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2 V. A. Soloshonok, C. Cai, V. J. Hruby, L. Van Meervelt , N. Mischenko, Tetrahedron, 1999, 55, 12031-12044.

3 For reviews on synthesis of a-AAs, see: (a) R. O. Duthaler, Tetrahedron, 1994, 50, 1539-1560; (b) K. Maruoka ,
T. Ooi, Chem. Rev., 2003, 103, 3013-3028; (c) J.-A. Ma, Angew. Chem., Int. Ed., 2003, 42, 4290-4299; (d) C.
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C. Wang, H.-Q. Dong , G.-Q. Lin, Org. Lett., 2014, 16, 1426-1429; (d) T. H. West, D. S. B. Daniels, A. M. Z.
Slawin , A. D. Smith, J. Am. Chem. Soc., 2014, 136, 4476-4479; (e) J. He, S. Li, Y. Deng, H. Fu, B. N. Laforteza,
J. E. Spangler, A. Homs , J.-Q. Yu, Science, 2014, 343,1216-1220.

5 (a) M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kepeler, R. Stiirmer , T. Zelinski, Angew. Chem., Int. Ed.,
2004, 43, 788-824; (b) E. Fogassy, M. Ndgradi, E. Palovics , J. Schindler, Synthesis, 2005, 1555-1568.

6 (a) W. Leuchtenberger, K. Huthmacher , K. Drauz, Appl. Microbiol. Biotechnol., 2005, 69, 1-8; (b) J. Ward , R.
Wohlgemuth, Curr. Org. Chem., 2010, 14, 1914-1927; (c) S. Mathew , H. Yun, ACS Catal., 2012, 2, 993-1001;
(d) J. Becker , C. Wittmann, Curr. Opin. Biotechnol., 2012, 23, 718-726.
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FH2E OUEEET7 =2 F AT I VHSRNH B 77 v F oxat & Ak
BLUZD a-7 17BN EIFE~DIGH

Me
Ph . Ph/( R t-Bu_ H
i \NJ R\ / R N\ /O 0] N/ 0 0
. N/
- \N-/Ofo \ / f L \ :/|/ Ri /NI\ f £ /Ni\ :/r
SN 0” >N 'NR"
O%N/ \lN / \ / | N O~ N |N
©/kR @AR ©/KR R
.1 2, 3 4 5
Chiral (C) RA_cf;LaIM Achiral Chiral (C,N) Chiral (N)
R =Ph, Me = rh, e R = Ph, Me R = Me, Et R = Ph, Me
R' = alkyl R'=H, Me
R" = Ph, alkyl
Me
ph—L M
N O_O
N
I X
0“ >N 'N°R Chiral (C,N)
| R = Ph, alkyl
Ph This work
Cl 6
Figure 1. Structural variety of Ni(II) complexes of glycine Schiff bases.
R ER

INE TOMG 0BT 220, {HLMAF I Ao —2>ThHba-7 2=V F LT I VICTHEK
T2V F 7(Figure 2) BT A vank2, VA Y F7ika-7 I 7Bolt7 € J{icks »TIERICHK
DL72h, 2232 DOBAN R REBH o7z ¢ OGDOKINE & EZ 85k 4 (R = Me; R’ = H)JEHGEE C
Hb, ZOMERPOLIH Y FIBT T AT —=LTOHWa-T I 7 BEBICRN TRV L IHS
HTHotz, UBTICHE S NZZ DD X 4 T7Da- 7 2=V FAT I VKDY AV F 87 Y v v
AL DSARIN @ S iz, NTAF LI nNgE 3|7 I v e LRI NAEY, LaL, 80%
FEOTAFAER IZEEA4 (R = Me; R = H) DK ICRER H YAV F8DLfke L TOMFED
WMXERELIVDT DD oT, 4 T8DVH VY FELT, T @uﬁ-‘ﬂ’ﬂ’%ﬁ'ﬂ(t%%‘&? IV OlAE
beElE, 70 N-TAFAUR)ICT 2 e, a-7 I /e D Ni $EAERICTERICERLZC & bFEH
TREHTHL, VAVEFTLBDEMPKIGHEDLH/ONTZINLDT — X A0 DfgH»r s, 70 X
) v VIR ORI E R S 2 8 T I /HE ELFERIC, kKo b KIGHEICH L THEETH S T
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J. L. Le6n-Romo, A. Reyes , J. Escalante, Tetrahedron: Asymmetry, 1999, 10, 2441-2495; (c) Y. Bandala , E.
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FH2E OUEEET7 =2 F AT I VHSRNH B 77 v F oxat & Ak
BLUZD a-7 17BN EIFE~DIGH

EERIREICRB L T\, L2, MEDO ) VEI L E 2T I v R b oHMA NH 24 7
ODTFHA veBFM-LT-,

Ph._Me Ph._Me Ph._Me
Me | N e

MeiN\H LN‘R LN\H
O”>NH O 0 0” >N

NH O H O
Ph Ph Ph
Cl
(Rc,RISN)-T (Rc,R/SN)-8 (Rc,R/SN)-9
R = Me; Ef;

Figure 2. Three types of a -(phenyl)ethylamine derived ligands 7-9.

U747 F9DERIE Scheme 1 ICREE L 7z IS X WER I Nz, HREFEEE L T2- 71 /-5-711
Ry 72/ v 10 %5 2 & BFRL 7228, 203 10 23IE27 v oA 5 00 1 &\v» ) a & M
EEER LD TH D, £z, 7 v nfRITEEROBEMBER LICbHELZ, 7TI/xvYy 72710
L7mETEFATOIFORIGIRT I AL 252, I5ICR)-a-7 2= VT F AT I VL RIGE
THNY 7Y F(R)-9 % @I TE 2 7z,

B Ph Me
' Br Phe _Me g
o J; T "

H
NH, O Br O° >NH O NH Ci:
KQCO3 K2CO3 0] NH O
Ph Ph
MeCN MeCN Ph
Cl cl 89%
10 11 Cl
(Rc,RISN)-9
Ph. _Me Ph. _Me
He T
Gly (1.1 equiv) BUN /O O N /O 0]
NiCl, (1.1 equiv) A Ni, f £ Ni. f
K>COg3 (4 equiv) O~ N |N + O~ °N |N
Ph Ph
MeOH, A
quant.
Cl Cl
(Rc.Rn)-12 (Rc,Sn)-13
[a]p?® = -1685 [a]p?® = +66.7

Scheme 1. Synthesis of ligand 9 and glycine Schiff base complexes 12 and 13.

30 J. L. Moore, S. M. Taylor, V. A. Soloshonok, ARKIVOC, 2005, 287-292.
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H2E OUEEET c =TT I VHSKR NH B 77 v F oxkaEt & ARl
BLUZD a-7 17BN EIFE~DIGH

RISt o#tc, VY F(R-9 & 7Y+ v (10%6EFE) 5 X OtElb= v 7L & DG 1 RN
KT L, IG5 YT AT LA~ —Ni 5K (Re, R)-12 & (Re,S50)-13 BERINICE S5 2 L BHHS 2
Ehhotz, TNHLOFERIE, VAV F T8 TIH5EEOMIEL KIGIC 24 KRB BETH 5 =D ITxf L
TR RFERTH 572, VAV F I DHISIICE RIS, S 201C Ni & OfFRTERISICE T 2
Hiffi 2 i L ZIRBEE O v L EAICE R e b g, —), VEREEOM N L 1X(R)-7 =
ZATFAT I VEAIC X 2 ER EOVRMEFEOFIHIMET & W I FERICORAY, YT AT LA —
AR (Re, Ry)-12 & (Re,5)-13 728 54:46 DL TR LN 5 & & 2 HPLC 9#01ic X Y iR S 7z, S lRlowf
RORET— N a-T 2 ) BOER DB CHE e 2T 25 L, CZTCRBElENZEVWY TR
TUABERIEIZIZITIHFACTE 2D TH o (RESH), 7'V & VEER(R,R)-12 & (Re,S5)-13 OEHR
FOREBFHRLIIARRENICRETHY, hT7L7u~ bl T77 4 —CEVHE—~DYTATLAY—¢
L CHEEATIRETH - 72,

(Re,Rn)-12 & (R, Sv)-13 DAL iE D E 1d F 7 A 2 L L CfTo 720 T7bb, (ReR)
THBEITATLA—12 13IEHICKE RIEE-1685 2L Tk Y, —J7. (R, S VAKLFD L)
13 13/ N WEHIE+66.7 %R L7z, [RIBRDIEEEE DML Y 7> F 8 sk D —# o FgkFEMAIC X 0 DURT
KEHIENTE Y, Zhd o XTI X W IEI T3 2,

7V v vy ZEEEA 12 L 13 I X VB o PR ABRETEREZ D i, RV AV F(R-9 &
—HDI I a-T I/ BEDRIEERIT L. 2 ooz A VL 5 34050, T42bbT I O
a-RFELVHY FOERENPTFET L2720, VIV FR)-9 EERa-T I BOERERICL YV RALD
DYTATLAY—EEYOERBTEING,
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FH2E OUEEET7 =2 F AT I VHSRNH B 77 v F oxat & Ak
BLUZD a-7 17BN EIFE~DIGH

Table 1. Reactions of ligand (R)-9 with a -AAs.

Me Ph_Me Ph._Me [ Ph_Me Ph_Me

w et :
R e T T T T
O” NH O NiClp, K2CO3 0N N"R , OO N N "R [,LO°N N "R, 0N NR

| * | + ! * |
Ph  MeOH @Ph dph Ph Ph
cl

Ph

Cl Cl Cl
(R)-9 (Re.Rn:Re)-14 (Re.SniSc)-15 | (Re.Rn.Sc)-16 (R, Sn.Re)-17 |
Entry AA R Product Ratio 14:15° Yield (%)% [a]p® 6 me (ppm)

(Rc,Ry,Rc)-14a -2239 1.91
1 Phe Bn 54:46 97

(Re, 55, 8)-15a +2750 1.73

(Rc, Ry, Rc)-14b -1969 2.05
2 Phg Ph 56:44 93

(Rc, S5, 50)-15b +2494 1.95

(Rc, Ry, Re)-14c -3075 2.04
3 Ala Me 53:47 95

(Rc, 5%, 80)-15¢ +2669 1.95

(Rc, Ry, Re)-14d -2638 1.98
4 Val -Pr 55:45 94

(Re,Sn,8)-15d +2900 1.86

(Rc, Ry, Rc)-14e -2126 1.99
5 Leu -Bu 56:44 94

(Rc, 5%, 80)-15e +2893 1.90

(Rc, Ry, Rc)-14f -2841 1.85
6 Tyr 4-OH-CsH4CH: 52:48 97

(Rc, SN, 8)-15f +2539 1.62

(RC,RN,RC)‘14g -1291 2.01
7 DMT 4-OH-2,6-di-Me-C¢H4CH> 51:49 99

(Re, 5, 50)-15g +1853 1.80

2 Measured by HPLC analysis of the crude reaction mixtures. Up to 15% of isomers 16 and 17 was also detected (see experimental part

for details). ® Overall isolated yield of pure products.

Table 1 26 R ON2 X 51C, MALEZTRTCOBHICBNT 2 2D AV ¥y —hVTATFL L ~v—
(Re, R, Ro)-14 & (R, 50, 80)-16 L L iC 20D~ A F =Y T AT LA ~—(Re, Ry, S)-16 & (Re, Sv,Re)-
17 83857, 72=AT I = Vi % &t (Re, Ra, Re)-14a DHNECE 13 X SRS IC X D ikEX h
7z (Figure 3), FEXFMIME L Ax7 b7 — 2 0B RTTIC LT, A 14b-g DXV 13 (Re, Ry, Reo)
DI E L RE S N, HiT, K 1da-g DTGS2 7 2 BB o - (R)-Honid i 2 s s
BRERADIENER R LI, 7, 2BHOAY v —h VT 27 Lt —(Re,SS)-15a-g i3 553 %
TIJBD a-(9-HNEEZRETI2RKEREDRNEEZ R L 22, AL, VTATLA~V—
(Re,Rn,Ro)-14 & (Re,5,8)-15 Da-7 = AZF AT I VLD X FARDb¥s 7 Fick TS
PIAER AR STz, 14a OfE LS (Figure 3) 2 5 005 X9 a-7 == Vv F AT I VEHLO X F L
Bt Ni o THloEFICEL TEY, FLIMERL W23, COBEEHT, YTATLAv—

31 (@) V. A. Soloshonok, C. Cai, V. J. Hruby , L. Van Meervelt, Tetrahedron, 1999, 55, 12045-12058; (b) Y. N.
Belokon, A. G. Bulychev, M. G. Ryzhov, S. V. Vitt, A. S. Batsanov, Y. T. Struchkov, V. I. Bakhmutov , V. M.
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B2E RFEEE T =z FAT I v NH Y 77 v F ofEt e AR
BIXUOZD a-7 I B EITE~DIGH
(Re, Ry, Rc)-14a-g DA FAIBEET L 72T RCOGEHICE VTV T AT LA~ — (R, 5 %)-15a-g &Lt
B LTRSS Tw 5,

(RCYRN!RC)"I 4a

Figure 3. Crystallographic structure of (Rc, Ry, Rc)-14a.

VA F =BT T AT LAY =16 & 17 OHTELE b FEEE (o -KEAFHL) & A FAHDES 7 b
DOHEE SNz, L2LAEDS, 200DV EOMERIER, Ay —4EFP 14 L 15 26~ A
F— YT ATLA2—16 & 17T ~OLEHIc LY, ZLTZD16 L 17T%, VAV NI LT I HBOK
JEIC X D EEMICHEl I N2 DL DIRIC X VIERTE /2, RICib_7E X 51C, Z0x 4 Fofkd
DEFARPOE, BERRIED L IZIEMRIERE(Z n ok L A, 27 aa x x v )hCld i ARELE R I %
ETHD, LoLAaAES, 7a b vHEmERES cix NH R ER TP LoEe st e 2 V{LE
ZT5,PIZE, AP =B TATLAR—DULED gk AR ) —A-Y 27 uu iz v iREHT 50°C
THR L, MIGZREZ & ic HPLCIC X WIBIR L 72 & & A, 2 B CEVH M EATICE L, T v~ —14g
& 17g % 92:8 L LCH x5 Z &L 7=,

Belikov, J. Chem. Soc., Perkin Trans. 1, 1986, 1865-1872; (c) Y. N. Belokon, A. G. Bulychev, V. A. Pavlov, E.
B. Fedorova, V. A. Tsyryapkin, V. |. Bakhmutov , V. M. Belikov, J. Chem. Soc., Perkin Trans. 1, 1988, 2075—
2083; (d) Y. N. Belokon, V. I. Maleyev, S. V. Vitt, M. G. Ryzhov, Y. D. Kondrashov, S. N. Golubev, Y. P.
Vauchskii, A. I. Kazika, M. I. Novikova, P. A. Krasutskii, A. G. Yurchenko, I. L. Dubchak, V. E. Shklover, Y. T.
Struchkov, V. I. Bakhmutov , V. M. Belikov, J. Chem. Soc., Dalton Trans., 1985, 17-26.
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FH2E OUEEET7 =2 F AT I VHSRNH B 77 v F oxat & Ak
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Scheme 2. Epimerization of major product (Rc, Ry, Rc)-14g to minor diastereomer (Rc, Sy, Ro)-17g.
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Scheme 3. Disassembly of complexes 14 and 17 and isolation of free (R)-DMT.
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Figure 1. Structural types 1-4 of chiral tridentate ligands for general asymmetric synthesis of a-amino acids

and newly designed (S)-rimantadine-derived ligand 4, suitable for SOAT approach.
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Scheme 1. Synthesis of chiral adamantyl containing ligand 4.

2-73/-5-7muxyy 7/ v5eT7uETwFArTa I FORIGIE, KED D Y LEFEETFICT
£ P = P U AR TERCICET L, BRI TR 6 25 2 72, FlEE 61X 5(9)-V <&y
V(1) DFEIR T L FAACIZREES U ¥ L% LTI, 95% %48 2 2 HEEICRCHI D U 7Y F(S)-
4 %137z,

HiEmoBlm» b, 2 ORIENBRRA T =7 ) 7 4 L 2R ERMEOH 2 7201, (LR B
RSy EF G T s e L, mPIOBIE LT, 722027 Y v BamERL 7z, Thid, &

16 (a) K. Spilovska, F. Zemek, J. Korabecny, E. Nepovimova, O. Soukup, M. Windisch , K. Kuca, Curr: Med. Chem.,
2016, 23, 3245-3266; (b) K. Ide, Y. Kawasaki, K. Kawakami , H. Yamada, Curr. Med. Chem., 2016, 23, 4773—
4783; (c) K. Das, J. Med. Chem., 2012, 55, 6263—6277; (d) J. Beigel , M. Bray, Antiviral Res., 2008, 78, 91 —102.

17 (a) N. Y. Kuznetsov, R. M. Tikhov, I. A. Godovikov, M. G. Medvedev, K. A. Lyssenko, E. I. Burtseva, E. S.
Kirillova , Y. N. Bubnov, Org. Biomol. Chem., 2017, 15, 3152-3157; (b) N. Kolocouris, A. Kolocouris, G. B.
Foscolos, G. Fytas, J. Neyts, E. Padalko, J. Balzarini, R. Snoeck, G. Andrei , E. De Clercq, J. Med. Chem., 1996,
39, 3307-3318; (c¢) G. Zoidis, N. Kolocouris, J. M. Kelly, S. R. Prathalingam, L. Naesens , E. De Clercq, Eur. J.
Med. Chem., 2010, 45, 5022-5030.

18 L. Wanka, K. Igbal , P. R. Schreiner, Chem. Rev., 2013, 113, 3516-3604.

19 (a) V. A. Soloshonok , T. K. Ellis, Synlett, 2006, 533-538; (b) M. Bergagnini, K. Fukushi, J. Han, N. Shibata, C.
Roussel, T. K. Ellis, J. L. Acefia , V. A. Soloshonok, Org. Biomol. Chem., 2014, 12, 1278-1291; (c) V. A.
Soloshonok, T. K. Ellis, H. Ueki , T. Ono, J. Am. Chem. Soc., 2009, 131, 7208-7209.

20 (a) A. E. Sorochinsky, H. Ueki, J. L. Acefia, T. K. Ellis, H. Moriwaki, T. Sato , V. A. Soloshonok, J. Fluorine
Chem., 2013, 152, 114 -118; (b) S. Wang, S. Zhou, J. Wang, Y. Nian, A. Kawashima, H. Moriwaki, J. L. Acefia, V.
A. Soloshonok , H. Liu, J. Org. Chem., 2015, 80, 9817-9830; (c) Y. Nian, J. Wang, S. Zhou, W. Dai, S. Wang, H.
Moriwaki, A. Kawashima, V. A. Soloshonok , H. Liu, J. Org. Chem., 2016, 81, 3501-3508.

20



H3E ZRNAKIEHL(SOAT) & 2D a-7 I 7 BEOERNEK~DIGH

J6d % Ni(ID#ER D 2R R IFEMEIC 77 2@ LREL 225 TH B, Vv xd v )iy F(9-4
L7z A7)y 8aDRIGIE, 8a L= v r L 6 KA EFNEFN 11 SR L AKBORIEHN Y 7 A
BERALTA X/ —/I/EP“CfTo Ko KIGEGY % 70°CTH 2 WML 7%, TLC(CHCl; /7% b v
10/1)iC & 0. KSRGS ICHERMICATRE R 4 DDV T AT LA~ —9a-12a BT R CEEI N, 2D S
b1 ooy/?xmﬁr—e—mﬁl ICERR LTV 3 2 &34 d 5 72(~9/1/1/1),

E’w('\"e PhYCOOH @"'r'\"e @’“(Me
HI,, 1y,
NH NH, rac-8a N OO K.CO N OO
Ni(NO3),*6H,0 4[ AN 2 N
0 NH O b i Iy 0“>N N YPh —— 07N |N “Ph
|
Ph K2CO4 Ph Ph
(Sc.Sn.Re)-9a (Sc.Sn,Sc)-10a
Cl  (S)-4 Cl Cl
K,COs ’ ‘ K,COj ‘ J
EM,KMG En,rMe @/,,,rMe
H
& \ P~0 H: 0.0 HtN\ /O o
J\ M "0 ) '/ K2C03 i
-
O~ 'N N Ph o N Ph =
| Crystalline
Ph precipitate (;/k @/K
Cl (Sc.Rn.Rc)-12a (Sc.Rn.Rc)-12a (Sc.Rn»Sc)- 11a

Scheme 2. Preparation of diastereomerically pure Ni(Il)-complex (Sc,Rn,Rc)-12a

via reaction of racemic phenylglycine 8a with ligand (S)-4 under the conditions of SOAT.
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(SC!RNlRC)'12a Cl

Figure 2. Crystallographic structure of diastereomer (Sc,Rx,Rc)-12a.
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Scheme 3. Synthesis of diastereomeric complexes (Sc,Rn)-14 and (Sc,Sn)-15 derived from glycine 13 and ligand (S)-4.
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Scheme 4. Substrate generality of the SOAT approach for preparation

of diastereomerically pure products (Sc,Rxn,Rc)-12a-1.

2L (a) V. A. Soloshonok, C. Cai, V. J. Hruby, L. V. Meervelt , N. Mischenko, Tetrahedron, 1999, 55, 12031-12044;
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Scheme 5. Diastereomerically pure products (Sc,Rn,Rc)-12a-1
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Scheme 6. Disassembly of diastereomerically pure (Sc,Rn,Rc)-121;

isolation of target amino acid (R)-16 and recovery of chiral ligand (S)-4.
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Scheme 1. General approach to asymmetric synthesis of amino acids via Ni(ll) complexes of Schiff bases
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Scheme 2. Applications of (S)-rimantadine-derived ligand 11; previous work on SOAT of racemic a-AAS

and this work dealing with tandem alkylation — SOAT, for general asymmetric synthesis of a-AAS
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Scheme 3. Optimized conditions for preparation of the requisite Ni(ll) complexes of glycine (Sc,Rn)-14 and (Sc,Sn)-14
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Scheme 4. Alkylation of Ni(II) Complexes of Glycine (Sc,Rn)-14 and (Sc,Sn)-14 under PTC Conditions; Equilibration
of Diastereomeric Complexes 17—19 and 15 and Precipitation of the Final Major Product (Sc,Rn,Rc)-15
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Figure 1. Tandem alkylation—SOAT protocol products
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Scheme 5. Disassembly of diastereomerically pure (Sc,Rn,Rc)-15a;

isolation of target Fmoc-derivative of amino acid (R)-21 and recycling of chiral ligand (S)-11
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Scheme 6. Disassembly of diastereomerically pure (Sc,Rn,Rc)-15f; isolation of target free amino acid (R)-23

and its Fmoc derivative (R)-24, as well as the recycling of chiral ligand (S)-11
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Scheme 1. Application of recently designed (S)-rimantadine-derived ligand 3 for general asymmetric synthesis of a-

amino acids (AAs) via SOAT approach.
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Scheme 2. Transformation of rimantadine HCI salt 9 to free amine 10.
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Scheme 3. Preparation of derivative 12 as a standard for chiroptical analysis.
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Figure 1. Structures of chiral carboxylic acids 1326 used in this study.
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Table 1. Screening resolving reagents 13-26 under standard conditions.

Me resolving reagent
> 10 with resolving reagent

NH; acetone (5% H,0)
50 °C, 30 min
-10 ’
rac t, 24 h

Resolving Reagent

in Acetone (5% H20) (12 v) !

Equivalent of Resolving Reagent 23

1.0eq

0.5eq

0.25eq

0.48 g, 35.5%

13 (R)-2-Phenoxy propionic acid - -
88.0% ee (S)
1.04 g, 91.2% 0.51 g, 44.8%
14 (S)-Naproxen -
11.0% ee (R) 35.3% ee (R)
0.86 g, 93.3% 0.39 g, 42.0%
15 (R)-Mandelic acid -
2.82% ee (S) 7.32% ee (S)
0.83 g, 86.1% 0.35 g,36.1%
16 (S)-a-Methoxyphenylacetic acid -
0.88% ee (S) 1.34% ee (S)
0.84 g, 86.7% 0.39 g, 40.1%
17 (R)-0-Methoxyphenylacetic acid -
0.08% ee (S) 0.08% ee (S)
0.80 g,91.3% 0.36 g, 52.0% 0.17 g, 24.6%
18 (S)-Aspartic acid
4.86% ce (S) 7.44% ee (S) 7.20% ee (S)
0.52 g,59.2% 0.35 g, 50.6%
19 (S)-Malic acid -
0.20% ee (S) 0.26% ee (S)
0.35 g,28.3% 0.08 g, 6.4%
20 N-Tosyl-(S)-proline -
94.96% ee (R) 95.46% ee (R)
1.03 g, 97.5% 0.78 g, >98% 0.13 g, 16.8%
21 (1R,3S)-Camphoric acid
1.36% ee (S) 0.72% ee (S) 0.38% ee (S)
0.81 g, 70.9%
22 (15)-10-Camphorsulforic acid - -
5.22% ee (R)
0.92 g, 95.0% 0.73 g, >98% 0.35 g, 49.0%
23 (28,35)-Tartaric acid
0.08% ee (S) 1.38% ee (S) 23.24% ee (S)
1.41 g, 94.2% 0.87 g, 86.6% 0.48 g, 48.4%
24 (25,35)-Dibenzoyltartaric acid
0.28% ee (S) 16.38% ee (R) 62.72% ee (R)
0.47 g, 46.8%
25 (2R,3R)-Dibenzoyltartaric acid monohydrate - -
60.44% ee (S)
1.612 g, >98% 0.53 g, 50.6%
26 (2R,3R)-Di-p-toluoyltartaric acid

0.38% ee (R)

14.12% ee (S)

! Total amount of solvent was adjusted to 12 volumes. ? Yield was calculated based on the molar number of amines obtained as the

salt. 3 Each salt was analyzed via in situ preparation of free amine and transformation to 12 followed by chiral HPLC analysis.
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Table 2 12, X £ I A BGBEIAGH, 0.25 BEDNH

53K 25 ZfH L CfT o - —H 0 EER O

ERT. b7 — 2%, 31 ofE B O BEHES XOT I v o =S v F A —fiED
W7 OS2 DM L 72, WL LCT & b vKEREZHEHA L 258 1CR D BOSEE2S L L(Entry 1),
3831 2 N IR (46.8%) & TR D = F v F A < — £ (60.4%ee) THEES 2 2 L A3 TE 72, K58,
RE, BXREZZEL T, ZOVMMMEEORREZUEL L 5 LikA7z28, KERDB O AKIICHKD
72 22T, Entry 1 TR L7ZZHAEER P LEONE3 2 I 0 ICER-T 247> 3 vERETL 72,

Table 2. The use of 0.25 equivalents of (2R,3R)-dibenzoyltartaric acid 25 in various solvents.

HOOC  COOH
o ,—. o0
o o @,,,,{S) Me
PH H,0  Ph r
Me 25 (0.25 eq) NH;
NH HOOC  COOH
2 Solvent (12 v) O>\; >—// 4/(0
50 °C, 30 min o O
rac-10 (0.5 g, 1.0 eq) i 17 h PH Ph 05
31
Entry Solvent (12 v) Results !
0.47 g, 46.8%
1 Acetone (5% H20)
60.4% ee (S)
0.32g,31.8%
2 THF
36.8% ee (S)
0.52 g, 52.4%
3 IPE?2
36.2% ee (S)
0.519,51.1%
4 Acetone
32.9% ee (S)
0.50 g, 50.4%
5 EtOAC
28.4% ee (S)
0.50 g, 50.1%
6 MIBK?
67.4% ee (S)
0.46 g, 46.1%
7 MTBE?
42.7% ee (S)
0.13 g, 13.2%
8 Toluene
88.0% ee (S)
0.048 g, 4.8%
9 MeCN

36.3% ee (S)

! Yield was calculated based on the molar number of amines obtained as the salt. 2 IPE: diisopropyl ether; MIBK: 4-methyl-2-

pentanone; MTBE: methyl tert-butyl ether.

Table3 IC/R T X S I AL T & b VK (Entry 1) % 72 13 FE#E = 7 A /K& (Entry 2) 35 X OF THF (Entry
DB 3 BT LIk, HAFEEORI I D,
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Table 3. Screening of solvent for the second crystallization of diastereomerically enriched salt 31.

»{S.Me @%(8) Me
D :

NH, NH,
HOOC COOH HOOC COOH
>¥O Ph Solvent >~O Ph
0.5 50°C, 30 min 0.5
31 rt, 19 h 31
(60.4% ee, 0.1 g, 1.0 eq) 65-3%-92.8% ee
Entry Solvent Results !
0.084 g, 84%
1 Acetone (5% H20)/60 v
73.8% ee (S)
0.090 g, 90%
2 EtOAc (5% H20)/60 v
65.3% ee (S)
0.036 g, 36%
3 THF/30 v

92.8% ee (S)

L Yield was calculated based on the molar number of amines obtained as the salt.

L2 L, $RTCOEFHRITHBNT, %@%%i RREANTEREMETE L X)) v FA~—HK
b IR D r‘oimt,cybxoto Tzl 21X, BIMTEML 72 2 EHORELTIE, WIhOBEER2 L b x5
V?‘ﬂ‘?-ﬁ’\] ICHIEE 7R (> 99%ee) TR IC AW 2T D) B Z & SR 7 22 o 72, 2 FEH D5 AL ICER X
N7 EfE 1L 94.8%ee © THF #EMEE LCERH L ZERCEON-bDTH 5,

Z T, EFERFEL L7/ Fo 7oA B 13 2KETT5 2 L L Lz, BENIAEOBERK
RIZy vy A VAR 25 OYE LRI R T, REROBESR & LG 72 P v BIL %,
L2 L. 25 OBé & T BRI 7 2 885 o Dffidd b 2 v 7sBER oA 7'y a v Cclidhk WV EE
iR %2R L7z (Table 4),

Table 4 IZRT X 5IC, J2 Ik =v 2P v 10 2 (R-7 =/ F>Fuvt Vg 13 2KIEG%)T
P VICRATEEY T AT LA 32 ML, 347%DINECHExh, Zoho7 I viREIZ
88.4% &\ 5 (9-TF v FA~v—BREFEER L, £ T, FoNERKY 32 % —FHOKMERE 7
WD DAt S 2 2 & T Vv v 2V v T F v F A~ —HiE%E L {HEMN(98.7%ee) XD
D, JtDHE 32 % 87T3%DINKTHLBI E LTHE e RN TE 2, I HICd 5 —EH URE Y 27 4%

TR ZIT I & 2% DINHE T 32 B3 L1, 21T 99%ee B2 2 HNT I v F v Fit~—
rﬁfﬁfif%of:o D 3 BEEFEORIEINEIL 281%THY, =FvFA~v—ickifin) ~vv 2y v~
DEFETE 2 ATFEERIET 20+ ThreFELLND,
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Table 4. Application of (R)-phenoxypropionic acid 13 as a resolution reagent.

