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Ac: acetyl

ACECI: 1-chloroethyl chloroformate

AIBN: 2,2’-azobisisobutyronitrile

Alloc: allyloxycarbonyl

aq- aqueous

Ar: aryl

ATR: attenuated total reflection

ATRA: atom transfer radical addition

Bn: benzyl

Boc: tert-butoxycarbonyl

bpy: bipyridine

bpz: bipyrazine

brsm: based on recovered starting
material

Bs: benzenesulfonyl

Bu: butyl

Bz: benzoyl

¢ cyclo

¢ concentrated

°C: degrees Celsius

caled: calculated

CAN: ceric ammonium nitrate

cat: catalyst

Cbz: benzoyloxycarbonyl

cod: 1,5-cyclooctadiene

CSA: camphor-10-sulfonic acid

dba: dibenzylideneacetone

DBN: 1,5-diazabicyclo[4.3.0lnon-5-ene

DBU: 1,8-diazabicyclo[5.4.0lundec-7-ene

DCE: dichloroethane

DDQ: 2,3-dichloro-5,6-dicyano-
p-benzoquinone

DEAD: diethyl azodicarboxylate

decomp: decomposition

DFT: density functional theory

DIBAL: diisobutylaluminium hydride

DMAP: 4-(N, N-dimethylamino)pyridine

DME: dimethoxyethane

DMEAD: di-2-methoxyethyl
azodicarboxylate

DMF: N, N-dimethylformamide

DMP: Dess-Martin periodinane

DMSO: dimethylsulfoxide

DNB: dinitrobenzene

dpm: dipivaloylmethanato

DPPA: diphenylphosphoryl azide

dr: diastereomer ratio

DTBP: 2,6-di-tert-butylpyridine

E: elimination

ee: enantiomeric excess

ent: enantiomer

eq: equivalent

ESI: electrospray ionization

Et: ethyl

gly: glycine

h: hour

HAT: hydrogen atom abstraction

HE: Hantzsch ester

HOMO: highest occupied molecular
orbital

HPLC: high performance liquid

chromatography
HMPA: hexamethylphosphoramide
HRMS: high resolution mass
spectrometry

Hz: herts

1- 1s0

IBX: 2-iodoxybenzoic acid

ICs0: half maximal inhibitory

concentration

IPA: i-propanol

IR: infrared

KHMDS: potassium

bis(trimethylsilyl)amide
LAH: lithium alminum hydride
LDA: lithium diisopropylamide



LED: light emitting diode

LFSE: ligand field stabilization energy

LHMDS: lithium

bis(trimethylsilyl)amide
LUMO: lowest unoccupied molecular
orbital

m: meta

M: molar (moles per liter)

Mbs: p-methoxybenzenesulfonyl

m-CPBA: m-chloroperbenzoic acid

Me: methyl

Mes: mesityl

min: minute(s)

MMPP: magnesium
monoperoxyphthalate

MOM: methoxymethyl

MS: mass spectrometry

MS: molecular sieves

Ms: mesyl

n' normal

NBS: N-bromosuccinimide

NCS: N-chlorosuccinimide

NHC: N-heterocyclic carbene

NIS: M-iodosuccinimide

NMO: N-methylmorpholine N-oxide

NMP: M-methylpyrrolidone

NMR: nuclear magnetic resonance

NOE: nuclear Overhauser effect

NR: no reaction

Ns: p-nitrobenzenesulfonyl

Nu: nucleophile

o0- ortho

ox: oxidation

PCET: proton-coupled electron transfer

PDC: pyridinium dichromate

PG: protective group

Ph: phenyl

phen: phenanthroline

PIDA: phenyliodine diacetate

PMB: p-methoxybenzyl

PMP: p-methoxyphenyl

ppy: 2-phenylpyridine

Pr: propyl

psi: pound-force per square inch

Py: pyridine

quant: quantative

R: alkyl group

red: reduction

rsm: recovered starting material

rt: room temperature

st secondary

sat: saturated

SCE: saturated calomel electrode

SET: single electron transfer

Sn: nucleophilic sobstitution

t (terd): tertiary

TBAF: tetrabutylammonium fluoride

TBHP: tert-butyl hydroperoxide

TBS: tert-butyldimethylsilyl

TBDPS: tert-butyldiphenylsilyl

PCET: proton-coupled electron transfer

temp: temperature

TEMPO: 2,2,6,6-tetramethylpiperidine

1-oxyl

Tf: trifluoromethanesulfonyl

TFA: trifluoroacetic acid

TFAA: trifluoroacetic anhydride

TPAP: tetrapropylammonium

perruthenate

THEF: tetrahydrofuran

TIPS: triisopropylsilyl

TLC: thin layer chromatography

TMS; trimethylsilyl

TOF: time of flight

TPAP: tetrapropylammonium
perruthenate

Tol: tolyl

Ts: p-toluenesulfonyl

UV: ultraviolet

wt: weight



Fii—1
B b NRBIANY — LR T D KR L T O

E R AR — VBRI, Y7 antH RS R o 2408 3L TRLA LB
Thh, AV =T riaf REbdeT 5% OEMIEEWEOEE R oHEETH
%o Bz X, kB /EH % K> Strychnine (1)<°0HUIE S /EH %2 £F-> Vinblastine (2) 73 %
FTond, LFICE Rah sy —vighkz F9 5RE2 KRY %77 (Figure 1) U,

OH
W\
N
§ - : /Y
N 7, o ., W
N /1, 7, V1
) RV SwC S wSis 9we
O O MeO NI 0Ac H H
Me' EO,Me CO,Me CO,Me
Strychnine (1) Vinblastine (2) Minovincine (3) Vincadifformine (4)
Me
N N N N
QRS 5
N > =
O N N 0% [ 3
H CO,Me R MeO N°=
CO,Me N
2 : HO OH OH Ac"
Vindolinine (5) Kopsinine (6) Malohenine A (7) (E)-10-Demethoxy-

12-hydroxygeissovelline (8)
Figure 1. Representative natural products having a hydrocarbazole skeleton
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Figure 2. Derivatization of strychnine and vinblastine for improving their biological activities
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Scheme 1. Cyclization of aryl enones for the construction of hydrocarbazole skeleton
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Scheme 2. Iridium-catalyzed allylic dearomatization and stereospecific migration

MeO,C. [Ir(cod)Cl], (2 mol %) MeO,C CO,Me
MeO,C | ligand 18 (4 mol %) 2 CO,Me Ve
| Cs,CO3 (2 eq.) TsOH (30 mol %) | CO,Me OO o._ JwPh
OCOMe - o_p_N oh
wasoe S = e s

N dioxane, 50 °C NS OTHR o H
0,
(96%) 20 18

L

17 (92%)

Scheme 3. Aza-pinacol rearrangement
LDA (10 eq.) oH NC

O MeCN (10 eq.) O CN  TFA

THF, =78 °C CH,Cl,, reflux

19

éOC éOC
(96%) (92%)
21 22 23
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Scheme 4. Acid-catalyzed Intramolecular Friedel-Crafts acylation o
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Scheme 5. [3+3] annulation with cyclopropane
i) Cu(OTf), (10 mol %)
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PMPCO,Me
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@j\ CO,Me  phMe, 40 °C @jQ)\COQMe
D<CO Me > — CO,Me
27 i) InCl5 (20 mol %) N N “.‘ CO,Me
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28 PhMe, 120 °C 30
(82%, 89% ee)
Scheme 6. One-pot three component reaction o
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Scheme 7. Catalytic asymmetric Diels-Alder reaction of 3-vinyl indole

catalyst 39 (20 mol %)
w N CH,Cl,, -78 °C, 48 h
N + N N =)
H O Ph

/

then AH /:7—N//
TFAA (5eq.), rt, 1 h FsC” 7005 by
0y 0, > .
36 (1.2 0q) a7 (91%, 98% ee, dr >19:1) 38
Scheme 8. Catalytic asymmetric Diels-Alder reaction of 2-vinyl indole
catalyst 43 (10 mol %) Ph
% AcOH (10 mol %) WNO, Ph Ph
NONF + phXNO; > | r—
H CH,Cl,/H,0 N Me THN  NHTf
-78°C,2h H
40 (1.6 eq.) 4 (80%, 87% ee, dr =7:1) 42 43

Scheme 9. Heterocyclic ortho-quinodimethanes for hydrocarbazoles

CHO
catalyst 45 (20 mol %)

@\—/I(\/CHO PhCO,H (20 mol %) NO,
e o NNO, - ‘_’(ITCT [L{h
N Ph N N Ph

uu\

| PhMe, 70 °C, 40 h N Ph
Boc (70%, 93% ee, dr = 16:1) Boc H H OTMS
44 (1.6 eq.) 41 46 a7 a5
Scheme 10. Formal [4+2] cycloaddtion of cyclobutanones
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R J Vor,| —
EtNO,, -78 °C, 0.5 h N 1 N 0

(98%, dr = 6:1) Ts Ts Me Me
48 (1.6 eq.) 50 51
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Az 3BT, Diels—Alder K JEN L EH it R A Ay — L ERICE S IKLS FIH S,
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WOMER D -2, 2R B Bt = g v F=A b5 560 5Nk 54 %° 56 1%
1,3-8E KU FBEHCE > T, A R VERAS V R—=ILE~NEHEEFLLLTLEI>HEMN
ZWInHTh D, 6> T, Cha fLOEMIISITHIRA AT TLE W, 5T OEBIEZIT 9
A, EDFENRERFEEBRAEI 2257202 ERMETH o 72 (Scheme 11),

Scheme 11. Problem with rearomatization of DA adducts derived from vinyl indoles

X
I + /\RZ
N N R2

é‘l §1 R3
D e OO e O
N N
+ N R2
N R N, 57 58
R1
55 53 56

ZITEHFIVINZT ) —Lz—TFT LOWHEICEHL, E=1 A F—1DRb Y
BXTE=ALA U =89 FHWAHE Fa iy — LEREEZZ % LT (Scheme 12)0
I ) —)vE2—TF V&G X, Danishefsky ¥ 29X Rawal v I 20 3{%
FHebDOTHY, BWKIGEEZA L TND Z &b A< Diels-Alder KISIZH W BT
X7220, ZTOH, YERFXFTVE= ALY R LB BEARV T ) T4 NVERIESED D
LT, R E R AIAARY =L 60 % LRTERTEL ML, £, 0K 60
DI )=V —TF )% Ca LD 4 BIKRFMHRIF A TEDLEZ . 4-FF Yk Fn
NN =6l DT 2 TRTHEMIZERTEDEE X,

Scheme 12. New method to synthesize hydrocarbazoles using siloxyvinyl indole

OSi OSi

[e]
R3
@j/§ 2 R2 R-X or RCHO
. owe :
21 Diels-Alder Reaction g1 R? C-C bond formation 21 R2
(alkylation, aldol reaction)
59 60 61

LML, BWKIEEZET e X v Y VIBESRGE TALE TH D720, iR
FERIS~OIGHDBEE L WHERZ 0, FEEE, vaxrv=11 >y R—1%Z M5 Diels—
Alder T 1 BIERE R H 722, B ED Lewis 82 AW T 2 B OKIRIZH L TWA I
LD LT, EEY 64 1TDT 0 2% L E L TWARYY (Scheme 13) 199, F7=, U
N ) — =T K 65 X —IE LN TV o T,

Scheme 13. Attempted Diels—Alder reaction of siloxyvinyl indole

o OTMS
OTMS
EtAICI, (1 eq.) O ‘
- s |
(I j CH,Cl, N7 >"=0 z
én ~78 °C to rt, 2 days Bn /}—N// B“ e NPh
2%) O Pn 65
62 37 64 not obtained
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DA T2 2D, ZOHF T, IEBMHEEITT % /4 FETHD Yb(OTHs &, ©F7F
NYT I NDHEE LA DX T VENL 7 69 (LI bisamide & KFL) E 7213 70 (LA
bisurea & Eil) KX DBU 226 i L72% 7/ Yb it EEMESME T AL E R
Danishefsky ¥ = > % 73 f# 9712 Diels—Alder I 2R L, &ILE, S F 4 &R
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Danishefsky Vx> &4 L7 4 & WIS CTHIO TOfER) R 7 Diels—Alder X )i D
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—TNVEGHE LRV ERHER SN TWD, —F, MOBEFOF I AMEBETITIELALD

B WHDFREISHEITTT 5,
:: [

Scheme 14. Yb/bisamide or Yb/bisurea-catalyzed asymmetric Diels-Alder reaction of Danishefsky diene and olefins
OTBS
bisamide (69) bisurea (70)

Yb(OTf)3 (10 mol %)

0O O ligand 69 or 70 (10 or 12 mol%)
DBU (20 or 24 mol %)
ﬁ N OJ\NJ\/\R .
MeO / B p

CH,Cl,, 0 °C
up to quant., 98% ee

O ZIIZ O

66 (2 eq.) 67 exo isomer only

FITEHT, vaox vy F—Z A0 AR RZE Diels—Alder St O BE IS
ZHETICYZD, TR0 A2ENLTT ¥ ) A4 2 v, oo
BRI v ) — N2 —TNEEEE ) R HIDOKIGE R TE D EE 212,
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T % (Figure 4), HECRIE TIIAEMETH 2 BN EIC Lo THIRT S Z Ik, Fi
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D Ru(b N . -
\/ ( py)3 \/ \ |N/ N oxidant €q
= |
oxidative / LoN,, ||||‘N % ﬁ» n
Edy"'=+129V quenching Eqf/,""=-081V : RIS Eil
e . 12 : ' N\ =NT | N =-0.81V
5«-// ovele V_JA: Ny A < N —1 t
s, DG ¢ “
Ru(bpy)s?* 'S > *Ru(bpy)s®* | _— . Ru(bpy)s
~ : = e L = &
Amax = 452 nm . =lp)= 1
. ot ]
A D: nt— " €9
reductive i MLCT 1
E/M=_133V quenching Eqif;"=+0.77 V 1 L + 1 reductant x*
/ \\ Cyc,e / \ tzg - tzg
£/, ﬂ
Ru(bpy)s” Ru(bpy);** *Ru(bpy)s?* =hor7v trg
ground state excited state Ru(bpy)s*
u(bpy)s
Figure 3. Oxidative and reductive quenching cycles of Ru(bpy) :
A: electron acceptor (oxidative quencher) . Figure 4. Molecular orbital depiction of Ru(bpy)s%*
D: electron donor (reductive quencher) ' MLCT: metal to ligand charge transfer; ISC: intersystem crossing
ARG AL ST AR 1T AT K & KSR & BRSR IS R D BOR e 3D, TIRILER SR & A F s
L DG 3D, E I RGEM ILHEAS AN EN DR T, KiLE THE
AL EAERA IR TZ o7, 2008 4, Yoon © ji_ﬁﬁjlﬁﬁﬁﬂﬁﬁﬁﬁﬁﬁi%ﬁﬁ

WHERT ) OR+2IBRACAT NS & 5 L7z (Scheme 15) 39, Z O i TRIEEIC

D b L 7= *Rulbpy)sCle 2% /PreNEt &G L, A U7 RuDP= /> 71 % — Eﬁ%kjﬁ L
TEALANBIS 3 #1745, LiBFs & Lewis ik & L THINT 25 Z & THRISSHEICELT L,
2 RS 72 #157-, R L < 2008 £ MacMillan o (%, AIfRGEELIE CARME & B &
DX INT I Ut EZHAETETCT AT B RalfLOAREF T VX ALKEL Z # K L 72 (Scheme
16) 36, 7T RT3 LT IV 76 WHAELL2F T4 F I T, T4 OD—E BT

WCEoTELBT AT VAN INE LEZOKIZT PN EROFRENAEL S,
1



AT RJEFORED T P SOMO OEZRVIZE Y ZEMEZIT. KikOH#EIT %2 FHHIC
LCTW5, 728, ARSI AR F 7213 i B E B 2 Br < L 1T & A ERIEN
HITL < b ed, BEOZFT IV OTAFNAO L D 72 “E T BENOKSHME TR
<, —EBTIBEORISHETL LB 20N TS, S 5IT 2009 412 Stephenson & [diE T
W72 i~ 7 AL RO & i L7z (Scheme 17) 37, AIAREERLE STl 2 FIW 5 2 & T,
BonmEaAll LTXBE2AMAT 208 TE, A nrBusSnH 2 X2 0/ TH
BT RN a AL BOS A EIT T 5 2 E BN R Sz, AIEERLE ST AR o 4y B 1X
AU R 2R Em SO S A BT . 2008 FFLLRE . TOEICER SCEAEE R R L TE L,

Scheme 15. Yoon, 2008 - [2+2] enone cycloadditions
o (o}

[e] (0] Ru(bpy)3Cl, (5 mol %) Ph Ph
LiBF, (2 eq.)
Phwph iPrNEt (2 eq.) H H

7 MeCN, visible light

72
58-98%, dr = 4:1 to 10:1
13 examples
Scheme 16. MacMillan, 2008 - enantioselective alkylation of aldehydes

catalyst 76 (20 mol %) OI CO,Et
Q CO,Et Ru(bpy)sCl, (0.5 mol %)

*HOTf
Py 2,6-lutidine (2 eq.) K(\COzEt :\%)
,6-lutidine (2 eq. 1y
HJLMg\Me *  Br” CO,Et s e Me I
DMF, visible light
73 74 , visible lig 75
63-93%, 88-96% ee
12 examples
Scheme 17. Stephenson, 2009 - reductive dehalohenation of activated alkyl halides

Br Ru(bpy)3Cl, (2.5 mol %) H

HCO,H (10 eq.)
©\?I\/N>-COZM6 iPrNEt (10 eq.) @;I:}'C%Me
\ - \
Bog CO:Me DMF, visible light Bog COMe
77 78
79-99%

10 examples

FRAZSCNT =T LADARY Y AR AV T AIID 7 = =LY DLEERR E
WAL LR T & L CTH WSS (Figure 5) 39, (2., BB A BMEEII L =&
HRRE D F MmN RN T2 kxR OSICIRIES FIH S TWb, F iz, — iz Ir(ID X
RuID kv & K& WEAN FH L Ek=x /¥ — (LFSE) Z##%H, HOMO/LUMO @%iﬂﬁ
TN, FIESEL7-0ICEF LY EVT R VXN NN BRIGE T EMN O ENKE
We, KVIRFRISICHWS 2 ENTE S, 612, RuDIXFE— OB 7 % F£F > g
BThHdrolzxt L, Ir(IDIX 7 BN Z A S DR ERER B ATRETH S,

O CZ) O i ! Me 0\@
Br- Br )
HO g 0 ‘ OH O o l O T/ E,Ll))'\‘j

Br Br +

eosinY triphenylpyrylium salt Mes-Acr* Ru(bpy)g,2+

N\ _|2+ N _\4- N
n /JY\ B lN/ lN/
S u
Ny N | N T s
& " | w \% /N'//,lrlup\‘\ /N//,| ”|\ /N'///Ir,|||\\‘\
N SENs [5)3

Y

< | |
Nt NN Bu P z
®
N

Ru(bpz);>* Ir(ppy)2(dtbbpy)* lr[dF(CF )ppy]z(dtbpy) Ir(ppy)s
Figure 5. Representative photoredox catalysts



9 AEDLEMEE B VD A LT e ROE

AR EE T A WD A LT 0 AMERI TR O RERO R OSENEL. R TFBE T 0
LA (ATRA) TH 5, 1994 4, Barton Hid, p =L ) ZA)VAKR U T K=
J =) —7 )L 80 fF7E N, Rulbpy)sCle Z il |z v LG 217 5 2 & T, Z&ER ATk
L. PhSe & Ts ENFERFICEAINTZ 81 MG OLND Z & 2 E L7 (Scheme 18) 39,

Scheme 18. Atom transfer radical addition of Se-phenyl p-tolueneselenosulfonate

SePh
Se /©/ Ru(bpy)3Cl, (0.5 mol %) O\‘S’g)\e
Ph S, + Aoy OtBu
00 MeCN, visible light
79 80 (10 eq.) (95%) 81

S b2, Stephenson &I AIHGEE(LIZE LALSEZ VD ATRA OFEME 70 BB — etk & X
AR 2 fiEBH L 7= 40, 1% 513 Ru(bpy)sCle F 72 1% Ir[dF(CFs)ppyla(dtppy) PFe % fith 4 (2 F
WTC, TR F LT 4 82-84 LEkxle T VT RN VIR = AL AW E T
I% TsCl 776 ATRA ORSHEMEIC K- T, Ik 87-89 ZmINETHE-Z LaRE L

(Scheme 19), AKJSITMEIAWIEE — 2> TEBD, AL 7 4 R KimA L 7 4
YOELLTHLHWLZENARBTH D, SHIT, AL T VLI ANT A RTHDHITH
o o9, WU dfhzERT 5 2 & T ?RE!’J CIREED B SO S/ D 2 & B AHET
Y. 1L2-BEWMT VT OBAREMRIEEL LTHHAIATWS,

Scheme 19. Photoredox atom transfer radical addition
Ru(bpy)3Cl, (1 mol %)
atom transfer reagents (1-2 eq.)
LiBr (10 mol %)
3 DMSO, visible light or
A~ NHBoc O or MCOzEt k > Products
Ir[dF (CF 3)ppyl,(dtbpy)PF¢ (1 mol %)
82 83 84 atom transfer reagents (1-2 eq.)
DMSO, visible light

Br FF Br
EtOZC Br Et0,C : 74 85 86
EtO,C A A NHBoo MOOzEt ccl, CFyl BrCCl;  CgFyl

CF,Br,  CBr, TsCl

0, 0 0,
87: 99% 88:88% 89:90% atom transfer reagents

SOSHEREIL 2 > OB N ILTFE L T 5 (Figure 6) , 3. Al fi 12 X - Thpid L 7= *Ru(l)
ikl z e 7oAk &Y 90 Ik > T—E b x5, RullDBAC D iz, ~e s
Ak EMIE— B R ITEZ T, TAIAT UV I BEL DL, TV 91 iﬂ‘l/74’
Y92 ML, ZYANHRIK 98 NAET D, 93 MAEIZA U7z RuIDIZ L - CT— 73
fbEZNIEAT T A 94 BNET, Dk, /\m/f‘/4z“/75‘>‘ﬁﬁubf9575%%%7&60 ES
72, BN TV ANEEKINIZ L 2T IS ~EELRE LB INT VD,

radical-polar crossover
u(bpy)s? Ru(bpy)s2* - X

X
R,l/\/\Rz - R1\)\R2
95
. R1 Ru(bpy)s® R™X 90 T
R1'\A\R2
O R2 92 radical propagation

Figure 6. Mechanism of the photoredox ATRA
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%72, Stephenson 5 [ AR YR (L& T

il 2 % ATRA O & LT, LK

BWREEICBIT AT N9 T 1XhTF A4 94 25 FHNTHIIE T Z LIck- T, BIRLS
Mo AR %

AT, 4-X T -1-A4—)L 96 & 74 & ATRA O USEMEICHT &, HAD

AR 98 1 X302 10% L 25 S 3, ATRA £ 97 78 75% T4 5 117~ (Scheme 20) .,

£70. 97 ZINEASAFR ATRA S5 MR FEVESRAFIZHT L T HBRALIK 98 ~I

2 &G, 98 13 ATRA HRIAN G FWTHESN D Z &I

Ihiz,
Scheme 20. Photoredox atom transfer radical addition
74 (1.2 eq.)
Ir[dF(CF3)ppyl,(dtbpy)PFg (1.0 mol %) EtO.C
~~OH LiBr (1.2 eq.) 2v  Br
T EtO,C
26 DMF/H,0 (1:4) 97: 75%

visible light, 24 h

ITEHI N
LoTHELNTEZZ &EnRE

WS
+  EtO,C o

98: 10%

}

OH

refluxing toluene or
ATRA reaction conditions or
Basic conditions (Cs,CO3/DMF)

ATRA I X D BRACPUGS A INEE T 2 — 75 T, Al & T
Al MNTRAESELZI VIV a5 FHNO EiiiG THIIET 52 L T,

X & %, Stephenson 5L, ARG T, Rulbpy)sCle &
é#AA

103 °o~T B8 104, ZEHIK 105 L B RINEKRTHK L 7=,

Scheme 21. Photoredox-catalyzed reductive cyclization

MeO,C_ By MeOZC COzMe

BIILT, 7REYRUBIAT L9 2T 0100 &L,
NI HINEMET DI & TRILIK 102 21572 (Scheme 21) 41.42),

il B85 & 3 1) 70 38 o A R b
B AL G 2 4T > 72
NEts 2254 U % RuDic &
FTNOF VT 4 v

R, ok e BER

conditions: Ru(bpy);Cl, or Ir(ppy),(dtbbpy)PFg (1 mol %)
NEt3 Me0,C NEt; (2 eq.), DMF, visible light
Ru(bpy)s*
NEts 99 1oz 77% CO,Et COMe
1 MeO,C, COzMe 2
NEt3 5 MeOZC y
u(bpy)s? MeO,C_._CO,Me MeO,C COZMe' MeOzC
O ,\ > é/ 103: 69% 104: 85% 105: 76%
“@= Ru(bpy)?* = (dr=1:1) (dr=1:1)

S 100 101

—J7. Zeng 5%, Bt 71D 5 Rulbpz)s(PFe)e Z i WA Z & T, AR EHRH T,

NT V=7 =1V 106 & HiE—
72 (Scheme 22) 43, A U7 RuDiTfEEIC
DEITL, 108 720, 0% 7 e b EBFBHNIC
%%ntoKﬁmm1u%1m@;5ﬁgﬁﬁm@%@éﬁ
Scheme 22. Photoredox-catalyzed oxidative cyclization
X N-Pr X N-Pr
PMP /\ PMP PMP 5
106 *Ru(bpz),2* (bpz) 107 10:73% |
kRu bpz C l T
— n-Pr —»@j\

0, HY PMP ‘e_ PMP 5
108 109

BErmAL. .7 I=

14

AT AN T A 10T BRES
2y ﬁﬁ?ﬂ:éhé*ﬁ\ 107 6 BALBG
. 109 ZRETA > F—/r 110
CHISHATRETH 5,

conditions: Ru(bpz);(PFg), (4 mol %)
silica gel, O,
MeCN, visible light

PMP Me PMP

111:65% 112: 60%



B ATEDEREE T 2 M 2 A A 7S T BRI RS

AT & o TEIRAYITTEME L S 402 ATHOGERIE ST AR FEFn TP @ R O & v
b ERBETE D20, BIOMBER LG ST CRIEEIT) ZENAETHL, 20 &
Fl B S VL D6 R O i 5 SIS S 7 1 AT AR YR R KB ST Al D B & F W D OIS TR IR EE R 4k
Tz rlgel L, AERILFOMRRIEZIERTH2H LWKIGE LTHEEEZED TN D 49,

