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Development of a Synthetic Route to
Camptothecin and its Analogues
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APCI  atmospheric-pressure chemical ionization
aq aqueous

Ar aryl

Bn benzyl

Boc tert-butoxycarbonyl
Bu butyl

c cyclo

calcd calculated

cat catalyst

Cbz carbobenzyloxy
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

de diastereomeric excess
ee enantiomeric excess

eq equivalent

Et ethyl

ESI electrospray ionization
FAB fast atom bombardment
h hour(s)

HRMS  high-resolution mass spectroscopy
HPLC  high-performance liquid chromatography
i iso

IR infrared

Me methyl

min minute(s)

mp melting point

MS molecular sieves

m meta

m/z mass to chage rate

n normal

NMR  nuclear magnetic resonance
0 ortho

)% para

Ph phenyl

Pr propyl

py pyridine

rt room temperature

SAR structure-activity relationship
sat saturated

t tertiary

TFA trifluoroacetic acid

THF tetrahydrofuran
TMS trimethylsilyl
Ts para-toluenesulfonyl



B &R

HE HEER
Jo] BB eecceveereneettennttttiutttittttettttiitttittittiiinttennens 1
122 o T R TS s teeeennnnaeesseeesensnssasesesessnsnnssssesennnnnansns 2
1-3 KB S RT L R T-2513ccecereesesetatacensasacaesnsns 4
1-4 7 )—FI12kD CPT. BETN CPT FHEIRDAFR - covrevreerencsncsnns 6
1-4-1 CPT 750Dl fiieseeveeseeoeetossnsetsssnetsssnnctssnnncssnnns 6
1-4-2 CPT. BL 1} CPT BB R R H v cervrrrvereeerescsntcenncanns 7
1-4-2-1 CPT FFEZDRESC e e et iittieeeennntnnnecencceeens 7
1-4-2-2 CPT@CZO{LT% %‘30)1:% ................................ 9
1-4-2-2-1 REMBIEZ VTS RIEIRAVE RE T A e veereeeeneenn. 9
(i) ¥V a -TRTATAA~DIT AT LA IR 1,2-( NG+ -9

(i) F¥T/V o -TINAFLTAT LDV T AT L ATER T L% AL

I e eeesoeaesosassosessosassosessosnsssssssssnnsssnnss 10

1-4-2-2-0 FlBHAG RO A LA s o oo esevsosanssssnssssnsansssansns 11
1-4-2-2-3 A AR FES T IS U LA e o evensessnsessasanssssnsansnsas 13
B R - = 13

(1) FINTIEDTINIERMIT L DA AT E oo vevenrerencecen. 13

(i) BEEA NI Bl e e eeee et 14

1-4-2-2-5 B IC L ATETIFI L e e eeeeeeeeeneeetenninicccnnnecenns 15
1-4-2-2-6 NFFERTIZE A e esvsesesaransnsesecacansnssaseaanannns 16

15 ATFZE0D B HGL TGS e v erevrerontessesscsatsnsatsnsscsnssnsacansns 17

WoE KM SN U EEEM T-2513 O EFAE RED B %
2-1 %g ........................................................... 19

-ii-



222 éﬁk%‘l‘@l‘ ....................................................... 19

2-3 yj?z%vj—i%m%ial}y{to)ﬁﬁ% ................................. 23
2-4 T-2513 (5) @éﬁk ................................................ 27
P~ R R R R R R 31

BIE 7DV UL TR R CPT S EE T RHE DAY

FEH
3] BB S ceevcrerentennnttonuttiitttiiitttiiittiiitttiitttiiiatianns 39
3-2 IT7 =0 -UVT e OTC RO ARE o -EF e ALOBRSE - -0 38
3-3 BEEIRT o -ER R S AL OB T I e ervererrerenncsnneens 453
3-4 FHEEVER BB N ER I YEDMRE s eerereercsceccscencennns 44
35 FETE e coeetoeetoetttetttttcotttontatsettsettstectttesttosntonntos 47
BEATE  JEBe v evocnreetnttatnatataetietetietatnatneennn 48
BB DI e e e e errenencttottttttttittttttiittttetinettonns 50
B R o cecerec et tecttttttiitticccittttttettteostonns 97
S 104

-



F1E
1-1 385

F 7L E WO EIELBFR IR T, LR B RO A Z TG T 5281,
HERRE THD, TOH—OBHIT, (LAY OBEG BRI T EHIEH | Y
e, bLUTHEET R 7 AV BRI D00 ThD, 2T, OER T2/ E
WSR2 8 DAERNS FIEF T ThDT0 AL B OEEBR BIER TF—7 vy +
EDOMANEMNCEZRE PN ETLZLIZIESRIEND, OB EL T, AR ORE
W ETARDEHKIN ST HND, thalidomide HEEFEFIFAZI, 2T EIRTHE
AR FERSND L1720, FDA (Food and Drug Administration, >K[E £
A EIRAJR) 23, T EIREBRR TG A IIX M SR R IR OIKIEER | Btk 3K
WyEh e & ORBE R A RO DI oT, DY, i O8GRI ROBI R D J7
B, TR L CTHEBICEE R T — 2 3 B0 T 28Il /2b, ZOIHIT, B
A OBHIITIHN T, HOFHG BRIEROEARHIZ, BHERY, 2 DB AMYICEH
FRFRE ThH D, LT, EFMEMEE O A IR FFH OBRENIAED
TRE,

PRI T LV aARThLH I T RT3 v (CPT, DML, BN HiEETE AR
FTIENDEE DO ILEWEL THEH I TS, CPT FHEEOBRICIHITD
HEEREO— DX, IEERIUCME R C20 NMAKIREDOHEEIZHD, ZIETIC
Bfx 72 CPT C20 NiARF IRFMEGUED R E SIVTNDD IR SEAGEIRME 35
DA, b LIRSS F I SEOR N DT, 22T, FEH T CPT FHE(k
DRIV G RIEDRENLZ B BN, $EAT 7 ThD C20 NAF IR R OIS LB
I HIEELT,



1-2 BT

AT T (CPT, 1)id, 1966 -, M. E. Wall HIZXK> THIEJEZEDHEY)
Camptotheca acuminata (X~IAXFOEAR, B#) NOHBESNIZT LV IaARTh
B, CPT 13, S /U705 E BRET 7 b ECTOLBRNSRLETGE /T2 AR
A=V T I IIaARIZ SV, EBRT 7R R0 C20 i, S-BLiE D 3 koK i
AL TS (Scheme 1-1), £7=. CPT OWHEYLFAAFEEL T, KIEME MR T
N2 & B 0 FHF 2V RO IEMEPMRN =12, R % OFLIE & /KT
MIEATE R LR EDR T IS, CPT X, vV ABL T v O EBR AL R
X UBAZE 2 HUBSHE M 2R3 2L b A 228D | 1970 FAHTH-TI, REE N
FZEHT (NCDIZEOTEEERIESS . B L OAT ) —~ &5t G L LT B R 3 i S
Nz, ZOES, CPT D#EKEEMZUEETLFEEL T, E BT 7 2Kk TR
T DX VBHBR L7 KIAMED Na Hi 2 (Scheme 1-1)23MEERIKE L CTHWSILTZ, LavL,
R FRBR Tl BiFF SIS RGO T Bl L ERE . HD0
(L ERE AR 22 & O B AR RIE 38 BLL 727201 CPT (BRI H kS,
1966 F- I HEE N DN E72 > TLLK, CPT D2 & e L3RI, FHEMRILAFZE 1

ZATONIZN, ER LIRS LA DO BASII R 2 b 7o,

camptothecin (1) 2

Scheme 1-1. Structures of camptothecin (1) and its water-soluble sodium salt 2.
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P S A O R TR BLE BRI ISP IC EA LT a2 enb Filfs
PR DOAE LRI —T My FeBE 2 BND, CPT X, MRIEER ORI EmEL
THWERZED | RO UEEZ SR UICF SR LA 7E 3G AT o2 e
Lo 7=B), REYETH MR BIRFZE O#E Je. C20 70D S-FifE 3 Mok s 5T E 552
FABR, BEO D BEURCERHURSHEERBUIMNATHHZ L, £, CT. C9,
C10, HLLIE Cl11 fL~DOEHILE ALY | (G R LR R E L B2 TR DT 8N
B2 5721 (Figure 1-1), 2N ETICEEOKENE CPT B AN A S, T
RIS A ST S UG B irinotecan (3)!), F8L X topotecan (4)*173, [E#H L L
THRISHSNAIZE->TWS (Figure 1-2),

Et, CH,OCOR %

/AO%>, OH, OMe, NH,
AR EMRRICKIE

a4 OH, OMe, NH,
EEREE
N-oxide
EEE ATy
EMEHK

Figure 1-1. SAR of camptothecin derivatives.

irinotecan (3) topotecan (4)

Figure 1-2. Structures of irinotecan (3) and topotecan (4).



1-3 KB T T 3B T-2513 (5)

T-2513 (5) (Figure 1-3) 1%, HIAREE (- 1D = ZE53E) OWFFE7 L — 7 D3 F| 8
L7= /KM CPT #ER CTHY, CTALIZ=TIVEE, C10 MLIZAKRHERISE THDH 1-73
7NN IEER LD, T-2513 (5)i%. Walker-256 carcinoma FAHET v MZ
*F1LC irinotecan (3). topotecan (4)E[RIFEEDHUEEhEEZ/RT, IHIZ, @y 18
AR T-0128 (6) (Figure 1-3)~iFE T HZ LD, #ReD TRV RIR I DIERITAK
HLTW5 (Table 1-1),

T-0128 (6) 1L, WIVRF L AF LT XANT L (B ¥ 7)., NITU o (R
FRAN—=H—)  BEIOQ T-2513 5) HFUERGLAEY) B5T7INFEE LT L CHERSLE
fEE AL TWD, FETEn i, PR vk EEE o m EN R s
TO T-2513 (5)D i BIL ORI RN R OBE 2 FH | R HE RO R 22 7%
Razh AR L TNDHEB 2 HID,

PLEDIHIZ, T-2513 B)iFvUEGEEILAMEL TN a7 7 ANVER T 5,
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T-2513 (5)

H
CO—Gly-Gly-Gly —N._~_0

COONa orH

n

T-0128 (6)
MW = 130 kDa
Content of T-2513 = 4~5%

Figure 1-3. Structures of T-2513 (5) and T-0128 (6).

Table 1-1. Therapeutic index of CPT derivatives 3, 4, 5, and 6 in rats bearing Walker-256 carcinoma.

Drug EDso (mg/kg) MTD (mg/kg)™ Therapeutic index!™
irinotecan (3) 57 80 1.4
topotecan (4) 5.4 25 4.6

T-2513 (5) 23 60 2.6
T-0128 (6) 2.3 100! 43

[a] MTD was determined using healthy SD rats; [b] Therapeutic index was determined by dividing
MTD by EDsy; [c] The dose of T-0128 (6) expressed as a dose equivalent to T-2513 (5).
MTD: maximum tolerated dose (& KM &)



1-4 7 NV—1283 CPT, BEV CPT HEED AR

CPT DR MEERAE G, RS L FAICHBRIRN S — 7y N THHTEND,
HETIZEEAR A SR ES N TR DUz AISRRFZED FCHRICHE
R A IEIZDOWT, ZORHEEEED D,

1-4-1 CPT >HD¥AHR

= 3 5h & LT S AU T drinotecan (3), 354U topotecan (4)1., Nothapodytes
foetida (7m%2%HZSR7HFIRF) B HitEng CPT)LY EA RSN TG
(Schemes 1-2 and 1-3), A B DK OF]RIE, fe/NEOILFZEHIZLY irinotecan
(3). BED topotecan (4)~EFFETXHIETHD, —F ., MBESAEL T, FEo 2
YIXF DHEIRSERFE T E S QDAL Fi2, AT RIBE R L P A R E
B THLRNBHTOND, ZNOEERETDHE, ZhEZ CPT i8R~ G RUE T,
INORNRAYIR A LD BT TKIRE L TR EMEN TN EEZBID,

irinotecan (3)D A i/ —% Scheme 1-2 (RL7=D CPT () AFV T
(Z=F LAk T-ethylcamptothecin (7)%15%, 7 % N-oxide 8 ~EE{bL7=1%. 1,
4-dioxane M THE M I F FICEm E KB THBRRH T 2281280
7-ethyl-10-hydroxycamptothecin (SN-38, 9)& 155, IR\NT, 9 D7 =/ — /LK IR AL
% 10 [ZE0 DN IREANALTHIEIZLY irinotecan (3)&1GFHZLNTES,

¥7-. Schemel-3 |Z/%. topotecan (4)D & /L —hERLEM CPT ()%
AcOH/DMSO H'C PY/C filtfif N IZfefiliz e L, 7 F7eR el 11 % 2 fifE O SR IRR
AEWELTHED, 11 2 AcOH/H,0 H T PhI(OAc), CTE{L T HZ&i2kD
10-hydroxycamptothecin (12)~E 35575, IkVVT, 12 & CH,0/Me,NH 2 VT

AFINT 2 AF AL LT topotecan (4) & 1552 LN TED,



camptothecin (1)

hv HO
1,4-dioxane

—_—

H,SO,

pyridine

80%

49%

Scheme 1-2. Semisythesis of irinotecan (3) from CPT (1).

H2, Pt/C Phl(OAC)2
N —— ——
DMSO/ACOH AcOH/H,0
88-90% 91%
camptothecin (1) CH,O0 [ 12R=H
Me,NH
62%

—» 4R= -CH2NM62
Scheme 1-3. Semisythesis of topotecan (4) from CPT (1).

1-4-2 CPT BXU CPT FHEADLARR
1-4-2-1 CPT RHEORESE

CPT @ AB BREEISEARIL, HUBRSHEMEIERE KA EOWFIZHET 52
EDD (Fig 1-1 ZHR) | #2<D AB BREAfi CPT FH8 AN M E I TWD, ZiIvH D
FE AR ST DR ERZR CPT B R EEEIEAY, Friedlander #fi4 3£,

Comins ¥E', 1O Curran & 3 Fi¥ETHS (Scheme 1-4),
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Friedlander condensation approach

R2 RS (@]
1
R o N | 0 p-TsOH
+ ~ 20
NH, J N OHO toluene, reflux
|
13 (S)-14
Comins' approach
R?2 R®
1
P ¥ “~ 20
NI | o’
15 (S)-16
R?2 RS o)
1
KOtBu R\@\/%(\N o EdO(SAch
- _ « M 20 ¢ A
N e 350 DMF, 90 °C
DME | OH R2
1
¥ QL
Curran's approach 21 NC
(Me3Sn),
% o hv, benzene
P Br HN (0] NaH N o]
- / ) - T e - /\/@ B
| 9] LiBr I o
|\ OH |\ OH
18 (S)-19 20

Scheme 1-4. Construction of the CPT ring system.

Friedlander g & 1515, ZBRM7 b (S)-14 ET73 7 13 LEFRMESA: T CTHe A
FTHZLIZEY | RAEBERET CPT O B BRAMEGLT 57 7' v —F Thd, Comins 141,
MABRE VR 758K (Comins HEIA, (S)-16) D N-7 L /LALICEDELND 17 %,
531 Heck SUBIZATL, Be#& BB CPT @ C BREWE S 57 7 u—F Thd, £
72, Curran {513, I—RNEHAEERE VR FE R (Curran FRK, (5)-19) &2 N-7 12X
XL T 20 LT, TUV— AV =RV 21 LTV VB LEITHOZEIZED, B-C
BE SR TL7 70 —F ThhH, T o FikL, RGN TR (S)-14,



(8)-16. HLLIL(S)-19 12X L T, A~BHE & 53 DUURAVZR B BIE THDT-0 | Zh
HIIZ AB BRIEf CPT S8R Z BT DI LN TED,

1-4-2-2 CPT D C20 (U RFERFEDHEE

CPT O C20 (L RF IR FEOHEGIEIL, T 6 FEO FIEICDETHIENTED,
Thebh AFMBIEE AV RRIE EIE A RF VA — U, RFTT
JERVAL, HF0E] BERICLDIERFR L, BLOARFER X AL THD, DL T
[ZENENDTTIEORHEE DD,

1-4-2-2-1 REMBEZAWLERIRFEREEA
() ¥V T RTRATIADTT AT LATRA 1,2-(IN

Comins HI%, F 7L 7m~FH ) — ()26 % RF A EICH W= F A
(S)-16 DNLARRINF A R A E L TD, I—R{K 23 %-78 °C DIKIRIZ T N -
VFU LM S FT)V o - T RTAT IV 24 YT AT LA R 1,2 S5
ZLITRY 25 BT Do IRWNT, 25 DR X —AkEF 7 AbZ1TV Y Comins H!

HIEE (5)-16 (63%, 93% ce)~LFFHLTL S (Scheme 1-5)'Y,

5 ' \ COOR*
N steps Ny Np 1. nBuLi, THF, -78 °C Lio"
| P — | _ ) > X O
N~ ~OMe N~ "0 2. 0] |
22 23

R*
2
S 5
24
o)
HCI HN (¢}

E— g I Me_Me
iProH SSorP HOQ, L@
(one pot) | ens O
(5)-16

63%, 93% ee (-)-26
(after recrystallization from MeOH)

Scheme 1-5. Diastereoselective synthesis of Comins’ intermediate ((S)-16) by using (-)-26 as a chiral
auxiliary.



— 7. Peters 51, (-)-8-phenylmenthol (30)% R~ F BN IS VW2 &R EIT> T
%o TV -7 hEAT L 27 [ZXL T Grignard 3K 28 %-78 °C DIKIRIZTY T A
TUATRIRANZ 1,2-FH NS, 7ba—/L 29 (100%., 90% de)& 15TV 5, SHIZ, 29

% 6 LFET Comins RIE (S)-16 ~EFHEL TS (Scheme 1-6)1%,

O
M Br 65teps
g N0
\)kr( . . - .
THF, -78 °C COOR | oH
27 (S)-16
100%, 90% de
HO Me e
R**OH =
Me

(-)-8-phenylmenthol (30)

Scheme 1-6. Diastereoselective synthesis of Comins’ intermediate ((S)-16) by using (-)-30 as a chiral
auxiliary.

(i) ¥T/V o -TIINAFLTATILODT AT L AR T L% ARG
Tagawa B, (R)-N-Ts-proline (33a)% RE BN ZEIZH - 31a DU T AT L 48
R F ALIZED 32a (99%. 64% de)& 15T\ D, 32a % FHfl Al IC LV Sl E

100%E L7214, 6 TR T8I RA(S)-14 ~EFFELTUW% (Scheme 1-7)1

CN CN
o Osters N Etl, NaH N
)J\ > X COOEt W» =~ . COOEt
(0] O N
k/o [o) (0] ’ k/o | O\(O
31a 32a

99%, 64% de
0 [ R**-COOH = ]

6 steps N l ¢} D
— SN0 Hooc” N
0 | OH o:ﬁ Me

(0]
(S)-14 L (R)-N-Ts-proline (33a)

Scheme 1-7. Diastereoselective synthesis of tricyclic ketone (S)-14 by using N-Ts-(R)-proline (33a)
as a chiral auxiliary.

-10-



ARENGEDRFRD—21F, MUGIEEZ-10 °C, LT 60 °C 1L Th=F /DT
RIBPPENZEL RV RIZH D, EORHIL, 31 NOARKT LT /T —R)s, BEEAR
AT A A= ar BRSO TNDTeHEZ ZHIVTND, ZOLHIZ, Tagawa IEIL, BE
(CSOSIRFEZHIBEIL 72K Th B HIE T ARRIMEZ KB TE D LV R A Ff
DTEND, REAMICHEA LA WERIEEE BN,

1-4-2-2-2 IR EF A —Ak

Fang 513, 2-methoxypyridine (22)/°5 6 TR CTHERLIZERIR= /— /L =—TF /L 34
EAER AR A — RIS L, ~IT X —L 35 LTtk b T A EICE DT
R 36 % 94% ee THUFL TWD, K\ T, 77h 36 DEATF /LALZEATV, Comins

E]JFEﬁ{z'_( (S)-16 ’\kf?j'%%{/"(b A (Scheme 1_8)[20]0

OMe (DHQD),*PYR OMe

6 steps K,0s0,(OH),
X 2 2 4
| _ — NI N (0] - NI N O
N~ ~OMe ’ NF KsFe(CN)g Z N YOH
K2CO3, MeSOZNHZ N

OH
1:1 tBUuOH:H,O |

22 34
(0]
b CaCOg N N 1NI40I HN | o
crystalllzatlon = (0]
|\\ OH
36 (S)-16
94% ee 74%

Scheme 1-8. Synthesis of Comins’ intermediate ((S)-16) by using catalytic asymmetric dihydroxylation.

Curran Hli, Bk /—/L o —F )L 38 ORI R A4 — A bimkic ko, 7
TR 40 % 85%INZE, 94% ee T TCW\D, SHIZ, F70 40 % 2 T2 C Curran H [

5 (S)-19 ~EFFEELTU% (Scheme 1-9)17]
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OMe (DHQD),*PYR
SN 8 steps 0sO
| — NI N (0] 4 -
— . >
Br”~ "N~ “OMe ™S NG K3Fe(CN)g
K2CO3, MeSOZNHZ
37 38 1:1 tBuOH:H,0
(0]
2 steps
» HN | O
— =~
|
| OH
40 (S)-19

85%, 94% ee

Scheme 1-9. Synthesis of Curran’s intermediate ((S)-19) by using catalytic asymmetric dihydroxylation.

Jew BT, TR 5 14 TR TERKRLEERIRT ) —/Lo—F /L 41 O AR T
A= IAIZ IO AAITBZ—IL 42 & 80%INER, 84% ee THUEL TW\D, FD% 2

THET, ZBRIETFA(S)-14 ~EFEHL TS (Scheme 1-10)21,

o)
(DHQD),*PYR
o 14steps K,0s0,(OH), N |
)J\ —>_> > = ;
K3Fe(CN)6 O o) \\“. OH o OH
K,CO3, MeSO,NH, L,
1:1 tBuOH:H,0 (S)-14
41 42

80%, 84% ee

Scheme 1-10. Synthesis of tricyclic ketone (S)-14 by using catalytic asymmetric dihydroxylation.
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1-4-2-2-3 fEERIARZF T T /UL
Shibasaki 53 D-glucose FH DX Z /LU TR 45 & Sm % Ve, 7R 43 O fihlit
BIRFES T I UNAIZED S T 1K 44 & 91%ILER . 90% ee THDZEITRINL T

%o ED% . 44 75 3 TFET Curran AR (S)-19 ~EFFHEL TS (Scheme

2
1-1D)2,
OMe
8 steps OMe TMSCN
| N N“X"NOTBS Sm(OiPr); NI Xy ToTBS
— — | > = CN
Br™ 'N” "OMe ™S = 45,40 °C TMS S
5 CH3CH,CN-CH,CN | OTBS
37 43
44
- 91%, 90% ee
Me

Scheme 1-11. Synthesis of Curran’s intermediate ((S)-19) by using catalytic asymmetric cyanosilylation.

1-4-2-2-4 FZE5E
(1) FTNLTILEDTIRERIZL DL/ 5 E

Wani 5%, TEIUR(E)-46 EXTNLT IV 47 EnD, OT AT LA BRMEROT IR 48
BRO 49 2L TS, FTEOHICEZ AT 57N 48 2 2 TRT =&MW
214 ~EFFEL TS (Scheme 1-12), £z, Wani 513 49 2D E L72(R)-14 % [
WTIERIRTL D (20R)-CPT Z AL T\ 5, KIREL(205)-CPT (1) &I KIRA
(20R)-CPT (ZOVNT, FE Ml (OKB, bRELIHEE RS ; 9PS, ~ 7 A [ ML) (2 %f
T DR R e U7 B RIRHL(20S)-CPT (1)23 10 235 100 fi5FREE @bt
THHZEEHLNITLTNE,
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(0]
N | (0]
Yo
(S)-14
o 14 steps

A=

(R}-14

Scheme 1-12. Resolution of (+)-46 by the separation of diastereomeric amide derivatives 48 and 49.

(i) BEEA VT2 4y

Imura HIE, 7 EIRE)-46 D 3 KIEIEELT B F WAL LT-(3)-50 ZIEIZHWT
papain (ZRDEER AL T EIZAT > TD, PO SIIRELE 2 A 3 5(5)-50 7>
52 TRETEERMETNAS)-14 21FHZENTED, — )5, FERTHH(R)-46 13, 3
THE 70%NETTEIR 46 ~EEHL BRHTHZENAHETHS (Scheme

1-13)24,

O O
Ac,0 | o) 2 steps N | o
(£)-46 ——> =~ o _,’ =~ o
DMAP | OAC o | OH
4 (S)-50 (S)-14

50%, 99 %ee

70% (3 steps)

(R)-46
49%, 98 %ee

Scheme 1-13. Papain-catalyzed resolution of ()-50.
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F7-. Henegar HI citrazinic acid (51)2°5 11 TR THRRLIZ T A —/1()-52 DE%
FHPEF AW L QD FTEOM SRR E 2 H 3 5(5)-52 725 6 LFET=
BRMETRA(S)-14 2155 LN TED, — 7, REARTHH(R)-53 13, 4 LTIz 83%ILHE
T()-52 ~EZEHL | HAIHTHIENFARETH D, RiEZHWT 30 kg A7 —/LD

KEEHATHATOS (Scheme 1-14)7,

OH fo)
COOH OH )J\
11 steps OAC N

B

| e | oBn "~ Of g
— — > 0 =

HO” >N~ “OH nPr N~ “OMe PS-30 lipase o) |
0 MTBE o)
51 (52 ()52 (o4

38%, >99% ee

83% (4 steps)

Scheme 1-14. Synthesis of tricyclic ketone (14) by using lipase-catalyzed resolution of (£)-52.

1-4-2-2-5 EERIZLDIERFL

FRIRDIZEIOIRIT, ARE RN 50%% E[EHZE0 72\, 20 R REZ fiEk
TH—DDHIEN, PG OIERI T TH D, Ciufolini BT, MY TAT /L
55 % pig liver esterase & JHVNTHIK M RET 2T LIZRD | F TV AR 56 % 90%
IR >98% ee TIHHIELITHIIL TVD, IRWNT, 56 & 2 TERTT /LT ER 57 ~&
ZEHAL | A-BERE2 =S8 LDFE A AR T, CPT DG E KL TV 5 (Scheme

1-15)1,
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2 steps COOMe _— COOMe 2 steps
COOMe \/{\ pig liver esterase - 1\
— —_— X —
COOMe (O COOMe (O COOH
OMe OMe
54 55 56
90%, >98 %ee
CHO 5 steps
. - camptothecin (1)
SISCONEt, —
(0]
OMe
57

Scheme 1-15. Synthesis of CPT (1) by using Ciufolini’s enzymatic desymmetrization approach.

1-4-2-2-6 RAFERFu¥1b
Chen HiX, 77by 60 DARFEREX ALERFIL, FTVAXTH IV 61a ZE
{EANZ WA Z EIZE ST, (5)-46 % 82%ULFE, 72% ee TH TV D (Scheme

1-16)27)

< O
= = o
KHMDS =& O g1a N\ |
e S8,.0
THF/CH,Cl,/HMPA K/O © OH
-78 °C
60 (S)-46

82%, 72% ee

Scheme 1-16. Asymmetric hydroxylation of 60 by using chiral oxaziridine 61 as an oxidant.
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1-5 AHHEOBEHLESR

AWFFEO HIE, PUiEEHEE L CH 72 CPT i8R D B3R M7 LR 7 A ik
ZEHFEL, ERICHET 22 L1cdh D,

02 BT, KIEME CPT #F8AK T-2513 (5)D FE YA REEDBRFIZ W TR~
Do FHHL. BIFEMTEIT 1T 2B FRREAmH Yo 7 v O e fibfa 2 B 8912, 720
KD TR — VA RA~OHE A ZA5E L TARIEDO KRG ZIT o724 3, Rk 32
DENLAREIR )G AR LTz, EBIT, ZORISEFERS W TR E S I
FATREZR 5§ OE AWM A RIEZfENL LT,

% Chiral-Auxiliary-Assisted Q oN
N CN diastereoselective N
20 coort Alkylation S I s)cookt
(0] > &
gj 0 gj | ©
o
Me Me Me Me OO
% =g/ R
OsgN® Oss-N
Ar Ar
31 32
HoN _~_©
—
—

o)
T-2513 (5) OH

Scheme 1-17. A key step for the synthesis of T-2513 (5).

%5 3 F T, CPT, LT CPT AR DFES Bl PRIIAR(S)-46 DRI AT & Ak
IZOWTCIRARD, FEH I T =0 - UL T 62 23, K 60 DRFER e Abofih
BLZE A CEAZEE AL, EBIZ, 62 ORfEE (LT 528128, A
(S)-46 DETT U FAEIRAE L Z R LTz, ABUSE, Zl TREIBATED
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WAL 2 DR BOGIREE I 0°C SiR7Z R, Ba Bl e i L2V mUckR
EHRLTEY, AT T FEEDOERRRICRESHBNT 55 2615,

2 3
R\N/R
NN NN
4~ ~"N \N Sp4
RNV R
© R' "yg RO
(@)
Guanidine-Urea bifunctional N o
organic catalyst 62 = . | ()
o oSS0
oxidant, base, solvent |\/O OH
60 (S)-46

camptothecin analogues

Scheme 1-18. Synthesis of a key intermediate (S)-46 using an asymmetric o-hydroxylation with
guanidine-urea bifunctional organocatalyst 62.
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F2E
KM 7TV R T-2513 OFEARAREDBRR
2-1 S

KM CPT #5384k T-2513 S)I, UG HE(L S MEL TEN T a7 7 AV E A
T5 (5 1 8 3H), HH L, BIROKIERABR, S ERERR, BLOR kiR %E
DTz DY TN E BN EFERD TEAT— VA~ 248
T, T-2513 (5)DEMHWIAE BIEDBRFIZEAT e Z L LT, MFZEICE F3DIhT
0, EFDRELICFEHANEGRIEOLESRMIT TR 3 HE THD,

® 7L ru~x T TT7 4 —kEMAE LB LR,

& HME RO mOERIEOME A R/ MRICEIZ HIL TS,

& IR OS2 USSR 2 L EE L7,

e

T-2513 (5) oH ©

Figure 2-1. Structure of T-2513 (5).

