 5 min, S17 (651.1 mg, 2.53 mmol) in DMF (1 mL) and
DIPEA (440 pL, 2.53 mmol) were added, the reaction mixture was stirred for 10 min at the
same temperature, then warmed to room temperature and stirred for 3 h. The volatiles were
removed under reduced pressure. The residue was diluted with ethyl acetate and 1 N HCl
aq. was added. The resulting mixture was extracted with ethyl acetate twice, the combined
organic layers were washed with aqueous saturated NaHCO:s twice, brine and dried over
Na2SOs. After filtration, the residue was concentrated under reduced pressure and dried in
vacuo to give crude amide as a brown oil. The crude amide was dissolved in DMF (12 mL)
and piperidine (223 uL, 3.80 mmol) was added, the reaction mixture was stirred for 2 h at
room temperature, then diluted with ethyl acetate and H2O was added. The resulting
mixture was extracted with ethyl acetate twice, the combined organic layers were washed
with H20, brine, then dried over Na2SO.. Filtrate was concentrated and the resulting residue
was purified by silica gel chromatography (ethyl acetate/n-hexane = 16/84 to 100/0) to give
$21 (1.10 g, 2.12 mmol, 84% over 2 steps) as a colorless oil.

Colorless oil; [a]po? =8.1 (c 0.27, CHCl3); 'H NMR (400 MHz, CDsOD) 6 8.03 (dd, ] =9.0, 6.1
Hz, 1H), 7.34-7.26 (m, 5H), 6.98 (dd, ] =10.5, 2.7 Hz, 1H), 6.70 (ddd, ] =9.0, 8.6, 2.7 Hz, 1H),
5.31 (s, 2H), 5.04 (s, 2H), 3.81 (t, ] =8.0 Hz, 2H), 3.48 (dd, ] =7.2, 5.2 Hz, 1H), 3.14 (t, ] = 6.6 Hz,
2H), 1.86-1.79 (m, 1H), 1.65-1.46 (m, 5H), 0.95 (t, ] = 8.0 Hz, 2H), 0.00 (s, 9H); *C NMR (100
MHz, CDCls) d 172.8, 158.8 (d, | = 241.3 Hz), 156.4, 147.2 (d, ] = 10.2 Hz), 136.6, 128.4 (3C),
128.0 (2C), 124.1 (d, ] = 2.9 Hz), 120.2 (d, ] = 8.8 Hz), 107.8 (d, ] = 21.1 Hz), 102.3 (d, ] = 26.3
Hz), 93.7, 66.7, 66.5, 55.7, 40.6, 34.5, 29.7, 22.8, 17.9, -1.5 (3C); YF NMR (376 MHz, CDCls) d -
116.7; IR (neat) v 3019, 1715, 1683, 1525, 1216, 997, 769, 670 cm™; HRMS (ESI) calcd. for
C2sH39N30sFSi m/z 520.2638 [M+H]*, found 520.2616.

(S)-Benzyl (6-((4-fluoro-2-hydroxyphenyl)amino)-5-(2-fluoro-5-hydroxybenzamido)-6-
oxohexyl)carbamate (1i)

To a solution of EDCI-HCI (404.0 mg, 2.11 mmol) in DMF (5.5 mL) and CH2Cl2 (5.5 mL) were
successively added OxymaPure® (300.0 mg, 2.11 mmol) and 2-fluoro-5-hydroxybonzoic acid
(330.0 mg, 2.11 mmol) at 0 °C. After stirring the reaction mixture for 5 min, $21 (1.10 g, 2.11
mmol) and DIPEA (400 pL, 2.74 mmol) were added, and the resulting mixture was stirred
for 1 h at the same temperature. The reaction mixture was warmed to room temperature and
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stirred for 13.5 h. The volatiles were removed under reduced pressure. The residue was
diluted with ethyl acetate and 1 N HCI aq. was added. The resulting mixture was extracted
with ethyl acetate twice, the combined organic layers were washed with aqueous saturated
NaHCOs twice, H20, brine and dried over Na2SOs. After filtration, the residue was
concentrated under reduced pressure and dried in vacuo to give crude diamide (1.43 g) as a
pale brown amorphous. The crude diamide (724 mg) was dissolved in MeOH (3.7 mL) and
H2S04 (235 pL, 4.40 mmol) was added. The reaction mixture was stirred for 1 h at room
temperature. The reaction mixture was diluted with ethyl acetate and aqueous saturated
NaHCOs was added. The resulting mixture was extracted with ethyl acetate twice, the
combined organic layers were washed with H20, brine, then dried over Na2SOu. Filtrate was
concentrated and the resulting residue was purified by silica gel chromatography (acetone/n-
hexane = 12/88 to 100/0) to give 1i (540.1 mg, 1.02 mmol, 93% over 2 steps) as a white
amorphous.