Rovis &%, AR LR TAMB CH 5 Rulbpy)sCle &, ¥ F /v NHC filtlit 116 % fil A
AOEDLZETC,. N7 =T T A YX /Y1187 VT R11400b, 72
VAL DARF T VMU BT, JERIENER 116 24 AL L 7= (Scheme 23) 49, i
T, £9°. NHC i |2 & - T Stetter St O St #44%E T 116 7> 5 Breslow H A 117
NAET S, —JF. Rulbpy)sCle 1X. B{LAITH D mDNB DB FBEOHEME T
Immnm%@énéo:@RMHDitFu4y%/9yn3% BrELTH LT,
Ru(D AT 2 & 3T, SULTTHNITAL N8 NAEL D, I HIZ 118005 —
E L7 b V@@Wﬁﬁ\_ D. 119 DA I = A DT A &> 7-%. Breslow H R 117
DORBWEEZZ T D2 LT, K120 & 720 BEEKS 2T 115 128 D, AHEER
Miffnﬁﬁ*iﬁ \Z X BfEES A 7 v DT, Breslow HHA 117 B {b SN A FTREME R EX D

CHEb ST, NHC D o 7 VR — B L2 % 17 TWARW, 7, HEE—K
ﬁ%éb@fﬁ%bfkb\mr@mzﬁ&@t%m%y%/uy%A&ﬂ%f&é

Scheme 23. Photoredox catalysis with N-heterocyclic carbene catalysis

Ru(bpy);Cl;, (1 mol %)
@ 0 NHC 116 (5 mol %) <j© @ <j©
m-DNB (1.2 eq.
N ¢ BN, (12eq)

Et 5
CH,Cl,, visible light \AO : PhMO
13 114 (81%, 92% ee) 115 v 121:67%, 91% ee 122: 75%, 92°/ ee
0 NO,
0
N_NN Br e L, N\Ar ( I :N\Ph @\
~ 14 ]L/
h BTQ\BF — HO 113 Ru(bPY)** , m-DNB 2
\K’ NO,
116 17

S e

KB BB (HAT i) 1%, @5 RIEER C-HEA» O KET VN EGI &K
ZLTRFET /ﬁ/v%%iéﬁ 7 /ﬁ/lx}iﬁﬁ%%kﬁ“é 46), JT4E, HAT filfit & 4
R AL 5 ST AR OGO T SOS B DSBE AZAT DIV TER 0 | B I 72 803G 23 85~
W ST &7z 40, MacMillan & 13, 7/1/:1~/I/75>5'§i/ﬁ% LA T a b AL F 2155
I K DKABHATRIZ L > T.OH ST HRFE LD C-HfEET R VX =R T T 5

2B L 48, w B EE bR T Al . HAT fitfit, 593 EAREE D 3 > o il i 3 & fH 2 A
DETEHKISZ ®E L. (Scheme 24) 49, 61X, ~F%¥%/—1 12812, FVA1LVT
I —LLTT 7 UNAERAT IV 124 ZH T, Ir[dF(CFs)ppyl2(dtbpy) PFs % Al 5 Y
fefbig oo fit it . BusNPOsH2 % 9345 JEfil i | quinuclidine (128)% HAT fill it & L 7= )& %
792&T, 77 P 128 PEIRTHLNL Z Lx il Lz, TBUiET v =2—o OH

DHEA L TWDIRE ED C-H fEE Mt~ x L X —1X, K 92 kcal/mol & KZVMETH 5D
15

0 =N “Ru(bpy)z?*
A L 7
Nepp, <HEOEE/ ) Ru(bpy)s?*” “"
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XL, X7 V007 o=y L8 130 O N-H fiE i — /L ¥ — 1% 100 kcal/mol
LEBITKREW, o T, B IrTIDAMEIC X5 —E BN OAELLIXFX T VDTV
ANTFAL 129 "8 KU K7 1V y&”tﬁﬂ:?%ﬁ& LT, 7/va—Lo C-H EE15
KFETZ N ERI LS ZENAEERD, £/, B LB, BHEEMECT L a—
N® OH ZiEME L L7z 181 OMRBE T, MFRIFIAE XD n—o*#lil & IER/IEIT D 7
W, C-H AWM xLX—NMETF L, tho C-H #EAFAE T, MLEEIRN AR C-H KA
PAbic kv, VB 182 BMET D, 7 VWL 182 1% Michael Z &K 124 (2L, 134
LY AN —EFEILEZ T B, 77 FUOBRAEID ., 126 6D,

Scheme 24. O-H hydrogen bonding promoted H-atom transfer from a. C-H bonds for C-alkylation of alcohols

05H11/\OH Ir[dF(CF3)ppylx(dtbpy)PFg -H 0-PO,H,
(1 mol %) 0 !
123 N~/128 130 /n/ H

BuyNPO4H, (25 mol %)

+ uinuclidine 128 (10 mol % O H+ O H
N q ( o) “Ir(illy o Trc gy,
7 "COMe  MeCN, visible light CsH 129 131 CsHy7 OH
124 then acid work-up 125: 84%
1 123
+ 0
o Ir[dF(CF3)ppyl,(dtbpy)* Ir(11) 132 133 5
CoHyr™ ozél—PH
o) H,0,PO-- H
Me
Me
Z>Co,Me
126: 93% 127: 79% MeOZC oH 124
CsH11 C5H11

125

AR LR ST AR 2 B R A A S DR G b WA ST b, Sanford
i, 27 ==Y Y185kt L, PAADfEGFET, o7 UV — 33— RK=7 L 136
Mz 52 LT, B#EN C-HIEMHEILKINIZ X - T 187 #A/ K L7z (Scheme 25) 50, L
2L ARSI EE AR 72 PAAD A2 5 PAAV) FRERIC 72 5 sp2C—H BRAL B 23 F
HEEPETH V| 100 °C OFEESFMENLE L2205, ZOMBEICR L, M 51 f fEE bR T
fih <& % Rulbpy)sCle & W CRBRO KIS #1TH Z &£ T, 188 & 189 # W T=IRIZ T
140 DG RIZEE) L7z (Scheme 26) 5V, —&E FBE) O IC T PAAV)HEE A A S
52 &T, HEBRBOER =RV F -2 FT 22 LIS Lic, T4bb, HEMET
b 227V — )T 188 & PAIDM 6B A L - TE L 5 PAADH K 141

FHRTHAET L7 2=/ T T HV 144 O L > T, PAAIDHHEME 142 (2725,
PA(IIDIZ RudIDic X » T &bz %7, Pd(IV)EPF'WS 143 (& <, 3o i
WX o THERY 140 NGO D, 0 X D (Tl H O R SOS AT G ER (L& o Al 2 i 2.
52T, RRIBRKIEERET S ZENAEETH D, AIFEE LR A IC X 2 SIS Z
NEEORIGBEE T TR, ZE oYy — L e LTHIERICEERERE2F,

Scheme 25. Pd-Catalyzed C-H Functionalization and Arylation

B _ Pd(OAc), (5 mol %) = Ph _ .
| , BF, X 144 N R mx Ph—N,BF, Ph
N * i >pd( >Pd 139 144
Ph” >Ph AcOH, 100 °C, 8 h
(88%)

142

135 136 (1.2 eq.) HX_ paliadium Ru(bpy)s®
--------------------------------------------------------------------------- Catalytic Photoredox Ru (bpy)s?
Scheme 26. Photoredox catalysis in C-H Arylation Cycle Catalytic C-Vc’e

Ru( bpy

Ru(bpy)3Cl, (2.5 mol %) PdX
2

| N Pd(OAc), (10 mol %) 133 | ,\n\
P2 Ag,CO 10 mol %) P
N * Ph=N,BF, 2005 ( N [ L
MeOH, rt, 4 h
140 pp

138 139 (4 eq.) visible light (76%) 140 143




AT T2 EREITIS TOMFIEESCYBEE ICHMS B L 525720, &

WO RE, bR ICFHIN D D FORERBICEE R EZEHZRFF>TWn5D
(Figure 7) 52, i+ L 7 ¢ @ 1,2- “@EBEML . FRIC~T 1 5738 AR (& fifi )
S, BEREME S T ORI Té%ﬁ& Y — e LTI ETICHEMBIZEIE S
T&75), L, 2L OBE, BBRERLETHY . HHEOEWRESCILE D)2
%ﬁéiéﬁﬁﬁ%@%wﬁ%%mw&imitgﬁ\%%@I%EEA®E%%\@%
FE~SOEBHIZELA TS,

AcO O oH

OH EtO. Me
H =
N_A CF, ol YN HS\)\?O
tBu BzHN,, No--- A P KN f
\CO,H
HCI NH, Ph 0 I EMs o A
Cl 0Bz
Mabuterol (145) Paclitaxel (146) Eprazinone (147) Captopril (148)

Figure 7. Selected examples of medical drugs that have heteroatoms

Flo, EFFEENOBEISEMRBEMEOFR T, ~TrEFICERLERAZ ) —=v 7
BT TWDHEINRDRNT & ’%Eﬂbﬁ5“/“¥V>NTEU?%€ﬁH%WJ_ﬁE?¢é & T,
ETEESCRM L EMENRKELSUBEBTE LN FRICEZLND D, HkOo~T v K
THAR A V7 4 AMEH ST D DR 22 BOG G4 THEAT T 2 F BSOS B 21T\, B
MBI T2 2 e TEIE, BBERES ORI E 72 1XBEFO EIE S O A RE DK
BICENR L EMMGF Lo, 22 TEEIL, Tt E o SOSH & LTl ~72 2 Hio
TEBABHRIETH D ATRA RO, 3 {0 “EHAER IS ZMAEbES 2T, B
ORBAMODIRNWA LT 4 VEMIKIEEEB L LS B2, FICERLEEOT CHE
BB O~NT o R CHhIERERALMBEETERELOEALEZAR T L L,
Fo, AMERELE B EZ AW C EHEHMEAICERBTRELZEATIHNIIZE A EREDN
<, R eETh L LB N D (B =EE ZHSHR),

DUF. AT CHIZERE B4 K OB 0551 CREM iRk 5,
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ApE—E ZBHE Fu iRV — L AFESREORRE

s R el s U

Otto B DOLHRIZE VN, “ U AR TMS, 1> F—VEZORH#EKIZ Bn 2 AW 7
A R=NTPT 628 LT 00, ZDIbEMIEIL VTN T L Ia~x NI T T 4 —
WL DRRNREETH > Telod, HiRERAED B %47 - T Diels—Alder KUSITHW Tz, #13#
METHWL Y= ) 7 4 VIZiF, AR LA VB ORGICAEKRTE D 6Ta ZRATE, £
P AFEAFEZ AW, 7% KD Diels—Alder fI A EZ G BA21TH) 2 L & L,
Lewis & & L T 25 mol %® Yb(OTH)s, #MAI & L T 25 mol %® iPraNEt % il 2 7= (Table
1, entry 1) 55, ZOFEFR, PHRICK L TEEMY E LT Michael £ 11K 149 % 61% T
72 BRALAT IR 150 1% 21% CH LN, v U VT ) — LT —TFT VAR TIE R o 72, IRIT,
AV R—VEFRORHELEZB R L THD Bs [CEE LY 151 Z RO G5
IZKf L7z & & A, Diels—Alder USSP HBIZHEIT L, IR T8% THM O Y )L/ —/Lx
—TNWR162 ZH— VT AT LA ~v—& L THEE (entry 2), ZHUOHREREL Y, RERKIX
BFRIENE TH DL ERBEN UBEY DA v R—/L%EHE T ArSO R#EA2 H 5

kbl
Table 1. Protective group effects on nitrogen of indole
OTMS
)OL 0 Yb(OTf)3 (25 mol %)
iProNEt (25 mol %
I + Q NJ\/\COZMG —>2 ( i roducts
N / p
Il? CH,CI, (0.2 M)
0°C,3-6h
(2 eq., crude) 67a
entry R products
(o] [e]
1 Bn (62) 149 150
! (61%) . (21%)
N CO,Me N ‘CO,Me
Bn Bn
O N/> (0] N/>
0 0
OTMS
2 Bs (151) 152
(78%)
l\ll p! CO,Me
Bs
0] N/>
0

WA RAEBISREDORFHICRE - 7o, EFH T, Fim-1 5 =8 Tk <72 % 7 v Yb filtii3
ARICBNWTHLYVZ U EOERM O Y VT ) — Vo —T Vg EE DT 52 7. N
TINFXRHY RUoERE-SY T ) 7 4 L E2EME( L, Diels—Alder Ko &R+ %
EEMFELIZ, LL, Y151 VS & KINTEITT 20D, KD E
WCHBMENRZ L, EMIMEICAREHEITIEE A EBRl SN2 h - 7= (Table 2, entry 1),
ZORRE, Vo ORGEE L THRBIEO R ZIToTWLIRIZHD EEZR T, T4
bbH, AR E LTHW WL Y rofic, Y RO RIARYBZEANL TWD
TZDIZF T Yb N ISR CRIGELIE Lo T, £ 2 CL YV ORENZ M LS,
UGN T A NI T T 4 —TCRBEZITO DIV I VEORF Z21To72, £D

WEE. TIPS (R# KD = 168 13 U WALV ETH X ETHY ., U BT NVT T A
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rax M7 77 4 —WRICHMEMICEDBRPAIETH 72, HRLEZYT 153 &, Yb
fih it % v~ 5 Diels—Alder SIS L7z & 2 A, “HBEOMMKE 57, FEx OBEER T
MOREERZREL, XYY U FUNYx o LTOMUI O E & TRIGDEST L7 A
(154-exo0 & Fit) ZUUE 2%, 34% ee T7-, £/, AFH VU FUPRABOME & T
S HELT U 72 A (154-endo & R 7)) % I 1%, 2% ee THL IRINETIEH DL DD,
¥ 7 /L Yb ﬁi‘iﬁﬁ‘;%ﬁﬁb\f*ﬂbft%@iﬁt Re Ry — v etiiz, iz, Vo kil

LT bW Z &Ich b, HIEOMEZ MR L7,
Table 2. Optimization of silyl group 0Si 0oSi
OSi
67a (1 eq.)
] Yb(OTf); (10 mol %) JOL
N (R)-bisurea (10 mol %) E HY COMe g Y coaMe OO N N Ph
1 DBU (20 mol % S So H H
Bs % 0 )N:> p OO N\n,N\rPh
CH,Cl, (0.2 M) 0”0 o0 0 Me
151: Si = TMS (2 eq, crude) 0°C,4-13h 152-exo: Si= TMS 152-endo: Si = TMS bisurea (70)
153: Si=TIPS (2 eq.) 154-exo: Si = TIPS 154-endo: Si = TIPS
entry Si diene exo (%/% ee) endo (%/% ee) reproducibility
1 TMS (151) impure (crude) trace-59/0-4 0/- poor
2 TIPS (1563) pure 1-2/32-34 112 good

WRLEBELZHEL, A VP AV ODERRELTH LI B ANVKR=VE FOE
L R A MFt L7z (Table 3), T72bb, RUBVER LICEFHEGEEZEATL LT,
VEUDSHEN ER L LML, T, p A MR VEEZEALLLY T 155
AR L7 E 2 A MIEN 18% TH O (entry 2), 72, = F > F A &M & exolendo
BIRMENLE LT, 2,4,6- bV AFARUB U ANVER=VRELTZY T 156 Z Wi
GBI R E exolendo EIRMEIT A L L7723, =) 0 F A RIRPEITIK T L7 (entry 3),
E512.2,4,6-F ) A RF I RUBP U ALK EE LY 157 “C%JN@Q: exol endo
BRMEIER E LR, = F o FABRREIFIE T L (entry 4), ¥iff@b0H, X220

RV L OB PG VEERILN V= o OROSHEE R LS HJJMZIWDJJ243&% Za b
LDTENHBILIER, = F o FABERMEICGEET L ENRBE N, R RIETIE
RNHDOD Kb E ee %Efif:entryZ@p-)‘ hET RV 2R =L (LLF Mbs)
ERERL L LYo 166 ZHVWTURORFZED L Z & & LT,

Table 3. Substituent effects on arylsulfonyl

entry R exo (%) exo (% ee) exolendo
oTIPS
oTips 87a(1ea) C}g
Yb(OTf)3 (10 mol %)
(R)-bisurea (10 mol%) O ‘ 1 (153) 3 34 21
' DBU (20 mol %) “CO,Me
N = ROZS N /©>a
SO,R CH,Cl, (0.2 M) /> 2 Meo (155) 18 52 9:1
0°C,3-5h o A Me
(2 eq.) exo isomer 3 /@ (156) 32 29 1341
153:R = Ph 154:R = Ph Me Me
155: R = pMeOCgH, 158a: R = pMeOCgH, OM
156: R = 2,4,6-Me,CgH, 159: R = 2,4,6-Me,CgH, 4 /@% (157) 47 25 41:1
157: R = 2,4,6-(MeO)3CgH, 160: R = 2,4,6-(MeO)3CgH, MeO OMe

WA AP IR PRI E T d 5 i & i 12 & 5 & & % 7=, Yb/bisurea filt itz W\ 2 54 |
Refi] Z# £ & L T % Diels—Alder G2 5ERE LR 0o 7o e 8, IS ORI AR & LT
Ezohnlz, Ve TIEEWEFEEORMETEREECH L2, FLERE DO Lewis &
PEZ R HEI L TWD EREL AN Tle, £ 2T, KV EAL ) D5 (Lewis Mo H M DK V)

B MR B RE R 2 VAR, AREE R O BICER D E IR L, B EREEZ Y LT 2
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T T ~NEEHE LA T 161 Z V7= (Scheme 27) 50, FOFEHE. K 158a @
HX"?@ TR E D RE<EE\ETHLEERD, BH—D exo HDD{ZIK%:%EE’J 257, L,
ZIERERBIENRAONR -T2, ee EITHNIT 2R FHIKRENIC CTRHEME2 TR T 5,

Scheme 27. Comparison of urea and thiourea ligands

OTIPS  67a(1eq.) oTIPS

O M S M
Yb(OTf); (10 mol %) by OO S
| 70 or 161 (10 mol %) : NN Ph NP
N DBU (20 mol %) "CO,Me g OO RN NN

Ph Ph
| X L wd L™y
Nibs I T

CH,CI, (0.2 M) O :
0°C,3-5h o~ O : bisurea (70) 161
155 (2 eq) 158a : 18%, 54% ee quant., 59% ee
exo isomer ' exo:endo = 9:1 exo only

IR O AR STARAL 21 exo RIZ B L CIE X #R545 ab A% & MR AT 12 & - T (Figure 8) . endo
RIZB L CTIE& NMR 12 L » TIRE L7z, Diels—Alder 1k 1568a # Fftd+ 25 &, 7
TIEMERE L, BBIRICE ENDHMED ee 230 LT, > CTHax LR b2, X R
it B S AT CIRET 5 Z L IXNEETH - 7o,

Figure 8. X-ray crystallographic analysis of ent-158a

BB ARNUVEBUALK=VE EOBBREL V2 O RKIGHIZE LT, REHCH WY = v
® 13C NMR 7 X /v 7 b EMIMADOUL#E % ik L7z (Table 4), R ED Y = %
g L7356, CLLO 7 I ANy 7 EBRED EHGRIZE, ETEENGWED, V=
YELTORIGHEREWZ ERMbR TS 57, SEIOKBRF THWEZY = I LT,
RUBUVR BICEFHGEREZEAL, EFEENLEATLICON, C1 REOTF I TNV
T R EESGIIE o TS T ENHIB L, EEROIREHEN D D Z LR I NI,

Table 4. '3C NMR chemical shift of dienes (solvent: CDCl3, 150 MHz for '3C NMR, reference: 5 77.0 ppm)

OTIPS OTIPS OTIPS OTIPS
2 2 2 2
3 4 3 1 3 1 3 1
l, l, | |
N . N N
0=S=0 0=S=0 0=S=0 0=S=0
@ Me\©/Me Meo\©/OMe
OMe Me OMe
153 155 156 157
dienes yield of adduct (%) C1 (ppm) C2 (ppm) C3 (ppm) C4 (ppm)
153 3 92.8 150.7 122.0 124.8
155 18 92.7 150.8 121.0 125.0
156 32 92.2 150.8 119.6 125.3
157 47 91.1 151.5 118.0 127.0
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R O R AL BT

MR D ee [0 LISV T, Mo Bk % B L7z, BUF ONEEIC TR % ik 4 %
(1] oM (2] RO TF O (3] FL&BIEORE [4] MBI O B

(1] okt
fil LA BB ISR DR OZHNX, Lewis BRI X » TIEMAL SN BN T OB 1 K
ML EZ TS EAESR), A FOB 7o s AMAbn 2 v, B+ & T odalk
ICHERTERMDE Z 5 Z L CREMENRER SN TS EHRL WD, ZRETHNWTE
72 DBU Tl exo fHI{K 158a % 96%. 59% ee TH x . MUK TIEH D03, ee ITHREIC
B E > Tz (Table 5, entry 1), DBU D& #AE TH S DBN # Hn/o & 2 A,
KDILE K N ee M KE KT L7 (entry 2), Pyridine % 7213 2,6-lutidine # H\ 7= & =
5. exo IR Z FREDOILER THIZ L DD, ee IXFIEFITIE WS & 72 - 7= (entries 3 and
4), —FH T, JGMiET I T D PraNH X° iProaNEt Z 7L 24, RS ee HRE
S FNRV, endofht —EBII &N 7= (entries 5 and 6), I TH D Cs2C03 % W=
LA MIEEEINRTHELNLbOD, TEIKTHo7 (entry 7)., i, =
DREDFER INTT2O, SERERDBEZ bR ho/ B Z TS, LEmEFTED, =
NETHWTE7 DBU Zi#EERL & L CIROMBEICHET 2 & & LT,

Table 5. Base Screening OTIPS OTIPS
OTIPS o o Yb(OTf); (5 mol %) JSL Me
ligand 161 (5 mol %) L, OO A
w . o)LNJ\/\co Me base (10 mol %) VRY CoMe. VA CoMe NN
_/ aE__ 7 o Mbs Mbs H H
N o] N/> o] N/> OO N\WNTPh
Mbs CH,Cl, (0.2 M)
CHaCla | 0 0 ¢l
155 (1.5 eq) 67a 158a-exo 158a-endo 161
entry base 158a-exo (%) 158a-exo (% ee) 158a-endo (%) 158a-endo (% ee)
1 DBU 96 59 0 -
2 DBN 10 19 6 10
3 pyridine 75 1 0 -
4 2,6-lutidine 58 0 0 -
5 iProNH 14 13 1 10
6 iProNEt 8 8 trace -
7 Cs,CO3 99 0 0

(2] EAL T D RFEE

AIEiCRIE L7 F 40 LT BSOS RELEIT>72, £, EF7F A7 I 0n
OEELIZEATA Y LT ELT 161-167 Z#ist L7- (Figure 9), N EF THWTE X
BT 161 DT AT LAY —Th D 162 #H & 2 A, MHIHED ee DIKTF L7z, 72
B, MIMEOMK SRR ED Slehol=Z Lnh | =) U F A @RVE T EoRF
RTHERL, BT T7FATTIVOBMAFIZL > TREDZEN RSN, HIHE 2 F
NRDVNVENS YT = = VAT LB 163 Tl 161 &+ 2 & AF KD ee
TR T L7z, —J, NUVVKKICEE L7 164 TiE 161 LY 037002 ee A EL 7=,
Flo. TFVEKK 165 TH ee (IM EL, S HITAFI/LVEHK 166 TlX 75% ee THHIM
EREONT, THAOBELY, FATLTOBEHREORE SB/NEWVIE L, (FIED ee

b HEm A S Te, —J7 BAMEEREZESCST AN TR Y A VEEEAL
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72167 TiX, POSITRIBEZRSEITLIZ b DD, eeld 15%ITF TR T L7,

OTIPS

OTIPS 67a (1 eq.)
: AN Yb(OTf)5 (10 mol %)
| Ligand (10 mol %)

N DBU (20 mol %) Mb "COMe

Mbs —— : o N
CH,Cl, (0.2 M)
0°C,3h 0”0

155 (1.5 eq) ) 158a

exo isomer only

)SL R Me Me Ph 0
. (RE ()
OO R= Y\Ph \)\Ph \‘)\Ph P YT Me "{Me ‘H\Ph

N= °N
R H H
H R 161 162 163 164 165 166 167
OO R 96% quant. quant. quant. quant. quant. 98%
S 59% ee 35% ee 35% ee 61% ee 68% ee 75% ee 15% ee

Figure 9. Screening of binaphthyldiamine-based bisthiourea ligands

WIZ, FAUUTRIEHZ 1D Loz 72 WEAL T 168-170 % i L7z (Figure 10), ee
DOEAZHM LT < 35729, Figure 9 OGO HF T ee MAREZ 72X VL E
K164 L D EIT- T, WMEWROT I/ KEFFD 168 Z W86, 164 L L~ TfHN
Ko ee 1XM LU, IWERFKTLE, £, BB AEEFICTFATLTIE 1 22T T
Ll o FARPENREB TS 2 ERARBR I N, RICT VA L ERIR 169 % iR
ALz Z A ee FRELIKT L, £, IAANAY =K 170 b EDOE THRET L7,
ee [T 28%ICH E o7, EATFA VLT RN F LT, £/ FAU L T7ERMFITERIEL
MENR DY | ETAMEOWEIME N T 2BMN R bNT-/oD, Mitd 2 2 cHik L,

e
b N R= N, N . N
b 3

OO R 168 169 170

63% 90% 89%
70% ee 15% ee 28% ee

Figure 10. Screening of binaphthyldiamine-based monothiourea ligands

Iz

FNWT, EXATFTATLTERMTOREERDZ T IVEHMICERL, fTROXF I LT
RUMBLBERRER 171175 OfRFt 21T > 72 (Figure 11), > 7 e~ H o U7 I 016
B L7 171 TEHMAIMRIXIZIE T B IR TH o2, V7 2= F LU T 2 UHEOR
A7 172 THEAIE D ee 5:]:—19%“(“&?)07L:o T, X )TN TRV T I VHEKOR
A 178 THMNIEIZIFIET B IR THoT2, TT7X LV UVREFA VL TOMIZAT LV
Z 1 DATEEAL T 174 THMAIED ee ITREETFTLIL, —H T, EZ7=2=1LTV 73
VINHLHBE LI 1T EHWD L, Blee 52T, TNHAZ U —=2 7 X0 WA
ERTOAEBHET AU VTR PR RERE G222 BN L, BIBEF AT L
TRV FEEFET AT VT OFNEWEBREEZ oo, $EREMRICES R DBU IZXL 5
FATLTOMTa s MERFERITH D72 LB 2 T\ D 88,

i ()
J\H/\ph C \p (R)
C H "
\n/N\/
S
171 172 173 174 175
90% 97% 83% 90% 92%
—2% ee -19% ee 1% ee 13% ee —68% ee

Figure 11. Screening of other chiral diamine-based bisthiourea ligands
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EAFAT LT TORBICIZIE T 7FALLEE T2 LD EL LR L TWAS AR
L7z (Figure 12), XV PVEBIKOENL 1 164 & 175 12z, A FI/VEHAROENL
166 & 176 b LLIREREZITT o2, TORE, WTNLOLEIZBNTHE Y = = LKD)
EFT7FARED L ee DHEIHEN K E WK EZ G 2 =0 > F A BIRMEO BB I ER
TWHZENTRBENTZ, L2L, TNLOETOLTNRLOTHY, B 7 =2=LT 7T
YR DR EDOANFRES O S PEANZMBERE LB 21259, E->T, ©F 7 FAHATF
IVEBE AT AT LT 166 (LLFE bisthiourea & #7t) %%i@@ﬂﬁ[%k L7z,

H H H HA N . H N
(R H H H H R) H H (R) H H
NN N N N _N< NN
164 175 bisthiourea (166) 176
quant. 92% quant. quant.
61% ee -68% ee 75% ee -79% ee

Figure 12. Further study of binaphthyldiamine and biphenyldiamine-based bisthiourea ligands

(3] .0 )@ oo fast

Hi % DBU, B+ % bisthiourea ([Z[EE L, F L& BEOKEIEZITo7c, FTI1EZ
NETHNWTEZ YbOTDs Dl# s LT A EEBEO N 77— MENORFZITo 2

(Table 6), ScHiz M\ % & 81% ee THIMAER GO T-DIZX L (entry 1), Y Z H
WhHE ee NRLIETF L, 67% Tdh -7z (entry2), 7% /A FHIZE L Tix La #<° Eu
Wi LOWT 2 ) A R TITIT & A EROSHEITE T E AT IED ee HARVWETR &
72> 7= (entries 3 and 4), E7 Y H ) A RIEHE TlE, Dy i & Ho M 2Bl KX < HERD
oD, Ho DR FEFDOT & 7 A4 FEIZRIFRERTHINELZ 5 2, JLHEDEN
XD RERENR LN o 7= (entries 5-10), F7-. A HELEELS L LT Ag. Cu.
AlotnZn b 77— MEEZHWTH ECRIGREZR L L 24 kTG oh
72 o7z (entries 11-13) 60, DL EDORFIA 6| bisthiourea % Bz 12 H W 72 85K TE Bk
WX, LSRN E L T, FeBEE LT ScEb LT Ho D7 % 7 A
REENRE L TWD I EBNRBIT,

Table 6. Metal triflate screening OTIPS

OTIPS M(OTf); (10 mol %) s
)O]\ JOJ\/\ (R)-bisthiourea (10 mol %) O ‘ NJLN/Me
I + 0 N" P Co,Me  DBU (20 mol %) “CO,Me HoH
N \_J/ Mbs N__N.
Mbs CH,Cl, (0.2 M) N/> OO T M
2012 (U. S
155 (1.5 eq) 67a ee.sn 158a bisthiourea (166)
exo isomer
entry M 158a (%) 158a (% ee) exo:endo
1 Sc quant. 81 exo only
2 Y quant. 67 exo only
3 La 5 0 1:1
4 Eu 22 39 71
5 Dy 0 - -
6 Ho quant. 79 exo only
7 Er quant. 80 exo only
8 Tm quant. 79 exo only
9 Yb quant. 75 exo only
10 Lu quant. 82 exo only
1 Ag(l) 0
12 Cu(ll) 0
13 AI(lIl 0
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INETORMCTEIIEEDOE N ) 7 4V 6Ta kAN TE ),
LORROENRDE VRN oTo, £ T,
BB OMF 21T > 7= (Table 7).
83% ee THIHINIA 158b 2345 HL7= (entry 1),
W
X7 WAER & 72 572 (entries 2-6),
B ee DFINIEE 52 HD/5F L7 o7, Sc(OTH3s 2@ ee DA Z 5 2 7253,

Z W TR,
T o7,
BIL THMEtZ1T - T2 5.