2-2 BELETHE

1 F42-1 (TELOT2I@Y, CPT AL DO RFA 7 15L L T, Friedlander #fi &
{%. Comins {%, 3L N Curran £33 & 40TV 5 (Schemes 1-4 and 2-1), FH (X, Z
NSO F195 Friedlander #i A 15% T-2513 (5)DFEMARIEISE@ A +52LE L1, ©
DIHELT 2 BEDHITHIENTED, 5 1 OFLHIL, BREBRMIEICHIT D4 CPT
B DE AT Friedlander i S EZF L TOTT2D | SOSOEIEMEC 1 AR D
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MEIZETAHAZAL T THD, 5 2 OBLHIXL, Friedlander g A {52 &
& RRIEL VE LU0 ThHhD, Comins 15, Curran £ TIEA K LEEOEMEICE
4> J@ i HE (PA(OAC),, MesSnSnMes)& V5723 | Fc#& H I ~E BN E AL,
THALDBRECRIBENET D REMEN & 573, Friedlander #iH1EIZIZZE DLELDS

AN

Friedlander condensation approach

Rz R?
R!
0]
(0]
NH,
Y T2 13 -
Yo
o |‘° OH p-TsOH, Toluene, reflux
(S)-14
CPT and its analogues
Comins' approach 1. R2 R3
1
R X |
(0] KOtBu, N/ o
HN O 15
~ I 20
3 o
| OH 2. Pd(OAc),, KOAc, DMF
(S)-16
Curran's approach 1. NaH, LiBr
(0] Br
R3-—/
HN O
~ || 20
| O 2. 2
S OH R
' QL
(S)-19 NC
21

(Me3Sn),, hv, benzene

Scheme 2-1. Reaction conditions for construction of the CPT ring system.

CPT @ C20 NiARFIRFBDEEIZHOWTUL AFMBIEZ WD T AT L A%
R7 LAl (Tagawa 1) (Scheme 1-7 and Figure 2-2) 252952 EELT-, £
OEHIX, TFL2 RIZH D, F 1 OEHEIX, Tagawa IEDKISEEINRFIT, 22Dk
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BRI OSSR E R 2 L BEL LW =D TdHhD, CPT O C20 (AT IR BRESEED L

X, TPEDO BRI (0s04)%f# 9% 4 (Schemes 1-8, 1-9, and 1-10) <2, {53
PR D T2 DIRIE S Z VB E$ 5 A (Schemes 1-5, 1-6, 1-11, and 1-16) THEA

SR Z FF O DKL T, Tagawa (EIFEAMEDmWER R A2 TV D,

Tagawaix (Scheme 1-7hHik#%)

o]
) I
/‘N'H”\CN Etl, NaH (N' ‘l A
S A, Al COOEt la, 2 COOEL
07y, I DMF, rt 0~ S\ o
'\fo O L-JO | D"ﬁ
- 7
s N\_j Ts"’N\\/
3a 32a (64% de)
EHEOBVHELERI HIRGH
(Scheme 1-8, 1-9, 1-10M 5k #E)
OMe (DHQD)»#PYR Ohe
N&L o K:080,(OH); 0r 050, Rt
| : o 1l .
RJ\J 7 KaFe(CMNJg R/\“/j}(;*OH
[ KaCO,, MeS0.NH, i

e

34R=H 35R=H (84 %ee)
38R =TMS 39 R = TMS (94 %ee)
o 0
M (DHQD)*PYR o
SN0 Ky050,(0H), SN
QA, P o= \q’l\\*- OH
Tr KaFe(CNJs o | oH
= K2CO3, MeSO;NH, —
41 42 (84 %ee)

KEREHZLELT HRIEH]
(Scheme 1-5, 1-6, 1-11, 1-160 >3k #%)

Li

/J\‘q 0 _-COOR*
>y - (3 — "L
0 THF, -78 °C "N o ™ il
24 25 |
16 (94% ee)
@) Me” “MgBr
28
TG \nz'O‘R.‘ Me™ > ""ggog*
o] THF, -78 °C (
& 29 ’ R* = chiral auxiliary
100%, 90% de
OMe
iMC TMSCN —
N j/'“‘oms Sm(0iPr)3 )N\l ‘J: oTBS
JI\ e
SR ‘ TMS” ™~ ¢
™S Y ligand, -40 °C = ¥TBS
o CH3CHZCN-CH4CN \
43
44
Me. Me 91%, 90% ee
OMe
—
[ 7\C)l.t‘le.-

OH

o . ?L
e A~ =S5/ y
/ Nk‘r O kimps 977 G g /N0
N A &/L\ - l\\\

NE G PN
(.3')(0 (8] .G o “ \\,Q 0
L THF/CH,Cl/HMPA . ‘
60 (5)-46
B2%, 72% ee

-78 °C

Figure 2-2. Reaction conditions for construction of the stereogenic center at the C20 position of CPT.

55 2 OBHIL, Tagawa 1EITIT, RSO NARERIPEICSEO R HAHH LA WL 72
B TdH5D, Tagawa HAVRFTLIZ AR F M BNIEIL, 6 FEEHD N-EH#2 proline FERIT

BRE SITNDT20 | MEFHEIFHDOIERIZEY N-Ts-(R)-proline (33a)Z& #3287
IR ARNF A 5 R4 D ATREME IR A e B R T
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UL Bk 7 S A EZ T, T-2513 B)OANV— 2 U TFTOXIICRELE
(Scheme 2-2) , o -/ NHTRAT /L 632, NEAMBIHELL TR~ DFZ /L VAR 33
EROGESEY ATV 31 ZAKL. 31 DUT AT LUAER=F AL Z a5,
BN T AT LA EIUE T2 32 12DV T, AIREFE ATV =B by 64 ~&
HET D, RN 64 & BERAKLIZT /R 65 £ Friedlander #5412k
V. CPT HEIK 66 ~EihE 5, il BfEEL T, 66 DIiIRiEZITV T-2513 (5)D

BREAT,

O O

o N CN chiral-auxiliary-assisted N CN
CN ~ diastereoselective
N | R ?SOH x | COOEt alkylation N 20 COOEt
~ COOEt ___ 77 - N o
8_)? 0 g_)? | O
&/o X base \]? It
R* *

63 (X = Br or Cl) 31 32
R*-COQ: chiral auxiliary

(@)
Friedlander BocNH._~_0O
N (0] condensation
— N (o)
N (e}
O / )\
(0] R*

64 |
BocNH. _~_ 0O o
NH

65

2

T-2513 (5) OH ©

Scheme 2-2. Key features of the synthesis of T-2513 (5).
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2-3 VT ATVARIREF ALR)IS DB FE

Tagawa H1E 20(S)-CPT D& KIZISV VT, (R)-N-Ts-proline ester 31a DY 7 AT L
AR F )AL E L TODD3 TBIRIENE 64% de (IT&E E>TU/z (Table 2-1,
entry 1), 1%, KRR AR F MBI A R T = N-Ts- Bk 7/ Beahi
K 31b-31d""% Tagawa HO G TIC=F /ALL, BRI AR, BLO, fasrik
IR VT AT VBV ST R R L7 (Table 2-1), 7235, FIHIRGETTI,
TF LD T AT U A IR O MR 2 B e T 2 L AN E B E o N-E -
BOIRT 8 33203, AFR LT BURE AV TREE T 72,

Table 2-1. Diastercoselective ethylation of 31a—31d bearing a N-tosyl-cyclic amino acid ester as
chiral auxiliaries.”

CN CN

N NaH, Et-I N
2 \‘I COOEt ——» 2 I COOEt + ;f COOEt
o) DMF, rt ?\JQ |§. E7;
L_° O\n/R O\n/R b\[]/R
0 o] o]
31a-31d 32a-32d 67a-67d
S
= ~ =0
—~J = =D 0
/ / / S
Ts Ts Ts
a b c d
32+67
Entry 31
Yield (%)™ Ratio 32/67' de (%)
1 a 99 82:18 64
2 b 82 86.5:13.5 73
3 c 90 76.5:23.5 53
4 d 93 89:11 78

[a] Reactions were performed with 31 (1.2 mmol), NaH (1.4 mmol), and EtI (12 mmol) in DMF at room
temperature under an argon atmosphere. [b] Yields of the diastereoisomers (32 and 67). [c]
Determined by "H NMR analysis of the mixture of 32 and 67.

6 BERTIVEEA T ALY ATV 31b, BLOT N ERaA VX /U7
JVRVEE(TIC) AT /L 31d (IZBWTY T AT LA BIRMENE 73% de, L 78%
3.



de (Zm) B3 252 L% R HL7=(Table 2-1, entries 2 and 4), — /7. 5 EERT7IVE%EH
THAL RV 2-FIVAR R AT L 31¢ Tl 31a (L TUOT AT L AR PEN
KEEIAK T3 DZEmbho7- (Table 2-1, entry 3), ZNHDOFEFRNG, 5§ BERT IV
F0b 6 BERTIUACERLIZ Ts 523, JOZNRMIC 31 oA H /L — O
T HEHE 2D,

F£72. C2HLDERIR T X — LV ERIZ=F Lo T &4 —/ L 31d (Table 2-1, entry 4)7>5
F A F ) a— )L T ' H—)L 31e (Table 2-2, entry 1)~ L T, =F LAk
DFRIRMEN T REIR B E RIFTST2NZERN DT (5K 78%., BEL N 77% de) , C2 fif
TR DBRIRT L — AL, RA SN TF ATV a— VT ' E — DT B EINET
AT 2582 EL TP LIEOBFNT C2 LA~ F ATV a— LT EH— LAk
ERWAZEIZ LT,

WIZ, TIC =AT )L 31e D N-Ts-ifZ DTV — /L (FI2 X7 /L L) ZLR T IR
TEEHZ 72 31f-310 Z VT, U7 AT LA =F )L b2 L 7=(Table 2-2),
3le O Ts BB BUBROE THUBRBENEIRNEIC G 2 D BE MR T 572012, &
FREIMED 31f (4-Cl-phenyl), FBL Y, BT 5D 31g (4-MeO-phenyl)Z T
TF)ALEFT -T2, TIC AT /L 311, 31g EH1T 31e ([ ZEEf U CGRIRMEIX A L, &
FREMED 31 DF7H3 31g KO T m EIREARLTC (Table 2-2, entries 2 and 3),
NSRBI O ERLEE A~ WL 7222 A (31h, 4-PhO-phenyl; 31i, 4-fBu-phenyl;
31j, 4-cyclohexylphenyl), W\ 1% 80% de FEEEDEINIMEARL 7 (Table 2-2,
entries 4-6), SOIZHETLT-#E R, 4-biphenyl 14 31k TIZERIEN 84% de (Z17) F9
5HZEm R LTE (Table 2-2, entry 7), 4-biphenyl 14 31k (22T, SUSIEREA DMF
725 N,N-dimethylacetamide (DMAC)IZHEE X D&, BIRMEIL 86% de ~&[m RL7-
(Table 2-2, entry 8), &5I(2, DMAc-hLxm (1:1 viv) DIRBERIEA VA & R
1% 87% de =T EHFTHZLD30 -7 (Table 2-2, entry 9), —J7 . naphthalen-2-yl
{& 311, naphthalen-1-yl {& 31m, $ L<|Z indan-5-yl {& 31n D LHRHEERIKTIE, Z 4

4.



T 82%. 75%., LN 74% de DR MEA/RLT- (Table 2-2, entries 10-12), E7-,

benzyl {& 310 T, IBIRMED 45% de ~KIEIZIK T L7= (Table 2-2, entry 13),

Table 2-2. Diastereoselective ethylation of 31e-310 having TIC esters as chiral auxiliaries.™

0
N CN
) \I COOEt NaH, Et-|
R
0"

o Solvent
MeS(M/e Oo " o
0=8-N 0
R O =/S -N
R R
31e-310 32e-320 67e—670
32
Entry 31 R Solvent Yield (%)™
de (%)

| e 4-Me-phenyl DMF 94 77
2 f 4-Cl-phenyl DMF 91 82
3 g 4-MeO-phenyl DMF 92 80
4 h 4-PhO-phenyl DMF 88 80
5 i 4-t-Bu-phenyl DMF 90 79
6 j 4-cyclohexyl-phenyl DMF 88 80
7 k 4-biphenyl DMF 89 84
8 k 4-biphenyl DMAc 87 86
9 k 4-biphenyl DMAc/toluene (1/1) 93 87
10 1 naphthalen-2-yl DMF 91 82
11 m naphthalen-1-yl DMF 91 75
12 n indan-5-yl DMF 90 74
13 0 benzyl DMF 94 45

[a] Reactions were performed with 31 (1.2 mmol), NaH (1.4 mmol), and EtI (12 mmol) in the indicated
solvent at room temperature under an argon atmosphere. [b] Yields of the diastereoisomers (32 and
67). [c] Determined by 'H NMR analysis of the mixture of 32 and 67.

25-



TF AL SRR BLO B K 2 . =27 )UK 31a, 31d. BLO 31k 7>H4L

HT )L —hDAL T FA—alai BLUTEL L (Figure 2-3),

Et-1 32a
64% de

Et-1 32d
78% de

Et-1 32k
84% de

Figure 2-3. Plausible conformations of the enolate anions of compounds 31a, 31d, and 31k; the C20
carbon atom is shown in yellow.

K /L — OBV IGD L EAL T F A— a2 % Corey-Pauling-Koltung (CPK)
EFTVAB BEOC TERL, C20 MLfRFE s AIINATA LT, AT H A=

av A, B, BXONCIlZT, 7YV— V2R = VT /L — o Si-if Gk Fripfl) 2
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W37 iodoethane DHEITIT Re-ifil GRS M OMBEESND LB 2 HID,
Flo, TV VIR = VO R BUBR e C20 DIEREICE B 328, BIT A
FEEE L CROITHEL TG, RS, T AT LA RIRME DA | (32a, 64% de; 32d,
78% de)lZF 5L TC\HEEERTED, I5IZ C TlX, 4-biphenyl F£73 B L0 2hH11)
12 C20 ZHERL TWAZDIT, T AT L ARIRMEN RIFIC A L T5LE 25615
(32k, 84% de) .

LI EOfERICHEESE FFH 13 4-biphenyl 1K 31k 27 AT LA BHR A= F LA LD
BEBEITHWT, FHMEGRIEZETIEELT,

2-4 T-2513 (5) DA

AIETCRIBLIE, YT AT VA RBIRN = F AL RS AT 7N HN T,
T-2513 (5)D G R EMmFILT,

TR 8 TR TAKLIEZ a7 )L 63282k L T DMF H K,CO; f77E
TIOHEMER VR R (R)-33jC % SRS S AT U(R)-31k % E BRI R
TH7-, VATV (R)-31k % DMAc-hLtr (1:1 viv) DIRATREEF . NaH &
iodoethane & H N C=F /L kL | 7 AT LA BRI 87% de TZF /LR (=) -32k ~&
BT, IRWT, AR Z T BB iAGM L ., AL TR0 PRS2
(-)-32k % T5%ULETHHZ LT HIL 7= (Scheme 2-3) ., (-)-32k @ C20 NrAERF LR
B, BEE O = BRME R A(S)-14 ~FKEL | et E 2 g+ 52810 k) SElE s
LR

(-)-32k % AcOH-Ac,O ¥ | # HE/KFEIFRH S T IZ Raney nickel EITATYY,
R TT BT IN(-)-68 ~EFFELIE . N-=h L EBRALSOSITAT L
TT BT —R-)-68 % 86%INEK T, 78T —N-)-68 % TFA-/K (4:1 v/v) T
80 ‘CIZHIEAL T, BT &X — ALETINALZIT, BRI N (-)-64k % TE &Y
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IR R TR, T, (1)-64k ET /7 658U LA AcOH H 60 CIzTC
Friedlander A A2 ff L. CPT #5E(R(-)-66 L1 7- (Scheme 2-4) ,

(-)-66 % & 7K A% ) —/LH LIOH TR T 52 L1230 RAEMB O =27 Vi %
ARG E LTz, ZDWE, CPT BHEDT 7N AR NIK 3 25T 12728 OGS RHIZ
AcOH ZMA TEEMEE L, 77 b AbEAT Tz, 37z 70 & 33 DRAGW%.
HCI-EtOAc F CH#ET2&, Bl Boc {L23EITL TSGR 2D T-2513 (S)2MrHIL
Too HTHW % | ABUT HZEIZIVHIARD T-2513 (5) %1472, AR DITAERHBED
TINVIR R 33 % 94%IN K CHIEEST D2 LN TEZA, 33) DNFHEIL 31% ee
R LTz, JfZ I, HRD T-2513 (5)% & /K 2-propanol 75T 5&, 64%

I3 (from (-)-66) TEIALEED T-2513 (5)& 435 2LV TET2 (Scheme 2-5)

HOOC%
N
7
0 W W

CN O ©O
o 8 steps N |
—_—> o N COOEt (R)-33j >
)J\
O cl K,COs, DMF, 60 °C, quant.
Me
Me  63a
o) o)
CN CN
L "
~ COOEt 1. NaH, Etl 20 COOEt
0 toluene/DMAc (1:1) 0 o S\ S
o} > | (o}
R

<
®

o -
S(/ O recrystallization Meg(/ O (R
Me O from acetone Me e}
0=S—-N 75% O=g_n

Scheme 2-3. Synthesis of optically pure ethyl derivative (-)-32k.
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NaNO,, AcOH

Ac,0, pyridine
H,, Raney Ni = » -
o 5 > -
gg 5 AcOH, Ac,0 then EtOAC
Me Me 5 quant. 60 °C, 86%
O‘ 1l
=S—N
(-)-32k
BocNH
0cNH _~_ 0 o
80% aqg. TFA 65 NH,
(e}
—

(0]
80 °C, quant. (0]
=K (0]
O:S”_N AcOH, 60 °C, 71%

(-)-69 (-)-64k

Scheme 2-4. Synthesis of CPT derivative (-)-66.
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LiOH
agq. MeOH
—_—

then AcOH

HCI-EtOAc

—
’

HOOC
d o

o)
T-2513 (5) OH 33j
94%, 31% ee

Recrystallization
from aq. 2-propanol
64%

6.3% overall yield (linear 16 steps)
(84% average yield per step)
No chromatographic purification steps

Scheme 2-5. Synthesis of T-2513 (5).

PLE. 7N DD 16 TR, hoLru~vhr o7 —fEH 0s0y ZEDOHFE D E W

A B LITE B2 USSR O W IH 22 L7 JBIER 6.3% (45 TiRT-

BIIN R 84%) T, 7T LA —/L D T-2513 (5) & BfG Al REZR & AR iE A e LT,
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2-5 fhEE

2 BEIZBWTEFIL, (R)-N4-E T == /L 2L T +=/1-1234-T TR AV Y
VIR EEEAT )V (R)-31k DY T AT UARIRI =T AL, B OFERERIZED,
HFEHNT B RE DT AR(-)-32k % T5% IR THRHZ TR I LT, AREUS % #E
SRS FHWT, KM CPT 358K T-2513 (5) DV T LA — VDB R IEZEMENL T 52
ENTEIZ(TRRE 16 TEE, IR 6.3%. 45 TR FHIILER 84%) , ALIT,
WIRRE LT 3 DOMBESA:

& TN TT7 4— R LELLR,

& - fEBRIEO O EREEO M 23 R/ NRICHIZ BTV D,

& FRKIR S OB SOGSRF 2 LELL LR,
Ziil= L CHRY, KA IS A ATiER A OBV E A TH D,

CN CN
X COOEt 1. NaH, Etl ~ 20 COOEt
o > (6] toluene/DMAGc (1:1) o) &\©
)J\ P 0o > o
— >
Meg(/ o (R) recrystallization Meg(/

Me O from acetone Me
0=§-N 75% 0=&_N

HoN A~ O

> - HCI

T-2513 (5)

6.3% overall yield (linear 16 steps)
(84% average yield per step)
No chromatographic purification steps

Scheme 2-6. Summary of the synthesis of T-2513 (5).
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FIE

T =V oL T R AW ST A R ET RED
PR B RK

3-1 #E

VL 2 BITT, KEME CPT 35384 T-2513 (5)DFEHRIA BIEDBHFE IZERY
FAZ BEEOGE L TR T AT LA BIREIR C20 (ANFF IR FE OREFLEL R LT,
WIEZ, AT L0a< T T7 44— k5L 004 O EMEO R WIRIK, HLITHEE
FOSEHEOWT NS LEEE LRV R ZRFR IR D . REG AIZIE H AT ae72 32 1 TE
DEWERIETHD, — ., B HIEO R AT EmEO AN F M L LnEE e+
HI-8 ., Ak LREE O, #iEa Aho EFIZER ST RIEH D, FHIL.
ZOF R FLART 5L, CPT @ C20 (7R KSR DRI A F A& UV 2 &
EL7z,

CPT & C20 (AT IKFEDIMERI N F G A HFRL, FH A ALY P n—F
X E#HT 7D a -tRaX AL THD, ZOBMIL, E 77 ORI AR FE o -
ERa AL, MEBORWEIT 7 e —F THY, ARILZEIZT yL vy
RN D D, E $T7 7R D o -eRaFARIZFEIZ, 1970~1980 FEROT IR CPT
DA (Scheme 3-1-a)° NIl & T& 72, 2000 4EfIZ1% Tagami (Scheme
3-1-b)P7, 331X Chen (Scheme 3-1-0)?NT XY E #5577 DARFE o -EREF AL
WS AL EmEOFT TAVREA] 61, BLU-78 COMUGREAZMLEELL
T F A BRI Z I 50% ee, 72% ee (ZEEF-TUNA,

ELER D E T T A IR E 77 N O o -ER e ALOS % B
T HIENMTENE, MR ARF A — b, LIBT3 ULk
(25, FTLWEIRED CPT A pikIZ725 %5 26515 (Scheme 3-2),
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a) SEIRCPTDE R

CUClz, 02

Me,NH, DMF, rt
99%

20-deoxycamptothecin (71) (£)1

b) LFEREDFIILAFHIUDU61bERAL()-1DREFERK

LHMDS, THF, -78 °C
7

Me

53%, 50% ee

KHMDS
THF/CH,Cl,/HMPA, -78 °C

Me. Me (0]

0]
k/o N OH H+

(S)-46
82%, 72% ee

60

Scheme 3-1. a-Hydroxylation of 20-deoxycamptothecin (71) and lactone 60.
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a) Catalytic asymmetric dihydroxylation approach

OMe (DHQD),*PYR

K,0sO,(OH

NN o 20s0,(0OH)4

R I N K3Fe(CN)g

K2003, M9802NH2
1:1 tBuOH:H,0O

34R=H 35 (R=H)94% ee (S-16 R=H

38 R=TMS 39 (R=TMS) 94% ee (SM9R =1

(DHQD),*PYR
K20302(OH)4

KsFe(CN)g
K2003, MeSOZNHZ k/o
1:1 tBuOH:H,0

4 42 (S)-14

b) Catalytic asymmetric cyanosilylation approach

OMe TMSCN
Sm(OiPr
N NoTBs (OiPr); —_— (S)-19
Pz g
TMS 45,-40 °C
o CH3CH,CN-CH;CN
43 44
91%, 90% ee
c) Catalytic asymmetric a-hydroxylation approach
chiral catalyst
non-chiral oxidant
> p— (S)-14

conditions

Scheme 3-2. Catalytic reaction for construction of the stereogenic center at the C20 position of CPT.
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EFHOFETAREBIETIE, /7= -FA4ULT T2, B 7= -
TLT 62 B3R & TR LSRN SRS OB T 272 5 Z S A DN L TR T, Zh
FTIS IT =D, FTNVAR—H—H BLO(TF )T LT 5RO IR Fa72 1S
BICEY, =ha 7 AR — VI ~T R~ AT VG, B UL TR A Zh72
fle LT 722l 72010 72 e N 622D BAFE IC AR THL TS (Figure
3-1),

guanidine moiety

(thlo)urea mo;ety
r \1/6\ /e%\l/ \H/ \
R

chiral spacer moiety

62X=0

72X=8
(CH2)47CH3 .\# \
-

» AN % L " s S B S N "
Ar\HEHH\r Ar ArT_HN\IWAr
S Bn Bn S S Bn Bn S
HCI HCI
72a 72b

Nitro Aldal reaction Aza-nitro Aldol reaction
T (CHy)47CHy
J N
Py W g L A
= \/ T - = -~
A\ o - SRS R N .A Ar
e Adpe Ly
HCI
HCI
T2c 62a
Hetero Michael reaction Epoxidation of 1,3-diarylenone

Ar = 3,5’(CF3)2’06H3'

Figure 3-1. Guanidine-(thio)urea bifunctional organocatalysts in Nagasawa group.

B E#51%, /7= -1 7 62a B, KoCOs. Z AL ~LAF LR (CHP) Iz
ETFIC, B RTAT L T3DOARK o -ERa LDt L7257 b4 LY, A&
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FOGIZHBUNT 62a DT T =88, VLT BIORF KRB LA TH8IREIT, £
NENT T = =0 b2 )T — DI, BRLFI L DKRFEREETERL, BEORF UG
GOMFUCEH G L, OB BIAMICIERL TARE o -ERaX ALK ERE T2
& 2 B (Scheme 3-3),

+ (CH2)17CH3
H Cr HN
N

H
Ar/N\n/ \/\ N/\‘/

O

o o 62a Ar = 3,5-(CF3),-CgHj (5 mol%)
CHP (120 mol%) .
R_l AN OtBU R—: X OHO Bu
L~ K,CO3 (100 mol%) %

toluene, 0 °C

73 74

R+ R ] up to 99% yield
)IN\ * up to 95% ee
e )
Hoo !
A Arxtﬂ)\'ﬂ
H, H
)\/L oy

Scheme 3-3. Asymmetric a-hydroxylation of -ketoester 71 catalyzed by guanidine-urea bifunctional
organocatalyst 62a, and a plausible interacting model of the reaction.

EHOP MU AT o -eRa I ALBOSIX, 778 60~ T&5 ]
REMEN DD, 7T =20 -1 T 62 BB T, 7R 60 DD =) T A 15R
HILZ(S)-46 2 HifF 3 57-91ZIL, Scheme 3-3 DFHAEAEAET MIZESE LLTFD 2
R IZTZENBELE 2 HD, 700, OISR FIZT7h 6003077 =
VUL )T e R AESE D BRO@MBIZ L > TSN O AN F L HIT T/
T—heEEL, LA EZT )T — D Si-ERIRICEEIE DL ENHERD
(Scheme 3-4), DIZ DWW TIE, K,CO; FREE DIRE DI TH-TH 60 D= /7—k)3
AT D REMED DD, 60 D C20 (LKL, TV D afii, 73D Cléa (AL R =
NEOE =a T A E HEDTEY, BHE D77 a fi/KFBIDE OB ELFFOL

-36-



TRIND, LI2h3o T, g HEZ VRS, 60 D /T — kAR | il 7
=UVEREM AR T A RREMEDR DD, Fo, @IZOWTEL, /7= - UL T 62D
FTNAN—H =TT =D BLUTV L T AT 5281280, 60 125
W EE BT 2N TEDLEEZEZLND,

|16a catalyst 62
SNY o oxidant
< J\\ | 20 L R
0){ = 0 base

60
RZ R® R
A hiY
4
1 NN
D TF=2O LTS S5—FDFE 2 -
A5 [oxidant]
201
R @ T/ S—FE DS
If'_iq\ /L\ P
B . N (@]
.\_O/ _Jf

Scheme 3-4. Asymmetric a-hydroxylation of lactone with vinylogous pyridone 60 using
guanidine-urea bifunctional organocatalyst 62.
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3-2 IT =V -V T kiR RO R o -EReX LB R

FIIRFELCL 27 60 IZRL T B -7 R ATV T1 D o ~ER R IAKIC A
W SOS S EEA LT, 37205, 60 ML/ L T K,COs, FR LA &
LTOA~ILAFLR (CHP). it LT/ 7 =0 -7 62a*% T 0 °C
(ZCRIGESToT2, TOFER, BIIOD o -EREF AR (5)-46 2 99%ILE, 22% ee
THHIEMTET (Table 3-1, entry 1), —J7, 62a ZIRIILRWGAITIE, o -ER
a3 ARITHEITLZR) 7= (Table 3-1, entry 2), ZALHDFERNG, 77 =20 -7
7 62a |, SUSDUEATIZHIHZL AL L THEREL TWHZEN DT, Tz, R
IRHIB 22% ee DTF U F AR FEELIZZ LD, 62a IZXVMERARFTI
SIS DRI CWDZ L Z R T DN TET,

ZIT, o UFARR O EE S, 7T =00 gL T il 62104
G A A THOZ LT (Table 3-1, entries 3-8), T HIDIT, FT/LAR—H—
OB R 2L, SUSOTF o F A BRMEZ ML 72, il 62b1*7 (R =
Me), BER 62 (R' = iPr)DBA ., fillit 62a % V- HEICHLHR L CGRINMEIZZ
NZEN 52%., L 1N49% ee ~L[h] L7~ (entries 3 and 4), —7J7. 62d (R' = Ph),
HLLITEEWEHILAG TS 62¢ (R' = iBu) Tid, BIR MO _EIZFRHHA)
S7= (entries 5 and 6), ZIHDFERND, TR 60 ZIEITHOWDIGA | B
R' IISARBEE D /NS R F o F AR A IS 5452808tz fit
WTC, I T =V UGS DIk EICAT VIR B LT 62f % A 2454 62b
DAL TELERIEDNME T 352803070 o7 (entry 7 vs. entry 3), £
Toy A= —EOAF L Bix | RFMERLIZ 62g DIadH FHLGEREIMET
FHZENR DI (entry 8),
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Table 3-1. Asymmetric a-hydroxylation of lactone 60 using guanidine-urea bifunctional organocatalysts
62a-62h."

o)
guanidine-urea 62a-62g (10 mol%) N (o)
> “ I
CHP (150 mol%) o SSU0
K,COj3 (100 mol%) L0 OH
toluene, 0 °C, 24 h
60 (S)-46
,(CH3)17CH3 /(CH2)17CH3
N
H H H H Me HN Me
N__N N N__N H H = B
AT \a/\N)\N/Y noA Ar/N\n/N\/\N)\\N/'\/N\n/N\Ar
o g N R' O H
HCI o HCl o
62a R'=Bn 62f
1 =
gib 21 _ !\F/:e /(CH2)17CH3
62; R1:’P; O Me HN Me O
62e R' = Bu Ar\NJ\N/'\/\N)\\N/\/\NJ\N’Ar
H H H H H
HCl
Ar = 3,5'(CF3)2-06H3 629
(S)-46
entry catalyst
Yield (%) ee (%)™
1 62a 99 22
2 L 0 —
3 62b 70 52
4 62¢ 89 49
5 62d 93 20
6 62e 97 37
7 62f 95 10
8 62g 82 11

[a] Reactions were performed with 60 (0.1 mmol), CHP (0.15 mmol), K,CO3 (0.1 mmol), and catalyst
(0.01 mmol) in toluene at 0 °C for 24 h. [b] Racemic 46 and (S)-46 were prepared according to
references 19b and 35, respectively. The enantiomeric excess and the absolute stereochemistry were
determined by chiral HPLC.
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W, 7T =V A E#IE R, R ICHOWTHEA1T 72 (Table 3-2), A 7%2 53
VTR 620 Y T LTI M 62h HLIELT BF UK 621 ~L AW T HLE, =
F LT AR F P 65%., F3L00 66% ee ~&ff] ELT- (entries 1 and 2), &
BIT, BV U EIK 62) ~EEHUIZGAITIE, 76% ee DT U FARIRNMET
(S)-46 Z1FHZLNTET= (entry 3), LL, B RUDBEHAK 62k Tl BIRNMEI

56% ee (2L EE 72 (entry 4),

Table 3-2. Asymmetric a-hydroxylation of lactone 60 using guanidine-urea bifunctional organocatalysts
62h-62k."