White amorphous; [a]p* -7.1 (c 0.48, CH3OH); 'H NMR (400 MHz, CDsOD) 6 7.73 (dd, | =
8.8, 6.1 Hz, 1H), 7.32-7.25 (m, 5H), 7.16 (dd, ] =5.9, 3.2 Hz, 1H), 7.03 (dd, ] =10.5, 8.8 Hz, 1H),
6.91 (ddd, ] =8.8, 4.0, 3.2 Hz, 1H), 6.75 (dd, ] = 10.0, 2.9 Hz, 1H), 6.54 (ddd, ] =8.8, 8.6, 2.9 Hz,
1H), 5.02 (s, 2H), 4.72 (dd, ] = 8.7, 5.3 Hz, 1H), 3.15 (t, | = 6.6 Hz, 2H), 2.06-1.96 (m, 1H),
1.92-1.82 (m, 1H), 1.62-1.47 (m, 4H); 3C NMR (100 MHz, CDsOD) 6 172.5, 166.8 (d, | = 2.2
Hz), 161.7 (d, ] =240.6 Hz), 159.0, 155.1 (d, ] = 1.5 Hz), 155.0 (d, ] =238.4 Hz), 151.2 (d, ] =11.7
Hz), 138.4, 129.4 (2C), 128.9, 128.7 (2C), 124.8 (d, ] = 9.5 Hz), 123.8 (d, ] = 14.6 Hz), 123.1 (d, |
=29 Hz), 120.7 (d, ]=8.0 Hz), 117.9 (d, ] =24.8 Hz), 117.0 (d, ] =2.2 Hz), 106.5 (d, ] = 22.6 Hz),
103.8 (d, ] =25.5 Hz), 67.3, 55.8, 41.4, 32.7, 30.5, 24.0; F NMR (376 MHz, CD3OD) d -118.2,
-128.1; IR (KBr) v 3300, 2937, 1660, 1527, 1454, 1433, 1276, 1190, 1141, 1098, 973, 760, 686 cm~
1, HRMS (ESI) calcd. for C27H2sN3O6F2 m/z 528.1941 [M+H]*, found 528.1916.

(5)-2-fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)-5-
hydroxy-4-methylbenzamide (1j)

White amorphous; [a]p?® -10.7 (c 1.67, CH3OH); '"H NMR (400 MHz, CDsOD) 87.73 (dd, | =
8.9,6.2Hz, 1H), 7.13 (d, J=6.4 Hz, 1H), 6.95 (d, ] = 11.5 Hz, 1H), 6.59 (dd, | =10.0, 2.7 Hz, 1H),
6.54 (ddd, ] =8.9, 8.7, 2.7 Hz, 1H), 4.79 (t, | = 7.0 Hz, 1H), 2.22 (s, 3H), 1.85-1.76 (m, 3H), 1.01
(t, J=6.4 Hz, 6H); ®*C NMR (100 MHz, CDsOD) 8 173.1, 166.9 (d, ] =2.2 Hz), 161.7 (d, ] = 240.6
Hz), 154.8 (d, | = 238.4 Hz), 153.1 (d, | =2.2 Hz), 151.2 (d, ] = 11.7 Hz), 132.3 (d, | = 8.0 Hz),
124.6 (d, ] =10.2 Hz), 123.1 (d, ] =2.9 Hz), 120.5 (d, ] = 13.9 Hz), 118.8 (d, ] = 24.8 Hz), 115.9 (d,
J=2.2Hz),106.5 (d, ]=22.6 Hz), 103.8 (d, ] =25.5 Hz), 54.5, 41.9, 26.1, 23.5, 22.0, 16.3; ’F NMR
(376 MHz, CDsOD) ® -118.1, -127.7; IR (KBr) v 3285, 2960, 1647, 1531, 1434, 1189 cm~'; HRMS
(ESI) calcd. for C20H22N204F2Na m/z 415.1424 [M+Na]*, found 415.1437.