Oy_OH
:]\: /,,,(,? Me //,,(sr) Me
M
0 e NH, NH,
(0] OH (@) OH
13 (0.5 eq)
Me
(0] Me O Me
NH,
Acetone (5% H,0) (12 v) EtOAc (5% H,0) (30 v)
rac-10 (1.0 eq) 50 °C, 30 min 50 °C, 30 min
rt, 15 h 0°C,14h
0°C,4h 32 -20°C,4h 32 99.7% ee
repeat several times
3rd Batch (100 g)
1st salt formation Yield 66.9 g, 34.7%

Acetone (5% H20)

Optical purity *

88.4% ee

2nd recrystallization Yield 56.7 g, 87.3%
EtOAc (5% H20) Optical purity * 98.7% ee
3rd recrystallization Yield 51.19,92.9%
EtOAc (5% H20) Optical purity * 99.7% ee
Overall yield 28.1%

1 Optical purity was reconfirmed using the optimized HPLC method.

RZIC, MR 7TRAT LA~ 32 207 ) Ko )~ 22 v (9)-1 28T 27200 FiE%6H
KT HVENRBH 57, Scheme 4 bbb k5, H32 13 7un X &y 28t " HETKkg{LF
U v LOKERIRIC X M&fia‘% TLTHEBEL Y~ 2P V(91 At TR 72, o Tk

X0, PRGE D IZITERN R FIE & TEEEICIT N (99.7%ee) TF v F A~ —HEDOHPID 7 Y —{K Y
~ v 2 V(9-1 5T,
Do
NH,
OxOH Oy OH
1) CH,Cl, (5 v) j:
Me 1N NaOH aq. (5v)
rt, 30 min

C

(1.0eq,409)

2) Separation

(S)-1 13
(21.5 g, >99%) (18.2 g, 94.6%)

Scheme 4. Isolation of enantiomerically pure (99.7% ee) rimantadine (S)-1 from salt 32.

HER T, FEDEHIE(R)-13 BENALFNECHINE N2 L TH S, F T VHE(R)-13 DE|IY
v FA~—micHign ) v v 22 v (9-1 ZEMME CHE T 2 -0IcIEFIcEETH L 2 & 2E
L7z,
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fame L, RO 72 ko ) <= v 2V VIR Z P 0E L, =) v F 4~ —Ichifz(5)-V <
VRSV DT Y —REEIHTEELRE L -, KECHEHT 2 0ERE(R-7 2 ¥ Fuety
BERIZHNO X AT I vV IR LS 2 -0 I flifficml - HAHAT 2 2R TE 5, 2FMITK
TIRAPTHLZLICMAT, TRTOLEBRRERCFNE ARG BBECEMINDE 2D, =F Vv F
Ao —WCHi R ) v v 2 v BT BN AREL RS LD D,
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NH»2 NH»2

HO,C SCO,H
1 2

Figure 1. Structures of diaminopimelic acid (1) and dityrosine (2)
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Figure 2. Structures of Ni(II) complexes 3-5
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N. Belokon, V. I. Tararov, V. |. Maleev, T. F. Savel’eva, M. G. Ryzhov, Tetrahedron: Asymmetry, 1998, 9, 4249—
4252.

12 (a) H. Ueki, T. K. Ellis, C. H. Martin, T. U. Boettiger, S. B. Bolene , V. A. Soloshonok, J. Org. Chem., 2003, 68,
7104-7107; (b) H. Ueki, T. K. Ellis, C. H. Martin, V. A. Soloshonok, Eur. J. Org. Chem., 2003, 1954-1957; (c)
T. K. Ellis, H. Ueki , V. A. Soloshonok, Tetrahedron Lett., 2005, 46, 941-944; (d) V. A. Soloshonok, H. Ueki, T.
K. Ellis, T. Yamada, Y. Ohfune, Tetrahedron Lett., 2005, 46, 1107-1110; (e) T. K. Ellis, H. Ueki, T. Yamada, Y.

Ohfune , V. A. Soloshonok, J. Org. Chem., 2006, 71, 8572-8578; (f ) V. A. Soloshonok, H. Ueki , T. K. Ellis,
Synlett, 2009, 704-715.

47



Fom HAELES ) v NIIDEERDO Y 7 2T L AERN e AT v u{bic X %
v Z-a,a’-7 I BEOEK
BT, TAFAEB, TALF =AU, = A7 AL 2 v =y eIFIGEIC L), A DT I 7 BEAIEFER
AR TE TR O N B, Fric, TAFAMUBIGIES K DEHEET R Ic il S iz ~a F LT v
F % WCREIFICIHFIE X L, HERIIKRZ 2R — L CHEMI N TV B, —F7, 3-5%2HVWAT L

*aufbey g AL TAaF A HWEAIZIEEA ST ON TV, AIbN T3 DL, 33,be a,a’-
VTRE-FALIFLVEDRIGTT I/ 156-8%1F5 &\ 9 b DTH S (Figure 3)20,

CO,H NH

6 (S)-7

Figure 3. Structures of mono AAs 6-7 and bis-AAs 8-9
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TR RPFRINTESL T, FHC3alc L2 ERT IV BOEKIZIZE A EHM LN TR
LE-oTkw, 22T, &bi@&@y»ufvm%hvy»%T)»%%%oﬁﬁm%&#ﬁﬁm
DI T VX RO T) VT T DO 21T Z Lic L7z,

¥, 2 CE—-FoT A FAlL R @Mﬁ@%*#Tf®ﬂ47® 272 % 7T F LB OB
METO, HREZED 2,

MR ER

B, vYaya /2o HMEBEEET o x 7 0 8iR3an € 7 7 F LIRS D W TRl 7 KIS 5
tFaEfEL LT COHEE2EBEED» R Y PTCERHET T A ML B CORWY T AT LA
ERME A RET B 720 OMeOHH 5 FCDONaOMeZ iV 2 T ¥ X2 VL CHEMEI 22, € AT
FrlT e R THOHEUDERFMAET L LBROEEL 55, £ 2T, NiD#A3a%z0.54 D~
T7-BXUOAZ-v2(FTrERXAFA)N VLY (10as X TI0b)D X 5 Yy ~ua s Akl 2—Y Z7uonx
% /40%NaOH/KIF . MRS BIMEE TBAIOFE FICKIG & &7z, L L7&ads s, TLC & NMROHT
ZiTolml A, 2ToOMITE ) TAFAMUEL © X7 A FAUEDREY(30:70) 2 5 2. TBAID &
%25mol% £ C LI CHEMLKRIZLE I N o721, IO BEZL o720 T, Bid7 7 v —
F % #aEt L 7z (Table 1),

Ohfune, Tetrahedron, 2006, 62, 6412—6419.
22 D. Houck, J. L. Acefia, V. A. Soloshonok, Helv. Chim. Acta, 2012, 95, 2672—2679.

FTERTAFMMIDO ST 2T L ABIRMIZ A7 AR 720 *NMR@&E&%&#otO
L2 L., TLC 73T T 75:25 (2 D BERERD 5 B D 21D W) DR E S T,
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Table 1. Bis-alkylations of complex (S)-3a under phase-transfer catalysis

Ph 1) (S)-3a (2 equiv)

Br. X Br
SN M [ \NJ 0. .0 TBAI (25 mol %)

(10, 1.5 equiv) Y \Ni/ 30% NaOH, (CH,CI),, rt
(S3a —— o Ky A, X Br
TBAI (25 mol %) OF "N "N s 2) NaOMe, MeOH, rt O/\N/ \ X

|
30% NaOH Ph
(CHzcl)z, rt

(5,911 (+(S,R)-11)

(S,S,5',S5)-12

Entry 10 X 11 dr of 117 Yield of 11 (%)° 12 dr of 122 Yield of 12 (%)°

1 10a %, 11a 76:24 92 12a >97:3 60
AT
2 10b /@\ 11b 83:17 90 12b >97:3 58
¥

=

3 10c /‘/‘/Iﬁ 11c 79:21 98 12c >97:3 58
% l

4 10d h‘a/\/%’ 11d 86:14 72 12d >97:3 70

@ Measured by integration in the *H NMR spectra. ® Isolated yield.

3. (9-3azBR(154E) D~y Ly 7o I Flla—c(Entry 1-3) B L0 7 v 21,4-¥ 70 €-2-7
7 v10d(Entry 4) CRIGX €2 LE ) TAF UKL ZIFIECI v A VLB & L CEER Y T R
FLABIMECE 277, FAVTRATLA—D (SO I T Lz7u~ 2 T7 4 —CHMETE 2 7-
B, ROTRRIZ(S) L (SRDEEYT) TLITHI T ENTE X,

iz, AbEYIIE S 5 —~HONI(IDEEAE3aIc X 2 “FHO T AL F {2 T, Y T3 e T A F AL
2~ DR R ETS LR TER, CCTELNEAYIEY T AT LA~—BAYTH >
7208, %I NaOMe TR 2 Z LT X D BRI PHIRRE L 72 0 . BUI2EINICIR D RER Y T AT L A
~—TH35(5889-12% 527, L2LARb, 2O FawXTRUANGERZE TAFAliEo N
IO & IR L T A2 IR H358-70% LKW b D L 7a o 72, TN Z T, RISRAEY ORI EE R L
BTRETH -7z, Fxid, LATOBET T b OPTCEESIEEMALY ~a T vicidi:y Tl 7
WZ EERBIIL Tz, Ll BIAGEE AT 27 B1310dD X 5 77 U bk o ORISR, —HEi
BOKFETITZE LEZONS, TNULOLDERTAFAADVHEIRER WET 2720, RITH—K
JICEMF T LTz, T bbb, BeA sk, W, ROSRE %2 v CNiID#43ae © 2 7 0 £{£10at
D e % g L 7z (Table 2),

EN-Ryv T ) GOSN EE X LART O G (ref. 13) TR I N LI ICH LA AEKL2FEHRYT
AT LA~ =D ERLES)DVARREICHFET S, CORBIZERY T AT LA —DEAES
NMR T XFFE N T3
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Table 2. Optimization of the bis-alkylation of complex (S)-3a under homogeneous conditions?

Br
Br Ph

|
(10a, 0.5 equiv) C : , N\N‘/N\?O
(S)-3a i i
conditions O/\N/ \N o O/ \N
(dr > 97:3) f Il M\ /

(S,5,5',8)-12a

Entry Base Solvent Temp. (°C) Yield (%)°
1 DBU CH,Cl, 23 26
2 NaH CH,Cl, 23 22
3 t-BuOK CH,Cl, 23 28
4 NaOH CH,Cl, 23 35
5 DBU MeCN 23 40
6 DBU acetone 23 23
7 DBU THF 23 28
8 DBU DMF 23 30
9 NaOH MeCN 40 60
10 NaOH MeCN 60 82°

2 Reactions were performed with 0.20 mmol of (S)-3a, 0.10 mmol of 10a and 0.24 mmol of base in 10 mL of solvent for 2 h. ® Conversion estimated by

NMR. ¢ Isolated yield.

B LTy 7nu X2 v 2 RALCERZERCKIC L7288, AT A F ALk 12ai3RICR I £
> 72 (Entry 1-4), —J . SHEEABHCIER L L CDBUZH W28, 213 ) R e afbRe o /-
(Entry 5-8) WIRICIAEEE LCT 1 =1 Y, RIGHEEZ40°Cic L TNaOH%Z v % & % OfE 23

55N (Entry9), MIGIREZ260°CE T LT 2 LK D82% F T S AL 72(Entry 10), 2O E X T v
#/vﬂ: FENTZ YT AT L AERMECH#EIT L. NMROBIEHIPAC12a0(5,8859-Y T AT LA~ —D A
DBl N L IZFERHICET 5,

ZD(9-3aD AT A F AT DTS CORBLIESHL L 72D T, B2 sY 7 n I Fildks
AwCcHEE oS ZRET L7-, bbb, vy 7o I F10ak10bizz iz nl2al 12b% KI)G
XH3 L, PTCEH OB OfER (Table 1, Entry 1,2) X 0 & 2272 ) B L2EINER C 4 2 72 (Table 3.
Entry 1,2), [FIERIC, 2,6-VEHE Y ¥ v K10ed WIGT 5 € 2TV F A lik12eic, DT 2 IR
Do) ELEL N TEZ, TOHERFIEEMAY 7 v I P ICHDEETH D, (8)-3ak1,3-7
&7V DI R VY IOAFERTEHEON-D EEBREOINEKRCHNO Y A7 I JE12f4 5.2 /-
(Table 3, Entry4), 130, € A7 A F AR 12a-be 12efIZHFE—~D LT AT LA~w—& LTHELNT,
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Table 3. Bis-alkylations of complex (S)-3a under homogeneous conditions?

Br” X Br /I l\

' N~ o_oO0 o_0O N
(10, 0.5 equiv) N T j: N

(S)-3a 07N N NN

O
NaOH, MeCN I [
60 °C Ph Ph)\©
(dr > 97:3)
(S,S,5',S")-12
Entry 10 X 12 Yield (%)°

1 10a 5, 12a 82
JJ
2 10b @\ 12b 79
¥

3 10e B 12¢ 68

4 10f § ot 12f 74

2 Reactions were performed with 0.20 mmol of (S)-3a, 0.10 mmol of 10 and 0.24 mmol of NaOH in 10 mL of MeCN for 2 h at 60 °C. ® Isolated yield.

B ALEYI2A LD 7 ) —D R T I/ WD BB % 7R 37, Ni(ID) &R D o i 13 EEHELE (6N HC,
MeOH) Tfr\y, A F v ZHBIEZH VT 7 ) —D(2S569)-Y T I/ X2 ) viE(1)RHEEx Nz
(Scheme 1), (S9-1D 2 <7 b LT — ZRFEEEIZBICHE INZD DB —8 L 7=,

[ N) LN B

: \N/O:/ro/\oiO\N./

B | I
s VRN o, VAR NH2 NH
07 N N N NTo 6N HCI/MeOH )\A/\Z

(89%)
(S.S.S,S)-12f (S,5)1

Scheme 1.

23 For previous syntheses of (2S,6S)-diaminopimelic acid, see: (a) R. M. Williams , C. Yuan, J. Org. Chem., 1992,
57, 6519-6527; (b) A. R. Jurgens, Tetrahedron Lett., 1992, 33, 4727-4730; (c) R. M. Williams , C. Yuan, J. Org.
Chem., 1994, 59, 6190-6913; (d) R. C. Holcomb, S. Schow, S. Ayral-Kaloustian , D. Powell, Tetrahedron Lett.,
1994, 35, 7005-7008; (e) Y. Gao, P. Lane-Bell , J. C. Vederas, J. Org. Chem., 1998, 63, 2133-2143; (f) F. A.
Davis , V. Srirajan, J. Org. Chem., 2000, 65, 3248-3251; (g) F. Paradisi, G. Porzi, S. Rinaldi , S. Sandri,
Tetrahedron: Asymmetry, 2000, 11, 1259-1262; (h) P. N. Collier, I. Patel , R. J. K. Taylor, Tetrahedron Lett., 2001,
42,5953-5394; (i) N. Hernandez , V. S. Martin, J. Org. Chem., 2001, 66, 4934-4938; (j) E. G. Nolen, C. J. Fedorka,,
B. Blicher, Synth. Commun., 2006, 36, 1707-1713; (k) Y. Saito, Y. Yoshimura, H. Wakamatsu, H. Takahata,
Molecules, 2013, 18, 1162-1173. See also ref. 6a, d and 7b.
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6 NHFEEES Y v NilD#EERD L7 27 L AERP e 27 v F A{Lic X 5
v Z-a,a’-7 3/ BEOAK

A

RETIE, F 7ANIADEEER(S)-3a0 Y T 27 LAER 27 L F A LicBI L T o0 Bk EBRET L
7o AE—RTOMBBESRA TR, ZROTAFMMLEFONTZ YT AT LA~ —REY Ol
X2z X VLD IBFEECELDERAT A FAAUEERGF S Z LB TE Tz, LELEVD, Z DRI
FIHRETE2 DO TRAL, ZodEE LI TR LY 71 I FICbIGHTE 23— K500
It XOEMAT TR HNO AT A F AU ENECRHNICH -0 T AT LA v —fhe L

THELNT, BEOERT I ., B (2856S)-7 3 7 v i) vEE(D oA IFHENS T 5 © 2ANi(ID)#k
DFIC X VEBRBHIATI e TE 7,
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BT1E (D-N-_vor7ul) vilisko 7)) o vy y 71 Ni(D) $54 %2 v 2 860
SN2-SN2’ VT AFNMUKIGIC X B (1R2S)-1-T 2/ -2-¥ = vy 27 a7a Xy ik VBORFEK

Pavaxd

BI1E (RA-MR_roL7ol vdkos sy 7185 Nill)dgkz B 2858 S,2-S,2

CTINFIMERIGIZE D(AR29)-1-7 2 /-2-E =)L oA 7A/NR HILRVBROTREFEK

7

=

T—=7—=AAFT I BNIBEOEEMFEFE CTEHEARR R 7D D L7n o T 52, FFIC, AR
EZFTIOBRIEa v A A avRoN D, RTFFEEEOT AL Vit TR S
BREAIE o T3 WhbWB a,B-AX/-a-T 3 /B 7 07 uxvBE2ET2{LAY) .
LAVl Enzay 7+ XA —v a v ORKWFEETH 55 BIREHL LT, wW2hDrrn
neAEERT ST I/ BRIIRACHIFEL, SFHEY» Ot hTn 2 FlziE, 1- 71/ v 27
Fa Xy ALKR VIR anF I Vg2, JranF I Vg3, Fraud I Vg4, FTur/rauS
I VIESED2-T v F VIERRIT L K O OREY D FEIEERICBE 59 5 2 v o 2B dic AT hTw B
(Figure 1),

COOH COOH NH, NH, NH,
S R S
PbN/t> rbN/fﬁ/Et HOOC/t%DMe HOOC/tSLEt Me\%ﬁ\COOH
(S) (S) (S) (R)
H H H H
NH,
(R)
HOOC H
(S)
N
6

Figure 1. Some naturally occurring methanologs of « -amino acids 1-5 and synthetic derivative 6.
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Scheme 1. Sequential Sy2-Sn2” dialkylation of (S)-8 with dibromide 7.

Table 1. Monoalkylation of Ni complex (S)-8.

Entry Scale (g) PTC 7 (equiv) Base Yield (%)? 9:10 ratio®
1 0.1 L/L 15 NaOH 58.0 80:20
2 0.1 L/L 25 NaOH 67.4 78:22
3 0.1 L/L 35 NaOH 77.5 79:21
4 1.0 L/L 35 NaOH 77.8 80:20
5 0.1 S/L 25 NaOH 75.5 79:21
6 0.1 S/L 25 KOH 75.0 80:20
7 0.1 S/L 35 NaOH 80.7 79:21
8 5.0 S/L 35 NaOH 81.3 78:22

2 Overall yield of isolated pure products. ® Determined by *H NMR integration.

W% DPTCEAMT1.5 B 7 u I F7(Table 1, Entry 1) Z i3 2 & th 2 D UK C UGS ST
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BIZER DD WA L7z (Entry 23), THOLDEETTRIGEZEAT AT v 7355 L (9299
(9 Q2R)-10DEEW1T7.8% D HEEINER TH 5 N (Entry 4), R LWiER L Ro7z, LA LR S,

& f& D NaOH % Hi B & L’Cﬁﬁb\fcl-iﬁzrﬁ@PTC%ﬁ:%ﬁﬁb\E) & X LI E LGRS 5 17z (Entry
5-8) T DHFEHDINRIT, B LIKE X N5 gR T — 1D HFFREEER(S) -8 THIIEDL & - 72 (Entry 8),
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Table 2 Sy2’ Cyclization of (S)(25)-9 and (S)(2R)-10 under homogeneous conditions.

Entry Scale (g) Solvent Base (equiv) Temp. (°C) Time (h) Yield (%)? 11:12 ratio®
1 0.1 DMF NaOH (5) 0to25 1 445 79:21
2 0.1 DMF KOH (5) 0to25 1 41.2 80:20
3 0.1 DMF NaOH (5) —-15t0 25 3 48.0 85:15
4 0.1 MeCN NaOH (5) -15t0 25 7 51.7 87:13
5 0.1 THF NaOH (5) -15t0 25 7 34.3 90:10
6 0.1 THF NaOt-Bu (3) ~15t0 25 2 65.1 91:9
7 0.1 THF NaOt-Bu (4) 0t025 1 70.0 90:10
8 0.1 THF NaOt-Bu (2+2) 0t025 1 75.1 91:9
9° 0.05 THF NaOt-Bu (2+2) 0to25 1 73.6 90:10
10 5.0 THF NaOt-Bu (2+2) 0t025 1 75.8 90:10

2 Overall yield of isolated pure products. ® Determined by *H NMR integration. ¢ The reaction was performed using pure (S)(2S)-9 as starting material.

3 L L CNaOH(Entry 1) % L < (ZKOH(Entry 2) % W CDMFHhCRIGEITI &, 272 ) OEDH|
EVHAER L THIDIHER(S) (253R)-11L (S (2R39)-121FCEICKTH - 72, KIGREZET X225
EOLERMEICH B R O N 2 ANmE TE B LTk o7z (Entry 3)s T b=+ U (Entry 4)
721ZTHF (Entry 5) # FHOCTH L FE L WHERIIE O d o 72, B S { NaOHSKOH i35 3 & 2 1
THHREEE(9(28-9L (9 2R)-100 w-RHE L Kt L CHREN D EL-CHifE 7 & ORlEM L b7z L
T NG, XL ICEBEEED 2L, THFZEM L LNaO+Buk ik & U 7285561 & RIS 8 2 7o 37 (40
%2525 2 L3 0h 0T, BT, Boli 7 deffiz. IG%E0°CTfT\ (Entry 6 vs Entry 7). 5%
SOGBHAREE & TR D50 % 28k D 2[A1 3 1T Tl 535 2 & ¢fF b 7z (Entry 8), Z o8ty HIY)
D(8(2853R)-11L (9 (2R39)-122375.1%., 91:9DHEK TR O iz, A d, TR LFE~DBEKL 5 YT
ATV Av—b L CHiFR10Z B—o ke L CHWCRIGEEML 72, FREMEY, Egplli12oy
TATF LA = EIEIZ, 10807 — 2 L9 10DREY 2 HWTIiT> 254 TH LU T5 - 72 (Entry
8vsEntry9), IRICZ DU %5 g A7 — LV CHBMEAMHEL 72, MREIMECTE 20T, ELVT R
TLA~—11% BRIFAICR G, Kl 3 2 &85 T% 72 (Entry 10), LAY DNC2EEE, FRicivIE
DREHEE ([ a ]p? = +866) 2> &, Z D it (9 (2853 R) & IFE X /202990, fiE-C, EHESH L LCHE
i QRIHEE D T F v F A —DEKICTIZ ) v v vy ZHEEHA(R)-8Z VT kv, 2D
MESUEIC, WAHERERZ(R)-88 LTE2TO TREZHEEENL 72(Scheme 2), 2 TOLTO NG
BEEICRECIEATH 572D T, 6gD(R)-8LHFE T v RIIBRGICHHTE /-, RYIOPTCT L * v
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L TR (3D CHIICET L. (R (Q2R)-9E (R (29)-10DEAY %80:20 0 L3, 78.5%DIETEH 2 72,
ZORAYIIE LIRS 2 2l 2BHD T A F A L(SN2) TRICH ., BLAERYI (R (2R39-11
L (R(283R)-12%90:100 kK, 734% DK TH 272, YV hTrrra~ bt 7T 7 4 —CRBICERLE
BYI(R(CR3S- 1103560 T, ROBEFHEE R BNO = vy 7 a7 a Xy AR V6D
Yt 72 %, Scheme 21/ R L7z X 9 Ic, Ml 7 27 LA <=—(R(2R35)-11%50°CD #* & / — At IN
R KA TR 2 L SE R ICNIBERD RS v, BO T 2 VEBE(R2S)-6& L b IcF I H Y
F(R)-132 4/ L 7=,
Ph

NJ /O 0
E T

N

| 7. NaoH NaOt-B
————— (R)(2R)-9 R)(2S)-10 a0t-Bu

Ph n-BugNI (25 mol %) (RIZRYS & (R)2S) EE—— (R)2R,3S)-11 + (R)(2S,3R)-12
(CHoCl)o, 1t (78.5%, dr: 80:20) THF, 1t

(73.4%, dr: 90:10)

(R)-8
[\, Ph
N~ -
1) 1N aq HCl HOC ) Boc,0 0.C Q MeO,C
\ 2 TMSCHN
MeOH, 50 °C, 1 h HZNNY . 0O NH O Et,N BocHN ™" HN 2 BocHN'
2) cation exchange 2) DCHA X
resin N ©/U\Ph EtOAc X
(1R2s)8 (1R25)-14 (1R.25)-15
(80.5%) (R)-13 (80.0%) (84.0%)
(92.8%)

Scheme 2 Preparation of amino acid (1R,25)-6 and its derivative (1R,2S)-15 from glycine Schiff base (R)-8.

VA Y F(R)-131HhHIRIE72 1) ©92.8% DGR TN X 4L, 7 I/ HE(1R2S)-61xF5 4 A v AZiubifis %
FHWCHB XN, 7 I 7 BE(1R2S)-6 DD & #1272 [FIE 13 2 R INEE T B o 72 72 D 12 SRR HE W,
B U ORI OIR AR5 2 8T 2 2 L & L7z, £5. 7 3 2 Hi3BockEoff# L, 4 L =1L
HGEYIAR29)-14% v 7u~F T I viEe LCHEEL 72, &I, TMSCHN, T 2 7 b L C{7#
7 BAR2S)-15%1572, 2D X S ICTHHLL 72(1R25)-151F 2= 7 F VT — & 6244 23 4 T SCHikiH
=B L0, X 5T, W EIH T LR G T-HPLCTYEHAME & i L 72 (98.6%ee),

INODEBREAL D LT, T DSN2-SN2' Y T F MUKE D AR AN 2 £S5, H—IT,
(O)-FLED 7Y ¥ vy ZHENIADEER(9-8% v % & a-(HERMIZELNICE 2, (B)-8%Hw
3¢ a-(RERMZS 2%, RIT, BT L 720 D13 L =L O ARSI 23 2 & o & 55 CELHl
INT=Z L THB(Scheme 2), Tabb, ()-8 5tk 5 L (9(2S3R)-11&(S)(2R39-12D<T D H
2, (R)-82 5w 3 & (R)(2R38)-11L (R (253R)-120 A 3155 41, D (2535 (2R3 R) Bk Tk
LCBUHEl SN2, IO T AF LD a-(LOEREIZTFEINE S DT, % OICHRGIH b 7 X
N7=bDTH 20, —77, 2BHDIEF ICEN 7 ARG TS D b D¢, FRCEmORMDEH 5,
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Figure 3. Mechanistic consideration of the reactions under study.