BOTHIMAIERIRTIEH Y |
LL, £OFTH Ho,

REBRBEZHR LD, BER58RBEORKENBLEL o7,

Table 7. Metal triflate screening with less reactive dienophile

Tm. Lu % Er,

& JBYE DEWNIT

BHELLTCnPrazHEo>>= /) 7 4L 67
ScizHW\WaALE, IWRITDLT 1 12%
Ho Lifg D Z % ) A4 Rl

ee b Sc HITIT K
Yb LV %
sy

OTIPS
OTIPS M(OTH)3 (10 mol %) i M
)OL o (R)-bisthiourea (10 mol %) O O NTNT °
| * o NJ\/\,,_pr DBU (20 mol %) NA ‘n-Pr N
N J/ > Mbs A\ O I Me
Mbs CH,Cl, (0.2 M) /> S
155 (1.5 eq) 67b 0°Ctort,2h 158b ° bisthiourea (166)
exo isomer
entry M 158b (%) 158b (% ee) exo:endo
1 Sc 12 83 exo only
2 Ho 8 32 exo only
3 Er 7 15 exo only
4 Tm 8 29 exo only
5 Yb 9 16 exo only
6 Lu 1 32 exo only
I, WO BZ—=T =FONREH~T, ZOMRFTIL, ZHEEOESRE DA KA
LTS Yb HEa W TG 21T > 7 (Table 8), F)77~I\ XUV RWRFEHE

Ho ) F ot Tl X ALKV BER RV LI T 7 X ALK BE RV LS 2

%\

Y 77— EXD LA IEDOIEKL D ee LT L72 (entries 2 and 3),

R 3 B

% B HoN, BUSWERTICAREWRE AT LD, &REOY 7 um A2 ~D

EREVEDS TR0 | SERTERZIENMIE T L2 2 ENRRZEEZE X TV D,
M) 77— EZAWSHEHAEXLV G ee A E L7 (entry 4) 61,

74 X FHETIE,

Table 8. Ytterbium salt screening

OTIPS

OTIPS
YbX;3 (10 mol %)

—J. N7V v

S
o o
(R)-bisthiourea (10 mol %) O ‘ NJLN/Me
w * o)LNJ\/\COZMe DBU (20 mol %) “CO,Me il
N / OO N__N{
{ I “Me
Mbs CH,Cl, (0.2 M) /> s
0°C,3h
155 (1.5 eq) 67a 158a bisthiourea (166)
exo isomer
entry X 158a (%) 158a (% ee) exo:endo
1 oTf quant. 75 exo only
2 0S0,C4Fg 73 54 exo only
3 0S0,CgF47 66 51 exo only
4 NTf, quant. 89 exo only

I T,
DIFT&4T > 7= (Table 9),

AR OIRR L2 B L.

FUZU w4 REEAHWTY ) 7 4L 67b
Sc(NTf2)s %, Sc(OTHs kv HIEMED E W Lewis g & L T

ZHWD &

o KV RICRET 2L "D D 62, LL, AKIET Sc(NTf2)s
Sc(OTH)s &V mWIR THAMEZ G 2 7228, REMEDO WL b O TR Mk

ZE¥IKThH-7 (entry 1),

Table 7 O
olZELTHL MY 7V w742 FExEMit%E L7- (entries 2—4),
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WA IR Z P REDOINERTH X 7=0I2% L, Ho 2 H WA ITIEMINEZ 90% T
6_ET%\%%8WkEﬁT%okoik\F)7)y74:Fﬁ%%wé%é\F)
75— MEOB L TR FOSEEN 0°C THRIEDEM L, MRETFOFKE L 2> T
Wi ) 7 4 VA L o EEALEOE A E S Tz 69),

Table 9. Metal triflic imide screening oTIPS

OTIPS o o M(NTF,)5 (10 mol %) JSL
(R)-bisthiourea (10 mol %) OO ~Me
o)LNJ\/\n-Pr “n-Pr

NN
| + DBU (20 mol %) g
N
' B ) LIy e
Mbs CH,Cl, (0.2 M) s
0°C,3h
185 (1.5 eq) 67b 158b O bisthiourea (166)
exo isomer
entry M 158b (%) 158b (% ee) exo:endo
1 Sc 32 0 exo only
2 Ho 90 87 exo only
3 Tm 70 88 exo only
4 Lu 61 70 exo only

(4] AdERE A o 5

4B HZ Ho(NTf2)s, AL -IZ bisthiourea, &2 DBU & W2 8 7= 7 fik it % 2 AL H
L7cle®, WIZENZENOREOHRITEA L THREFA1T 72 (Table 10), Z#E TiX
Yb/bisurea fill i O FH VLA 2512, Ho(NTf2)s (2%} L. bisthiourea # 1 % &, DBU % 2
YEHAWTE7 (entry 1), Ho(NTf2)s 2% L T bisthiourea % 2 Y &EH W= & Z A, LR
K WNee M E L7 (entry 2), — 5 T, entry 1 OKRMFICx L TDBU O& &2 L1z L
A WRE W ee WMETFTHFERLE o7 (entry 3), F72. Ho(NTf2)s & bisthiourea
DIHEIZED 5T, Ho(NTf2)s (2% L, DBU # 4 Y &M% & UG DT K E S FHF
SNDHHER L7~ 7- (entries 4 and 5), & Z Tentry 2 ® X:Y'Z = 1:2:2 BN 7e bb = T
bo MWL, BT ROHIEZIT o7z L 2 A, 10 mol %2> 5 5 mol %I fil 4 & 4 28
ZCTHMIGIIHEICHEIT L, AIE%Z 87%. 93% ee THF7- (entry 6), Z iU 5H D =RITE
TOHEBRERL, B EOREICHET IR L H A NHCRRkT 5,

Table 10. Reagent ratio screening entry X (mol %) X:Y:2 yield (%) % ee
oTIPS

OTIPS 67b (1eq.) 1 10 1:1:2 90 87

Ho(NTf,); (X mol %) O ‘ 2 10 1:2:2 o4 93
2 0 5

I fa?t?l(szthrf:|r;a) (Y mol %) N ‘mpr 3 10 1:1:1 80 75

N o _ Mbs H 4 10 1:1:4 <5 2

Mbs o N/> 5 10 1:2:4 <5 3
CH,Cl; (0.2 M) 6 5 1:2:2 87 93

155 (15 eq) 0°C,2h 158 O
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o5 H  BAE - RIEDORRES

Bim b Rst C R L 72 Ho(NTf2)s/bisthiourea fitifia FAWCY = ) 7 4 LD FE —fktE
DA EIT - 7= (Table 11), ¥, EHRE R ICEFRIIETHL I LR =V EIT
T IREREGLY ) T4V ERFI LI, TRETHWTELLERETHDL = AT /L 67a 120
Z. 7 br6Te, =PV AGTAREMARETH Y . @IE « &= ) o F A BINIZ SUR A
H#1T L 7= (entries 1-3), 4T A7 /L 67e THHNIFHBIZHEIT L, SR THINAKIE
Bontbon, = FrFABREPMET L7z (entry 4), 7 X K 67f TIXIFE A LG
NEITHE T, IR, ee, dr DETHIE T L7 (entry 5),

WICEBRERICT A AVEELIE =V EEFFOV ) 7 4 Vv EMF LT, £T VIR
ELTHWEZT B ELVEWK 6T 2 GO EH T VX VL RS>V ) 7 1)L 67g.67Th,
67i. 67) MASINCFIHATE ., HILEDD 90%LL LD ee THAMAENRHE S 7z (entries 6—
10), L2 L., BN T AL ETHDHA Y 7L 6Tk Tk, MIEDOIRIZIEK T L,
Foee HILTF L7 (entry 11), S HITE =LK 671 1%, Lewis G T TRLZETH Y |
Diels—-Alder Xjix & v = /) 7 4 VAl LD BEALBHE Lo 7o WEBE T L7z (entry 12),

oy )7 4 L TIE. 727 VIVEERE SR 6Tm MOV A KIS EIA 67Tn (TR
If 7ok 7 5 2 7= (entries 18-14), ~ VU A F T U K 670 (ZSHENE <. IE LD
ee ME T L7z, £/, 7o EK 6Tp ZH WD & USHITAMEITIHRZBEIND DD, R
ETH o TZDICHSLNIT DRI Z 5 7= (entry 16), 77— bk 67q 7 1/L 67r
TIESSITEAT U A IERIIR/ 6N 50D IEE ee b IFEFHITIRWA R & 72 o 72 (entries
17-18) , XU VNV —T )L 678 X°T7 ¥ K 67t TII T < EITETITREHRI Th - 7=

(entries 19-20), A VBT X7 )L 6Tu OIS TiE, IEEELNTZR, Y2/ 7 41
DARZETHY, RINETKD-Z (entry 21),

BRIz E LD L, ANIETIEIY T ) 7 4 VEBIEOSKEEOEE L% )
RTWVRE, “EHEGICEEAAT {36 L TV LBENICSED RN = ) 7 4
NWERWDLZERHELWARHLNE o T,

Table 11. Substrate scope on dienophile in Diels—Alder reaction OTIPS
oTIPS O ‘ OO R ve
o o Ho(NTf,)s (5 mol %) N e NN
I )J\ J\/\ (R)-bisthiourea (10 mol %) Mbl H H H
N + oW R DBU (10 mol %) S 0PN T ™ M
) / > S
Mbs CH,Cl,, 0.5-3 h, =20 °C—rt 158 o7 O
155 (1.5eq.) 67 exo isomer only bisthiourea (166)
entry R results entry R results
R = carbonyl group and cyanide P12 CH=CH, (671) 40%, 80% ee
1 CO,Me (67a) 96%, 87% ee
2 COCHj; (67¢c) 95%, 90% ee : R = others
3 CN (67d) 94%, 92% ee P13 H (67m) 99%, 86% ee
4 COSPh (67e) 94%, 78% ee 142 Ph (67n) 99%, 75% ee
52 CONBn, (67f) 14%, 34% ee (exo) : 157 TMS (670) 31%, 64% ee
(exo:endo = 3:1) 167 Br (67p) decomp.
R = alkyl group and vinyl group vo17e OAc (67q) 42%, 10% ee
6 n-Pr (67b) 86%, 93% ee io187 Cl (67r) 20%, 6% ee
7 Me (679) 96%, 90% ee 192 OBn (67s) 0%
8 CF3 (67h) 99%, 94% ee 1200 N3 (67t) 0%
92 CH,0Bn (67i) 92%, 90% ee § o
10 CH,CI (67j) 90%, 94% ee i ooqa ‘—Bj :>< (67u) 27%, 30% ee
112 iPr (67k) 25%, 72% ee : 0

a: 10 mol % of the catalyst was used.
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& T A TEF L, Ho(NTf2)s/bisthiourea il fii z 1 o F— VLS D~T n FHFRE Y = 2
WHTIIE., xR EERARE ABEORISERCERTELLEXT, Ea—AnbH
BLEVmy 17T O CRIER T L A, £ v R—A Y=y L ABEORIENES R L,
ZEBE oAy F—)L 178 #¥H— V7 27 Ld~—r LTI 92%, 87% ee T
(Scheme 28), B FurA > F— L% Lycorine (1794t L4057 L mA NIZEEN
HEKTHD, SHICNVY 7T UPOLFHELEYE 180 FAVEEZ S, £ =L
REH—A YT A TRUSHERE P 5 7228, Vx> % 2 Yk, MEEZ 10 mol %12 1
BT D52 & TRISDER L, AN 181 Z I3 96%., 81% ee THy/z, £72 181 D4
Morphine (182)% 5D & T 5 RMIZEENDLBEHK TH S,

Scheme 28. Diels—Alder reaction with pyrrole diene
67a (1eq.) OTIPS
OTIPS Ho(NTf,);3 (5 mol %)
(R)-bisthiourea (10 mol %) |
9 ly,

] DBU (10 mol %) N N CO,Me
N CH,Cl, (0.2 M)
Mbs 0°C, 30 min

(92%, 87% ee)
177 (1.5 eq.) 178

ent-Lycorine (179)

Scheme 29. Diels—Alder reaction with benzofuran diene

67a (1 eq.) OTIPS
OTIPS Ho(NTf,)3 (10 mol %)

(R)-bisthiourea (20 mol %) O ‘ Qﬁﬂ
I DBU (20 mol %) ol “CO,Me

Me
N

Z

HO  O°f o

© CH,Cl, (0.2 M) O0“™N
0°Ctort,2.5h .
180 (2 eq.) (96%, 81% ee) 189 O © Morphine (182)

Flo, BT I 7 v ~OREREA bR~ (Table 12), BEr Y Y>> 183 1L
WR= NV TAXVE T2V EERovx ) 7 0V ERIE L, B2 R CHNE
%45 %2 7= (entries 1-5), & B2, BXY P vx 184 b REICE IR THINMEEZ 5 2
72 (entry 6), L/,2L, Yoy icts s, MIMED ee 1ZIEKT LT,
Ho(NTfs)s/bisthiourea filiifi i3 HHFR Y = 721 Tida< ., BKEY = cb#EH T,
xR EFRREGRE RBT 2B CTH 2 2 RSz 64,

Table 12. Diels—Alder reaction with aliphatic amino dienes

OTIPS
OTIPS entry n R results
Ho(NTf,); (5 mol %)
0O o 23 o n( 1 1 CO,Me (67a) 96%, 95% ee
I J M, (Rbisthiourea (10 mol %) N R 2 1 COCH, (67c) 85%, 91% ee
nl + 0N R DBU (10 mol %) Mbs 3
N ) - ] p 3 1 n-Pr (67b) 98%, 85% ee
Mbs o o0 e 4 1 CH,0Bn (67i) 77%, 93% ee
CH,Cly, 0.5-3 h, =20 *C-rt 0”0 5 1 Ph (67n) 96%, 51% ee
183:n =1 67 185:n =1 6 2 CO,Me (67a) 95%, 60% ee
184:n=2 186:n =2
(1.5eq.) exo isomer only

X 52 Ho(NTf2)s/bisthiourea filt fit # Danishesfsky = > % H\» % Diels—Alder 5 &
7= (Scheme 18), %t ® Yb(OTf)s/bisurea fill {2t X T ee T FT 5 H DD,
Danishefsky ¥ > O3 fi# 13 5 7712 Diels—Alder S ETT D Z & 2R L 72,

Scheme 30. Application of the holmium catalyst to Danishesfsky diene

670 (1 0q.) oTBS o}
Ho(NTf,)5 (5 mol %)
OTBS (R)-bisthiourea (10 mol %)
| DBU (10 mol %) MeO Me TFA (5eq.) Me
> [e N > O~ °N
MeO CH,Cl, (0.2 M) )\3 CH,Cl, (0.2 M) )\3
0°C,1h o~ 0 0°C, 5 min 0”0
66 (2 eq.) 68 (99%, 81% ee, 2 steps) 187

exo isomer only
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FWUE : Y ) — =T VR R LT D DA A D OE

%1% Ho(NTfz2)s/bisthiourea fiiift % i\ 7= Diels—Alder KIHIZ X V| Fix 7z Kah
NN —VFEERE YV ) — v —T ke LTHRE, kI, YU ) — L —T
NEi R L L7 Diels—Alder fPIMADEMEISZMFI L, T TAF AT A L
TBAF # HH\WCv ULz ) — VT —TFT VDT VI ALK G & A 72 (Table 18), 7 /LF /L
NTARELTMel Z HHWVTAF AL ZAT T2 2T A HIFFIB Y 7V F LSS 5 AT L
4 MRFEEHATDHE Ry —)L 188a WH—V T AT LA ~—& LT 94%THL L
7= (entry 1), «ﬂe\‘//wtﬁﬁi\%iﬁfbf:ﬁi AFNALX U HEBKT L7z (entry 2),
T IR T 2 AF AL BIZHEITL, SORIEWICORRERD ) HHEREEE
FoE k#1537 (entries 3 and 4) 7Y R T AL TITNCEIT 30% Tidd 508, AR
¥ 188e % 157= (entry 5), 7B /XX AR ULl S HIZ o= b XUk
MR HEIT L, IBIAWT LT ANT A I L TEE-RKELH L L2l LT

(entries 6-8), 7235, AWM ORI F 1T noe WIEIZ LV RE LT,

Table 13. Scope of alkylation

entry R-X results
OTIPS R ©

1 Me-| 94% (188a)
O ‘ R-X (2 eq.) 2 n-Hex-I 47% (188b)
N “"Co,Me  TBAF (15eq) N “COoMe 3 allyl-Br 85% (188c)
Mbg —_— | H 4 NCCHy-| 90% (188d)
/> THF (0.2 M) o )N:> 5 NgCH,CHy-l 30% (188e)
O)\O -78t00°C,0.5h o7 o 6 propargyl-Br 74% (188f)
158 188 7 Bn-Br 80% (188g)
a 8 0-NO,Bn-Br 59% (188h)

single diastereomer

BoNi=y 7 ) AF Ak 188d (2%f L, Raney Ni # WS KFBIHRMEITH> &, v 7T/
ENBIRWIETL SN, BV PUVRERP/EZ 77 I 189 &4 I 190 2157

(Scheme 31) 65, Raney Ni Z WD MISKMEAF 4Rt L7zn, 7 I 189 # H—4
M E L THED Z EIIREECTH 7=, Ll 422190 &, KER(L/NT U0 A% flic
L7z@EKRBWRMOSLMITH T EEmNETT I 189 BE Lz, £/2, o= btr XY
AEAR 188h 1Tt L, RERIZ/NT U0 AL T, KFEHRMZAT S LIEIXHT I /LK
JNHEIT L, H—DZEMIEY 191 NEIE TE S 7= (Scheme 32),

Scheme 31. Reduction of cyano group

(0]
NC Raney Ni
NEt3 (100 eq.)
N “COMe “CO,Me . “CO,Me
Mbs A\ H2 (1 atm) 'V'bs N bs N
p EtOH, rt, 14 h
(0]
188d 189 (2 2%) 190 (40%)

single diasteromer

T Pd(OH),, H,, (10 atm) |

MeOH/HCO,H, rt, 20 h

Scheme 32. Reduction of nitro group (93%)

Pd/C, H,
—_—

AcOEt

(80%)

191
single diasteromer
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¥ 7~ . Diels—Alder 1K 158a 2%t L. 7LvF¥F A NS A R LTI —FKT7ERNTI %

HAWsb &, 7TAaxfbick < 7 2 F— VIR 23 i

INRC157- (Scheme 33) 66,

Scheme 33. Aminal Formation

OTIPS o
O ‘ I\)LNHR (2eq.)
“CO,Me TBAF (1.5 eq.)
Mbs _ >
THF (0.2 M)
o7o —78100°C,0.5h
158a

E1T L. 4 BRIMELEW 192 X° 193 & &

192: R=H (99%)
193: R =Bn (97%)
single diastereomer

4 WIRBREER SN D Y L ) — L= —F L OEWK IS S BET L7 (Scheme 34).
158h i12xf L. m-CPBA & TBAF # 5% &, Rubottom BE{LAEITL., a-k a7

k194 # VR 64% CT157-, 158a IC

Tfo20 & TBAF Z HHW\W5 & KINETIIH D H DD,

YIUNE )=V —TFT b ) — L) 77—k 195 ~DEHITRRLI L=, F7-.CuCls
L CsF 2z, MEAELT S EWALSSNHEIT L, D"y mr 196 Z IR E < 157 67,

S HIZNBS W% & e iy 7 Be b SO 725 1

Scheme 34. Other Transformations of silyl enol ether

o)
HO, m-CPBA (2 eq.)
, TBAF (1.5 eq.)
VH CFs <
s CH,Cl, (0.2 M)
O N 2v12
/> —78°Ctort, 1h
d o
194 © (64%)

\ "CO,Me
bs N THF (0,2 M)
—78100°C,05h
AR (15%)
195

OTf
Tf,0 (2 eq.)
O , TBAF (1.5 eq.)
N K
M

158h: R = CF,

ek, MR E AR O FNEIC THRE L7- (Scheme 35),
L 72 DA D 5457 X F 4k {k 188a

AL AR

RIBINAIC 2k T Va2 —)L 198 %157 68,

OTIPS

Mbs
//1\ NBS (3 eq.)
o TBAF (3 eq.)

158a: R = CO,Me

TL, 7uexe7=/—1 197 21457,

CuCl, (3 eq )
CsF (2 eq.)

DMF (0.2 M)
50t080 °C,25h
(85%)

:: :; "CO,Me

l\ll CO,Me
THF (0.15 M) Mbs
~78100°C,1h
(63%)

197

HPLC 43 Huiz e
(2% L. NaBH4 %ﬁmTT“ﬁD%_\ VA

TNa—n 198 I T TN A BTN

199 2457, 199 O X #pih S & AT 12 TRaxI sL IR b 2 k@ L 7= (Figure 13) 69,

Scheme 35. Determination of absolute configuration

0 OH
Me, Me, =
,, NaBH, (2 eq.) ,
r;l ) “CO,Me —— Nl “CO,Me
MeOH/CH,CI
o /> 202 MBS 62N
(0.05 M, 2:3) )\
)\ —78°C,0.5h o7 0
0
188a (87%) 198
>99% ee single diastereomer
0
0
Me, = 4-BrBzCl (3 eq.)
Br NEt; (5 eq.)
,}‘ ) "”Cone DMAP (1 eq.)
Mbs
o) N/> CH,Cl, (0.05 M)
o)\o m,4h
199 (82%)

29

vhv

Q -

g ©

o ¥ & .

0@ © Osv

W&o 8

R S
a8 c [\ %
Vvoa .'.

Figure 13. X-ray crystallographic analysis of 199



BN N7 SAA RS Y RO B Mbs OB R #

REMBIEEFO NT A XH Y U R OB TI SR EF NS 503, REMB
REE2FF R WIREOEW IS DOWERT D 10, 22T, FEEBRKISEITH> Z LT
NT oA xFH U RUEANOKIGEZHRA L7z (Table 14), £3. N7 Y4 xH>
) NoZzBEielL, 7va— 200 #45 5K 5 &, LIBHaZz Wiz Z A, X%V U RUR

LRI S N7 2 R 200 B EAFEM & L TH LR (entry 1), 200 % Ff ~ & 75
1¢ IftLTH T v —L 201 I LN olz, —J, LIAIHs ZH Wi 2 A, 7K
200 DAERIT 10%FEEEICH 2 HAL, 73—/ 201 # I 85% CT137- (entry 2), &I
LiOOH Z# W2 KRz Lz & 2 A JREHRI O A Toh - 7= (entry 3) 7V, Grlgnard
ﬁﬁ%k A X 7= biE L7 Mg(OMe)e &2 VT A F /b= 27 )L 208 ~D A #a % ik 7 7=

AR AR E 2 TH RS iJE‘?< 203 @ﬂl# L 57%IC £ o7z (entry 4) 72, —F |
%ﬁiz—nvm@/ﬂvﬁ IEPEICHEIT L, EEMIC 204 24572 (entry 5) ™, Z DK, T4
iXT/VaQODMZMK%Mi%:wa@cb\ & &4 fE NMR & TR L7,

Table 14. Transformation of N-acyl oxazolidone
OTIPS

OTIPS OTIPS
O ‘ OTIPS
o O ‘
szl H n-Pr  — Py
(0] N/> Mbs , H Mbs R
o O
202: R =OH
158b 203: R = OMe

204: R = SEt

entry conditions results

1 LiBH,4 (2 eq.), THF (0.2 M),0°Ctort, 8 h 200: <60%, 201: 26%

2 LiAlH4 (2 eq.), THF (0.2 M), 0 °C, 40 min 201: 85%

3 LiOH (1.5 eq.), H,O, (3 eq.), THF/H,O (0.25 M), rt, 20 h 202: 0%, No reaction

4 EtMgBr (5 eq.), MeOH/THF (0.2 M, 2:5), rt, 20.5 h 203: 57%

5 EtSH (2.5 eq.), n-BuLi (2 eq.), THF (0.2 M), =78 to 0 °C, 20 min 204: quant.

SONTET AT AT 204 1CxF L, RILEITLEZITHI &, T/47T & K 205 5 7T3% TH L L
f: (Scheme 24) ™, F7-, 204 Zxt L, LiAIH4s # W CEILKISZITH &, 73—
201 AEINETHEOLNTZ, T/ATE K205 057 /b a—/L 201 ~Di&E T i1 NaBHy %
FAWD Z & THBICEIT L, &7 ba— 2016 L, T RUTAET VTR
ZHWDL —BEFEICKISEAIT O & ), THMNIT Mbs BBREI T,

Scheme 36. Transformations of thioester

OTIPS OTIPS
10% Pd/C (10 mol %)
O ‘ Et3SiH (3 eq.) O ‘
\'H e CH,Cl, (1 M), rt, 2 h 'H e
MbS o skt (735/0,213% rsm) MbS o
204 205

CH,Cl,/MeOH (0.1 M, 3:2)

NaBH, (2 eq.)
0 °C, 1 h (quant.)