(5)-6-fluoro-N-(1-((4-fluoro-2-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)-3-
hydroxy-2-methylbenzamide (1k)

White amorphous; [a]p?® -38.1 (¢ 1.86, CH3OH); 'H NMR (400 MHz, CD3OD) 0 7.82 (dd, | =
8.8, 6.1 Hz, 1H), 6.82 (dd, ] =9.3, 8.8 Hz, 1H), 6.78 (dd, ] = 8.8, 4.9 Hz, 1H), 6.61 (dd, ] = 10.0,
2.9 Hz, 1H), 6.56 (ddd, ] = 8.8, 8.6, 2.7 Hz, 1H), 4.78 (dd, | = 9.2, 6.2 Hz, 1H), 2.19 (s, 3H),
1.88-1.72 (m, 3H), 1.02 (d, ] = 6.6 Hz, 3H), 1.01 (d, ] = 6.4 Hz, 3H); *C NMR (100 MHz, CDs0OD)
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0172.8,168.9, 161.5 (d, ] = 240.6 Hz), 153.7 (d, ] = 234.8 Hz), 152.9 (d, ] =2.2 Hz), 150.8 (d, | =
10.9 Hz), 126.9 (d, ] =19.0 Hz), 124.8 (d, ] =2.9 Hz), 124.0 (d, ] = 9.5 Hz), 123.3 (d, | = 3.7 Hz),
117.0 (d, J = 8.0 Hz), 113.8 (d, ] = 23.3 Hz), 106.5 (d, ] = 21.9 Hz), 103.7 (d, ] = 24.8 Hz), 54.2,
41.4,25.9,23.6,21.6,13.0(d, ] =1.5 Hz); YF NMR (376 MHz, CDs0OD) 5 -118.3, -130.3; IR (KBr)
v 3274, 3112, 2961, 1666, 1549, 1524 cm~'; HRMS (ESI) calcd. for C20H22N20OsF2Na m/z 415.1424
[M+Nal]*, found 415.1436.

(5)-2-fluoro-N-(1-((4-fluoro-2-hydroxy-6-methylphenyl)amino)-4-methyl-1-oxopentan-2-
yD-5-hydroxybenzamide (11)

White amorphous; [a]p?® =38.5 (c 0.62, CH3OH); 'H NMR (400 MHz, CDsOD) d 7.14 (dd, | =
5.9,29Hz, 1H), 7.04 (dd, ] = 10.4, 8.9 Hz, 1H), 6.91 (ddd, ] = 8.9, 4.0, 2.9 Hz, 1H), 6.48 (dd, ]
=8.8,2.9 Hz, 1H), 6.45 (dd, ] = 9.5, 2.9 Hz, 1H), 4.81 (t, ] = 7.6 Hz, 1H), 2.18 (s, 3H), 1.91-1.80
(m, 3H), 1.04 (t, ] = 6.0 Hz, 6H); *C NMR (100 MHz, CDsOD) 8 172.2, 166.8 (d, | = 2.2 Hz),
163.2 (d, ] =241.3 Hz), 155.6 (d, ] = 12.4 Hz), 155.0 (d, ] = 238.4 Hz), 155.0 (d, ] =2.2 Hz), 138.3
(d, ] =109 Hz), 123.7 (d, ] = 15.3 Hz), 120.7 (d, ] = 8.0 Hz), 120.0 (d, ] =2.9 Hz), 1179 (d, | =
24.8 Hz), 117.0 (d, ] =2.2 Hz), 108.3 (d, ] =21.9 Hz), 101.7 (d, ] = 24.8 Hz), 54.1, 42.1, 26.0, 23.4,
22.2,18.4 (d, ] = 1.5 Hz); F NMR (376 MHz, CDs0OD) d -116.1, -128.1; IR (KBr) v 3447, 3385,
3241, 1654, 1541, 1496 cm'; HRMS (ESI) caled. for C20H22N204F2Na m/z 415.1424 [M+Nal*,
found 415.1440.