P (D-2 )51 eI VRFAL I AV DAY T A A—LaviEET L L EBRREEL L CHRE
TRGEIIBEB AT TH S & 2GR L 7203, Figure ISR 3 X 5 IC(R)-T /7 7 — FADSN2 BR{LIZER
REEBZ M L CHET L. QR3S Dffith&E % b oM WCE 522, —H. 9 —DODARELY T AT
LA~—TH2%Q2R3RN-COERITEMIRER ZEHT 2 L FRINE, b0 D>DRIOAHEME
BEZ DL, BRIRER RN L 722/ 7 — F ONERICCH=CH-CH,Bri & (A 25, B 5 2212 37K
WCRAD o LB ICHEET 272007 Y A FZRBICH b . —77, BREREBICE WL CIIME—DirF L <
RO EERAIZ T ) 7 — MEFE L CHBrEZ U TH %, X510, BRRERB ORI ) 7—FA
DOHIBEAIT O 27T N TERIICE T LA Iy 74 A —2aviaQpEL L, 7TYLEROHEE 4
AHLTWE, —HT, EBREBICEINEZ T 7—FATIEZ I VI 2R, XY AEEERE W
VT ARA—vaviER-oTwE, INOLOVHEHAERZE 22 L, FEROFREL S —HLTHY, &
FARBER ORI IEF ICHUD I . Z D720, 2% HDSN2' 7 v F AL D IEF 1< i AR L2 R il {E %
AEEICL T LR TE B,

34 (@) V. A. Soloshonok, C. Cai, V. J. Hruby, Tetrahedron Lett., 2000, 41, 9645-9649; (b) V. A. Soloshonok, C. Cai,
V. J. Hruby, L. Van Meervelt, T. Yamazaki, J. Org. Chem., 2000, 65, 6688-6696.
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Fam

B HAEED 7Y v v vy ZHRFEONIID #EA8 DA ISN2-Sn2' Y TV FMERIBIC X D 1-T 3
J-2-E =y a7 a oy R VIO RNFGBICET 2 HHL T m v A ERFE L 2. & BT, #5R(S)-
8% W2 L (1S2R DifNLE A 27 I k6% FAERY & LThH 2, —H(R-8%H w3 LR
ke LTEERAR2S)-6135bN2 22 R L 72, IGTRICIZPTCIC X 3 74 F At(Sy2). Sn2’
I X BBRALEOG & AT 2 NBERO R L W 3B R & TN 5, T LRITEMFENICE R ASEHT T
EI NS, X 5106 gAT —ATHMINAEC L b, RERERL L LCEEEOE T I8
(1R29-6DFEMMREETH 5 LRI NI,

3 (a) N. H. Park, G. Teverovskiy, S. L. Buchwald, Org. Lett., 2014, 16, 220-223; (b) D. Boyall, D. E. Frantz, E. M.
Carreira, Org. Lett., 2002, 4, 2605-2606; (c) V. A. Soloshonok, H. Ohkura, M. Yasumoto, J. Fluorine Chem.,
2006, 127, 924-929; (d) V. A. Soloshonok, H. Ohkura, M. Yasumoto, J. Fluorine Chem., 2006, 127, 930-935.
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Frifi

CRIFF& 7 4 M A(HCV) R IR B o Tl b ER LW CEOHWERK L > T 5, WHOD
fratic X 2 bR CH X2 HET T ADOHCVIERE B 0 . 14FEICHI35077 AN23SHi 7 1S L, 4E35-
505 AAHCVICE D 2 FFlER TR LT\ 31, & OFSE I st o R IIZHCVIR G 0 i 2 7x R SE 23
BNz TH oz, AL, BRIIFR &> C, HCVIRRZ FIiT 272007 7F vidZnE T A
ICEboTEY, FH-MROHCVZ v 77 —¥HEA R 7L A2l 77 7L e ASORITTERTIE
otz LALARDL, HERNETICR > THHCVEMEICKE AT L —2 20 —035 b, JEHICHE
NTEHKBBIETFROHCVAIC S Rtz 3, RO b EE 025 RO FTHCVE D FFE < 1Lir o
o Thhbb VANRT T T -2 GHICHET 204 b IHoHBILEY v IE S LT 5,
BEMICE N DEEREH 2 E5D) 3BT T -7 — A A N0 a-TI /B2 o8 rnz ) RTF
NET, L DEE(S)-teremn 4> v, 2S4R) -t Fuxs 7o) vBIUWAR29)-1-7 3 /-2-v =1
sa7u Xy nk U B(E=L-ACCA)ZEATVS, PO DD T I /BIE~7F FEEEEDRH
FEDPERIT D 2 A3, 12 (LHHLCHD CTERE R IZARINICEIH & 7207890 F — 5 — X4 F T IV BETH
5, FEE. = V-ACCAIRMIY A M RGO RBUCKE S FE L, T DEESHOFTHEDH L 7
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Figure 1. HCV NS3A protease inhibitors withdrawn from the market after approval.
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Paritaprevir (ABT-450)

Voxilaprevir (Gilead)

Figure 2. FDA approved HCV NS3A protease inhibitors.
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Scheme 1. Asymmetric synthesis of vinyl-ACCA using chiral glycine Ni(II) complexes.
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N. Voloshin, A. Markovsky, M. Belik, T. Yamazaki, Tetrahedron Lett. 2002, 43, 5445-5448. (c) S. Zhou, J. Wang,
X. Chen, J. L. Acena, V. A. Soloshonok, H. Liu, Angew. Chem. Int. Ed. 2014, 53, 7883—7886.

2 A. Kawashima, C. Xie, H. Mei, R. Takeda, A. Kawamura, T. Sato, H. Moriwaki, K. 1zawa, J. Han, J. L. Acena,
V. A. Soloshonok, RSC Adv. 2015, 5, 1051-1058.
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70 3 v Ni(ID #A3%01C X 3 (1R2S)- ¥ = L -ACCA D & % 13 1k 17 1 Tt o SCHik 25261 Heiig L CHB L
YD H 5 5, 2BHE T58%IE, 80%deld TEMAIGHICIZE7Z A0 TH S, ©=1-ACCADEZREH
RELTELVEERS KB —ACRAFTIC LY, KA IZEE TR L ZFHE et mt s v
vy ZHEENIIDSEASIC X 2 X 0 A ZRREDORR 2RO L 72, KB Cld, Scheme 1T 3R
ORI REEE Y v v vy ZHHENIID $5R4 08 ISN2-Sn2 ¥ T v F AT Hi < $ER fif
XD, 99.5%ded WHENSZY T AT LAERME S D(1R2S)- =L -ACCADRIET8% TF 6 11
280 RELSKRINAEEZWET 5, REFBET3gAr — A THHH I, &R L -FH
MIcERDOD L Ebh s,

FERLEE

YV vBEWERT I /WYy vy 7HEEONIIDIHEERONFEEFZT -7 — A4 FDa-BXUOB-T I /B
DAFEMCHEL L 72—k & o T b, TAFAER TAF—AS wv =y e <4 7K
S35 D MY FRGE DS R (3 7 R SR T30, AR IC A A i E IR CHEM I N 5, 2-58 TR~ 7= Hiil 7 =
JERCA, - & Ni(ID$E R DT 70 —F ColIhicki &, &4 12(9)-£7213(R-ho 7€ v v [(R)-3,5-
dihydro-4 H-dinaphth[2,1-c:1,2’- elazepine] 2> L EEE X W 3 2 W V) A v F5% F A L 72 (Scheme
2313, U7y FEOKERALIZT € IfboBhrnl, KB CENHHHARTCEZ L THLE, &b

30 H. Ueki, T. K. Ellis, C. H. Martin, T. U. Boettiger, S. B. Bolene, V. A. Soloshonok J. Org. Chem. 2003, 68, 7104—
7107.

31 (@) T. K. Ellis, H. Ueki, T. Yamada, Y. Ohfune, V. A. Soloshonok, J. Org. Chem. 2006, 71, 8572-8578. (b) V. A.
Soloshonok, T. K. Ellis, H. Ueki, T. Ono, J. Am. Chem. Soc. 2009, 131, 7208-7209. (c) V. A. Soloshonok, H.
Ueki, T. K. Ellis, Synlett 2009, 704-715. (d) A. E. Sorochinsky, J. L. Acena, H. Moriwaki, T. Sato, V. A.
Soloshonok, Amino Acids 2013, 45, 691-718. (e) A. E. Sorochinsky, J. L. Acena, H. Moriwaki, T. Sato, V. A.
Soloshonok, Amino Acids 2013, 45, 1017-1033. (f) J. L. Acena, A. E. Sorochinsky, V. A. Soloshonok, Amino
Acids 2014, 46, 2047-2073. (g) M. Jorres, X. Chen, J. L. Acena, C. Merkens, C. Bolm, H. Liu, V. A. Soloshonok,
Adv. Synth. Catal. 2014, 356, 2203-2208. (h) M. Jorres, J. L. Acena, V. A. Soloshonok, C. Bolm, ChemCatChem.
2015, 7, 1265-1269.

3 (a) X. Tang, V. A. Soloshonok, V. J. Hruby Tetrahedron: Asymmetry 2000, 11, 2917-2925. (b) W. Qiu, V. A.
Soloshonok, C. Cai, X. Tang, V. J. Hruby Tetrahedron 2000, 56, 2577-2582. (c) V. A. Soloshonok, X. Tang, V.
J. Hruby, L. Van Meervelt, Org. Lett. 2001, 3, 341-343.

3 (a) V. A. Soloshonok, V. P. Kukhar, S. V. Galushko, N. Y. Svistunova, D. V. Avilov, N. A. Kuzmina, N. I. Raevski,
Y. T. Struchkov, A. P. Pisarevsky, Y. N. Belokon, J. Chem. Soc. Perkin Trans. 1993, 3143-3155 (b) V. A.
Soloshonok, D. V. Avilov, V. P. Kukhar, V. I. Tararov, T. F. Saveleva, T. D. Churkina, N. S. lkonnikov, K. A.
Kochetkov, S. A. Orlova, A. P. Pysarevsky, Y. T. Struchkov, N. I. Raevsky, Y. N. Belokon, Tetrahedron
Asymmetry 1995, 6, 1741-1756. (c) V. A. Soloshonok, D. V. Avilov, V. P. Kukhar Tetrahedron Asymmetry 1996,
7, 1547-1550.

3 (@) V. A. Soloshonok, D. V. Avilov, V. P. Kukhar, L. Van Meervelt, N. Mischenko, Tetrahedron Lett. 1997, 38,
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% (@) V. A. Soloshonok, C. Cai, V. J. Hruby, L. Van Meervelt, T. Yamazaki, J. Org. Chem. 2000, 65, 6688-6696.
(b) V. A. Soloshonok, C. Cai, V. J. Hruby, Org. Lett. 2000, 2, 747-750. (c) V. A. Soloshonok, H. Ueki, R. Tiwari,
C. Cai, V. J. Hruby, J. Org. Chem. 2004, 69, 4984-4990.

% (@) T. K. Ellis, C. H. Martin, G. M. Tsai, H. Ueki, V. A. Soloshonok, J. Org. Chem. 2003, 68, 6208-6214. (b) S.
M. Taylor, T. Yamada, H. Ueki, V. A. Soloshonok, Tetrahedron Lett. 2004, 45, 9159-9162. (c) J. L. Moore, S. M.
Taylor, V. A. Soloshonok, Arkivoc 2005, 287-292.

37 R. Takeda, A. Kawamura, A. Kawashima, T. Sato, H. Moriwaki, K. Izawa, K. Akaji, S. Wang, H. Liu, J. L. Acena,
V. A. Soloshonok, Angew. Chem. Int. Ed. 2014, 53, 12214-12217.

38 (a) V. A. Soloshonok, H. Ueki, T. K. Ellis, Tetrahedron Lett. 2005, 46, 941-944. (b) V. A. Soloshonok, H. Ueki,
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(1R28)-1-T I /-2-v =L zua7a Xy LR/ BoORENAFTERK

53R o -7 I/ MO BILEE R 2 H 2 (9/ (R AEZEWIM N CTHENIT/ER L 2%, b
DT —Z0b YAV F5OHEKN A RAERRI DT, ﬁfﬂﬂiﬁl%ﬁ’\]@‘éfiﬁﬁﬁ CEENRTW3
(1R2S)-t = L-ACCA~DHIELZFF T2 L iC Lz, COREEZERT 27-0I1C1F, VY F5b5
3270y vy y 7HENIID I REZ BT 2 LD H - 72 (Scheme 2),

28 88

Br

0
NH, O L N N Gly, K,CO4
Br\)kBr 0> NH O K.CO Ni(OAGC),*4H,0
Ph 2V-3 - - (S)-4
E——— ph — O0”NH O
87% 97% MeOH, reflux
o] Ph 98.7%
Cl
cl (S)-5

Scheme 2. Synthesis of axially chiral ligand (5)-5 and glycine Ni(II) complex (.5)-4.

U 7Y F(8)-51%Scheme 210 /R AR MG E AW TkgR 7 — LV CRGICHEIcE 5, Vv vy v 7
WENIADSEAFIR O RE00 R FIC, VA Y F5E 7Y ¥ v 2 HREK.CONTFEE FNIIDH & Kt & ¢
7o BIGIX30LAPNCTERE L, 270 & VEEIR(S)-42398.7% &\ S BN IR TIF b Nz, TN IR
20DV H Y F (-5 RATr =L THEZGICHHEIN, 7D v VEER(S)-4BEKTE D
T, RIC1,4-¥Y 7 ax-2-7F v6TDT L FAAL %KL 72 (Scheme 3),

Ellis Synlett 2009, 704-715.

3 (a) A. E. Sorochinsky, H. Ueki, J. L. Acena, T. K. Ellis, H. Moriwaki, T. Sato, V. A. Soloshonok Org. Biomol.
Chem. 2013, 11, 4503-4507. (b) A. E. Sorochinsky, H. Ueki, J. L. Acena, T. K. Ellis, H. Moriwaki, T. Sato, V. A.
Soloshonok, J. Fluorine Chem. 2013, 152, 114-118.

40 H. Ueki, T. K. Ellis, C. H. Martin, V. A. Soloshonok, Eur. J. Org. Chem. 2003, 1954-1957.
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gy Y &8

6
base (3 eq.) NT ,0._0O N _,O 0} N7 /O e}
THFO(gohv/w) o N N 0N N "By oW NS

| o S S

Cl (S)2R)-7 Cl (S)(2S)-7 Cl  (S)(2R,3S5)-8
8=, 7 ()
. L0
N 0._0 Ph ©\< '
J/i Ni :/l/\ Ph
+ oW N - N

N N o + o) N
N/ D I N
N ]7 O kN/N'\N N k
2R N (0]
o0~ O N

Ph
Sy,
: a2
Cl
Butenylene-bridged dimeric O '

Ni(ll) complex 9

QL
8

Ridge-tile-like binuclear Ni(ll) complex 10

Scheme 3. Attempts of direct one-pot synthesis of complex 8

by the reaction of chiral glycine complex (.5)-4 with dibromide 6.

BT, (9-4DEENRT VB Yy P COEBHRMSN2-SN2’ Y T A F AL CTHhz, Z DR %
Table 1127359,

Table 1. Direct one-pot sequential Sy2-Sn2° dialkylation of (S5)-4 with dibromide 6.

(S)(2R,3S)-8/ Yield of by-products (%)
Yield of 79 (S)(2R)-7/ Yield of 82

Entry  Scale (g) Base Temp. (°C) another Ridge-tile
(%) (8)(28)-7 (%) Dimer 99
isomer 109
1 0.1 NaH 20 219 69.4/30.6 nd. nd. 43.9 2.8
2 0.025 LiOt-Bu 0 16.3 69.5/30.5 nd. nd. 63.9 0
3 0.025 NaOMe 0 n.d. n.d. 36.3 98.8/1.2 14.8 5.0

3 Determined by HPLC analysis on crude reaction mixtures.

NaH°LiOBu% ik & L THWw % & (Entry 1,2), KIGix 5 % {789, HPLC ETHMWYHEA8D
ARSI N o7 L IREETH 72, WITNOEED TEBIIIXNICT 2 T FAAUERT L
TREIDHZTOREMTH 5 D oTz, Thid 7 u ) vEEA3(Scheme D& a,w-¥ a7k
VEDRIGMITHEBIL T B, 2 I IRgIcHER e L CNaOMeZ W CRIGETT S &, BRILERY)

41 (a) T. K. Ellis, V. M. Hochla, V. A. Soloshonok, J. Org. Chem. 2003, 68, 4973-4976. (b) V. A. Soloshonok, T.
Yamada, H. Ueki, A. M. Moore, T. K. Cook, K. L. Arbogast, A. V. Soloshonok, C. H. Martin, Y. Ohfune,
Tetrahedron 2006, 62, 6412-6419. (c) see chapter 3; J. Wang, H. Liu, J. L. Acena, D. Houck, R. Takeda, H.
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82345 L 7= (Entry 3), HBEICRIZ36.3% LR TE 2 LD TIEAWVA, BL7 o2 2D YT 27 L A5
R 1397.6%de L IFF ICHE <. ZOFHLZ Y o VEER(S)-4D b DVAKGIHIRE ) AR ST L BR DT H
Nizo 7o, hoRIEYOHRICLENCY vy a /7 712 X D “ridge-tile-like”2 & L fF 1T b7 B Mo —
ENIID#EEI02FE S iz 2 L ICbiEH Lz, BlAEYIE 10D EfEAFRED DIC, b ofbe%
FAEME LTRON2 X5 mBMERHEZITo 72, FRC, 77V & VEER(S)-4icxf L TO54ED Y 7 m 3
F6z v, LiOr-Buztfl e L CRIGZITI & ZEIKIN52%DIGE TR b T,

Table 2. PTC conditions for preparation of monoalkylated products (S)(2R)-7 and (S)(2S)-7.

88 Br gy S O s

6
LN:N(OTO A LN;N(OKO/\/\ . J;N;Ni/ojo
0~ N N CH,Clo/H,0 0“N N Br 0N N7 gy
Ph Ph Ph
<?)(:_4 <C?/\L(S)(ZR‘H <?):3)(23)7
Entry  Scale (g) ° NaOH? CHCL  ime ) vield of 7 (S)(2R)-7/(S)(25)-7
(equiv.) (equiv.) (v/w) (%)

1 0.35 15 200 40 0.5 66.0 70.2/29.8

2 1 3 200 40 0.5 85.0 70.5/29.5

3 0.05 10 200 40 0.5 90.1 70.8/29.2

4 0.05 10 50 40 0.5 46.9 70.6/29.4

5 0.05 10 50 20 1 89.89 70.3/29.7

6 33 10 200 40 0.5 86.79 70.2/29.8

) Used as 30% aq. solution. ® Determined by HPLC analysis on crude reaction mixtures. @ Isolated yield.

Zcx U, S5 AR 101 B (PTC) 4 T IC88 % INE Tl < Wiz (EBHZS ), 2 b o
7Ry FRIGDOFERD D, SN28 SN2 T v F AL Z Rl 2 1AT 5 2Bk 24T ) Sk & Lz, ZDHIT,
RIS R 22 PTCEAE T, (8)-4& ¥ 71 I F6DE /) TAFALEFT 5 72, #E 5 % Table 21C77 9, PTC
ST CROG AR I B © & Vo ICiEfT L, BIAEY DR D 3L A B bt h o7z, 0.2524
BOT NI TFNTVvEZY LAFY F(TBADFE T, b2 1548 0y 7w I Féx - CTHYTH
66% KT S N7z (Entry 1), 6%3% & (Entry 2) IS &, ¥ 511065 (Entry 3) £ TN T ¢ 2 LY
RpF LA EL, HcEE LA ZHEENES0% TMHETE 2D TH > 72, HIEMFE DI
(Entry 4). AHAIEOHIK (Entry 5) TH 7 2 fodi{b 23Tb vz, Fric, BECRIGIE S £ ML, &£

Moriwaki, T. Sato, V. A. Soloshonok, Org. Biomol. Chem. 2013, 11, 4508-4515.

42 (a) V. A. Soloshonok, H. Ueki, J. Am. Chem. Soc. 2007, 129, 2426-2427. (b) V. A. Soloshonok, T. Ono, H. Ueki,
N. Vanthuyne, T. S. Balaban, J. Burck, H. Fliegl, W. Klopper, J-V. Naubron, T. T. T. Bui, A. F. Drake, C. Roussel,
J. Am. Chem. Soc. 2010, 132, 10477-10483.
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T % 89.8% HEINE CTH 2 72, TN b ORISFMHFITHFFER O 77 ) o ViR (S)-4%33 gA 7 —
(Entry ) THHWTH FHBH I, PRIV DRWHEREZ G272, Thbb, £/ TAFALIKRTIZ86.7% &
WO ENZIETHEEI N, £ TAFMURIED YT AT LAEREZE L 2wt (HQ2R-7&
(9 Q9-ToMifF D BEEEABFE LT 7 — bR EZERT 20T, ZOREIZROBLICIZE < R
T\, E TUFMUKTOEHEED H 2 KEAMIELFHAETE 20T, RICHHOSN2 BRI L E DR
FHCHEA 72, — D PER, D Z2oD YT AT L A= —(9Q2R)-TL (9)2S)-TDOBLIFH—4M T Tl
WIERRIG I 2 W 726 0 5 0 & CEFTL 2. AR A58 % Table 310~ 9,

Table 3. Sx2’ Cyclization of (S)(2R)-7 and (S)(2S)-7 under homogeneous conditions.

¢ 8919 ¢
O @2 O

(7
3 2

¢

0 o.__0O 7 0._0

N o N N
/]/i M L\ i "\ j _ Pee | /I/i AN
0“>N N X" * 07N N N"pr o N NN

solvent
Ph Ph 0°C

Cl (S)2R)-7 Cl (8)29)7 cl

S
=

=

(S)2
R,3S)
-8
Scale . Time  Yield? (S)(2R,3S)-8/
Entry © Base (equiv.) Solvent (h) (%) another isomer®
1 0.01 NaOMe (3) DMF 1 27.1 91.9/8.1
2 0.05 NaOMe (3) THF 0.5 61.4 98.5/1.5
3 0.01 NaOt-Bu (3) THF 2 78.6 97.8/2.2
4 0.315 NaOt-Bu (3) THFY 2 88.2 98.2/1.8
NaOt-Bu (2M in THF) 97.4/2.6
5 1.00 THFO 0.5 75.39
(1.5) (99.8/0.2)
NaOt-Bu (2M in THF) 97.1/2.9
6 53.0 THF 0.17 90.09
(1.5) (99.75/0.25)°

3 Determined by HPLC analysis on crude reaction mixtures. » Solvent was degassed by brief ultrasonication (5 min) under
argon atmosphere. © Solvent was degassed by brief ultrasonication (5 min). ¢ Isolated yield. ® Ratio for isolated products

after washing slurry with ethyl acetate.

BL G % DMF#iR, 52 L CTNaOMe% HWTIT 5 &, D% HIYI(S) (2R3S)-82327.1%
E W IHRIEKR, 91.9/8.9D Y 7 27 L AEIRM:C5 2 72 (Entry 1), SHRIIC SOGIAEE & U CTHF 2 {#f3
5L RISIEE ISR Y (F L R L 2GR & SIRSERYE CEBRICAERY (5 (2R39)-8% 5 2 7z (Entry 2),
LR D X 572 B0 Eid, NaOrBuZ ik & L CH W (Entry 3), KIGABEDMiEEZE % 1T\ (Entry 4),
Jiifg 3% & 2M NaO ~Bud THFRW % flA &b (Entry 5) TiERK X Nz, Z DE{LEMFE %53 gd Kt A
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(1R29)-1-T 2 /-2-v = Ay a7 a Xy LR v BEOIRERNANTEGRK

=TT, AT =T v TOAHMZFHE L 72 (Entry 6), EiXL W2 i, RIGIE2 L B#ERTH
Bah, BOELE(S)(2R3S)-823 I (90%) TF b, I HICEE A Lic, Hifik X7 Y -3k
TRY EFEER YT AT LA RERE99.75/0.25) % 5. 2 72, £ 2T/ T4 F Al (Table 2) & Bi{t.(Table
O DERED A7 — AT v 7T L ALEERYER EofRE S 2 22 L IXFERIMET 5, cnb
DFFERARE DR & A EOMfEERFAL T3 2 L 38 KoL 25 TH A I,

KRBT D A& FAZIZBRALEE R (S) 2R3S)-8% /3 fE L CHMD T 2V EE(1R2S)-v = -ACCA% HififE L |
ST EAT - CZ OHILE QAR IERE T2 2 & THo 7=,

N 0.0
J; NI plos aq. HCI HNQWCOH  1.Boc,0  BOCHNG WCOM
o W pagppicc I
= 7 2. DCHA "
Ph (1R,2S)-vinyl-ACCA (1R,2S)-11
aq.AcOHl
Cl (S)(2R3S)-8
ofe (VOY oo e s
—_—
s s K MeOH/ Z
(1R2S)-12 toluene (1R,2S)-13

N Gly, K,CO; N 0 O
i Ni(OAc),-4H,0 /]; T
_ NiOAC),aR0 |

NH O MeOH, reflux 0 N N
©)‘\Ph ©/u\Ph

cl (S)-5 cl (S-4
Scheme 4. Disassembly of complex (5)(2£,3.5)-8, isolation of (1&,2.5)-vinyl-ACCA and its derivatization,
and recycling of chiral ligand ($)=5.

Scheme 4i1C7R"$ X 9 1o, Ni(ID#EAR(S) (2R3S)-8D 4 & /) — N IRIER % INHGEE K IATE CULEE$ 3 & |
RO aE e NErBI ., 7V =TI BAR2S)-v = L-ACCA L J2EEEY v F(S)-5% 4R/ L.
ZFNFIKME L BB I NS, HEEED 7V F(S)-51393%INECHINI N, RD 7Y & vk
(- 4G SN, 73 7BAR2Y)-v =L -ACCAIZIE A F v ZHist s % i\ Tk 2> & B X
N8, e HIICT 2 7 BAR2S)-v =1 -ACCAIZ N-BocFE R (1R2S)-12IcEfax L, ¥V 7o~
¥ U7 IV (DCHA)ME(IR2S)-11¢ L CHiE iz, X 51T, NBociBEER(1R29-12% + ) X F
YAYT VAR TR L CAFAZRATAERSFRL 7z, 79 =7 I 7B (1R2S)-v = L-ACCA L
(1R29)-11F5 X (1R25)-13% 73 #1 L T il SCRkE 5 & B L 7245 R, o7z (1R28)-v = L-
ACCAD N B X O i 2 I ICRIE T & 72, & 2T, A0 T332 g Ni(ID) #f
(9 (Q2R3S)-8FHWIATr — LTIt/ Z L ZEHL T E 2\,

43 J. Wang, D. Lin, S. Zhou, X. Ding, V. A. Soloshonok, H. Liu, J. Org. Chem. 2011, 76, 684-687.

4 C. Walsh, R. A. Pascal Jr., M. Johnston, R. Raines, D. Dikshit, A. Krantz, M. Honma, Biochemistry 1981, 20,
7509-75109.

4 P, L. Beaulieu, J. Gillard, M. D. Bailey, C. Boucher, J-S. Duceppe, B. Simoneau, X-J. Wang, L. Zhang, K.
Grozinger, I. Houpis, V. Farina, H. Heimroth, T. Krueger, J. Schnaubelt, J. Org. Chem. 2005, 70, 5869-5879.
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]

FEHO IR AT 2B T2 70 v v vy 7HHENIID #5028 FE Sn2-Sn2’ 7 v F At /Bt 0 &
BUCHSL-T I/ -2-8 =4y 7 a7 a Xy LR VBOREERD -0 OFHLCESMED B 3 1ik%
fFE L 720 & TO LRIIRMELI RS TR, EALAGERME, X7 -7y 7o & RiEIRESE
e LCEEART— 7 — A4 F7 3 7BAR2S)-v = L-ACCAOEELLE L 25 L BbN 3,
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AWFFRIE. EE ORI NE TR LEFHAFIAL I VY e, Poexfb¥ a2 &R L7275 — 5 — 2
A P73 BOREBHEKE~DIGHICOWTE D20 TH B,

1 BT, EREMERICETET -7 — A4 FT7 IV BOEERICOWTHMNL, T3/
DRERELE & DB ICOWBTIHRAR Tz, RIC, 7 I VL HFEEY 7y F e oy vy 7o Ni(D ik
KA RIS L 327 I BOBPERERN 2 HOFEICEH L, 2 ZIGHT 5 2 L THNOT I/ #
EARIICEK T 2 EERNELE 2T 2 T coREEBRIL 7.

B2 BT, RODRMTEMAREDFIAL VAV FE LT, REEE 7z =LA F AT I Vv EHL
NHBY Y P E2EFLAEKLZ, 2DV H VY FE T2 ID o-T7 3 /7BERHCTEEK L 72 NidD #{k
X, 7=+ 2974 —CRBICHEIIN, BoNnHEEEBOMT itk b, e a-T 3
Wx EmWICi 7z, RIETE I A Y FRERBMICHEINENS C L DER Lz, £72, 2,6-V AFFry
VISR CIRIBRIEDERFIT 22T, su~v b ok TICHNWY RS2 2 L 3T E 2, RZEL
N— 2T Y, HEEEET I VEMIAEE LT E LR E L35 3 HUBOEIC oA - 7,

FBIETIE, Vv 2P V[1-(I-TEX~VYFA)T XY T I V]ZEALHHHREAEE) Y Fohs
K EJGHICOWTIRR7Z, Vv AP VIR NHBE ) Y FEELAD T2 ID a-7 3 /o Ni(D) K
KL, HEFET o e X VLG EMEET 2 2 L THWT 2 7 BICHIG S 2 Mo BdiE % o H—
DY T AT LA ~—IRIFTRICHH L. R 58REZ I CHWO R FHES IR ONE 2 L %
R L7, $ERDIEI R CAEDICHND o-7 I 7 BAEIETH LN, VA Y FbEIRE N, Kikld
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General methods

All reagents and solvents were used as received. The reactions were monitored with the aid of thin-layer
chromatography (TLC) on precoated silica gel plates, and visualization was carried out using UV light. Flash column
chromatography was performed with the solvents indicated on silica gel (particle size 0.040-0.063 mm). *H and *C
spectra were recorded on a 300 MHz Briiker instrument. Chemical shifts are given in ppm (8), referenced to the
residual proton resonances of the solvents. Coupling constants (J) are given in hertz (Hz). The letters m, s, d, t, g and
br stand for multiplet, singlet, doublet, triplet, quartet and broad, respectively. High-resolution mass spectra (HRMS)
were recorded using an UPLC/Q-TOF MS system in the ESI mode.

Synthesis of (R)-N-(2-benzoyl-4-chlorophenyl)-2-((1-phenylethyl)amino)acetamide (9).

To a mixture of 11! (1 equiv.), K.COsz (4 equiv.) and MeCN (12 mL/1 g of 11) was added (R)-a-
(phenyl)ethylamine (1.1 equiv.). The reaction mixture was stirred 6 h at room temperature and monitored by TLC.
The insoluble salts were filtered off and washed with EtOAc, and the filtrate was concentrated under reduced pressure.
Hexane was added to the residue to form a precipitate, which was filtered and dried at 60 °C to give the title compound.

Yield: 88.8%. [a]?°p = -33.8 (c = 1.604, CHCls3). *H NMR (300 MHz, CDCls) 6 11.56 (s, 1H), 8.65 (d, J = 9.3 Hz,
1H), 7.86-7.81 (m, 2H), 7.68 (tt, J = 7.4, 1.3 Hz, 1H), 7.62-7.48 (m, 4H), 7.40-7.35 (m, 2H), 7.32-7.21 (m, 3H),
3.83(q,J = 6.5Hz, 1H), 3.37 (d, J = 17.5 Hz, 1H), 3.29 (d, J =17.5 Hz, 1H), 2.00 (br, 1H), 1.49 (d, J = 6.5 Hz, 3H).
13C NMR (75 MHz, CDCls) & 196.8, 171.6, 144.2, 137.7, 137.6, 133.1, 133.0, 131.7, 130.1, 128.5, 127.3, 127.3,
126.7,126.3, 123.0, 58.5, 51.2, 23.7. HRMS: calc. for C23H22CIN202 [M + H]* 393.1370, found 393.1373.

General procedure for preparation of Ni(ll) complexes by reaction of ligand 9 with amino acids

To a mixture of 9 (1 equiv.), NiCl, (1.1 equiv.), the corresponding amino acid (1.1 equiv.) and MeOH (30 mL/1 g
of 9) K2COs (4 equiv.) were added and the reaction mixture was stirred under reflux. The progress of the reaction
was monitored by TLC and, upon completion (consumption of 9), the reaction mixture was poured into cooled water.
The target product was filtered off and washed with H,O. The filtered precipitate was dried at 60 °C to give the

corresponding Ni(ll) complex.