OTIPS OTIPS

Na (5 eq.)
LiAIH, (1.2 eq.) O ‘ anthracene (5 eq O ‘
> N “in-Pr N “n-Pr
THF (0.2 M), 0 °C, 10 min Mbs THF (0 2 M)
(95%) OH —78°C, 10 min
201 (84% NMR yield) 206
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FSHD - Diels—Alder K& M OV A 1 (2 BE 9~ 2 5 52

[1] exolendo R 4%

. Diels—Alder S IT#LE O ~RIIFEEAERIC KV | endo BRI OGS HETT T 5
ZENZNT, —F VI )= —=T el HA Y RV 165 & N TV
XY U K 67a @ Ho(NTfz)s/bisthiourea filifi & F 7= Diels—Alder Sii Clk, A
FH U REANALD Y DM MW ERBRRE 2% T exo MR LRI (245
bNiz, TOBRRPEICHONWTEREZITH>Z L L LT,

YxT 155 L /) 7 4 b 67a @ Diels—Alder SIta DU T il I 5 554 & BVi SOdis
FMEORE Rz g L7z (Table 15), fBES{F N Tid exo KD B L. endo 1KITELH
Shimoiz (entry 1), — 5., BUORIGSEMHE T T, exoi & endo RO TN ALK L |
endo RS EAR & L CTILE 32% TH LIz (entry 2), Z OfERN S, A Diels—Alder
FOSIEHEARBINT T endo IR 72 S TH Y | exo BRI EZ HIE Tidze < | AREHIE T
DT NI NI,

Table 15. Catalytic conditions and thermal conditions
OTIPS OTIPS s

@\_IKT'PS ) I e
| N @ owe il
conditions ", < "y
N + o)LNJ\/\CO Me — > N COMe NEY COMe OO NyrNome
y \/ 2 Mbs Mbs d
Mbs o) N/> o N/>
)\O )\o

bisthiourea (166)

155 (1.5 eq) 67a 158a-exo 158a-endo
entry conditions 158a-exo (%) 158a-endo (%)
1 Ho(NTf,); (56 mol %), (R)-bisthiourea (10 mol %) 96 0

DBU (20 mol %), CH,Cl, (0.2 M), 0 °C, 0.5 h

2 CH,CI;, (0.2 M), reflux, 20 h 23 32

2T, MRS REICB T D EBIREEZ RO X D ICHER L (Figure 14), £9. N
TUNFEFY YU R AL Ho(IDIZx L BRI T 5 Z & TP/ 7 4 L OIEMEEN
227, ZORETIE, %YV U RVBBIINEEER RSV, 207D, Y%
FXHU R EARET D L HICESL &EEZLND, T72bDL, exo BBIREE L endo
EBREZKRT L, L VKREED D2V exo EBBIRENARITHL Z N TRIN
%5, £72, Houk Hix, ¥yu¥xv vy b N7 U4 F4 > U Ko d Diels—Alder Kt T
X, mOKREWEEMSEKEHAWCYZ ) 74 v EEMALTLIE, YUV ) — L —T )L
AL & SRR ONARIEEIC LY | exo BN HEITT 5 Z 25 EALFEIC L - T
EBELTWD ™, EE, IRMAEETSH, BAROZ WA THSRE TIX exo B2
Diels—Alder GBS HEITT B D% L, Cu iz AV 2 A ITIEL R IRENR LD Y | endo
BT 72 Diels—Alder G HETT T 2614 T CTICHE L TV 5D 79,

TIPSO. TIPSO.

Mbs N % Mbs
| Co,Me S coM
...... Z 2ne
G e
0—==<Q----= O
exo endo

Figure 14. Explanation of exo/endo selectivity
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[2] $&AHEE DRI~ D7
fib VG MEFE OSSR IEZ B SIS T 5 2 & TRHMARAEBBIREZ ML X5 &, Rk
i fb & A7z, Z AL E T O fid B RS O AR IR A AETE M FE T d 5 Ho SEIK Ol
DBU HkDOT7 v E=U AELEENTWHD, ORIz, —2OHEMAHH L TL
DAEREMENEZ 2 bz, £ 2 C DBU Oftb 0 ICHBIEERRIEZ VWD 2 & THROBSEA &
ZTOMOEE pHECE 5 TRL, Kifibicml LBk 235 <, BELE
ORG24 > 7= (Table 16), Y7 v o X Z U CIIMEERE L H WD 2 EARETH
LI, Wik 7 nu XU U ICEE L E 2 A, KISIEMER S #EIT L (entry 2),
ZZ T, ¥} % DBU »5 KHMDS [cA®E L& 2 A, DBU #5854 & [A Uik R
Boni (entry3), 7. W AZ M NI EZTZEZ A V) 7 0 VITEGF LR,
T FARRVEIITRER R o oo FERICEER D ER SN B2 b, £,
HIEL LT sBuli 2 WA TEOTNISHIMED ee DIET L, 2T, HEIC
KHMDS., @itic 7 na oo -3 b o &2 A0 TR 2170 5K o fh fa b
FREIT o 72, DBU & AW Cillfd U7 S IZZE R 72 o 7o lcxt L, KHMDS i
U 72 s i K SR O AN ST Lc/od, Zivad Ar T, 38 LV vz
(Figure 14), L2»L ., fEx O FIETHRSEILZIT o 7223, BUE £ TIZ X MRAE S A & fE AT 12
L7 OHBEZIZE > T\, 7223F,. DBU & KHMDS T Diels—Alder )i @it 5
MR -2 &5, DBU I3 bisthiourea it 7' 2 F o fb L TWDH Z ENRIBINT-,

Table 16. Reagent ratio screening

OTIPS 67a(1eq.)
Ho(NTf,)5 (5 mol %) O ‘
-bi i 9 4y,
| (R)-bisthiourea (10 mol %) N ‘CO,Me

N base (10 mol %) | H
Mbs = MBS gy
solvent (0.2 M) g
155 (1.5 eq) 0°C,05h 158a ©
entry  base solvent %1% ee rsm (%)

1 DBU CH,Cl, 96/87 0

2 DBU PhCI 99/90 0

3 KHMDS PhCI 99/90 0

4 KHMDS PhMe 90/90 7

5 s-BuLi PhMe 88/84 7

Figure 14. Prepared catalyst using KHMDS

ML ERPRNETH ST, SERMEEDOMB DR ZS 5 X<, Ho(NTf2)s &
bisthiourea DR AR ODE &I 21T o7, T OFKR . ESI-MASS |2 T, Ho &
bisthiourea 2% 1:2 DB TEHE ENDIME DA A v — 27 ZH W L7z (Figure 15), Z O

% Gi N % IS/%\% 0) % Eﬁ %i % & L/ "C o] [ |‘,- ) )

] ] RN 1: Me Me. i T observe
Ho(Nsz);:E bisthiourea ® k=275 1:1 b :&\Nm_,sﬁ'\; A | }“ I‘.\ -
TRUETIEL L 4B L0 b, 112 D s Mo THOLl e WS 2 L
; ) - OO ':‘}\l?'lile Mej\g: Oe

& DI M Diels—Alder IR DI =R &

2 CooHaaFeHoNgO,Se* IM"_CsﬂH‘lSF 6Ho1Ng0,Se"
ce I LT HEEL —HT D (F 7 oo
ZM), ft> T, Ho(NTf2)s loxt L, 2, [ e B T —
4k 0> bisthiourea 73ELAL L 72§ 43 i N e

L

TEVETE Td 2 ATRetE S R S iz,

................................

900 1000 1100 1200 1200 1400 1600
Figure 15. ESI-MASS analysis of the solution of holmium catalyst
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Flo, FTAU LY EoEHREIE, BREDN NS WIZE | AIED ee 231 3 5 @A A
b, Zhik, Ho(NTf2)s & bisthiourea 7% 1:2 O R THAE L 2+ 281, Xk v rik
EEODRWEBRLEZFF ST AU LT RN FIEEHERERICAERN TH LD EE XTI, &
FEREELBEOLAEDL, RO KD REBREALFEREMRG L LTI T (Figure 16),
472 B Ho(NTf2)s & bisthiourea 7% 1:2 DR T Lz ikict L, o= 7 7 4 LR
B 25&, WOMO XS RBBIREICZRD, ZOB, Y23y 7 00O Tl H
LFT7H VBB T RN DBENARICRDEEZOND, ZOEBIREN LG
%méfmmxiﬁw’m%ﬂxwwﬂﬂm¢®@ﬁ4ﬂﬂbﬁﬂﬁL%@f%é . TO
BERCIX EREOGEE Y . 2 DOEML T A LR A WICHEETE T 57212, MISEHERS /NS
%@ﬁf\2%%®%&%#%§Lk%%%&ﬂﬁﬂ_Eé_kéiﬁbfwéwk

- "\

OoTIPS
(Diene)
oTIPS
o~
¢-—N
P Swell
(Dienophile) Mbs o N
P
Figure 16. B
Working hypothesis :
of transition state Q_NJ\ Me j

GIEM L BAL T 12 DR TEENDEROFAENRR I NT272D, REHIEO A
R L7z (Table 16) 8V, f5RIT. REKISOIEMER P MR ST KE %2 T
HARFEIIHR SN2 oTz, LML, 8RO I b, FREX A~ —DHRPABEIEMEDS H
D\“Tﬂ&47*®%ﬁﬁéﬂﬁwﬁA 1. RICE B L AL T2 1:2 DR TE

NAHEEERBPER SN TV ELTEH, REH <:} {:>
NSNS NWEEZLENDTZD, Zliﬁ‘k%

ELFELR N E 72D (Figure 17), / E l \

IS%E‘ ﬁa{i%m eel=doT SEEJZ%@LW@%);E: 72 active catalyst species
HoEnb b, EHOE D SREOMENT @
T 2R EZOND

Table 17. Reagent ratio screening @ l

/

OTIPS 67b (1 eq.) OTIPS inactive catalyst species
Ho(N"I'fZ)'3 (5 mol %) O ‘ Figure 17. Reasonable explanation for linear relationship
- 0,
y | @338?:;?;,;5 mol%) l\ll ) n-Pr —
Mbs » Mbs o Y \
CH,Cl, (0.2 M) =% ee /j
155 (1.5 eq) 0°C,2h 1580 O~ ©

80 (product) /D/
60
entry % ee (ligand) % ee (product) % (product) /

40

1 0 0 80 /

2 20 19 71 20

3 40 37 67 /

4 60 55 62 0 | ; ; : : ‘

5 80 71 69 0O 20 40 60 80 100
6 100 93 86 % ee (ligand)
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[3] " T atEizHoWT

TUH A RIZRFBESOEMELIE, A A EREPNEL DT ERAMLN TN D 82,
BHT7 X A NIT@EHRKREAMEDS 9 THHDOICH L, Zflid/L I v AEHEK 10 AL T
o, IV OBRMBEEEEKTHZENAIEBTHDL, £, SARKLIET VX /A
R Lewis FAYEIZ DWW THIER 21T > THE Y R FF S OHM & 1T Lewis BEMEA K &
KBHBMAHDLLERELTND 8, KALITVAEIT V¥ /) A ROFTEHHEED
Lewis & Ff > TW 5, SHICENDIZ, 0% /4 F MY 77— Mid TG-DTA HIE
ZiTo72& 2 A, Sm b Ho S TORTHESZDT o F ) A FEITMEGREMET, BE
HARIZRDZEZRELTND 8D, ZDOMT % ) A R TITMEEL RS TIE 1 Ky £
TR TET, TNLLEMBAEIT S EHR O SN Z 5, Ho(NTf2)s/bisthiourea fik i
FAKDIBAICESTRIELTLEI>DOT, BEREKOEAZIZE TE S Ho HITMoOET
Z ) A REICHANTRERBEERPIER SN TWDATRRERZ Z b D,

LIAT, EFIEERFTOFR T, V= 7 o VOEBEICIE U T 2 il 4 R 3
EbnHZ EuMiR L TWD (Scheme 37), flx1X, AT NV AT IV AFD 168a DA KD
BRIZIE, YblEZHWAIESICHR b E VWV ee 525, 158b TiX Ho #7273, 158m O A Fk
DOEICIZT Lu RN E L TW5, Vo) 7 VOEEREDb S N, @BE-kfi -2 x
)7 4 NOSEREIEN D LT T HOT, TICHE LA A RS L <UL Lewis [
MEHETLHLTZ A4 FEEZBESLENRDLLZEDNEZOND, LAL, WTHIZBWT
H Ho iz W 258 ICITHEM B RERNEGEONTZZ 06, Ho O FF DRV IE —
EMEIL, Ho E O S 419 D8ORS ZEMNBEHR L TWD EE X TV,

Scheme 37. Metal screening

OTIPS
OTIPS 66 (1 eq.)
M(NTS, ), (5 mol %) R = CO,Me (158a) R = n-Pr (158b) R = H (158m)
| (R)-bisthiourea (5-10 mol%) N Ho: 96%/87% ee Ho: 90%/87% ee Ho: 95%/86% ee
N DBU (10 mol %) Mbsl, H Tm: 99%/83% ee Tm: 70%/88% ee Tm: 94%/84% ee
Mbs .l (02M) /> Yb: 99%/89% ee  Yb: 40%/70% ee  Yb: 92%/86% ee
185 (1.5 0q) 22 153 07O Lu: 90%/80% ee Lu: 61%/70% ee  Lu: 96%/90% ee
[4] 54U v 7 BAL T
Scheme 38. Comparison of urea and thiourea ligand Yb(OTf) 3/blsurea ﬁﬂiﬁ
OTIPS 67a (1eq.) OTIPS AV AR, %1@ R R
Yb(OTf)3 (10 mol %) )
I ligand (10 mol %) O , X Yb(OTf)s & bisurea
N DBU (20 mol %) N CO,Me )
Mbs _— Mbs N 11 Tholz, —H.
CH,Cl, (0.2 M) x
155 (1.5-2 eq.) 0°C,3-5h 158a 570 Ho(NTfz)s/bisthiourea

TIX 1:2 DR NHE T

H E Ph N N Ph H E JL Me ot :@é{,\;’&%é
My M- i, EREHO KT

B EE RE R & FF o

bisurea (70) monourea (207) bisthiourea (166) monothiourea (208)
18%, 52% ee 39%, 0% ee quant, 75% ee 78%, 82% ee - .
exo:endo = 9:1 exo:endo = T7:1 exo isomer only exo isomer only EB ﬁL % %f H:‘ i)ﬁ L/ 71:‘

(Scheme 38), = DR,
ee DIFBUIZIT AV LT OHE, —OOMEHIZLT LLLATIEERVOIZXHL, LT 0O
BE o0 LTHIENMEATHLZ ENHA L, o T, VUV TEMNFETFATLT

BALF TiE, TNEHIE D B ORI SE Z > TW S ATREMEA RIR S iz 89,
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(5] 77z 7 il 45 5% O BH J& ~ D3 A

Ho(NTf2)s/bisthiourea filtifid K G2, ISR O R ZEENET b D, Thobb,
Ho(NTf2)s/bisthiourea il it (X /K DTFE T, T AL RKIET D72 S0 1T EREAR I 4
T HIMERHY  REEIRETH D, 72, TOKSNORLEEDO - OIZ, KIS H
WhHERE., BN, HEERIIFRNICHE L CBMERD Y . TSR EICBWLTEH K
DIRANZFERICHN 2 TE 20T, HTMeBER CEMERZTN S 5, EFIXZ OMED
REEVEOBER O—> L LT, MBIEEREZ &BE., AL, WEDO 3 2Oy 5 FHE
LTWDRIZHDEBZT, BEEZAVD &, &RE BN 28XV BEICHAET
LR Z B CE IR, K~OARLZEWEMETE D EMMHF L,
EHIIINECORFOPFTCHELEMBIC - SOFER» Y RHDEE2T-, (1) BT O
FAULTMEHIL 1 DE T THEARAFRINICRESEE L WA, (2) HEIFA LT
NH i7" m h oMb L TWb A, Thbb, B F7FA4T7 I VHROEMFIZE W T,
FNCF A7 VT ERER, O AR RO EREEXEZEATIE, 2 E TL KR
a2, WEARNT20E R TE S LB 27 (Figure 18),

Conventional newly designed
- - -
H”-Me DBU or KHMDS H”‘Me H”-Me
("™ e 9
S (acde) T T e T T T

Figure 18. Newly designed ligand

FIT.TAU VLT ILEBAEER ST =2 23 B LTz 86, bisthiourea (166) 2%} L |
IBX L7 V=D LKEMZTZEZA, 2O00FFVLTDOIGL, 1 DFEFRITT =V
WZE# T 209 & E EWIIZFF7- (Scheme 39), &k L7z 209 % T, DBU %Rt
912, Ho(NTf2)s & Lewis &2 V72 R Diels—Alder K% 4T->7- & Z A, ik 158a
EEIETHEZLOD, AEFEITES Ao/ o7=, (Scheme 40), > T, 209 %
FAWABIRYD TIEARAFHEEBIIER L TR ol B2 bN5, L L, MO ZEMEDR
FiZRF T KT AT 4TI oORIETHY, AR BMRHTHMERH L LEZTH
%o

Scheme 39. Synthesis of thiourea—guanidine ligand

A X
IBX (1.5 eq.) OO
N~ “N-Me N~ “N-Me
NN NH,OH NN
H H S H H
OO N\n,N-Me MeCN (0.2 M) OO N\n,N—Me
rt, 4 h
S NH
(quant.)
166 209
Scheme 40. Trial of new catalyst oTIPS

OTIPS o o Ho(NTf,) (5 mol %) O ‘
(R)-209 (10 mol %) .,

N “CO,M

| O)]\NJJ\/\COZMe N oMe

N * J/

CH,Cl,, 0,5h,0°C Mbs
(94%, 0% ee)

155 (1.5 eq.) 67a 158a ©

O N

=-
o
w
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A#E _E (-)-Minovincine D2 E L

Vivan

¥ —Hi Minovincine (22T

BT ueA RO 1 -5THD Minovincine (3)1X, BARRICH = F > F 4~ —»1F
95, ¥/ 5, (5)-Minovincine X, 1962 4|2 Vinca minor L 7> 5 Hiff X 872 1967
#1213 (+)-Minovincine 7% Tabernaemontana riedelii £V B Xi17= 87, Minovincine
OFFO 5 ERMEEARTKIL, B b, TAE KA~ a7V T AX T RABICEE
NHZL DA R=ATiaA RicikiEd 5 88, £7-, Minovincine (34 & AR KIZE
VT, Vindolinine (5) & Kopsinine (6) D F K77 L % %2 53T\ 5 (Scheme 41) 89%b),
X HIZEBRMIZ, Minovincine 75 Eburnane #%E{K (210)X° Kopsijasminilam (211)7¢
EDMDA L R=T I FERNERSHTND 894.90),

Scheme 41. Biosynthetic and chemical conversions of Minovincine (3)

N
biosynthetic chemical I
O ® transformations transformation N= Y
N7 YN MeO,C” X A
H  Co,Me

Vindolinine (5) Eburnane derivative (210)

H CO,Me MeOzC cone

Kopsinine (6) Kopsijasminilam (211)

Minovincine O AEWIEMIZE L CHE1X 72\ 2%, Minovincine & [Al4k D FAR T &2 £5 o
RIS Minovincine 72> O FFE [ RE7 RKRWITIL, BT AEMIEEIRESNALTHD H O
Nd 5 8890 ZD7-¥ . Minovincine D> 5 BIEF K O EEMELCAEGK., (LR Y 5
¥ 7= Minovincine DAL FRIMEE L, OB RFFERN R THY . TN ETIZ 2 ODDHFZET v
— 7LD T IRDOEG I LHIOFER IV 1 HORFRE KA HRE STV D 92,

MacMillan &%, I RHA I A r— R & w5 2 & T, (-)-Minovincine @ 4 B
HERENEOICHEEL, ZO0ROEBZIGIZE Y, & 9 T T(H)-Minovincine D A1k
Z iR L7z (Scheme 42) & 72 5 1 A — REUSIZE L T E — OB L2V 28,
2P =L = FEEHTLHA 2 F— L iFEK 214 (2% L, MacMillan filt 7 7E T,
37T Fr-2-F &M b L, Diels—Alder i, & L=V PEE IS, Aza-Michael X
JERH— T T 2 a N THEfEIICE 2 0 4 BRMEEEY 215 23 ILEK 72%, 91% ee THF HALT=,
ZD®%, 2T I 21T L, 1,3- I — R A" VW TEHR LT P rafiid 7 V¥
AL SOG 2 BAGEICAT 9 2 & T, 5 RMEEH 2 M4 L, (-)-Minovincine D 2GR & ZEK L
7o

4 #13(-)-Minovincine D #7272 & kiR B Z #3725 11T, MacMillan O )& A4 o
A HIZX L. Minovincine D FFEARSEOMBEEE L7 VoA FERITISHTE D &
IS FEEEMBOGRREORY BRI L L, 2T, KD KSR

(-)-Minovincine ® & ikt % 32 T72 (Scheme 43),
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Scheme 42. Enantioselective synthesis of (—)-Minovincine by the MacMillan's group

(Et0),P(0)CH,SeMe
1. NaH, PMBCI (94%)

NHBoc KHMDS NHBoc
| 2. Se0,, H,0 (87%) | [18]-crown-6 (81%) |
- 0] -
(IHI :NBoc - ( INI _ . N A~serte

PMB PMB
212 213 214
Q «0TsOH Boc Boc
O NMe P78 N0 [Pd(PhCN),Cl,] NG
O N NIS, NEt, MeOH 1. L-Selectride (75%)
H O O CO (92%) O O 2. TMSI, NEts (72%)
> _— >
0 N N
:—< PMB PMB  CO,Me
215 216
(72%, 91% ee)
NH O ICH,CH,CH,l N
NaHCOg; TEA
O ‘ {BUOK (73%) O ‘ ,,,[//o (77%)
—_—
) ) —
PMB  CO,Me PMB  CO,Me
217 218 (=)-Minovincine (3)

FEHITH —FIT T Ho(NTf2)s/bisthiourea fillfliiz s v r¥ =)L 1 v R—/L DR
# Diels—Alder )i &, i< YV ) — L2 —FT )LDTILFNMAKLIZ L - T, Cla firlz 4
MIRFEEZHTH e Ra A X — VOERIEZHSN LT, % 2 . Minovincine D284 X
WZWMIFCET, Y155 L/ 7 4L 67Tm @ Diels—Alder ML THEOLNLDH v U LT
J = —TFT ) 158m Xt L. @Y 2 7T XA E WD Z & T Cha finll 4 x5 %1%
FLRNDL, 4BREEK 219 26k BT 2 L Lz, it T, 4 BMELLEY 219 0=
T UL C-C BTSSRI TE 9 5720, T kit k- T 220 8565
EEZT,EDO®R. T IV ET oD TV F IALKIGE AT 9 Z & T, (5)-Minovincine (3)
EHEMTEDEZERT, Thbb, REMBREKIZIITROMETREIT ) HER 4 DD
MR 5, EFIZINLEET, MEFERICHWSREEZZL X 5 Z L T, Minovincine O
FHEERETIIEERRYOLERICHEBTE 2 LR LT,

Scheme 43. Synthetic plan to (—)-Minovincine (3) based on an assembly of simple building blocks

O o OTIPS
OTIPS
O)]\NJJ\/
\_/ Y~ NHR
| 67m '}‘ H
N Mbs AL . Tt >
Mbs Diels-Alder reaction 07N Alkylation of
155 158m o7 O silyl enol ether 219
o
AN
XJ\Me X X
------------------- > B RRCEECTEEEPREPE
Acylation of double alkylation of H 0-Me
enamine amine and a-position 2
of ketone (=)-Minovincine (3)
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% E Diels—Alder K& D B AR )

EENRAHLEZEYeF =LA v R—=1 & H WD Diels—Alder )i Tld. Ho(NTf2)s
& bisthiourea (166) % ) DBU Ol S otz 5 Z & T, BUSHED @&V FRE )
BARWEEE £ TR FUSICHWD Z &N TH o7, £D7w, Lewis BRIZIZT ¥
JA RO Ho ik b L CWAHW L7z, LarL, THITEE - BEom TENLTWD
DTHY, KxDEEOMAELEIZEWT, LT LL HoENRLERWHELHEZX DD
TR, EHFREISCTRET VX /A RENEDLHZ 2T TIZHNDTND
(F—=HEANHBMW), £ Z T, Minovincine ()D& EKIZAT T, Y= 155 LY =x )
7 4 /v 67m @ Diels—Alder iz Z FE MR TT U A BOG T 381 2 il & SO S % s 4k
THIEELE, £72. ZHETOMF LY bisthiourea ZEAL & L THWDLEE,
HT K ) A FEBHBHICRFE Diels—Alder UG ERET S Z L2 AH LTS 70,
Sm UMD FFEZDOT 2 /)4 RN 7V v 7 A4 REE#A L (Scheme 44), £ ®
R, MIEONREZX, EoT0% 74 REEZAVWTHOMARGTHY . Er(NTf)s %
WAHEAICRLEW 98%7E o7, KD ee (B L TR &5 O8N E 2 Hm4 2
Hrz L0, LulNTf2)s # HHW 55412 90% ee Th o 72,

Scheme 44. Optimization of Diels-Alder reaction using acrylate derivative 67m

OTIPS S
oTIPS Ho(NTf,)s (5 mol %) O ALy Me
O o (R)-bisthiourea (10 mol %) O ‘ H ﬂ
[ . J )J\/ DBU (10 mol %) NA N N.
N QN > Mbs M "Me
| -/ o O N/> S
Mbs CH,Cl,, 20 °C, 0.5 h

155 (1.5 eq.) 67m 158m o~ © bisthiourea (166)
exo isomer only

(%) |100 98 (% ee) g5
yield (%) a5 % ee 90
95 94 94 90
92
90 g I g9 85 a3 84
90 m 80 80 80
80 78
75
85 75
80 70
Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

ZZT, INETHWTE L Holitkbmlree 5272 Luliz W T, 26 ICMH
Flev o L R OHIERZITV MR A L7 (Table 18), Y= % 1.1 ¥ &,
fib i & 2 2 mol %IZHIT L7 & 2 A HoED LA ITITNRIZ S ee ITH HEN M) o T2 D3
Lu i OEE 121 ee 73 90% 005 84%IZIKF L7z (entry 1), £72, Z OS5 F Tl Ho
NLu LV bR WERE2 5 272, % 2 T . Hoti & Vv C R 72 2 filt i B o Bk 2 Bt L 7.
BARHIIC, MS4A /£ F. 0.5 mol %M Ho fillli TS IE 4012584 L, A1k 158m %
98%. 87% ee TGz, T/, HotElZI Lulg &t ®7p 0 | 3EDO A FIEICRIEEIZ 20 93),