(5)-2-fluoro-N-(1-((4-fluoro-2-hydroxy-5-methylphenyl)amino)-4-methyl-1-oxopentan-2-
yl)-5-hydroxybenzamide (1m)

White amorphous; [a]p?® -18.6 (¢ 1.73, CH3OH); 'H NMR (400 MHz, CDsOD) 0 7.59 (d, ] =8.3
Hz, 1H), 7.13 (dd, ] = 5.9, 3.2 Hz, 1H), 7.04 (d, | = 10.0, 8.8 Hz, 1H), 6.91 (ddd, ] = 8.8, 4.0, 3.2
Hz, 1H), 6.55 (d, ] = 10.8 Hz, 1H), 4.78 (t, ] = 7.1 Hz, 1H), 2.14 (d, ] = 1.7 Hz, 3H), 1.83-1.77 (m,
3H), 1.01 (t, ] = 5.6 Hz, 6H); 3C NMR (100 MHz, CDsOD) 9 173.0, 167.0 (d, ] = 2.2 Hz), 159.6
(d, J=240.0 Hz), 155.0 (d, ] = 2.2 Hz), 154.9 (d, ] = 238.4 Hz), 148.9 (d, ] = 10.9 Hz), 125.8 (d, ]
=6.6 Hz), 124.0 (d, ] =15.3 Hz), 122.6 (d, ] =2.9 Hz), 120.6 (d, ] =8.8 Hz), 117.9 (d, ] =24.8 Hz),
116.9 (d, ] =2.2 Hz), 115.8 (d, ] = 18.2 Hz), 103.6 (d, ] = 26.2 Hz), 54.5, 41.8, 26.1, 23.5, 22.0, 13.8
(d, J=2.9 Hz); YF NMR (376 MHz, CDsOD) 0 —-121.8, -128.3; IR (KBr) v 3403, 3291, 1647, 1527,
1499 cm-1; HRMS (ESI) caled. for C20H22N204F2Na m1/z 415.1424 [M+Na]*, found 415.1434.

9. Procedure for nitroaldol reaction in flow
To a flame dried test tube (20 mL) equipped with a magnetic stirring bar and 3-way glass
stopcock was charged with NdCls-6H20 (8.6 mg, 0.024 mmol), and dried under vacuum at
room temperature. Ar was backfilled (evacuation/backfill was repeated for several times) to
the flask, and THF (400 uL) and ligand 1a (400 pL, 0.024 mmol, 0.06 M/THF were added
successively by well-dried syringes and needles at room temperature. After stirring the
resulting cloudy solution at 60 °C for 30 min, NaO'Bu (72 pL, 0.144 mmol, 2.0 M/THF) was
added dropwise at the same temperature. After stirring the resulting mixture at 60 °C for 1
h (white precipitate appeared), the mixture was cooled to room temperature, and MWNT
(Baytubes® C 70P, 36 mg, 400 wt% to ligand 1a) and nitroethane (3a) (172 uL, 2.4 mmol) were
added to initiate self-assembly of the catalyst in the fibrous matrix of MWNT. After stirring
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at room temperature for 12 h, dried Celite (350 mg [pretreatment: Celite (50 g) was
suspended in dry THF (250 mL) then filtered, which was subsequently washed by dry THF
(250 mL). The washed Celite was dried under vacuum (ca. 0.6 kPa) at room temperature])
was added to the MWNT-catalyst. The resulting mottled black/white suspension was
transferred by a glass pippet to a YMC stainless-steel empty column (¢ 4.6 x 100 mm) fitted
with an end-capping bearing a 2 um stainless steel frit at the bottom under mostly Ar
atmosphere (operated under the Ar flow with 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 dry THF, then the top of the column was
sealed with an end-cap bearing a 2 um stainless steel frit. Dry THF was passed through the
column at 200 pL/min for 2 h to wash away soluble incomplete complexes. The catalyst
column, pretreatment columns (MS3A column: ¢ 10 x 30 mm, MS3A powder (dried by 3
cycles of heating (microwave oven)/vacuum drying) was packed in full; NaHCOs column: ¢
10 x 30 mm, NaHCOs powder was packed in full), a mixer (YMC Deneb mixer), a precooling
coil (stainless-steel, inner diameter: 0.5 mm, outer diameter 1/16 inch), and syringe pumps
(Harvard PHP-ULTRA 4400) were concatenated with stainless-steel tubing (inner diameter:
0.5 mm, outer diameter 1/16 inch) as shown in Scheme 16. THF solutions of 3, 4-
ethylenedioxybenzaldehyde (5) (0.2 M) and nitroethane (3a) (2.0 M) were passed through the
flow system by two syringe pumps at 1.5 mL/h at room temperature for 1 h. The precooling
coil and the catalyst column were immersed into a cryogenic reactor operated at —40 °C (with
PrOH as a medium) and these substrates were passed through the flow system by two
syringe pumps at 0.6 mL/h at —40 °C for 3 h. Nd* content in the initial THF wash-out and
substrates wash-out was determined to be 1.6 umol (6.5% of Nd* used for catalyst
preparation was eluted without complexation) by MP-AES (microwave plasma atomic
emission spectrometry) analysis, and 93.5% of Nd3* (22.4 umol) was charged in the catalyst
column. The nitroaldol reaction was occasionally monitored. Diastereomeric ratio and
enantiomeric excess were determined using small aliquot of the eluted sample using the
same procedures described above. After 398 h, the collected eluents were concentrated and
purified by silica gel column chromatography, eluent: n-hexane/ethyl acetate 85/15 to 34/66)
to give 6 (8.89 g, 37.2 mmol, 81%, anti/syn =>20/1, 95% ee (anti)). TON was calculated as 1661.