Ni(Il) complexes of the Schiff’s base of 9 and glycine, (12) and (13).

From 1 g (2.55 mmol) of 9, 1.29 g of a 54 : 46 mixture of 12 and 13 was obtained (yield: quantitative). Part of the
mixture was subjected to column chromatography to isolate diastereomerically pure products 12 (45 mg) and 13 (46
mg) for full analytical characterization.

Data for 12. Rf: 0.29 (CH-Cl,-acetone, 2 : 1). [a] p?® = —1685 (c = 0.048, CHCIs). *H NMR (300 MHz, CDCls) §
8.31 (d, J = 9.2 Hz, 1H), 7.57-7.43 (m, 3H), 7.40-7.10 (m, 7H), 6.93-6.80 (m, 1H), 6.75 (d, J = 2.5 Hz, 1H), 4.02—
3.89 (m, 1H), 3.83 (dd, J = 16.8, 6.7 Hz, 1H), 3.72 (d, J = 20.6 Hz, 1H), 3.65 (d, J = 20.6 Hz, 1H), 3.44 (dd, J = 8.6,

1 V. A. Soloshonok, H. Ueki, Synthesis, 2010, 49-56.
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7.3 Hz, 1H), 2.99 (d, J = 16.8 Hz, 1H), 2.09 (d, J =

6.1 Hz, 3H). 3C NMR (75 MHz, CDCls) 6 177.8, 177.4, 171.0, 141.3, 138.6, 133.9, 132.2, 132.1, 130.1, 129.6,
129.1, 128.8, 128.2,127.4, 127.0, 126.1, 125.9, 125.8, 125.6, 61.8, 60.9, 52.3, 22.5.

HRMS: calc. for C2sH23CIN3NiOs [M + H]*506.0781, found 506.0778.

Data for 13. Rf: 0.16 (CH.Cl>-acetone, 2 : 1). [a]p®® = +66.7 (c =0.048, CHCIls3). *H NMR (300 MHz, CDCls) §
8.25 (d, J = 9.2 Hz, 1H), 7.67-7.37 (m, 5H), 7.32-7.07 (m, 5H), 6.95-6.82 (m, 1H), 6.73 (d, J = 2.5 Hz, 1H), 4.05
(qd, J = 6.9, 5.7 Hz, 1H), 3.88-3.76 (m, 1H), 3.67 (s, 2H), 3.52 (dd, J = 17.3, 7.9 Hz, 1H), 3.09 (d, J = 18.5 Hz, 1H),
2.03 (d, J=7.0 Hz, 3H). 3C NMR (75 MHz, CDCl3) 6 178.9, 177.9, 170.9, 141.4, 137.8, 133.9, 132.2, 132.0, 130.1,
130.0, 129.7, 128.9, 128.8, 128.3, 126.7, 126.1, 125.7, 125.6, 60.9, 59.8, 51.0, 18.0. HRMS: calc. for
C2sH23CIN3NiO3z [M + H]* 506.0781, found 506.0771.

Ni(Il) complexes of the Schiff’s base of 9 and DL-phenylalanine (14a) and (15a).

From 500 mg (1.27 mmol) of 9, 736 mg of a 47 : 41 : 12 mixture of three diastereomers was obtained (yield:
96.9%). A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products
14a (121 mg) and 15a (131 mg) for full analytical characterization.

Data for 14a. Rf: 0.41 (CH.Cl,-acetone, 2 : 1). [a]o?® = —2239 (¢ = 0.050, CHCIls3). 'H NMR (300 MHz, CDCls) &
8.21 (d, J = 9.1 Hz, 1H), 7.58-7.38 (m, 6H), 7.35-7.11 (m, 9H), 7.02 (d, J = 6.9 Hz, 1H), 6.67 (d, J = 2.4 Hz, 1H),
4.30-4.22 (m, 1H), 3.64-3.46 (m, 1H), 3.08 (dd, J = 16.3, 6.4 Hz, 1H), 3.01 (dd, J = 13.6, 2.6 Hz, 1H), 2.63 (d, J =
16.3 Hz, 1H), 2.60-2.53 (m, 1H), 2.06-1.97 (m, 1H),

1.91 (d, J = 6.9 Hz, 3H). 3C NMR (75 MHz, CDCls) § 178.6, 175.8, 169.5, 141.4, 138.2, 135.7, 133.0, 132.3,
132.2,131.0,130.3,129.4,129.2,129.0, 128.6, 128.2, 127.6, 127.1, 125.5, 124.9, 71.0, 61.1, 52.0, 39.0, 22.2. HRMS:
calc. for C32H29CIN3NiO3 [M + H]* 596.1251, found 596.1255.

Data for 15a. Rf: 0.25 (CH.Cl,-acetone, 2 : 1). [a]o?® = +2750 (¢ = 0.047, CHCIls3). 'H NMR (300 MHz, CDCls) &
8.01 (d, J = 9.0 Hz, 1H), 7.58-7.41 (m, 7H), 7.35 (d, J = 6.5 Hz, 2H), 7.28-7.15 (m, 5H), 7.10 (dd, J = 9.2, 2.5 Hz,
1H), 7.01 (d, J = 6.9 Hz, 1H), 6.64 (s, 1H), 4.24 (s, 1H), 3.66 (g, J = 6.9 Hz, 1H), 3.10-2.88 (m, 2H), 2.78 (d, J = 17.2
Hz, 1H), 2.60 (dd, J = 13.6, 5.5 Hz, 1H), 2.05 (br, 1H), 1.73 (d, J = 6.6 Hz, 3H). *3C NMR (75 MHz, CDCls) § 178 4,
177.0, 169.3, 141.4, 137.7, 136.1, 133.0, 132.3, 132.1, 131.5, 130.5, 129.5, 129.3, 128.9, 128.9, 128.6, 128.1, 127.7,
127.6,127.3,125.5, 125.0, 71.7, 60.2, 51.6, 39.4, 18.1. HRMS: calc. for C3H29CIN3NiO3 [M + H]* 596.1251, found
596.1256.

Ni(Il) complexes of the Schiff’s base of 9 and L-phenylglycine (14b) and (15b).

From 500 mg (1.27 mmol) of 9, 691 mg of a 48 : 38 : 8 : 6 mixture of four diastereomers was obtained (yield:
93.1%). A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products
14b (106 mg) and 15b (93 mg) for full analytical characterization.

Data for 14b. Rf: 0.52 (CH2Cl>-acetone, 2 : 1). [a]o?® = —1969 (c = 0.056, CHCls3). *H NMR (300 MHz, CDCls) &
8.27 (d, J = 9.2 Hz, 1H), 7.57-7.40 (m, 5H), 7.36-7.22 (m, 5H), 7.20-7.11 (m, 4H), 6.95 (t, J = 7.5 Hz, 1H), 6.61 (d,
J=25Hz, 1H), 5.94 (d, J = 7.8 Hz, 1H), 4.78 (s, 1H), 3.99-3.84 (m, 2H), 3.43 (dd, J = 8.0, 7.3 Hz, 1H), 3.02 (d, J =
16.8 Hz, 1H), 2.05 (d, J = 6.9 Hz, 3H). *C NMR (75 MHz, CDCl3) § 178.7, 177.6, 171.6, 141.5, 138.5, 137.8, 133.5,
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132.3, 132.1, 129.7, 129.0, 128.7, 128.6, 128.6, 128.1, 128.0, 127.9, 127.6, 127.4, 126.9, 126.0, 125.6, 125.1, 74.0,
61.2, 51.9, 21.8.

HRMS: calc. for CaiH2,CINaNiOs [M + H]* 582.1094, found 582.1097.

Data for 15b. Rf: 0.34 (CH2Cl,—acetone, 2 : 1). [a]o® = +2494 (c = 0.031, CHCls). 'H NMR (300 MHz, CDCls) §
8.11 (d, J = 9.2 Hz, 1H), 7.66 (d, J = 7.0 Hz, 2H), 7.60 (dd, J = 6.3, 3.1 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.36-7.17
(m, 8H), 7.10 (dd, J = 9.2, 2.6 Hz, 1H), 6.94 (t, J = 7.4 Hz, 1H), 6.59 (d, J = 2.6 Hz, 1H), 5.95 (d, J = 7.8 Hz, 1H),
4.74 (s, 1H), 3.95 (qd, J = 7.0, 2.5 Hz, 1H), 3.64 (dd, J = 7.7, 2.1 Hz, 1H), 3.54 (dd, J = 17.0, 7.9 Hz, 1H), 3.03 (d, J
= 16.9 Hz, 1H), 1.95 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CDCls) § 178.7, 178.5, 171.5, 141.5, 138.1, 138.0,
133.5,132.2,132.0, 129.7, 128.8, 128.6, 128.6, 128.3, 127.7, 127.3, 126.8, 126.0, 125.4, 125.2, 74.1, 61.1, 52.4, 18 8.
HRMS: calc. for CaiH2,CINaNiOs [M + H]* 582.1094, found 582.1097.

Ni(Il) complexes of the Schiff’s base of 9 and DL-alanine (14c) and (15c).

From 500 mg (1.27 mmol) of 9, 629 mg of a 48 : 42 : 7 : 3 mixture of four diastereomers was obtained (yield:
94.9%), Part of the mixture was subjected to column chromatography to isolate diastereomerically pure products 14c
(43 mg) and 15c¢ (22 mg) for full analytical characterization.

Data for 14c. Rf: 0.42 (CH.Cly-acetone, 1 : 1). [a]o® = —-3075(c = 0.050, CHClIs3). *H NMR (300 MHz, CDCls) &
8.29 (d, J = 9.2 Hz, 1H), 7.53-7.40 (m, 3H), 7.39-7.21 (m, 6H), 7.16 (dd, J = 9.2, 2.6 Hz, 1H), 6.89 (d, J = 7.1 Hz,
1H), 6.61 (d, J = 2.5 Hz, 1H), 4.08-3.74 (m, 3H), 3.25 (dd, J = 8.9, 6.8 Hz, 1H), 3.01 (d, J = 16.7 Hz, 1H), 2.04 (d, J
= 6.9 Hz, 3H), 1.45 (d, J = 7.1 Hz, 3H). 23C NMR (75 MHz, CDCls) & 181.1, 177.2, 169.8, 141.2, 138.7, 132.9, 132.2,
130.2,129.3,129.1, 128.8, 128.7,128.1,127.9, 127.7,127.4, 126.9, 125.6, 125.1, 65.9, 61.3, 52.2, 22.2, 21.2. HRMS:
calc. for C2sH2sCIN3NiO3 [M + H]* 520.0938, found 520.0949.

Data for 15c. Rf: 0.24 (CH.Cl>-acetone, 1 : 1). [a]p®® = +2669 (¢ = 0.050, CHCIs). *H NMR (300 MHz, CDCls) &
8.21 (d, J=9.2 Hz, 1H), 7.58 (d, J = 7.0 Hz, 2H), 7.54-7.36 (m, 3H), 7.34-7.20 (m, 4H), 7.11 (dd, J = 9.2, 2.6 Hz,
1H), 6.89 (d, J = 7.2 Hz, 1H), 6.59 (d, J = 2.5 Hz, 1H), 4.03 (qd, J = 6.9, 2.6 Hz, 1H), 3.90 (q, J = 7.1 Hz, 1H), 3.72
(dd,J=17.2,8.0 Hz, 1H), 3.32 (d, J = 6.9 Hz, 1H),

3.12 (d,J=17.5Hz, 1H), 1.95 (d, J = 7.1 Hz, 3H), 1.44 (d, J = 7.1 Hz, 3H). *C NMR (75 MHz, CDCls) § 181.3,
178.5, 169.8, 141.3, 137.9, 133.0, 132.2, 132.1, 130.2, 129.3, 129.1, 128.8, 128.7, 128.2, 128.0, 127.7, 127.0, 125.4,
125.0, 60.0, 51.5, 29.2, 21.3, 18.3. HRMS: calc. for C2sH2sCIN3NiOs [M + H]* 520.0938, found 520.0947.

Ni(Il) complexes of the Schiff’s base of 9 and DL-valine (14d) and (15d).

From 500 mg (1.27 mmol) of 9, 654 mg of a 50 : 41 : 7 : 2 mixture of four diastereomers was obtained (yield:
93.7%). A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products
14d (97 mg) and 15d (74 mg) for full analytical characterization.

Data for 14d. Rf: 0.45 (CH2Cl>-acetone, 2 : 1). [a]o?® = —2638 (c = 0.048, CHCls3). *H NMR (300 MHz, CDCls) &
8.24 (d, J = 9.2 Hz, 1H), 7.52-7.38 (m, 5H), 7.32-7.18 (m, 4H), 7.14 (dd, J = 9.2, 2.5 Hz, 1H), 6.85 (d, J = 7.2 Hz,
1H), 6.62 (d, J = 2.5 Hz, 1H), 3.98 (dd, J = 16.8, 6.5 Hz, 1H), 3.91-3.74 (m, 2H), 3.63 (dd, J = 8.2, 6.9 Hz, 1H), 3.01
(d, J=16.8 Hz, 1H), 2.00 (d, J = 6.2 Hz, 3H),

1.97 (d, J = 6.3 Hz, 3H), 1.79-1.61 (m, 1H), 0.76 (d, J = 6.9 Hz, 3H). 3C NMR (75 MHz, CDCl5) § 177.9, 176.7,
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169.6, 141.4, 138.5, 133.1, 132.3, 132.2, 130.1, 129.2, 129.1, 128.7, 128.5, 128.0, 127.5, 127.1, 125.5, 124.8, 74.8,
61.2,52.3, 34.2, 22.0, 19.7, 18.2. HRMS: calc. for CosHaoCINsNiO3 [M + H]* 548.1251, found 548.1253.

Data for 15d. Rf: 0.30 (CH2Cl,—acetone, 2 : 1). [a]o® = +2900 (¢ = 0.021, CHCls). H NMR (300 MHz, CDCls) §
8.02 (d, J = 9.2 Hz, 1H), 7.72 (d, J = 7.0 Hz, 2H), 7.51-7.38 (m, 3H), 7.28-7.14 (m, 4H), 7.07 (dd, J = 9.2, 2.6 Hz,
1H), 6.84 (d, J = 7.2 Hz, 1H), 6.60 (d, J = 2.5 Hz, 1H), 3.94-3.69 (m, 4H), 3.12 (d, J = 16.5 Hz, 1H), 1.98 (d, J = 6.8
Hz, 3H), 1.86 (d, J = 7.0 Hz, 3H), 1.77-1.65 (m, 1H),

0.75 (d, J = 6.9 Hz, 3H). *°C NMR (75 MHz, CDCls) § 178.1, 177.6, 169.5, 141.3, 138.0, 133.1, 132.2, 132.1,
130.1, 129.2, 129.1, 128.8, 128.5, 128.3, 128.0, 127.1, 125.4, 124.8, 75.0, 61.3, 52.8, 34.2, 19.8, 18.7, 18.3. HRMS:
calc. for CasH2eCIN3NiO3 [M + H]* 548.1251, found 548.1255.

Ni(Il) complexes of the Schiff’s base of 9 and DL-leucine (14e) and (15¢).

From 500 mg (1.27 mmol) of 9, 670 mg of a 51 : 40 : 7 : 2 mixture of four diastereomers was obtained (yield:
93.6%). A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products
14e (91 mg) and 15e (77 mg) for full analytical characterization.

Data for 14e. Rf: 0.57 (CH.Cl>—acetone, 2 : 1). [a]p®® = —2126 (¢ = 0.049, CHCI3). 'H NMR (300 MHz, CDCls) &
8.22 (d, J = 9.2 Hz, 1H), 7.54-7.33 (m, 5H), 7.33-7.17 (m, 4H), 7.13 (dd, J = 9.2, 2.5 Hz, 1H), 6.86 (d, J = 6.9 Hz,
1H), 6.61 (d, J = 2.4 Hz, 1H), 3.95 (dd, J = 16.7, 6.6 Hz, 1H), 3.90-3.80 (m, 2H), 3.42 (t, J = 7.6 Hz, 1H), 3.01 (d, J
= 16.8 Hz, 1H), 2.28 (ddd, J = 12.1, 10.3, 3.4 Hz, 1H), 1.99 (d, J = 6.9 Hz, 3H), 1.85 (br, 1H), 1.31-1.18 (m, 1H),
0.82 (d, J = 6.7 Hz, 3H), 0.38 (d, J = 6.4 Hz, 3H). 3C NMR (75 MHz, CDCls) 6 179.7, 176.7, 169.2, 141.2, 138.6,
133.0, 132.3, 130.3, 129.2, 129.0, 128.8, 128.5, 128.3, 127.9, 127.3, 125.7, 125.0, 68.4, 61.6, 52.4, 45.2, 24.3, 23.7,
22.4,20.6. HRMS: calc. for C29H31CIN3NiO3z [M + H]* 562.1407, found 562.1414.

Data for 15e. Rf: 0.39 (CH.Cl>-acetone, 2 : 1). [a]p® = +2893(c = 0.051, CHCIs). *H NMR (300 MHz, CDCls3) &
8.06 (d, J = 9.2 Hz, 1H), 7.67 (d, J = 7.0 Hz, 2H), 7.54-7.35 (m, 3H), 7.31-7.13 (m, 4H), 7.07 (dd, J = 9.2, 2.6 Hz,
1H), 6.86 (d, J = 6.8 Hz, 1H), 6.59 (d, J = 2.5 Hz, 1H), 3.95-3.65 (m, 4H), 3.08 (d, J = 17.1 Hz, 1H), 2.32 (ddd, J =
12.1,10.9, 3.4 Hz, 1H), 1.90 (d, J = 6.9 Hz, 3H), 1.78

(br, 1H), 1.28-1.11 (m, 1H), 0.82 (d, J = 6.7 Hz, 3H), 0.34 (t, J = 13.7 Hz, 3H). 3C NMR (75 MHz, CDCls) &
179.9, 178.0, 169.0, 141.2, 137.9, 133.0, 132.1, 130.2, 129.2, 129.2, 128.9, 128.8, 128.4, 128.1, 127.9, 127.3, 125.4,
124.9, 68.7, 60.8, 52.1, 45.3, 24.4, 23.8, 20.6, 18.4. HRMS: calc. for C29H31CIN3NiOs [M + H]* 562.1407, found
562.1415.

Ni(I1) complexes of the Schiff’s base of 9 and DL-tyrosine (14f ) and (15f ).
From 500 mg (1.27 mmol) of 9, 759 mg of a 49 : 46 : 5 mixture of three diastereomers was obtained (yield: 97.3%).
A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products 14f (110

mg) and 15f (100 mg) for full analytical characterization.
Data for 14f. Rf: 0.44 (CH.Cl>-acetone, 1 : 1). [a]o®® = —2841 (c = 0.027, CHCI3). *H NMR (300 MHz, CDCls) &

8.37 (br, 1H), 8.11 (d, J = 9.1 Hz, 1H), 7.58-7.42 (m, 3H), 7.31-7.08 (m, 9H), 7.02 (d, J = 6.9 Hz, 1H), 6.93 (d, J =
8.4 Hz, 2H), 6.66 (d, J = 2.5 Hz, 1H), 4.27-4.11 (m, 1H), 3.70-3.51 (m, 1H), 3.27 (dd, J = 16.7, 6.4 Hz, 1H), 2.90
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(dd, J=13.7, 2.3 Hz, 1H), 2.70 (d, J = 16.7 Hz, 1H), 2.58-2.46 (m, 2H), 1.85 (d, J = 6.9 Hz, 3H). 3C NMR (75 MHz,
CDCls) & 178.9, 176.5, 169.7, 156.6, 141.0, 138.1, 133.1, 132.5, 132.4, 132.3, 130.6, 129.6, 129.4, 129.2, 128.9,
128.5,127.7,127.3,127.2, 126.8, 126.2, 125.1, 115.8, 71.4, 61.3, 51.9, 38.4, 22.1. HRMS: calc. for CaH2CINaNiO4
[M + H]* 612.1200, found 612.1194.

Data for 15f. Rf: 0.24 (CH,Cl-acetone, 1 : 1). [a]o? = +2539 (c = 0.028, CHCls). 'H NMR (300 MHz, CDCls) §
8.46 (br, 1H), 7.80-7.58 (m, 3H), 7.58-7.37 (m, 3H), 7.29-6.89 (m, 10H), 6.59 (d, J = 2.4 Hz, 1H), 4.25-4.09 (m,
1H), 3.47-3.16 (m, 2H), 2.94 (d, J = 11.8 Hz, 1H), 2.82 (d, J = 17.1 Hz, 1H), 2.71 (d, J = 6.5 Hz, 1H), 2.50 (dd, J =
13.6, 5.7 Hz, 1H), 1.62 (d, J = 6.9 Hz, 3H). *C NMR (75 MHz, CDCls) 5 178.8, 177.5, 169.3, 156.6, 140.9, 137.7,
132.9, 132.6, 132.2, 132.1, 130.6, 129.5, 129.4, 129.0, 128.9, 128.4, 128.3, 127.6, 127.3, 127.1, 125.9, 125.1, 115.6,
71.8, 60.8, 52.2, 38.5, 18.5. HRMS: calc. for CapH20CIN3NiO4 [M + H]* 612.1200, found 612.1204.

Ni(Il) complexes of the Schiff’s base of 9 and DL-2°,6’-dimethyltyrosine (14g) and (15g).

From 2 g (4.33 mmol) of 9, 2.74 g of a 48 : 45 : 4 : 3 mixture of four diastereomers was obtained (yield: 98.9%).
A part of the mixture was subjected to column chromatography to isolate diastereomerically pure products 14g (1.11
g) and 15¢g (887 mg) for full analytical characterization.

Data for 14g. Rf: 0.40 (CH.Cl,—acetone, 4 : 1). [a]p® =—1290.8 (c = 0.026, CHCl3). *H NMR (300 MHz, CDCl3)
5 8.30 (d, J = 9.2 Hz, 1H), 7.45-7.33 (m, 4H), 7.30-7.17 (m, 5H), 7.14 (dd, J = 9.2, 2.5 Hz, 1H), 6.54 (s, 1H), 6.52
(d, J=2.5Hz, 1H), 6.22 (s, 2H), 6.10 (d, J = 7.0 Hz, 1H), 4.21 (dd, J = 8.7, 5.8 Hz, 1H), 3.97 (dd, J = 16.6, 6.4 Hz,
1H), 3.85-3.70 (m, 1H), 3.67-3.53 (m, 1H), 3.34 (dd, J = 14.5, 5.8 Hz, 1H), 3.04-3.00 (m, 1H), 3.03 (d, J = 16.7 Hz,
1H), 2.01 (d, J = 6.9 Hz, 3H), 1.93 (s, 6H). **C NMR (75 MHz, CDCls) § 179.6, 176.7, 170.0, 155.2, 141.0, 139.2,
138.4, 132.8, 132.4, 129.9, 129.2, 129.1, 128.7, 128.7, 128.5, 128.2, 127.4, 127.3, 125.8, 124.9, 123.2, 115.4, 69.9,
61.2,52.3, 36.2, 21.9, 19.9. HRMS: calc. for C34H33CIN3NiO4 [M + H]+ 640.1513, found 640.1511.

Data for 15¢. Rf: 0.20 (CH.Cl,—acetone, 4 : 1). [a]p® = +1852.5 (c = 0.052, CHCls3). *H NMR (300 MHz, CDCl3)
58.04 (d,J=9.2 Hz, 1H), 7.66 (d, J = 7.2 Hz, 2H), 7.43-7.33 (m, 2H), 7.27-7.08 (m, 6H), 7.02 (dd, J = 9.2, 2.4 Hz,
1H), 6.47 (d, J = 2.4 Hz, 1H), 6.24 (s, 2H), 6.10 (br, 1H), 4.18 (t, J = 7.0 Hz, 1H), 3.86-3.50 (m, 4H), 3.31 (dd, J =
14.3, 5.6 Hz, 1H), 3.07 (d, J = 17.0 Hz, 1H), 1.93 (s, 6H), 1.80 (d, J = 6.9 Hz, 3H). **C NMR (75 MHz, CDCls) §
179.8, 177.8, 169.8, 155.3, 140.9, 139.5, 138.0, 132.5, 132.5, 132.2, 129.9, 129.2, 128.8, 128.7, 128.4, 128.1, 127.4,
125.7, 124.8, 123.4, 115.4, 70.1, 61.2, 53.0, 35.9, 20.0, 18.7. HRMS: calc. for C3sH33CIN3NiO4 [M + H]* 640.1513,
found 640.1512.

Synthesis of 2°,6°-dimethyltyrosine (DMT) (18).

A mixture of 14g and 179 (0.5 g, 0.780 mmol) was suspended in MeOH (15 mL). 1N HCI (6 equiv.) was added
and the reaction was stirred at 50 °C for 4 h. The reaction mixture was cooled to ambient temperature and then
concentrated in vacuo. To the residue, CH2Cl; (3 mL) and 28% NH4OH (4 mL) were added, and the mixture
evaporated again. To the residue CH,Cl, (30 mL) and water (30 mL) were added. The aqueous layer was extracted
twice with dichloromethane (15 mL). The organic layer was washed with a small amount of water, and then brine,
and dried over Na;SOg; it was then evaporated to give compound 9 (>99% yield, 99.0% purity by HPLC). The

combined water layers were concentrated to give a pale blue material (380 mg). The residue was dissolved in EtOH—
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H>0 and applied to a SK-1B (cation-exchange resin) column (30 mL). The column was washed with water until the
eluent gave a neutral pH. The column was then washed with 8% NH4OH and 28% NH4sOH-H,O-MeOH asal:2:
1 solution. The eluted fractions were collected and concentrated in vacuo to give (R)-18 as a white solid. Yield:
95.3%. >98% ee. [a]p?=—75.8 (c = 0.4, ACOH).

Data for 18. 'H NMR (D20) 6 2.30 (s, 6H), 3.04 (dd, 1H, J = 14.5, 8.0 Hz), 3.27 (dd, 1H, J = 14.5, 8.0 Hz), 3.82
(t, 1H, J=8.0 Hz), 6.66 (s, 2H).

A similar procedure was adopted for the synthesis of (S)-18, starting from a mixture of 15g and 16g. Yield: 75.1%.
>98% ee. [a]p?® = +76.9 (c = 0.4, AcCOH).

Large-scale synthesis of (R)-2’,6’-dimethyltyrosine (DMT) (R)-18.

To a mixture of 9 (97.5 g, 0.25 mol), NiCl; (35.4 g, 0.27 mol) and racemic 2',6’-dimethyltyrosine (DMT) (57.1 g,
0.27 mol) in MeOH (1 L) was added K>COs3 (137 g, 0.99 mol), and the reaction mixture was stirred under reflux for
2 h. The reaction mixture was then poured into cooled water (1 L), and the target product was filtered off and washed
with water. The filtered precipitate was dried at 60 °C to give 147 g (93%) of a mixture of Ni-complexes 14g-17g.
The resultant mixture was dissolved in CHCI; and diethyl ether was slowly added under stirring until the solution
became cloudy due to a precipitate forming. Stirring was continued at ambient temperature (5 h) and then at —5 °C
(24 h). The precipitate was filtered and washed three times with CHCIs—Et,O (1/1 by volume) to obtain 45.9 (31%)
of diastereomerically pure (Rc,Rn,Rc)-14g. The product was disassembled as described above, giving (R)-2°,6’-
dimethyltyrosine (DMT) (R)-18.
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(S)-N-(2-benzoyl-4-chlorophenyl)-2-(1-(1-adamantyl)ethylamino)acetamide (4)

To a mixture of amide 6 (34.0 g, 96.4 mmol), (S)-rimantadine (20.7 g, 115.7 mmol) and acetonitrile (1020 mL)
was added potassium carbonate (26.7 g, 192.9 mmol). The reaction mixture was stirred at room temperature for 15
hours (monitored by TLC). The insoluble salts were filtered off and washed with acetonitrile. The filtrate was
concentrated under reduced pressure. Dichloromethane (100 mL) and water (100 mL) was added to the residue and
separated. Aqueous layer was extracted with dichloromethane (100 mL), then combined organic layer was dried over
sodium sulphate and evaporated. The obtained product was purified by column chromatography to afford ligand (S)-

4 as a corresponding acetamide.

Yield: 97.3%. [«]o? = +42 (c = 1.037, CHCl3).'H NMR (300 MHz, CDCls): 5 0.87 (d, J = 6.6 Hz, 3H), 1.4 (d, J
= 11.9 Hz, 3H), 1.53-1.62 (m, 9H), 1.84 (dr, 3H), 2.02 (g, J = 6.6 Hz, 1H), 3.24 (d, J = 17.4 Hz, 1H), 3.39 (d, J =
17.4 Hz, 1H), 7.37 (d, J = 17.4 Hz, 1H), 7.39-7.46 (m, 3H), 7.55 (it, J = 1.3, 7.4 Hz, 1H), 7.66-7.73 (m, 2H), 8.52 (d,
J=8.8Hz, 1H), 11.11 (5, 1H). 3C NMR (75 MHz, CDCl): 514.1, 28.9, 36.6, 37.6, 38.9, 53.3, 64.4, 123.6, 127.5,
127.9, 128.9, 130.6, 131.6, 133.2, 133.5, 137.6, 137.9, 172.6, 196.6. HRMS calcd for Co7HzCIN,O; [M + H]*
451.2152, found 451.2155.

Procedure for preparation of Ni(ll) complexes by reaction of ligand (S)-4 with glycine.

To a mixture of ligand (S)-4 (3.0 g, 6.65 mmol), nickel(Il) nitrate hexahydrate (2.1 g, 7.32 mmol), glycine (0.55 g,
7.32 mmol) and methanol (120 mL) was added sodium carbonate (7.1 g, 66.5 mmol) and the reaction mixture was
stirred at reflux for 4 hours. After the ligand (S)-4 was consumed, the reaction was quenched by pouring icy 5%
aqueous acetic acid (450 mL) to give a precipitate. The precipitate was filtrated, washed with 5% aqueous acetic acid

and dried in vacuo at 50 °C overnight to afford the diastereomixture of Ni(ll) complex (Sc, Rn)-14 and (Sc, Sn)-15.