. Optimizing Diels- i oTIPS
Table 18. Optimizing Diels-Alder reaction entry X M = Ho M= Lu
OTIPS 67m (1 eq.)
M(NTf,)3 (X mol %) N 1 2 99%/87% ee  99%/84% ee
| (R)-bisthiourea (2X mol %) I H 2 1 90%/85% ee
N DBU (2X mol %) Mbs A\ 3 05 96%/84% ee
Mbs > 4% 05 98%/87% ee
185 (11 eq.) CH,Cly, —20t0 0 °C, 1 h 158m O~ ©
e exo isomer only a: with 50 mg/mL of MS4A
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EEHE T RRONT VAR YU R OB

fil i) R 7 Diels—Alder SISIZ K - THH ALK 168m &, Xy d—R7 & M7 3
R 660Z JHWNTT /L FAGIZHKES . 7 I T — VB RO 24T\ 221 % & IR T 72 (Scheme
45), =Dk, 7 I — 221 RO CSA ZH W THANKIEEZ1TH> 2 & T=F I K
222 &Rk LT,

Scheme 45. Preparation of enamide

o)
oTIPS o NN
O ‘ I\)LNHBn (14 eq.) O ‘
N TBAF (1.4 eq.) CSA (0.7 eq.) N
Mmpd 1 - wbd H
o N/> CH,Cly, ~78 0 0 °C, 0.5 h PhMe, reflux, 1 h 0N
g (90%) (84%) g
158m ©O 222 O

ARGHEIZHEV, D C-C FEBTHRINIZIIT T, =F I K 222 26 F I v ~DiE
RN ERET 5 2 & & Lz (Scheme 46), ELHIZ LiIAlHs 2 W72 356, 7 FO&E
TR N7 A XH U RO ARRICETLZ, LarL, BBOx=F I 223
DFETIOT N 12%THY . =FIUVNIHIICEILINTZT I 224 B 40% TH LIV,
F72. BHs*THF z H\W 7546, N7 AuAdxH YU RAQXE g, 7 I RO &ER
VBT I N2, FERIC =T I 2 225 WNIiEIE S 1L72 226 2 44% TR L LT,

Scheme 46. Attempted synthesis of enamides N’Bn N’Bn
LD -
LiAIH, (2.5 eq.) N N
0 THF, reflux, 14.5 h | H | H
N’Bn Mbs OH Mbs OH
223 (12%) 224 (42%, single diastereomer)

O ‘ /Bn /Bn
N N
I}l
S

H
"oy o
g N N
222 O BH3*THF (2 eq.) Mbs 1 Mbs
THF, 40 °C, 13.5h 0 N/> 0 N/>
J 0
225 (0%) 226 (44%, dr = 1:1)

EROFERNE, FHEOT I FOETLY bERM O =T I OETTO ST REN T &3
FHRENTZ ZZT.T7IFOEHIEZIT) 2L TT I FOBELKICEZES LE DY L& X,
222 1Zxf L. Lawesson’s AN L LT, FAT IR 22T 28K LT, ZTOF AT 2
NZ2HWTEICKISZHE L7c (Table 19), Raney Ni Mz 7-& 2 A, KEFEZHMET
WCTFFT7 I ROBELHESLICHEAT LN EBMIZT > 226 Th - 7= (entry 1) ,NiCle
& NaBHa 2 58 U 72 Ni(BHo)2 & WA 101, RONIEEM L, 250 Lk 1 8l
W=7z (entry 2), KIZ, Meerwein il3EA HWTF 47 I N& 7 /% /{k L, NaBH4
AEMATEITLED E LI ZA BuUTERL, MAKGMBEITL, 7 I F 222034556
7= (entry 3), LiBH4!Z MeOH Z s/ L TN CIB SR I EIT T & 2 A, T4 T
X FOETITHEIT L7223, @%’Jiﬁﬁ%ﬁﬂﬁﬁﬂ“@%ﬂﬂ 7224 RELNTE (entry 4), it
WT, Red-Al®F 7213 LIAIHs Z W TEIR CELKIG 2T o7& 2 A, AT I FDIETT
TEITETICA XYY U RS HICET éih?i 228 3 1& HiL7z (entries 5 and 6),
— . LiAlH4 %fﬁb\fﬂl]?@ﬂ HTEILEIT-HE°, LiAlHs & AICIs 2l & 5

AlHs Z W% X FAT I FoET i@ L9, =F IR BGonn, 5%
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U Ry EoHIC

BIL STz 229 3G B LT, 228 X° 229 & R

JSLROSIZH L TH, T

Jba— L 228 ~DEHIINEE TH-7-7- ., PIOKISEHEET L & LT,

Table 19. Reduction of thioamide 227

N
Mbs

Lawesson's
reagent (1eq.)

PhMe 80°C,1h

0 0 Swe
N N
' Mbs Mbé Mbsl,g

|
(quant.) N
H
222 227
entry conditions results
1 Raney Ni, THF, rt, 5 min 226: 23% (single diastereomer)
2 NiCl, (3.5 eq.), NaBH, (10 eq.), THF/MeOH, rt, 3 h complex mixture
3 Et30BF, (2 eq.), CH,Cly, rt, 4 h then NaBH, CH,Cl,//MeOH, rt, 10 h 222: 31%
4 LiBH,4 (3 eq.), MeOH (6 eq.), THF, reflux, 1 h 224: 74% (dr = 1.3:1)
5 Red-AI® (10 eq.), THF, -78 °C tort, 3.5 h 228: <40%
6 LiAIH, (5 eq.), THF, =78 °C tort, 17 h 228: <46%
7 LiAlH, (2.5 eq.), THF, -78t0 40 °C, 5 h 229: major
8 LiAlH4 (4 eq.), AICI; (6 eq.), THF, =78 °C tort, 14 h 229: major

FATIRNENT LA FRH Y Rz RERIC
ARG 21T 9 Z & & Lz, 227
A FH YR AL A IR RIS

LT D Z L NEE LU &R L BB AY

Xt L. 1&‘{5'17:’(“ LiBHs & MeOH 2125 & N7
IiRILTCEDH I EH M L (Table20), 227 % 1 7 7 A

A — )V RS ZEITo722 2 A, 230 2 713% CHA L., BIEMRYE LT 231 &L

(entry 1),
57% CH+ b L7z (entry 2),

ST T A, 280 DINERIFTKELS TR, KDY
=Ty FICMER H -T2 120, KIS EEE L,

AL 280 IFEME LSO > 72 (entry4), K
EELIZEZA, 2301 70%TH LT (entry 5),
LT, 230 DULHRITE T L, %L@%4ﬁ%%mt
5 2283 ~DOiE LN IE LIAIHs 2 W % & I

Table 20. Attempted stepwise transformation

QAT =D 27T LA TRIGETSTZEZA, RRCWEN TR
XBICATF— T v T EITU,
(2 231 OULE N L7z (entry 3),

. 230 %
T 7T KA — VTG EAT
A
RIEDOANDIEFELEZ L Z

12, LiBHs & MeOH DL % 1:1 12
L.,

CDORETATr—NT v

(entry 6), 723, 1§ biL/z 230 H»

/TTL/ I_qui—‘wc 223 %Q‘Zﬁ_o

S 5 s S 5
.bn .bn
N LiBH, (X eq.) N-BP N
Jrpy 2 9we
—_—
N THF O N ‘ N
| H | H
Mbs ANy Mbs H Mbs ANy
19 o g
227 © LiAH, (2 eq.) 230 231 HO
THF, 60 °C, 2 h
(94%) entry 227 (g) X (eq.) Y (eq.) conditions results
.Bn
N 1 1 3 75 —78100°C,3h  230: 72%, 231: 10%
2 2 3 75 —78t00°C,3h 230:57%, 231: 40%
3 7 3 75 —781t00°C,3h  230: <10%, 231: 70%, 224: 10%
'}‘ H 4@ 1 3 7.5 -781t0 0°C,1h 230: trace, 231: 70%
Mbs oH 5 0.1 15 15  -78°Ctort 2h 230:70%, 231: 23%
223 6 8 15 15 —78°Ctort, 27 h 230: <30%, 231: <40%, 224: 10%

a: After addition of MeOH, LiBH, was added.

LiBHs & MeOH Z1W5 N7 VA XH Y U RUDBETIIAT—LT v

ATWlz, BICRISNOBF 21T -T2, & —

(Z R

EH L ORI T, EHIT NT LA

%%yJFV%%ﬁmXTwmﬁﬁﬁé:& I LTWS, 2T, ARRETOF A
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ATN~OEHEZRT L L Lz (Table 21), 9, 7I K222 #H\WTF A= ATV
&Aoo A, FAT ATV 2321F 34% TELNTZ (entry 1), LivL., EEDONE
MWD WRERIETIE oo nd, WICFAT I R 22T 2HVW TS E{T> 72, %
OFER., AL 4% 233 Dftiic, FA~NI T X —/1 234 B 710%TH SN (entry 2),
FANIT 'Y = 284 OAEKEZIEIT 5, EtSH 226 @O K& W PhSH I 2 T
JNEAT T2 2 A, RIS EMEE LT (entry 3), £7-. i 4 LHMDS 75 KHMDS (2
BELIoE A ROGEMET U, BB WHE S DHAETIC 238 7205 284 ~D BB i)
ICHEFT L C L E W, 234 23 66% T b L7 (entry 4) #HiK %A LV 55y DBU X Cs2C03 12
BZTHIn&EAToT2E 2 A, I EH L L., o E 23 7% L7 (entries 5and 6),
#HIZ KoCOs 2 AW A I ST EIT Lo 72 (entry 7)), £ 2 T, IREZ-78 °C
THEFF L, 4 — /12 EtSH, &2 LHMDS Z W TR & 1oL 2 A, 238 18 710%
TELIL, 2834 FEMME LSO ->72 (entry 8), F/o. ZOMIGEHEMHTITA 7 —
Ty IR EIZ D > 7= (entry 9),

Table 21. Oxazolidone transformation to thioester
X X

-Bn _Bn
N thiol (3.5 eq.) N
owe R AL
_—
szl H T Mbil H
O N/> O~ “SEt
pe
222: X=0 232: X=0 234
227: X =S 233: X=S
entry X scale (g) thiol base temp, time results
1 (0] 0.5 EtSH n-BuLi -78t00°C,0.5h 232:34%
2 S 0.4 EtSH LHMDS -78t00°C,0.5h  233:26%, 234: 70% (dr = 10:1)
3 S 0.2 PhSH LHMDS -78t00°C,3h many spots on TLC
4 S 0.2 EtSH KHMDS -78t00°C,3h 234: 66%
5 S 0.2 EtSH DBU rt,2h many spots on TLC
6 S 0.2 EtSH Cs,CO;3 rt, 2 h many spots on TLC
7 S 0.2 EtSH K,CO3 rt,2h No reaction
8 S 0.2 EtSH LHMDS -78°C,2h 233: 70%, 234: trace
9 S 3.1 EtSH LHMDS -78°C,2h 233:67%, 234: 2%, rsm: 8%

B, BONEF AT AT IOVITHERERICE VRIS T S 2 E RN TE . X MR
FEEMEATIZ L0 . M K O SR L5 2 #ER8 L 7= (Figure 19) 99,

Figure 19. X-ray crystallographic analysis of 233
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EWET FAT7IROU Ry AR

NT A XH Y RCOBBRNISNHEL TEX ol WH LR DT 47 I K 22T %Y
Tr165 LY T 4 6Tm b YU ARy hEKREZRAT (Scheme 47), £ DRER, ¥
T 155% 53 g, YT/ 7 4/ 6Tm % 1.4 g DA — L2 T, Diels—Alder )i, 7 2
T = VRS . BKEOS, FABNR=MAbRISZ - —7 7 23 TITW, Y U700
Thrmaw NI T T 40— EMEBENE, 44gDF AT I KN 227 IR T1%. 94% ee T
7=, F£7=. Diels—Alder & TlX, 77 LA 47— /L T% Ho(NTf2)s/bisthiourea fili i (3 %h
R SO TR L Tz,

Scheme 47. One-pot synthesis of chiral thioamide 227

i) Ho(NTf,); (0.5 mol %)
(R)-bisthiourea (1 mol %)

OTIPS DBU (1 mol %)
MS4A, CH,C,,0°C, 1h S
| 0 N,Bn
ii
N ) l\)LNHBn (1.4 eq.) O ‘ OO N
Mbs TBAF (1.4 eq.) N g f
155 (1.1 eq.) CH,Clp, -78100°C,050 Vbl g . OO NTSTN‘Me
* i) CSA (0.7 eq.) ):O>
)O]\ (e} PhMe, reflux, 1 h o bisthiourea (166)
_— iv) Lawesson's reagent (1.4 eq.)
Q NJ\/ PhMe, reflux, 1 h 227
4.49,71%, 94% ee
67m after a recrystallization

AT, TAXFAA|OBIZAVWTWAI—RKTE® T I FE, I—RFALTERIFT
NIZE 2 TRIBRICKIGZ1T 9 Z & D TE 4L, Lawesson’s i3 A2 W5 F A B LR =11k
D TREZHET 2 2R TELHEEZXT-, 22 C, N ULI—RFAT7TE T
K288 DA AEHIET Z & & L7z (Scheme 48), 7 a7k FLruaF A K235 nHH
K L7-286 # Nal CTAULEHTHZ LIk T, NRXUora—R7E® M7 I K287 RAK
AHETH D, ZD 237 12x%F L, Lawesson’s k¥ A H\Wic & 2 A, 28813/ 6T, 25D
REMERDMP L RoTe, —FT, 7K 286 1K L, FAINE = LITHEICHE
TL. 239 Z#E&EMIZH7Z, Lo L, 239 % Nal TLEET D & b & RERIZ SN EHEL
L7z, 2o btz ERLZN, 238 13 —UELNLT. 288 DALETH DD, AR
NEETH D & HIWT L, 288 DERCEWIE LT,

Scheme 48. Attempted synthesis of N-benzyl thioacetoamide
BnNH, (1 eq.)

Q NEt; (1.2 eq.) Q Nal (1.3 eq.) Q
Cl\)LCI . - Cl\)LNHBn > \)LNHB“
THF, 0°Ctort,1h acetone, rt, 24 h
235 (92%) 236 (70%) 237
Lawesson's Lawesson's
reagent (1 eq.) reagent (1 eq.)
PhMe, 40 °C, 6 h PhMe, 60 °C, 9 h
(quant.) (quant.)
S Nal (1.3 eq.) S
Cl\)LNHBn > l\)LNHBn
acetone, rt, 24 h
239 (70%) 238
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FHE MEHA LT 0 v ONARRIREET

233 Ikt L, KFEMTAI=TUAVFULEZHNLZ LT, FAT I NEKRTFAZXT
VOB TNRIRFICET L, @R T 228 2457, fie\WC, =+ I 228 D7 & F
b fEt L7z (Table 22), 7 & F ALFNC BAKEER: # W T, B U Y & DMAP 1£7E
TR EIToT2E 2 A, TIa—LORNT BT b S iz 241 345 5172 (entry 1),
Iz, 7?%/V{E§U%iﬁﬁt??%/bé Bz T, W NI ZFAT I E2HOTRISEET
Sl ZA, ELMINTEIT Loz (entry 2), £ 2T, WEAZE U DKL, fil
ﬁE®DMmNWTF&PC®mﬂ RIS EAT 2T ZA BHO LT I /=) 2 240
X 15% CTH O M7 (entry 3), TLC OBIZEND . WIS F L TVWD Z LN RB I
Tele®, Witz 1,2-v7nunxZ & %2, 60 °C T 9.5 KHRICZITo72 & 2 A, 240
X 37T% THoMT (entry4), EHIT, Gk Z 4 KFICEME L7z& 2 A, 240 & 85%
TH7 (entry 5), F£72, 2830260 2 TREZBHPRFRIEL 7> TH BAFRINET 240
EEHZENAETH 7= (entry 6),

Table 22 Preparation of f-aminoenone

L|AIH4 (2 eq.) acetylat/on
THF, 60 °C,2h N
(94%) Mbé

entry reagents solvent conditions results

1 Ac,0 (5 eq.), DMAP (5 mol %) pyridine rt, 14 h 241: 66%
2 AcCI (5 eq.), NEt; (5 eq.) CH,Cl, rt, 1.5 h No reaction
3 AcClI (5 eq.), DMAP (5 mol %) pyridine 80°C,15h 240: 15%
4 AcCI (5 eq.), pyridine (5 eq.), DMAP (5 mol %) 1,2-DCE 60 °C,9.5h 240: 37%
5 AcClI (5 eq.), pyridine (5 eq.), DMAP (5 mol %) 1,2-DCE 60°C,4h 240: 85%
6 AcClI (5 eq.), pyridine (5 eq.), DMAP (5 mol %) 1,2-DCE 60 °C,4h 240: 76%°

a: 2 steps yield from 233

ARV PUVBAEROE Ra gAY —VvEKEET DA F—AT7 v inAf FOIEE
AMEF, cistn VPV BEALTWS, TORED, 73T/ 240 O N EH: — EiE
B OSARERA BTN IRORE L 72 > 72 (Table 23), £3. 240 KWL XT7 P 7 L%
il S U 72 B K FAL DO ROS RIS &, ZEEAIFE TSN T, Bn ERRES L
243 Z @HINETHTZ (entry 1), ®EJESME T, FRICEMASZILEZIT>TH, ZEHEAIE
B S L hr o7z (entry 2), WIS AZ B L A®ICE 2, FIRFIE FRISEIT 72 & 2
A, ZEEFITETLINTEN, FPUObBEBIRENTERLET VT —)L 244 N T AT L
F~—iREMmE L TR L (entry 3) 90, & Z THUEVEM AN T I 57201, B
TR ) =N DHEMNWTRIGET 2T A, B—OV T AT VA~ —0 G0, L
U AR OO B TIER W transs B0 U VB 242 TH D Z & 23 L 7= (entry
4), WiZke KU RETLHE M L7z, LiBHs # MeOH 77/E FINx 72 & 2 A, Z2HDOERY
NEM S (entry 5). KFETAI=T LAY FULAEKEFCHWESES, 04k
D3 ST, trans 1K 242 TH > 72 (entry 6) 97, NiCle/NaBHas O KI5 THE
WX trans 1K 242 TH > 72 (entry 7) 99, 240 % Meerwein iRFE TUEH T H Z LT Xk -
TALDZAI =L /) —)L=—T )%, NaBHs TIEL L TH, EHATRY 242 NEE

I B 7z (entry 8) 99, SmIs Z W T —EFBEZKRH LIoE L2 e, KIS
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XL T L0272 (entry 9), NaBH(OAc)s & W 7=886 D

PLhHhD cissEr v

VAR 241 BE L NN INRIT DTN 5% TH Y 72 EARWIT trans-B 2 U VK 242

TodHo7- (entry 10) 100,

Table 23. Attempted reduction of tetrasubstituted olefin

_Bn _Bn
N~ O N O NH OH
reduction
QG
N N N
I H I H I H
Mbs OAG Mbs OAG Mbs OAc
240 241 244
entry conditions results
1 Pd(OH), (50 wt%), H, (1 atm), AcOH/MeOH, rt, 5 h 243: 96%
2 Pd(OH), (50 wt%), H, (10 atm), AcOH/MeOH, rt, 9 h 243: 99%
3 PtO, (50 wt%), H, (1 atm), AcOH/MeOH, rt, 12.5 h 244:70% (dr = 14:1)
4 PtO, (30 wt%), H, (1 atm), EtOH, rt, 16.5 h 242: 95%
5 LiBH, (3 eq.), MeOH (9 eq.), THF, —=78t0 0 °C, 12 h complex mixture
6 LiAlH4 (2 eq.), THF, =78 to —40 °C, 12 h 242: 92%
7 NiCl, (5 eq.), NaBH,4 (15 eq.), THF/MeOH, —40 °Cto 0 °C, 1 h 242: 30%, 240: 70%
8 Et;0BF,4 (2 eq.) CH,Cl,, rt, 3 h then NaBH, (5 eq.), CH,CI,/MeOH, -78 to 0 °C, 0.5 h 242: quant.
9 Sml, (6 eq.), BuOH (12 eq.), THF, rt, 2 days No reaction
10 NaBH(OAc); (4 eq.), AcOH, rt, 3 h 241: 5%, 242: 20%

—7J . Gramain L, 7 I/ =/ 245 DEITLIZE > T, cssB¥1 Y ¥V K 246a %
"FTWp 60, F72bb, 245 % L, TFA Z @Al & L7z NaBHsCN iZ oz 179 & cis i
246a & trans{k 246b 7% 1:1 DR TH L (entry 1), LiAlH4 2 H W2 E LIS E21T 9
L. ocisik 246a NELEKY E L THE LU (entry 2), Meerwein i #H WA I =7
Ax ) — T —T ) ERHT DR ICIINE., trans K 246b 7217 iR INMIZ 5 2 72 (entry 3),

Table 24. Reported results of stereoselective reduction of tetrasubstituted olefin

entry conditions

results

1 NaBH4CN, TFA
2 LiAH,
3

_Bn _Bn _Bn
N" O N" O N° O
reduction ~
—_—
N N N
abH abH abH

245 246a 246b

246a: 21%, 246b: 21%
246a: 57%, 246b: 31%

Me;OBF then NaBH, 246b: 80%

FEEMBENFLUL TV LIZHELL T, BIUONKBIRENERD Z &b, EEITA
VR UVEZROWRELEDEELZEZ -, Th0L, AT HE DK E W Mbs s ARKiE
THDOEDERLT WNIALE L TWAH DI, BILANTEA L IXHEMNO RIS LT B 2
oo Z£2T, LB ERUT BT NMREEROEKZITS Z & & L7z (Scheme49), 7 2
J ) v 240 6 Mbs OFREZFE A4 RF LIy, REOSMNEZ 505 T 241 13155
NWiginoiz, 7ra— L 228 159 %, Na & anthracene % % Mbs @[ %Ki 13 M
WICHEIT L7z, e T, =F v, Taa—n, TIvET7eFubl, 247 2857,

Scheme 49. Synthesis of N-acetyl substrate
N’Bn AcCI (5 eq.) N O

pyridine (5 eq.)

DMAP (5 mol %)

4we

.Bn
N" O

) ¢ O O
| H 1,2-DCE, 60 °C,4 h | H HH
MBS NoH  (85%) Mbs " Noac OAc
223 240 241
N’Bn AcCl (5 eq.) .Bn
Na (5 eq.) pyridine (5 eq.) N O :
anthracene (5 eq,) O ‘ DMAP (5 mol %) O ‘ :
> et
THF (0.2 M) . ” H 1,2-|:(),CE, 60°C,4h l}l H
-40 °C, 15 min OH (<81%) Ac OAc
(96%) 248 247



T TGN 247 & H > T E R T ERS S O SRR 7 8 o &2 57 72 (Table 25),
Gramain LR EBWVWHEREZ G2 7-£BTH D LIAIHk Z W& 2 A, cistr Y U
& 249 1% %EZ}’L'T trans-t'm U VUK 281 DA BTG O, £l olE, TET—h
b7V a—ZiE S (entry 1), RIC PtOs2 it 2 v 2 2 A0S o SOG Zil Zr 72 & 2
A [RIERIZ trans K 260 WG LN D DI TH - 7=, (entry 2) . HMPA Z#RNAl & L 7= Smls
ZMNDLBEILIC T2 A, “HEGREILINT, Bn RORELZTNEZ o7
262 i HNT- (entry 3), — 5. MeOH #iRNAl & L THWESLES., ko r ‘/?6
BIULI AL, 2T V3 —)L 268 3G B LT (entry 4), BEMESIE T, EtsSiH %ﬁm\

TIEOSTEITE T (entry 5) 100, [[EIERIC Mn it 2 JH W 238 70 T 6 SOGIE Liﬁfﬁ
- 7= (entry 6) 102,

Table 25. Attempted reduction of tetrasubstituted olefin

.Bn .Bn Bn
N O N O NH O N~ OH
reduction
L == 4we
Ny NG NG NG
OAc OAc OAc OAc
247 249 252 253
entry conditions results
1 LiAlH4 (2.5 eq.), THF, —=78 °C, 7 h 251:61%
2 PtO, (30 wt%), H, (1 atm), EtOH, rt, 16.5 h 250: 60%
3 Sml, (3 eq.), HMPA (12 eq.), THF, 0°C, 1 h 252: <70%
4 Sml, (3 eq.), MeOH (10 eq.), THF, 0°C, 1 h 253: <50%
5 Et3SiH (1.1 eq.), TFA (10 eq.), 1,2-DCE, reflux, 12 h No reaction
6 Mn(dpm)3 (10 mol %), TBHP (3.3 eq.), PhSiH; (2.2 eq.), IPA/THF, rt, 12 h No reaction

B, BnlAEBRE LT I v 248 B AHEE TSRS L7243, }iﬁ[‘?\ IXHETT L7220 72
(Scheme 50), F7-. Ac & BELET L a— L 255 ZH V84126 REEICEICKIG
DHEIT L7 v > 7= (Scheme 51), > T, MEHA L 7 ¢ ‘/0);%4 iﬁ% # L D fEE NS
W TH D AREME N R S Tz,

Scheme 50. Attempted reduction with free amine

NH O NH O
O ‘ reduction
N N
I H I H
Mbs OAc Mbs OAG
243 254

N O N O
l I reduction
N N
I H | H
Mbs OH Mbs OH
255 256
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FONHT =TI UOBIZ LD cis R U VRS

BHA LT 4 COMRBIRRE TP RNECH 7272, MO FIEICED cistr Y
VUBRMELERFI L, EHIT, I 2285k T A ick o THlEbENDT R
7R 267T1x, =AU EITTIE, BANFRICLER cis B U ¥ URITINIRT 5
LI L7z (Scheme 52), % 7=, %ﬂb?’:/fl\/ﬁﬂ/zk:/l/%ﬁﬁl‘ﬁ‘ (2. RS Z21T
S TARBMT ATV 268 2150 Z LN TENIE, D FAREKISICE > TENY PV RE
JER L. Minovincine DG RICERATE 5 & X T-,

Scheme 52. Alternative synthetic route

........ Z oM - > O ‘ 7, O
iy r
Mbs § CO,Me

223 trans-257 cis-257 Minovincine (3)

TF 3 228 OIS R L7z (Table 26), £, MMPP Zik L7t 2 A, B
ITEITETICHEEI 2B L7z (entry 1), KIZ mCPBA ZH W72, 20 & & 4 AN
DI TH - 7= (entry 2), Davis ik 260 2 H 25 &, =) I > OBRALSG 3EIT L7203,
2 Y& Davis I K o T ZEECS A ETT L7z 269 BINR 66% TH—D YT AT L
F~—LLTHELNTE (entry 3) 103, ZZ T, ¥z 2.5 HEICHELL TRIGNEIT- T2
LA BEREFMEL, 26913 80% THELLE (entry 4), B v U U UERONIKLFEZ %
FERE &R T CIIIRE T & v o 7228, DFT GHEIC K % 15259 & trans-259 O = %)L ¥ —
FREREITO &L s KO ENRETHD Z LB RBEINTZ,