R2\ _R3
\/\N N F3
. H /Y \©/
Me (0]
HCI
CF
62h-62k (10 mol%) N N
oS on”
CHP (150 mol%) L_P°
K,CO3 (100 mol%)
60 toluene, 0 °C, 24 h (S)-46
RZ .R3 [ > O
- Me/\lIl/\Me (r? IIJ N
62h 62i 62j 62k
(S)-46
entry catalyst
Yield (%) ee (%)™
1 62h 94 65
2 62i 99 66
3 62j 97 76
4 62k 92 56

[a] Reactions were performed with 60 (0.1 mmol), CHP (0.15 mmol), K,COj3 (0.1 mmol), and catalyst
(0.01 mmol) in toluene at 0 °C for 24 h. [b] Racemic 46 and (S)-46 were prepared according to
references 19b and 35, respectively. The enantiomeric excess and the absolute stereochemistry were
determined by chiral HPLC.
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FEWT, UL T O BB BEBEL S = F ARV RIT T B A5
ffid2Z&EL7- (Table 3-3), MEEHLTP 621 2 HWZH AT, ERMEN
70% ee ~E{K FL7= (entry 1), — 77, 3,5-di-F &5 62m T, 62 L[RIFEE DOERM:
ZRLTC (entry 2), F72, 2-CF3 & 62n, HL<I3 3-CF; 1K 620 73, 62j L[FIfEE DR
RMEZRUTIZZED D (entries 3 and 4), XU B U EBRED 3,5-di-BEHAILTRINMEDO FEHL
(ZATIIIRNZEN DT, BRI LT, 4-CF 1K 62p & VW4, SRR
PEDMA] B L. 95%UXEE, 84% ee T(S)-46 135 LM TET- (entry 5), £Z T, 4%
BEHRZIHITHETT 52812072, 4-F K 62q. 4-OCF; & 62r, 35118 4-NO, 14 62s
1%, 62p ERIFREE DEIRMEZIRLT= (entries 6-8), L)L, 4-OMe A 62t TIIEER I
ME T3 528030 o7 (entry 9) ZILETOMGT Tl mWEIRMEA RLTZ
62p DfEHEE 5 mol%l IR L TRINE T oTcEZA AL FIH, =) F 4%
RPEEBIIE T LW Z ey 7= (entry 10), SHIZ, (S)-46 DIEFHIE L, =X
)=V DO EFEIZED 93% ee 1Z1A) B3 HZ LMD T (entry 10),
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Table 3-3. Asymmetric a-hydroxylation of lactone 60 using guanidine-urea bifunctional organocatalysts
621-62t."

()

AN ~ N X
X:—/ \g/ : N N/\‘/ \[O]/ >,
Me HCI Me = o)
62162t (10 mol%) N o]
~ | (S
o) NSRS

CHP (150 mol%) P ~ OH

K,CO; (100 mol%)

toluene, 0 °C, 24 h

60 (S)-46
catalyst 5a
entry
X Yield (%) ee (%)™

1 621 H 93 70
2 62m 3,5-di-F 86 76
3 62n 2-CF; 89 75
4 620 3-CF; 93 78
5 62p 4-CF; 95 84
6 62q 4-F 99 82
7 62r 4-OCF, 85 83
8 62s 4-NO, 96 82
9 62t 4-OMe 70 78
10 62p'° 4-CF; 93 84, 934

[a] Reactions were performed with 60 (0.1 mmol), CHP (0.15 mmol), K,CO; (0.1 mmol), and catalyst
(0.01 mmol) in toluene at 0 °C for 24 h. [b] Racemic 46 and (S)-46 were prepared according to
references 19b and 35, respectively. The enantiomeric excess and the absolute stereochemistry were
determined by chiral HPLC. [c] Reaction was carried out with 5 mol% of catalyst 62p. [d]
Enantiomeric purity was increased into 93% ee by a single recrystallization from ethanol.

LI, 77=r-ov 7 62p ZEIH WA o -EREFAKIZED,
B RREETEIA (S)-46 2 EILR (95%). M OE T F AR (84% ee)lfFDH
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LTI LT,

3-3 fREERIARE o -EN X IALoE ALK
WAZ . ARt O )G 2 fERR 3 D72, C20 [LIZFE A~ DT L L HAE L
72 753PIDfIER o -EREF AL EZRFILTZ (Table 3-3),

Table 3-4. Asymmetric a-hydroxylation of lactones 75a—75d using guanidine-urea bifunctional
organocatalyst 62 or 62p."

catalyst 62j or 62p (5 mol%) o
CHP (150 mol%) N N o
K,CO5 (100 mol%) } SR N0
0 mol% 0]
x S R toluene, 0 °C, 24 h x 2 R OH
y-X y-X
75a -X-Y-X- = -(CH,)o-, R = Me (+)-76a -X-Y-X- = -(CH,),-, R = Me
75b -X-Y-X- = -(CH,),-, R = n-Bu (+)-76b -X-Y-X- = <(CH,),-, R = n-Bu
75¢ -X-Y-X- = -(CH,),-, R = (CH,),Ph (+)-76¢ -X-Y-X- = ~(CH,)»-, R = (CH,),Ph
75d -X-Y-X- = -CH,C(Me),CH,-, R = Bn (+)-76d-X-Y-X- = -CH,C(Me),CH,-, R = Bn
75e -X-Y-X- = -(CH,),-, R = Bn
) bstrat ralvst Product™
en substrate catalys
Y Y yield (%) ce (%)
1 75a 62j (+)-76a 99 75
2 75b 62p (+)-76b 95 82
3 75¢ 62p (+)-76¢ 90 82
4 75d" 62j (+)-76d 99 80, 90"

[a] Reactions were performed with 75 (0.1 mmol), CHP (0.15 mmol), K,CO; (0.1 mmol), and catalyst
(0.005 mmol) in toluene at 0 °C for 24 h. [b] Racemic a-hydroxy lactones 76a—76d for HPLC analysis
were derived from lactones 75a—75d by reaction with NaHMDS and ()-N-tosyl-phenyloxaziridine!*" in
THF. [c] The enantiomeric excess was determined by chiral HPLC. [d] Absolute stereochemistries
were deduced from the results of oxidation of 60. [e] Oxidation did not proceed in the case of 75e with
ethylene dioxide-derived acetal at C2 because of its insolubility. Thus, we examined the reaction with
75d bearing neopentyl glycol-derived acetal. [f] Enantiomeric purity was increased into 90% ee by a
single recrystallization from ethanol.

C20 i Me 14 75a, nBu {& 75b, 3L 1-phenylethyl {& 75¢ i%. W DHED
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BUE, DO B TR CeR e A% 5 2 72 (entries 1-3), C20
A Bn fRIZOWTIE, =F Lo T EH—/UK 75¢ DMV CERE CROISHEITL
PRSIl FA TN TV a— T v X — R 75d BRI O CRUGEST
STz, FDFER 99%IR, 80% ee TEREFIAL(+)-76d 21552 LMTE/~(Table
3-3, entry 4), SHIZ, (4)-76d (80% ee) T ) — LinbEFEGLTHZ LIk,
WA 90% ee (2[A) EXHHZEMTET (entry 4),

T, (H)-76d (80% ee)Z T, C20-desethylbenzyl camptothecin (79)* &
&%A&FTHZEIZ L= (Scheme 3-3), (+)-76d (80% ee)% 80% TFA % T 7242 —
IABL, BRI N 7T 2457, BRI 7T & BT =7 =Y 7811 %
L p-TsOH 774E FIZINEAT %2 812 5Y Friedlander fig & 21TV, (+)-79 & &%
LT HARDH)-79 % A% ) —)v /T2 =R VD ERE T 2281280, 16%I0 =R
>99% ee TLFHID DI FHINTEME D (+)-79 Z1FHT LN TET,

1. OMe
: e oL
N (e} 80% aq. TFA N I o) NH, 78
| - g
o 0 O p-TsOH, toluene

o  ~ “oH o} "~ OH reflux
oH ©
Me Me 2. Recrystallization from
methanol/acetonitrile

16% from 74d 79 (99
+)- >
76d (80% ee) 77 (+)-79 (>99% ee)

Scheme 3-5. Synthesis of (+)—C20—desethylbenzyl camptothecin (79).

3-4 filVE FRBUC L BRSO HEEOFHA

TT=Ur-gLT 62 O T =00 BRORULT OO ENEZ LT 5T
b BRI LT 80-81171% FHV T, Table 3-2. entry 5 DUt I
R 60 D o -ER B IALAFI LT (Table 3-5),
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Table 3-5. Cooperative effects of guanidine and urea and the chiral spacer in o-hydroxylation
catalysts.™

catalyst (10 mol%)

CHP (150 mol%)
Ko,CO3 (100 mol%)
toluene, 0 °C, 24 h

60 46
catalyst
N,(CH2)17CH3
H H H H
t-BuO N\/\N)\\N N Ot-Bu Ar/N\n/N\Ar
TN T
0] Me HCI Me o
80 82
o}
H H H H NH
NN~ J\ N _N_
AT NN Y A MezN/u\NMez
O  Me Me O
81 83

Ar = 3,5-(CF3),-CgH3

entry  catalyst additive (eq.) yield (%) 616(%) Zor 5P
1 62b — 70 52 S
2 80 — trace — —
3 80 82 (0.1eq.) 85 8 R
4 81 — 25 7 S
5 81 83 (0.1 eq.) 64 5 S

[a] Reactions were performed with 60 (0.1 mmol), CHP (0.15 mmol), K,CO; (0.1 mmol), and catalyst
(0.01 mmol) in toluene at 0 °C for 24 h. [b] The enantiomeric excess and the absolute stereochemistry

were determined by chiral HPLC. [c] Racemic 46 and (S)-46 were prepared according to references 21b
and 36, respectively.

TT =V 80(ULTHEIR ) BLLIL, NITL T 81 (7T =2 A R K Z T
WA, o -EREF ARIIRD TIRIGR TLEITE S, = F A8 PEIIE
EAEFBILRD T2 (entries 2 and 4), — 7, SUSHRFICTLT 8218 1<%, 7
T=Ur 83 RN DL, a -EREFIALAMEES L, & 85%. FBLT 64%IURT
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46 X H/{HZENTERL, LL, = U FAERREOKFITRO LN oT
(entries 3 and 5), UL EDOFERNG, 60 DAFF o -EREXIALERINTHETTSED
eI ITT =V bUL T OWG OERENMNHETHLHZE, EBIZ, MW F T
AEIRMEORBUCIT, 7T =0 UL T RR— 0 T T 22N EETHD
ZENhoTz,

Me % Me %
o -
W\©® H H WS H H
N o N o
o
(e} H )\/Et H jo
oD Et o
N \\\O’ \H N O/ \H
~ " ~ -
Ar/ H ~ | Ar/ : \ o
O] N
O~ 'N / o)
‘0
O
TS-1 (favored) TS-2 (unfavored)

Figure 3-2. Plausible transition state of the a-hydroxylation catalyzed by 62.

TR 60 DEROFIALD T T ATRIRMEIN(S)- B THL B E 2 A
FOGOHEE B IRBEZ# R LT- (Figure 3-2), il 77 = 4 T2k 60 /)
BAELDTZ /L —ReDAF U H B, L, VLT HE CHP LD KERE A TR AE S
BT DL EBEIRRELL T TS-1 LT TS-2 AMEESND, WiE % LT 5L, 60 D
TFNILLT LT EREDSLRLFE DTN D720 TS-1 2k LT SOS DME SR B LT
L. (S)-46 52 5LE 2 bib,
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3-5 i

3EICBWTERIL, /7= -UL T 62p V-, BE=a i AT /R 60 D
R AR F e R A LA B L, CPT, 3L CPT FHE(ROHS K (5)-46
DET T T ARG UK LT, Flo, 77 =20 -ULT 62 OIS - il
PEFHEAZfREIL ., 77 =0 BEIORU LT O 5 DN ORI A THLHZ L B
KON WMEDRE =3 FRICIAFET 52N m =T o F A RO BUCEHE TH
HZEEHABNELT, B, RETHBELIZH BB AF o R ALDik
FBIEL T, C20 {ir{EH#t CPT FHEIR(H)-79 DAF A Fa = LT,

NN S NN
NS
TN WY
O e N o)
o FsC Me e Me CF, o

NY o 62p (5 mol%) N 9

~ S <~ ®
o] 0 o .0

5 H CHP (150 mol%) o & Yo
L/ K,CO3 (100 mol%) L |

toluene, 0 °C, 24 h
60 (S)-46
93%, 84% ee

o}
N o
62i (5 mol%) <
. le) O
o “oH \
CHP (150 mol%) Sg
K,CO5 (100 mol%)  Me oH ©
toluene, 0 °C, 24 h Me
75d 76d (80% ee) (+)-79 (>99% ee)

Scheme 3-6. Summary of Chapter 3.
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FAE
o

ARBFFEIZRNTEF L, PUEEIEE L CTH 72 CPT # 8 KD Zh A7 R A A ik
OB E BIEL, AT Y7 ThDH C20 (AKIKFDHEEUICTFAT, T O
B VT ATUARR =T /UL, BLOBEA R FER 2100 2 FEO A ik
ERHT IR,

%2 B TIE, (R)-N-4-£ 7 == /)V AV T H=/1-123,4-Th7eRaAVx U FIVR
VR ((R)-33) & REMBI I, YT AT UARIRYZ: CPT C20 (LASF R
FOREFNERBRFE L, P ASHIRZR T AR(-)-32k % T5% IR THRD T EITREN L
2o AREOSZHER S T, KIEEME CPT #5384 T-2513 (5)D A ARIEATENL 5
EINTET, HBEEIO TR )5 16 THE, IR 6.3% T T-2513 B)&2H KT 5
KERIEL, OOT L0~ T T77 40— klZ LB Lp0 @7 - fERIED &
RO I 23 i/ D BRICHN 2 DL TN D | ORI S5 D1 s 72 S S i A i BEE L7
WRT, RESIZEH TELE MO EmWERETH S,

WIETIL, I T =V UL T 62p VW, B i RS 7k 60 DR
FeRax A bz L, CPT, BL U CPT FHEEO#EA K T K (S)-46 DFE=F
VIR A U ERED UT-, 72, 62 Offs - AR BI 2 AL, 7T =V,
BEORULTOW G D IMEEIZNATHHZE, B, WEDF-—45FWNIcH:
FETHZENmNT T F A EREDOFBUCEE THLZLAPBNI LT, EHIC
AREETRAFE LT B AR ) A e R e sk o I & LT, C20 (7 #2 CPT #5iE
RH)-T9 ORFAREZER LT, RBOGE, OZMiCREIZEATEL7 A AL
ZFF R (CHP)ZMEALAN VD . ORI O B 722 SO e fth 2 L BEE L7200
O@HEABRELH ALV VS EAEORVEEEZAL TN,
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DL b, ARBFZEICRBWTEE L, ERMEO B CPT #7538 K C20 (&S EDBIFR I
BRI UT=, 2SO HFiEIE. CPT FFERD /T, KIS0 E I Emib & D
ERIIE A TELR[REMZ A L TBY, 5%, A Ao RN/ L5,
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General Remarks

Flash chromatography was performed using silica gel 60 (spherical, particle size
0.040-0.100 mm. Kanto Co., Inc., Japan) or NH silica gel (spherical, particle size 0.06
mm, Fuji Silysia Chemical LTD., Japan). Optical rotations were measured on a
JACO P-2200 polarimeter. 'H and *C NMR spectra were recorded on AL300
(JEOL), ECX400 (JEOL), JNM500 (JEOL), or AVANCE400 (Bruker) instruments.
Chemical shifts in chloroform-d, methanol-d4, or dimethylsulfoxide-ds were reported
in the scale relative to chloroform-d (7.26 ppm), methanol-ds (3.30 ppm) and
dimethylsulfoxide-ds (2.50 ppm) for 'H NMR, respectively. For 3C NMR, chemical
shifts were reported in the scale relative to chloroform-d (77.0 ppm), methanol-ds (49.0
ppm), or dimethylsulfoxide-ds (39.5 ppm) as internal references, respectively. Mass
spectra were recorded on JMS-T100LC (JEOL) spectrometer. Melting points were
measured on a Biichi model B-545 instrument without correction. Elemental analyses
were performed using a Perkin-Elmer 2400 CHN-Analyzer and Yokogawa IC7000S
ion chromatograph (oxygen flask method).
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Synthesis of compounds 31b-310

Synthesis of a-halo esters 63a and 63b

O (0] Me_ Me (0]

\ CN  TFA-AcOH \ CN Ho._>{_OH N CN
HsCO0C - > | - |
N\ reflux X o] A
CH CHs TMSCI, CH5CN CHg

3 0
HO 0 73% (2 steps)
Me

84 85 Me 87
O (0]
NaH, (Et0),CO N CN TMSCI, Et;N N CN
> - |
toluene, EtOH o X COOEt NCS, THF, 84% 0 N COOEt
80°C, 82% o} 0
- &
Me Me
Me 88 Me 63a
(0]
CN
NaH, Br, . N |
THF, 71% 0 X COOEt
0O Br
Me
Me 63b

Scheme S1. Synthesis of a-halo esters 63a and 63b.

Tetrahydroindolizine 87: A suspension of 8411 (50.6 g, 0.21 mol) in AcOH (400
mL) and TFA (80 mL) was heated to reflux for 7.5 hours, and then concentrated to 1/3
volume under reduced pressure. To the residue was added i-Pr,O (720 mL). The
resulting precipitate was collected by filtration and washed with i-Pr,O (200 mL) to
give 39.2 g of 85 as a dark purple solid. To a suspension of 85 (39.2 g) and
2,2-dimethyl-1,3-propanediol (64.6 g, 0.62 mol) in CH3CN (400 mL) was added
TMSCI (45.1 g, 0.42 mol) dropwise over 10 minutes at 15 °C. The mixture was
stirred for 4 hours at room temperature, and then poured into 0.4 mol/L aqueous
NaHCO; solution (1.5 L). The resulting precipitate was collected by filtration,
washed with water (500 mL), and then air-dried. @ The obtained solid was
recrystallized from CHCI3/EtOH to give 41.4 g (73%, 2 steps) of 87 as dark green
crystals: mp 225-229 °C; 'H NMR (400 MHz, CDCls): & 0.87 (s, 3H), 1.30 (s, 3H),
2.49 (s, 3H), 2.51-2.57 (m, 2H), 3.63 (br d, J = 12 Hz, 2H), 3.69 (br d, J = 12 Hz, 2H),
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4.15 (t like, J = 6.7 Hz, 2H), 6.42 (s, 1H); >*C NMR (100 MHz, CDCl;): ¢ 21.5, 22.0,
22.6, 28.8, 30.5, 46.1, 72.6, 102.7, 104.1, 105.4, 115.0, 152.3, 158.7, 160.9; IR (Nujol)
2222, 1647 cm™; MS (APCI) m/z 275 (IM+H]"); elemental analysis calcd (%) for
Ci5H1sN203: C 65.68, H 6.61, N 10.21; found: C 65.42, H 6.53, N 10.10.

Ester 88: A suspension of 87 (54.6 g, 0.20 mol) and NaH (60% oil suspension, 35.0 g,
0.88 mol) in toluene (1.1 L) was gradually heated to 80 °C under an argon atmosphere.
The mixture was stirred at 80 °C for 1 hour, and then a mixture of diethyl carbonate
(94.0 g, 0.80 mol) and EtOH (3.67 g, 0.08 mol) was added dropwise to it over 10
minutes. The whole mixture was stirred at 80 °C for 2 hours, and then cooled to 5 °C.
To it were added 50% aqueous AcOH (300 mL) dropwise, CHCI; (1.2 L), and water
(500 mL). The organic phase was separated, and the aqueous phase was extracted
with CHCl; (500 mL). The combined organic phases were washed with water (2 x 1
L) and saturated aqueous NaCl solution. The organic phase was dried over MgSOy,
treated with activated charcoal, filtered through Celite, and then evaporated under
reduced pressure. To a solution of the residual solid in EtOAc (1 L) and CHCI; (1 L)
was added silica gel (250 g), and the mixture was stirred for 30 minutes. The silica
gel was filtered off, washed with 1:1 EtOAc/CHCl; (2 x 1 L), and the filtrate and
washings were evaporated under reduced pressure. The residual green solid was
recrystallized from EtOAc/i-Pr,O. Crystals were collected by filtration, washed with
i-Pr,0, and then dried under reduced pressure at 50 °C to give 56.7 g (82%) of 88 as
pale green prisms: mp 150151 °C; 'H NMR (400 MHz, CDCl;): 6 0.87 (s, 3H), 1.28
(s, 3H), 1.29 (t, J = 7.1 Hz, 3H), 2.51-2.57 (m, 2H), 3.63 (br d, J = 11 Hz, 2H), 3.65
(brd, J=11 Hz, 2H), 3.79 (s, 2H), 4.13-4.18 (m, 2H), 4.22 (q. J/ = 7.1 Hz, 2H), 6.54 (s,
1H); *C NMR (100 MHz, CDCl;): 6 14.1, 22.0, 22.6, 29.0, 30.4, 40.3, 46.3, 61.8, 72.5,
102.4, 105.2, 105.4, 114.5, 152.9, 155.7, 158.5, 167.8; IR (Nujol) 2220, 1725, 1652
cm™; MS (APCI) m/z 347 (IM+H]"); elemental analysis calcd (%) for CisH2oN»Os: C
62.42, H 6.40, N 8.09; found: C 62.19, H 6.26, N 7.91.

a-Chloro ester 63a: To a suspension of 88 (43.4 g, 0.125 mol) in THF (600 mL) was
added Et;N (13.9 g, 0.138 mol) at 4 °C under an argon atmosphere. To the
suspension was added TMSCI (14.4 g, 0.133 mmol) dropwise over 5 minutes at —4 °C.
The mixture was stirred for 1 hour at the same temperature, then a suspension of
N-chlorosuccinimide (17.0 g, 0.127 mol) in THF (400 mL) was added dropwise to it
over 7 minutes keeping the temperature below 4 °C. Stirring was continued for 4.5
hours at 0—4 °C, to the reaction mixture was added water (1 L) at 0 °C, and then the
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mixture was extracted with EtOAc (2 x 1 L). The combined organic extracts were
washed with water (2 X 800 mL) and saturated aqueous NaCl solution (800 mL), dried
over Na,SQy, treated with activated charcoal (15 g), filtered through Celite, and then
evaporated under reduced pressure. The resulting pale yellow crystals were
recrystallized from EtOAc/i-Pr,O to give 40.3 g (84%) of 63a as colorless needles: mp
153155 °C; "H NMR (400 MHz, CDCls): 6 0.88 (s, 3H), 1.28 (s, 3H), 1.31 (t, J = 7.1
Hz, 3H), 2.52-2.58 (m, 2H), 3.60-3.70 (m, 4H), 4.13—4.21 (m, 2H), 4.22-4.37 (m, 2H),
5.63 (s, 1H), 6.77 (s, 1H); C NMR (100 MHz, CDCls): 6 13.9, 22.1, 22.7, 22.8, 29.2,
30.5, 46.5, 55.5, 63.7, 72.5, 99.7, 104.1, 105.3, 113.6, 154.2, 156.0, 157.9, 165.5; IR
(Nujol) 2227, 1749, 1662 cm™; MS (APCI) m/z 381 ([M+H]"); elemental analysis
caled (%) for CgH;CIN,Os: C 56.77, H 5.56, N 7.36, C1 9.31; found: C 56.69, H 5.63,
N 7.17,C19.01.

o-Bromo ester 63b: To a suspension of 88 (67.94 g, 0.196 mol) in THF (1.1 L) was
added NaH (60% oil suspension, 9.41 g, 0.235 mol) at room temperature under an
argon atmosphere, and then the mixture was stirred for 1 hour. To the mixture was
added Br; (40.28 g, 0.252 mol) in one portion at 3 °C. The mixture was stirred at
room temperature for 1 hour, and then cooled in an ice bath. To the mixture were
cautiously added an aqueous citric acid solution (300 mL) and 10% aqueous Na,S,0;
solution (300 mL). The mixture was diluted with water, and then extracted with
CHCI; (500 + 700 mL). The combined organic extracts were washed with water (3 x
1.5 L) and saturated aqueous NaCl solution (800 mL), dried over Na,SOs, treated with
activated charcoal, filtered through Celite, and evaporated under reduced pressure.
The residual solid was triturated with EtOAc/Et,O, and collected by filtration to give
52.9 g (63%) of 63b as pale yellow crystals: mp 123—125 °C (dec.); 'H NMR (400
MHz, CDCls): 6 0.89 (s, 3H), 1.28 (s, 3H), 1.32 (t, /= 7.1 Hz, 3H), 2.48-2.61 (m, 2H),
3.59-3.75 (m, 4H), 4.10-4.23 (m, 2H), 4.24-4.36 (m, 2H), 5.61 (s, 1H), 6.89 (s, 1H);
BC NMR (100 MHz, CDCls): 6 13.8, 22.1, 22.6, 27.6, 29.3, 30.5, 40.3, 41.8, 46.4, 63.6,
72.45, 72.49, 101.2, 103.6, 105.2, 113.6, 153.8, 156.1, 157.9, 165.8; IR (Nujol) 2217,
1741, 1664, 1609, 1463, 1228, 1202, 1143 cm™; MS (APCI) m/z 425 and 427
([M+H]"); elemental analysis calcd (%) for CisHyBrN,Os: C 50.84, H 4.98, N 6.59,
Br 18.79; found: C 50.89, H 4.92, N 6.39, Br 18.56.
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Synthesis of N-substituted cyclic amino acids 33b—33n

COOH
O/ @cow @C(COOH \COOH
Q " )=
M S—R >s
2N\ 2N\
o Yo o/ o

()-33b (+)-33¢c ()-33d: R = 4-Me-phenyl (R)-33j
(+)-33e: R = 4-Cl-phenyl
(£)-33f: R = 4-MeO-phenyl
(£)-33g: R = 4-PhO-phenyl
(£)-33h: R = 4-t-Bu-phenyl
(%)-33i: R = 4-cyclohexyl-phenyl
(+)-33j: R = 4-biphenyl
(£)-33k: R = naphthalen-2-yl
(+)-331: R = naphthalen-1-yl
(+)-33m: R = indan-5-yl
(£)-33n: R = benzyl

Figure S1. Structures of compounds 33b—33n.

Compounds (£)-33b, (£)-33d, (£)-33e, (¥)-33f, and (£)-33k were purchased from
Enamine Ltd. Compounds (£)-33¢,”" (i)-33g,[51] and (+)-33n"% were synthesized

according to the known procedure.

General procedure for synthesis of compounds (£)-33h, (+)-33i, (¥)-33j, (¥)-331,
and, (£)-33m

R-SO,CI -33h: R = 4-t-Bu-
COOH aq, K2(2203 COOH (%) 33?. R_ 4-t-Bu-phenyl
()-33i: R = 4-c-Hex-phenyl
NH THF N\SfR (£)-33j: R = 4-biphenyl
78\ +)-33. R = hthalen-1-yl
(*)-TIC Yo ) rapThaenTy

(¢)-33m: R = indan-5-yl

Scheme S2. Synthesis of compounds ()-33h, (£)-33i, (£)-33j, (£)-331, and, (£)-33m.

To a solution of (+)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (TIC) (30 mmol)
in 1.3 mol/L aqueous K,COs; (70 mL, 91 mmol) and THF (50 mL) was added a
solution of arylsulfonyl chloride (36 mmol) in THF (30 mL) dropwise over 10 minutes
on an ice-water bath. The mixture was vigorously stirred for 3 hours at room
temperature. EtOAc (100 mL) and water (100 mL) were added to it. The aqueous
layer was separated, and the organic layer was extracted with water (100 mL). The
combined aqueous extracts were washed with EtOAc (300 mL), and then acidified
with 10% aqueous HCI to pH 1 on an ice bath. The resulting mixture was extracted

with EtOAc. The organic extract was washed with water and saturated aqueous NaCl
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solution, dried over Na;SO4, and then evaporated under reduced pressure to give
(£)-N-arylsulfonyl-TIC.

Compound (£)-33h: colorless powder, 71%; "H NMR (400 MHz, DMSO-dj): 6 1.27 (s,
9H), 3.01 (dd, J = 6.4, 16 Hz, 1H), 3.10 (dd, J = 3.1, 16 Hz, 1H), 4.45 (d, J = 16 Hz,
1H), 4.55 (d, J = 16 Hz, 1H), 4.84 (dd, J = 3.1, 6.1 Hz, 1H), 7.08-7.16 (m, 4H), 7.55
(br d, J = 8.2 Hz, 2H), 7.75 (br d, J = 8.7 Hz, 2H), 12.85 (br, 1H); *C NMR (100
MHz, DMSO-dy): ¢ 30.8, 31.1, 34.8, 44.0, 53.6, 126.0, 126.2, 126.5, 126.7, 126.9,
128.5, 131.3, 131.7, 136.1, 155.8, 171.6; IR (Nujol) 3291, 1741, 1695, 1331, 1178,
1155 cm™; MS (APCI) m/z 374 ([M+H]"); elemental analysis caled (%) for
Ca0H23NO4S0.2H,0: C 63.71, H 6.25, N 3.71, S 8.50; found: C 63.76, H 6.15, N 3.64,
S 8.31.