Yield: quantitative. A 85:15 mixture of two diastereomers was obtained, and pure fractions of (Sc, Rn)-14 and (Sc,

Sn)-15 were isolated for characterization purposes.
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(Sc, Rn)-14

Cl (Sc,Rn)-14

[a]o? = ~1901 (c = 0.055, CHCls). H NMR (300 MHz, CDCl3): & 1.45 (d, J = 10.8 Hz, 3H), 1.29-1.75 (m, 12H),
1.94 (s, 3H), 3.01 (q, J = 7.1 Hz, 1H), 3.26 (d, J = 17.1 Hz, 1H), 3.35 (d, J = 8.3 Hz, 1H), 3.57 (dd, J = 8.3, 17.1 Hz,
1H), 3.66 (s, 2H), 6.77 (d, J = 2.5 Hz, 1H), 6.86-6.93 (m, 1H), 7.01-7.09 (m, 1H), 7.21 (dd, J = 2.6, 10.1 Hz, 1H),
7.40-7.54 (m, 3H), 8.55 (d, J = 9.3 Hz, 1H). 3C NMR (75 MHz, CDCls): § 10.1, 28.0, 36.4, 36.5, 38.7, 50.6, 61.2,
63.5, 125.4, 125.5, 125.5, 126.0, 126.7, 129.5, 129.8, 132.0, 132.1, 133.9, 141.5, 170.6, 177.4, 180.5. HRMS calcd
for CooHssCINsNiO3 [M + H]* 564.1564, found 564.1566. m.p. 225 °C

(Sc, Sn)-15

Cl (Sc,Sn)-15

[a]o® = +2389 (c = 0.013, CHCl3). 'H NMR (300 MHz, CDCl3): § 1.49-1.69 (m, 12H), 1.97 (s, 3H), 2.09 (q, J =
6.3 Hz, 1H), 2.28 (d, J = 6.8 Hz, 3H), 2.88-2.96 (m, 1H), 3.11 (d, J = 16.5 Hz, 1H), 3.61 (d, J = 1.2 Hz, 2H), 4.30
(dd, J = 7.1, 16.5 Hz, 1H), 6.77 (d, J = 2.5 Hz, 1H), 6.83-6.90 (m, 1H), 7.10-7.16 (m, 1H), 7.21 (dd, J = 2.6, 9.2 Hz,
1H), 7.41-7.4 (m, 3H), 8.36 (d, J = 9.1 Hz, 1H). 3C NMR (75 MHz, CDCls): § 16.9, 28.1, 36.6, 36.6, 38.3, 59.1,
60.8, 125.6, 71.3, 125.8, 126.1, 127.3, 129.6, 130.1, 130.1, 132.2, 132.4, 133.8, 141.1, 170.9, 177.2, 177.2. HRMS
calcd for CooHssCIN3NiO3 [M + H]* 564.1564, found 564.1554. m.p. 220 °C

General procedure for preparation of Ni(ll) complexes by reaction of ligand (S)-4 with amino acids

To a mixture of ligand (S)-4 (100 mg, 0.22 mmol), nickel(ll) nitrate hexahydrate (32 mg, 0.24 mmol), amino acid
(0.24 mmol) and methanol (4 mL) was added potassium carbonate (123 mg, 0.89 mmol) and the reaction mixture
was stirred at reflux for 2 hours. After the ligand (S)-4 was consumed, several amount of water was dropped to the
mixture to give a precipitate. The precipitate was filtrated, washed with aqueous methanol and dried in vacuo at 60

°C overnight to afford the corresponding Ni(ll) complex.
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(Sc, R, Rc)-12a

Cl (Sc,Rn,Rc)-12a

Yield: 90.8%. [«]o® = 2169 (c = 0.054, CHCls).

IH NMR (300 MHz, CDCls): § 1.51 (d, J = 7.0 Hz, 3H), 1.36-1.62 (m, 12H), 1.90 (s, 3H), 3.00 (g, J = 7.1 Hz, 1H),
3.29 (d, J = 17.8 Hz, 1H), 3.45 (d, J = 8.2 Hz, 1H), 3.78 (dd, J = 8.4, 17.4 Hz, 1H), 4.73 (s, 1H), 5.96 (d, J = 7.6 Hz,
1H), 6.63 (d, J = 2.5 Hz, 1H), 6.94 (ddd, J = 0.7, 7.6, 7.6 Hz, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.16-7.24 (m, 4H), 7.31
(i, = 1.1, 7.6 Hz, 1H), 7.43 (ddd, J = 0.7, 7.6, 7.6 Hz, 1H), 7.59-7.64 (m, 2H), 8.58 (d, J = 9.2 Hz, 1H). 3C NMR
(75 MHz, CDCl3): § 9.8, 28.0, 36.4, 36.6, 38.7, 50.9, 63.8, 74.7, 125.0, 125.7, 126.0, 126.8, 127.1, 127.8, 128.0,
128.5, 128.5, 128.8, 129.6, 132.4, 132.6, 133.4, 138.0, 141.8, 171.6, 178.0, 180.3. HRMS calcd for CssHa7CINaNiOs
[M + H]* 640.1877, found 640.1883. m.p. 217 °C

(Sc, Rn, Re)-12b

Cl (Sc,Rn:Re)-12b

Yield: 74.0%. [a]o? = —2755 (C = 0.054, CHCls). *H NMR (300 MHz, CDCls): § 1.44 (d, J = 7.0 Hz, 3H), 1.45
(d, J = 7.2 Hz, 3H), 1.35-1.69 (m, 12H), 1.93 (s, 3H), 2.94 (q, J = 7.2 Hz, 1H), 3.27 (d, J = 17.3 Hz, 1H), 3.42 (d, J
= 7.9 Hz, 1H), 3.72 (dd, J = 8.3, 17.5 Hz, 1H), 3.90 (q, J = 7.0 Hz, 1H), 6.62 (d, J = 2.6 Hz, 1H), 6.87-6.94 (m, 1H),
7.14-7.22 (m, 2H), 7.39-7.50 (m, 3H), 8.51 (d, J = 9.2 Hz, 1H). 13C NMR (75 MHz, CDCls): § 9.8, 21.2, 28.1, 36.5,
36.6, 38.8, 50.9, 63.7, 66.5, 124.7, 125.5, 126.9, 127.6, 128.0, 129.0, 129.3, 130.0, 132.3, 132.4, 132.4, 133.0, 141.5,
169.7, 179.7, 180.7. HRMS calcd for CagHasCIN3NiO3 [M + H]* 578.1720, found 578.1729. m.p. >250 °C
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Cl (Sc,RnsRc)-12¢

Yield: 87.9%. [o]o? = —2298 (¢ = 0.050, CHCls). *H NMR (300 MHz, CDCls): § 0.26 (d, J = 6.5 Hz, 3H), 0.79
(d, J = 6.7 Hz, 3H), 1.17 (ddd, J = 3.6, 10.6, 13.3 Hz, 1H), 1.45 (d, J = 7.1 Hz, 3H), 1.35-1.71 (m, 12H), 1.76-1.89
(m, 1H), 1.94 (s, 3H), 2.40 (ddd, J = 3.2, 11.1, 13.3 Hz, 1H), 2.93 (g, J = 7.1 Hz, 1H), 3.23-3.32 (m, 2H), 3.72 (dd, J
=8.4,17.4 Hz, 1H), 3.81 (dd, J = 3.6, 11.1 Hz, 1H) , 6.63 (d, J = 2.5 Hz, 1H), 6.86-6.93 (m, 1H), 7.14-7.23 (m, 2H),
7.39-7.51 (m, 3H), 8.48 (d, J = 9.2 Hz, 1H). 3C NMR (75 MHz, CDCls): § 9.7, 20.4, 23.6, 24.2, 28.0, 36.4, 36.6,
38.8,45.7,51.0, 63.7, 69.0, 124.6, 125.5, 127.3, 127.8, 128.1, 129.0, 129.2, 130.1, 132.3, 132.9, 141.4, 168.8, 179.2,
179.3. HRMS calcd for CasHaCIN3NiO3 [M + H]* 620.2190, found 620.2194. m.p. >250 °C

(Sc, Rn, Re)-12d

Cl  (Sc,Rn,Re)-12d

Yield: quant. [«]o® = —2541 (c = 0.038, CHCl). 'H NMR (300 MHz, CDCls): § 1.12 (s, 3H), 1.23 (d, J = 7.0 Hz,
3H), 1.71-1.48 (m, 9H), 1.93 (s, 3H), 2.35 (q, J = 7.0 Hz, 1H), 2.45 (dd, J = 17.4, 8.6 Hz, 1H), 2.72 (d, J = 17.4 Hz,
1H), 2.84 (dd, J = 14.6, 6.7 Hz, 1H), 3.55-3.46 (m, 1H), 4.27 (dd, J = 6.6, 1.7 Hz, 1H), 6.74 (d, J = 2.5 Hz, 1H), 7.05
(d, J = 2.3 Hz, 1H), 7.13-7.07 (m, 1H), 7.30-7.18 (m, 4H), 7.35 (dd, J = 7.5, 7.5 Hz, 1H), 7.64-7.53 (m, 3H), 7.99 (d,
J=8.0 Hz, 1H), 8.31 (d, J = 9.2 Hz, 1H), 8.64 (br, 1H). 13C NMR (75 MHz, CDCls): § 9.4, 28.0, 30.4, 36.2, 36.5,
38.4,50.3,62.6,71.2, 111.0, 111.3, 120.2, 121.8, 122.6, 125.1, 125.6, 127.4, 127.4, 127.5, 129.3, 129.5, 130.4, 132.2,
133.0, 168.3, 179.2, 179.7. HRMS calcd for CagHaoCINaNiO3 [M + H]* 693.2142, found 693.2142. m.p. 237 °C
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Cl (Sc,RnsRc)-12e

Yield: 65.9%. [a]o? = 2589 (c = 0.020, CHCls). *H NMR (300 MHz, CDCls): § 1.29 (d, J = 7.7 Hz, 3H), 1.22-
1.38 (m, 3H), 1.45-1.69 (m, 9H), 1.92 (s, 3H), 2.38-2.52 (m, 2H), 2.58 (dd, J = 5.7, 13.6 Hz, 1H), 2.94-3.05 (m, 2H),
3.08 (ddd, J = 8.4, 17.7, 17.7 Hz, 1H), 4.20 (dd, J = 2.6, 5.6 Hz, 1H), 6.66 (d, J = 2.5 Hz, 1H), 7.00-7.06 (m, 3H),
7.18 (dd, J = 2.5, 9.2 Hz, 1H), 7.22-7.31 (m, 3H) , 7.46-7.54 (m, 3H), 8.30 (d, J = 9.2 Hz, 1H). 13C NMR (75 MHz,
CDCls): § 9.9, 28.1, 36.3, 36.5, 38.8, 38.9, 50.5, 62.7, 72.7, 115.4, 125.3, 126.2, 127.4, 1274, 127.6, 128.7, 129.3,
129.6, 130.5, 132.4, 132.4, 132.9, 133.0, 141.1, 156.7, 169.1, 178.2, 179.6. HRMS calcd for CasHasCINaNiO4 [M +
H]* 670.1983, found 670.1981. m.p. >250 °C

(Sc, Rn, Re)-12f

Cl (Sc.Rn.Rc)-12f

Yield: 55.4%. []o? = ~1811 (c = 0.049, CHCls). 'H NMR (300 MHz, CDCls): § 1.40 (d, J = 7.2 Hz, 3H), 1.31-
1.65 (m, 12H), 1.91 (s, 3H), 2.62-2.72 (m, 2H), 3.20 (d, J = 17.5 Hz, 1H), 3.78 (dd, J = 8.4, 17.5 Hz, 1H), 3.94 (d, J
= 8.4 Hz, 1H), 4.53 (t, J = 6.0 Hz, 1H), 6.57 (d, J = 2.5 Hz, 1H), 6.71 (d, J = 7.6 Hz, 1H), 7.13-7.26 (m, 3H), 7.26-
7.41 (m, 2H), 8.58 (d, J = 9.2 Hz, 1H). *C NMR (75 MHz, CDCl): § 10.1, 28.1, 36.5, 38.8, 51.2, 63.1, 68.0, 124.7,
125.4, 127.4, 127.7, 128.1, 128.7, 129.7, 130.4, 132.4, 132.5, 132.6, 142.3, 169.9, 177.9, 180.2. HRMS calcd for
Ca9H33CINaNiOs [M — CH20 + H]* 564.1564, found 564.1556. m.p. 211 °C
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(Sc, Ry, Rc)-12g

Cl (Sc,Rn,Rc)-12g

Yield: 92.2%. [a]o? = 3350 (c = 0.021, CHCls). *H NMR (300 MHz, CDCls): § 1.44 (d, J = 7.3 Hz, 3H), 1.34-
1.73 (m, 12H), 1.73-1.88 (m, 1H), 1.95 (s, 3H), 2.23-2.38 (m, 1H), 2.39-2.63 (m, 2H), 2.90 (q, J = 7.2 Hz, 1H), 3.25
(d, J = 17.5 Hz, 1H), 3.42 (d, J = 8.2 Hz, 1H), 3.75 (dd, J = 8.2, 17.5 Hz, 1H), 3.83 (dd, J = 4.1, 9.6 Hz, 1H), 5.14
(br, 1H), 6.23 (br, 1H), 6.63 (d, J = 2.5 Hz, 1H), 7.02 (dd, J = 2.0, 4.4 Hz, 1H), 7.10-7.18 (m, 2H), 7.42-7.52 (m, 3H),
8.52 (d, J = 9.2 Hz, 1H). 3C NMR (75 MHz, CDCls): § 10.2, 28.5, 31.1, 32.0, 37.0, 37.1, 39.3, 51.4, 64.2, 69.9,
125.2,126.2, 127.1, 128.2, 128.4, 129.6, 129.9, 130.8, 133.0, 133.1, 133.2, 142.1, 170.8, 174.1, 179.8, 179.9. HRMS
calcd for CaHssCINNiO4 [M + H]* 635.1935, found 635.1946. m.p. 193 °C

(Sc, Rn, Re)-12h
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Cl (Sc,Rn:Rc)-12h

Yield: 75.4%. [¢]o® = —2356 (c = 0.030, CHCls). 'H NMR (300 MHz, CDCls): § 1.43 (d, J = 7.2 Hz, 3H), 1.35-
1.68 (m, 12H), 1.92 (s, 3H), 2.45 (dd, J = 2.8, 15.7 Hz, 1H), 2.64 (dd, J = 7.8, 15.7 Hz, 1H), 2.87 (q, J = 7.1 Hz, 1H),
3.21 (d, J = 17.2 Hz, 1H), 3.67 (d, J = 8.2 Hz, 1H), 3.83 (dd, J = 8.2, 17.2 Hz, 1H), 4.10 (dd, J = 2.8, 7.8 Hz, 1H),
5.60 (br, 1H), 6.54 (br, 1H), 6.62 (d, J = 2.5 Hz, 1H), 6.92-6.99 (m, 1H), 7.14-7.22 (m, 2H), 7.42-7.52 (m, 3H), 8.51
(d, J = 9.2 Hz, 1H). *C NMR (75 MHz, CDCls): § 9.9, 28.1, 36.5, 36.6, 38.6, 39.8, 51.1, 63.7, 66.6, 124.9, 125.2,
126.7, 127.7, 128.1, 129.3, 129.4, 130.2, 132.2, 132.4, 133.3, 142.1, 170.1, 171.1, 179.5, 180.2. HRMS calcd for
CaiHasCINsNiO4 [M + H]* 621.1779, found 621.1776. m.p. 204 °C
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Yield: 61.4%. [a]o? = —2296 (c = 0.046, CHCls). *H NMR (300 MHz, CDCls): § 1.44 (d, J = 7.2 Hz, 3H), 1.36-
1.70 (m, 12H), 1.72-1.87 (m, 1H), 1.96 (s, 6H), 2.09-2.25 (M, 1H), 2.44-2.61 (M, 1H), 2.86-3.04 (M, 2H), 3.22-3.33
(m, 2H), 3.71 (dd, J = 8.4, 17.3 Hz, 1H), 3.93 (dd, J = 3.6, 8.4 Hz, 1H), 6.63 (d, J = 2.5 Hz, 1H), 6.88-6.94 (m, 1H),
7.14-7.22 (m, 2H), 7.41-7.52 (m, 3H), 8.51 (d, J = 9.2 Hz, 1H). 3C NMR (75 MHz, CDCl5): § 10.1, 15.9, 28.4, 30.2,
34.9, 36.9, 37.0, 39.2, 51.4, 64.1, 70.0, 125.1, 126.0, 127.4, 127.9, 128.5, 129.6, 129.8, 130.6, 132.8, 132.9, 133.5,
142.0,170.2, 179.2, 179.8. HRMS calcd for CaHaeCINaNiOsS [M + H]* 638.1754, found 638.1756. m.p. >250 °C

(Sc, Rn, Re)-12j

E”"(Me
Han 0. o

WU

/ N\

(0] N |N

Ph

Cl (Sc,Rn.Rc)-12j

Yield: 84.0%. [a]po?® = -2527 (¢ = 0.050, CHClI3). *H NMR (300 MHz, CDCls):  0.73 (t, J = 7.1 Hz, 3H), 1.44 (d,
J =7.0 Hz, 3H), 1.35-1.69 (m, 14H), 1.82-2.04 (m, 5H), 2.93 (q, J = 7.2 Hz, 1H), 3.22-3.33 (m, 2H), 3.72 (dd, J =
8.5, 17.5 Hz, 1H), 3.85 (dd, J = 3.5, 8.4 Hz, 1H), 6.63 (d, J = 2.5 Hz, 1H), 6.85-6.92 (m, 1H), 7.14-7.22 (m, 2H),
7.39-7.50 (m, 3H), 8.51 (d, J = 9.2 Hz, 1H). *C NMR (75 MHz, CDCls): 6 9.7, 13.6, 18.5, 28.0, 36.4, 36.5, 37.3,
38.7, 51.0, 63.7, 70.2, 124.6, 125.5, 127.0, 127.5, 128.1, 129.0, 129.2, 130.0, 132.3, 133.1, 141.4, 169.3, 179.4.
HRMS calcd for C32H39CIN3NiO3z [M + H]* 606.2033, found 606.2035. m.p. >250 °C
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(Sc, Rn, Re)-12k

Cl (Sc,Rn,Rc)-12k

Yield: 86.5%. []p? = —2413 (c = 0.055, CHCls). *H NMR (300 MHz, CDCls): § 0.78 (t, J = 7.3 Hz, 3H), 1.03-
1.24 (m, 2H), 1.44 (d, J = 7.2 Hz, 3H), 1.34-1.70 (m, 14H), 1.80-2.00 (m, 5H), 2.94 (q, J = 7.2 Hz, 1H), 3.22-3.32
(m, 2H), 3.72 (dd, J = 8.4, 17.4 Hz, 1H), 3.84 (dd, J = 3.4, 8.3 Hz, 1H), 6.63 (d, J = 2.5 Hz, 1H), 6.85-6.92 (m, 1H),
7.14-7.22 (m, 2H) , 7.39-7.50 (m, 3H), 8.51 (d, J = 9.2 Hz, 1H). 3C NMR (75 MHz, CDCls): 5 9.7, 13.7, 22.2, 27.1,
28.0, 34.9, 36.4, 36.5, 38.7, 51.0, 63.7, 70.4, 124.6, 125.5, 127.0, 127.5, 128.1, 129.0, 129.2, 130.0, 132.3, 133.2,
1415, 169.3, 179.4, 179.5. HRMS calcd for C3sHa1CINaNiOs [M + H]* 620.2190, found 620.2191. m.p. >250 °C

(Sc, Rn, Re)-121

Cl (Sc,Rn,Re)-121

Yield: 92.4%. [¢]o® = ~1873 (c = 0.048, CHCls). 'H NMR (300 MHz, CDCls): § 1.27 (d, J = 7.0 Hz, 3H), 1.22-
1.42 (m, 6H), 1.46-1.68 (m, 6H), 1.93 (s, 3H) , 2.48-2.65 (M, 3H), 2.93-3.15 (m, 3H), 4.24 (dd, J = 2.6, 5.6 Hz, 1H),
6.66 (d, J = 2.4 Hz, 1H), 6.99-7.06 (m, 1H), 7.11-7.23 (m, 3H), 7.34 (dd, J = 7.8, 7.8 Hz, 1H), 7.46-7.55 (m, 3H),
7.67 (d, J = 7.8 Hz, 1H), 7.75 (s, 1H), 8.40 (d, J = 9.2 Hz, 1H). 3C NMR (75 MHz, CDCl3): § 9.5, 28.0, 36.4, 36.5,
38.7,39.0, 50.6, 63.0, 71.8, 122.7, 124.9, 125.6, 127.2, 127.3, 128.0, 129.3, 129.5, 130.2, 130.4, 130.7, 132.3, 132.5,
132.9, 134.2, 138.9, 141.8, 169.4, 177.9, 178.9. HRMS calcd for CasHasBrCINaNiOs [M + H]* 732.1139, found
732.1134. m.p. >250 °C
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Synthesis of (R)-m-bromo-phenylalanine, (R)-16.

To a suspension of (Sc, Rn, Re)-121 (1.88 g, 2.56 mmol) in methanol (10 mL) was added 3N HCI (4.3 mL, 12.8
mmol) and the whole was heated at 50 °C for 4 h. Upon disappearance of the red color of the starting complex, the
reaction mixture was concentrated to dryness. To the residue were added dichloromethane (20 mL) and 2%
ammonium hydroxide (10 mL). The organic phase was dried over sodium sulphate and evaporated under vacuum to
afford the recycle ligand (S)-4 (1.11 g, 96.0%). The aqueous phase was separated and concentrated to dryness. The
residual solid was dissolved in 9% ammonium hydroxide (15 mL) and loaded onto a cation-exchange resin column
using DIAION SK-1B (Mitsubishi Chemical Co., 120 mL). The column was first washed with de-ionized water until
neutral and eluted with 2% ammonium hydroxide followed by 9% ammonium hydroxide to elute the desired amino
acid. The aqueous solution obtained was evaporated to afford (R)-16 (523 mg, 83.7%, 99.0% ee). The spectral data

were found to be identical with commercial enantiopure sample.

IH NMR (200 MHz, D20): & 3.10 (dd, J = 7.9, 14.3 Hz, 1H), 3.27 (dd, J = 5.5, 14.3 Hz, 1H), 3.97 (dd, J=5.5, 7.9
Hz, 1H), 7.24-7.39 (m, 2H), 7.49-7.58 (m, 2H).
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General Information.

All reagents and solvents were used as received. The reaction mixture was magnetically stirred and monitored with the aid
of TLC on precoated silica gel plates, and visualization was carried out using UV light and ninhydrin. Flash
chromatography was performed with the indicated solvents on silica gel (particle size 0.040—0.063 mm). Yields reported
are for isolated, spectroscopically pure compounds. 1H and 13C spectra were recorded on a 300 MHz Briiker instrument.
Chemical shifts are given in ppm (3), referenced to the residual proton resonances of the solvents. Coupling constants (J)
are given in Hz. The letters s, d, t, q, m, and br stand for singlet, doublet, triplet, quartet, multiplet, and broad, respectively.
High-resolution mass spectra (HRMS) were recorded using an ultraperformance liquid chromatography/ quadrupole time-

of-flight mass spectrometry system in the ESI mode.

Procedure for the Preparation of Ni(II) Complexes by Reaction of Ligand (S)-11 with Glycine.

To a mixture of ligand (S)-11 (1.0 g, 2.22 mmol), nickel(Il) nitrate hexahydrate (0.71 g, 2.44 mmol), glycine (0.18 g, 2.44
mmol), tetrabutylammonium iodide (0.08 g, 10 mol %), and methanol (40 mL) was added sodium carbonate (1.18 g, 11.1
mmol), and the reaction mixture was stirred at reflux for 2 h. After the ligand (S)-11 was consumed, the reaction was
quenched by pouring icy 5% aqueous acetic acid (200 mL) to give a precipitate. The precipitate was filtrated, washed with
5% aqueous acetic acid, and dried in vacuo at 50 °C overnight to afford the diastereomixture of Ni(Il) complex (SC,RN)-
14 and (SC,SN)-14. A 3:1 ratio mixture of two diastereomers was obtained. The spectral data were reported in our previous

literature.

General Procedure for the Preparation of Ni(II) Complexes via Tandem Alkylation of Ni(II) Complexes of Glycine
(SC,RN)-14 and (SC,SN)-14.

To a solution of Ni(II) complexes of glycine (SC,RN)-14 and (SC,SN)-14 (1 equiv) in 1,2-dichloroethane (8 volumes), 30%
aqueous sodium hydroxide solution (40 equiv) was added followed by tetrabutylammonium iodide (25 mol %) and the
corresponding alkyl halide (1.1 equiv). After stirring at room temperature (rt) for 10—30 min, the reaction mixture was
diluted with water and extracted with dichloromethane; then, the organic layer was evaporated to dryness. The obtained
residue and potassium carbonate (4 equiv) were stirred in methanol (40 volumes) at reflux for 1 h. After the reaction, several
amounts of water were dropped to the mixture to give a precipitate. The precipitate was filtrated, washed with aqueous

methanol, and dried in vacuo at 60 °C overnight to afford the corresponding Ni(I) complex.

Ni(II)/(S)-11/(R)-2-Amino-3-(3-bromophenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15a.

Yield: 92.4%. The spectral data were reported in our previous literature.
Ni(II)/(S)-11/(R)-2-Amino-3-(4-bromophenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15b.

Yield: 79.3%. [a]D 25 —2511 (¢ 0.050, CHCI3). 1H NMR (300 MHz, CDCI3): § 1.38 (d, J = 7.1 Hz, 3H), 1.34-1.46 (m,
6H), 1.58—1.80 (m, 6H), 2.04 (s, 3H), 2.39 (br, 1H), 2.48 (q, ] = 7.1 Hz, 1H), 2.73 (dd, J =5.1, 13.5 Hz, 1H), 3.07 (dd, J =
2.5,13.5 Hz, 1H), 3.12-3.20 (m, 2H), 4.34 (dd, J =3.0, 4.0 Hz, 1H), 6.76 (d,J =2.1 Hz, 1H), 7.08=7.15 (m, 1H), 7.26—7.34
(m, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.57-7.67 (m, 3H), 7.78 (d, J = 8.1 Hz, 2H), 8.49 (d, J = 9.2 Hz, 1H). 13C NMR (75
MHz, CDCI3): 6 10.2, 28.5, 36.8, 36.9, 39.1, 39.8, 50.9, 63.0, 72.9, 122.1, 125.7, 126.2, 127.7, 127.7, 128.7, 129.8, 130.0,
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130.9, 132.0, 132.7, 132.9, 133.3, 133.9, 136.0, 142.2, 169.8, 177.8, 179.6. HRMS: calcd for C36H38BrCIN3NiO3 [M +
H]+, 732.1139; found, 732.1152.

Ni(II)/(S)-11/(R)-2-Amino-3-(4-chlorophenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15¢.

Yield: 50.8%. [a]D 25 —2886 (¢ 0.045, CHCI3). 1H NMR (300 MHz, CDCI3): 6 1.28 (d, J = 7.1 Hz, 3H), 1.23—1.35 (m,
6H), 1.46—1.69 (m, 6H), 1.93 (s, 3H), 2.26—2.34 (m, 1H), 2.39 (q, J =7.1 Hz, 1H), 2.64 (dd, J=5.1, 13.5 Hz, 1H), 2.94-3.07
(m, 3H), 4.23 (dd, J = 3.2, 5.0 Hz, 1H), 6.66 (d, J = 2.5 Hz, 1H), 6.98-7.03 (m, 1H), 7.16—7.23 (m, 2H), 7.37 (d, J = 8.4
Hz, 2H), 7.48-7.55 (m, 5H), 8.38 (d, J = 9.2 Hz, 1H). 13C NMR (75 MHz, CDCI3): & 9.8, 28.0, 36.3, 36.5, 38.7, 39.3,
504, 62.7, 72.4, 125.2, 125.8, 127.2, 127.3, 128.2, 128.6, 129.4, 129.6, 130.4, 132.3, 132.5, 132.9, 133.1, 133.6, 135.0,
141.7,169.4, 177.5, 179.1. HRMS: calcd for C36H38CI2N3NiO3 [M + H]+, 688.1644; found, 688.1639.

Ni(ID)/(S)-11/(R)-2-Amino-3-(4-trifluorophenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15d.

Yield: 73.4%. [a]D 25 —2019 (¢ 0.054, CHCI3). 1H NMR (300 MHz, CDCI3): 6 1.27 (d, J = 7.1 Hz, 3H), 1.16—1.33 (m,
6H), 1.42-1.68 (m, 6H), 1.91 (s, 3H), 2.25 (d, ] = 6.2 Hz, 1H), 2.44 (q, J = 7.0 Hz, 1H), 2.75 (dd, J = 5.1, 13.5 Hz, 1H),
2.85—3.11 (m, 3H), 4.21-4.31 (m, 1H), 6.67 (d, J = 2.3 Hz, 1H), 6.96-7.05 (m, 1H), 7.14—7.27 (m, 2H), 7.44-7.58 (m,
5H), 7.78 (d, J = 7.9 Hz, 2H), 8.42 (d, ] = 9.2 Hz, 1H). 13C NMR (75 MHz, CDCI3): § 9.6, 28.0, 36.3, 36.4, 38.6, 39.8,
50.4, 63.0,72.1, 124.2 (q, J = 272.4 Hz), 125.1, 125.3 (q, J = 3.7 Hz), 125.8, 127.3, 127.4, 128.2, 129.4, 129.6, 130.1 (q,J
= 32.3 Hz), 130.5, 131.9, 132.4, 132.7, 132.9, 140.7 (q, J = 1.4 Hz), 141.8, 169.8, 177.5, 179.0. HRMS: calcd for
C37H38CIF3N3NiO3 [M + H]+, 722.1907; found, 722.1897.

Ni(ID)/(S)-11/(R)-2-Amino-3-(4-iodephenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15e.