Table 26. Oxidation of enamine

N,Bn
oxidation PhOZS\N
E—— O
N Ph)/
I H
Mbs
OH 260
223 cis-259 trans-259
— 642 kJ/mol 772 kJ/mol
entry conditions results
1 MMPP (2 eq.), CHCls, 1t, 12 h No reaction gsi:ﬂi%cglﬁgz
2 m-CPBA (2 eq.), CH,Cl,, rt, 12 h No reaction
3 Davis oxaziridine 260 (2 eq.), CHCI3, rt, 2 h 259: 66%
4 Davis oxaziridine 260 (2.5 eq.), CHCI3, rt, 2 h 259: 80% Figure 20. Energy calculation of both isomers

L22L, o7 X /% b 269 ZFfix . Horner—Wadsworth—Emmons &< Wittig i
DRMICH LTS HEROMTETE S, FERAEINEND DA TH -7 (Table 27,
entries 1-5), /2. Y b ~DOZ "X 7 EF U RO E fe < BEARELIZ L5 Meyer—
Schuster iz 2 A XL 5 & Ly, 7&8F U FIMEK 262 13561720 -> 7= (entry 6)
W08, b BNVR =D RSEDMRNER R 2 5 25 << R FICE 5T 259 OF
REMEZHFAE L7 (Figure 21), TO/EHR, 7I VIR#ELTHD Bn iy, ¥ v
A=V LR ZEBOIR Lo TEY, RKEAIDO I NVHR =V ~OEEL BT S LT "l REME
DR E N, £/, 269 O b AR =)vix NaBHs O X 95 225K C/J\éb\%iﬁ;%foﬁ
SIX, TG EE R LIZZ &b MRRIEZTT 5 72DIZid, Bn FEONIREEE O

BEBRSVLENH D EE 27 (Scheme 53),
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Table 27. Attempted homologation reaction
D

NTOTTAETN

DFT calculation E
B3LYP/6-311G+
Figure 21. 3D model of a-aminoketone 259

entry  conditions Scheme 53. Reduction of ketone

.Bn
N

1 (MeQ),POCH,CO,Me (3 eq.), DBU (5 eq.), LiCl (5 eq.), MeCN, 60 °C, 16.5 h NaBH, (ex.) OH
2 (MeO),POCH,CO,Me (5 eq.), BuOK (5 eq.), tBuOH/THF, reflux, 12 h
3 (Me0O),POCH,CO,Me (6 eq.), THF, reflux, 12 h MeOH N
4 PPh;=CHCO,Me (5 eq.), PhMe, 100 °C, 3 h 0°C 05h mbs H 2
5 PPh;=CHCO,Me (2.5 eq.), 1,2-dichlorobenzene, 180 °C, 1 h T OH
6 HC=CHOEt (3.1 eq.), CeCl; (3.1 eq.), n-BuLi (3 eq.), THF, 0°C, 1h 263

mixture of diastereomers
ZZ T, Bn £OBREEZMBF L7z (Scheme 54), £, 259 2 /KEE{L/NT 27 A % filfif
E LT EMARILIEDGRMICH Lz 2 A, BnEidrEshn®, —EBEEGRRTIN
72260z H—Y T AT LA~ —& L THE, —FH. ACEClLZHIWTT v E=ULifEs L
. MAZ ) — VR A AT 2 A, T RIKRAMNDE LN 105, ZhiTEE 6L,
AR L7 261 IZHEEFICT I e h A2 LTS, 5 TR RIS £ 72 134E 4
IGDHEIT LTl ThDH, 22T, 73T, TIREEKLE EE X,

Scheme 54. Deprotection of benzyl group

Pd(OH), (20 wt%) NEU
AcOH (2 eq.) 0
H, (1 atm)
N
MeOH (0.05 M), rt )
59% (40% rsm) Mbs OH
260
ACE-CI (3 eq.)
additive NH entry  additive results
DCE (0.1 M) 0
70°C,2h O ‘ 1 NEt; (3 eq.) mixture of dimers
> N 2 none mixture of dimers
; MeOH Mbé 3 proton sponge (3 eq.)  mixture of dimers
reflux, 1.5 h 261 OH

Diels—Alder & Z T L X NALTHEICHWIREL LTI —FKT7 7 FE2HN
HZEEL, INETERBEOFETHR#ELRLO=F I N 263 % one-pot )i TR
INZFIZTEHA LT (Scheme 55),

Scheme 55. Synthesis of enamide

OTIPS o
OTIPS
I
T, LS S wo il Isaiell
| . Yb(OTf); (5 mol %) TBAF (15 eq.
N + o\_/NJ\/ - . Mb'z H (1.5eq.)
Mbs CEOZ?'ZO(E)‘CZ ';’2 : o7 N CH,Cl, (0.2 M)
-20 to , 30 min N .
155 (1.1 eq.) 67m 158m o7 O | —78100°C, 30 min
Q o)
" WbH
CSA (0.7 eq.)
- P
NR PhMe (0.1 M) N
Mbs o N/> reflux, 1 h Mbs o N/>
689
263 O)\O (68%) 262 O)\O

FWT, b= F I KN 263 ORILKIE % G L7c (Table 28), Davis i3 %2 H 7=
Ye . AL EEITE T, RN OATH > 7= (entry 1), ®IZ. MMPP Z w7z &

=
A, BRI R E R o2 (entry 2), =7 I FOBALIISIE m-CPBA Z W%
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EHEIT L, PREDINER T 264 #1572 (entry 3), Z D& AT bRk TIE AR L,
T)—NVIRTHDH I LKL VR Lz, UL, 264 24 OB RGO
SKUEICM Lz 2 A, BHIIORBFI= 2T )L 266 #1525 Z L IX TE o1,

Table 28. Attempted homologation reaction

(0] (0] (0]
NH NH homologation NH
O ‘ Oxidation O ‘ OH reaction Z>COo,Me
—_— H&»
N N N
I H | H I H
Mbs0 N/> Mbs0 N/> MbsO N/>

263 o)\o 264 o)\o 265 O)\O
entry  oxidant conditions results
1 Davis oxaziridine 260 (2 eq.) CHCI3 (0.05 M), rt, 12 h N.R.
2 MMPP (2 eq.) MeCN (0.05 M), rt, 18.5 h decomp.
3 m-CPBA (2 eq.) CHCI3 (0.05 M), rt, 30 min 264: 43%

. NTUNAAXH YU R BEBBICH RS S BRE L7z (Scheme 56), 2638 (2%}
L. MeOH #RMAl & Uiz LiBH4IZ L 2BILKE TTT /L2 —)L 266 % 157-% . m-CPBA
AHWTx=F I N 266 2k L, 267 4572, LorL., 2@ 2671Cx L TH A DR
JEERRE LA, ROSIZETE T, BMO ARSI AT V255 2 LIZRETH - 7=,

Scheme 56. Attempted homologation reaction

LiBH, (3 eq.) NH
MeOH (9 eq m-CPBA (1 3eq.) OH 2 COMe
N BE N 2
Mbé THF(02M) H CHC'a (0.05 M) | N V'
N —78100°C, 3 h Mbé it, 15 min

(58%) (95%) OH
263 268

PLEXDY, FaArREZ2EZ CTHIRKGEBRFMNLEZN, WIinb BOARBIT AT VEE
HAZLENTERDSTT-O BEESLEOMNBER T L 7 4 VOB LKISIZEY . B cis-
ton )UK ESL L EBRE LT,
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LT BREEAR G X D E T

B OMBERA V7 > OETLOSARBEREICE LT, DFT 3HREICL Y | BEORE
fRFNT 24TV, FEBREREBETLH L L L, BLEMEZEN LIZHER, E Frlan
V= VE RV FISIEWE TN - Tl Y | TUE# BRSO P A convex M T H
HZ e L7 (Figure 22), 07 OIZEILAl OkFESE RY R) 1T, EATE RV
THEEGOEN LT L, KIENEITLEEE X LN, —F T, &t KU F (MH)
ZMNT, AX=vbx)/)T—raRELELE, =/ 7—F0 O R+ LIZHAT S M-H
MOEDAI=ZULATFFH~DH5FNE N REBLVETT 20061, A I=UL0F
F DX NAREINTZENT W DIMI & 2R Dol N HEITHEITT L2 ENR PRI, 1€
> 7T, Lewis MR HY, =/ 77— MefGa2EL Lo R FEILAIZHWIIT cis
e YRR BmELND EHfFL, M ERAERAET DI LS LT,

B-face PtO,/H,
/

favored or LiAlH,
. rgén
5 - O
/ N

131° Yama
/O/Xr =L Ly
- 116&7 ,\ 247 ) ", OAC
111° disfavored

O

a-face 7]

(9] favored Bn
(o ~M- N0
\ >
T Sw0
DFT (B3LYP/6-31+G*) et - | /7 g\ /N e > N

OAc
Figure 22. Conformational study by DFT calculation

cis-pyrrolidine (249)
Stolz &%, Rfafn=T / > 269 OSAREINA 7B IL 21T 9 BE. PA/C i 2 v 5K B
MOKIEGEEE . BT a—)VR T & 0D OGS TIER AR O ST IRPE R HR L 7=
Z L AWE L7z (Scheme 57) 106, 4 513X Z OSAKRIRMEDOE W Z 5y FRIC K 2E T L4y
THICEDBTICLDENVIZEELZL TN D,

Scheme 57. Stereoselective reduction of enone

TBDPSO™ ™ e

conditions 270 271
reduction |
<~ o Pd/C, H, (1000 psi)  65%  13%
0 _ catecholborane 0% 42%
o~ 0
270

ZIZTIOMRETIC, BT/ ) O RBELFMEEZREE S EMFtE1TH> 2 &
L L7 (Table29), EH TN E TOMF DT T, NaBH(OAc)s Z HW = HA12. D)
N HHEMD cissB a2 U VR 241 G H 2 ENTE TV (entry 1), £2 T, A7V
REEFLICHRMNEI T 2 & L LT, Stolz LAMELTWEI I T a— LRI U EHWE
e, BOSITETE T, FEENICE £ 572 (entry 2), —F T, B Fa— LRI %A
W AIZIE . ROSIEMICHEIT L, WRRBY | BAHO cis-BE 1 U ¥ UK 247 20K 60%
TH—-DOVT 2T L A~—L LTHT (entry3), £7-. #% Mbs (2K L TRBEICE
TR EAT 128 2 A, cis IKRENLIRBRIRIICED Z N T&, £72 Mbs (Ri# %2 H V7%

DN AcR#E LV LILEN[ E L (entry 4) 223, ISR TH, EEWizRs =
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T—hrELTHELTWLHID, BAHE LT MeOH & KoCOs 2 MR DMENH Y |
2 ZDRMETRIFFICT B FVERRES L, Tha—fke LTERYRIRFLRIZ,

Table 29. Stereoselective reduction of tetrasubstituted olefin

NBo NBo
O ‘ reduction
_—
N N
L H T H
PG OAc PG OR
247: PG = Ac 249: PG = Ac (R = Ac) 250: PG = Ac (R = Ac)
240: PG = Mbs 272: PG=Ac (R=H) 251: PG=Ac (R=H)
241: PG = Mbs (R = Ac) 242: PG = Mbs (R = Ac)
273: PG = Mbs (R =H) 274: PG = Mbs (R = H)
entry substrate conditions results
1 240 NaBH(OAc)3, AcOH, rt 241: 5%. 242: 20%
2 247 catecolborane, THF, 0 °C, 1 h No Reaction
3 247 pinacolborane, THF, —40 to 0 °C; then K,CO3, MeOH, rt 272: 60%
4 240 pinacolborane, THF, —40 to 0 °C; then K,CO3, MeOH, rt 273:75%

FOGHERE TR D X H512EE 2T b (Figure 23), £3, =7 I8 Fa—LRT
M, TIVERTUOBRMENS, 2756 O X 2 REEREREIT-TNDHEEZTWD, £
D%, EFa—nRT IEED S NIV R = EBEE L, AT ) F— k276 8
T D, =) T —FORMEMEIT, 72— T 8K 275 OFRLEZEZ KB L TWA 720,
BT BAER ZROBPER L TNWDEZEZDND, 2O ZKRT =) T— b, 4
TANE U RBEIN, 6 BREBIREZRTEZS2 2L T, astrn U VU E 277 BIEK
LB TED, AT VETCHZEZHOCTZBEREARGICE D487 I 7 =/ U OSLREIRY
RIBIGII N E TICHEDR 2L, FlEBRARER/RDLI N TEL, £, EFa—A K7
YIEATa AR T XD BV RIS VWRELE LB ONS D, AEEICBWTEH
Nl EBEZTND,

Ph AcO Ph
Nro0 e
,B‘B’ O H O\B’O
L : S8
Mbs—N
276 277

Figure 23. Proposed mechanism of pinacolborane-mediated reduction
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FNHET Y VRO
ciss B U U VBRI Loz RIC, EXRY D UBROMEZREET 2L LT,

EAY D UBRMEOBRIZAT ) T X LRIR T, KEBREFE T CIREIRKIEREZ 52 &
NTRENTZZD, FTET VAV EAFLNZRATA~NERT L EE2EZ, —HRT IV
3 — /L DEEACFUG & FE % fiFF L7z (Table 30), 7 /v =—/L 273 % DMF #', PDC k%
TOZECTHBINVKRUVEER 2T 28K L L D ERBTZN, BHERREWE HZDDHTH
- 72 (entry 1) 107, XIZ, Parikh—Doering F{b %3 L7225, RO T HEITE T, FUEHEIY
W F o 72 (entry 2), WIZ TEMPO/PIDA E&{LiZ k> CTHhHI/VAR R 275 #EHEES L O &
L7eh, ST EMEE L7 (entry 3) 1089, —J5 TEMPO B#{LT7 /L7 b K 274 215 &
I E LD, BOnIZEIT Lo 72 (entry 4), MEASLKRMIZCIBX b xiTo7m& 2 A,
HEN G L TLES72 (entry 5). IBX/DMSO OGS TIE =R TS HEIT L,
TIT B R 274 % 50% CTH+7= (entry 6), Z O, HAERD O HFIZ =T I U REEL S
7= N-Oxide £ B2 LN HEIEMZBI L=, IBX & 1.5 Y &EICH S L- & 2 A, xR
1% 81%ICE Tl kL7 (entry 7).

Table 30. Oxidation of primary alcohol

_Bn _Bn _Bn
N O N° O N° O
J\ Oxidation \\\u\ J\
N N or N
I H | H |
Mbs OH Mbs P H Mbs 0% ~OH
273 274 275
entry conditions results

1 PDC (5 eq.), DMF, rt, 18 h complex mixture
2 SO;3°py (2 eq.), DMSO/NEts, rt, 12 h no reaction

3 TEMPO (2 eq.), PIDA (3 eq.), CH,CIy/H,0, rt, 2.5 h complex mixture
4 TEMPO (0.2 eq.), KBr (0.2 eq.), NaOCI (2 eq.), NaHCO3; (5 eq.), CH,Cl,/H,0, rt, 3 h  no reaction

5 IBX (3 eq.), AcOEt, reflux, 3 h decomposed

6 IBX (3 eq.), DMSO, rt, 3 h 274: 50%

7 IBX (1.5 eq.), DMSO, 3 h, rt 274: 81%

WIZT VT B N 274 OMALKIS Z Rt L7 (Table 31), 7 /47 & K 274 O EBEA F
VT AT 276 13K 5 &E %, MeOH H1, o ZM b ANCH W TR 2 To72& 2 A £
B L7 (entry 1) 109, F£7-, B{LAIZ oxone®IZZE X CTRRICKISEIT S T8, 2
DEAFTHEE N LTz (entry 2) 10, fEEF O =T I o BEALHNIIx L TIEFIZ
REZETHY, MOBEHZHND ZEPRETHDLZ R RBINT, £ T, HEX
FNIZATNVELGRT HZ EZWE L, Pinnick B{bz1T-o72 & 2 A, BFRINEIZTH
VIR 275 #4372 (entry 3),

Table 31. Oxidation of aldehyde

_Bn _Bn _Bn
N° O N° O N° O
\\\”\ Oxidation J\ J\
N N or N
I H I H I H
Mbs 0" H Mbs 0% “OH Mbs o7 OMe
274 275 276
entry conditions results
1 I, (3 eq.), K,CO3 (3 eq.), MeOH, rt, 1 h decomposed
2 oxone® MeOH, rt, 2 h decomposed

3 NaClO, (3 eq.), NaH,PO,4+2H,0 (5 eq.), 2-methyl-2-butene (10 eq.), tBuOH/H,O, rt, 1 h  275: 73%
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Thbb, AFLT ATV 276 DERIL, T3 —/L 278 75 BEPERNIC BT 5 T iEN
BLIRETHLHZ ENE 2 517~ (Scheme 58), HI/LARUEE 275 7vH A F LT AT )L
276 ~DOZEH#1 X TMSCHN: # W5 Z & THIRICHEITL,. BINETAF LT AT )L 276 %
S,

Scheme 58. Stepwise transformations from alcohol to methyl ester

N,Bno N’Bno NaClO, (1.3 eq.)
J\ U\ NaH,P0,-2H,0 (3 eq.)
IBX (1.5 eq.) W 2-methyl-2-butene (3 eq.)
- 5
NY E;'\SO, 3h,rt NR tBUOH/H,0, rt, 1 h
Mbs oH (81%) Mbs AN,
273 Bn 274 Bn
LA L
TMSCHN, (2 eq.)
"R PhMe/MeOH Vh
e/lVie
MBS 5Z~ome i, 1h MbS o7 ~om
276 (86%, 2 steps) 275

T, RV EOPLE#E A BT Lz (Table 32), PA/C Zftic, MKFEDMREAT
Sz A, HO 8T v 2TT I3ER LTS b oo, 25 Rl %k T b KNI
L7z (entryl), £ Z T iEEOE W PAOH): 2 Bl W= & 2 A, ST EIZ
AT LUREHTIZFIE 7 I v~ EBMENEZEN D EBEOEERPILAWREIAEL TR,
HyME pBEST 22 CIZR#EETH 7= (entry 2), filiifE%a PACla 2B 2728 2 A, BIARK
Wamml T 52 LN TE, EIET 277 #4472 (entry 3) 1V, filifi &% 10 mol %I HIl
LTRIGEIToT2E 2A, IWRBPLRLE T LN, BO k7 2 v %2157 (entry 4),
OGS A — vz 72 mg ([0 L T b M7 < BOSIEETIT L7228 (entry 5) ., 276 % 328 mg
W54 THER URISEB TS D 5ER L2 > 7= (entry 6), filllif &2 H & L T\
ST FER, AFF 30 mol % TRISITFERM Lz, 2D &N, KRNI AT — T v 7 O
(IR O E S LETH S LMW L PACle i 30 mol %23 il Th 5 & & 212, FER,
580 mg A — /L CTIESIEMHEIZHEIT L, 277 % 86% C1H7= (entry 7).

Table 32. Hydrogenolysis of N-benzyl group

,

N O NH O
debenzylation J\
N N
I H | H
MBS 52 >ome MBS 52 >ome
276 277
entry 276 (mg) conditions results
1 10 Pd/C (20 wt%), H, (1 atm), MeOH/AcOH (0,05 M, 20/1), rt, 25 h 276+277
2 5 Pd(OH), (40 wt%), H, (1 atm), MeOH (0,05 M), rt, 13 h 277: <80%
3 5 PdClI, (50 mol %), H, (1 atm), MeOH (0,05 M), rt, 13 h 277: 90%
4 43 PdCl, (10 mol %), H, (1 atm), MeOH (0,05 M), rt, 24 h 277:73%
5 72 PdCI, (10 mol %), H, (1 atm), MeOH (0,05 M), rt, 22 h 277:81%
6 326 PdCl, (10+10+10 mol %), H, (1 atm), MeOH (0.05 M), rt, 3 days 277:91%
7 580 PdCI, (30 mol %), H, (1 atm), MeOH (0,05 M), rt, 21.5 h 277: 86%

Gramain © & MacMillan Hld, ZNFNERY D UBRMEEIC, 1,3-U a7 %
HWTT I U&7 R b Lcte, MR CUBAET 5 HEEZH TS 6692, 2 T,
SCEREICE . TRy 27T ISR L, 1,83-Va— R7a X ZHWTT VX b &470, 3
— K7 H v 278 #4157 (Scheme 59), D, 278 % NS C NaH CTULE A 1T 9

L ERYDUBBHIOENEZ Y, 5 RELCAM 2T EE OV T AT LA v —L LT
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572, W2, MacMillan & O FIEICEH W, ZOEGEHRT VX UL ER —~7 7 Aa T
T92 &L L7 (Table 83), 1,3-Va—FR7a X 2HAWTT AR b L=%. BuOK
EMADE, THODICEERNSEZ D, 279 #1572 (entry 1), L2vL. FlEKME L
T 3= RTAA B E2RBEICE > T, ZEHEA~EEBINTLORBI SN0,

B2 RataiTH> 2L & Lic, 72 27T OT7 V¥ ki, HH% ProNEt, &% MeCN
TITHHBAICEIEHR D TLC IS CRIAERD O AR v vBR DN L 2R Lz, TO®HD
PRI ICIC L DALBETIX BuOK 7205 tBuONa (£ 25 Z & T, WHEIT 58%cm E L7z
(entry 2), L22L., 7 IV OT VXA, WL AT OFEEDNERETH T2,

Wi e L CHWE MeCN 28 E8 7, TOFEEROMIGICHWEZ E Z A, RISICKERE
BT E 272072 (entry 3), 7T I DOT AT IALDOEE, W THF 2 W& 2 A, X
JEIEIE & A EHETET ) REHRIICE £ o 72 (entry 4),

Scheme 59. Stepwise synthesis of pentacyclic compound

NH O N~ O
ICH,CH,CH,l (3 eq.) J\
NaHCO; (6 eq.) NaH (3 eq.)
Mb’}‘ H DMF, 35°C, 6 h Mb'}‘ H THF/PhMe, 70 °C, 1 h
® 07 oMe  (55%) ® 07 oMe  (80%)
277 278 279
dr=1.3:1 single diastereomer
| i) conditions A ii) conditions B T
Table 33. One-pot double alkylation
entry conditions A i conditions B 279 (%)
1 ICH,CH,CH,l (3 eq.), NaHCO3 (6 eq.), DMF, 35 °C, 5 h tBuOK (5 eq.), DMF/tBuOK, rt, 1 h 39%
2 ICH,CH,CHl (3 eq.), iProNEL (6 eq.), MeCN, 50 °C,24 h | tBuONa (5 eq.), THF/tBUOK, rt, 1 h 58%
3 ICH,CH,CH,l (3 eq.), iPrpNEt (6 eq.), MeCN, 45 °C, 48 h  : tBuONa (5 eq.), MeCN/tBuOK, rt, 1 h  56%
4 ICH,CH,CH,l (3 eq.), iProNEt (6 eq.), THF, 50 °C, 3 h V- 0%
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FILET  (-)-Minovincine @ 44k

Minovincine O &5 AIZ AT 7253738 IL Mbs 2 DfrE L, A U ORI TH D,
Mbs DR EIL, Z#E TIZH Na & anthracene I2 K25 —EFIETLORMFTIT-TE 2
2. B ERMALAEW 279 ITH L TZORMEEZ MWD & USHEMENL L, BRYD 280 2155
ZLIXREECTH o 72 (Table 34, entry 1), iIB L2 Z T T W H AR = VIKOFED DI,
BIBIGHEZ sTebo B2 bz, £Z T, KPPhe Z V2% Mbs JEOFREZ MG LT
&2 A, ORI 280 & 256% THR7- (entry 2) 12, F72. 21%D U EHEINA & -
7ol ISR EZ-40°C 6 0°CIZHIR L7 & Z A, 280 DINRITE DL LR 0o 1203,
JFRHE BN S 7o 72 (entry 38), ZORRKEZRISHEF T AT VOAINKGHENEZ -
TnbETPLE, 22T, KPPhelZ k% Mbs OBREDHK, HEEE TR IE L, B
DR FE NI TMSCHN IC X A EZH —T7 T 2 aTiTolz b 2 A, PLiRiER 280 DI
F1X 46%21m E L, 279 2 7% TlHEIX L 7= (entry 4),

Table 34. Mbs deprotection

N N
"fo deprotection /,,fo
N > N
mpd HH
O~ "OMe O~ "OMe
279 280

entry conditions results
1 Na (3 eq.), anthracene (3 eq.), THF, =40 °Ctort, 1 h complex mixture
2 KPPh, (2 eq.), THF, -40°C, 1 h 280: 25%, 279: 21%
3 KPPh, (2 eq.), THF, -40to 0 °C, 1 h 280: 23%
4 i) KPPh, (3 eq.),-40t0 0 °C, 1 h 280: 46%, 279: 7%

ii) 1.25 M HCl in MeOH (6 eq.)
iii) evaporation
iv) TMSCHNj, (2 eq.), PhMe/MeOH, rt, 10 min

ThAvAL REROPT, A U UE@bL, 42 R =0 ~EBH$ 56001382 < #
HINTWD 13, fil 21T, Mn i1l 3 v R RENLS b TWDS, £2T
A4 FVU v 280 OEELI S %17 213X, Minovincine % &% T & % &5 2 7273, Minovincine
HIRERICBILSN DA REERN S D70, WU R KSR E AT HER S - 7 89D, 37,
IBX ffb % iR CTITo72 & 2 A, JEBED Minovincine 3)IZfHon s b oo, IZIFFE
FUVZ Y F - 7= (Table 35, entry 1), % Z CIBX gk 2 ML TIT o7 2 A, E
DT HRER e o7 (entry 2), KRIZ, tBuOCl #& L7 & 2 A, HAKRY O FIZIX
HRR LB 2 DD N=ClLIRD FAERY CHEIEL Tz (entry 3), &2 T, BLEERIG %
RET D701 E DBU ICEZX TN, MRIFTEDLL o7 (entry 4), ik~
B ERHWDELRETIIREE N LT (entry 5), Swern BE{b TIL £ 5 A4 ik ¥ > #8111
A, WA OE &S 2T Tof R, BSOS EEEEZ > TWD 2 LRRII N
7z (entry 6), TPAP ik CiL, Al —HE £ TL E -722, Minovincine %) 10%
DINETHRDHZENTE, BRIl mEx2mE L7z (entry 7). L22L., Wligown
SINBTEH o, SoRhMFtEERQLHR, DDQ M2 b > &b BAF7RRE R
hHzx7-, DDQ Wb % BRAT 2 &, RIS E Z 0 . BAJ® Minovincine 1315 56 U
2o 72y (entry 8), % 1 KRl T2 1R 95 & (-)-Minovincine (8)7% 41% T#3 5 41,

280 % 34% Tl L 7= (entry 9),
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Table 35. Oxidation of indoline

N N
0 Oxidation O ‘ 0
_—
N N
HH H
O~ "OMe 0~ "OMe

280 (=)-Minovincine (3)
entry conditions results
1 IBX (2.5 eq.), DMSO (0.05 M), rt, 1 h 3: trace, 280: 75%
2 IBX (2 eq.), DMSO (0.05 M), 60 °C, 1 h decomposition
3 tBuOCI (20 eq.), NEt; (30 eq.), CH,CI, (0.05 M), rt, 1 h 3: trace, N-Cl was major
4 tBuOCI (20 eq.), DBU (30 eq.), CH,Cl, (0.05 M), rtto 40 °C, 1 h 3: trace, N-Cl was major
5 MnO, (excess), CHCI; (0.01 M), rt, 12 h decomposition
6 (COCI), (20 eq.), DMSO (20 eq.), iPryNEt (60 eq.), CH,Cl, (0.01 M), -=78t0 0 °C, 1 h complex mixture
7 TPAP (20 mol %), NMO (3 eq.), MS4A, CH,Cl, (0.02 M), rt, 1 h 3:<10%
8 DDQ (1.5 eq.), PhMe (0.05 M), rt, 12 h decomposition
9 DDQ (1.5 eq.), PhMe (0.05 M), rt, 1 h 3:41%. 280: 34%

&Rk L 7= (-)-Minovincine (3) D & FEfEFR 45T O F — Z 1L K KW= MacMillan @ & A% oh &

FWn—#%E/ L7 (Figure 24),

£, KEROREIL,

ELERZEBLT, FELRYT R

TUAS =B —EAEKL TWRWVWENFET 55 (Scheme 60) 119,

MacMillan D. W. C. et al. ACIE. 2013, 52, 11269.