Compound (£)-33i: pale yellow crystals, 73%; mp 199-201 °C (EtOAc/n-hexane); 'H
NMR (400 MHz, DMSO-dp): 6 1.10-1.50 (m, 5H), 1.64-1.88 (m, 5H), 2.50-2.62 (m,
1H), 3.00 (dd, J =6.4,16 Hz, 1H),3.09 (dd, J =3.1, 16 Hz, 1H), 4.46 (d, J = 16 Hz,
1H), 4.54 (d, J = 16 Hz, 1H), 4.83 (dd, J = 3.1, 6.7 Hz, 1H), 7.09-7.16 (m, 4H), 7.38
(brd, J = 8.7 Hz, 2H), 7.73 (br d, J = 8.2 Hz, 2H), 12.84 (br, 1H); >*C NMR (100 MHz,
DMSO-dy): 0 25.4, 26.1, 31.1, 33.45, 33.47, 43.5, 44.0, 53.6, 126.1, 126.5, 126.7,
127.1, 127.4, 128.5, 131.2, 131.7, 136.5, 152.7, 171.6; IR (Neat) 3300, 1742, 1172,
1153, 839, 750 cm™; MS (ESI) m/z 398 ([M-H]); elemental analysis caled (%) for
CHsNO4S: C 66.14, H 6.31, N 3.51, S 8.03; found: C 66.20, H 6.20, N 3.52, S 8.22.

Compound (£)-33j: colorless crystals, 64%; mp 193-194.5 °C (CHCls/n-hexane); 'H
NMR (400 MHz, DMSO-ds), >C NMR (100 MHz, DMSO-dj), and IR (Nujol), see:
(R)-33j; MS (ESI) m/z 392 ([M—H]); elemental analysis calcd (%) for C2,H9NO4S: C
67.16, H4.87, N 3.56, S 8.15; found: C 66.12, H 4.58, N 3.54, S 8.14.

Compound (£)-331: colorless crystals, 74%; mp 218-220 °C (THF/EtOAc); 'H NMR
(400 MHz, DMSO-dy): 6 3.05 (dd, J = 6.7, 16 Hz, 1H), 3.19 (dd, J = 2.7, 16 Hz, 1H),
4.50 (d, J = 16 Hz, 1H), 4.59 (d, J = 16 Hz, 1H), 5.10 (dd, J = 2.1, 6.7 Hz, 1H), 7.11
(br, 4H), 7.61-7.76 (m, 3H), 8.05-8.10 (m, 1H), 8.22-8.30 (m, 2H), 8.57 (brd, J = 8.2
Hz, 1H), 12.94 (br, 1H); *C NMR (100 MHz, DMSO-d): 6 31.1, 43.7, 53.1, 124.3,
124.5, 126.2, 126.5, 126.6, 126.9, 127.7, 128.2, 128.7, 129.1, 129.8, 130.9, 131.2,
134.0, 134.1, 134.4, 171.5; IR (Neat) 1723, 1592, 1506, 1499, 1266, 1214, 1161, 1047,
809, 768, 750 cm™; MS (APCI) m/z 368 (IM+H]"); elemental analysis caled (%) for
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C0H17NO4S: C 65.38, H 4.66, N 3.81, S 8.73; found: C 65.63, H4.57, N 3.71, S 8.79.

Compound (£)-33m: colorless crystals, 52%; mp 126-136 °C (EtOAc/n-hexane); 'H
NMR (400 MHz, DMSO-ds): 0 1.96-2.08 (m, 2H), 2.80-2.95 (m, 4H), 2.99 (dd, J =
6.7, 16 Hz, 1H), 3.08 (dd, /= 3.3, 16 Hz, 1H), 4.46 (d, / = 16 Hz, 1H), 4.54 (d, J = 16
Hz, 1H), 4.81 (dd, J = 3.1, 6.7 Hz, 1H), 7.07-7.17 (m, 4H), 7.37 (d, J = 7.7 Hz, 1H),
7.56-7.61 (m, 1H), 7.66 (br, 1H), 12.91 (br 1H); °C NMR (100 MHz, DMSO-dj): ¢
24.9,31.1,32.1,32.3,44.1, 53.5, 122.8, 124.8, 125.3, 126.2, 126.5, 126.7, 128.5, 131.3,
131.8, 136.9, 145.1, 149.4, 171.7; IR (Nujol) 3297, 1743, 1457, 1333, 1172, 1150
cm™; MS (APCI) m/z 358 ([M+H]"); elemental analysis calcd (%) for CioH19NO4S: C
63.85, H 5.36, N 3.92, S 8.97; found: C 63.81, H 5.33, N 3.86, S 8.72.

Synthesis of compound (R)-33]

1. OTMS

©©.\\COOH NTMS - CH3CN WCOOH
: A~
SO,CI )

(R)-TIC EtsN, THF (R)-33j

Scheme S3. Synthesis of (R)-33j.

To a suspension of (R)-TIC™ (30.2 g, 0.17 mol) in CH3;CN (300 mL) was added
N, O-bis(trimethylsilyl)acetamide (60 mL, 0.18 mol) at room temperature under an
argon atmosphere. The mixture was stirred for 1.5 hours at room temperature to
afford a pale yellow solution. To the solution was added Et;N (18.2 g, 0.18 mol) at
5 °C, and then a solution of 4-biphenylsulfonyl chloride (44.0 g, 0.17 mol) in CH3CN
(50 mL)-THF (200 mL) was added dropwise to it over 35 minutes at the same
temperature.  Stirring was continued and the mixture was allowed to warm to room
temperature. After 16 hours, the reaction mixture was poured into ice-water (1 L),
and then the pH was adjusted to pH 1 with 10% aqueous HCl. The mixture was
extracted with EtOAc (2 x 1 L). The combined organic extracts were washed with
water (2 x 1 L) and saturated aqueous NaCl solution (1 L), dried over Na,SOy, treated
with activated charcoal (15 g), filtered through Celite, and then evaporated under
reduced pressure. The residual solid was dissolved in hot EtOAc (500 mL) and
diluted with n-hexane (400 mL). Separated crystals were collected by filtration,
washed with 1:1 n-hexane/EtOAc (150 mL), and dried under reduced pressure to give
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57.5 g (86%) of (R)-33j as colorless crystals: mp 203-204 °C; [ o ]**p= +5.78 (c 1.0,
DMF); 'H NMR (400 MHz, DMSO-d5): d 3.06 (dd, J = 6.4, 16 Hz, 1H), 3.12 (dd, J =
3.3, 16 Hz, 1H), 4.51 (d, J = 16 Hz, 1H), 4.62 (d, J = 16 Hz, 1H), 4.90 (dd, J = 3.1,
6.1 Hz, 1H), 7.11-7.20 (m, 4H), 7.40-7.54 (m, 3H), 7.69-7.75 (m, 2H), 7.85 (br d, J =
8.7 Hz, 2H), 7.92 (br d, J = 8.2 Hz, 2H), 12.91 (br, 1H); “C NMR (100 MHz,
DMSO-dy): 6 31.2, 44.1, 53.6, 126.2, 126.5, 126.7, 127.1, 127.3, 127.7, 128.6, 129.2,
131.2, 131.6 137.7, 138.4, 144.3, 171.6; IR (Nujol) 3301, 1743, 1593, 1331, 1282,
1172, 1153 cm™; MS (APCI) m/z 394 ([M+H]"); elemental analysis calcd (%) for
CnH19NO4S: C 67.16, H 4.87, N 3.56, S 8.15; found: C 67.14, H 4.72, N 3.45, S 8.19.
SUMICHIRAL OA-3100 column (4.6 mm x 250 mm); 20 mM AcONH,4 in CH3;0H;
1.0 mL/min; 270 nm detector; (R)-12, 37.2 min ; (5)-12, 46.1 min.

Synthesis of diester 31
Table S1. Synthesis of diesters 31b—31o0.

(0] (0]
CN *R-COOH CN
N —_— N
2 s COOEt 2 s COOEt
O K,CO O
\_P° B DMF - P Oy

*

63b, 63c 31b-310

—~
N N
Me ~ \
Me /SOMe SOMe
0" o o o

63b 63c
(£)-33b (£)-33¢c
COOH -33d: R = 4-Me-phenyl!
m -33e: R = 4-Cl-phenyl
;/s\\—R -33f: R = 4-MeO-phenyl
(O] -339: R = 4-PhO-phenyl

%)

%)

%)

%)

+)-33h: R = 4-t-Bu-phenyl
+)-33i: R = 4-cyclohexyl-phenyl
+)-33j: R = 4-biphenyl
+)-33k: R = naphthalen-2-yl
+)-33l: R = naphthalen-1-yl
+)-33m: R = indan-5-yl
+)-33n: R = benzyl
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Entry o-bromo ester R*-COOH 31 Yield (%)

1 63c (+)-33b 31b 93
2 63c (+)-33¢ 31c 90
3 63c (+)-33d 31d 84
4 63b (+)-33d 31e 96
5 63b (+)-33e 31f 90
6 63b (+)-33f 31g 88
7 63b (+)-33¢g 31h 67
8 63b (+)-33h 31i 91
9 63b (+)-33i 31j 93
10 63b (+)-33j 31k 91
11 63b (+)-33k 311 98
12 63b (+)-331 31m 93
13 63b (+)-33m 31n 86
14 63b (+)-33n 310 88

Reactions were performed with bromide 63b or 63¢ (2.0 mmol), (£)-N-substituted-cyclic amino acid
(33b—33n) (3.0 mmol) and K,CO; (1.8 mmol) in DMF at 60°C.

General procedure for synthesis of 31

To a solution of a-bromo ester (63b or 63c¢) (2.0 mmol) and (£)-N-substituted-cyclic
amino acid (33b—33n) (3.0 mmol) in DMF (8 mL) was added K,CO;3 (1.8 mmol) at
room temperature under an argon atmosphere. The mixture was stirred for 45
minutes at 60 °C, and then cooled in an ice bath. To it were added EtOAc, saturated
aqueous NaHCOs;, and water. The resulting mixture was extracted with EtOAc.
The organic extract was washed with water and saturated aqueous NaCl solution, dried
over Na;SOy, and then evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (Fuji Silysia, BW-300, 32-53 um) to give

diesters 31b—310 (mixture of diastereo isomers).

Diester 31b: pale yellow foam, 93%; '"H NMR (400 M Hz, CDCLs): § 1.26 and 1.30 (2
x t,J = 7.4 Hz, 3H), 1.35-1.51 (m, 2H), 1.51-1.82 (m, 3H), 2.19-2.32 (m, 1H), 2.42
and 2.43 (2 x s, 3H), 2.38-2.48 (m, 2H), 3.17- 3.47 (m, 1H), 3.68-3.79 (m, 1H), 4.05—
4.40 (m, 8H), 4.89—4.96 (m, 1H), 6.07 and 6.29 (2 x s, 1H), 6.49 and 6.69 (2 x s, 1H),
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7.22-7.31 (m, 2H), 7.59-7.72 (m, 2H); *C NMR (100 MHz, CDCL): 6 13.85, 13.89,
14.2, 19.6, 20.0, 21.0, 21.5, 24.2, 24.4, 27.0, 27.3, 33.51, 33.54, 42.6, 42.8, 45.7, 45.9,
54.5,55.1, 60.4, 63.1, 63.2, 65.6, 65.9, 66.2, 66.3, 71.7, 71.9, 97.8, 97.9, 103.9, 104.1,
112.9, 113.0, 113.5, 113.7, 126.9, 129.6, 129.7, 136.6, 137.6, 143.5, 143.8, 153.5,
153.7, 154.4, 154.5, 158.2, 165.31, 165.36, 169.0, 169.3, 171.1; IR (Nujol) 2225, 1749,
1663, 1607 cm™'; MS (APCI) m/z 586 ([M+H]").

Diester 31¢: colorless foam, 90%; "H NMR (400 M Hz, CDCl3): 6 1.19 and 1.30 (2 x t,
J=7.1Hz, 3H), 2.37 and 2.38 (2 x s, 3H), 2.41-2.49 (m, 2H), 3.07 and 3.22 (2 x dd, J
=11, 16 Hz, 1H), 3.32 and 3.36 (2xdd, J = 3.3, 16 Hz and 4.6, 16 Hz, 1H), 4.05-4.42
(m, 8H), 4.89 and 5.03 (2xdd, J = 4.6, 11 Hz and 3.3, 11 Hz, 1H), 6.23 and 6.32 (2xs,
1H), 6.53 and 6.78 (2 x s, 1H), 7.00-7.15 (m, 2H), 7.18-7.25 (m, 3H), 7.53—7.66 (m,
3H); *C NMR (100 MHz, CDCls): § 13.7, 13.9, 21.5, 31.9, 32.6, 33.4, 45.8, 62.0, 62.2,
63.14, 63.3, 65.6, 65.7, 66.2, 66.3, 71.9, 72.6, 97.7, 98.2, 103.5, 103.7, 112.89, 112.92,
113.66, 113.71, 115.3, 116.5, 124.6, 125.0, 125.2, 127.1, 128.1, 129.7, 129.81, 129.84,
130.1, 134.1, 134.4, 140.8, 141.1, 144.6, 144.7, 153.7, 153.8, 154.4, 154.5, 158.2,
158.3, 164.9, 165.2, 169.0, 169.4; IR (Nujol) 2225, 1751, 1661, 1607, 1537, 1310,
1167, 1089, 1037, 757 cm™; MS (APCI) m/z 620 (IM+H]").

Diester 31d: colorless foam, 84%; "H NMR (400 MHz, CDCls): 0 1.18 and 1.19 (2 x t,
J = 7.1 Hz, 3H), 2.38-2.48 (m, 5H), 3.07-3.22 (m, 1H), 3.25-3.36 (m, 1H), 4.02-4.40
(m, 8H), 4.47-4.81 (m, 2H), 5.15-5.22 (m, 1H), 5.98 and 6.15 (2 x s, 1H), 6.54 and
6.66 (2 x s, 1H), 7.00-7.2 (m, 4H), 7.22-7.28 (m, 2H), 7.65-7.73 (m, 2H); *C NMR
(100 MHz, CDCls): 0 13.8, 21.5, 31.0, 31.2, 33.49, 33.52, 44.3, 44.5, 45.7, 45.8, 53.6,
53.8,63.1, 65.7, 65.9, 66.2, 72.0, 72.1, 97.8, 97.9, 103.79, 103.83, 112.9, 113.0, 113.5,
113.6, 126.16, 126.18, 126.9, 127.96, 127.05, 127.09, 127.15, 127.19, 128.7, 128.9,
129.7, 129.8, 130.37, 130.41, 131.0, 131.1, 135.6, 136.1, 143.9, 144.1, 153.6, 153.8,
154.5, 158.2, 164.9, 165.0, 168.8; IR (Nujol) 2225, 1750, 1663, 1457, 1198, 1161
cm™; MS (APCI) m/z 696 (IM+H] ).

Diester 31e: colorless foam, 93%; '"H NMR (400 MHz, CDCls):  0.90 and 0.91 (2 x s,
3H), 1.10 and 1.19 (2 x t, J = 6.9, 7.2 Hz, 3H), 1.34 and 1.36 (2 x s, 3H), 2.38 and 2.40
(2 x s, 3H), 2.45-2.65 (m, 2H), 3.18-3.40 (m, 2H), 3.60-3.80 (m, 4H), 3.95-4.24 (m,
4H), 4.54 and 4.60 (2 x d, J= 15 Hz, 1H), 4.70 and 4.72 (2 x d, J= 15 Hz, 1 H), 5.11-
5.27 (m, 1 H), 5.94 and 5.95 (2 x s, 1 H), 6.57 and 6.58 (2 x s, 1H), 7.00-7.26 (m, 6H),
7.65-7.73 (m, 2H); *C NMR (100 MHz, CDCl;): ¢ 13.7, 13.8, 21.5, 22.1, 22.7, 22.8,
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29.1, 29.2, 30.49, 30.51, 31.8, 31.9, 44.4, 44.5, 46.5, 46.6, 53.3, 53.7, 62.90, 62.93,
71.8,72.0, 72.5, 72.6, 98.8, 98.9, 104.3, 105.3, 105.4, 113.39, 113.42, 126.07, 126.11,
126.9, 127.0, 127.3, 127.4, 128.7, 128.8, 129.6, 129.7, 130.16, 130.20, 131.2, 131.4,
135.3, 135.8, 143.7, 144.0, 153.56, 153.66, 154.0, 154.1, 158.0, 158.1, 164.8, 164.9,
168.6, 168.9; IR (ATR) 2226, 1748, 1662, 1614, 1455, 1203, 1159 cm™'; MS (APCI)
m/z 676 ((M+H]").

Diester 31f: colorless foam, 85%; "H NMR (400 MHz, CDCls): 0 0.89 and 0.90 (2 x s,
3H), 1.11 and 1.20 (2 x t,J=6.9 and 7.2 Hz, 3H), 1.33 and 1.36 (2 x s, 3H), 2.48-2.65
(m, 2H), 3.21-3.44 (m, 2H), 3.60-3.75 (m, 4H), 3.96-4.26 (m, 4H), 4.51 and 4.59 (2 x
d,J=15Hz, 1H), 4.69 and 4.74 (2 x d, J= 15 Hz, 1H), 5.16 and 5.26 (2 x dd, J= 3.1,
6.2 and 3.6, 5.1 Hz, 1H), 5.96 and 5.99 (2 x s, 1H), 6.54 and 6.56 (2 x s, 1H), 7.00—
7.21 (m, 4H), 7.38-7.45 (m, 2H), 7.72-7.81 (m, 2H); >C NMR (100 MHz, CDCl;): ¢
13.7, 13.8, 22.1, 22.7, 22.8, 29.0, 29.1, 30.48, 30.51, 31.8, 31.9, 44.4, 44.5, 46.6, 46.7,
53.7,53.8, 62.96, 63.03, 72.0, 72.1, 72.5, 72.56, 72.58, 98.8, 99.0, 104.3, 105.35, 105.4,
113.37, 113.42, 126.1, 127.0, 127.1, 128.76, 128.82, 128.9, 129.27, 129.35, 130.0,
130.3, 130.9, 131.1, 137.1, 137.3, 139.2, 139.5, 153.3, 153.6, 154.07, 154.12, 158.0,
158.1, 164.8, 164.9, 168.58, 168.64; IR (ATR) 2226, 1749, 1662, 1615, 1475, 1203,
1163 cm™; MS (APCI) m/z 696 and 698 (IM+H]").

Diester 31g: yellow foam, 88%; "H NMR (400 MHz, CDCls): 6 0.90 and 0.91 (2 x s,
3H), 1.11 and 1.15 (2 x t, J = 7.2 Hz, 3H), 1.34 and 1.37 (2 x s, 3H), 2.47-2.66 (m,
2H), 3.25-3.36 (m, 2H), 3.60-3.80 (m, 4H), 3.84 and 3.85 (2 x s, 3H), 3.96-4.24 (m,
4H), 4.54 and 4.59 (2 x d, J = 15 Hz, 1H), 4.70 and 4.75 (2 x d, J = 15 Hz, 1H), 5.14
and 5.24 (2 xdd,J=4.2,5.1 and 3.1, 6.1 Hz, 1H), 5.92 and 5.95 (2 x s, 1H), 6.49 and
6.56 (2 x s, 1H), 6.81-6.92 (m, 2H), 7.03-7.21 (m, 4H), 7.70-7.76 (m, 2H); *C NMR
(100 MHz, CDCl3): ¢ 13.7, 13.8, 22.1, 22.7, 22.8, 29.06, 29.13, 30.48, 30.51, 31.8,
32.1,44.35,44.41,46.5, 46.6, 53.3, 53.7, 55.7, 62.9, 71.8, 72.04, 72.5, 72.6, 98.8, 98.9,
104.25, 104.33, 105.31, 105.37, 113.5, 114.0, 114.2, 126.0, 126.1, 126.9, 127.0, 128.7,
128.9, 129.42,129.44, 129.9, 130.21, 130.24, 130.28, 131.3, 131.4, 153.4, 153.7, 154.0,
154.1, 157.9, 158.1, 162.9, 163.1, 164.7, 164.9, 168.6, 169.1; IR (Neat) 2225, 1750,
1664, 1261, 1158, 756 cm™; MS (APCI) m/z 692 ((M+H]").

Diester 31h: pale yellow foam, 67%; "H NMR (400 MHz, CDCl;):  0.89 and 0.91 (2
xs,3H), 1.13 and 1.17 (2 x t,J = 7.2 Hz, 3H), 1.33 and 1.36 (2 x s, 3H), 2.47-2.62 (m,
2H), 3.20-3.45 (m, 2H), 3.60-3.76 (m, 4H), 4.00—4.24 (m, 4H), 4.54 and 4.61 (2 x d, J
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=15 and 16 Hz, 1H), 4.68 and 4.72 (2 x d, J = 15 and 16 Hz, 1H), 5.16 and 5.24 (2 x
dd, J = 3.3, 6.4 and 3.6, 5.1 Hz, 1H), 6.00 and 6.01 (2 x s, 1H), 6.58 and 6.61 (2 x s,
1H), 6.91-6.99 (m, 2H), 7.02-7.26 (m, 7H), 7.36-7.44 (m, 2H), 7.72-7.81 (m, 2H);
13C NMR (100 MHz, CDCl): 6 13.76, 13.81, 22.08, 22.1, 22.7, 22.8, 29.1, 29.2, 30.49,
30.51, 31.82, 31.9, 44.36, 44.46, 46.55, 46.61, 53.6, 53.8, 62.96, 62.99, 71.96, 72.02,
72.53, 72.57, 98.8, 98.9, 104.3, 104.4, 105.3, 105.4, 113.4, 117.6, 117.7, 120.2, 120.3,
124.8, 124.9, 126.1, 126.95, 126.97, 127.01, 128.7, 128.8, 129.5, 129.6, 130.1, 130.15,
130.21, 130.4, 131.2, 131.4, 132.1, 132.4, 153.5, 153.7, 154.0, 154.1, 155.1, 155.3,
158.0, 158.1, 161.6, 161.8, 164.9, 168.7, 168.8; IR (Nujol) 2225, 1751, 1664, 1614,
1582, 1242, 1157, 1090, 1055, 755 cm™'; MS (APCI) m/z 754 ((M+H]").

Diester 31i: colorless foam, 91%; "H NMR (400 MHz, CDCls): 0 0.91 (s, 3H), 1.12
and 1.22 (2 x t, J=7.1 Hz, 3H), 1.30 and 1.31 (2 x s, 9H), 1.34 (s, 3H), 2.46-2.65 (m,
2H), 3.14-3.42 (m, 2H), 3.62-3.76 (m, 4H), 4.00-4.28 (m, 4H), 4.50-4.71 (m, 2H),
5.17 and 5.23 (2 x dd, J=3.1, 6.2 and 3.3, 5.9 Hz, 1H), 6.01 and 6.08 (2 x s, 1H), 6.63
and 6.73 (2 x s, 1H), 7.00-7.19 (m, 4H), 7.42-7.48 (m, 2H), 7.69-7.78 (m, 2H); °C
NMR (100 MHz, CDCl3): ¢ 13.8, 13.9, 22.1, 22.2, 22.7, 29.2, 29.4, 30.51, 30.52, 31.0,
31.5, 31.7, 35.09, 35.1, 44.4, 44.5, 46.5, 46.6, 53.6, 53.8, 62.9, 63.0, 71.9, 72.0, 72.5,
98.95, 99.04, 104.2, 104.3, 105.3, 105.4, 113.4, 113.5, 125.98, 126.04, 126.13, 126.2,
126.89, 126.92, 127.0, 127.1, 127.2, 128.7, 130.37, 130.44, 131.4, 131.5, 135.5, 135.9,
153.75, 153.84, 154.0, 154.1, 156.6, 156.8, 158.1, 158.2, 164.9, 165.0, 168.77, 168.81;
IR (Nujol) 2225, 1753, 1665, 1615, 1595, 1353, 1164 cm™; MS (APCI) m/z 718
([M+H]").

Diester 31j: pale yellow foam, 93%; 'H NMR (400 MHz, CDCl3): 6 0.90 (s, 3H), 1.11
and 1.22 (2 x t, J = 7.1 Hz, 3H), 1.34 (s, 3H), 1.20-1.50 (m, 5H), 1.50-1.95 (m, 5H),
2.46-2.67 (m, 3H), 3.15-3.42 (m, 2 H), 3.63-3.76 (m, 4H), 3.96-4.28 (m, 4H), 4.52—
4.70 (m, 2H), 5.16 and 5.22 (2 x dd, J = 3.1, 6.7 and 3.3, 5.9 Hz, 1H), 5.99 and 6.06 (2
x s, 1H), 6.62 and 6.70 (2 x s, 1H), 7.00-7.20 (m, 4H), 7.23-7.29 (m, 2H), 7.68-7.77
(m, 2H); *C NMR (100 MHz, CDCly): § 13.7, 13.8, 22.10, 22.14, 22.7, 25.9, 26.6,
29.2,29.4, 30.5, 30.52, 31.6, 31.7, 33.93, 33.99, 34.04, 34.1, 44.38, 44.42, 44.5, 46.5,
46.6, 53.5, 53.8, 62.9, 63.0, 71.9, 72.0, 72.5, 98.9, 99.0, 104.3, 105.3, 105.4, 113.5,
126.1, 126.2, 126.88, 126.93, 127.3, 127.46, 127.52, 128.69, 128.73, 130.3, 131.36,
131.43, 135.6, 136.1, 153.5, 153.7, 153.8, 154.0, 154.1, 158.1, 164.90, 164.94, 168.7,
168.8; IR (Nujol) 2224, 1752, 1665, 1614, 1161, 1091, 1055, 967, 753 cm™; MS
(APCI) m/z 744 ((IM+H]").
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Diester 31k: 'H NMR (400 MHz, DMSO-d;), *C NMR (100 MHz, DMSO-d;), and IR
(Nujol), see: diester (R)-31Kk.

Diester 311: yellow viscous oil, 92%; "H NMR (400 M Hz, CDCls): 6 0.90 and 0.91 (2
x s, 3H), 1.07 and 1.08 (2 x t, J=6.9 Hz, 3H), 1.34 and 1.38 (2 x s, 3H), 2.40-2.67 (m,
2H), 3.20-3.43 (m, 2H), 3.56-3.83 (m, 4H), 3.88-4.25 (m, 4H), 4.60 and 4.64 (2 x d, J
=15 Hz, 1H), 4.77 and 4.86 (2 x d, J= 15 Hz, 1H), 5.22 and 5.35 (2 x dd, J=3.1, 6.7
and 3.1, 62 Hz, 1H), 5.76 and 5.87 (2 x s, 1H), 6.35 and 6,57 (2 x s, 1H), 6.96—7.22 (m,
4H), 7.50-7.60 (m, 1H), 7.60-7.68 (m, 1H), 7.71-7.79 (m, 1H), 7.84-7.94 (m, 3H),
8.36-8.44 (m, 1H); °C NMR (100 MHz, CDCl3): § 13.7, 14.2, 21.0, 22.1, 22.6, 22.7,
22.9, 29.0, 29.2, 30.5, 31.7, 32.3, 36.4, 44.6, 46.4, 46.6, 53.5, 53.9, 60.4, 62.8, 62.9,
71.8, 72.1, 72.50, 72.54, 72.6, 98.4, 98.9, 104.1, 104.3, 105.2, 105.4, 113.3, 122.4,
122.5, 126.0, 126.1, 126.3, 126.9, 127.0, 127.3, 127.5, 127.96, 128.00, 128.66, 128.73,
128.88, 128.94, 128.98, 129.05, 129.08, 129.3, 129.5, 130.16, 130.25, 131.1, 131.3,
131.8, 132.0, 134.7, 134.9, 135.36, 135.41, 152.9, 153.5, 153.7, 154.0, 157.6, 158.1,
164.5, 164.8, 168.6, 169.1; IR (ATR) 2225, 1747, 1661, 1614, 1203, 1157 cm™; MS
(APCI) m/z 712 (IM+H]").

Diester 31m: yellow foam, 93%; 'H NMR (400 MHz, CDCl3): 0 0.89 and 0.91 (2 x s,
3H), 1.08 and 1.15 (2 x t, J = 7.1 Hz, 3H), 1.32 and 1.35 (2 x s, 3H), 2.49-2.66 (m,
2H), 3.21-3.46 (m, 2H), 3.65-3.78 (m, 4H), 3.95-4.24 (m, 4H), 4.58-4.85 (m, 2H),
533 and 5.39 (2 x dd, J = 2.3, 6.4 and 2.6, 6.1 Hz, 1H), 5.85 and 5.86 (2 x s, 1H), 6.60
and 6.65 (2 x s, 1H), 6.95-7.06 (m, 1H), 7.07-7.16 (m, 3H), 7.47-7.61 (m, 3H), 7.87—
7.94 (m, 1H), 8.02-8.08 (m, 1H), 8.27-8.34 (m, 1H), 8.57-8.67 (m, 1H); °C NMR
(100 MHz, CDCls): 6 13.7, 13.8, 22.1,22.2,22.7,29.2, 29.4, 30.5, 31.57, 31.61, 44.26,
4431, 46.4, 46.6, 53.2, 53.5, 62.9, 71.97, 72.03, 72.5, 99.0, 99.3, 104.2, 104.3, 105.3,
105.4, 113.4, 124.0, 124.1, 124.38, 124.44, 126.0, 126.1, 126.8, 126.85, 126.89, 128.1,
128.2, 128.47, 128.5, 128.8, 128.9, 129.0, 129.1, 130.1, 130.2, 130.3, 130.4, 130.98,
131.01, 133.7, 133.9, 134.25, 134.34, 134.6, 134.8, 153.3, 153.5, 153.8, 154.0, 158.0,
158.2, 164.7, 164.9, 168.7, 169.0; IR (Nujol) 2225, 1749, 1663, 1613, 1203, 1161,
1142, 1056, 759 cm™; MS (APCI) m/z 712 ((IM+H]").