Yield: 53.5%. [a]D 25 —2558 (¢ 0.050, CHCI3). 1H NMR (300 MHz, CDCI3): § 1.28 (d, J = 7.3 Hz, 3H), 1.25-1.36 (m,
6H), 1.48-1.69 (m, 6H), 1.94 (s, 3H), 2.21-2.30 (m, 1H), 2.35 (q, J = 7.1 Hz, 1H), 2.60 (dd, ] = 4.9, 13.5 Hz, 1H), 2.94
(dd, J =3.3, 13.5 Hz, 1H), 3.00-3.15 (m, 2H), 4.23 (dd, ] =3.3, 4.9 Hz, 1H), 6.65 (d, ] =2.5 Hz, 1H), 6.96—7.05 (m, 1H),
7.15-7.26 (m, 4H), 7.46—7.55 (m, 3H), 7.88 (d, J = 8.2 Hz, 2H), 8.39 (d, ] =9.2 Hz, 1H). 13C NMR (75 MHz, CDCI3): §
9.8,28.0,36.3,36.4,38.6,39.4,50.6, 62.5,72.5,93.0, 125.2, 125.7,127.2, 127.2, 128.2, 129.3, 129.5, 130.4, 132.2, 132 4,
132.8,133.8, 136.2, 137.5, 141.7, 169.3, 177.3, 179.2. HRMS: calcd for C36H38CIIN3NiO3 [M + H]+, 780.1000; found,
780.0981.

Ni(ID)/(:S)-11/(R)-2-Amino-3-(4-nitrophenyl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15f.

Yield: 56.5%. [a]D 25 —2237 (c 0.058, CHCI3). 1H NMR (300 MHz, CDCI3): 6 1.31 (d, J = 7.0 Hz, 3H), 1.20—1.39 (m,
6H), 1.42—1.69 (m, 6H), 1.92 (s, 3H), 2.49-2.66 (m, 2H), 2.88-3.15 (m, 4H), 4.16—4.28 (m, 1H), 6.68 (s, 1H), 6.99 (d, J
=6.7 Hz, 1H), 7.16—7.28 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 7.46—7.62 (m, 3H), 8.23 (d, ] = 8.1 Hz, 2H), 8.45 (d,J =9.2
Hz, 1H). 13C NMR (75 MHz, CDCI3): 6 10.0, 28.4, 36.8, 39.2, 40.5, 51.0, 63.8, 71.9, 123.8, 125.4, 126.3, 127.7, 127.8,
128.3, 129.9, 130.1, 131.0, 132.1, 132.8, 133.3, 142.2, 144.2, 148.1, 170.6, 177.8, 179.2. HRMS: calcd for
C36H38CIN4NiO5 [M + H]+, 699.1884; found, 699.1882.
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Ni(ID)/(S)-11/(R)-2-Amino-3-(naphthalen-2-yl)propanoic Acid Schiff Base Complex (SC,RN,RC)-15g.

Yield: 88.1%. [a]D 25 —2412 (¢ 0.046, CHCI13). 1H NMR (300 MHz, CDCI3): 6 0.96 (s, 6H), 1.10 (d, J = 7.1 Hz, 3H),
1.34-1.63 (m, 8H), 1.82 (s, 3H), 2.16 (q, J = 7.1 Hz, 1H), 2.45 (d, J = 15.5 Hz, 1H), 2.80 (dd, J = 5.3, 13.5 Hz, 1H), 3.20
(dd, J =3.0, 13.5 Hz, 1H), 4.31 (dd, J =2.9, 5.2 Hz, 1H), 6.68 (d, ] =2.5 Hz, 1H), 7.10-7.26 (m, 4H), 7.43-7.61 (m, 5H),
7.86— 8.10 (m, 4H), 8.33 (d, J = 9.2 Hz, 1H). 13C NMR (75 MHz, CDCI3): § 9.9, 28.3, 36.3, 36.8, 38.7, 40.2, 49.9, 62.6,
73.3,125.6,126.0, 127.1, 127.2, 127.7, 127.8, 128.0, 128.6, 129.7, 129.9, 130.6, 130.7, 130.8, 132.6, 132.7, 133.2, 133.3,
133.9,134.5, 142.2, 169.4, 178.2, 179.6. HRMS: calcd for C40H41CIN3NiO3 [M + H]+, 704.2190; found, 704.2193.

Synthesis of Fmoc-(R)-m-bromo-phenylalanine, (R)21.

To a suspension of (SC,RN,RC)-15a (740 mg, 1.01 mmol) in methanol (10 mL) was added 3 N HCI (1.68 mL, 5.04 mmol),
and the reaction mixture was heated at 50 °C for 1 h. Upon disappearance of the red color of the starting complex, the
reaction mixture was concentrated to give a residue. To the residue were added water (10 mL) and ethyl acetate (10 mL)
and then the phases were separated. The organic phase was washed with brine (10 mL), dried over sodium sulfate, and
evaporated under vacuum to afford the recycle ligand (5)-4 (488 mg, 99.3%). The aqueous phase was concentrated to give
crude AA (R)-20. The residue was dissolved in water (14 mL) and tetrahydrofuran (THF) (7 mL) to which EDTA disodium
salt dihydrate (375 mg, 1.01 mmol) was added, and the reaction mixture was basified with sodium carbonate (214 mg, 2.02
mmol) and sodium bicarbonate (169 mg, 2.02 mmol). To this solution was added a solution of Fmoc-OSu (374 mg, 1.11
mmol) in THF (7 mL) and stirred at rt for 16 h. After evaporation of the organic solvents, the aqueous residue was acidified
with 3 N HCI to pH 2 to give a precipitate. The precipitate was filtered and washed with water (20 mL) to afford crude (R)-
21. The crude solid thus obtained was recrystallized from THF/IPE (1:1) and dried at 50 °C to afford (R)-21 (466 mg,
99.1%, 97.1% ee). The spectral data were found to be identical with the commercial enantiopure sample. 1H NMR (200
MHz, DMSO-d6): 6 2.85 (dd, J = 10.4, 13.7 Hz, 1H), 3.10 (dd, J = 4.4, 13.7 Hz, 1H), 4.02-4.33 (m, 4H), 7.14-7.56 (m,
8H), 7.57-7.77 (m, 3H), 7.88 (d, ] = 7.3 Hz, 2H). 13C NMR (50 MHz, DMSO-d6): § 36.1, 46.6, 55.4, 65.6, 120.1, 121.4,
125.1,125.2, 127.0, 127.6, 128.2, 129.2, 130.2, 131.9, 140.6, 140.6, 141.0, 143.7, 143.7, 155.8, 172.9.

Synthesis of Fmoc-(R)-p-nitro-phenylalanine, (R)-24.

To a suspension of (SC,RN,RC)-15f (5 g, 7.14 mmol) in methanol (60 mL) was added 3 N HCI (11.9 mL, 35.7 mmol), and
the reaction mixture was heated at 50 °C for 1 h. Upon disappearance of the red color of the starting complex, the reaction
mixture was concentrated to give a residue. To the residue were added water (25 mL) and ethyl acetate (50 mL) and then
the phases were separated. The organic phase was washed with brine (10 mL), dried over sodium sulfate, and evaporated
under vacuum to afford the recycle ligand (S)-4 (2.93 g, 84.1%). To the aqueous phase was added EDTA disodium salt
dihydrate (2.66 g, 7.14 mmol), and the reaction mixture was basified with 48% sodium hydroxide to pH 13. After stirring
at rt for 10 min, the solution was acidified with 12 N HCI to pH 5.5 to give a precipitate. The precipitate was filtered and
washed with water (20 mL) to afford AA (R)-23 (1.30 g, 86.6%). The AA (R)-23 thus obtained was dissolved in water (50
mL) and THF (25 mL), and the reaction mixture was basified with sodium carbonate (1.51 g, 14.3 mmol) and sodium
bicarbonate (1.20 g, 14.3 mmol). To this solution was added a solution of Fmoc-OSu (2.41 g, 7.14 mmol) in THF (25 mL)
and stirred at rt for 16 h. After evaporation of the organic solvents, the aqueous residue was acidified with 3 N HCI to pH

2 to give a precipitate. The precipitate was filtered and washed with water (50 mL) to afford crude (R)-24. The crude solid
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thus obtained was recrystallized from THF/IPE (1:1) and dried at 50 °C to a fford (R)-24 (2.59 g, 97.1%, 98.6% ee). The
spectral data were found to be identical with the commercial enantiopure sample. |lH NMR (200 MHz, DMSO-d6): & 3.00
(dd, J=10.9, 13.7 Hz, 1H), 3.24 (dd, J = 4.4, 13.7 Hz, 1H), 4.02-4.37 (m, 4H), 7.28 (dddd, J = 1.0, 3.2, 7.4, 7.4 Hz, 2H),
7.40 (ddd, J=1.0, 7.4, 7.4 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 7.4 Hz, 2H), 7.77 (d, ] = 8.5 Hz, 1H), 7.88 (d, J
= 7.4 Hz, 2H), 8.14 (d, J = 8.6 Hz, 2H). 13C NMR (50 MHz, DMSO-d6): § 36.2, 46.6, 54.9, 65.6, 120.2, 123.3, 125.2,
127.1,127.7, 130.5, 140.7, 140.7, 143.7, 143.8, 146.3, 146.5, 156.0, 172.9.
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1. General Methods

All reagents and solvents were used as received. ~ Reactions were monitored by thin-layer chromatography on
Merck silica gel 60-F254 coated 0.25-mm plates, detected by ultraviolet (UV). Flash chromatography was performed
with the indicated solvents on silica gel (particle size 0.064—0.210mm). Yields reported are for isolated,
spectroscopically pure compounds. HPLC was performed on a SHIMADZU LC-2010CHT chromatography system and a
CLASS-VPTM analysis data system. 'HNMR spectra were recorded on a Briiker AVANCE I11-400 spectrometer. Chemical
shifts are given in ppm (3), referenced to tetramethylsilane (TMS). The letters s, d, t, g, m, and br stand for singlet, doublet,
triplet, quartet, multiplet, and broad, respectively. Melting points were recorded on a Mettler Toledo MP70 Melting Point

System and are not corrected.

2. Transformation of Rimantadine HCI Salt 9 to Free Amine 10

To a mixture of racemic rimantadine HC1 9 (100 g, 463.5 mmol) in CH»Cl, (1000 mL), I N NaOH (1000 mL) was added.
The reaction mixture was stirred at room temperature for 30 min. The resultant mixture was separated. The organic layer
was washed with 1 N NaOH (500 mL) and water (3 x 500 mL) then dried over Na,SO4. The organic layer was evaporated
to afford racemic rimantadine 10 as a white residue (84.1 g, yield: >99%). 'H NMR (200 MHz, CDCl5): § 0.97 (d, ] = 6.6
Hz, 3H), 1.46—1.53 (br, 6H), 1.56-1.79 (m, 6H), 1.92-2.04 (m, 3H), 2.40 (q, J = 6.6 Hz, 1H). '*C NMR (50 MHz, CDCl;):
5 16.9,28.5,35.8,37.3, 38.1, 55.8.

3. General Procedure for Resolution

To the solution of racemic rimantadine 10 in acetone with 5% HO, resolving reagent 13—26 was added in acetone with
5% H>0 at 50 C. The amount of solvent was adjusted to 12 volumes. The mixture was stirred for 30min at 50-C, then
cooled to room temperature and stirred for 24h to form the corresponding salt. The salt was filtered, washed with acetone
with 5% H»0, and dried under vacuum (<0.5 mmHg) at room temperature (rt). The solvent for crystallization is indicated

in Tables 1—4 for each particular experiment and salt compound (Supplementary Materials).

3.1. Rimantadine (10) (R)-2-Phenoxy Propionic Acid (13) 0.5 Eq. Salt (99.7% ee)

Molecular weight (Mw): 51.1 g, 92.9% yield, 99.7% ee (S) from 55.0 g, 98.7% ee (S) salt, melting point (mp): 167—
171-C. '"H NMR (400 MHz, CD;0D): § = 7.15-7.29 (m, 2H), 6.80-6.92 (m, 3H), 4.40 (q, J = 6.7Hz,1H),2.75(q,] =
6.6Hz,1H),1.96-2.09(m,3H),1.55-1.86(m,12H),1.42-1.52(m,4H),1.15(d, J = 6.6 Hz, 3H).

3.2. Rimantadine (10) (S)-Naproxen (14) 0.5 Eq. Salt

Mw: 0.51g, 44.8% yield, 35.3% ee (R), mp: 164-167-C. '"HNMR(400MHz,CD;0D): § = 7.61-7.72 (m,3H), 7.45-7.55
(m,1H), 7.15-7.20 (m,1H), 7.02-7.11 (m,1H), 3.85 (s,3H), 3.61-3.79 (m,1H), 3.65-3.85 (m, 1H), 1.95-2.05 (m, 3H), 1.50—
1.85 (m, 12H), 1.45-1.49 (m, 3H), 1.11 (d, J = 6.6 Hz, 3H).

3.3. Rimantadine (10) (R)-Mandelic Acid (15) 0.5 Eq. Salt
Mw: 0.39g, 42.0% yield, 7.32%ee (S), mp: 154-156°C. 'HNMR(400MHz,CD;0D): § = 7.40-7.55 (m, 2H), 7.16-7.39
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(m, 3H), 4.85 (s, 1H), 2.76 (q, J = 6.7 Hz, 1H), 1.97-2.09 (m, 3H), 1.42-1.89 (m, 13H), 1.13 (d, J = 6.7 Hz, 3H).

3.4. Rimantadine (10) (S)-a-Methoxyphenylacetic Acid (16) 0.5 Eq. Salt
Mw: 0.35g, 36.1% yield, 1.34%ee (S), mp: 178-181-C. 'HNMR(400MHz,CD;0D): § = 7.45-7.55 (m,2H), 7.21-7.37
(m,3H), 4.52 (s,1H), 3.36 (s,3H), 2.75 (q,J = 6.6Hz,1H), 1.95-2.06 (m,3H), 1.42-1.89 (m, 13H), 1.13 (d, ] = 6.6 Hz, 3H).

3.5. Rimantadine (10) (R)-a-Methoxyphenylacetic Acid (17) 0.5 Eq. Salt
Mw: 0.39g, 40.1% yield, 0.08%ee (S), mp: 177-181°C. 'HNMR(400MHz,CD;OD): § = 7.45-7.55 (m,2H), 7.20-7.39
(m,3H), 4.55 (s,1H), 3.31 (s,3H), 2.79 (q,J = 6.7Hz,1H), 1.95-2.09 (m,3H), 1.49-1.85 (m, 13H), 1.15 (d, J = 6.6 Hz, 3H).

3.6. Rimantadine (10) (S)-Aspartic Acid (18) 0.5 Eq. Salt

Mw: 0.36g, 52.0% yield, 7.44% ee (S), mp: 205-208°C. 'HNMR(400MHz,CD30D): & = 4.69-4.79 (m,1H), 2.75-2.93
(m,2H), 2.49-2.63 (m,1H), 1.98-2.09 (m,3H), 1.45-1.90 (m,13H), 1.18 (d,J =6.6Hz,3H).
3.7. Rimantadine (10) (S)-Aspartic acid (18) 0.25 Eq. Salt (1:1 Salt)

Mw: 0.17g, 24.6% yield, 7.20% ee (S), mp: 207-209-C. 'HNMR(400MHz,CD30D): § = 4.67-4.78 (m,1H), 2.76-2.91
(m,2H), 2.48-2.61 (m,1H), 1.98-2.09 (m,3H), 1.50-1.90 (m,13H), 1.15(d,J =6.7Hz,3H).

3.8. Rimantadine (10) (S)-Malic Acid (19) 1.0 Eq. Salt
Mw: 0.52g, 59.2% yield, 0.20% ee (S), mp: 206-209-C. 'HNMR(400MHz,CD;0D): § =4.21-4.31 (m, 1H), 2.80-2.92
(m, 2H), 2.65-2.79 (m, 1H), 2.35-2.51 (m, 1H), 1.98-2.12 (m, 6H), 1.49-1.89 (m, 27H), 1.18 (d, J = 6.7 Hz, 6H).

3.9. Rimantadine (10) (S)-Malic Acid (19) 0.25 Eq. Salt
Mp: 207-211-C. '"H NMR (400 MHz, CD;0D): & = 4.21-4.31 (m, 1H), 2.78-2.92 (m, 2H), 2.65-2.79 (m, 1H), 2.39—
2.51 (m, 1H), 1.97-2.10 (m, 6H), 1.51-1.88 (m, 26H), 1.18 (d, J = 6.7 Hz, 6H).

3.10. Rimantadine (10) N-Tosyl-(S)-proline (20) 0.5 Eq. Salt

Mw: 0.08g, 6.4% yield, 95.46% ee (R), mp: 178-181-C. '"HNMR(400MHz,CD;0D): § = 7.72-7.81 (m,2H), 3.95-4.05
(m,1H), 3.45-3.55 (m,2H), 3.15-3.25 (m,1H), 2.80-2.94 (m,1H), 2.53 (s,3H), 2.65-2.79 (m, 1H), 2.00-2.11 (m, 3H), 1.59—
1.89 (m, 15H), 1.19 (d, J = 6.6 Hz, 3H).

3.11. Rimantadine (10) (1R,3S)-Camphoric Acid (21) 0.5 Eq. Salt
Mw: 0.78g, 100%yield, 0.72% ee (S), mp: 180-182°C. 'HNMR (400MHz, CD;0D): § = 2.70-2.90 (m, 1H), 2.42-2.70
(m, 1H), 1.98-2.11 (m, 3H), 1.60—1.88 (m, 14H), 1.45 (s, 1H), 1.35 (s, 3H), 1.18 (d, J = 6.6 Hz, 3H), 0.90 (s, 2H).

3.12. Rimantadine (10) (1R,3S)-Camphoric Acid (21) 0.25 Eq. Salt

Mw: 0.13g, 16.8% yield, 0.38% ee (S), mp: 182-186°C. '"HNMR(400MHz,CD;OD): § =2.70-2.85 (m, 1H), 2.52-2.70
(m,1H), 1.97-2.12 (m,3H), 1.55-1.88 (m,12H), 1.38(s,1H), 1.14-1.22 (m,6H), 0.90 (s, 1H).
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3.13. Rimantadine (10) (1S)-10-Camphorsulforic Acid (22) 1.0 Eq. Salt

Mw: 0.81g, 70.9%yield, 5.22% ee (R), mp: 204-208-C. 'HNMR(400MHz,CD;0D): § = 3.31-3.41 (m, 2H), 2.82 (q, J
= 6.5 Hz, 1H), 2.60-2.80 (m, 2H), 2.28-2.49 (m, 1H), 2.00-2.18 (m, 5H), 1.40-1.90 (m, 16H), 1.20 (d J = 6.5 Hz, 3H),
1.15 (s, 3H), 0.89 (s, 3H).

3.14. Rimantadine (10) (2S,3S)-Tartaric Acid (23) 0.5 Eq. Salt
Mw: 0.73 g, 103% yield, 1.38% ee (S), mp: 220-221-C. '"H NMR (400 MHz, CD;0D): § = 4.30 (s, 1H), 2.80 (q, J =
6.5 Hz, 1H), 1.96-2.18 (m, 3H), 1.45-1.89 (m, 12H), 1.15 (d, J = 6.5 Hz, 3H).

3.15. Rimantadine (10) (2S,3S)-Tartaric Acid (23) 0.25 Eq. Salt
Mw: 0.35 g, 49.0%, 23.24% ee (S), mp: 217-219-C. 'H NMR (400 MHz, CD;0D): & = 4.30 (s, 1H), 2.81 (q,J = 6.6
Hz, 1H), 1.97-2.08 (m, 3H), 1.44-1.88 (m, 13H), 1.12 (d, J = 6.5 Hz, 3H).

3.16. Rimantadine (10) (2S,3S)-Dibenzoyltartaric Acid (24) 0.5 Eq. Salt (2:1 Salt)
Mw: 0.87 g, 86.6% yield, 16.38% ee (R), mp: 168—-171 C. 'H NMR (400 MHz, CD;0D): & = 8.15-8.22 (m, 2H), 7.50—
7.75 (m, 3H), 5.89 (s, 1), 2.72 (q, J = 6.6 Hz, 1H), 1.91-2.08 (m, 3H), 1.42-1.89 (m, 12H), 1.11 (d, J = 6.5 Hz, 3H).

3.17. Rimantadine (10) (2S,3S)-Dibenzoyltartaric Acid (24) 0.25 Eq. Salt
Mw: 0.48 g, 48.4% yield, 62.72% ee (R), mp: 178179 -C. 'H NMR (400 MHz, CD;0D): & = 8.12-8.22 (m, 2H), 7.40—
7.75 (m, 3H), 5.86 (s, 1), 2.72 (q, J = 6.5 Hz, 1H), 1.92-2.08 (m, 3H), 1.40-1.85 (m, 12H), 1.10 (d, J = 6.5 Hz, 3H).

3.18. Rimantadine (10) (2R,3R)-Dibenzoyltartaric Acid Monohydrate (25) 0.25 Eq. Salt

Mw: 0.242 g, 48.4% yield, 94.8% ee (S) from 0.50 g, 67.0% ee (S) salt, mp: 177-179-C. 'H NMR (400MHz,CD;0D):
d = 8.13-8.22 (m,2H),7.50-7.77 (m,3H), 5.87 (s,1), 2.72 (q,J =6.5Hz,1H), 1.92-2.12 (m, 3H), 1.40-1.85 (m, 12H), 1.11
(d, J =6.5 Hz, 3H).

3.19. Rimantadine (10) (2R,3R)-Di-p-toluoyltartaric Acid (26) 1.0 Eq. Salt
Mw: 1.612g, 102 % yield, 0.38% ee (R), mp: 215-216°C. 'HNMR (400MHz, CD;0D): § =7.97-8.05 (m, 4H), 7.25—
7.35 (m, 4H), 5.87 (s, 1), 2.75-2.90 (m, 1H), 2.40 (s, 6H), 1.95-2.08 (m, 3H), 1.40-1.86 (m, 12H), 1.15 (d, J = 6.5 Hz, 3H).

3.20. Rimantadine (10) (2R,3R)-Di-p-toluoyltartaric Acid (26) 0.25 Eq. Salt
Mw: 0.53g, 50.6 % yield, 14.12 % ee (S), mp: 177-180-C. 'HNMR(400MHz, CD;0D):8 =8.01-8.09 (m, 2H), 7.20—
7.31 (m, 2H), 5.82 (s, 1), 2.70-2.88 (m, 1H), 2.40 (s, 3H), 1.90-2.06 (m, 3H), 1.40-1.86 (m, 13H), 1.10 (d, J = 6.5 Hz, 3H).

4. Isolation of Enantiomerically Pure (99.7% ee) Rimantadine (S)-1 from Salt 32
To a mixture of salt 32 (40 g, 116 mmol) in CH>Cl, (200 mL), 1 N NaOH (200 mL) was added. The reaction mixture
was stirred at room temperature for 30 min. The resultant mixture was separated. Organic layer was washed with 1 N

NaOH (100 mL) and water (2x80 mL), then dried over Na>SOs. The organic layer was evaporated and dried under vacuum
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to afford enantiomerically pure rimantadine (S)-1 as a white solid (21.5 g, yield: >99%).
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General methods

All reagents and solvents were used as received. The reactions were monitored with the aid of thin-layer chromatography
(TLC) on precoated silica gel plates, and visualization was carried out with UV light. Flash column chromatography was
performed with the indicated solvents on silica gel (particle size 0.040-0.063 mm). *H and 3C NMR spectra were recorded
on a 300 MHz or 400 MHz instrument. Chemical shifts are given in ppm (), referenced to the residual proton resonances
of the solvents. Coupling constants (J) are given in hertz (Hz). The letters m, s, d, t, and br stand for multiplet, singlet,
doublet, triplet, and broad, respectively. High-resolution mass spectra (HRMS) were recorded with an UPLC/Q-TOF MS

system in the ESI mode.

General procedure for the monoalkylation of Ni(I1) complex (S)-3a under PTC

30% aqg. NaOH (8.0 mmol, 0.8 mL) was added to a solution of (S)-3a (100 mg, 0.20 mmol) and the corresponding
dibromide 10 (0.30 mmol) in (CH2ClI), (0.8 mL), followed by TBAI (18 mg, 0.05 mmol). After stirring at room temperature
for 1 h, the mixture was diluted with H-O and extracted with CHCly; the organic phases were then dried over Na>,SO4 and
concentrated at reduced pressure. Purification by column chromatography on silica (CH2Cl,—acetone, 5 : 1) afforded the

corresponding monoalkylated product 11.

Ni(11) complex of the Schiff’s base of (S)-BPBP and (S)-2-amino-3-(4-(bromomethyl)phenyl) propanoic acid
(11a).

Yield: 92%. A 76 : 24 mixture of (S,S) and (S,R) diastereomers was obtained, and a pure fraction of (S,S)-11a was
isolated for characterization purposes. [o]p?®> = +1175.0 (¢ = 0.020, CHCI3). *H NMR (300 MHz, CDCls): § 1.80-2.00 (m,
2H), 2.34-2.58 (m, 3H), 2.90 (dd, J = 13.8, 5.6 Hz, 1H), 3.12— 3.21 (m, 2H), 3.33 (dd, J = 9.4, 7.0 Hz, 1H), 3.52 (d, J =
12.7 Hz, 1H), 4.29 (t, J = 5.0 Hz, 1H), 4.33 (d, J = 12.7 Hz, 1H), 4.54 (s, 2H), 6.68-6.71 (m, 2H), 6.81 (d, J = 7.6 Hz, 1H),
7.14-7.21 (m, 4H), 7.29-7.37 (m, 3H), 7.39-7.49 (m, 3H), 7.51-7.61 (m, 2 H), 8.02 (d, J = 7.0 Hz, 2H), 8.28 (d, J = 8.6
Hz, 1H). 3C NMR (75 MHz, CDCls): § 23.2, 30.9, 33.0, 39.6, 56.9, 63.1, 70.2, 71.3, 120.6, 123.3, 126.0, 127.1, 127.8,
128.7, 128.9, 129.0, 129.5, 129.7, 130.8, 131.4, 132.4, 133.1, 133.5, 134.0, 136.2, 136.8, 142.8, 171.3, 178.3, 180.3.
HRMS: calcd for CssHz3sBrNsNiOs [M + H]* 680.1059, found 680.1050.

Ni(11) complex of the Schiff’s base of (S)-BPBP and (S)-2-amino-3-(3-(bromomethyl)phenyl) propanoic acid
(11b).

Yield: 90%. A 83 : 17 mixture of (S,S) and (S,R) diastereomers was obtained, and a pure fraction of (S,S)-11b was
isolated for characterization purposes. [o]p?® = +1425.9 (¢ = 0.027, CHCI3). *H NMR (300 MHz, CDCls3): § 1.74-1.88 (m,
1H), 1.95-2.05 (m, 1H), 2.30-2.58 (m, 3H), 2.93 (dd, J = 13.7, 6.0 Hz, 1H), 3.08-3.20 (m, 2H), 3.36 (t, J = 8.4 Hz, 1H),
3.49 (d, J = 12.6 Hz, 1H), 4.27 (dd, J = 5.9, 4.5 Hz, 1H), 4.31 (d, J = 12.7 Hz, 1H), 4.43 (d, J = 10.3 Hz, 1H), 4.48 (d, J =
10.3 Hz, 1H), 6.70 (d, J = 3.9 Hz, 2H), 6.89 (d, J = 7.6 Hz, 1H), 7.10-7.22 (m, 4H), 7.29-7.38 (m, 3H), 7.39-7.51 (m, 3H),
7.52-7.62 (m, 2H), 8.04 (d, J = 7.0 Hz, 2H), 8.28 (d, J = 8.6 Hz, 1H). 3C NMR (75 MHz, CDCls): § 23.3, 30.6, 33.1, 39.8,
57.2,63.2, 70.2, 71.2, 120.5, 123.3, 126.0, 127.1, 127.8, 128.1, 128.7, 128.9, 129.1, 129.8, 130.4, 131.0, 131.4, 132.4,
133.2,133.5,134.1, 136.4, 138.3, 142.8, 171.2, 178.3, 180.3. HRMS calcd for C3sH33BrNsNiOz [M + H]* 680.1059, found
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680.1053.

Ni(Il) complex of the Schiff’s base of (S)-BPBP and (S)-2-amino-3-(4-(4'-(bromomethyl)phenyl)
phenyl)propanoic acid (11c). Yield: 98%. A 79 : 21 inseparable mixture of (S,S) and (S,R) diastereomers was obtained.
HRMS calcd for C41H37BrNsNiOs [M + H]* 756.1372, found 756.1369.

Ni(Il) complex of the Schiff’s base of (S)-BPBP and (S)-trans-2-amino-6-bromohex-4-enoic acid (11d). Yield:
72%. An 86 : 14 inseparable mixture of (S,S) and (S,R) diastereomers was obtained. HRMS calcd for C31H31BrNsNiO3
[M + H]* 630.0902, found 630.0896.

General procedure for the bis-alkylation of Ni(l11) complex (S)-3 under PTC

30% aqg. NaOH (8.0 mmol, 0.8 mL) was added to a solution of (S)-3a (100 mg, 0.20 mmol) and the corresponding
bromide 11 (0.10 mmol) in (CH.Cl), (0.8 mL), followed by TBAI (18 mg, 0.05 mmol). After stirring at room temperature
for 2 h, the mixture was diluted with H-O and extracted with CHCly; the organic phases were then dried over Na>,SO4 and
concentrated at reduced pressure. The product was dissolved in MeOH (1 mL) and NaOMe (8 mg, 0.15 mmol) was added.
sat. ag. NH4Cl was added after stirring at room temperature for 1.5 h. The reaction was extracted with CH2Cl,, and the
organic phases were dried over Na;SO4 and concentrated at reduced pressure. Purification by column chromatography on

silica (CH2Cl,—acetone, 1 : 2) afforded the corresponding bis-alkylated product 12.

Bis-(Ni(Il) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-(1,4-phenylene)bis(2- aminopropanoic
acid) (12a).