10. Preparation and Characterization of 10, 11
(1R,25)-2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)propan-1-ol (11)

OH 1) Hp, Pd(OH),/C OH
AcOH, MeOH
[ No2 2) 2 M HCI/MeOH [

To a solution of 6 (4.68 g, 19.6 mmol, 95% ee, obtained from the flow reaction) in MeOH (47
mL) were added AcOH (1.17 mL, 20.54 mmol) and Pd(OH)2/C (468.0 mg [20 wt%Pd, 50%
wet]) and the resulting mixture was stirred at room temperature under Hz atmosphere for 9
h. After filtration through a pad of Celite, 2 M HCl/MeOH (97.8 mmol, 49 mL) was added to
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the filtrate and the mixture was stirred at room temperature for 2 h. The volatile was removed
under reduced pressure, diethyl ether (23 mL) was added to the residue. The slurry was
stirred at room temperature for 2 h, the collected precipitates were dried in vacuo at 40 °C to
give 11 (4.47 g, 18.2 mmol, 93%) as a white solid of HCI salt. 11 is a known compound (CAS:
1028459-57-5).

White solid; m.p. 218-220 °C; [a]p* -32.4 (c 1.80, CH3OH); 'H NMR (400 MHz, CD30OD) d
6.89-6.81 (m, 3H), 4.79 (d, ] =3.7 Hz, 1H), 4.26-4.21 (m, 4H), 3.43 (qd, ] = 6.8, 3.7 Hz, 1H), 1.10
(d, J=6.8 Hz, 3H); 3C NMR (100 MHz, CDsOD) 6 145.1, 144.8, 134.4, 120.0, 118.2, 116.1, 73.0,
65.6, 65.6, 53.7, 12.5; IR (KBr): v 33307, 3073, 2979, 2209, 1593, 1509, 1490, 1314, 1286, 1064,
1045 cm!; HRMS (ESI) calcd. for CitH1sNOs m/z 210.1125 [M+H]*, found 210.1124.

Enantiopurity of amino alcohol 11 was determined after converting to 10 by the following

procedure.

tert-Butyl ((1R,25)-1-(2,3-dihydrobenzo[b][1,4]ldioxin-6-yl)-1-hydroxypropan-2-
yDcarbamate (10)

OH OH
o Boc,O, NEt; o)
[ > Hel [ Y
(0] NH; 1,4-dioxane, H,O o NHBoc
1 10

To a solution of 11 (700.0 mg, 2.85 mmol) in 1.4-dioxane (3.5 mL) and H20O (3.5 mL) were
added Boc20 (1.24 g, 5.70 mmol) and NEts (1.19 mL, 8.55 mmol), then the resulting mixture
was stirred at room temperature for 3 h. An aqueous saturated NH4Cl was added and the

mixture was extracted with ethyl acetate twice. The combined organic layers were washed
with H20, brine and dried over Na2SO.s. Filtrate was concentrated and the resulting residue
was purified by silica gel chromatography (ethyl acetate/n-hexane = 12/88 to 100/0) to give
10 (794.3 mg, 2.57 mmol, 90%) as a white solid. 10 is a known compound (CAS: 1028459-58-
6).