Diester 31n: colorless foam, 86%; '"H NMR (400 MHz, CDCls): 6 0.90 and 0.91 (2 x s,
3H), 1.10 and 1.19 (2 x t, J = 7.1 Hz, 3H), 1.34 and 1.36 (2 x s, 3H), 2.05-2.16 (m,
2H), 2.47-2.64 (m, 2H), 2.83-3.00 (m, 4H), 3.24-3.42 (m, 2H), 3.65-3.76 (m, 4H),
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3.95-4.24 (m, 4H), 4.56 and 4.63 (2 x d, J =15 Hz, 1H), 4.68 and 4.70 (2 x d, J= 15
Hz, 1H), 5.14 and 5.22 (dd and t, J = 3.1, 62 Hz and J = 4.6 Hz, 1H), 5.96 and 5.97 (2
x s, 1H), 6.60 and 6.61 (2xs, 1H), 7.02-7.25 (m, 5H), 7.54-7.66 (m, 2H); °C NMR
(100 MHz, CDCl3): § 13.7, 13.8, 14.2, 21.0, 22.1, 22.7, 22.8, 25.1, 25.3, 29.2, 29.3,
30.50, 30.51, 31.8, 31.9, 32.56, 32.60, 32.80, 32.83, 44.4, 44.5, 46.5, 46.6, 53.4, 53.7,
60.4, 62.9, 71.8, 72.0, 72.5, 98.8, 99.0, 104.2, 105.3, 105.4, 113.4, 123.18, 123.23,
124.7, 125.55, 125.64, 126.1, 126.8, 126.9, 128.7, 128.8, 130.3, 131.4, 131.5, 136.1,
136.5, 145.4, 145.6, 150.1, 150.4, 153.7, 154.0, 154.1, 158.0, 158.2, 164.8, 164.9,
168.7, 168.9; IR (Nujol) 2225, 1750, 1665, 1457, 1146, 1057 cm™; MS (APCI) m/z
702 (IM+H]").

Diester 310: colorless foam, 88%; 'H NMR (400 MHz, CDCl3): ¢ 0.90 (s, 3H), 1.13
and 1.23 (2 xt,J=7.1 Hz, 3H), 1.31 (s, 3H), 2.50-2.58 (m, 2H), 3.03 and 3.14 (2 x dd,
J=6.7,16 Hz, 1H), 3.20 and 3.33 (2 x dd, J = 2.8, 16 and 3.3, 16 Hz, 1H), 3.61-3.70
(m, 4H), 4.00-4.62 (m, 8H), 4.91 and 4.97 (2 x dd, J = 3.3, 6.4 and 2.8, 6.4 Hz, 1H),
6.14 and 6.18 (2s, 1H), 6.57 and 6.68 (2s, 1H), 6.95-7.03 (m, 1H), 7.05-7.23 (m, 3H),
7.28-7.42 (m, 5H); °C NMR (100 MHz, CDCls): J 13.76, 13.83, 22.1, 22.13, 22.76,
29.2, 29.3, 30.5, 31.2, 31.6, 45.05, 45.11, 46.5, 46.6, 54.4, 54.5, 58.46, 58.53, 63.0,
63.2, 72.2, 72.5, 98.9, 99.2, 104.3, 104.4, 105.3, 105.4, 113.5, 126.0, 126.1, 126.96,
127.0, 127.11, 127.14, 128.7, 128.8, 130.5, 130.8, 130.89, 130.92, 131.5, 131.7, 153.5,
153.7, 154.11, 154.14, 158.08, 158.14, 164.9, 165.1, 169.4, 169.5; IR (Nujol) 2225,
1751, 1663, 1613, 1541, 1151, 1057, 756 cm™ ; MS (APCI) m/z 676 ([M+H]").

Diasteroselective ethylation of diester 31

General procedure for diastereoselective ethylation of 31 to 32

To a solution of diester 31 (1.2 mmol) in 7 mL of DMF was added NaH (60% oil
suspension, 1.4 mmol) at 6 °C under an Ar atmosphere. The mixture was stirred for 1
hour at room temperature, then iodoethane (12 mmol) was added dropwise to it over 5
minutes at 6 °C. Stirring was continued and the mixture was allowed to warm to
room temperature. After 19 hours, the reaction mixture was poured into ice-cooled
10% aqueous citric acid. The resulting mixture was extracted with EtOAc. The
organic extract was washed with water and saturated aqueous NaCl solution, dried
over Na,SOy, and then evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (Fuji Silysia, BW-300, 32—-53 um) to give a

mixture of compounds 32 and 67. The ratio of compounds 32:67 was determined by
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"H NMR spectroscopy from the relative intensities of the signals in the range & = 6.40—

6.80 ppm, which signals were shown below in bold italic.

N-Tosylpipecolinic acid ester 32b: pale yellow foam, 82%; 'H NMR (400 MHz,
CDCl3): 0 0.86 (t, J = 7.5 Hz, 3H), 1.31 (t, J = 7.2 Hz, 3H), 1.20-1.45 (m, 2H), 1.56—
1.78 (m, 3H), 2.26-2.36 (m, 1H), 2.42 (s, 3H), 2.40-2.47 (m, 2H), 2.48-2.68 (m, 2H),
3.28-3.38 (m, 1H), 3.67-3.81 (m, 1H), 4.05-4.35 (m, 8H), 4.90-4.97 (m, 1H), 6.55
and 6.64 (2 x s, 1H, 13.5:86.5), 7.28 (br. d, J = 8.2 Hz, 2H), 7.71 (br. d, J = 8.2 Hz,
2H); C NMR (100 MHz, CDCls): § 7.4, 7.6, 13.8, 19.9, 20.0, 21.5, 24.2, 24.3, 27.0,
28.4, 28.5, 33.6, 33. 7, 42.7, 45.7, 54.7, 55.0, 62.8, 62.9, 65.9, 66.0, 84.9, 84.9, 97.5,
98.1, 101. 5, 101.8, 113.0, 114.3, 127.0, 129.6, 129. 7, 137.5, 137.7, 143.3, 153.0,
157.7, 158.2, 159.2, 167.5, 169.5; IR (Nujol) 2222, 1755, 1658, 1609 cm™; MS (APCI)
m/z 614 ((M+H]").

N-Tosylindoline-2-carboxylic acid ester 32¢: pale yellow foam, 90%; "H NMR (400
MHz, CDCls): 0 091 (t, J = 7.5 Hz, 3H), 1.25 (t, J = 7.2 Hz, 3H), 2.37 (br. s, 3H),
2.40-2.48 (m, 2H), 2.63 (br. q, J = 7.4 Hz, 2H), 3.15-3.39(m, 2H), 4.03—4.40 (m, 8H),
5.01 and 5.08 (2xdd, J = 5.7, 11 Hz and 5.6, 10 Hz, 1H), 6.62 and 6.74 (2xs, 1H,
76.5:23.5), 6.97-7.1 (m, 2H), 7.11-7.29 (m, 3H), 7.53-7.65 (m, 1H), 7.67-7.76 (m,
2H); °C NMR (100 MHz, CDCls): ¢ 7.0, 7.5, 8.0, 13.6, 13.8, 13.9, 14.2, 15.6, 21.0,
21.5, 28.4, 29.9, 32.4, 32.6, 33.5, 33.6, 39.5, 45.7, 60.4, 61.8, 61.9, 62.5, 62.8, 63.0,
65.8, 65.9, 65.95, 66.03, 83.8, 85.2, 97.4, 97.9, 98.0, 101.7, 102.0, 110.2, 112.98,
113.06, 114.5, 114.6, 115.4, 115.6, 120.7, 123.2, 124.5, 124.6, 124.98, 125.03, 125.6,
126.1, 127.1, 127.38, 127.42, 128.1, 129.3, 129.7, 129.9, 134.0, 139.2, 141.2, 144.58,
144.63, 153.0, 157.9, 158.9, 159.2, 159.4, 160.1, 167.4, 167.6, 168.3, 168.9; IR (Nujol)
2222, 1747, 1656, 1605, 1526, 1249, 1167, 1089, 1023, 947, 815, 759 cm™; MS
(APCI) m/z 648 (IM+H]").

N-Tosyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32d: colorless foam,
93%; "H NMR (400 MHz, CDCls): 6 0.71 (t, J = 7.4 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H),
2.29-2.50 (m, 7H), 3.13 (dd, J = 16, 6.9 Hz, 1H), 3.40 (dd, J = 16, 3.3 Hz, 1H), 3.86—
4.27 (m, 8H), 4.50-4.71 (m, 2H), 5.18 (dd, J = 6.4, 3.3 Hz, 1H), 6.40 and 6.57 (2 x s,
IH, 11:89), 7.01-7.28 (m, 6H), 7.72 (d like, J = 8.2 Hz, 2H); *C NMR (100 MHz,
CDCl): ¢ 7.31, 13.6, 21.5, 28.9, 31.4, 33.6, 44.6, 45.7, 54.0, 62.7, 65.9, 66.0, 84.7,
97.6, 101.7, 113.0, 114.6, 126.1, 126.9, 127.0, 127.2, 128.5, 129.67, 129.72, 131.0,
131.8, 136.2, 143.5, 152.8, 157.9, 159.2, 167.3, 168.9; IR (Nujol) 2222, 1757, 1658,
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1460, 1377, 1162 cm™; MS (APCI) m/z 662 ((M+H]").

N-Tosyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32e: yellow foam,
94%; "H NMR (400 MHz, CDCls): 6 0.64 (t, J = 7.5 Hz, 3H), 0.87 (s, 3H), 1.11 (t, J =
7.1 Hz, 3H), 1.24 (s, 3H), 2.20-2.40 (m, 2H), 2.36 (s, 3H), 2.45-2.63 (m, 2H), 3.23 (dd,
J=6.4,16 Hz, 1H), 3.50 (dd, J = 3.2, 16 Hz, 1H), 3.56-3.70 (m, 4H), 3.89-3.99 (m,
1H), 4.03-4.12 (m, 1H), 4.12-4.24 (m, 2H), 4.63 (m, 2H), 5.27 (dd, J = 2.9, 6.4 Hz,
1H), 6.47 and 6.65 (2 x s, 1H, 11.5:88.5), 7.00-7.18 (m, 4H), 7.23 (d. J = 8.2 Hz, 2H),
7.73 (d, J = 8.2 Hz, 2H); *C NMR (100 MHz, CDCls): 6 7.2, 13.3, 13.6, 21.4, 22.1,
22.6, 28.9, 29.2, 30.4, 32.0, 44.4, 46.4, 53.9, 62.5, 62.7, 72.4, 72.5, 84.6, 85.0, 98.3,
102.0, 105.3, 114.8, 126.2, 126.85, 126.88, 127.3, 128.6, 129.6, 129.64, 131.0, 131.8,
136.2, 143.3, 143.6, 152.7, 158.1, 159.2, 167.4, 168.7; IR (Nujol) 2222, 1757, 1659,
1615, 1531 cm™; MS (APCI) m/z 704 ((M+H]).

N-4-Chlorobenzenesulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32f:
colorless foam, 91%; "H NMR (400 MHz, CDCls): ¢ 0.69 (t, J = 7.4 Hz, 3H), 0.87 (s,
3H), 1.02 (t,J = 7.1 Hz, 3H), 1.23 (s, 3H), 2.13-2.37 (m, 2H), 2.45-2.63 (m, 2H), 3.35
(dd, J = 6.2, 16 Hz, 1H), 3.50 (dd, J = 2.8, 16 Hz, 1H), 3.56-3.69 (m, 4H), 3.70-3.84
(m, 1H), 3.934.05 (m, 1H), 4.10-4.30 (m, 2H), 4.59 (d, J = 15 Hz, 1H), 4.74 (d, J =
15 Hz, 1H), 5.33 (dd, J = 2.9, 6.4 Hz, 1H), 6.44 and 6.74 (2 x s, 1H, 9:91), 7.01-7.10
(m, 1H), 7.12-7.22 (m, 3H), 7.39-7.45 (m, 2H), 7.76-7.83 (m, 2H); *C NMR (100
MHz, CDCls): 6 7.1, 7.5, 13.4, 13.7, 22.1, 22.6, 29.3, 29.9, 30.4, 32.2, 44.3, 46.5, 53.7,
62.7,72.37, 72.43, 84.4, 98.4, 101.5, 105.4, 114.8, 126.1, 126.9, 127.0, 128.7, 128.7,
129.2, 130.8, 131.4, 137.6, 138.9, 152.7, 158.5, 159.2, 167.1, 168.4; IR (Nujol) 2222,
1747, 1657, 1614, 1240, 1165, 1087, 758 cm™; MS (APCI) m/z 724 ([M+H]").

N-4-Methoxybenzenesulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester
32g: pale yellow foam, 92%; 'H NMR (400 MHz, CDCls): 6 0.66 (t, J = 7.4 Hz, 3H),
0.87 (s, 3H), 1.09 (t, J = 7.2 Hz, 3H), 1.23 (br. s, 3H), 2.18-2.40 (m, 2H), 2.48-2.60
(m, 2H), 3.26 (dd, J = 6.4, 16 Hz, 1H), 3.48 (dd, J = 3.1, 16 Hz, 1H), 3.54-3.68 (m,
4H), 3.82 (s, 3H), 3.85-3.97 (m, 1H), 4.02-4.14 (m, 1H), 4.14-4.21 (m, 2H), 4.58—
4.71 (m, 2H), 5.26 (dd, J = 3.1, 6.4 Hz, 1H), 6.46 and 6.68 (2 x s, 1H, 10:90), 6.88—
6.94 (m, 2H), 7.01-7.08 (m, 1H), 7.10-7.20 (m, 3H), 7.76-7.82 (m, 2H); *C NMR
(100 MHz, CDCls): 6 7.1, 7.3, 13.7, 22.1, 22.6, 29.1, 29.2, 30.4, 32.0, 44.4, 46.4, 53.8,
55.5, 62.7, 72.4, 72.5, 84.5, 98.4, 101.9, 105.3, 114.1, 114.8, 126.1, 126.85, 126.87,
128.6, 129.5, 130.9, 131.0, 131.9, 152.6, 158.2, 159.2, 162.8, 167.4, 168.7; IR (Nujol)
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2223, 1757, 1747, 1659, 1259, 1158, 1093, 967, 835, 759 cm™; MS (APCI) m/z 720
(IM+HTH).

N-4-Phenoxybenzenesulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester
32h: colorless foam, 88%; "H NMR (400 MHz, CDCls): 0 0.68 (t, J = 7.4 Hz, 3H),
0.86 (br. s, 3H), 1.08 (t, J = 7.1 Hz, 3H), 1.24 (br. s, 3H), 2.21-2.38 (m, 2H), 2.40—
2.57 (m, 2H), 3.31 (dd, J = 6.4, 16 Hz, 1H), 3.49 (dd, J = 3.1, 16 Hz, 1H), 3.55-3.68
(m, 4H), 3.81-3.93 (m, 1H), 4.01-4.11 (m, 1 H), 4.15 (t like, J = 6.9 Hz, 2H), 4.62 (d,
J =15 Hz, 1H), 4.67 (d, J = 15 Hz, 1H), 5.28 (dd, J = 3.1, 6.4 Hz, 1H), 6.46 and 6.70
(2 x s, 1H, 10:90), 6.90—7.09 (m, 5H), 7.12-7.24 (m, 4H), 7.34-7.44 (m, 2H), 7.76—
7.83 (m, 2H); C NMR (100 MHz, CDCl3): 6 7.4, 13.7, 22.1, 22.6, 29.1, 29.3, 30.4,
32.1,44.5, 46.5, 53.9, 62.7, 72.35, 72.43, 84.5, 98.4, 101.8, 105.3, 114.8, 117.6, 117.7,
120.1, 124.7, 126.2, 126.9, 128.6, 129.5, 130.1, 131.1, 131.8, 132.8, 152.7, 155.3,
158.3, 159.2, 161.4, 167.3, 168.7; IR (Nujol) 2222, 1760, 1747, 1659, 1243, 1157,
1091, 1060, 754 cm™; MS (APCI) m/z 782 (IM+H]").

N-4-tert-Butylbenzenesulfonyl-1,2,3 4-tetrahydroisoquinoline-3-carboxylic acid ester
32i: colorless foam, 90%; "H NMR (400 MHz, CDCl;): 6 0.64 (t, J = 7.5 Hz, 3H), 0.87
(s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 1.24 (s, 3H), 1.29 (s, 9H), 2.25-2.36 (m, 2H), 2.46—
2.60 (m, 2H), 3.22 (dd, J = 6.6, 16 Hz, 1H), 3.50 (dd, J = 3.3, 16 Hz, 1H), 3.56-3.68
(m, 4H), 4.08 (q, J = 7.1 Hz, 1H), 4.17 (t, J = 7.0 Hz, 2H), 4.19 (q, J = 7.1 Hz, 1H),
4.59 (d, J = 15 Hz, 1H), 4.67 (d, J = 15 Hz, 1H), 5.26 (dd, J = 3.3, 6.3 Hz, 1H), 6.47
and 6.63 (2 x s, 1H, 10.5:89.5), 7.01-7.15 (m, 4H), 7.41-7.47 (m, 2H), 7.74-7.79 (m,
2H); >C NMR (100 MHz, CDCls): § 7.2, 13.3, 13.7, 22.1, 22.6, 28.7, 29.2, 30.4, 31.0,
31.7,31.9, 35.0, 44.6, 46.4, 53.6, 54.1, 62.8, 72.4, 72.5, 84.8, 98.2, 100.0, 102.1, 105.3,
114.8, 126.95, 126.02, 126.2, 126.87, 126.90, 127.1, 128.5, 131.0, 131.1, 132.0, 136.2,
152.7, 156.3, 157.9, 159.2, 163.7, 167.5, 168.9; IR (Nujol) 2223, 1759, 1748, 1660,
1617, 1353, 1165 cm™; MS (APCI) m/z 746 (IM+H]).

N-4-cyclo-Hexylbenzenesulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
ester 32j: colorless foam, 88%; "H NMR (400 MHz, CDCls): 6 0.65 (t, J = 7.4 Hz, 3H),
0.86 (br. s, 3H), 1.13 (t, J = 7.1 Hz, 3H), 1.24 (br. s, 3H), 1.25-1.47 (m, SH), 1.55-
1.90 (m, 5H), 2.24-2.36 (m, 2H), 2.44-2.61 (m, 3H), 3.23 (dd, J = 6.4, 16Hz, 1H),
3.50 (dd, J = 3.1, 16 Hz, 1H), 3.56-3.68 (m, 4H), 3.90-4.01 (m, 1H), 4.05-4.24 (m,
3H), 4.61 (d, J = 15 Hz, 1H), 4.65 (d, J = 15 Hz, 1H), 5.27 (dd, J = 3.1, 6.4 Hz, 1H),
6.47 and 6.65 (2 x s, 1 H, 10:90), 6.99-7.07 (m, 1 H), 7.09-7.18 (m, 3 H), 7.23-7.29
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(m, 2 H), 7.72-7.78 (m, 2 H); *C NMR (100 MHz, CDCl3): 6 7.2, 13.3, 13.7, 22.1,
22.6,25.9, 26.6, 26.7, 28.1, 28.9, 29.2, 30.4, 31.9, 34.99, 34.01, 44.5, 44.6, 46.4, 53.6,
54.1, 62.7, 72.4, 72.5, 84.7, 98.3, 102.0, 105.3, 114.8, 126.2, 126.86, 126.88, 127.37,
127.42, 127.51, 128.53, 131.1, 132.0, 136.5, 152.7, 153.1, 158.02, 159.2, 167.4, 168.8;
IR (Nujol) 2222, 1758, 1747, 1659, 1615, 1241, 1161, 1092, 1060, 750 cm™; MS
(APCI) m/z 772 (IM+H]").

N-4-Biphenylsulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32k:
colorless foam, 89%; "H NMR (400 MHz, CDCls): 0 0.70 (t, J= 7.4 Hz, 3H), 0.85 (br.
s, 3H), 1.02 (t, J= 7.1 Hz, 3H), 1.21 (br. s, 3H), 2.16-2.55 (m, 4H), 3.35 (dd, J = 6.4,
16 Hz, 1H), 3.50 (dd, J = 2.8, 16 Hz, 1H), 3.55-3.70 (m, 4H), 3.70-3.90 (m, 2H),
3.93-4.16 (m, 2H), 4.68 (d, /=16 Hz, 1H), 4.76 (d, /= 16 Hz, 1H), 5.37 (dd, J = 2.8,
6.4 Hz, 1H), 6.46 and 6.71 (2 x s, 1H, 8:92), 7.02-7.10 (m, 1H), 7.10-7.20 (m, 3H),
7.36-7.50 (m, 3H), 7.54-7.59 (m, 2H), 7.63-7.68 (m, 2H), 7.89-7.96 (m, 2H); IR
(Nujol) 2222, 1757, 1746, 1658, 1614, 1240, 1164, 1094, 1060, 762 cm™; MS (APCI)
m/z 766 ((M+H]").

N-(2-Naphthalene)sulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32/:
pale yellow foam, 91%; 'H NMR (400 MHz, CDCl3): 0 0.60 (t, J = 7.5 Hz, 3H), 0.86
(s, 3H), 1.08 (t, J = 7.1 Hz, 3H), 1.23 (s, 3H), 2.18-2.36 (m, 2H), 2.52 (t, J = 7.0 Hz,
2H), 3.24 (dd, J = 6.4, 16 Hz, 1H), 3.53 (dd, J = 2.9, 16 Hz, 1H), 3.60-3.70 (m, 4H),
3.83-3.95 (m, 1H), 3.96-4.08 (m, 1H), 4.11-4.22 (m, 2H), 4.71 (br. s, 2H), 5.36 (dd, J
=3.1, 6.4 Hz, 1H), 6.44 and 6.60 (2 x s, 1H, 9:91), 7.00-7.20 (m, 4H), 7.55-7.65 (m,
2H), 7.78-7.92 (m, 3H), 7.94-8.00 (m, 1H), 8.46 (br., 1H); °C NMR (100 MHz,
CDCl3): 0 7.1, 13.6, 22.1, 22.6, 28.6, 29.2, 30.4, 32.0, 44.6, 46.4, 54.1, 62.7, 72.4, 72.5,
84.8, 98.2, 102.1, 105.3, 114.8, 122.6, 126.1, 126.9, 127.3, 127.7, 128.6, 1288, 129.3,
129.4, 130.9, 131.8, 132.1, 134.8, 136.1, 152.7, 157.9, 159.1, 167.4, 168.7; IR (Nujol)
2223, 1747, 1659, 1616, 1350, 1161 cm™; MS (APCI) m/z 740 (IM+H]).

N-(1-Naphthalene)sulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic  acid  ester
32m: pale yellow foam, 91%; "H NMR (400 MHz, CDCls): 0 0.59 (t, J = 7.4 Hz, 3H),
0.86 (s, 3H), 1.13 (t, J = 7.1 Hz, 3H), 1.23 (s, 3H), 2.24-2.35 (br. q, J = 7.6 Hz, 2H),
2.49-2.57 (m, 2H), 3.19 (dd, J = 6.4, 17 Hz, 1H), 3.44-3.74 (m, 5H), 3.93-4.23 (m,
4H), 4.54 (d, J = 16 Hz, 1H), 4.87 (d, J = 16 Hz, 1H), 5.42 (dd, J = 2.4, 6.4 Hz, 1H),
6.49 and 6.63 (2 x s, 1H, 12.5:87.5), 6.97-7.03 (m, 1H), 7.07-7.16 (m, 3H), 7.50-7.59
(m, 2H), 7.61-7.69 (m, 1H), 7.86-7.92 (m, 1H), 8.03 (br. d, J = 8.2 Hz, 1H), 8.36 (dd,
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J=1.3,7.5 Hz, 1H), 8.59 (br. d, J = 8.2 Hz, 1H); *C NMR (100 MHz, CDCl3): § 7.1,
13.3, 13.6, 22.1, 22.6, 28.8, 29.3, 30.4, 31.7, 44.1, 46.4, 53.5, 62.5, 62.8, 72.4, 72.5,
84.8,85.1,98.3,102.1, 105.3, 114.8, 124.1, 124.6, 126.1, 126.6, 126.77, 126.81, 128.3,
128.4, 128.7, 128.9, 130.4, 130.56, 130.62, 131.4, 134.1, 134.4, 134.5, 152.6, 157.9,
159.2, 167.5, 168.8; IR (Nujol) 2222, 1747, 1659, 1241, 1160, 1140, 1060, 759 cm;
MS (APCI) m/z 740 ((M+H]").

N-(Indan-5-yl)sulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 32n:
colorless foam, 90%; "H NMR (300 MHz, CDCls): 6 0.63 (t, J = 7.4 Hz, 3H), 0.87 (s,
3H), 1.15 (t, J = 7.1 Hz, 3H), 1.24 (s, 3H), 2.08 (m, 2H), 2.31 (m, 2H), 2.53 (m, 2H),
2.90 (m, 4H), 3.20 (dd, J = 16, 62iz, 1H), 3.49 (dd, J = 16, 3.1 Hz, 1H), 3.56-3.69 (m,
4H), 3.95-4.24 (m, 4H), 4.60 (d, J = 16 Hz, 1H), 4.66 (d, J = 16 Hz, 1H), 5.24 (dd, J
=6.4,3.3 Hz, 1H), 6.49 and 6.63 (2 x s, 1H, 13:87), 7.01-7.07 (m, 1H), 7.09—7.18 (m,
3H), 7.23-7.29 (m, 1H), 7.60-7.67 (m, 2 H); *C NMR (100 MHz, CDCl3): 6 7.2, 13.7,
14.2, 21.0, 22.1, 22.6, 25.3, 28.6, 29.3, 30.4, 31.9, 32.6, 32.8, 44.6, 46.4, 54.1, 60.4,
62.7, 72.4, 72.5, 84.8, 98.3, 102.2, 105.3, 114.7, 123.2, 124.7, 125.6, 126.2, 126.8,
126.9, 128.5, 131.1, 132.1, 137.0, 145.3, 149.8, 152.7, 157.9, 159.1, 167.48, 168.9; IR
(Nujol) 2222, 1746, 1660, 1461, 1376, 1148 cm™; MS (APCI) m/z 730 ((M+H]").

N-Benzylsulfonyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ester 320: pale
yellow foam, 94%; 'H NMR (400 MHz, CDCls): 0 0.62 (t, J = 7.4 Hz, 3H), 0.86 (s,
3H), 1.16 (t, J = 7.1 Hz, 3H), 1.24 (s, 3H), 2.28-2.38 (m, 2H), 2.49-2.56 (m, 2H),
3.12-3.24 (m, 1H), 3.51 (dd, J = 3.0, 16 Hz, 1H), 3.56-3.68 (m, 4H), 3.87-4.21 (m,
4H), 4.26 (d, J = 14 Hz, 1H), 4.32 (d, J = 14 Hz, 1H), 4.44 (d, J = 15 Hz, 1H), 4.56 (d,
J =15 Hz, 1H), 5.04 (dd, J = 3.0, 6.4 Hz, 1H), 6.54 and 6.61 (2 x s, 1H, 27.5:72.5),
6.95-7.02 (m, 1H), 7.15-7.20 (m, 3H), 7.27-7.40 (m, 5H) ; *C NMR (100 MHz,
CDCl):67.1,13.4,13.7,22.1, 22.6, 22.6, 28.6, 28.8, 29.1, 29.2, 30.4, 31.3, 31.6, 45.1,
45.3, 46.5, 54.4, 54.7, 58.3, 58.4, 62.6, 62.8, 72.4, 72.5, 85.0, 85.1, 97.9, 98.3, 102.1,
102.3, 105.26, 105.31, 114.7, 125.9, 126.0, 126.8, 126.9, 127.02, 127.06, 128.65,
128.69, 128.8, 130.75, 130.8, 131.0, 131.1, 131.9, 132.2, 152.8, 157.5, 157.7, 159.1,
167.5, 169.5; IR (Nujol) 2223, 1751, 1659, 1617, 1244, 1151, 1061, 754 cm™; MS
(APCI) m/z 704 ((M+H]").

Synthesis of T-2513 (5)

Diester (R)-31k: To a solution of 63a (34.1 g, 89.6 mmol) and (R)-33j (42.3 g, 107.6
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mmol) in DMF (350 mL) was added K,COs5 (8.7 g, 62.7 mmol) at room temperature
under an argon atmosphere. The mixture was stirred for 45 minutes at 60°C, and then
cooled in an ice bath. To it were added EtOAc (200 mL), saturated aqueous NaHCOs3
(300 mL), and water (500 mL). The resulting mixture was extracted with EtOAc (3 x
500 mL). The combined organic extracts were washed with water (2 x 1 L) and
saturated aqueous NaCl solution (1 L), dried over Na;SO,, treated with activated
charcoal, filtered through Celite, and then evaporated under reduced pressure to give
662h (quant.) of diester (R)-31k as a pale yellow foam: (mixture of diastereo isomers)
'H NMR (400 MHz, CDCl5): 6 0.89 and 0.90 (2 x s, 3H), 1.10 and 1.15 2 x t, J = 7.1
Hz, 3H), 1.33 and 1.35 (2 x s, 3H), 2.45-2.60 (m, 2H), 3.28, 3.33, and 3.39 (d, J = 4.6
Hz,dd, J=6.2, 16 Hz, dd, J = 3.3, 16 Hz, total 2H), 3.61-3.76 (m, 4H), 3.95-4.22 (m,
4H), 4.58 and 4.68 (2 x d, J = 16 Hz, 1H), 4.72 and 4.75 (2 x d, J = 16 Hz, 1H), 5.22
and 5.28 (dd, J = 3.3, 62iz, t,J = 4.6 Hz, 1H), 6.01 and 6.04 (2 x s, IH), 6.58 and 6.65
(2 x's, 1H), 7.02-7.20 (m, 4H), 7.37-7.51 (m, 3H), 7.54-7.60 (m, 2H), 7.62—7.68 (m,
2H), 7.85-7.93 (m, 2H); °C NMR (100 MHz, CDCls): ¢ 13.7, 13.8, 22.06, 22.10,
22.69, 22.72, 29.1, 29.2, 30.47, 30.49, 31.7, 31.8, 44.4, 44.5, 46.5, 46.6, 53.6, 53.8,
62.9, 63.0, 71.96, 72.07, 72.5, 77.7, 98.9, 99.0, 104.2, 104.3, 105.3, 105.4, 113.4, 126.1,
126.9, 127.0, 127.2, 127.3, 127.5, 127.7, 127.8, 127.9, 128.5, 128.7, 128.8, 129.0,
130.3, 130.4, 131.2, 131.3, 137.1, 137.4, 139.0, 139.2, 145.5, 145.8, 153.55, 153.7,
154.0, 154.1, 158.0, 158.1, 164.86, 164.91, 168.7, 168.8; IR (Nujol) 2224, 1751, 1663,
1613 cm™; MS (APCI) m/z 738 ([M+H]"); HRMS (FAB, [M+H]"): caled for
Ca0H49N309S 738.2485, found 738.2469.