I P lmll_;llln»\

ﬁ‘-‘._ _ﬁn lJn_ l‘

Morikawa, T.; Harada, S.; Nishida. A. JOC. 2015, 80, 8859.

A [N P TP AT
" I, J 1 I v R

Figure 24. "H NMR spectral data of Minovincine (3)

Scheme 60. Overview of total synthesis of (-)-Minovincine (3)

i) Ho(NTf,); (0.5 mol %)

OTIPS bisthiourea (1 mol %) NG
)o]\ o DBU (1 mol %) iiiy CSA
| _ MS4A, CH,Cl, PhMe, A L|SEt
N * o\_/NJ\/ 0 N
Mbs ii) I\)L iv) Lawesson's reagent ) H THF H
NHEBnN PhMe, A Mbs N (67%) Mbé
TBAF 0
155(5.3 g, 1.1eq.) 67m (1.4 g) 227 O O
4.49,71%, 94% ee
after a recrystallization
1. IBX, DMSO (81%)
1. LiAH, N‘Bho  pinacolboran N-B'o 2. NaClO,, NaH,PO,
THF, A THF J\ 2-methyl-2-butene J\
—_— _— -
2. AcCl, pyiridine O N ‘ then N 3. TMSCHN, l\ll A
DMAP Mbs H K,CO3, MeOH Mbd H PhMe/MeOH Mbs 7 OMe
1,2-DCE, A OAc (75%) OH (86%, 2 steps)
(76%, 2 steps) 240 273 (dr = 3.7:1) 4. PdCly, Hy, MeOH (73%) 277 (dr = 3.2:1)

ICH,CH,CH,l, iPr,NEt
MeCN, A

then
NaOtBu, MeCN/tBuOH
(56%, single diastereomer)
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Mb".‘ H 2.DDQ, PhMe
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ABE=E WHELBCELMEY AV LT L OBHRISOMR
B [ar21BRA AN RS~ DR A

IS OLEMIEEEBIT, ERMEETO~NT RN o7 EOLKRNYE L8
HERT 22 LICL08lERIEND T ENZN 1), I TH, ERY TUROFNLRY >
EXRTIURED~TE 6 BERIT, EELOYHESCRBLEMNR EDBEICIES A S
TWLH7ETTRL, e TEBESV U - LTHHASN TV EERTOHEE T
&51W0%%\%<@7my7nx&~ﬂ~7nGEf%ﬁwaéﬂwm Z OIS X
M2 L ONRZ N, 7o, ZEBEA~TE 6 BBRAKO FEREIOE VML INTE
%ffﬁ*¢v74>/%ﬁbfmfmﬁﬁﬁﬁakbfﬁ%%%ﬁﬁﬁ] EE A LR 118,

Me Me CO H

Paroxetine (280 Mosapride (281) Amorolfine (282) Quinacilin (283)
Figure 25. Monohetero or 1,4-dihetero six-membered rings in medical drugs

EHIT 1,220/ 301,227 ATk RELITa,B- R I % 4o & LT, AL
7 4 v & D~T 1 Diels-Alder JKIGIZH WD Z ERTERIE, ZEHR~T 2 6 HROME
IR ERRIEE N CE D EEZTZ, L L, —fKH7Z2~7 1 Diels—Alder )& TlE, A
YRTNT B RETIZT b & 2nflli~T rf 252 L% 19, o ik
DODEARMGEZIIRMICA~AT rRF 2502 03, BHRORFY T VICHARTELARRER
{LFHECTh 572, Diels—Alder Kt D FISMHEITIKR T2 57, BEE TICHHLNTWDHK
elE LT, BrEERAFL T o BV DETEES Diels—Alder Kk 120, vx /
TANELTTAF U ZMNLE 12D, EFHRGEEEZEALIATr Y2 2 VDK
JH 122 2 LTV ) T 4 VORI E AV D S IR EF 55, EEE, EELD
~T R E SR T D2 L, B HAEYIEEON EOH A IERLAIRICER D L F

%W*%ﬁ@%wm?m65%%%&%%%%%5%#’&&Lk0it GRS
1ELEﬁﬁ‘iﬁ¥%ﬁHb‘éﬁﬁi%9§fﬁT%ﬂ CBRBAWMOLRWI U =AY v AR
HDHNTWD LEAMIEIZIENT, ERMLCBEIE, LERN R & oMM+ O TR 3
DNFLIZHEBRTE D LB 27,

Yoon & &, AR EEILECAE A H W5 7 v Diels—Alder )&% BH%E L 7=
(Scheme 61) 129, RS TIiL, EFEEFR T /) 7 1L 284 N[ IRH 2 XL - CThild
L72*Rulbpz)s2t il k> C—FE Wbz =), VNI TFAL 28T HNEL D, e\ T, 2
DEBIARETCINIT AL AT L 285 &L DRI MKIERNET L, 7V NI F
Ao bk 288 kT, BRALANIK 286 IED, FETHL YT 284 YT /) 7 4L
285 HLEFEERMEFHETIIH D05, WHEELETMEAL T L —EFBEBHICL->TY
T ) 7 4 NVOHEEBRNEZ 5 2 LT, BE OIS T TIEEZ Y 27 Diels—Alder
BOSHEITT 5, £7o. FERBRBOSEMEICT T, BIGAINGAK 289-291 & &R TH TV D,
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Scheme 61. Radical cation Diels—Alder reaction

Ru(bpz)(BArF), MeO. ; MeO
\©1 0 5 mol %) O ; O
;\ Me
Me 02 CH,Cl, : \
Me™ Me i W M
285

visible light

286: 98% 289: 98%

\ - g é MeO O Ph
Ru(bpz);%* ‘
- : Me™

Ru(bpz)s* Oz 290: 72%, endo:exo = 1:1

MeO 0, MeO. ‘@ PMP
: o
Me !

A
Me ;\ 285 Me H
287 Me

288 291: 92%

I HlZ Yoon HiX, BEAxT /2292 A FEH & L, wHDLER LR AR K D kiR
7952 &T, BIARRILFHETHLIAATM T b danf et Lz, EFARA LT 4L
D~7 11 Diels—Alder )iz Z #% L 7=, (Scheme 62) 125, Z ORI TIETE T, AIfEHR
FHz X o T L 72 *Rulbpy)s2+ A, iPPraNEt IC Lk > CT—EF&E e &2 %}, RulD R4 L 5,
RuDix, hfllo= /) v & —@\ &L, VBNV T =4 294 #4EKT D, TD%, b
I—=ODDIT ) NN TTANMSMBEZY, —DHORERNEZ 5, il T, 7
ANT =F ik 295 5, C-C fEETEAINE Z 5 [2+2] 8IS TiEZ2 <. C-0
AR NRE DL TrFLT N 206 RNEL, TO%RO—EBTFBENICELY, 2 B
&M 298 G LD,

Ru(bpz)s®*

Me

Scheme 62. Radical anion hetero-Diels—Alder reaction of bis(enones)

o Ru(bpy);Cl, (5 mol %) 0
_ iProNEt (3 eq.) O. _Ph
Ph LiBF, (2 eq.) Ph", |
Ph > -
= H,0 (10 eq.) K
o MeCN, visible light
292 . 293: 86%, dr >10:1
*Ru(bpy){ iProNEt
+
iPr,NEt
*Ru(bpy)s?* -

u(bpy)s®* /<"
LI\
. (o] L|O
A/);\/) ---H
294

Yoon & DA% L7=7 ¥ 4 /M Diels—Alder i~ id. redox neutral 725 ToH 572
BEFEOBALB E I3RS R S U ABRIEKIS E 1T B e D, F72. HNTWARIES HME
WIERL . i boORNE W, T2 TEHFXZOABREBAGETMEICX DT VLR
Diels—Alder IS DH R AKEIC, Hl-r~T 0 6 BEEEORIEL AR L L L, £
T, oRXRUYF UV AIR2TERE L L, e Rux /)XY UBKOKEEL HIFT
Z Lt L L7, Yoon 6D RSEEMIZE Y, blue LED % 72 /T L IR ET T . Rulbpy)s(PFe)2
& LiBFs L O iPreNEt Z N T, oo X Y& ) P 22 29T L AF L E =)L | 298

D )i %47 > 7= (Scheme 63), INHEIT EJRELOHE R Z MR L7228, B ORI IIEK
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300 X5 T, K 299 3 12% THLNDLIDODHKTH T, AFNLE=)L7 ko 298 X
—HBTBEILEZ T, 7V INAT =42 3801 4L, i< oRXRY XV A IR 29T ~D
fHmz kv, FEE 808 NAELTWH EEX NS, LavL, HIORLKIG T 304 ~F
59, 303 B —EFE LT, Tr b ENDH T L T2 03BN EEXT, T2
DB ARKISEETIToRX Y X P4 R29T OBEILKIEDEITTT D ERRINT,
LWL ATFALE=LT 298 D—BFEILE VA IR 297 ~DOFIMBISIFEZ Y 55
AIREMEN R E N o, REEZEFE L THRE AT 2L & LT,
Scheme 63. Attempted [4+2] cycloaddition using o-benzoquinone diimide

Ru(bpy)3(PFs), (5 mol %)

o IIBZ O Bz (0]
NBz LiBF, (2 eq.) NH N
O G X - X
NBz iProNEt (5 eq. N N
oNEt (5 eq.) N N

MeCN, rt, 24 h
297 298 (5 eq.) blue LEDs 299: 12% 300: 0%
*Ru(bpy)s* iProNEt A
ProNEt :
*Ru(bpy)s?* =
Ru(bpy)s?* & | Li

oLi NBz N

= > ( I /\)\ """"" >
ﬁ\ NBz N> oL @N
301 @ 207 Bz Bz
NBz 303 304

WIZT V) A XY — L HFFE [ RER 1,2- 4 X 8305 & VTR 217 - 7= (Table 36).
F79. RIZ cHex Zk&2FFD> VA I 306a &, 5t & [AAR O v FLGER A& Jo i 2 1 v 2 BOS
FIFICHM LA, BIIOERT P 30Ta I3 o, B U 808a 7Y 49% T
7z (entry 1), Lewis g & L THWTW A LiBF4+ % Sm(OTHsIcAEH L7 & Z A, 308a
DULFRIT 70%2m E L7z (entry 2) 120, A IV EOEHRIER % cHex 705 Bn ITA X
72 805b Z H\ 72 & Z A [FIERIC 307b 156407 308b 235547z, R 7 cHex £ Y Bn
DN 308 DR LT AT LA ERMENE EL7Z (entry 3), & HIZ7 = =/L{K 305¢c
HFREEDOKIGRMFICHM LT Z A, 808 NHE—D YT AT LA ~w—L LTHELNAT (entry
4), VAIV EOBEBERZEZTHLHMOENT VL 30T NGO T-D T, &t
it E4T o7, WiEZ 72 b= MU b Y7 nua A X AR LI EZ A, 308c DIz
308c DHIBEAE EZ 2 HiLD 309 7 26% T L AL (entry 5), F 72 AT PG ER L 35 o fi 45
% Ir[dF(CF3)ppyl2(dtbpy) PFs IZ A 2 T 307c X5 53, 308c 233 H L7z (entry 6),

Table 36. Attempted [4+2] cycloaddition using 1,2-diimines
A T P ' ;r
[\N . ﬁ\ Lewis acid (2 eq.) ENj)k ¥ o
R

e
Y
(0]

"? solvent (0.1 M), rt, 24 h
Blue LEDs (0]

305 306 (5 eq.) 307 308 309
entry R photoredox catalyst Lewis acid solvent results
1 cHex (305a) Ru(bpy)3(PFg)s LiBF,4 MeCN 308a: 49% (dr = 2.5:1)
2 cHex (305a) Ru(bpy)3(PFg), Sm(OTf); MeCN 308a: 70% (dr = 2.8:1)
3 Bn (305b) Ru(bpy)3(PFg)s LiBF, MeCN 308b: 94% (dr = 12.4:1)
4 Ph (305c) Ru(bpy)3(PFg)2 LiBF, MeCN 308c: 52% (single diastereomer)
5 Ph (305c) Ru(bpy)s(PFg), LiBF, CH,Cl, 308c: 24%, 309: 26%
6 Ph (305c) Ir[dF(CF3)ppyl(dtbpy)]PFg LiBF,4 MeCN 308c: 54%
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HHIOERT Y 807 Tld . XU V0 308 oD b EZ BER- 52 L L
L7z, BEXYU T 808 DD, NI LEICABIZ X > TREI N TWD DONHEND
L7120, kBFEBREZIT-7- (Scheme 64), F DfER ., Rulbpy)s(PFe)s DA 2B b 53,
B P2 308 NIAFREDINRTH LN, T7RDH, XY 2 308¢ DA MMEMEIZIX
AR TR BE S B 5 L T Wi N E RIS N, FERE, 1IRT I E 2 BT
J U EBRENSEE TR S, FAHFEOERY VU 2B T REFIIFET D 120, KR
IZBNTH, VA I 3805 BNEUSKRTTHMEL, 7=U2 310 8EL, 207 =V UR
QUEDOAFAE= AT M ERIELT 809 &720 7V R— LS #AT L T 308c 73
BohlZ BB oNT,

Scheme 64. Blank experiment

Ru(bpy)3(PFg)2 (5 mol %)
(o] iPr,NEt (3 eq.) OH

[/N Hf\ LiBF, (2 eq.) O‘/

N * | > N

N P (d
o}

) MeCN (0.1 M), rt, 24 h
Ph Blue LEDs

305¢ 306 (5 eq.) 308¢
with Ru(bpy)s(PFg), 52%
without Ru(bpy)s(PFg), 61%

o o
o Cw Y

LiBF,4 H LiBF,4
NH, N\/\n/ N\/\n/
© 0 0
310 311 309

T, Bode &L AR ER LR Ll 2 W/ BT D UBAMRAE RS Lz 128, 1 51X
— BT BEEE LR C-Si ATEMHEARIEE AW TEZERE T VU OA M E#EMR LT
BY ., EH O Diels—Alder RS L ITEEN R D08, AR OEENFLLL T DA L&
AR AL A W TV B SRR L CTh D72, ARBFFRICH B Z B3 2 & 23 i
LWEHEr L, 2l EomitaehikdsZ L& Lk,
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TH T UNEEBATIUOALTCHNANDOF LT ¢ MO
FL 74T I MKIEDZ L X ZEFRESGORKICHETHY . 7TV EH
WHLHTEFIEEAEmMETWRWn 129, 2B E LT, 7 312 D—EFMLIZX
STRATLZTI V) IVANBIBITEFALETHY, T<IC7e brOBBEIZEY, o
T TV HN 314 2K D (Scheme 65) 130, F7=, 314 (IMEHICHFICALETH
D, BALHIERGETFTTIE, BBHICA I =0 LT 4 316~k b, £z, 71 /7Y
ANERNTELT 4 OIS EATH &, BHE, a7 I TV AVORMBREZ Y,
C-N#&aTiEz<, C-CHanERINnD 8D, —F C-N#HEAEHRIZIASFHH LD
X, T RN OAERTAHITIVATI VANV ERAND FETHD, TIVLVLIVINTA L
TAVICEREREEZEAT LM TFETIIH LN, TNETORKIGHTIZ, 7I R
woa J MO E TEANEFEM L TAERETCHZMVLILEND HZ &0, (b
BREOBDRBILANLETHDL Z Ll MENH 7= (Scheme 66) 132,

Scheme 65. Amine radical cation's reactivity Scheme 66. Amidyl radical

0 o)
- + AIBN, Bu,SnH
~ —° SN —H ~ RlN)]\R2 ’ RlN)]\R2
RN"R —> RNR —> RN R X .
312 313 314 - 316 317
. o) o}
-H IBX/DMSO, 90 °C
1 ’ 1
iR Ryl Rl
H
315 318 319

A, Knowles X, AIFYEIEALIESTCAEE 2 % redox neutral 727 X V7 2 b
DIE LR A VT 4 o ~OFINBOER & S Lz 183, AR~ 7 I R 320 1Txf L,
Ir[dF(CF3)ppylz(bpy)PFe % vl G e {b 2 e i i & L T, NBusOP(O)(OBuw)2 % 55 i 5L firt 44
ELTHWAZ LT, TIVATVANDE LT 0 O MIZH <. methyl acrylate &
D C-C FEBTAMIISZ R L, 321 & MmN TH7= (Scheme 76), 553 K4 o 132 R 23

Lo THRY, WHERTI RN N-H 7o b IZEML, 7 ROBFEENHEMNT S Z
T“*IF(III) EO—ETBENEITT S (Figure 26), — & Wb & FIRFICH 7 v b MBI
N FEIFIZHEIT L TR Y . WA 72 Proton-coupled electron transfer (PCET) % #&H 3

HZEMTIVLNTVHILDORAICEELRNIGHEELENLTWVWS

Scheme 67. Olefin carboamination using amidyl radical

Ir[dF(CF3)ppyla(bpy)PFg (3 mol %) B
@ NBu,OP(O)(OBuU), (25 mol %) Ph L e
NH methyl acrylate (3 eq.) Ox-N ! (1 )\
OW CH.CI isible light. rt \I\;)—t\ @\ -
,Cl,, visible light, BT — B
320 31 COMe j\ X
07 R

“Ie(lIy*

S}‘.!
\ Ph
OgN

NBu,OP(0)(OBu),

Ir(1n) concerted PCET
concerted PCET
325 CO,Me
r(1l)
Ir(lly @
Ph = Ph N H-B
@\N- Os N CO,Me O Ir(11) A
M > \I\;)_< > "R
S X 327
322 323 324  CO2Me Figure 26. PCET mechanism



Knowles b O3 R3 K 212, AR LE LAt 2 % redox neutral 727 I ¥ /b
TIONNDRAELF LT 4 o ~DOINE, V7 4 VICERERELZEANT 2172 FiE
Thod, LrL, AIRNABIEECMEZHANDT I UL T OB NAOROFRAEEIT 16 LD
WMENR BY FLEMOBRPLT VI VOREFIEIIE, VTV —ATIVnbDT
R=ATUANBE FFRTLANLDA I =N T DAL BN ENENENE 1 H
TObLDAHTHD, TZTEZITIHERERZRTLIPHINDRAEEELET VT 4 o ~OFfF
MBS DBRFEZAT A X, AHRA VT 4 OFBIEMIISOMESLIZEN D L& 272,

Tonge H L, 7 U NVT AT o ees. Decarboxylative allylation of a-amino acid
328 (Zxh L. AIHLLIES T, Pd(0) CHOLO e EEEREmE) _
AR & FTERERRAL BT AR O — N‘Boc DMSO, visible light g CN‘(B;/
il 2 5 2 & T, BlREE% 1 329: 64%
ST VNEDOEBRISE®mE LT

Pd(0) T
(Scheme 68) 136, = O s Tl Ir(iln) ’_\

. N\
7V E AT 328 O PA(0)~D CHLO_ ;d(ll)9> ( Ir(Il) C,’q Pa(il) 9> . s >
Bt nic k> TAHEC BT Y iy A Boc3:32 3Bsgc

JLHE R 880 23, L L 7= Tr(I1D) v /CO
- _ = = 2

fil 4512 ijf %%E&{K?XT CN}L Pd(IH>
IrdD) & 5 ¥ B v F 4 R Boc .,
331 WAL B, £Dtk, 331 I
RIRZEN, o7 R TP 38321275, it T 332X IrDIC L » T—EFELEX
7. 888 L, TUANA TV TITED, Ak 329 ~LEDH, FEHIXTZ DO Pd fih
L AR LR A A A S DT VAV EOBBNIEE T I VLT VDR E L
FLT7 4 U ~OMBEISICIEAT 22 L &2E 27,

£, 7UAA—ARR— | 834 z WV THETZ B L7z (Table 37), mIfGEE{KIE T
il 121X Ru(bpy)s(PFe)o. Pd fiilitiZ1Z PA(PPhs)s Z AW TG EITo72E 2 A, HHOD
BALIR 835 1215 53, PA(0)IC & B i Alloc (LS8 1T L 7= 336 BNELNDE DA TH
572 (entry 1), Wiz, fitlit % Ir[dF(CF3)ppyle(dtbpy)PFe I L 272 2 A, BIDOT U
JVILERR IR 835 134 9. i Alloc 1K 836 % 20% T8, 7 U VENERR Lo T2
BRALIK 887 28 12% CHE L M7- (entry2), AV 7 4 U HEEEEZ D LTIV AN I v
Vo 7 ORGEREDLY  TIVNVEOEBNMEETHZ L2 MFFL, Kt L7400 %Y
AF VIR 838 ICA T L TRt 21T o 72, Ru itz 726 121%, 8BAILik 839 X5 b
AL T 4 Mﬂw&ﬂﬁiﬁi Z T 72 340 & 341 &L E UK 10%, 25% CH37 (entry
3), Ir itz AV 72HAix, e FBET UV VEEBIK 339 131G 6o T2n, T UL
Br/N 2y Sk i e hdhbt343ﬂ28%fﬁfﬁ%t (entry 4), n7 U LHREAE S o Ir(I11)
b2 N L7 — BB LA T IVALTI O INDREL, AL T 4 v ~DfHN
FOSIEMIFF@E T L2, L L, ERT AT VANV ETINVTICANDT T T K
IMCRIERN S D Z E BRI N, 2T, ALV 74 iz blillmadTs2& &L,
AF L UFHER 344 VW THRFZ1To72, L2 L. 2054, BICKOSITEITE I
Alloc N REZINT- 846 155D H Th > 7= (entry 5),
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Table 37. Investigation of allyl group transfer—photoredox olefin amination

(0] photocatayst (1 mol %)
Pd(PPhs), (2.5 mol %)
"A{m'i‘jl\o/\y o > products
MeCN, blue LEDs
substrate n,.24h
entry substrate photocatalyst results
(0] pTol
Os N pT0|\NH
| \©\NJLO/\/ Ru(bpy)3(PFe); \I\;)—\_\ I~
o \ ©
334 | 335: 0% 336: 23%
o N'pToI pTol “H pTol
2 Ir[dF(CF3)ppyl(dtbpy)PFg \I\;)—\_\\ OW U
335: 0% 336: 20% 337:12%
0]
\©\NJ\O/\/ 0 NPTO| pToI\ pTOI\
3 Ru(bpy)s(PFe)2
o i %\/1
338 \
339: 0% 340: <10% 341: 25%
o NPT°' ICTN pTol
4 Ir[dF(CF 3)ppy](dtbpy)PFg b—t\ é‘\/)\ m
\
339: 0% 342: 3% 343: 28%
\@\ )l\ i IPh = POl
5 Mph INdF (CFa)ppyl(dtopy)PFs P10 N P
344 0]
345: 0% 346: 17%
BRibfk 337 & 343 DM TR O L O ITHEABND (Scheme 69) . PA(O)ICf{b.HfF
MK Z > THEL D7 VLA 847 3 *Ir(IIDIZ X » T— Mibx=d, ZV0NVA
FA 348 L2 CO:DBBEATENRN S, TIVNT VI 349 ~EDH, fit\ T, &

L7 4 ~DT AR EZ D,
351 725,

52 LT, 337 ¢ 343 1CE D,

Scheme 69. Reaction mechanism

pToI

Baorase o o //L\/j\ ||)g>

5
T)J UJ

352

pTol
R=H

pToI

QoS ﬁ%’”>/

353

350 3E U7 4,
CZTIVAINE T TR S PI

o
pTol \NJL

!

)

Ir(ID!

-

Pd(II
|
R7R
348

\ - Ir(l) pToI
p )
\> ﬁL "

350

.