Yield: 60%. Mp: 178-180 °C. [a]o®® = +2430 (c 0.028, CHCIls). *H NMR (400 MHz, CDCls): § 1.94-2.00 (m, 4H),
2.15-2.19 (m, 3H), 2.72-2.77 (m, 3H), 2.91-3.02 (m, 5H), 3.20-3.24 (m, 3H), 3.42 (d, J = 12.4 Hz, 2H), 4.10 (s, 2H), 4.20
(d,J=12.4 Hz, 2H), 6.04 (d, J = 7.2 Hz, 2H), 6.41 (d, J = 7.6 Hz, 2H), 6.51-6.55 (m, 3H), 6.92 (s, 2H), 7.07-7.15 (m, 6H),
7.28-7.33 (m, 4H), 7.43 (s, 4H), 7.52-7.53 (m, 2H), 7.96 (d, J = 7.6 Hz, 5H), 8.45 (d, J = 8.8 Hz, 2H). *C NMR (100
MHz, CDCls): 6 22.6, 29.4, 30.1, 39.5, 56.8, 63.0, 69.7, 71.0, 120.1, 123.1, 124.7, 126.2, 127.0, 128.4, 128.5, 128.6, 129.3,
129.4,129.9, 130.0, 131.1, 131.9, 132.9, 133.0, 133.3, 135.9, 142.7, 171.6, 178.0, 180.0. LRMS m/z found 1097 [M + H]*.
HRMS calcd for Ce2HssNsNi2OsNa [M + Na]* 1119.2866, found 1119.2875.

Bis-(Ni(Il) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-(1,3-phenylene)bis(2- aminopropanoic
acid) (12b).

Yield: 58%. Mp: 190-192 °C. [o]o® = +2080 (¢ = 0.042, CHCls). 1H NMR (300 MHz, CDCls): & 1.90-1.97 (m, 4H),
2.13-2.18 (m, 2H), 2.71-2.77 (m, 2H), 2.94-3.02 (m, 4H), 3.19-3.24 (m, 2H), 3.39-3.49 (m, 6H), 4.09-4.22 (m, 4H), 6.03
(d,J =75 Hz, 2H), 6.40 (d, J = 7.5 Hz, 2H), 6.50-6.55 (m, 2H), 6.92 (s, 1H), 7.03-7.21 (m, 7H), 7.30-7.56 (m, 12H), 7.96
(d,J=7.2Hz, 4H), 8.44 (d, J = 8.7 Hz, 2H). *C NMR (100 MHz, CDCls): § 22.8, 30.4, 39.7, 57.1, 63.3, 70.0, 71.3, 120.4,
123.4,125.0, 126.5, 127.2, 128.6, 128.8, 129.7, 130.1, 130.3, 131.4, 132.2, 133.2, 133.6, 136.1, 142.9, 171.8, 178.2, 180.3.
LRMS m/z found 1097 [M + H]*. HRMS calcd for Cg2HssNeNiOsNa [M + Na]* 1119.2866, found 1119.2872.
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Bis-(Ni(11) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-((1,1'-biphenyl)-4,4'-diyl)bis(2-
aminopropanoic acid) (12c).

Yield: 58%. [o]p® = +1729.2 (c = 0.053, CHCls). *H NMR (300 MHz, CDCls): § 1.88-2.00 (m, 2H), 2.20-2.50 (m, 8H),
2.95 (dd, J = 13.5, 5.2 Hz, 2H), 3.12-3.24 (m, 4H), 3.31 (t, J = 9.0 Hz, 2H), 3.50 (d, J = 12.6 Hz, 2H), 4.26-4.38 (m, 4H),
6.70 (d, J = 3.8 Hz, 4H), 6.92 (d, J = 6.8 Hz, 2H), 7.18 (t, J = 7.3 Hz, 4H), 7.26-7.37 (m, 10H), 7.47 (t, J = 7.5 Hz, 2H),
7.54-7.62 (m, 4H), 7.67 (d, J = 7.6 Hz, 4H), 8.03 (d, J = 7.3 Hz, 4H), 8.29 (d, J = 8.6 Hz, 2H). 3C NMR (75 MHz, CDCls):
623.0,30.7,39.5,57.0,63.2, 70.3, 71.4, 120.6, 123.4, 126.1, 127.2, 127.8, 128.8, 128.9, 129.1, 129.8, 131.1, 131.5, 132.4,
133.2,133.5,134.2,135.1, 139.8, 142.9, 171.2, 178.5, 180.3. HRMS calcd for CesHe1NsNi2Os [M + H]* 1173.3360, found
1173.3395.

Bis-(Ni(11) complex of the Schiff’s base of (S)-BPBP) and (2S,7S)-trans-2,7-diaminooct-4- enedioic acid (12d).

Yield: 70%. [o]p® = +1816.2 (¢ = 0.037, CHCls). *H NMR (300 MHz, CDCl3): § 2.00-2.20 (m, 6H), 2.46-2.60 (m, 6H),
3.37-3.53 (m, 6H), 3.61 (d, J = 12.7 Hz, 2H), 3.98 (dd, J = 7.3, 3.8 Hz, 2H), 4.42 (d, J = 12.7 Hz, 2H), 5.95 (t, J = 3.9 Hz,
2H), 6.62-6.70 (m, 4H), 6.87 (d, J = 7.1 Hz, 2H), 7.13-7.27 (m, 6H), 7.36 (t, J = 7.6 Hz, 4H), 7.42-7.61 (m, 6H), 8.04 (d,
J=7.1Hz, 4H), 8.21 (d, J = 8.7 Hz, 2H). 3C NMR (75 MHz, CDCls): § 23.6, 29.2, 30.8, 37.8, 56.9, 63.0, 70.1, 120.7,
123.6,126.2,126.8, 127.5, 128.2,128.8, 129.0, 129.8, 131.5, 132.2, 133.0, 133.3, 133.8, 142.4, 171.0, 178.6, 180.2. HRMS
calcd for CsgHssNgNi2Os [M + H]* 1047.2890, found 1047.2911.

General procedure for the bis-alkylation of Ni(Il) complex (S)-3a under homogeneous conditions

NaOH (9.6 mg, 0.24 mmol) was added to a solution of (S)-3a (100 mg, 0.20 mmol) and the corresponding dibromide 10
(0.120 mmol) in MeCN (10 mL) at room temperature, and then heated up to 60 °C for 2 h. The reaction was quenched by
pouring the crude mixture over 30 mL of ag. sat. NH4CI. The suspension was extracted with EtOAc (3 times). The combined
organic layers were dried with MgSO. and concentrated. Purification by column chromatography on silica (CH2Clo—

acetone, 1 : 2) afforded the corresponding bis-alkylated product 12.

Bis-(Ni(Il) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-(1,4-phenylene)bis(2- aminopropanoic

acid) (12a). Yield: 82%. Its spectral features were the same as above.

Bis-(Ni(Il) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-(1,3-phenylene)bis(2- aminopropanoic

acid) (12b). Yield: 79%. Its spectral features were the same as above.

Bis-(Ni(Il) complex of the Schiff’s base of (S)-BPBP) and (2S,2'S)-3,3'-( pyridine-2,6-diyl)bis(2- aminopropanoic
acid) (12e).

Yield: 68%. Mp: 183-184 °C. [a]o® = +2280 (c 0.025, CHCls). *H NMR (400 MHz, CDCls): & 1.83-1.90 (m, 3H),
2.00-2.20 (m, 7H), 2.85-2.90 (m, 2H), 2.98-3.01 (m, 2H), 3.08-3.12 (m, 2H), 3.19-3.23 (m, 2H), 3.50 (d, J = 12.8 Hz,
2H), 4.12-4.15 (m, 2H), 4.23 (d, J = 12.8 Hz, 2H), 6.35-6.37 (m, 2H), 6.49-6.51 (m, 2H), 6.59-6.93 (m, 2H), 6.91-6.95
(m, 2H), 7.07 (d, J = 7.2 Hz, 2H), 7.14-7.20 (m, 5H), 7.27-7.40 (m, 10H), 7.93 (d, J = 7.2 Hz, 4H), 8.43 (d, J = 8.8 Hz,
2H). 3C NMR (100 MHz, CDCls): § 23.0, 30.6, 41.9, 56.7, 63.2, 70.1, 71.0, 120.1, 123.6, 125.6, 126.6, 127.4, 128.7, 128.8,
128.9, 129.3, 129.5, 131.5, 132.2, 133.1, 133.6, 134.0, 137.7, 142.9, 156.9, 172.0, 178.7, 180.0. LRMS m/z found 1098
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[M + H]+. HRMS calcd for Ce1Hs6N7Ni2Os [M + H]Jr 1098.2999, found 1098.3013.

Bis-(Ni(11) complex of the Schiff’s base of (S)-BPBP) and (2S,6S)-2,6-diaminoheptanedioic acid (12f).

Yield: 74%. Mp: 166-167 °C. [o]p% = +2360 (c 0.025, CHCls). *H NMR (300 MHz, CDCls): 6 1.25 (s, 2H), 1.40—
1.45 (m, 2H), 2.07-2.20 (m, 6H), 2.46-2.53 (m, 2H), 2.69-2.73 (m, 2H), 3.41— 3.47 (m, 2H), 3.51-3.56 (m, 6H), 3.82—
3.86 (M, 2H), 4.41 (d, J = 12.3 Hz, 2H), 6.58-6.68 (m, 4H), 6.82-6.85 (M, 2H), 7.12-7.22 (m, 6H), 7.32-7.34 (m, 8H),
7.51-7.52 (m, 2H), 8.05 (d, J = 7.5 Hz, 4H), 8.15 (d, J = 8.7 Hz, 2H). 3C NMR (100 MHz, CDCls): & 21.3, 23.6, 30.6,
34.8,57.1,62.8, 69.7, 70.0, 120.3, 123.5, 126.0, 126.8, 126.9, 127.8, 128.2, 128.5, 128.9, 129.5, 131.2, 131.8, 132.8,
133.0, 133.4, 142.0, 170.0, 178.6, 180.2. LRMS m/z found 1034 [M + H]*. HRMS calcd for Cs7Hs4NgNi,OsNa [M +
Na]* 1057.2709, found 1057.2712.

Synthesis of (2S,6S)-(+)-diaminopimelic acid (1)

A solution of 12f (25 mmol) in MeOH (50 mL) was added to a stirring solution of 6 N HCI in MeOH (90 mL, ratio 1 :
1, acid—MeOH) at 70 °C. Upon disappearance of the red color (about 5-10 min), the reaction mixture was evaporated in
vacuum. Water (85 mL) was added and the resultant mixture was treated with an excess of concentrated NH4OH and
extracted with CH,Cl,. The organic extracts were dried over magnesium sulfate and evaporated in vacuum to give
recovered (S)-BPBP (97% yield). The aqueous solution was evaporated in vacuum, dissolved in a minimum amount of
water, loaded onto a Dowex-50 ion-exchange resin, and washed with H,O followed by elution with a 10% NH,OH
solution to afford diaminopimelic acid (1) in 89% yield. Mp: 310-312 °C. [o]p?®> = +43.5 (¢ 1.2, 1 N HCI) (lit.23a data:
[a]o® = +44.5 (¢ 0.95, 1 N HCI)). *H NMR (300 MHz, D,0): § 1.22-1.44 (m, 2H), 1.51-2.00 (m, 4H), 3.46-3.75 (m,
2H).
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Synthesis of Ni(I1) complexes of the Schiff base of (S)-N-(benzylprolyl)-2-aminobenzophenone and trans-2-amino-
6-bromohex-4-enoic acid, (S)(2S)-9 and (S)(2R)-10

NaOH (16.06 g, 401 mmol) was added to a mixture of (S)-82 (5.0 g, 10.04 mmol), trans- 1,4-dibromo-2-butene (7.51 g,
35.10 mmol) and n-BusNI (927 mg, 2.51 mmol) in (CH,ClI), (100 mL). The reaction was monitored by TLC (CH.Cl>—
acetone, 4 : 1). After stirring at room temperature for 30 min, the mixture was diluted with H>O and extracted with CH,Cl..
The organic phases were then dried over Na,SO, and concentrated at reduced pressure. Purification by column
chromatography onsilica (CH2Cl,—-acetone, 4 : 1) afforded a diastereomeric mixture (78 : 22 ratio) of (S)(2S)-9 and (S)(2R)-
10 (5.15 g, 81.3% yield). A pure fraction of (S)(2S)-9 was isolated for characterization purposes by further purification by
column chromatography on silica (hexane— acetone, 1 : 1). [a]o?® = +1875 (c 0.033, CHCI3). *H NMR (300 MHz, CDCls)
6 8.17-8.04 (m, 1H), 7.95 (d, J . 7.1 Hz, 2H), 7.56-7.35 (m, 3H), 7.27 (t, J . 7.6 Hz, 2H), 7.20-7.03 (m, 3H), 6.87 (d, J .
6.3 Hz, 1H), 6.67-6.49 (m, 2H), 6.06 (dt, J . 15.0, 7.4 Hz, 1H), 5.60 (dt, J . 15.1, 7.5 Hz, 1H), 4.35 (d, J . 12.6 Hz, 1H),
3.98-3.76 (m, 3H), 3.59-3.32 (M, 4H), 2.67 (d, J . 6.2 Hz, 1H), 2.61-2.31 (m, 3H), 2.09-1.91 (m, 2H). 3C NMR (75 MHz,
CDCls) 6 180.8, 178.9, 171.6, 142.9, 134.3, 133.8, 133.5, 132.8, 132.0, 130.8, 130.3, 129.5, 129.3, 129.3, 128.1, 127.5,
126.7, 124.1, 121.2, 70.6, 63.5, 57.4, 37.9, 32.4, 31.2, 24.3. HRMS calcd for C31H3:BrNsNiOs; [M + H]* 630.0902, found
630.0915.

Synthesis of Ni(ll1) complexes of the Schiff base of (R)-N-(benzylprolyl)-2-aminobenzophenone and trans-2-amino-
6-bromohex-4-enoic acid, (R)(2R)-9 and (R)(2S)-10

The above procedure was performed starting from (R)-8% (6.0 g, 12.04 mmol) to give a 80 : 20 mixture of (R)(2R)-9 and
(R)(25)-10 (5.97 g, 78.5% vield).

Synthesis of Ni(ll1) complexes of the Schiff base of (S)-N-(benzylprolyl)-2-aminobenzophenone and 1-amino-2-
vinylcyclopropanecarboxylic acid, (S)(2S,3R)-11 and (S)(2R,3S)-12)

NaOt-Bu (1.52 g, 15.84 mmol) was added to a solution of a mixture of (S)(2S)-9 and (S)(2R)-10 (5.0 g, 7.92 mmol) in THF
(100 mL) at 0 °C. The reaction was monitored by TLC (hexane—acetone, 1 :1). After stirring at room temperature for 0.5
h, a second portion of NaOt-Bu (1.52 g, 15.84 mmol) was added. After 1 h, the mixture was poured into H-O and extracted
with CH,Cl,. The organic phases were then dried over Na;SO. and concentrated at reduced pressure. Purification by
column chromatography on silica (hexane—acetone, 1 : 1) afforded a diastereomeric mixture (90 : 10 ratio) of (S)(2S,3R)-
11 and (S)(2R,3S)-12 (3.30 g, 75.8% yield). Further purification by column chromatography on silica (CH.Cl.—acetone,

10 : 1) was carried out to isolate the pure products.

Data of (S)(2S,3R)-11: [a]o?® = +866 (¢ 0.021, CHCls). *H NMR (400 MHz, CDCls) § 8.03 (d, J . 7.4 Hz, 2H), 7.94 (d, J .
8.6 Hz, 1H), 7.43 (t,J . 7.2 Hz, 2H), 7.35 (t, J . 7.0 Hz, 1H), 7.27-7.19 (m, 3H), 7.08 (t, J . 7.4 Hz, 1H), 7.05-6.99 (m, 1H),
6.77(d, J . 7.3 Hz, 1H), 6.57 (s, 2H), 5.71-5.56 (m, 1H), 5.49 (d, J . 16.8 Hz, 1H), 5.21 (d, J . 12.3 Hz,1H), 4.25 (d, J . 12.6

2 H. Ueki, T. K. Ellis, C. H. Martin, S. B. Bolene, T. U. Boettiger, V. A. Soloshonok, J. Org. Chem., 2003, 68, 7104
7107.
3 The synthesis of (R)-8 was carried out following the procedure described in ref. 19b starting from (R)-proline.
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Hz, 1H), 3.78 (s, 1H), 3.41 (d, J . 12.7 Hz, 1H), 3.38-3.30 (M, 2H), 2.75 (s, 1H), 2.54-2.40 (m, 1H), 2.04 (s, 1H), 1.91 (dd,
J.18.4, 9.6 Hz, 2H), 1.50-1.40 (m, 1H), 0.38-0.24 (m, 1H). *C NMR (75 MHz, CDCls) & 180.0, 174.1, 165.9, 142.0,
135.1,134.9, 133.4, 132.0, 131.3, 130.0, 129.4, 129.0, 128.9, 128.8, 128.5, 127.6, 127.4, 127.0, 126.2, 123.2, 122.0, 120.6,
118.2,70.8, 62.9, 60.8, 56.9, 39.3, 30.6, 25.4, 23.5. HRMS calcd for Ca;HsoCINsNiOs [M + H]* 550.1641, found 550.1640.

Data of (S)(2R,3S)-12: [o]o® = -669 (c 0.034, CHCls). *H NMR (300 MHz, CDCls) & 8.35 (dd, J . 8.7, 0.9 Hz, 1H), 8.10
(d, J. 6.7 Hz, 2H), 7.51-7.30 (m, 7H), 7.12 (ddd, J . 8.7, 6.8, 1.8 Hz, 2H), 6.93 (s, 1H), 6.67 (dd, J . 8.4, 1.7 Hz, 1H),
6.59 (ddd, J . 8.3, 6.8, 1.2 Hz, 1H), 5.83-5.63 (m, 1H), 5.32 (dd, J . 17.1, 1.6 Hz, 1H), 5.13 (dd, J. 10.3, 1.7 Hz, 1H), 4.50
(d, J.12.9 Hz, 1H), 4.19-4.05 (m, 1H), 3.47 (dd, J . 9.4, 4.3 Hz, 1H), 3.18 (d, J . 12.9 Hz, 1H), 2.68-2.44 (m, 2H), 2.20—
2.02 (m, 2H), 1.97-1.80 (m, 2H), 1.50-1.43 (m, 1H), 0.48 (dd, J . 9.9, 6.7 Hz, 1H). °C NMR (75 MHz, CDCl3) &

182.1, 175.4, 167.4, 143.2, 136.0, 135.1, 134.3, 134.0, 132.8, 132.0, 130.3, 129.5, 129.0, 127.8, 127.3, 123.3, 120.8,
118.1, 69.0, 61.7, 60.8, 59.0, 39.2, 30.8, 26.7, 23.8. HRMS calcd for Ca;H3CINaNiOs [M + H]* 550.1641, found
550.1652.

Synthesis of Ni(ll1) complexes of the Schiff base of (R)-N-(benzylprolyl)-2-aminobenzophenone and 1-amino-2-
vinylcyclopropanecarboxylic acid, (R)(2R,3S)-11 and (R)(2S,3R)-12)

The above procedure was performed starting from a mixture of (R)(2R)-9 and (R)(2S)-10 (3.15 g, 5 mmol) to give a 90 :
10 mixture of (R)(2R,3S)-11 and (R)(2S,3R)-12 (2.57 ¢, 73.4% yield). NMR data of both compounds matched those
obtained for their enantiomers. For (R)(2R,3S)-11: [a]p® = -930 (c 0.08, CHCIs). For (R)(2S,3R)-12: [a]p®® = +705 (c
0.08, CHCI3).

Synthesis of (1R,2S)-1-amino-2-vinylcyclopropanecarboxylic acid, (1R,2S)-6

Aqueous 1 N HCI (20 mL) was added to a suspension of (R)(2R,3S)-11 (1.0 g, 1.82 mmol) in MeOH (20 mL) and the
reaction mixture was stirred for 1 h at 50 °C. After the reaction was completed, the mixture was concentrated at reduced
pressure. H2O (50 mL) and EtOAc (50 mL) were added to the residue and then the phases were separated. The aqueous
layer was washed with EtOAc (50 mL) and then concentrated at reduced pressure. The residue from the aqueous portion
was dissolved in DI H,O (100 mL), placed on a cation-exchange Dowex-50 resin column and eluted first with DI H,0O,
until neutral pH, followed by 8% NH4OH to elute the free amino acid. This solution was evaporated to afford the crude
(1R,25)-6 (186 mg, 80.5% yield). On the other hand, the organic layer was washed by H-O (100 mL), 4% NH4OH (20
mL, 2 times) and ag. sat. NaCl (100 mL), dried over Na;SOy, filtered and concentrated at reduced pressure to afford (R)-
13 (0.65 g, 92.8% yield).

Synthesis of dicyclohexylammonium (1R,2S)-N-(tert-butoxycarbonyl)-1-amino-2-vinyl- cyclopropanecarboxylate,
(1R,25)-14

Boc,0 (2.46 g, 0.01126 mol) and EtsN (1.14 g, 0.1126 mol) were added to a solution of (1R,2S)-6 (0.894 g, 0.00704 mol)
in H,O (20 mL) and acetone (20 mL) and stirred for 20 h at room temperature. After the reaction was completed, the
mixture was concentrated at reduced pressure to a volume under 100 mL. The solution was adjusted to pH 2—-3 with solid

citric acid and extracted with EtOAc (20 mL, 3 times). The organic layers were combined, washed with H,O (20 mL) and
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ag. sat. NaCl (20 mL), dried over Na,SOs, filtered and concentrated at reduced pressure. The crude product (1.72 g,
quant.) obtained as a yellow oil was dissolved in EtOAc (10 mL, 4 v/w). Dicyclohexylamine (1.28 g, 0.00704 mol) was
slowly added to the mixture and stirred for 20 h at room temperature and then for 1 h at 0 °C. The resulting white crystals
were filtered and washed with iced EtOAc (10 mL) to afford (1R,2S)-14 (2.3 g, 80.0% yield). Mp: 178 °C (dec.). *H
NMR (200 MHz, CDsOD): § 5.88 (ddd, J . 17.3, 10.3, 9.8 Hz, 1H), 5.15 (dd, J . 17.3, 2.2 Hz, 1H), 4.92 (dd, J . 10.3, 2.2
Hz, 1H), 3.22-3.06 (m, 2H), 2.16-1.61 (m, 13H), 1.43 (s, 9H), 1.49-1.10 (m, 10H). *C NMR (50.3 MHz, CDs0D): d
177.5, 158.1, 138.4, 115.3, 80.0, 54.4, 44.0, 33.4, 30.7, 29.0, 26.3, 25.7, 23.1.

Synthesis of methyl (1R,2S)-1-(tert-butoxycarbonylamino)-2-vinylcyclopropanecarboxylate, (1R,2S)-15

5% ag. AcOH (8 mL) was dropped to a suspension of (1R,2S)-14 (800 mg, 1.958 mmol) in EtOAc (8 mL) kept under

3 °C and the mixture was stirred for 30 minutes. After the reaction was completed the organic solvent was separated and
the aqueous layer was extracted with EtOAc (25 mL, 3 times). The organic layers were combined, washed with H20O (25
mL, 2 times), dried over Na,SQ, filtered and concentrated at reduced pressure affording 472 mg, of product as a
colorless oil. 400 mg of this material was dissolved in a mixture of methanol (4 mL) and toluene (20 mL), and
TMSCHN2 (2 M in Et,0, 1.144 mL, 2.288 mmol) was added. The mixture was stirred for 30 minutes at room
temperature, and then it was quenched with 5% AcOH and concentrated at reduced pressure. The crude was purified by
silica-gel column chromatography (hexane : EtOAc . 20 : 1) to give (1R,2S)-15 as a colorless oil (360 mg, 84% yield). Its
NMR data matched those previously described.'®® [o]p% = +39.4 (c 0.45, MeOH), lit. data: [a]p?® = +42.8 (c 1.00,
MeOH).% The optical purity of (1R,2S)-15 was determined as 98.6% ee by HPLC on a ChiralCel OD-H column (5 mm,
250 * 4.6 mm i.d.), eluent: 1.0% EtOH in hexane isocratic, flow rate: 0.75 mL min, temp.: 25 °C, detector: UV 200 nm
(t =16.64 min for (1R,2S)-15, t =19.17 min for (1S,2R)-15).
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General information

All reagents and solvents were used as received. Reactions were magnetically or mechanically stirred (overhead mechanical
stirrer was used for the reaction of the starting material of 40 mmol scale or more) and monitored by thin layer
chromatography on Merck silica gel 60-Fs4 coated 0.25 mm plates, detected by UV and ninhydrin. Flash chromatography
was performed with the indicated solvents on silica gel (particle size 0.064-0.210 mm). Yields reported are for isolated,
spectroscopically pure compounds. HPLC was performed on a SHIMADZU LC-2010CHT chromatograph with a CLASS-
VP™ analysis data system. *H- and *3C-NMR spectra were recorded on Varian GEMINI 200 spectrometer. Chemical shifts
are given in ppm (5), referenced to tetramethylsilane (TMS) for *tH-NMR and the ‘3C-resonances of CDCls (6 = 77.0 ppm)
or DMSO-ds (6 = 39.5 ppm) for 3C-NMR as internal standards. The letters s, d, t, g, m, and br stand for singlet, doublet,
triplet, quartet, multiplet, and broad, respectively. High-resolution mass spectra (HRMS) were recorded with an
UPLC/QTOF MS system in the ESI mode. Optical rotations were recorded on a DIP-370 polarimeter (JASCO, Inc.).
Melting points were recorded on a Mettler Toledo MP70 melting point system and are not corrected. All physicochemical
data reported for the Ni(ll) complexes are due to the single diastereomers after purification by chromatography or

crystallization, unless otherwise stated.

Synthesis of (S)-N-(2-benzoyl-4-chlorophenyl)-2-[3,5-dihydro-4H-dinaphth[2,1-c:1',2"-e]azepin-4-yl]

acetamide, (S)-5

To a solution of 2-amino-5-chlorobenzophenone (25.0 g, 107.9 mmol) in acetonitrile (500 mL) were added potassium
carbonate (44.7 g, 323.7 mmol) and a solution of bromoacetyl bromide (28.3 g, 140.3 mmol) in acetonitrile (50 mL) and
the mixture was stirred at room temperature for 0.5 h.

The precipitate was filtered off and the filtrate was evaporated under reduced pressure. Water (75 mL) was added to the
residue and the resulting suspension was extracted with ethyl acetate (2 x 200 mL). The combined organic phase was
washed with water (150 mL), dried (Na;SQs), and concentrated to the volume of ca. 150 mL. To the solution thus
obtained was added hexane (50 mL) and the whole was stirred at rt for 16 h, then at 0 °C for 1 h. The precipitate formed
was collected by filtration and dried at 30 °C in vacuo to give N-(2-benzoyl-4-chlorophenyl)-2-bromoacetamide

(33.16 g, 87 %) as a colorless solid: *H-NMR (200 MHz, CDCls): § 4.02 (2H, s, COCHy), 7.48-7.76 (7H, m, ArH), 8.55—
8.60 (1H, m, ArH), 11.32 (1H, br s, NH). The amide thus obtained (21.7 g, 61.5 mmol) was dissolved in acetonitrile (1000
mL) to which were added potassium carbonate (17.0 g, 123.0 mmol) and (S)-3,5-dihydro-4Hdinaphth[2,1-c:1’,2"-e]azepine
(20.0 g, 67.7 mmol). The reaction mixture was stirred at room temperature for 3 h. The resulting suspension was filtered
to remove the insoluble material and the filtrate was concentrated. The residue was purified by chromatography on silica
gel (hexane/ethyl acetate = 4/1) to give (S)-5 (36.03 g, quant.) as a pale yellow crystal: mp 163.4-176.0 °C (ethyl
acetate/methanol). [a]p®® = +306 (c = 0.514, CHCI3). *'H-NMR (200 MHz, CDCls): ¢ 3.09 and 3.54 (1H each, ABq, J =
16.8 Hz, COCHb,), 3.39 and 3.61 (2H each, ABg, J = 12.1 Hz, 2 x NCHy), 7.21-7.30 (2H, m, ArH), 7.42-7.65 (11H, m,
ArH), 7.73- 7.80 (2H, m, ArH), 7.92-7.98 (2H, m, ArH), 7.94 (2H, d, J = 8.2 Hz, ArH), 8.62 (2H, d, J = 8.6 Hz,

ArH), 11.49 (1H, br s, NH). *C-NMR (50.3 MHz, CDCls): § 56.4 (CH5), 60.3 (CHs), 123.3 (ArCH), 125.6 (ArCH), 125.9
(ArCH), 126.8 (quaternary ArC), 127.5 (ArCH), 127.6 (ArCH), 127.8 (quaternary ArC), 127.9 (quaternary ArC), 128.3
(ArCH), 128.6 (ArCH), 128.7 (ArCH), 130.2 (ArCH), 131.4 (quaternary ArC), 131.6 (ArCH), 133.1 (ArCH), 133.3
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(quaternary ArC), 135.0 (quaternary ArC), 137.4 (quaternary ArC), 137.6 (quaternary ArC), 170.2 (CO), 196.4 (CO).
LRMS m/z found 567.2 [M + H]*. HRMS calcd for C37H2sN,0,Cl [M + H]* 567.1839, found 567.1843.