Optically pure intermediate (-)-32k: To a solution of diester (R)-31k (103.8 g, 140.7
mmol) in 1 L of 1:1 (v/v) N,N-dimethylacetamide/toluene was added NaH (60% oil
suspension, 6.94 g, 173.5 mmol) at 6 °C under an argon atmosphere. The mixture
was stirred for 1.5 hours at room temperature, and then iodoethane (217.0 g, 1.39 mol)
was added dropwise to it over 5 minutes at 6 °C. Stirring was continued and the
mixture was allowed to warm to room temperature. After 17 hours, it was poured
into ice-cooled 2% aqueous citric acid (3 L). The resulting mixture was extracted
with EtOAc (2 x 1 L). The combined organic extracts were washed with water (2 % 1
L) and saturated aqueous NaCl solution (1 L), dried over Na,SO,, treated with
activated charcoal (15 g), filtered through Celite, and then evaporated under reduced
pressure. To a solution of the residue in CHCI; (500 mL) was added silica gel (Fuji
Silysia, BW-300, 32-53 um, 200 g). The suspension was stirred for several minutes,
and the silica gel was collected by filtration and washed with CHCl; (3 L). The
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combined filtrate and washing was evaporated to dryness under reduced pressure.
The residue was dissolved in hot acetone (140 mL), and diluted with n-hexane (120
mL). Separated  crystals were collected by filtration, washed with 7:6
acetone/n-hexane (200 mL), and dried under reduced pressure to give 88.9 g (75%) of
compound (-)-32k as colorless crystals: (single isomer) mp 121-135 °C; [ a]%p= —
43.3 (¢ 1.0, CHCl3); 'H NMR (400 MHz, CDCls): 6 0.70 (t, J = 7.4 Hz, 3H), 0.85 (s,
3H), 1.01 (t,J = 7.1 Hz, 3H), 1.21 (s, 3H), 2.16-2.47 (m, 4H), 3.35 (dd, J = 6.4, 16 Hz,
1H), 3.50 (dd, J = 2.8, 16 Hz, 1H), 3.54-3.63 (m, 4H), 3.68-3.87 (m, 2H), 3.94-4.09
(m, 2H), 4.67 (d, J = 15 Hz, 1H), 4.77 (d, J = 15 Hz, 1H), 5.37 (dd, J = 2.8, 6.4 Hz,
1H), 6.71 (s, 1H), 7.03-7.10 (m, 1H), 7.12-7.20 (m, 3H), 7.36-7.49 (m, 3H), 7.54—
7.59 (m, 2H), 7.63-7.68 (m, 2H), 7.90-7.95 (m, 2H); *C NMR (100 MHz, CDCl;): &
7.5,13.7,22.1,22.6, 29.0, 29.8, 30.4, 32.2, 44.4, 46.3, 53.7, 62.6, 72.3, 72.4, 84.4, 98 4,
101.5, 105.3, 114.8, 126.2, 126.8, 126.9, 127.4, 127.6, 127.8, 128.3, 128.7, 128.9,
131.0, 131.7, 137.8, 139.4, 145.2, 152.5, 158.6, 159.1, 167.2, 168.6; IR (Nujol) 2219,
1758, 1737, 1703, 1657, 1611, 1225, 1165, 1059 cm™; MS (APCI) m/z 766 (IM+H]");
elemental analysis calcd (%) for C4,H43N309S+0.2H,0: C 65.56, H 5.68, N 5.46, S 4.1;
found: C 65.40, H 5.53, N 5.39, S 4.15. CHIRALPAK AD column (4.6 mm x 250
mm); 60:40 n-hexane/EtOH; 0.5 ml/min; 265 nm detector; (-)-32k, 35.8 min; (+)-32Kk,
18.6 min.

Acetamide (-)-68: A solution of compound (-)-32k (49.9 g, 59.3 mmol) in AcOH (400
mL) and Ac,0 (1 L) was hydrogenated in the presence of Raney Ni (Aldrich, active
catalyst, 50% slurry in water, 100 g, prewashed with AcOH (100 mL)) under ambient
H, pressure at 60 °C for 4.5 hours. The catalyst was collected by filtration, and
washed with AcOH (200 mL) and CHCl; (1 L). The combined filtrate and washing
was evaporated under reduced pressure. To a solution of the residual oil in CHCI;
(300 mL) was added silica gel (100 g). The suspension was stirred for 30 minutes,
and then the silica gel was collected by filtration and washed with CHCl; (2 L) and
100:1 CHCI3/CH30H (2 L). The combined filtrate and washings were evaporated
under reduced pressure to give 50.0 g (quant.) of acetamide (-)-68 as a pale brown
foam: [ @ ]*°p=—-14.9 (¢ 1.0, CHCl3); "H NMR (400 MHz, CDCl;): 6 0.69 (t, J = 7.5
Hz, 3H), 0.87 (s, 3H), 1.02 (t, J = 7.1 Hz, 3H), 1.23 (s, 3H), 1.96 (s, 3H), 2.10-2.54 (m,
4H), 3.30 (dd, J = 6.4, 16 Hz, 1H), 3.41 (dd, J = 3.3, 16 Hz, 1H), 3.59 (s, 2H), 3.62 (s,
2H), 3.79-3.90 (m, 1H), 3.95-4.14 (m, 3H), 4.53 (dd, J = 5.1, 14 Hz, 1H), 4.60-4.70
(m, 1H), 4.62 (d, J = 16 Hz, 1H), 4.71 (d, J = 16 Hz, 1H), 5.25 (dd, J = 3.1, 6.3 Hz,
1H), 6.73 (s, 1H), 7.00-7.07 (m, 1H), 7.10-7.18 (m, 4H), 7.35-7.50 (m, 3H), 7.53-7.64
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(m, 4H), 7.85 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz, CDCls): § 7.8, 13.7, 22.2, 22.6,
23.4,29.3, 29.6, 30.4, 32.0, 37.1, 44.4, 45.5, 54.2, 62.2, 72.3, 72.4, 86.2, 99.9, 105.2,
125.9, 126.1, 126.9, 126.9, 127.3, 127.5, 127.8, 128.3, 128.8, 128.9, 130.9, 131.6,
137.9, 139.4, 145.4, 146.4, 147.9, 161.8, 168.5, 168.7, 169.6; IR (Nujol) 1751, 1656,
1595 cm™; MS (ESI) m/ 812 ([M+H]); elemental analysis caled (%) for
C44H49N3010S+0.3CHCls: C 62.76, H 5.86, N 4.96, S 3.78; found: C 62.67, H 5.85, N
491, S 3.79.

Triester (-)-69: To a solution of acetamide (-)-68 (80.0 g, 98.5 mmol) in a mixture of
AcOH (240 mL) and Ac,0 (480 mL) was added pyridine (1.6 mL, 19.7 mmol) at room
temperature under an argon atmosphere. To this mixture was added NaNO, (8.84 g,
128 mmol) at 7 °C, and then the cooling bath was removed. To the reaction mixture
was added additional NaNO; (4.76 g, 69.0 mmol + 1.36 g, 19.7 mmol) at 1.5 hour
intervals at room temperature. After completion of the addition of NaNO,, the
mixture was stirred at room temperature for a further 0.5 hours, then diluted with
EtOAc (480 mL), and heated at 60 °C for 1 hour. To this mixture were added water
(700 mL) and EtOAc (250 mL). The organic phase was separated, washed with water
(500 mL) and saturated aqueous NaCl solution (500 mL), dried over MgSQ,, treated
with activated charcoal, filtered through Celite, and then evaporated under reduced
pressure. To a solution of the residual foam in methanol (480 mL) was added water
(480 mL) in portions with stirring. The resulting precipitate was collected by
filtration, and dried under reduced pressure to give 68.5 g (86%) of triester (-)-69 as a
pale yellow crystalline solid: mp 145-147 °C; [ « 1*’b=-9.60 (c 1.0, CHCl3); '"H NMR
(400 MHz, CDCls): 6 0.54 (t, J = 7.3 Hz, 3H), 0.88 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H),
1.30 (s, 3H), 2.08 (s, 3H), 2.23 (q, J = 7.5 Hz, 2H), 2.46 (t, J = 7.0 Hz, 2H), 3.20-3.35
(m, 2H), 3.57-3.70 (m, 4H), 3.90-4.20 (m, 4H), 4.63 (d, J = 16 Hz, 1H), 4.73 (d, J =
16 Hz, 1H), 5.12 (dd, J = 3.6, 5.7 Hz, 1H), 5.23 (d, / = 11 Hz, 1H), 5.26 (d, J = 11 Hz,
1H), 6.66 (s, 1H), 7.02-7.18 (m, 4H), 7.38-7.50 (m, 3H), 7.54-7.60 (m, 2H), 7.61—
7.68 (m, 2H), 7.86-7.92 (m, 2H); *C NMR (100 MHz, CDCLs): d 7.2, 13.6, 20.9, 22.1,
22.7,28.3,29.3,30.4, 32.0, 44.5, 45.7, 54.4, 58.5, 62.3, 72.38, 72.43, 86.1, 98.7, 105 .4,
123.4, 126.2, 127.0, 127.1, 127.3, 127.6, 127.8, 127.9, 128.4, 128.6, 129.0, 130.5,
131.6, 137.7, 139.3, 145.5, 148.3, 149.9, 161.1, 168.3, 168.6, 170.9; IR (Nujol) 1757,
1660, 1615, 1241 cm™; MS (ESI) m/z 813, ((M+H]"); elemental analysis calcd (%) for
C4sHasN20;1S*H,0: C 63.64, H 6.11, N 3.51, S 3.83; found: C 63.78, H 5.93, N 3.27,
S 3.73.
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Tricyclic ketone (-)-64k: A solution of triester (-)-69 (31.0 g, 38.2 mmol) in 80%
aqueous TFA (310 mL) was heated at 80 °C for 45 minutes, and allowed to cool to
room temperature. The solvent was removed by distillation under reduced pressure,
and then water and CHCI; were added to the residue. The organic phase was
separated and the aqueous phase was extracted with CHCl; (2 x 500 mL). The
combined organic phases were washed with water (1 L) and saturated aqueous NaCl
solution, dried over Na,SOy, treated with activated charcoal, filtered through Celite,
and then evaporated under reduced pressure. To a solution of the residual foam in
CHCI; (300 mL) was added silica gel (100 g). The suspension was stirred for 30
minutes, then the silica gel was collected by filtration and washed with CHCI; (1 L)
and 100:1 CHCI3/CH30H (1 L). The combined filtrate and washings were evaporated
under reduced pressure to give 26.7 g (quant.) of tricyclic ketone (-)-64k as a pale
yellow foam, which was used for the next step without further purification. To obtain
an analytical sample, a small quantity of the foam was purified by column
chromatography on silica gel (CHCl; then CHCI3/EtOAc, 3:1) to give purified tricyclic
ketone (-)-64k as colorless needles: mp 209-211 °C (dec.); [ ]*p=—16.36 (¢ 1.01,
CHCl3); 'H NMR (400 MHz, CDCl3): 6 0.82 (t, J = 7.5 Hz, 3H), 1.80-2.05 (m, 2H),
2.73 (ddd, J = 5.0, 8.8, 20 Hz, 1H), 2.82 (ddd, J = 4.6, 8.7, 20 Hz, 1H), 3.17-3.28 (m,
2H), 4.05-4.25 (m, 2H), 4.52 (d, J = 15 Hz, 1H), 4.70 (d, J = 15 Hz, 1H), 5.00 (t, J =
5.1 Hz, 1H), 5.22 (d, J = 18 Hz, 1H), 5.49 (d, J = 18 Hz, 1H), 6.57 (s, 1H), 7.00-7.20
(m, 4H), 7.38-7.58 (m, 5H), 7.59-7.65 (m, 2H), 7.85-7.90 (m, 2H); *C NMR (100
MHz, CDCl;): 6 7.4, 14.2, 31.4, 31.7, 33.4, 42.0, 44.8, 53.9, 60.4, 66.8, 76.3, 98.8,
125.5, 1259, 127.1, 127.2, 127.3, 127.7, 127.8, 128.5, 128.6, 129.1, 130.8, 131.5,
137.5, 139.2, 139.6, 144.6, 145.6, 157.2, 166.0, 169.9, 195.5; IR (Nujol) 1763, 1659
em’; MS (APCD) m/Zz 639 ([M+H]); elemental analysis caled (%) for
C3sH30N205S¢0.1H,0: C 65.63, H4.75, N 4.37, S 5.00; found: C 65.42, H 4.68, N 4.19,
S 4.88.

Camptothecin ester (-)-66: A solution of tricyclic ketone (-)-64k (24.4 g, 38.2 mmol)
and amino ketone 65 (18.4 g, 57.2 mmol) in AcOH (300 mL) was stirred at 60 °C for 4
days under an argon atmosphere, and then allowed to cool to room temperature. The
reaction mixture was added in portions to slurry of silica gel (400 g) in n-hexane (1 L)
with stirring. The suspension was stirred for 1 hour, and then the silica gel was
collected by filtration and washed successively with n-hexane (3 L) and i-Pr,O (6 L) in
order to remove AcOH. (-)-15 was eluted from the residual silica gel cake with CHCl;
(3 L) and 100:1 CHCI3/CH30H (4 L), and the eluate was evaporated under reduced
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pressure. The residual brown foam was dissolved in hot i-PrOH (400 mL), seeded
with an authentic sample, and then allowed to cool to room temperature with stirring.
After 2.5 hours, the resulting precipitate was collected by filtration, washed with
i-PrOH (100 mL) and i-Pr,O (180 mL), and dried under reduced pressure to give 25.0
g (71%) of camptothecin ester (-)-66 as a brown crystalline solid: mp 212-214 °C
(dec.); [ @ ]*p=-136.72 (¢ 1.02, CHCL3); "H NMR (400 MHz, CDCls): 6 0.86 (t, J =
7.5 Hz, 3H), 1.34 (t, J = 7.6 Hz, 3H), 1.45 (s, 9H), 1.88-2.18 (m, 4H), 2.94-3.20(m,
2H), 3.34 (d, J = 4.8 Hz, 2H), 3.42 (q like, J = 6.4 Hz, 2H), 4.22 (t, J = 6.0 Hz, 2H),
4.57 (d, J = 15 Hz, 1H), 4.73-4.81 (br., 1H), 4.81 (d, J = 15 Hz, 1H), 4.90 (d, J = 19
Hz, 1H), 5.09 (d, J = 19 Hz, 1H), 5.20 (t, J = 4.8 Hz, 1H), 5.25 (d, J = 17 Hz, 1H),
5.51(d,J =17 Hz, 1H), 6.99 (s, 1H), 7.02—7.18(m, 4H), 7.22-7.29 (m, 2H), 7.30-7.42
(m, 6H), 7.49 (dd, J = 9.3, 2.7 Hz, 1H), 7.88 (d like, J = 8.6 Hz, 2H), 8.19 (d, J = 9.2
Hz, 1H); *C NMR (100 MHz, CDCls): 6 7.5, 13.6, 23.1, 28.4, 29.7, 31.7, 32.0, 37.9,
44.6, 49.2, 53.6, 66.2, 66.9, 76.8, 79.4, 95.3, 102.5, 119.0, 122.7, 126.0, 126.8, 127.0,
127.1, 127.5, 127.7, 128.2, 128.8, 128.9, 130.6, 131.2, 132.1, 137.7, 139.2, 143.6,
145.2, 145.3, 145.4, 147.0, 149.3, 156.1, 157.2, 158.2, 166.5, 169.4; IR (Nujol) 3407,
1763, 1753, 1709, 1669, 1614, 1514, 1335, 1241, 1226, 1161, 1147 cm™; MS (ESI)
m/z, 925 (IM+H]"); elemental analysis calcd (%) for Cs;Hs,N4010S0.3H,0: C 67.13,
H 5.74,N 6.13, S 3.42; found: C 66.91, H 5.69, N 6.00, S 3.44.

(20S5)-10-(3-Aminopropyloxy)-7-ethylcamptothecin (T-2513 (5)): To a suspension of
camptothecin ester (-)-66 (28.0 g, 30.3 mmol) in CH;0OH (800 mL)-water (170 mL)
was added LiOH*H,O (5.26 g, 125 mmol) at room temperature. The reaction mixture
was stirred for 1 day, and then concentrated to 1/6 volume under reduced pressure.
To the residue were added CHCl; (800 mL) and AcOH (170 mL) on an ice-water bath.
The resulting mixture was stirred for 1 day and diluted with water. The organic phase
was separated, and the aqueous phase was extracted with CHCl;s (500 mL). The
combined organic phases were washed with water (2 x 1 L) and saturated aqueous
NaCl solution, dried over Na,SO,, treated with activated charcoal, filtered through
Celite, and then evaporated under reduced pressure. To a solution of the residual
foam in EtOAc (300 mL) was added 1.22 M HCI in EtOAc (300 mL) at 5 °C. The
mixture was stirred and allowed to warm to room temperature. After 7 hours,
separated crystals were collected by filtration, washed with EtOAc (300 mL), and dried
under reduced pressure. The obtained dark yellow crystalline solid was dissolved in
hot water (30 mL)/i-PrOH (600 mL), seeded with an authentic sample, and then

allowed to cool to room temperature with stirring. The resulting precipitate was
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collected by filtration, washed with 20:1 i-PrOH/water (130 mL), and dried under
reduced pressure at 60 °C. The orange crystalline solid thus obtained was dissolved
in hot water (20 mL)/i-PrOH (180 mL), seeded with an authentic sample, and then
allowed to cool to room temperature. The resulting precipitate was collected by
filtration, washed with 20:1 i-PrOH/water (120 mL), and dried under reduced pressure
at 60 °C to give 9.79 g (64%) of T-2513 (5) as a yellow crystalline solid: mp 245-
249 °C (dec.); [« ]*'b="+9.8 (¢ 1.0, H,0); "H NMR (400 MHz, DMSO-dj): 6 0.88 (t, J
= 7.2 Hz, 3H), 1.31 (t, J = 7.5 Hz, 3H), 1.80-1.94 (m, 2H), 2.10-2.20 (m, 2H), 3.04
(br. t J =7.2 Hz, 2H), 3.19 (br. q, J = 7.4 Hz, 2H), 4.32 (t like, 2H), 5.25 (s, 2H), 5.43
(s, 2H), 6.51 (s, 1H), 7.26 (s, 1H), 7.46-7.53 (m, 2H), 8.06 (d, J = 8.7 Hz, 1H), 8.09—
8.30 (br., 3H); *C NMR (100 MHz, DMSO-dy): J 7.8, 13.5, 22.2, 26.7, 30.3, 36.2,
49.5, 65.25, 65.33, 72.4, 96.0, 103.0, 118.3, 122.3, 127.8, 128.3, 131.4, 143.8, 144.4,
146.2, 149.6, 150.0, 156.8, 157.3, 172.5; IR (Nujol) 3567, 3362, 3286, 1741, 1654,
1589, 1513, 1242, 1165, 1035, 826, 722 cm™; MS (APCI) m/z 450, (IM+H]");
elemental analysis calcd (%) for C,sH,7N30sHCI*H,O: C 59.58, H 6.00, N 8.34, Cl
7.03; found: C 59.45, H 6.05, N 8.26, Cl 6.83. CHIRALPAK IC-3 column (4.6 mm x
150 mm); 20:80:0.5 THF/EtOH/n-BuNH;; 0.5 ml/min; 266 nm detector; (R)-5, 7.4
min; (S5)-5, 9.2 min.

Synthesis of amino ketone 65

1. BCI3, CH3CH2CN
Meo\@\ toluene, AICI3, 110 °C HO\©\/£0 KOH, DMSO BOCNH\/\/O\©\/£0
N B .
NH, 2. 47% HBr, reflux NH NH

2

2 T
89 90 65
BocNH. _~__Cl
91

Scheme S4. Synthesis of amino ketone 65.

Compound 90°*: BCl; (1.0 M in CH,Cl,, 800 mL, 800 mmol) was added to toluene
(1.5 L) keeping the temperature below 10 °C under an argon atmosphere. To the
solution was added propionitrile (81.8 g, 1.49 mol) dropwise over 45 minutes at the
same temperature. The mixture was stirred for 15 minutes, and then a solution of
para-anisidine (89) (89.5 g, 727 mmol) in toluene (800 mL) was added dropwise to it
over 1 hour at the same temperature, and then AICl; (107.9 g, 809 mmol) was added to

the resulting mixture. The whole mixture was heated at 110 °C for 17 hours, and then
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allowed to cool to 55 °C. To the mixture was added 47% aqueous HBr (1.9 L)
dropwise. The toluene phase was removed by decantation, and then the aqueous
phase was heated to reflux for 22 hours. The mixture was cooled to room
temperature, diluted with water (1.5 L), and then adjusted to pH 3.5 by the addition of
aqueous NaOH. The resulting precipitate was collected by filtration, washed with
water (800 mL), air-dried, and dried under reduced pressure to give 60.0 g (50%) of
compound 90 as yellow crystals: mp 147-148 °C; 'H NMR (400 MHz, DMSO-dj): 6
1.05 (t, J = 7.2 Hz, 3H), 2.87 (q, J = 7.2 Hz, 2H), 6.62 (s, 2H), 6.63 (d, J = 8.7 Hz,
1H), 6.81 (dd, J = 2.8, 9.0 Hz, 1H), 7.10 (d, J = 3.1 Hz, 1H), 8.66 (s, 1H); °C NMR
(100 MHz, DMSO-dy): 0 8.8, 31.7, 114.8, 116.6, 118.2, 123.7, 144.5, 146.3, 202.0; IR
(Nujol) 3375, 3293, 1670 cm™; MS (APCI) m/z 166 ([M+H]); elemental analysis
caled (%) for CoH;1NO,: C 65.43, H 6.71, N 8.48; found: C 65.39, H 6.63, N 8.54.

Amino ketone 65: To a solution of compound 90 (50.0 g, 303 mmol) in DMSO (500
mL) was added powdered KOH (26.7 g, 457 mmol) at 24 °C under an argon
atmosphere. The mixture was stirred for 34 minutes at 24-34 °C, and then a solution
of 3-(¢-butoxycarbonylamino)propyl chloride 91> (98.2 g, 507 mmol) in DMSO
(200 mL) was added dropwise to it over 7 minutes at 32—41 °C. The whole mixture
was stirred for 2.5 hours at room temperature, and then poured into ice-water (6 L).
The mixture was acidified with 10% aqueous citric acid solution (300 mL) to pH 3,
and then extracted with EtOAc (4 L + 2 L). The combined organic extracts were
washed with water (3 x 4 L) and saturated aqueous NaCl solution (1.4 L), dried over
Na,SO,, treated with activated charcoal (40 g), filtered through Celite, and then
evaporated under reduced pressure. The resulting yellow solid was recrystallized
from EtOH (250 mL) to give 79.7 g (82%) of amino ketone 65 as yellow crystals: mp
121.5-124 °C; "H NMR (400 MHz, CDCl;):  1.20 (t, J = 7.2 Hz, 3H), 1.45 (s, 9H),
1.96 (quintet, J = 6.3 Hz, 2H), 2.95 (q, J = 7.2 Hz, 2H), 3.33 (q, J = 62iz, 2H), 3.96 (t,
J=15.9Hz, 2H), 4.8 (br, 1H), 5.97 (br, 2H), 6.62 (d, J = 9.2 Hz, 1H), 6.95 (dd, J = 2.8,
9.0 Hz, 1H), 7.24 (d, J = 3.1 Hz, 1H); °C NMR (100 MHz, CDCls): § 8.6, 28.4, 29.7,
32.4, 38.0, 67.0, 79.2, 115.2, 117.8, 118.6, 123.3, 145.1, 149.1, 156.0, 202.8; IR
(Nujol) 3450, 3400, 3340, 2950, 2930, 2850, 1700, 1650, 1580 cm™; MS (ESI) m/z 345
([M+Na]"); elemental analysis calcd (%) for C7H6N204: C 63.33, H 8.13, N 8.69;
found: C 63.17, H 8.18, N 8.58.
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Synthesis of tricyclic ketone (S)-14

O OAc [o)
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Scheme S5. Synthesis of amino ketone (S)-14.

Lactone 92: To a solution of (-)-69 (5.80 g, 7.14 mmol) in methanol (116 mL)-THF
(29 mL)-water (29 mL) was added LiOHeH,O (1.60 g, 38.5 mmol) at room
temperature. The reaction mixture was stirred for 3 hours at room temperature, and
then concentrated to 1/6 volume under reduced pressure. To the residue were added
CHCIl; (116 mL) and AcOH (23 mL) at room temperature. The resulting mixture was
stirred for 15.5 hours and diluted with water (100 mL). The organic phase was
separated, and the aqueous phase was extracted with CHCl; (100 mL). The combined
organic phases were washed with water and saturated aqueous NaCl solution, dried
over Na;SOj, and then evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (Fuji Silysia, BW-300, 32-53 um, 300 g,
n-hexane/EtOAc, 1:1 then CHCI3/CH;0H, 50:1) to give 2.76 g (quant.) of lactone 92
as pale yellow crystals: mp 202-205 °C; [ a]*°p= +85.57 (¢ 1.0, CHCl3); '"H NMR
(400 MHz, CDCls): ¢ 0.88 (s, 3H), 0.99 (t, J= 7.5 Hz, 3H), 1.29 (s, 3H), 1.73-1.90 (m,
2H), 2.50-2.57 (m, 2H), 3.60-3.72 (m, 4H), 3.78 (br, 1H), 4.07-4.21 (m, 2H), 5.17 (d,
J=16 Hz, 1H), 5.59 (d, J = 16 Hz, 1H), 6.81 (s, 1H); *C NMR (100 MHz, CDCl;): 6
7.76, 22.1, 22.64, 29.53, 30.41, 31.37, 45.49, 66.28, 72.5, 72.52, 72.63, 97.6, 105.26,
118.53, 149.58, 150.16, 157.41, 173.79; IR (Nujol) 3336, 1743, 1661, 1591, 1462,
1324, 1277, 1138, 1063 cm™; MS (APCI) m/z 350 ((M+H]"); elemental analysis calcd
(%) for C13sH23NOg+0.2H,0: C 61.25, H 6.68, N 3.97; found: C 61.06, H 6.49, N 3.87.

Tricyclic ketone (S)-14: A solution of lactone 92 (2.49 g, 7.14 mmol) in 80% aqueous

TFA (37.5 mL) was stirred at room temperature for 2 hours, and then evaporated under
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reduced pressure. The residue was purified by column chromatography on silica gel
(Fuji Silysia, BW-300, 32-53 um, 125 g, CHCI; then CHCIl3/CH30H, 50:1) to give
1.52 g (81%) of tricyclic ketone (S)-14 as pale yellow crystals: mp 174—176 °C (lit.’
mp 177.1-178.3 °C); [ « ]*°p=+116.14 (¢ 1.0, CHCL); (lit.”’ [ « ] *p=+119.57 (c 1.0,
CHCl5)); 'H NMR (400 MHz, CDCls): 6 0.98 (t, J = 7.5 Hz, 3H), 1.73-1.88 (m, 2H),
2.92-2.99 (m, 2H), 3.68 (s, 1H), 4.27-4.41 (m, 2H), 5.24 (d, /=17 Hz, 1H), 5.67 (d, J
=17 Hz, 1H), 7.22 (s, 1H); >C NMR (100 MHz, CDCl3): 6 7.6, 31.7, 33.7, 42.2, 66.2,
72.3, 100.7, 124.5, 139.8, 149.3, 157.7, 173.2, 196.0; IR (Nujol) 3421, 2924, 1740,
1654, 1606, 1456, 1153 cm™; MS (APCI) m/z 264 (IM+H]"); elemental analysis calcd
(%) for C13H;3NO5<0.1H,0: C 58.91, H 5.02, N 5.28; found: C 58.74, H 4.81, N 5.28.
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Synthesis of guanidine-urea bifunctional organocatalysts 62d—62t

General procedure for synthesis of thioureas 94a—94c¢

S

P s
cl” i
BocHN
oc \;/\NHQ T e BocHN\;/\NJ\N/\‘/NHBoc
R Et3N, CHCIy Rt 0 H R

93a: R' = Ph 94a: R' = Ph

93b: R' = j-Bu 94b: R' = j-Bu

93c: R' = Me 94c: R' = Me

Scheme S6. Synthesis of thioureas 94a—94c.

To a solution of amine (93a,°% 93b.5% or 93¢P°™) (7 mmol) and EtsN (7 mmol) in
CHCI; (20 mL) was added a solution of thiophosgene (3.5 mmol) in CHCl; (10 mL) at
room temperature dropwise over 10 minutes under a nitrogen atmosphere. The
mixture was stirred at room temperature for 24 hours, and poured into water (30 mL).
The organic layer was separated, and the aqueous layer was extracted with CHCI; (30
mL). The combined organic extracts were washed with water (30 mL), dried over
Na,S0q, filtered, and then evaporated under reduced pressure. The residue was

purified by flash column chromatography on silica gel to give thiourea 94a—94c.

Thiourea 94a: 74% yield; mp 187-189 °C; [a]p>® = +8.5 (¢ 1.1, CHCls); 'H NMR (400
MHz, CDs;OD): 6 1.27 and 1.41 (br and s, 18H), 3.67 (br, 2H), 3.81 (br, 2H), 4.84
(overlapped with H,0, 2H), 7.21-7.28 (m, 2H), 7.29-7.37 (m, 8H); >*C NMR (100
MHz, DMSO-dy): §28.2,48.8, 54.1, 77.8, 126.1, 126.8, 128.1, 142.0, 155.1, 183.2; IR
(ATR) 3295, 1688, 1674, 1549, 1505, 1348, 1157, 1049, 1027 cm; HRMS (ESI,
[M+Na]"): calcd for C,7H33N404SNa 537.2511, found 537.2558.