White solid; m.p. 165-166 °C; [a]p?® —60.9 (c 0.37, CHCl398% ee sample); 'H NMR (400 MHz,
CDCls) 0 6.86-6.78 (m, 3H), 4.75 (d, ] = 3.0 Hz, 1H), 4.60 (brs, 1H), 4.25 (s, 4H), 3.95 (brs, 1H),
1.46 (s, 9H), 0.99 (d, ] = 6.8 Hz, 3H); *C NMR (100 MHz, CDCls): d 156.3, 143.2, 142.8, 134.2,
119.3, 116.8, 115.3, 79.7, 76.3, 64.3 (2C), 51.9, 28.6 (C3), 14.9; IR (neat) v 3019, 2960, 1509, 1216,
1002, 940, 859, 838, 756, 669 cm™!; HRMS (ESI) calcd. for CisH23NOsNa m/z 332.1468 [M+Na]*,
found 332.1459. HPLC analysis [CHIRALPAK IF (¢ 0.46 cm x 25 cm), 2-propanol/n-hexane = 1/9,
flow rate 1.0 mL/min, detection 215 nm, tr = 13.5 min (major), 15.4 min (minor)]
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The absolute configuration of nitroaldol product 6 was determined by X-ray crystallographic

analysis of 10. Single crystals of 10 were obtained from a solution of EtOAc/n-hexane. A

suitable crystal was selected and the sample was measured on a Rigaku R-AXIS RAPID

diffractometer using graphite monochromated Cu-Ka radiation. The data were collected at

93 K. Refined structure and crystallographic parameters are summarized in Figure S1 and

Table S1. The ORTEP diagram was drawn by OLEX2 CCDC 1518441 contains the

supplementary crystallographic data for 10.
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Table S1. Selected crystal data of

10
Empirical
Formula
Formula
Weight
Crystal Color,
Habit
Crystal
Dimensions
Crystal System
Lattice
Parameters
a
b
C
\Y%
Space Group
Z value

C16H23NOs
309.36

colorless,
platelet

0.300 x 0.200 x
0.050 mm

orthorhombic

5.87790(11) A
9.68673(19) A
27.8302(5) A
1615.83(11) A3
P212121
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Dealc 1.297 g/cm?
R1 0.0315
Flack -0.09(4)
parameter!

Figure S2. ORTEP diagram of 10. Ellipsoids are set at  Fooo 664.00

50% probability.

12. Price List of Nd and Na salts.

Nd source MW Weight [g] | Eur[ | Eur/g-Nd Supplier
NdsO(OPr)13 1505.34 1 114.28 238.5 Kojundo Chem. Lab.Co.
Nd(HMDS)s 625.40 5 224 194.2 ABCR GmbH & Co.
Nd(OH)s 195.26 10 123 16.7 Sigma-Aldrich
Nd(NOs)s*6H20 438.35 100 107.5 3.3 Sigma-Aldrich
Nd(OAc)-H20 339.39 250 190 1.8 ABCR GmbH & Co.
NdFs 201.24 250 177.7 1.0 ABCR GmbH & Co.
NdCls 250.60 50 308 10.7 ABCR GmbH & Co.
NdBrs3 383.95 25 374 39.8 ABCR GmbH & Co.
NdCls-6H20 358.69 25 71.7 7.1 Sigma-Aldrich
NdCls-6H20 358.69 250 156 1.6 ABCR GmbH & Co.

Na source MW Weight [g] Eur Eur/g-Na Supplier
NaHMDS 183.37 100 444.5 35.5 Sigma-Aldrich
NaOBu 96.10 2500 335 0.6 Alfa Aesar
NaOEt 68.05 500 451.9 0.2 Sigma-Aldrich
NaO'Am 110.13 500 278 2.7 Sigma-Aldrich

13. Cost Evaluation

Comparison of variable cost of 11 between new synthetic approach (Table S1) and original

synthetic approach (Table S2). The variable costs were calculated based on main reagents

(except for solvent and work-up cost).