Synthesis of Ni(I1) complex (S)-4 [complex of the Schiff base of (S)-5 and glycine]

To a suspension of (S)-5 (200 mg, 0.35 mmol, 1 eq.) in methanol (30 mL, degassed by brief ultrasonication and argon-
substitution for 40 min prior to use) were added nickel(l1) acetate tetrahydrate (176 mg, 0.71 mmol, 2 eq.), glycine (132
mg, 1.76 mmol, 5 eq.) and potassium carbonate (439 mg, 3.17 mmol, 9 eq.) and the resulting suspension was refluxed for
1 h under argon atmosphere. After cooling, the mixture was diluted with water (20 mL), CH2Cl, (20 mL) and 1 N HCI (5
mL) and the whole was stirred for 30 min, then separated the organic phase and the aqueous phase was extracted with
dichloromethane (2 x 10 mL). The combined organic phase was washed with brine (3 x 12 mL), dried (Na;SO.), and
concentrated in vacuo to give the crude product (259 mg). The solid thus obtained was recrystallized from
dichloromethane/ethyl acetate (1/1) and dried at 50 °C to afford (S)-4 (220 mg, 92 %) as a red crystal: mp 275.2 °C (dec.)
(CHCl,/ethyl acetate). [o]o? = 567 (c = 0.105, CHCls). *H-NMR (200 MHz, CDCls): 6 2.74 [1H, d, J = 12.1 Hz, one of
azepine C(a)H2N], 3.39 (1H, d, J = 15.6 Hz, one of acetanilide NCOCHy), 3.65 (2H, s, CH2 of Gly part), 3.75 [1H, d, J =
13.9 Hz, one of azepine C(a")H2N], 4.059 [1H, d, J = 13.9 Hz, one of azepine C(a")H2N], 4.062 (1H, d, J = 15.6 Hz, one
of acetanilide NCOCHy>), 4.79 [1H, d, J = 12.1 Hz, one of azepine C(a)H2N], 6.83 (1H, d, J = 2.6 Hz, ArH), 6.92-7.02 (1H,
m, ArH), 7.03-7.13 (1H, m, ArH), 7.19-7.58 (11H, m, ArH), 7.92-8.02 (3H, m, ArH), 8.11 (1H, d, J = 8.4 Hz, ArH), 8.51
(1H, d, J=9.2 Hz, ArH), 8.58 (1H, d, J = 8.2 Hz, ArH). 3C-NMR (50.3 MHz, CDCls): 5 58.6 (CH2), 61.3 (2 x CH2), 64.6
(CH2), 125.6 (ArCH), 125.7 (ArCH), 125.9 (ArCH), 126.1 (ArCH), 126.26 (quaternary ArC), 126.37 (ArCH), 126.44
(ArCH), 126.8 (quaternary ArC), 127.4 (ArCH), 127.6 (ArCH), 128.0 (quaternary ArC), 128.4 (ArCH), 128.5 (ArCH),
128.8 (ArCH), 128.95 (ArCH), 129.02 (ArCH), 129.8 (ArCH), 130.0 (ArCH), 130.1 (ArCH), 131.3 (quaternary ArC),
132.2 (ArCH), 132.5 (ArCH), 133.7 (quaternary ArC), 133.9 (quaternary ArC), 135.6 (quaternary ArC), 135.7 (quaternary
ArC), 140.9 (quaternary ArC), 171.4, 174.9, 176.8 (CN and 2 x CO). LRMS m/z found 680.1 [M + H]*. HRMS calcd for
CagH29CIN3NiO3 [M + H]* 680.1251, found 680.1260.

Large-scale synthesis of (S)-4

To a suspension of (S)-5 (20.0 g, 35.27 mmol, 1 eq.) in methanol (1000 mL, degassed by brief ultrasonication and argon-
substitution for 40 min prior to use) were added nickel(Il) acetate tetrahydrate (52.7 g, 211.81 mmol, 6 eq.), glycine (15.9
g, 211.8 mmol, 6 eq.) and potassium carbonate (97.5 g, 705.4 mmol, 20 eq.) and the resulting suspension was refluxed for
0.5 h under argon atmosphere [complete consumption of (S)-5 was checked by TLC (CH-Cl./acetone = 9/1)]. After cooling,
CHCl, (100 mL) and water (1000 mL) were added to the reaction mixture and the whole was stirred for 10 min. The
organic phase was separated and the agqueous phase was extracted with CH2Cl, twice (1000 mL, then 500 mL). The
combined organic phase was washed with aqueous 5 % acetic acid (800 mL) and water (2 x 800 mL), dried (Na2SO4, 250
g) for 1 h, and concentrated to give the product, which was dried in vacuo at 50 °C for 16 h to afford (S)-4 (23.7 g, 98.7 %)

as a red crystal.

Alkylation of (S)-4 with trans-1,4-dibromo-2-butene (6)
To a solution of (S)-4 (50 mg, 0.073 mmol) in CH.Cl, (2 mL) were added successively trans-1,4- dibromo-2-butene (6)
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(157 mg, 0.734 mmol), tetrabutylammonium iodide (7 mg, 0.018 mmol), and 30 % aqueous NaOH solution (2 mL, 15.0
mmol) and the reaction mixture was stirred for 30 min at rt. After separation of the organic phase, the aqueous phase was
extracted with CH,Cl; (3 x 3 mL) and the combined organic phase was washed with water (2 x 10 mL) and brine (10 mL),
dried (Na;SQa), and concentrated to give Ni(ll) complex (89 mg, 90.1 % determined by HPLC analysis, a red oil containing
trans-1,4-dibromo-2-butene) as a mixture of (S)(2R)- and (S)(2S)-7, whose diastereomeric ratio was determined to be
70.8:29.2 (41.6 % de) by HPLC analysis under the following conditions: Inertsil™ ODS-3 column (particle size 3 pm, 150
x 4.6 mm i.d.); solvent system of 10 mM aqueous ammonium formate containing 0.1 % formic acid (eluent A) and
acetonitrile (eluent B) from A:B = 40:60 to 0:100 (0-50 min) and 0:100 (50 min to 70 min), flow rate of 1.0 mL/min, 30 °C,
and wavelength of 254 nm, in which the (S)(2R)-7 was eluted at a retention time (tr) of 27.8 min while the (S)(2S)-7 at
29.1 min. mp 294.3 °C (dec.) (CH.Cly/acetone). [a]p?®> = —831 (c = 0.068, CHCI3). LRMS (ESI, positive mode) m/z calcd
for Ca3sH3z4BrCINsNiOs [M + H]* 812.08, found 812.1. HRMS calcd for Ca3HsBrCINsNiOs [M + H]* 812.0826, found
812.0837.

Isolation of two diastereomeric Ni(Il) complexes, (S)(2R)-7 and (S)(2S)-7

The two diastereomeric mixture of (S)(2R)-7 and (S)(2S)-7 thus obtained (700 mg, 0.86 mmol) was separated by recycling
preparative TLC on silica gel (EMD Millipore PLC Silica Gel 60 Fzs4, 1 mm: 20 x 20 cm, CH2Cly/acetone = 20/1 as an
eluent). The upper band (Rf 0.63, CH.Cl./acetone = 20/1) gave the major (S)(2R)-7 (140 mg, 20 %) as a red crystal. mp
203.0 °C (dec.) (CH2Cl./acetone). [a]o® = —1476 (c = 0.060, CHCl3). *H-NMR (200 MHz, CDCls): § 2.15-2.32 (1H, m,
one of B-CH; of bromobutenyl-Gly part), 2.35-2.54 (1H, m, one of B-CH; of bromobutenyl- Gly part), 2.54 [1H, d, J =
12.1 Hz, one of azepine C(a)H2N], 2.97 (1H, d, J = 15.6 Hz, one of acetanilide NCOCHy), 3.71 and 3.82 [1H each, ABq,
J=13.8 Hz, azepine C(a")H2N], 3.96 (1H, HX of ABX type, JAX =5.9 Hz, JBX = 3.7 Hz, a-H of bromobutenyl-Gly part),
4.22 (2H, dd, J = 6.9, 0.7 Hz, BrCH2), 4.69 (1H, d, J = 15.6 Hz, one of acetanilide NCOCH), 4.79 [1H, d, J = 12.1 Hz,
one of azepine C(a)H2N], 5.90 (1H, dt, J = 15.0, 6.9 Hz), 6.54 (1H, d, J = 2.4 Hz, ArH), 6.68 (1H, br dt, J = 15.0, 7.5 Hz),
6.86-6.96 (2H, m, ArH), 7.15-7.59 (11H, m, ArH), 7.92-8.02 (3H, m, ArH), 8.17 (1H, d, J = 8.2 Hz, ArH), 8.46 (1H, d, J
= 9.0 Hz, ArH), 8.96 (1H, d, J = 8.4 Hz, ArH). *C-NMR (50.3 MHz, CDCls): 6 32.6 (CH>), 36.3 (CHs), 58.6 (CH.), 61.8
(CHy), 66.4 (CHy), 70.4 (a-CH), 125.1 (CH), 126.1 (quaternary ArC), 126.4 (ArCH), 126.5 (ArCH), 126.8 (ArCH), 127.3
(quaternary ArC), 127.4 (ArCH), 127.9 (ArCH), 128.2 (quaternary ArC), 128.4 (ArCH), 128.7 (ArCH), 128.8 (quaternary
ArC), 129.0 (ArCH), 129.1 (ArCH), 129.2 (ArCH), 129.3 (ArCH), 130.3 (ArCH), 130.9 (ArCH), 131.0 (quaternary ArC),
131.2 (quaternary ArC), 131.5 (quaternary ArC), 132.4 (ArCH), 132.8 (ArCH), 133.7 (quaternary ArC), 134.0 (quaternary
ArC), 135.4 (quaternary ArC), 136.1 (quaternary ArC), 141.3 (quaternary ArC), 170.3, 174.6, 177.5 (CN and 2 x CO).
HRMS calcd for C43H33sBrCINsNaNiOz [M + Na]* 836.0801, found 836.0779. The lower band (Rf 0.50, CH2Cl./acetone
= 20/1) gave the minor (S)(2S)-7 (40 mg, 6 %) as a red crystal. mp 189.5 °C (dec.) (CH.Cl/acetone). [a]p?® = + 2026 (c =
0.052, CHCls). *H-NMR (200 MHz, CDCls): § 2.30-2.46 (1H, m, one of B-CH, of bromobutenyl-Gly part), 2.47-2.62 (1H,
m, one of B-CH. of bromobutenyl-Gly part), 2.71 [1H, d, J = 12.1 Hz, one of azepine C(a)H2N], 3.28 (1H, d, J = 15.9 Hz,
one of acetanilide NCOCHy), 3.93 (1H, HX of ABX type, JAX = 6.6 Hz, JBX = 3.7 Hz, a-H of bromobutenyl-Gly part),
4.00 [1H, d, J = 13.6 Hz, one of azepine C(a')H2N], 4.17 (1H, dd, J = 15.9, 0.9 Hz, one of acetanilide NCOCH?2), 4.20
(2H,dd, J=17.1, 0.7 Hz, BrCH2), 4.42 [1H, d, J = 12.1 Hz, one of azepine C(a)H2N], 4.45 [1H, br d, J = 13.6 Hz, one of
azepine C(a’)H:N], 5.97 (1H, dt, J = 15.0, 7.1 Hz), 6.68 (1H, d, J = 2.6 Hz, ArH), 6.75 (1H, br dt, J = 15.0, 7.5 Hz), 6.92—
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7.00 (1H, m, ArH), 7.08-7.57 (12H, m, ArH), 7.90-8.10 (5H, m, ArH), 8.71 (1H, d, J = 9.2 Hz, ArH). 3C-NMR (50.3
MHz, CDCls): 6 32.3 (CHy), 36.7 (CH>), 58.1 (CH5), 59.9 (CH>), 62.1 (CH>), 69.5 (a-CH), 124.8 (ArCH), 125.7 (ArCH),
126.0 (quaternary ArC), 126.1 (ArCH), 126.4 (ArCH), 126.6 (ArCH), 126.7 (ArCH), 127.2 (ArCH), 127.4 (ArCH), 127.8
(ArCH), 127.9 (quaternary ArC), 128.0 (ArCH), 128.3 (ArCH), 128.4 (ArCH), 128.8 (ArCH), 129.0 (ArCH), 129.2
(ArCH), 129.5 (ArCH), 130.3 (ArCH), 131.0 (quaternary ArC), 131.06 (ArCH), 131.14 (ArCH), 131.4 (quaternary ArC),
132.5 (ArCH), 132.8 (ArCH), 133.0 (quaternary ArC), 133.7 (quaternary ArC), 134.8 (quaternary ArC), 135.8 (quaternary
ArC), 141.2 (quaternary ArC), 170.6, 174.3, 178.2 (CN and 2 x CO). HRMS calcd for C43H33BrCINsNaNiO3; [M + Na]*
836.0801, found 836.0815.

Alkylation of (S)-4 in large scale

To a solution of (S)-4 (33.0 g, 49.0 mmol) in CH2Cl, (1320 mL) were added successively trans-1,4- dibromo-2-butene (6)
(103.7 g, 485 mmol), tetrabutylammonium iodide (4.50 g, 12.0 mmol), and 30 % aqueous NaOH solution (1320 mL, 9.90
mol) and the reaction mixture was stirred for 30 min at rt. After separation of the organic phase, the aqueous phase was
extracted with CH2Cl; (2 x 800 mL) and the combined organic phase was washed with water (2 x 900 mL), dried (Na2SOs,
350 g), and concentrated to give the crude product (162.9 g) as a dark orange solid. Purification of the crude product by
chromatography on silica gel (CH,Cl./acetone = 10/1) afforded the Ni(ll) complexes (34.2 g, 86.7 %, a red crystal) as a
mixture of (S)(2R)- and (S)(2S)-7, whose diastereomeric ratio was determined to be 70.2:29.8 (40.4 % de) as described

above.

Synthesis of (S)(2R,3S)-8 by cyclization of a mixture of (S)(2R)-7 and (S)(2S)-7

To asolution of a diastereomeric mixture of the Ni(Il) complexes (1.00 g, 1.23 mmol, 40.8 % de) in THF (20 mL, degassed
by brief ultrasonication for 5 min) was added dropwise a 2 M sodium tert-butoxide solution in THF (0.922 mL, 1.84 mmol)
at 0 °C and the whole was stirred at the same temperature. The reaction was quenched with sat. NH4CI (1 mL). Water (20
mL) and CHCI, (20 mL) were added to the reaction mixture, and then the organic phase was separated. The aqueous phase
was extracted with CH2Cl; (20 mL and 10 mL) and the combined organic phase was dried with Na,SO4 (10 g) and
concentrated. The crude solid (913 mg, 94.8 % de, vide infra) was suspended in ethyl acetate (5 mL) for 3.5 h and the
resulting slurry was filtered and washed with cold ethyl acetate (2 mL) to give (S)(2R,3S)-8 (678 mg, 75.3 %) as a virtually
single stereoisomer (99.6 % de), whose diastereomeric purity was determined by HPLC analysis under the same conditions
described for those of a mixture of (S)(2R)- and (S) (2S)-7, in which (S)(2R,3S)-8 was eluted at a retention time (tr) of 27.8
min while another diastereomer at 29.5 min in a ratio of 99.8:0.2. mp 259.2 °C (dec.) (ethyl acetate). [a]p?® = —1460 (c =
0.054, CHCl5). H-NMR (200 MHz, CDCls): 6 0.33 (1H, dd, J = 9.8, 7.1 Hz, one of CH, of cyclopropane), 1.48 (1H, dd,
J =9.3, 7.1 Hz, one of CH- of cyclopropane), 1.91-2.07 (1H, m, CH of cyclopropane), 2.67 [1H, d, J = 12.1 Hz, one of
azepine C(a)H2N], 3.03 (1H, d, J = 15.6 Hz, one of acetanilide NCOCHy), 3.58 and 3.65 [1H each, ABq, J = 14.0 Hz,
azepine C(a)H2N], 4.60 (1H, d, J = 15.6 Hz, one of acetanilide NCOCH>), 4.69 [1H, d, J = 12.1 Hz, one of azepine
C(a)H:N], 5.27-5.34 (1H, m, vinylic CH), 5.59-5.67 (2H, m, vinylic CH,), 6.66 (1H, d, J = 2.4 Hz, ArH), 6.81-6.89 (1H,
m, ArH), 7.12-7.19 (1H, m, ArH), 7.20-7.61 (11H, m, ArH), 7.93-8.02 (3H, m, ArH), 8.16 (1H, d, J = 8.2 Hz, ArH), 8.41
(1H, d, J = 9.2 Hz, ArH), 8.81 (1H, d, J = 8.4 Hz, ArH). *C-NMR (50.3 MHz, CDCls): § 25.8 (CH2), 40.1 (CH), 58.8
(CHy), 61.5 (CH>), 66.6 (CH>), the signal due to one quaternary a-carbon of the amino acid part overlapping with that of
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CDCls, 118.4 (vinylic CHy), 124.5 (ArCH), 126.1 (quaternary ArC), 126.3 (quaternary ArC), 126.4 (ArCH), 127.1 (ArCH),
127.3 (ArCH), 127.5 (ArCH), 127.8 (ArCH), 128.4 (ArCH), 128.6 (ArCH), 128.7 (ArCH), 129.1 (ArCH), 129.4 (ArCH),
129.5 (ArCH), 130.6 (ArCH), 131.0 (quaternary ArC), 131.2 (quaternary ArC), 131.5 (quaternary ArC), 132.6 (ArCH),
132.8 (ArCH), 133.7 (quaternary ArC), 134.0 (quaternary ArC), 134.6 (ArCH), 135.5 (quaternary ArC), 136.0 (quaternary
ArC), 140.9 (quaternary ArC), 165.2, 173.2, 174.3 (CN and 2 x CO). LRMS (ESI, positive mode) m/z found 732.4 [M +
H]*. HRMS calcd for C43H33CINsNiOs [M + H]* 732.1564, found 732.1572.

Synthesis of (S)(2R,3S)-8 in large scale

To a solution of a diastereomeric mixture of the Ni(ll) complexes (53.0 g, 65.1 mmol, 40.8 % de) in THF (1060 mL,
degassed by brief ultrasonication for 5 min) was added dropwise a 2 M sodium tert-butoxide solution in THF (48.8 mL,
97.6 mmol) at 0 °C and the whole was stirred at the same temperature. Water (500 mL) and CH,Cl, (500 mL) were added
to the reaction mixture and the whole was stirred for 30 mim, then the organic phase was separated. The aqueous phase
was extracted with CH>Cl; (2 x 500 mL) and the combined organic phase was dried with Na;SO4 (270 g) and concentrated.
The crude solid (51.5 g, 94.2 % de) was suspended in ethyl acetate (250 mL) for 2 h and the resulting slurry was filtered
and washed with cold ethyl acetate (100 mL) to give (S) (2R,3S)-8 (43.0 g, 90.0 %) as a virtually single sterecisomer
(99.5 % de).

Synthesis of (1R,2S)-11, method A: direct Boc-protection of intermediate (1R,2S)-vinyl-ACCA without isolation

To a suspension of (S)(2R,3S)-8 (200 mg, 0.27 mmol) in methanol (6 mL) was added 1 N HCI (1.36 mL, 1.36 mmol) and
the whole was heated at 50 °C for 1 h. Upon disappearance of the starting complex, methanol evaporated in vacuo and
water (2 mL) and ethyl acetate (3 mL) were added to the residue, then the whole was stirred for 1 h. The aqueous phase
was separated, washed with ethyl acetate (2 x 3 mL), and concentrated to dryness. The residue was dissolved in water (1.4
mL) and acetone (0.7 mL) to which was added ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate (102 mg,
0.27 mmol) and the whole was basified to pH 13-14 with 30 % aqueous NaOH (0.18 mL, 1.36 mmol). To this solution
was added a solution of di-tert-butyl dicarbonate (66 mg, 0.30 mmol) in THF (0.7 mL) and stirred at rt for 16 h. Further
30 % aqueous NaOH (0.04 mL, 0.27 mmol) and di-tert-butyl dicarbonate (24 mg, 0.11 mmol) were added to the reaction
mixture, which was stirred at rt for additional 6 h. After evaporation of the organic solvents, the aqueous residue was
acidified with citric acid to pH 3-4, extracted with ethyl acetate (5 mL) and separated the organic phase. The aqueous phase
was further extracted with ethyl acetate (2 x 3 mL) and the combined organic phase was washed with brine (5 mL), dried
(NazSQy), and concentrated to give the crude (1R,2S)-12 (65 mg, quant.) as a pale yellow oil, whose optical purity was
determined to be 99.6 % ee by HPLC analysis under the following conditions: CHIRALPAK AD-H column (particle size
5 um, 250 x 4.6 mm i.d.); solvent system of 2-propanol and hexane (20:80) in 30 min, flow rate of 0.8 mL/min, 30 °C, and
wavelength of 220 nm, in which the desired product was eluted at a retention time (tg) of 11.9 min while its enantiomer at
6.2 min in a ratio of 99.8:0.2. A portion of crude (1R,2S)-12 (59 mg, 0.28 mmol) was dissolved in ethyl acetate (0.26 mL)
was then treated with DCHA (52 mg, 0.28 mmol) at rt for 20 h. The reaction mixture was cooled to 0 °C and stirred for 1
h at the same temperature, resulting in the precipitate of DCHA salt which was collected by filtration, washed with ethyl
acetate (0.26 mL), and dried in vacuo at rt to afford (1R,2S)-11 (68 mg, 61 %) as a white crystal (for characterization, vide

infra), whose enantiomeric purity was determined to be 99.8 % ee by HPLC analysis under the same conditions described
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above for the crude product. On the other hand, the combined organic phase was washed successively with water (2 x 3
mL), 4 % ammonium hydroxide (5 mL), and brine (5 mL), dried (Na;SQ.), and concentrated to afford the recovered (S)-5
(144 mg, 93 %).

Synthesis of (1R,2S)-11, method B: via isolation of (1R,2S)-vinyl-ACCA using ion-exchange resin

To a suspension of (S)(2R,3S)-8 (32.0 g, 43.7 mmol) in methanol (960 mL) was added 1 N HCI (218.5 mL, 219 mmol) and
the whole was heated at 50 °C for 1 h. Upon disappearance of the starting complex, methanol evaporated in vacuo and
water (300 mL) and ethyl acetate (300 mL) were added to the residue, then the whole was stirred for 1 h. The aqueous
phase was separated, washed with ethyl acetate (200 mL), and concentrated to dryness. The residual solid was dissolved
in a mixture of water (200 mL), 6 N HCI (7 mL) and methanol (50 mL) and loaded onto a cation-exchange resin column
using DIAION SK1B (Mitsubishi Chemical Co., 200 mL). The column was first washed with de-ionized water until neutral
and eluted with 2 % ammonium hydroxide (800 mL) followed by 4 % ammonium hydroxide (1400 mL) to elute the desired
amino acid. The aqueous solution obtained was evaporated to afford (1R,2S)-vinyl-ACCA* (4.47 g, 81 %). 'H-NMR [200
MHz, CDsODCDCl; (20:1)]: 6 1.38 (1H, dd, J = 10.3, 5.9 Hz), 1.59 (1H, dd, J = 7.5, 5.9 Hz), 1.96-2.11 (1H, m), 5.05 (1H,
dd, J=10.4,1.7 Hz), 5.24 (1H, dd, J = 17.3, 1.7 Hz), 5.96 (1H, ddd, J = 17.3, 10.4, 9.2 Hz). On the other hand, (S)-5 (23.0
0, 93 %) was recovered according to the same procedure described above.

(1R,2S)-Vinyl-ACCA (4.47 g, 35.2 mmol) thus obtained was dissolved in water (100 ml) and acetone (100 mL) to which
were added di-tert-butyl dicarbonate (8.40 g, 38.5 mmol) and triethylamine (3.90 g, 38.5 mmol) at rt and the whole was
stirred for 15 h. Another portion of di-tertbutyl dicarbonate (3.80 g, 17.5 mmol) and triethylamine (1.80 g, 17.6 mmol) was
added to the reaction mixture which was stirred for 5 h. The reaction mixture was concentrated to 100 mL or less, acidified
with citric acid to pH 2, and extracted with ethyl acetate (3 x 100 mL). The combined organic phase was washed with
water (100 mL) and brine (100 mL), dried (Na2SQa), and concentrated to give the crude (1R,25)-12 (8.60 g, quant.) as a
pale yellow oil, a solution of which in ethyl acetate (34 mL) was then treated with DCHA (6.40 g, 35.2 mmol) at rt for 20
h. The reaction mixture was cooled to 0 °C and stirred for 1 h at the same temperature, resulting in the precipitate of DCHA
salt which was collected by filtration, washed with ethyl acetate (34 mL), and dried in vacuo at rt to afford (1R,2S)-11 (11.5
g, 80 % for two steps) as a white crystal. mp 178 °C (dec.) (ethyl acetate). [¢]o® = —11 (c = 0.076, MeOH). *H-NMR (200
MHz, CD;0D): 6 1.10-1.49 (10H, m), 1.43 (9H, s, MesC), 1.61-2.16 (13H, m), 3.06-3.22 (2H, m, 2 x CHN), 4.92 (1H,
dd, J=10.3, 2.2 Hz), 5.15 (1H, dd, J = 17.3, 2.2 Hz), 5.88 (1H, ddd, J = 17.3, 10.3, 9.8 Hz). 3C-NMR (50.3 MHz, CDs0D):
§23.1 (3-CHy), 25.7 (CH, of DCHA), 26.3 (CH. of DCHA), 29.0 (MesC), 30.7 (CH2 of DCHA), 33.4 (2-CH), 44.0 (1-C,
quaternary), 54.4 (CH of DCHA), 80.0 (MesC), 115.3 (CH=CHy), 138.4 (CH=CH,), 158.1 (CON), 177.5 (COH). HRMS
calcd for C11H17NNaO4 [M + Na]* 250.1050, found 250.1055.

Synthesis of (1R,2S)-12

To a suspension of (1R,2S)-11 (500 mg, 1.22 mmol) in ethyl acetate (5 mL) was added aqueous 5 % acetic acid (5 mL) at
0 °C and the mixture was stirred at the same temperature for 30 min. The organic phase was separated. The aqueous phase
was extracted with ethyl acetate (2 x 5 mL) and the combined organic phase was washed with water (2 x 5 mL), dried
(NazS04), and concentrated to give (1R,2S)-12 (277 mg, 99.5 %) as a pale yellow oil. The *H-NMR data were identical

with those of an authentic sample [(1S,2R)-isomer, corresponding to the enantiomer of the obtained product (1R,2S)-12]
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purchased from Sigma-Aldrich (Product No. CDS019348-100MG). The enantiomeric purity was determined to be 99.6 %
ee by HPLC analysis under the following conditions: CHIRALPAK AD-H column (particle size 5 um, 250 x 4.6 mmi.d.);
solvent system of 2-propanol and hexane (20:80) in 30 min, flow rate of 0.8 mL/min, 30 °C, and wavelength of 220 nm,
in which the desired product was eluted at a retention time (tg) of 11.5 min while its enantiomer at 6.1 min in a ratio of
99.8:0.2, respectively. [¢]o® = + 21.6 (¢ = 1.00, methanol). *H-NMR (200 MHz, CDCls, 75:25 ratio of rotamers): ¢ 1.24
(1H, dd, J = 9.3, 4.9 Hz, one of 3-Hy), 1.37 (9H, s, MesC), 1.44-1.58 (1H, m, one of 3-H,), 2.05 (1H, dt, J = 10.3, 9.3 Hz,
2-H), 5.04 (1H, dd, J = 10.3, 2.2 Hz), 5.22 (1H, dd, J = 17.0, 2.2 Hz), 5.68 (1H, dt, J = 17.0, 10.3 Hz), 7.22 (0.25H, br s),
7.57 (0.75H, br s), 12.47 (1H, br s). ®°C-NMR (50.3 MHz, CDCls, 75:25 ratio of rotamers): ¢ 22.5 (3-CH; for major
rotamer), 22.9 (3-CH, for minor rotamer), 28.2 (MesC), 32.5 (2-CH for major rotamer), 33.8 (2-CH for minor rotamer),
40.6 (1-C, quaternary), 78.0 (MesC), 116.8 (CH=CHy), 135.0 (CH=CHy), 155.5 (CON), 172.5 (COzH for major rotamer),
172.7 (CO2H for minor rotamer).

Synthesis of (1R,2S)-13

To asolution of (1R,2S)-12 (258 mg, 1.14 mmol) in methanol (2.9 mL) and toluene (11.6 mL) was added a 0.6 M solution
of trimethylsilyldiazomethane in hexane (2.77 mL, 1.66 mmol) at rt and the mixture was stirred for 30 min. After work up
with acetic acid, the whole was concentrated to give the crude product, which was chromatographed on silica gel
(hexane/ethyl acetate =10/1) affording methyl (1R,2S)-13 (253 mg, 92 %) as a colorless oil, whose NMR data matched
those previously reported*® and absolute stereochemistry and optical purity was determined to be 99.2 % ee by HPLC
analysis under the following conditions: CHIRALCEL OJ-H column (particle size 5 um, 250 x 4.6 mm i.d.); solvent system
of 1 % ethanol in hexane in 30 min, flow rate of 0.75 mL/min, 25 °C, and wavelength of 200 nm, in which the (1R,2S)-
isomer was eluted at a retention time (tr) of 16.4 min while the (1S,2R)-isomer at 18.3 min in a ratio of 99.6:0.4, respectively.
An authentic sample of (1R,2S)-13 was purchased from Sigma—Aldrich (Product No. ANV00168-1G), whereas an
authentic sample of the (1S,2R)-isomer was prepared by esterification of the corresponding carboxylic acid purchased from
Sigma-Aldrich (Product No. CDS019348-100MG) using the same procedure (TMSCHN,). [a]o® = + 43.9 (c = 1.02,
methanol) [lit. (Beaulieu et al.*®®) [o]p®®> = +42.8 (c = 1.00, methanol)]. *H-NMR(200 MHz, DMSO-dg, 81:19 ratio of
rotamers): ¢ 1.30 (1H, dd, J = 9.5, 5.0 Hz, one of 3-H), 1.35 (0.19 x 9H, s, MesC for minor rotamer), 1.37 (0.81 x 9H, s,
MesC for major rotamer), 1.57 (1H, dd, J = 7.6, 5.0 Hz, one of 3-H,), 2.11 (1H, td, J = 9.5, 7.6 Hz, 2-H), 3.60 (0.81 x 3H,
s, OMe for major rotamer), 3.62 (0.19 x 3H, s, OMe for minor rotamer), 5.07 (1H, dd, J =10.2, 2.0 Hz), 5.23 (1H, dd, J =
17.2,2.0 Hz), 5.62 (1H, ddd, J = 17.2, 10.2, 9.5 Hz), 7.34 (0.19H, br s, NH for minor rotamer), 7.68 (0.81H, br s, NH for
major rotamer). 3C-NMR (50.3 MHz, DMSOds, 81:19 ratio of rotamers): ¢ 22.7 (3-CH2 for major rotamer), 23.1 (3-CH,
for minor rotamer), 28.1 (MesC), 32.7 (2-CH for major rotamer), 33.9 (2-CH for minor rotamer), 40.2 (1-C, quaternary),
51.9 (OMe), 78.2 (Me3C), 117.3 (CH=CH; for minor rotamer), 117.4 (CH=CH; for major rotamer), 134.3 (CH=CHy,),
155.2 (CON for minor rotamer), 155.5 (CON for major rotamer), 171.1 (CO,Me).
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