Thiourea 94b: 39% yield; [a]p®’ = —21.2 (¢ 1.1, CH;OH); 'H NMR (400 MHz,
CD;0D): §0.91 (d, J = 6.7 Hz, 6H), 0.93 (d, J = 6.7 Hz, 6H), 1.18-1.40 (m, 4H), 1.44
(s, 18H), 1.60—1.77 (m, 2H), 3.15-4.03 (br, 6H); *C NMR (100 MHz, CD;0D): 5§21.9,
23.0, 24.2, 28.2, 41.4, 48.1, 77.4, 155.4, 182.8; IR (ATR) 3298, 1674, 1512, 1365,
1247, 1162 cm™; HRMS (ESL, [M+Na]"): caled for C,3H4sN;O4SNa 497.3137, found
497.3173.
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Thiourea 94¢°*): for details of the analytical data of thiourea 94c, see the reference 58.

Synthesis of guanidines 95-98 and 100
Table S2.  Synthesis of guanidines 95-98 and 100 from thioureas 94a—94c."

S 2523 hy- (CH2)17CHs
JJ\ R“R! NH, CUCl, K2CO3 )\
BocHN\?/A\N N/A\T/NHBOC > BOCHN\g/A\N \N,A\T/NHBOC
gt H H & THF, rtto 70 °C R Hua R
94a: R' = Ph 95: R' = Ph
94b: R' = j-Bu 96: R = j-Bu
94c: R' = Me '
and
2 3
R \)N\ R
BocHN _~ | A NHBoc
CONTNTY
Me HCI Me
e g 0 )
e G0
97 98 99 100
Entry Thiourea R’R’NH Product Yield (%)
1 94a CH;(CH,),7NH, 95 44
2 94b CHj3(CH,),7NH, 96 37
3 94c Et,NH 97 53
4 94c Azetidine-HCl 98 67
5 9%4c¢ Piperidine 100 46

[a] Reactions were performed with thiourea (1.0 equiv), R*R’NH (1.5 equiv), CuCl (1.6 equiv),
and K,CO; (3.4 equiv) in THF at room temperature to 70 °C for 21 hours. [b] K,COj3 (4.5 equiv)
was used for neutralization of azetidine-HCI.

Guanidine 95: A suspension of thiourea 94a (285 mg, 0.554 mmol), octadecylamine
(225 mg, 0.835 mmol), CuCl (92 mg, 0.88 mmol), and K,CO; (257 mg, 1.86 mmol) in
THF (15 mL) was stirred at room temperature for 1 hour and at 70°C for 20 hours
under a nitrogen atmosphere, and then allowed to cool to room temperature. To the
reaction mixture were added saturated aqueous NH4Cl1 (20 mL) and CHCl; (50 mL).
Stirring was continued for 2 hours. The organic layer was separated and the aqueous
layer was extracted with CHCl; (3 x 20 mL). The combined organic extracts were
evaporated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (45 g, CHCl; to CHCIl3/CH30H = 4/1) to give 190 mg
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(44%) of guanidine 95: [a]p> = +5.6 (¢ 1.4, CH;0H); "H NMR (400 MHz, CD;0D): &
0.89 (t, J = 6.7 Hz, 3H), 1.20-1.60 (m, 50H), 3.05 (t, J = 7.2 Hz, 2H), 3.43 (br, 4H),
4.7 (br, 2H), 7.22-7.45 (m, 10H); *C NMR (100 MHz, CD;OD): & 14.6, 23.9, 28.3,
29.0, 30.62, 30.66, 30.88, 30.93, 33.2, 43.7, 56.7 (br), 80.8, 128.1, 128.8, 129.8, 141.9,
156.5, 158.3; IR (ATR) 3385, 1693, 1629, 1494, 1364, 1250, 1168, 1050, 1026 cm™;
HRMS (ESI, [M+H]"): calcd for C4sH7¢NsO4 750.5897, found 750.5875.

Guanidines 9698, and 100 were obtained in a similar manner as 95.

Guanidine 96: 37% yield; [a]p” = 9.5 (¢ 1.4, CH;0H); '"H NMR (400 MHz,
CD;0D): §0.86-0.98 (m, 15H), 1.20-1.55 (m, 52H), 1.60-1.80 (m, 4H), 3.16 (d, J =
62iz, 4H), 3.2 (t, J = 7.2 Hz, 2H), 3.56-3.72 (m, 2H); °C NMR (100 MHz, CD;0D): §
14.6, 22.0, 23.87, 13.88, 26.1, 28.1, 29.0, 29.9, 30.56, 30.62, 30.80, 30.83, 30.9, 33.2,
42.1, 43.2, 48.5, 50.0, 80.9, 156.3, 159.3; IR (ATR) 3193, 1678, 1622, 1520, 1467,
1365, 1247, 1165, 1047, 1021 cm'l; HRMS (ESI, [M+H]"): calcd for C4HgNsOy4
710.6523, found 710.6557.

Guanidine 97: 53% yield; [a]p®’ = —-21.6 (¢ 1.0, CH;OH); 'H NMR (400 MHz,
CD;OD): §1.15 (d, J= 7.2 Hz, 6H), 1.16 (t, J = 7.7 Hz, 6H), 1.44 (s, 18H), 3.15 (dd, J
= 7.7, 13 Hz, 2H), 3.21 (dd, J = 5.1, 13 Hz, 2H), 3.25-3.33 (m, 4H), 3.67-3.80 (m,
2H); *C NMR (100 MHz, CD;0D): §13.1, 18.9, 28.9, 44.2, 52.0, 80.3, 158.3, 160.8;
IR (ATR) 3280, 1687, 1616, 1513, 1451, 1364, 1244, 1163 cm”; HRMS (ESI,
[M+H]+): calcd for Cr1H44N504 430.3393, found 430.3352.

Guanidine 98: 67% yield; [a]p®’ = —10.1 (¢ 2.0, CH;OH); 'H NMR (400 MHz,
CD;OD): 61.15 (d, J = 7.2 Hz, 6H), 1.45 (s, 18H), 2.30-2.41 (m, 2H), 3.05-3.20 (m,
4H), 3.65-3.80 (m, 2H), 4.10-4.25 (m, 4H); °C NMR (100 MHz, CD;0D): & 16.9,
18.4,28.9, 47.8, 50.4, 53.7, 80.4, 158.5 (br), 161.5; IR (ATR) 3286, 1686, 1612, 1518,
1450, 1364, 1246, 1163, 1054 cm™; HRMS (ESI, [M+H]"): calcd for CaHiNsO,4
414.3080, found 414.3080.

Guanidine 100: 46% yield; [a]p®’ = —7.2 (¢ 1.1, CH;0H); 'H NMR (400 MHz,
CD;OD): §1.17 (d, J = 6.7 Hz, 6H), 1.44 (s, 18H), 1.69 (br, 6H), 3.17 (dd, J = 8.7, 13
Hz, 2H), 3.26-3.32 (2 H, overlapped with CH3;0H), 3.33-3.39 (m, 4H), 3.72-3.85 (m,
2H); °C NMR (100 MHz, CD;0D): & 18.6, 25.0, 26.6, 28.9, 48.0, 50.4, 51.3, 80.6,
158.4, 160.9; IR (ATR) 3238, 1688, 1615, 1520, 1450, 1365, 1243, 1163, 1056 cm™;
HRMS (ESI, [M+H]"): caled for C2.H43N5O4 442.3393, found 442.3404.

-80-



Synthesis of guanidine-ureas 62d, 62e, and 62h—62t
Table S3. Synthesis of compounds 62d, 62e, and 62h—62t from guanidines 95-100.!

R2 R3 R2 RS

N 1. TFA, CHCI3 H H N H H
BocHN\i/\N)\\N/\‘/NHBoc > _|\ N\[]/N\g/\N)\\N/\A/N\[]/N \_
SELITI 2ANCO.BNTHE X ) 6 & Hua r oo (X
95-100 62d, 62e, and 62g—62s
Entry Guanidine ArNCO Product Yield (%)
1 95 3,5-di-CF;-C¢H3-NCO 62d 97
2 96 3,5-di-CF;-C¢H3-NCO 62e 88
3 97 3,5-di-CF;-C¢H3-NCO 62h 92
4 98 3,5-di-CF;-C¢H3-NCO 62i 36
5 99402 3,5-di-CF3-C¢H;-NCO 62j 40
6 100 3,5-di-CF;-C¢H3-NCO 62k 51
7 99 Ph-NCO 621 40
8 99 3,5-di-F-C¢H5-NCO 62m 29
8 99 2-CF3-C¢H,-NCO 62n 67
9 99 3-CF3-C¢H4-NCO 620 47
10 99 4-CF3-C¢H,-NCO 62p 30
11 99 4-F-C¢H,-NCO 62q 30
12 99 4-CF;0-C4H,-NCO 62r 51
13 99 4-NO,-C¢H,-NCO 62s 9
14 99 4-MeO-C¢H,-NCO 62t 46

[a] Reactions were performed according to the the procedure reported from our group.’’

Guanidine-ureas 62d, 62e, and 62h—62t were synthesized according to the known

procedure.[‘mf’ >8]

Guanidine-urea 62d: [a]p>’ = +39.4 (¢ 1.2, CH;0H); 'H NMR (400 MHz, CD;OD): &
0.89 (t, J = 6.9 Hz, 3H), 1.13-1.40 (m, 32H), 1.52-1.67 (m, 2H), 3.09-3.50 (m, 4H),
4.91-4.98 (m, 2H), 7.30-7.56 (m, 12H), 8.00 (s, 4H); *C NMR (100 MHz, CD;0D): &
14.4,23.7,27.9, 29.8, 30.3, 30.5, 30.56, 30.58, 30.66, 30.72, 30.75, 30.78, 33.1, 43.3,
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48.5, 55.2, 115.9 (br), 119.1 (br), 124.8 (q, J c.r = 272.0 Hz), 128.2, 129.5, 130.2,
1333 (q, J cr = 33.1 Hz), 140.2, 143.0, 156.5, 157.5; HRMS (ESI, [M+H]"): caled for
Cs3HeF12N705 1060.5086, found 1060.5097.

Guanidine-urea 62e: [a]p>’ = +1.7 (¢ 1.5, CH;0H); '"H NMR (400 MHz, CD;0OD): &§
0.89 (t, J= 6.7 Hz, 3H), 0.92 (d, J = 62iz, 6H), 0.98 (d, J = 6.7 Hz, 6H), 1.10-1.37 (m,
30H), 1.40-1.58 (m, 4H), 1.58-1.71 (m, 2H), 1.72-1.85 (m, 2H), 3.21 (t, J = 7.2 Hz,
2H), 3.24-3.34 (m, 4H), 3.9 (br, 2H), 7.5 (s, 2H), 8.04 (s, 4H); *C NMR (100 MHz,
CD;OD): 6 14.6, 22.1, 23.9, 26.2, 28.0, 29.9, 30.3, 30.59, 30.64, 30.66, 30.74, 30.80,
30.82, 30.87, 30.90, 33.2, 42.5, 43.2, 48.6, 115.9 (br), 119.2 (br), 124.9 (q, Je.r = 272.0
Hz), 133.4 (q, Jer = 33.1 Hz), 143.3, 156.5, 158.2; IR (ATR) 3270, 3220, 3095, 1682,
1628, 1569, 1473, 1386, 1275, 1172, 1129 ecm™; HRMS (ESI, [M+H]"): calcd for
C4oH74F 12N70, 1020.5712, found 1020.5738.

Guanidine-urea 62h: [a]p>’ = —42.4 (¢ 1.3, CH;0H); '"H NMR (400 MHz, CD;0D): §
1.18 (t, J= 6.9 Hz, 6H), 1.26 (d, J= 7.2 Hz, 6H), 3.26-3.34 (m, 2H), 3.35-3.49 (m,
6H), 4.04-4.15 (m, 2H), 7.47 (br, 2H), 8.02 (br, 4H); *C NMR (100 MHz, CD;0D): &
12.9, 18.7, 44.3,47.3, 52.0, 115.8 (br), 119.1 (br), 124.8 (q, Jer = 272 Hz), 133.2 (q,
Jer=32Hz), 143.2, 157.6, 160.7; HRMS (ESI, [M+H]+): calced for CyoH34F 12N-0O,
740.2582, found 740.2597.

Guanidine-urea 62i: [a]p> = —22.2 (¢ 1.3, CH;0H); '"H NMR (400 MHz, CD;0OD): &
1.27 (d, J = 6.7 Hz, 6H), 2.32-2.44 (m, 2H), 3.23-3.35 (m, 4H), 3.96-4.09 (m, 2H),
4.22-4.37 (m, 4H), 7.48 (s, 2H), 7.99 (s, 4H); °*C NMR (100 MHz, CD;OD): & 16.9,
18.4,47.1, 50.0, 54.2, 115.9 (br), 119.2 (br), 124.9 (q, Jer = 271.9 Hz), 133.3 (q, Jo-r =
33.3 Hz), 143.3, 157.77, 157.82, 163.3, 163.7; HRMS (ESI, [M+H]"): calcd for
CagH30F 12N70, 724.2269, found 724.2257.

Guanidine-urea 62j: [a]p>’ = —34.6 (¢ 1.1, CH;0H); '"H NMR (400 MHz, CD;0D): &
1.26 (d, J = 6.7 Hz, 6H), 1.83-2.03 (m, 4H), 3.26-3.37 (m, 2H), 3.42 (dd, J = 4.9, 13
Hz, 2H), 3.43-3.58 (m, 4H), 3.98-4.14 (m, 2H), 7.49 (s, 2H), 8 (s, 4H); >*C NMR (100
MHz, CD;OD): & 18.6, 26.3, 47.3, 50.3, 51.5, 115.8 (br), 119.1 (br), 124.9 (q, J cr =
271.7 Hz), 133.2 (q, J cr = 33.1 Hz), 143.2, 157.6, 157.9; HRMS (ESI, [M+H]"):
caled for Cy0H3,F1,N;0, 738.2426, found 738.2401.

Guanidine-urea 62k: [a]p>’ = —40.5 (¢ 1.1, CH;0H); '"H NMR (400 MHz, CD;OD): &
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1.25 (d, J = 7.2 Hz, 6H), 1.64 (m, 6H), 3.25-3.39 (m, 6H), 3.42 (dd, J = 4.3, 13 Hz,
2H), 4.03-4.15 (m, 2H), 7.48 (s, 2H), 8.01 (s, 4H),; >°C NMR (100 MHz, CD;OD): &
18.8, 25.0, 26.7, 47.3, 50.5, 51.5, 115.8 (br), 119.2 (br), 125.0 (q, Jor = 271.5 Hz),
1333 (q, Jor = 33.3 Hz), 143.3, 157.5, 161.0; HRMS (ESI, [M+H]"): calcd for
C30H34F12N70, 752.2582, found 752.2594.

Guanidine-urea 621: [o]p?’ = —50.6 (¢ 1.2, CH;0H); '"H NMR (400 MHz, CD;0D): &
1.22 (d, J = 7.2 Hz, 6H), 1.78-1.98 (m, 4H), 3.24 (dd, J = 8.7, 13 Hz, 2H), 3.42-3.54
(m, 4H), 3.43 (dd, J = 4.4, 13 Hz, 2H), 3.96-4.11 (m, 2H), 6.93-7.00 (m, 2H), 7.18—
7.26 (m, 4H), 7.30-7.36 (m, 4H); *C NMR (100 MHz, CD;OD): & 18.6, 26.3, 47.0,
50.3, 51.5, 120.3, 123.7, 129.9, 140.7, 157.8, 158.3; HRMS (ESI, [M+H]"): calcd for
C,sH36N;0, 466.2931, found 466.2910.

Guanidine-urea 62m: [o]p>’ = —51.3 (¢ 1.2, CH;0H); 'H NMR (400 MHz, CD;0D): &
1.24 (d, J= 6.7 Hz, 6H), 1.85-2.05 (m, 4H), 3.27 (dd, J = 8.7, 14 Hz, 2H), 3.41 (dd, J
= 4.6, 14 Hz, 2H), 3.43-3.55 (m, 4H), 3.95-4.09 (m, 2H), 6.46-6.54 (m, 2H), 6.96—
7.06 (m, 4H); *C NMR (100 MHz, CD;0D): & 18.6, 26.4, 47.2, 50.3, 51.5, 97.9 (t,
Jer =26 Hz), 102.2 (d, Je.r = 30 Hz), 143.7 (t, Jor = 14 Hz), 157.6, 157.8, 164.8 (dd,
Jer = 15, 244 Hz); HRMS (ESI, [M+H]+): caled for C,sH3,F4N5,0, 538.2554, found
538.2509.

Guanidine-urea 62n: [a]p>’ = —10.8 (¢ 1.2, CH;0H); "H NMR (400 MHz, CD;0D): &
1.24 (d, J = 7.2 Hz, 6H), 1.86-2.02 (m, 4H), 3.28 (dd, J = 8.2, 13 Hz, 2H), 3.39 (dd, J
= 4.6, 13 Hz, 2H), 3.44-3.52 (m, 4H), 3.93-4.14 (m, 2H), 7.24 (t, J = 7.7 Hz, 2H),
7.54 (t, J = 8.2 Hz, 2H), 7.62 (d, J = 7.7 Hz, 2H), 7.82 (d, J = 8.2 Hz, 2H); >C NMR
(100 MHz, CD;OD): § 18.6, 26.3, 47.2, 50.3, 51.6, 122.9 (q, J c.r = 29 Hz), 125.3,
125.5 (q, J c.r = 272 Hz), 127.1 (q, J c.r = 5.8 Hz), 127.3, 133.8, 137.6, 157.7, 158.3;
HRMS (ESI, [M+H]+): calcd for C,7H34FsN-,0O, 602.2678, found 602.2728.

Guanidine-urea 620: [a]p>’ = —40.6 (¢ 1.2, CH;0H); '"H NMR (400 MHz, CD;OD): &
1.24 (d, J = 6.7 Hz, 6H), 1.81-2.02 (m, 4H), 3.27 (dd, J = 8.2, 13 Hz, 2H), 3.40-3.55
(m, 4H), 3.43 (dd, J = 4.4, 13 Hz, 2H), 3.99-4.12 (m, 2H), 7.24 (brd, J = 7.2 Hz, 2H),
7.37-7.43 (m, 2H), 7.46 (brd, J = 8.7 Hz, 2H), 7.85 (br, 2H); °C NMR (100 MHz,
CD;0D): 618.5, 26.3, 47.1, 50.3, 51.6, 116.1 (q, Jer = 3.9 Hz), 119.7 (q, Jer = 3.9
Hz), 123.0, 125.7 (q, Jer = 271 Hz), 130.7, 132.0 (q, Jer = 32 Hz), 141.8, 157.9,
158.0; HRMS (ESI, [M+H]+): calcd for C,7H;34FsN-0, 602.2678, found 602.2723.
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Guanidine-urea 62p: [a]p” = —52.5 (¢ 1.2, CH;0H); 'H NMR (400 MHz, CD;OD): &
1.24 (d, J = 7.2 Hz, 6H), 1.80-2.02 (m, 4H), 3.29 (dd, J = 8.7, 14 Hz, 2H), 3.43 (dd, J
= 4.4, 14 Hz, 2H), 3.43-3.55 (m, 4H), 3.98-4.11 (m, 2H), 7.47-7.56 (m, 8H); "°*C
NMR (100 MHz, CD;OD): & 18.6, 26.3, 47.2, 50.4, 51.4, 119.3, 125.0 (q, Je.r = 32
Hz), 125.9 (q, Jer = 271 Hz), 127.1 (q, Jer = 3.9 Hz), 144.5, 157.76, 157.84; HRMS
(ESL [M+H]"): caled for C27H34F¢N-0, 602.2678, found 602.2650.

Guanidine-urea 62q: [a]p’’ = —40.8 (¢ 1.3, CH;0H); 'H NMR (400 MHz, CD;OD): &
1.22 (d, J = 6.7 Hz, 6H), 1.80-2.00 (m, 4H), 3.24 (dd, J = 8.7, 13 Hz, 2H), 3.40-3.54
(m, 4H), 3.42 (dd, J = 4.4, 13 Hz, 2H), 3.94-4.09 (m, 2H), 6.92-7.01 (m, 4H), 7.29—
7.35 (m, 4H); >C NMR (100 MHz, CD;0D): & 18.6, 26.3, 47.1, 50.3, 51.5, 116.3 (d,
Jer =223 Hz), 122.1 (d, Jer = 7.7 Hz), 136.8 (d, Jor = 2.3 Hz), 157.8, 158.4, 160 (d,
Jcr = 240 Hz); HRMS (ESI, [M+H]+): caled for C,5H34FoN,0O, 502.2742, found
502.2724.

Guanidine-urea 62r: [o]p>’ = —43.5 (¢ 1.1, CH;0H); '"H NMR (400 MHz, CD;0D): &
1.23 (d, J= 6.7 Hz, 6H), 1.80-2.03 (m, 4H), 3.27 (dd, J = 8.2, 13 Hz, 2H), 3.42 (dd, J
= 4.6, 13 Hz, 2H), 3.42-3.54 (m, 4H), 3.97-4.09 (m, 2H), 7.14 (brd, J = 8.2 Hz, 4H),
7.38-7.45 (m, 4H); >*C NMR (100 MHz, CD;0D): §18.6, 26.3, 47.1, 50.3, 51.5, 121.1,
122.0 (q, Jer = 255 Hz), 122.8, 140.0, 145.3 (br), 157.8, 158.1; HRMS (ESI, [M+H]"):
calcd for C,7H34FsN704 634.2577, found 634.2576.

Guanidine-urea 62s: [a]p’ "= —73.4 (¢ 1.1, CH;0H); 'H NMR (400 MHz, CD;OD): &
1.26 (d, J= 7.2 Hz, 6H), 1.86-2.07 (m, 4H), 3.33 (dd, J = 8.2, 13 Hz, 2H), 3.42 (dd, J
= 4.6, 13 Hz, 2H), 3.46-3.56 (m, 4H), 3.96-4.11 (m, 2H), 7.50-7.60 (m, 4H), 8.07—
8.14 (m, 4H); °C NMR (100 MHz, CD;OD): & 18.5, 26.4, 47.3, 50.4, 51.4, 118.6,
126.0, 143.3, 147.4, 157.3, 157.8; HRMS (ESI, [M+H]"): calcd for CasH34NoOg
556.2632, found 556.2673.

Guanidine-urea 62t: [o]p>’ = —56.9 (¢ 1.1, CH;0H); 'H NMR (400 MHz, CD;0D): §
1.22 (d, J= 6.7 Hz, 6H), 1.78-2.01 (m, 4H), 3.22 (dd, J = 8.5, 13 Hz, 2H), 3.41-3.55
(m, 4H), 3.43 (dd, J = 4.1, 13 Hz, 2H), 3.73 (s, 6H), 3.95-4.07 (m, 2H), 6.75-6.86 (m,
4H), 7.13-7.22 (m, 4H); >*C NMR (100 MHz, CD;0D): 518.7, 26.3, 47.1, 50.3, 51.4,
55.9,115.2, 122.8, 133.4, 157.3, 157.8, 158.7; HRMS (ESI, [M+H]"): calcd for
Ca7H4N;704 526.3142, found 526.3174.
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Synthesis of guanidine-ureas 62f
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Scheme S7. Synthesis of compound 62f.

Thiourea 102: To a solution of amine 101°% (1.20 g, 5.88 mmol) and Et;N (0.82 mL,
5.88 mmol) in CHCl; (15 mL) was added a solution of thiophosgene (0.23 mL, 3.0
mmol) in CHCIl; (5 mL) dropwise over 5 minutes on ice-bath under a nitrogen
atmosphere. The mixture was stirred at room temperature for 20 hours, and then
poured into water (50 mL). The resulting mixture was extracted with CHCl; (2 % 30
mL). The organic extract was washed with water, dried over Na,SOy, filtered, and
then evaporated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (45 g, n-hexane/ethyl acetate =7/3 to 1/3) to give 288 mg
(30%) of 102 as a pale yellow solid: mp 94-95 °C; [a]p**= +159.1 (¢ 1.0, CHCL;); 'H
NMR (400 MHz, CDCls): 61.3 (d, J = 6.2 Hz, 6H), 3.8 (dd, J= 5.4, 14 Hz, 2H), 3.89
(dd, J=6.7, 14 Hz, 2H), 4.49 (br, 2H), 6.39 (br, 2H), 7.67-7.74 (m, 4H), 7.78—7.84 (m,
4H); >C NMR (100 MHz, CDCls): & 18.4, 42.8, 49.4 (br), 123.4, 132.0, 134.1, 168.8,
180.6; MS (APCD): m/z 451 [M+H]; HRMS (ESI, [M+Na]’): caled for
C23H2N404SNa 473.1259, found 473.1254.

-85-



Thiourea 103: To a solution of thiourea 102 (302 mg, 0.67 mmol) in ethanol (50 mL)
was added hydrazine hydrate (0.2 mL, 4.0 mmol) at 50°C, and then the mixtuire was
refluxed for 1 hours, and allowed to cool to room temperature. A separated
precipitate was collected by filtration, and washed with ethanol. The filtrate and
washings were combined, and evaporated under reduced pressure. To a solution of
the residue in CHCl; (20 mL) was added a solution of Boc,O (1.61 g, 7.38 mmol) in
CHCI; (20 mL) at room temperature, and then the whole mixture was stirred at room
temperature for 3 days. The mixture was diluted with water (30 mL), and it was
extracted with CHCl; (2 x 30 mL). The organic extracts were washed with water,
and then evaporated under reduced pressure. The residue was purified by flash
column chromatography on silica gel (30 g, n-hexane/ethyl acetate = 4/1 to 2/3) to give
180 mg (69%) of 103: [o]p>*= +6.3 (¢ 1.1, CHCls); '"H NMR (400 MHz, CD;OD): &
1.16 (d, J = 6.7 Hz, 6H), 1.43 (s, 18H), 2.90-3.27 (m, 4H), 4.35 (br, 2H); °C NMR
(100 MHz, CD;0OD): ¢ 18.2, 28.8, 46.5, 51.3 (br), 80.3, 159.0, 182.1; HRMS (ESI,
[M+Na]+): calcd for C17H34N404SNa 413.2198, found 413.2217.

Guanidine 104: A suspension of thiourea 103 (112 mg, 0.29 mmol), octadecylamine
(117 mg, 0.43 mmol), HgCl, (113 mg, 0.42 mmol), and Et;N (0.12 mL, 0.86 mmol) in
DMF (10 mL) was stirred at 80 °C for 16 hours under a nitrogen atmosphere, and then
allowed to cool to room temperature. The reaction mixture was diluted with CHCls,
filtered through Celite, and then evaporated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (30 g, n-hexane/ethyl acetate =
1/1, ethyl acetate, CHCl;, and CHCI3/CH3OH = 3/1) to give a brown oil. It was
purified by flash column chromatography on NH silica gel (30 g, CHCI; to
CHCI3/CH;0H = 4/1) to give 94 mg (50%) of 104: [a]p "= +11.0 (¢ = 1.1, CH;0H);
'H NMR (400 MHz, CD;0D): §0.90 (t, J = 6.7 Hz, 3H), 1.22—1.43 (m, 30H), 1.27 (d,
J=6.7Hz, 6H), 1.45 (s, 18H), 1.61-1.74 (m, 2H), 3.02 (dd, J = 6.4 14 Hz, 2H), 3.17—
3.27 (m, 2H), 3.23 (t, J = 7.2 Hz, 2H), 3.59-3.71 (m, 2H); >*C NMR (100 MHz,
CD;OD): 614.6, 18.2, 23.9, 28.1, 28.9, 29.9, 30.5, 30.6, 30.75, 30.82, 30.9, 33.2, 43.3,
47.1,50.0, 81.0, 155.3, 159.7; HRMS (ESI, [M+H]"): calcd for C35H7,N504 626.5584,
found 626.5574.

Guanidine-urea 62f: According to the known procedure,””® guanidine 104 (91 mg, 0.14
mmol) was converted to 76 mg (56%) of compound 62f: [a]p’’ = +39.2 (¢ 1.2,
CH;0H); 'H NMR (400 MHz, CD;0D): & 0.89 (t, J = 6.9 Hz, 3H), 1.14-1.32 (m,
30H), 1.35 (d, J = 6.7 Hz, 6H), 1.60-1.73 (m, 2H), 3.10-3.31 (m, 4H), 3.35-3.48 (m,
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2H), 3.73-3.84 (m, 2H), 7.49 (s, 2H), 8.04 (s, 4H); '*C NMR (100 MHz, CD;OD): &
14.6, 18.4, 23.9, 28.0, 29.8, 30.3, 30.6, 30.66, 30.68, 30.76, 30.84, 30.88, 30.91, 33.2,
43.3,46.7,50.0, 115.9 (br), 119.2 (br), 125.0 (q, Je.r = 271 Hz), 133.3 (q, Je.r = 33 Hz),
143.3, 155.5, 158.5; HRMS (ESI, [M+H]"): caled for C43HeoF12N,05 936.4773, found
936.4737.

Synthesis of guanidine-urea 62g

1. TFA, CHCl,
2.
FsC NCO
(CH,);7CH, \©/Et3N, THF
Me HN Me CF,
BocHN/'\/\N)\\N/\/\NHBoc >
H 3. sat. aq. NH4CI
105
CF CF
3 fCH2M7CH3 3
Q S N Q
FsC N N/'\/\N SN N CF,
H H H H H
HCI
629

Guanidine-urea 62g: According to the known procedure,**>*! guanidine 105" (100
mg, 0.14 mmol) was converted to 115 mg (82%) of compound 62g: [a]p™’ = +63.7 (c
1.0, CHCl3); 'H NMR (400 MHz, CD;0D): & 0.89 (t, J = 6.9 Hz, 3H), 1.14-1.31 (m,
34H), 1.39-1.45 (t, /= 10.1 Hz, 2H), 1.53-1.63 (m, 2H), 1.68-1.76 (m, 2H), 1.80-1.86
(m, 2H), 3.29 (t, /= 7.3 Hz, 2H), 3.34-3.41 (m, 4H), 3.88-3.95 (m, 2H), 7.45 (s, 2H),
7.99 (s, 4H); °C NMR (100 MHz, CD;OD): & 14.5, 21.68, 23.73, 27.76, 28.8, 30.0,
30.3, 30.47, 30.57, 30.6, 30.8, 33.1, 37.6, 40.0, 42.8, 44.6, 115.4, 118.9, 124.8 (q, Jc-r
=271 Hz), 133.1 (q, Je.r = 33 Hz), 143.3, 155.7, 157.2; HRMS (ESI, [M+H]"): caled
for C4sHesF12N70, 964.5086, found 964.5108.