Table S1. Cost evaluation of 11 by new synthetic approach
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0.06 mol%

NdCl3+6H,0

H,

PA(OH),/C (10 wt%)

0.06 mol% ligand 1a oH oo (1eq) OH
o) CHO 0.036 mol% NaO'Bu o HCI/MeOH (5 eq.) [O:©/K/
[0]@/ ToNo T [o No,  93% 0 NHz Hel
5 MWNT-confined catalyst 6 "
1eq. 10eq.  inflow
TON = 1661
Compound MwW Unit Price Variable cost per 1 Supplier
kgof1la
Aldehyde 5 164.16 5kg $6,565 ¥123,583 AURUM Pharmatech, LLC
Nitroethane (3a) 75.07 2.5kg €148 ¥31,270 ABCR GmbH & Co.
Lingand 1a® 378.38 1kg ¥843,964 ¥1,002 -
NdCls 6H20 358.69 0.25 kg €156.00 ¥95 ABCR GmbH & Co.
NaOBu 96.1 2.5kg €335.00 ¥33 Alfa Aesar
Pd(OH)2 140.43 1kg $4,587 ¥83,587 StruChem Co., Ltd.
AcOH 60.05 18 kg $155 ¥240 Oakwood Chemical
3.3 M HCI
36.46 18L $795 ¥51,070 Oakwood Chemical
in MeOH
total ¥290,880

251 =¥110, €1=¥135

b Unit price was calculated as described in Table S3

Table S2. Cost evaluation of 11 by original synthetic approach

NHNe(ONe) HCI (1.5 eq.)

7

Mg (1.44 eq.)

[ ]@/ catl,

1.44 eq.

o]

EDCI HCI (1.5 eq.) Al (OiPr)3 (0.2 eq.) OH . OH
ol reem) o § e «Mem\ e el o O
NHBoc  84% I RHBoc 95% [ Moo s o NHBoc 85% 0 NHﬁm
822 8 10 "
Compound MW Unit Price Variable cost per 1 Supplier
kgof11a
522 189.21 25 kg $1,767 ¥10,031 1Click Chemistry, Inc.
Chem-Impex International
NHMe(OMe) HC1 97.54 25kg $3,680 ¥16,153
Product List Scifinder
Chem-Impex International
EDCIHCI 191.7 10 kg $2,350 ¥50,683
Product List Scifinder
HOBt 135.13 25kg $1,620 ¥9,851 Beta Pharma Scientific, Inc
DIPEA 129.25 2.5kg $230 ¥17,844 1Click Chemistry Stock Products
7 187.17 5kg $5,702 ¥202,876 AURUM Pharmatech, LLC
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Mg turning 24.31 2.5kg $230 ¥2,126 Alf Aesar
2 M PrMgClin
102.85 08L $120 ¥71,284 Oakwood Chemical Product List
THEF
Al(OPr)s 204.25 10 kg $512 ¥1,311 Carbosynth Product List
PrOH 60.1 25 kg $561 ¥10,909 Carbosynth Product List
6 M HCl in PrOH 36.46 18L $525 ¥30,725 Oakwood Chemical Product List
total ¥423,792

251 =¥110, €1=¥135

Table S3. Cost evaluation of ligand 1a by reported synthetic route!? 2

/d;o"‘ (1:25eq)
BocHN H,0
5240

MeO. COH
sz7@; (1.05eq)
OMe PivCI, (1.25 eq.) OMe  HCI in dioxanne (2.26 eq.) (COCI), (1.41eq) o) OMe BBr; (6 eq.) Q g o
HoN NEt; (1.35 eq)) Bt Ji;ﬁ HCl in CPME (2.86 €q.) /d(\n QMe  Net, 22eq) eo ,d(\n 3 (6 eq Ho. N/¢*l
0, e NG T e, e TG,
s23 S25 S26 s28 ligand 1a
Compound MW Unit Price Variable cost per 1 Supplier
kg of ligand 1a 2
S23 141.15 1kg $1,639 ¥102,751 1Click Chemistry, Inc.
Hangzhou MolCore
S24 235.28 1kg $200 ¥26,132
BioPharmatech Co., Ltd.
PivCl 120.58 18 kg $1,250 ¥4,650 Oakwood Products, Inc.
NEts 101.19 25kg $750 ¥1,821 Carbosynth Limited
4 M HCl in
36.46 15L $825 ¥14,289 Oakwood Chemical

dioxane
3 M HCl in CPME 36.46 3L $1,050 ¥128,226 Oakwood Chemical
S27 170.14 5kg $3,628 ¥47,223 1Click Chemistry, Inc.
(COCl)2 120.58 1000 kg $46,000 ¥2,849 Chem-Impex International, Inc.
NEts 101.19 25 kg $750 ¥2,433 Carbosynth Limited
BBrs 250.52 0.5kg $54,300 ¥513,589 Sigma-Aldrich
total ¥843,964

251 =¥110, €1=¥135
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