Synthesis of lactones 75a-75d

Lactones 75a—75d were synthesized from 106!"”! or 887! according to the known
procedure (Scheme S8).
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a. Synthesis of lactone derivatives 75a-75¢

(e} (o] O NHAc
N | CN NaH, R-l N | CN H,, Raney Ni N |
\ COOEt 4’DMF ~ COOEt m’ x COOEt
O (0] cOR, ACy O
k/o k/o R 0o R
106 107a R = Me 108a R = Me
107b R = n-Bu 108b R = n-Bu
107¢ R = -(CH,),Ph 108c R = -(CH,),Ph
O OAc O
1. NaNO,, AcOH, Ac,0 )
pyridine N | LiOH, ag. MeOH N | o)
> ~ COOEt > ~
2. EtOAc, 60 °C o then AcOH o 0
K/O R K/O R
109a R = Me 75a R = Me
109b R = n-Bu 75b R = n-Bu
109c R = -(CH2)2Ph 75¢c R = -(CH2)2Ph

b. Synthesis of lactone derivative 75d

O
CN .
N | NaH, BnBr H,, Raney Ni
SN COOEt — > - >
i(/o DMF, 80% AcOH, Ac,O
Me Me
88

1. NaNO,, AcOH, Ac,0

pyridine LiOH, ag. MeOH

L

\/

2. EtOAc, 60 °C then AcOH, 84%

86% (2 steps)

Scheme S8. Synthesis of lactones 75a—75d.

Nitrile 107a: 97% yield; "H NMR (400 MHz, CDCls): 61.25 (t, J = 6.9 Hz, 3H), 1.5 (d,
J=6.9 Hz, 3H), 2.4 (t, J = 6.9 Hz, 2H), 4.10-4.21 (m, 9H), 6.31 (s, 1H); *C NMR
(100 MHz, CDCls): §13.9, 17.3, 33.4, 44.2, 45.3, 61.6, 61.7, 65.7, 65.8, 98.3, 103.7,
112.8, 114.4, 1533, 158.5, 161.6, 171.2; HRMS (ESI, [M+Na]"): caled for
C16H1sN>OsNa 341.1113, found 341.1099.
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Nitrile 107b: 79% yield; "H NMR (400 MHz, CDCl3): 50.89 (t, J = 6.9 Hz, 3H), 1.25
(t,J= 7.3 Hz, 3H), 1.29-1.39 (m, 3H), 1.67-1.76 (m, 1H), 2.02-2.11 (m, 1H), 2.4 (¢, J
= 6.9 Hz, 2H), 3.99 (t, J = 7.3 Hz, 1H), 4.08-4.24 (m, 8H), 6.41 (s, 1H); °C NMR
(100 MHz, CDCLy): & 13.5, 13.8, 22, 29.1, 32.3, 33.3, 45.2, 49.8, 61.4, 65.6, 65.8, 98.3,
104.1, 112.6, 114.4, 153.1, 158.4, 160.4; HRMS (ESL [M+Na]"): caled for
C1oH24N,05Na 383.1583, found 383.1558.

Nitrile 107¢: 71% yield; "H NMR (400 MHz, CDCls): §1.25 (t, J = 7.3 Hz, 3H), 1.99—
2.08 (m, 1H), 2.36-2.46 (m, 3H), 2.57-2.74 (m, 3H), 4.05 (t, J = 7.8 Hz, 1H), 4.09—
424 (m, 8H), 6.37 (s, 1H), 7.15-7.30 (m, 5H); °C NMR (125 MHz, CDCLs): §14,
33.5,34.3, 45.4, 49.8, 61.8, 65.8, 65.9, 98.4, 104.6, 112.9, 114.4, 126.3, 128.3, 128.5,
140.2, 153.2, 158.6, 160.1, 170.8; HRMS (ESI, [M+Na]"): calcd for Ca3H4N,OsNa
431.1583, found 431.1557.

Nitrile 107d: 80% yield, 'H NMR (400 MHz, CDCl3): §0.89 (s, 3H), 1.14 (t, J = 7.5
Hz, 3H), 1.29 (s, 3H), 2.50-2.53 (m, 2H), 3.21 (ddd, J = 9.2, 13.4, 180.4 Hz, 2H),
3.60-3.69 (m, 4H), 4.05-4.18 (m, 4H), 4.31 (dd, J = 6.9, 9.2 Hz, 1H), 6.71 (s, 1H),
7.20-7.29 (m, 5H); *C NMR (75 MHz, CDCl3): §13.6, 21.7, 22.3, 28.6, 30, 38.3, 46,
51.8,61.3,72,72.1,99.3, 103.8, 104.9, 114.2, 126.6, 128.2, 128.6, 136.5, 153.2, 158.1,
159.5, 169.7; HRMS (ESI, [M+Na]"): caled for CasH,sN,OsNa 459.1896, found
459.1912.

Acetamide 108a: 96% yield, 'H NMR (400 MHz, CDCl3): §1.21 (t, J = 6.9 Hz, 3H),
1.43 (d,J=7.3 Hz, 3H), 1.92 (s, 3H), 2.37 (t, J=7.3 Hz, 2H), 4.01-4.23 (m, 9H), 4.43
(q, J=7.3, 14.2 Hz, 1H), 4.66 (dd, J = 6.9, 14.2 Hz, 1H), 6.25 (s, 1H), 6.67 (br, 1H);
BC NMR (100 MHz, CDCl3): §13.7, 13.8, 17.1, 22.7, 33.5, 35.2, 40.9, 44.3, 60.7,
65.1, 98.58, 112.6, 126.1, 146.7, 150.4, 161.1, 169.4, 172.9; HRMS (ESI, [M+Na]"):
calcd for C1gH24N,O¢Na 387.1532, found 387.1515.

Acetamide 108b: 83% yield; 'H NMR (400 MHz, CDCl;): 60.87 (t, J = 6.9 Hz, 3H),
1.21 (t,J=7.3 Hz, 3H), 1.24-1.37 (m, 3H), 1.58-1.67 (m, 1H), 1.92 (s, 3H), 1.97-2.08
(m, 1H), 2.38 (t, J = 6.9 Hz, 2H), 4.02-4.21 (m, 9H), 4.67 (dd, J = 6.9, 14.2 Hz, 2H),
6.6 (br, 1H); *C NMR (125 MHz, CDCl3): § 13.6, 13.8, 22.2, 22.8, 29.2, 31.8, 33.5,
35.2, 443, 46.7, 60.7, 65.1, 65.2, 98.8, 112.7, 126.5, 146.6, 149.4, 169.2, 172.5;
HRMS (ESI, [M+Na]"): caled for C,;H30N,06Na 429.2002, found 429.1986.
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Acetamide 108c: 93% yield; 'H NMR (500 MHz, CDCls): §1.16 (t, J = 6.9 Hz, 3H),
1.84-1.93 (m, 4H), 2.29-2.36 (m, 3H), 2.52-2.66 (m, 2H), 3.40-4.14 (m, 8H), 4.34 (t,
J =63 Hz, 1H), 4.4 (dd, J = 6.9, 14.3, 240.0 Hz, 2H), 6.27 (s, 1H), 6.82 (br, 1H),
7.10-7.25 (m, SH); >*C NMR (125 MHz, CDCLy): & 13.9, 23, 33.5, 33.6, 34.1, 35.4,
44.5,46.7, 61, 65.2, 65.3, 98.8, 112.8, 125.8, 126.8, 128.1, 128.2, 146.9, 149, 161.3,
169.4, 172.3; HRMS (ESL, [M+Na]): caled for CsH3N,OgNa 477.2002, found
477.1964.

Acetamide 108d: 'H NMR (400 MHz, CDCl;): §0.90 (s, 3H), 1.11 (t, J = 6.9 Hz, 3H),
1.28 (s, 3H), 1.88 (s, 3H), 2.5 (t, J = 7.3 Hz, 2H), 2.98 (dd, J = 6.9, 13.7 Hz, 1H), 3.35
(dd, J = 8.7, 13.7 Hz, 1H), 3.64 (s, 2H), 3.67 (s, 2H), 3.18-4.48 (m, 6H), 4.57 (dd, J =
7.3, 8.7 Hz, 1H), 6.41 (br, 1H), 6.68 (s, 1H), 7.15-7.28 (m, 5H); *C NMR (100 MHz,
CDCly): §13.8, 22, 22.5, 23, 29.4, 30.2, 35.2, 38.2, 45.1, 48.7, 60.9, 72.2, 72.3, 100,
105, 126.3, 127, 128.2, 129.1, 137.9, 147.1, 148.6, 161.1, 169.3, 171.6; HRMS (ESI,
[M+Na]+): calcd for Cp7H34N,06¢Na 505.2315, found 505.2269.

Acetate 109a: 49% yield; "H NMR (500 MHz, CDCl5): 6 1.21 (t,J=7.2 Hz, 3H), 1.42
(d, J=17.2 Hz, 3H), 2.06 (s, 3H), 2.36 (t, J = 6.9 Hz, 2H), 3.974.19 (m, 9H), 5.24 (s,
2H), 6.24 (s, 1H); *C NMR (125 MHz, CDCls): & 13.8, 17.4, 20.6, 33.5, 41.3, 44.6,
57.5, 60.9, 65.2, 65.3, 98.1, 112.8, 122.8, 160.6,170.6; HRMS (ESI, [M+Na]"): calcd
for C;gH»3NO7Na 388.1372, found 388.1344.

Acetate 109b: 97% yield; 'H NMR (300 MHz, CDCl3): §0.87 (t, J = 6.5 Hz, 3H),
1.13-1.37 (m, 6H), 1.60-1.69 (m, 1H), 1.97-2.11 (m, 4H), 2.37 (t, J = 6.9 Hz, 2H),
3.82 (t,J=7.56 Hz, 1H), 4.01-4.21 (m, 8H), 5.24 (s, 2H), 6.34 (s, 1H); *C NMR (125
MHz, CDCl): §13.6, 13.9, 20.7, 22.2,29.4, 32.1, 33.6, 44.7, 47, 57.5, 60.9, 65.2, 65.4,
98.3, 112.8, 123.4, 148.3, 152.2, 160.7, 170.7, 172.2; HRMS (ESI, [M+Na]"): calcd for
C,1H20NO;Na 430.1842, found 430.1846.

Acetate 109¢: 96% vyield; "H NMR (500 MHz, CDClL;): 61.19 (t, J = 6.9 Hz, 3H),
1.86-1.93 (m, 1H), 1.99 (s, 3H), 2.31-2.41 (m, 3H), 2.50-2.65 (m, 2H), 3.88 (t, J= 6.9
Hz, 1H), 4.03—4.18 (m, 8H), 5.11 (d, J=11.5 Hz, 1H), 5.17 (d, J = 11.5 Hz, 1H), 6.31
(s, 1H), 7.11 (d, J = 6.9 Hz, 2H), 7.16 (t, J = 7.45 Hz, 1H), 7.23 (d, J = 7.45 Hz, 2H);
BC NMR (125 MHz, CDCls): 514, 20.8, 33.5, 33.6, 34.1, 44.8, 46.7, 57.6, 61.2, 65.3,
65.4, 112.9, 123.6, 126.1, 128.1, 128.3, 140.6, 148.6, 151.9, 160.7, 170.6, 171.9;
HRMS (ESL [M+Na]"): calcd for C2sH,0NO;Na 478.1842, found 478.1840.
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Acetate 109d: 86% yield in 2 steps; 'H NMR (400 MHz, CDCls): §0.90 (s, 3H), 1.12
(t, J=6.9 Hz, 3H), 1.29 (s, 3H), 2 (s, 3H), 2.44-2.55 (m, 2H), 2.91 (dd, J = 6.9, 13.7
Hz, 1H), 3.33 (dd, J = 8.7, 13.7 Hz, 1H), 3.64 (d, J = 4.6 Hz, 2H), 3.67 (s, 2H), 3.99—
4.21 (m, 5H), 5 (d,J=11.9 Hz, 1H), 5.07 (d, J=11.9 Hz, 1H), 6.89 (s, 1H), 7.15=7.25
(m, 5H); *C NMR (100 MHz, CDCls): & 13.7, 20.7, 22, 22.5, 29.3, 30.2, 38.4, 49.1,
57.5,61,72.1,72.3,99.4,105.1, 123.8, 126.5, 128.3, 128.7, 137.8, 148.7, 151.5, 160.6,
170.6, 171.4; HRMS (ESI, [M+Na]"): calcd for C,;H33NO;Na 506.2155, found
506.2112.

Lactone 75a: 58% yield; "H NMR (500 MHz, CDCl3): 61.27 (d, J= 7.3 Hz, 3H), 2.4
(t, J=6.9 Hz, 2H), 3.5 (q, J = 6.9 Hz, 1H), 4.10-4.21 (m, 6H), 5.24 (d, J = 15.6 Hz,
1H), 5.43 (d, J=15.6 Hz, 1H), 6.19 (s, 1H); *C NMR (75 MHz, CDCls): §14.4, 31.0,
33.9, 38.6, 44.7, 649, 65.5, 65.6, 97.3, 112.9, 120.4, 148.0, 149.1, 157.5,
171.8; HRMS (ESI, [M+Na]"): calcd for C,4H;5sNOsNa 300.0848, found 300.0898.

Lactone 75b: 85% yield; 'H NMR (400 MHz, CDCl3): 60.89 (t,J=6.9 Hz, 3H), 1.22—
1.45 (m, 4H), 1.85-1.91 (m, 1H), 3.47 (t, J= 6.9 Hz, 1H), 5.24 (d, J = 16 Hz, 1H), 5.45
(d, J=16 Hz, 1H), 6.09 (s, 1H); *C NMR (125 MHz, CDCls): §13.4, 22.0, 28.5, 31.1,
33.6,44.3,44.4,65.4,98.5, 98.6, 112.6, 119.6, 147.0, 148.6, 157.4, 170.7, HRMS (ESI,
[M+Na]+): calcd for C17H,1NOsNa 342.1317, found 342.1295.

Lactone 75¢: 62% yield, 'H NMR (400 MHz, CDCls): §2.12-2.28 (m, 2H), 2.4 (t, J =
6.9 Hz, 2H), 2.76 (t, J = 8.2 Hz, 2H), 3.51 (t, J = 6.4 Hz, 1H), 4.07-4.18 (m, 6H), 5.29
(d, J= 16 Hz, 1H), 5.43 (d, J = 16 Hz, 2H), 6.06 (s, 1H), 7.19-7.32 (m, 5H); *C NMR
(125 MHz, CDCls): §32.1, 32.3, 33.4, 43.4, 44.3, 65.1, 65.2, 98.0, 98.2, 112.5, 119.7,
125.9, 128.0, 139.7, 146.5, 148.6, 157.1, 170.3; HRMS (ESI, [M+Na]"): calcd for
C,1HNOsNa 390.1317, found 390.1279.

Lactone 75d: 84% yield; 'H NMR (500 MHz, CDCl3): 60.89 (t,J=6.9 Hz, 3H), 1.22—
1.45 (m, 4H), 1.85-1.91 (m, 1H), 3.47 (t, J= 6.9 Hz, 1H), 5.24 (d, J = 16 Hz, 1H), 5.45
(d, J=16 Hz, 1H), 6.09 (s, 1H); *C NMR (125 MHz, CDCLy): §22.0, 22.5, 29.3, 30.3,
38.6, 45.3, 46.1, 65.9, 72.3, 72.4, 99.7, 105.1, 120.8, 127.4, 128.6, 129.2, 135.7, 148.8,
157.2, 170.6; HRMS (ESI, [M+Na]"): caled for C»3H»sNOsNa 418.1630, found
418.1597.
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Asymmetric a-hydroxylation of lactone 60 or 75a—75d using
guanidine-urea bifunctional organocatalyst 62

General Procedure for catalytic asymmetric a-hydroxylation of pyranoindolizine
derivatives 60 or 75a-75d using guanidine—urea bifunctional organocatalysts 62:
A test tube equipped with a magnetic stirring bar was charged with catalyst 10 (0.01
mmol), pyranoindolizine derivative 8 (0.1 mmol), K,CO; (0.1 mmol) and toluene (1.0
mL) at room temperature. The mixture was cooled to 0 °C and stirred for 10 minutes.
Then, cumene hydroperoxide (0.15 mmol) was added to it, and the whole was stirred at
0 °C for 24 h. The reaction was quenched by addition of Na,S,0; solution (10%, 2
mL) and acetic acid (0.2 mL), and the mixture was vigorously stirred at room
temperature for 1 h. The organic layer was separated and the aqueous layer was
extracted three times with CHCls. The combined organic solution was concentrated
under reduced pressure. The residue was purified by column chromatography on
silica gel (n-hexane/ethyl acetate = 1/1 to CHCl3/CH30H = 100/1) to give the product
6. The enantiomeric excess and the absolute configuration were determined by
HPLC analysis of the product using a chiral column (DAICEL Chiralpak IA) with

n-hexane/ethanol as the eluent.

o—Hydroxy lactone 46: For details of the spectral data of a-hydroxy lactone 46, see the
reference 21b. Enantiomeric excess of 46 was determined by chiral HPLC analysis:
DAICEL Chiralpak IA column (250 x 4.6 mm), n-hexane/ethanol = 60/40, flow rate 1
mL/min, A =220 nm, 1, = 18.93 (major), 1, = 24.92 (minor).

o—Hydroxy lactone 76a: 99% yield; [a]p® = +66.6 (¢ 1.0, CHCl;:CH;0H = 1:1);'H
NMR (500 MHz, CDCLs): §1.27 (d, J = 7.3 Hz, 3H), 2.4 (t, J = 6.9 Hz, 2H), 3.5 (q, J =
6.9 Hz, 1H), 4.10-4.21 (m, 6H), 5.24 (d, J = 15.6 Hz, 1H), 5.43 (d, J = 15.6 Hz, 1H),
6.19 (s, 1H); *C NMR (75 MHz, CDCl;): 25.9, 33.9, 44.8, 65.5, 65.8, 66.0, 95.8,
113.0, 118.1, 149.8, 150.2, 157.4, 174.5; HRMS (ESI, [M+Na]"): caled for
C14sHsNiOgNa 316.0797, found 316.0784. Enantiomeric excess of 76a was
determined to be 75% ee by chiral HPLC analysis: DAICEL Chiralpak IA column
(250 x 4.6 mm), n-hexane/2-propanol = 70/30, flow rate 1 mL/min, A = 220 nm, T, =
20.20 (major), T,= 15.91 (minor).

a—Hydroxy lactone 76b: 95% yield; [a]p® = +75.9 (¢ 0.91, CHCl3);'H NMR (500
MHz, CDCly): 50.87 (t, J = 7.6 Hz, 3H), 1.22-1.39 (m, 3H), 1.67-1.81 (m, 3H), 2.42
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(t, J=6.9 Hz, 2H), 3.74 (s, 1H), 4.07-4.23 (m, 6H), 5.17 (d, /= 16 Hz, 1H), 5.61 (d, J
=16 Hz, 1H), 6.57 (s, 1H); >’C NMR (75 MHz, CDCls): §13.7, 22.3, 25.2, 33.8, 37.8,
44.7,65.4, 65.5,66.1,72.2,96.6, 112.9, 118.2, 149.2, 150.0, 157.4, 173.7; HRMS (ES],
[M+Na]+): calcd for C17H,1NOgNa 358.1267, found 358.1222. Enantiomeric excess
of 76b was determined to be 82% ee by chiral HPLC analysis: DAICEL Chiralpak 1A
column (250 x 4.6 mm), n-hexane/2-propanol = 70/30, flow rate 1 mL/min, A = 220

nm, T, = 26.51 (major), t,= 17.35 (minor).

a—Hydroxy lactone 76¢ : 90% vyield; [a]p® = +13.3 (¢ 0.92, CHCls); 'H NMR (500
MHz, CDCl3): 61.96-2.12 (m, 2H), 2.42 (t, J = 6.9 Hz, 2H), 2.66-2.76 (m, 2H), 3.87
(s, 1H), 4.08-4.25 (m, 6H), 5.19 (d, J = 16 Hz, 1H), 5.64 (d, J = 16 Hz, 1H), 6.62 (s,
1H), 7.12 (d, J = 6.9 Hz, 2H), 7.18 (t, J = 7.5 Hz, 1H), 7.25 (d, J = 8.6 Hz, 2H); °C
NMR (75 MHz, CDCl3): 629.5, 33.8, 39.6, 44.8, 65.5, 65.6, 66.2, 72.1, 96.6, 112.9,
118.3, 126.2, 128.2, 128.4, 140.0, 149.4, 149.6, 157.4, 173.5; HRMS (ESI, [M+Na]"):
calcd forC, Hy1NOgNa 406.1266, found 406.1222. Enantiomeric excess of 76¢ was
determined to be 82% ee by chiral HPLC analysis: DAICEL Chiralpak IA column
(250 x 4.6 mm), n-hexane/2-propanol = 70/30, flow rate 1 mL/min, A = 220 nm, 1, =
32.06 (major), T, =25.84 (minor).

a—Hydroxy lactone 76d: 99% yield; [a]p®> = +26.7 (¢ 0.55, CHCls); '"H NMR (500
MHz, CDCls): 60.90 (s, 3H), 1.26 (s, 3H), 2.48-2.58 (m, 2H), 3.09 (q, J=13.2, 30.9
Hz, 2H), 3.65 (s, 2H), 3.67 (s, 2H), 4.09-4.19 (m, 2H), 4.63 (d, J= 16 Hz, 1H), 5.46 (d,
J=16 Hz, 1H), 6.72 (s, 1H), 7.06-7.08 (m, 2H), 7.26-7.27 (m, 3H); *C NMR (75
MHz, CDCl): 622.1,22.5,29.8, 30.3,45.4, 46.0, 66.2, 72.2, 72.3, 72.8, 97.6, 105.0,
119.2,127.6, 128.2, 130.1, 132.8, 148.2, 149.2, 157.0, 172.9; HRMS (ESI, [M+Na]"):
calcd for Cy3H,5NOgNa 434.1580, found 434.1561. Enantiomeric excess of 76d was
determined to be 80% ee by chiral HPLC analysis: DAICEL Chiralpak IA column

(250 x 4.6 mm), n-hexane/ethanol = 60/40, flow rate 1 mL/min, A =220 nm, t; = 19.52

(major), T,= 11.60 (minor).
Synthesis of (+)—C20-desethylbenzyl camptothecin (79)

Synthesis of (+)—C20-desethylbenzyl camptothecin (79): A solution of compound
76d (822 mg, 2.0 mmol, 80% ee) in 80% aqueous TFA (25 mL) was stirred at room
temperature for 1 hour. The mixture was diluted with water, and then extracted with

CHCI3. The organic extract was dried over MgSQO,, filtered, and then evaporated
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under reduced pressure to give ketone 77, which was used in the next step without
purification. A mixture of crude ketone 4e, 2-aminobenzaldehyde dimethylacetal
(78) (6.0 mmol), p-TsOH (0.02 mmol), and toluene (40 mL) was refluxed for 18
hours using a Dean-Stark trap under a nitrogen atmosphere, and then the reaction
mixture was evaporated under reduced pressure. The resulting residue was purified
by column chromatography on silica gel (CHCls/ethyl acetate = 2:1 to 1:1) to give a
brown solid. The solid was recrystallized from methanol/acetonitrile to give (+)—
C20—desethylbenzyl camptothecin (79) (130mg, 16%, 2 steps): mp 247-250 °C (dec.);
[a]p?® = +54.8 (¢ 0.5, DMF); 'H NMR (400 MHz, DMSO-ds): 6 3.19 (dd, J = 13.3,
61.8 Hz, 2H), 3.51 (s, 1H), 4.77 (d, J = 16.0 Hz, 1H), 5.23-5.36 (m, 3H), 6.81 (s, 1H),
7.06-7.07 (m, 2H), 7.18-7.20 (m, 3H), 7.71 (t, J = 7.8 Hz, 1H), 7.86 (t, J = 7.8 Hz,
1H) , 8.13 (t, J = 7.8 Hz, 2H) , 8.68 (s, 1H); °C NMR (100 MHz, DMSO-dj): & 44.3,
50.1, 65.3, 72.9, 96.9, 119.6, 127.0, 127.6, 127.8, 128.4, 129.0, 129.6, 130.3, 130.4,
131.5, 134.0; HRMS (ESI, [M+Na]+): caled for C,sH;gN,O4Na 433.1164, found
434.1208. Enantiomeric excess of 79 was determined to be >99% ee by chiral HPLC
analysis: DAICEL Chiralpak IA column (250 % 4.6 mm), n-hexane/ethanol = 60/40,
flow rate 0.2 mL/min, A =220 nm, 1, = 24.72 (major), T, = 23.61 (minor).

Synthesis of triurea 81

o} O .
'\—/Ie " TFA’ CHCI3 Q{ ,\:/Ie Jol\ /©\ NHZNHZ HZO
N~ N~ 9
] \/\NHBOC 2. F3C NCO \/\” H CF3 EtOH, requX, 74%

110 111
CF;

Et3N, THF, 58% (2 steps)

3 3 ~ 3
HZNW TOONNYY

Fs THF, 49% O Me Me O

\/

CF CF
112 3 81 3

Scheme S9. Synthesis of triurea 81.

Urea 111: To a solution of 110" (1.57 g, 5.16 mmol) in CHCI; (15 mL) was added
TFA (3 mL) at room temperature. The mixture was stirred at room temperature for 3

hours, and then evaporated under reduced pressure. To a solution of the residue in
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THF (15 mL) were added EtN (1.10 mL, 7.89 mmol) and
3,5-bis(trifluoromethyl)phenyl isocyanate (0.99 mL, 5.70 mmol) at room temperature.
The whole mixture was stirred at room temperature for 3 days, and then evaporated
under reduced pressure. A solution of the residue in CHCl; (30 mL) was washed with
water (20 mL), and evaporated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (45 g, CHCls/ethyl acetate = 95/5 to 3/1) to
give 1.37 g (58%) of 111 as a colorless solid: mp 178-179 °C; [a]p® = +14.5 (¢ 1.3,
DMSO); 'H NMR (400 MHz, DMSO-dy): §1.18 (d, J= 6.7 Hz, 3H), 3.67 (d, J = 6.7
Hz, 2H), 4.00-4.21 (m, 1H), 6.45 (d, J=8.2 Hz, 1H), 7.48 (s, 1H), 7.76—7.89 (m, 6H),
9.1 (s, 1H); *C NMR (100 MHz, DMSO-d): 518.1, 43.0, 44.3, 113.4 (br), 117.3 (br),
122.9, 123.2 (q, Jcr = 273 Hz), 130.5 (q, Jcr = 33 Hz), 131.6, 134.2, 142.3, 154.4,
168.1; MS (APCI): m/z 460 [M+H]"; elemental analysis calcd (%) for C,0H;sN30;Fg:
C, 52.30; H, 3.29; N, 9.15; F, 24.82; found: C, 52.26; H, 3.15; N, 9.08; F, 24.62.

Amine 112: To a solution of urea 111 (1.31 g, 2.85 mmol) in ethanol (10 mL) and THF
(6 mL) was added hydrazine hydrate (0.56 mL, 11.5 mmol) at 50°C, and then the
resulting mixture was refluxed for 6 hours. Insoluble materials were collected by
filtration and washed with ethanol. The filtrate and washing were combined and
evaporated under reduced pressure. The residue was purified by flash column
chromatography on NH silica gel (30 g, CHCl; to CHCI3/CH30H = 9/1) to give 697
mg (74%) of 112 as a colorless solid: mp 141-142 °C; [a]p™®=—3.5 (¢ 1.0, CH;0H);
'H NMR (400 MHz, DMSO-dj): 6 1.07 (d, J = 6.7 Hz, 3H), 1.63 (br, 2H), 2.56 (dd, J
=5.7, 12 Hz, 1H), 2.58 (dd, J = 5.7, 12 Hz, 1H), 3.56-3.68 (m, 1H), 6.35 (d, J= 7.7
Hz, 1H), 7.52 (s, 1H), 8.05 (s, 2H), 9.17 (br, 1H); *C NMR (100 MHz, DMSO-dj): &
18.3, 46.7,47.5, 113.1 (br), 117.0 (br), 123.3 (q, Jc.r = 272.4 Hz), 130.6 (q, Jcr = 32.8
Hz), 142.7, 154.4; MS (ESI): m/z 330 [M+H]"; elemental analysis calcd (%) for
C12H3N30F40.22 H,O: C, 43.26; H, 4.07; N, 12.61; F, 34.21; found: C, 43.65; H,
3.84; N, 12.63; F, 33.85.

Triurea 81: To a solution of amine 112 (221 mg, 0.48 mmol) in THF (5 mL) were
added Et;N (0.075mL, 0.54 mmol) and triphosgene (30 mg, 0.10 mmol) on ice-bath.
The reaction mixture was stirred at room temperature for 3 days, and then diluted with
water. A separated precipitate was collected by filtration, washed with water, and
then air-dried to give 81 mg (49%) of triurea 81 as a colorless solid: mp 246-248 °C;
[a]p’' = =74 (c 1.1, DMSO); 'H NMR (400 MHz, CD;OD): §1.15 (d, J = 6.7 Hz, 6H),
3.12-3.27 (m, 4H), 3.80-3.90 (m, 2H), 7.44 (s, 2H), 7.96 (s, 2H); >*C NMR (100 MHz,
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CD;OD): 518.8, 46.5, 48.1, 115.5 (br), 119.0 (br), 124.8 (q, Jor = 272 Hz), 133.1 (q,
Jor = 33 Hz), 1434, 157.1, 161.8; HRMS (ESL [M+Na]"): caled for
C2sHa4F12NgO3Na 707.1616, found 707.1584.
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