CEY —BFEILTNEIY,
KBTI HNDOEBNENE IR

pTol<

N Pd ||)%>
I

R "R
349

Pati) )

Flo, EHIINE=ATINAVD—FRF—hF 84 ZHWDHZ LT, BAEAIEHEZTI VL
FZV A NE C-NFEEEMRTIERL, C-CHEAERICHHTE 52 & ##fF L7~ (Scheme
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70), AR T, PAd(PPhs)s & AIfEYEEELE L & LT Rulbpy)s(PFe)z & 7z &
A, BHOBRLIK 855 (I b, =F I UK L T ZEAEG SR LT 356
M 21% TRz, 7o, Alloc ENBRES T 857 & 20% CH LT, — T, Ak
fefbig e ik i1 Ir[dF(CFs)ppyle(dtbpy)PFs 2 N2 & 2 A BRID 8556 1X&E L /e o
ey, = F I UBAREER A VAR =T 1,40 L 72 868 28 12% TH: Hiv7z, Ru fillfitic &
ST 38 GobiehnoloZl &b, 368 1%, Ir filfiiic ko T F I v —dEFb S,
REAFT I PR —BFBOEZT . IV IV T T OBBETERLTEEEZOND,

Scheme 70. Attempted C—C bond formation using amidyl radical

Y= BRI e Y s
=/ Oy_o»_\\—Ph Me(CN, bTu:‘ LEDs —~ 0;:2:\\ =/ o>_o>_\\vr‘*h 0}/_\\—Ph

rt, 24 h

354 355: 0% 356: 21% (E/Z = 1:2.5) 357: 20%

Ir[dF(CF3)ppyl(dtbpy)PFg - (o] 0O —
| Pd(PPhs), (2.5 mol %) HN Ph S—NH /_}LNQ,ph
o
> o} _
MeCN, blue LEDs \ =/ 4 N 7 4
rt, 24 h Ph
355: 0% 356: 46% 358: 12%

Mtz mEa iR, Alloc EOBREEFES nT UL Pd K & FTH R R ST & o
—HBIFBHOBBICEIDT I VAT U ARAETHAFBORII L, AL T 0 ~OfF
MBS bH#EIT LI, UL, 7 U VEROEBE 24 RBACBISITETT Lo 7o o, Bt
ZEZITHETLZ L E LT
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BEE T X T VUG O B 3§

% # 13 ()-Minovincine DAKDOEE, 7 I/ 7 v 278 28 Fa—nLRT7 U EHWD
BT x ) 240 O NAREIRI 72382 0 S IZ K > TH 72 (Scheme 71, 5 _®HFELHS
M), EFa— LRIV EZ2HWHZ LT, B—0 cista ) VUK EZNKELS AT 7=,
L L., ORI DS TIXREA TR trans-&n ) ¥ U IRBPERMICE S 5 R
NHV, fFTI)7PrOAREELTHET /=) rOiEuid, BEM R IRERIRME O
MEZIz 572D, LT LLDEORVWEREEXARVEAERNHDL EEX T, £ TEH
X, AL 7 4 LT, T 2ERETUVNEEZRBICEATLIAL 7 4 0TI )T VL
SN EATT DO BIE, BT 7 N ORRIECD DBz, vrl
VU 2MNOPLMNPMEBTREETEMIN TV RAYIT, ESNLTWDHIHDORETT
1800 Bl Z##B 2 T\ A 7= 18D 7 X /7 7 VUL, Minovincine (8)721F Tid7e <\ k4
RRRMERICARTHD LWL, 22T, EE 360 W5 — kAL 7 407
R T UNMER S OBFRICER Y #lie Z & & L7z (Scheme 72), FEFHEDMBHIRY . AL 7 4
YT T UMERISIE 2 BIERS D 138, Lo, WTNOLE LERS R Z K
W5 2B TEEOMICHEETCH DD, TV DNINEFIR Lz 18 184 0 OSB3 %
FH XX, ERIEEHAGDYE, ZHRRFTI VI MU EAERTE D WML,

Scheme 71. Revisiting to the synthesis of B-aminoketone 273 in the Minovincine synthesis

NB N-Bo NHR'
pinacolborane
N _— > e N
Mbd H stereoselective Mbs H olefin Mbs H
OAc reduction OH amination OAc
240 273 359

Scheme 72. General aminoacylation method via photoredox catalysis
1
0 R

*NR2
N R R R2
361

R

360

ALV T7 4007 277 UL OB T, EF LT CTIOHL STV 5 Al
JeRRLE T & AR O T EMBER AW AL T 4 T I T ) = MERUGICER L
72 139, Glorius HliX., FI /L7 I K 862 (2% L. "X H . Rulbpy)s(PFe)2 K& Y
(PPhsAuNTfo 2 FHWT, 7V — ATV = Lt 863 27 UV — VL LA LT v
77V —{b&B% L7 (Scheme 73), AN TIX, 7V =AY 7Y =0 AENHE
L7z Rufiitic K> C—EFE a2 T, 7V =T Vh/ 368 BN¥EETLH, ZOTY
— V7 VAL 368 IEAMICAHNE L, 40D 8369 NAERKT 5, fitl T, &IDEEAK 369
i Ru(lIDIZ & » T B L E 21 T, Lewis Btk A 1 2 & IIDEEK 370 ~ & 25 &
na. :@A(Ill)f %7?21“1/74/7&{%&4[:?6 &ET. TR AEBOG A HEIT L, 3T1 ~
LELH, ZOH%, BAMBEECLY . T T U =LK 364 BEOND, ARSI R
TR Rk 7’”3*”%%‘6 £ YT Y ALK 365-86T O BT L
TS, BELIORETANTNDT V=V T OHNE, T YT A EET
[l U & D IS AT BB e & @C XD “EHEMBE T LT 0 0T X T UG B E
TE D EE 2T,
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Scheme 73. Combined gold/photoredox catalyst-promoted olefin aminoarylation

NHTs BF4N, (PPh3Au)NTF, (10 mol %) H
(/\ Ru(bpy);(PFs), (2.5 mol %) NTs o
X * > -
MeOH, visible light H
%2 % 364:88% 365: 6% (dr = 2.8:1)
X-Au' k\
"Nu = *Nu o)
368
NTs X
Me Ryl X-= Au” Aum [T %64 366: 34%
Nu-X 369
Rull“
Dt NHTs
= Ru" X- Au||| 367: 88%
370

ARSI R B Z TN D T VLT P ANADIAEL AL T 4 ~DOIN G OBl
BHE SN TWD 140, Wang Hlid, 7ALFE R824 T7 VAV HARET LTINS
OHADA LT 4 v ~OHMEIEAB%E LT, F72b5. *Rulbpy)s(PFe)s & BuOOH &

— BRI LI VAELD BuO TN, TILTE R3T20HKET LA
EHLSZET, T TUHNANRFEET S (Scheme 74, A), Wallentin B 1%, B /LK g
373\ KRV AF N EZAEAESED L TEL DBREKY 374 125 L., *Ir(ppy)s 2> H D —
BARILEITD ZETCTUNT VAR RETHZ L a2 R H L (Scheme 74, B), Fu &
[T b ALK R 375 &, HiHEMESME T *Ir[dF(CFs)ppyla(phen)PFe (2 & - € —7
BT 52 TTINT VNNV ERESE . AV T 4 U ~OMIBIOSIZIEM L7z (Scheme
74,C) ZTNHRIED DB AL B R OIICiRIL S L5 M (oxidative quenching
cycle) ThHDDITx L, CIIflENIZEIL S 5884 (reductive quenching cycle) T7 &
VT AN FEAET D, LR O D ER R ST L S o T EAME A WS I T
U — AL & [l U TS 21T 9 721213, oxidative quenching cycle N FE LW/
D, EFITA L BOSHKRHEEZZEIZ, ata1T> 2L L Lz (Scheme 75),

Scheme 74. Acyl radical generation by photoredox catalysis

O
*Ru(bpy)s?* y 372
tBuOOH %’ tBuO- Ir[dF(CF3)ppyly(phen)*
; . K,HPO,
u(lln) tBuOH (0]

Ph)l' 474 R)OJ\WOH C)

(e}
0(CO,Me), Ir Ir(ll)
g 2ewidne 9§ PPY)s a7s
B) R SoH > R 07 “OEt

373 374 IV + CO, + EtOH

L)L, WTFENDOKIRETEIZBW TS, s dETE9, JFEZ2BINT 5D TH -7,
Gl O " EHMEREZH WD ZENNETH D ML BOHEZERTSZE L,

Scheme 75. Attempted olefin aminoacylation
PhCHO (4 eq.), Cs,CO3 (2 eq.), TBHP (4 eq.)
Ru(bpy)3(PFg), (1 mol %), PPhzAuCl (4 mol %)
NHTs MeCN/tBuOH (0.1 M, 4:1), MS3A, blue LEDs, rt, 24 h

(/\ (rsm: 70%) or <;l\£s)0L
= idi Ph

PhCO,H (3 eq.), O(CO,Et), (6 eq.), 2,6-lutidine (0.5 eq.)
362 Ir(ppy)s (1 mol %), PPh3AuCI (4 mol %)

MeCN/tBuOH (0.1 M, 4:1), visible light, rt, 24 h

(rsm: 80%)

376
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EHIIA VLT 4K LT, T, TULVEDIERICERLZEAL LY ERLT
D, WIZT v 7T EOIRFICERELZEAL LY LRAAL, bbb, LT o
R T DT VAT IHAADRHIMBED T CHA G LI T4 & BT CHET
ZEThD (FE-2FE _HBR), TUALTITIALOMNMERET D20, 2AF L ik
AT HEESTT ZHOTHREZITIZ L ELTE, £9°. Wang b OS2 AWz &
AT T U HNTIERL, BuO 7 Y H AR L CEBRAL S B HETT L 72 878 18 8%
THE 57z (Scheme 76, A), &iZ., Wallentin > D kw2 matL-E 2 A, BBIOT
R T UMBIK 879 15T, L L, WRITDLT N 1%THO ., EEKDIIT LT TD
VDI, BALRIE DN EITE IS EE G EAK L7 380 Toh o7 (Scheme 76, B),
Fu b ORIGEMIIMD 2 DL By | fEAE TSN TLE S 0T, BIAZEBNT 5
VERHD, 2T, BLAIE LT®MFBELZAVC Fu bORGEEEITo2E 2 A, BWY
DT )T MER 879 & 5% THET-, EERWIET VT Y HNOMNIN%, BALKIED
HWITHFIC E&KIER L= 881 Toh >/~ (Scheme 76, C),

Scheme 76. Attempted olefin aminoacylation

PhCHO (4 eq.)
TBHP (4 eq.)
Cs,CO3 (2 eq.) Ph o
tBu
Ru(bpy)3(PFe)z (1 mol %) Ts \Nf
> +rsm: 13% A)

MeCN (0.1 M)
rt, 24 h, visible light 378: 8%
PhCO,H (1.5 eq.) o
O(COOER), (3 eq.)
|2,(6—Iut)idi(:e (o.li/e)q.)) oh Ph L P
r(ppy)s (1 mol %

T /H\/\)Lph ’ Ts \Né\% 75N Zph B)

s DMF (0.1 M)
377 rt, 24 h, blue LEDs 379: 1% 380: 21%
(0]
PhCOCO,H (2 eq.) o
K,HPO, (3.5 eq.) ¥
Ir[dF(CF3)ppy)](dtbpy)PFe Ph Ph Ph “Ts
1 | %
(1 mol %) Ts \Né\\é Ph N/Ts o
Oy, CH,ClL/H,0 (1:1, 0.1 M) Ph
rt, 24 h, visible light o}
379: 5% 381: 31%

F72. Fu b OKIGGEEZRF LTV HERIC, ok 877 NEILEMICARRE Th D M
R, REEH L UOBL L CBITIE, BEAIZIRNT 5272 <, Fu HbDK
JIGRMEER WD LN TEHEEX, E RFax o7 I FEk 382, 383 & W\ THist
BiTodlz 1), L LIZOHAEICBWTHHENOT I 7 7 VB RIER & LG 5/
Molo, £, FARMAZBRF L THOIEIBEITITEL R ST,

Scheme 77. Attempted olefin aminoacylation

PhCOCO,H (2 eq.) Ph

OBs K,HPO, (3.5 eq.) Ph and additives were tried such as
U [ Bs~ CoClI(PPh
/N\/\)]\ Ir[dF(CF3)ppy)lo(dtppy)PFg (1 mol %) N 0 (PPh3)s,
Bs R - Ni[P(OPh)3]4/2,2"bipyridyl
CH,Cly/H,0 (1:1, 0.1 M) CuCI(PPh3)3
382:R=Ph rt, 24 h, visible light 384: R = Ph: trace
383: R=Me 385: R = Me: trace

BHIOA LT 40T 2 7 UMERIGIFEEIT L, AEMITIESNLDL OO, WRITMHED
TERWERTH -7, REBESCKINSRETEZEAMFI L2, WTILbINREFEIZIZIOAR
NHT, ARERBEE ML H AT L7 0o T I ) T UNMERISE AT A L L L

Tzo MR LTCROUSSAE &R 2 KIZRT (Table 38),
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Table 38. Attempted olefin aminoacylation

PhCOCO,H (2 eq.)
base (3.5 eq.)

Ir[dF(CF 3)ppy)l2(dtppy)PFg (1 mol %)

oxidant (3.5 eq.)

substrate product
solvent (0.1 M)
rt, 24 h, visible light
entry substrate base oxidant solvent 379 (%)
1 H K,HPO, O, (1 atm) CH,Cly/H,0 5
2 ,N\/\)L 377 K,HPO, 0O, (1 atm) CH,CI,/H,0 (0.02 M) 1
3 Ts Ph K,HPO, 0, (1 atm) CH,CI,/H,0 (0.5 M) 2
4 K,HPO, 0O, (1 atm) H,0 0(N.R.)
5 K,HPO, 0, (1 atm) CH,Cl, 0
62 K,HPO, 0O, (1 atm) CH,Cl,/H,0 6
7° K,HPO, 0, (1 atm) CH,Cly/H,0 5
8¢ K,HPO, 0O, (1 atm) CH,Cly/H,0 0(N.R.)
9 - 0O, (1 atm) CH,Cly/H,0 0
10 KOH 0O, (1 atm) CH,Cly/H,0 0
11 KOtBu 0, (1 atm) CH,Cl,/tBUOH 0
12 Cs,CO; 0O, (1 atm) CH,Cly/H,0 0
13 TBHP 0, (1 atm) CH,Cly/H,0 0
14 K,HPO, duroquinone/LiBF, CH,Cly/H,0 0
15 K,HPO, (NH,),S,05 CH,Cly/H,0 0
16 K,HPO, DDQ CH,Cly/H,0 0
17 Ko,HPO, oxone CH,CI,/H,0 0
18 K,HPO, PhI(OAc), CH,Cl,/H,0 0
19 K,HPO, CAN CH,Cly/H,0 9
209 K,HPO, CAN CH,CI,/H,0 3
21 K,HPO, CAN MeCN/H,0 0
22 K,HPO, CAN PhCI/H,0 2
23 K,HPO, MnO, CH,Cly/H,0 0
24 K,HPO, PdCl, (1 eq.) CH,Cl,/H,0 0(N.R.)
25 K,HPO, Co(acac); CH,Cl,/H,0 0
26 KoHPO, Cu(OAc), CH,Cly/H,0 0
27 K,HPO, K3[Fe(CN)g] CH,Cly/H,0 0
28 K,HPO, air/PhSH CH,Cl,/H,0 0
29 K,HPO, air CH,Cly/H,0 3
30 l ph 386 K,HPO, 0O, (1 atm) CH,Cl,/H,0 0
31 pTol” Mph 387 Ko,HPO, O, (1 atm) CH,CI,/H,0 0
32 N \/\)L K,HPO, 0O, (1 atm) CH,Cly/H,0 0
pTol
33 pTol \/\)]\ ph 389 K,HPO, 0, (1 atm) CH,Cly/H,0 0
34 H\/\J 362 K,HPO 0O, (1 atm) CH,Cly/H,0 0
Ts” 2 4 2 2L 1o/H

a: performed in quartz tube; b: PhCOCO,H (1 eq.), substrate (1.5 eq.); c: Ru(bpy);(PFg), was used; d: degassed by freeze-pump-thaw 3 cycles

B, EFIT AR RSN D T ANV T, T2 ) T U ERE S i
FH L7, Li 528G L TW5 Fe filtfit & ((BuO)e # WA KIStk x T2 2 A, 73
KEBENE ZVELLT-

J T AR BT9 & 3% THFT- 142,
386 N EEMRMTH - T
B AL SO 23 HEAT

Scheme 78.

SV AN AN

H\/\)L
Ts” Ph —

(Scheme 78, A),

PhCHO (5 eq.)
FeCl; (5 mol %)
(tBuO), (2.5 eq.)

L7 L., Fe filtfftiz kv
F72. CoDfilif 2 H W25 & 7o X
TL7- 886 BN EHINETHE Lz (Scheme 78, B) 143

PhCI (0.1 M)
100 °C, 1.5 h

CoCI(PPhs); (5 mol %)

PhCOCI (2 eq.)

Ts~yN

PhMe (0.1 M)
100 °C, 1 h

386: 72%
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Ph Ph
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EIE 7 FU 7o XF AR DB %E

TV T 4T )T UNMEROEDRF TR RAERDBZ GO oTzlc, oA L
T4 T RSO E BT 2 Lz, EEIE MY 7 ra A F VRN LR R
RTNVFOFIRELE LTRATELZEICERL, ALVT7 40071/ M) 7mrmr AT
BRI DOBRFEL N, 72/ bY 7 v XA F AR OB G 2 Bat L, AR5
FAEOREEHET Z & & L7 (Scheme 79) 144,

Scheme 79. A new methodology of g-amino trichloroalkanes as a building block

NHR! -CCl ‘
R A novel olefin R c

) R
360 aminotrichloromethylation 391 \ N

393
BAEETICALVZ 4727 U 7 auXFIALRIEOHREFNT 72 < ME—HERS &
LT, Renaud 6503 L72A LV 7 4 TV RNV Z o A F LRGN ET bivd 145,
Fo, Mmoo AF L, THENEDEEMEOBKER L > T, BiEL
DOBANFEORBIZEFEFHNLERTOLEEL LB X615 (Figure 26),

o cCly
cl,c

H
| B "
Cl,C N . E
3 \5/1 ~ \E l!l o ©/,,J:NY§E|3/Me

* P NH T T A, O cely ,

u, N“ O ,
R PN Neel . o o ccl,

W /\7 | Cl o

S H

Dysidenin (394) Dysamide A (395) Barbamide (396) Muironolide (397)
Figure 26. Bioactive natural product possessing trichloromethyl group.

Stephenson & . A fRER(LIE Tk 2 H U 72 ATRAIC XV, BrCCls 2 HW\WTA L 7
q4r7uE R 7Z7ruAF KR EER L (Fm—2 % 8% MR), BrCCls 5 R Y
JauAFNTIHANEETHE, ARG LR M —-E e %5, 22T
EHF. AL RUAIDEAZFZ IAVIB T I v 2 —BFBILTHZ2C. 7I=20LT VAL
EREISHE, ZOTI=ULTVAINKRRNI 700 AF ATV AABRENENLS LT 4
VAT, AL T 4T RV zuea XTI ERBTES BT, £
T, TTRTIOFTHEBLECEMOKY (BT ) 7V —A7 v 28
ELTHWSD Z L& Lk 146,

phU LT 2398 ZHE L L., Ir(ppy)2(dtbppy)PFe & Al e B b= ok, U 7 o
2 AF T NP E LT BrCCls, Wit LT CH:Cle W22 A, HHIOT X/ b
UZ7mnu AF AR 899 28 19% TH L L, BIAERY & LT 400a & 400b 285 3F 9% TH &
7z (Table 39, entry 1), £ Z T, 399 DULRZLEHET 2 X< WA 21T o7 L 2 5,
MeCN, DMF, DMSO ® H1 TIZE(LE 399 DILRIZIKRE T LD SRV E DD, DMSO
DOEFZIEERILIK 400 DULE N K H A B L72 (entries 2—4), = Z T, DMSO #HW\W T, 3
BALE D BRAGIKICIUOR S 2 OSSR ZHAET D528 L L, AL L TDTBP 2Nz /- &
A, FUSICRES BT L o7 (entry5), —F. DBU A -846. HE D E

NEZ D, 899 b 400 LIEME LNEMK LA > 7= (entry 6), Proton Sponge % IV 7=
68




5 A 1Z1%. Proton Sponge 28 bV Zum X FfbaniibEMmE 0OBMERIREY % 5 2 1=
(entry 7)., — 5 I TH 5 LiIOH Z N 2 7256 121%.8399 DULE LKA E L 72 (entry
8), X HIZ LieCOsZHWDHHEAITIX, 899 1% 33% THE H AL/ (entry 9), & 67 DU
m A& B L, THEERE T B O F 21T > 72, Ir(ppy)2(dtbppy)PFs D5 & <
Ir(ppy)s K& % Ir[dF(CF3)ppyl(dtbpy)PFs # W T H i RICKRE RE TR ON o T2
(entries 10 and 11), L 7> L . Ru(bpy)sPFs Ti%.399 & 400 DKL T L 7= (entry 12),
F72. 1mol % THFIL T&7 Ir filfii A2 3 mol WIZHE L CTHLIFEALRUMEELZEH X2
(entry 13), RIZ, WHOREZHBFI L7z, BHEEZ&EO THEDOTH, K& IR E
WET DL LTl HNLEGEEDOEFR LT ICICEN M EL7cd, R E
Z0.06 M & LTHES it a1T 9 Z & & L7 (enties 14 and 15) , WIZIRMNAI Z 5 L 7=,
FA—NVDOEIMZED | KFEBENBEEINDIZEZ2HFHFLE D, T4 U a— @A F
NERMULIEEZ A, 8399 OINERITK T L7 (entry16), S HICTF AT =/ —/LDOFIMT
HIEMET LD, TA—VOBIITRKIGICERELZ RFT 2 ENEZ L (entry
17, £72. BrCCliz & HIZ 2.5 Y& (Ait4 4 &E) MALE A, AN E<HLHL
o TeZ &b, 399 b RISUS KIS ISEEZRT Z LR S 7z (entry 18),
2, 898 # 1.3 Y&, BrCClzaz 1 ¥ EIZANEZ TRIEEZIT- 720, 399 OULHFEIZE/LIT
oo 7- (entry 19), Zﬁﬁﬁl‘;% CH:Clz & H2O O @R TITo72&L 2 A, 399 1%

40% T H L7 (entry 20), @R L XTHREBRE L TIiTo 72 CH2Cla D ADEH LY
HULENE EL7ZD T, KARIZBWT iﬁ?ﬁ“@ﬁ)é:&iﬁﬂ?ﬂfﬁéﬂf: (entry 21) 147,
Table 39. Attempted olefin aminoacylation R
BrCCl3 (1.3 eq.) Ph K)/
photoredox catalyst (1 mol %) cl ~oTol jé\/\u
Ph\n/\/\NfPTO' additive, base cl Php * o
H . * 4002 R =H
a:R =
398 solvent (0.1 M), blue LEDs, rt 399 400b: R = Br
entry solvent photoredox catalyst additive base 399 (%) 400 (%)°
1 CH,Cl, Ir{(ppy)2(dtbbpy))(PF ) - - 19 9
2 MeCN Irf(ppy)2(dtbbpy)]1(PFg) - - 17 27
3 DMF Ir[(ppy)2(dtbbpy)](PFg) - - 13 36
4 DMSO Irf(ppy)2(dtbbpy)]1(PFg) - - 21 46
5 DMSO Ir[(ppy)2(dtbbpy)](PFg) - DTBP 19 31
6 DMSO Irf(ppy)2(dtbbpy)I(PFg) - DBU trace trace
7 DMSO Ir{(ppy)2(dtbbpy)](PFg) - proton sponge complex mixture
8 DMSO Irf(ppy)2(dtbbpy)]1(PFg) - LiOH 27 12
9 DMSO Ir{(ppy)2(dtbbpy)](PFg) - Li,CO5 33 5
10 DMSO Ir(ppy)3 - Li,CO4 33 2
11 DMSO Ir[dF(CF3)ppy)l,(dtbpy)(PFg) - Li,CO5 26 3
12 DMSO Ru(bpy)3(PFg)2 - Li,CO5 12 7
13 DMSO Ir{(ppy)2(dtbbpy)l(PFg) (3 mol %) - Li,CO4 37 10
14 DMSO (0.2 M) Ir{(ppy)(dtbbpy)]1(PFg) Li,CO4 34 4
15 DMSO (0.05 M) Ir[(ppy)2(dtbbpy)](PFg) - Li,CO5 37 7
16 DMSO (0.05 M) Ir{(ppy)2(dtbbpy)](PFg) HSCH,CO,Me (0.5 eq.) Li,CO4 26 0
17 DMSO (0.05 M) Ir[(ppy)2(dtbbpy)](PFg) PhSH (0.5 eq.) Li,CO4 28 0
18 DMSO (0.05 M) Irf(ppy)2(dtbbpy)](PFg) BrCCl; (2.5 eq.) Li,CO4 0 0
192 DMSO (0.05 M) Ir[(ppy)2(dtbbpy)](PFg) - Li,CO5 37 0
20 CH,Cly/H,0 (0.05 M)  Ir[(ppy),(dtbbpy)l(PFg) - Li,CO5 40 0
21 CH,Cl, (0.05 M) Ir[(ppy)2(dtbbpy)](PFg) - Li,CO4 26 7

a: 398 (1.3 eq.), BrCCl3 (1 eq.), b: mixture of 400a and 400b
wiz, ATV REOBILE CEMICESO TORGHEELZHN T L ELE

(Figure 27), £73 ., EEIKRIED Ir(ppy)2(dtbppy)PFe 23 Al L& (2 K - THhE L,
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Tr(IDAA U D Z E DB RISHBET 5, *Ir (B! = —0.96 V vs SCE)148(% BrCCls
(Evjered = —0.18 V vs SCE)149% +/3IZi8 e T A5 Z ENTELDITxt L, *Ir (B =
+0.66 V vs SCE)IX. ML B ICLEMDENS T UV — LT 2 (Euygred = ca. +0.7 V vs
SCE)1s0 % BT 5 Z LIFWELE L B2 b, o T, *Ir iIx37 UV — AT I & X T
372 < . BrCCls & I IETHZ EM TR END, £/, AL IrAVIET YV — T I
gl & S 720 (EyVAL = +1.21 V vs SCE), Ir(IID A FAE4 5 L 3k, 1=
UANT A TN A0 BERT D, BICECZ NI Z7aaAF AT areTr =y
LT IANBNENENAT LT 4 A NME T IILERD ~E R D,

red —
i _pTol E1/2°" =
BICCly o - f{” ca. +0.7 V vs SCE
Eq;®%=-0.18 V vs SCE Sy, 398
. i = W= g, vl - 7~
PR = B g Eqp Ph * pTol
r/— CCls —151Vvs SCE | +1.21 Vvs SCE ”f
( m I(ppy) (dtbbpy)PF w401
401 H\ \ sz*uvn - Em””*’” = ' /
Ph ol """":7“:(.)'66 Vvs SCEY -0.96 Vvs SCE CCLS
- ‘.‘~._ * el =
E1/2red =ca. +0.7 V vs SCE H _______ Tl Eqp 0.18 Vvs SCE
3 pTol 398 BrCCl,

Figure 27. Plausible reaction mechanism of olefin aminotrichloromethylation

FORBREF THWE 4 SOfEDORERZ Z N Z N OBR(LETCENAM L T 2 L. 399

DOULFEN Bz CM/M)Tix72 < | Eyz MH/*MIZFEBE A & 2 B 28 i 5 4 7= (Table 40) 299,

INE bbb, ik Lzl gt b ot eic 7V —v7 2 TidZe < BrCCls

ERIGET D0, ZOBEMBENMBEY A 7V OF THEHETHY . ERBOIRICEEL T

HZENBIZOND ML T. 2O LB %I BrCCls & )& 7 % oxidative quenching
cycle TARISVDEIT L TV D RIBEMEN @ W L RRB I LTz,

Table 40. Comparison of photoredox catalyst and the results of aminotrichloromethylation R
Ir photoredox catalyst (1 mol %) Phz NK)/
\PTol Li2COs3 (2 ea.) CIC\}&; pTol Clscj/\ﬁH

BrCCl, (1.3 eq.)
Ph\n/\/\
H > c h

DMSO (0.1 M), rt, 12 h 400a: R=H
398 blue LEDs 399 400b: R = Br
Eqja (M*1*M) Eqjp ("M/MY) 399 (%) 400 (%)?
Ru(bpy)s(PFg), -0.81 +0.77 12 7
Ir[dF(CF3)ppyl,(dtbpy)PFg -0.89 +1.21 26 3
Ir(ppy)(dtbbpy)PFg -0.96 +0.66 33 5
Ir(ppy)s -1.73 +0.31 33 2

a: mixture of 400a and 400b

Fio, AVIBEEO TV — L7 I Thl, ZRMOT YV — L7 IvhbbET
EZUTRAZENTELHME BrCC ZBRENCH WD L AN ST e 2ELD L.
ARG TWREZE T SETCWDLERIIKDO L HI2EZHND (Scheme 80), T72bbH, 7
V=T IR —EBFBILEZZTTELDLTI=ULT AN TTTF AL 4031%, MU=
HAFLTOHANIE->TH ) —E—BFBILEZT A I =0 L DT F L 404 ~ L EH
ENDAEENEZOND, £ 2=V LB F A OEREFEHT 2 REIE R O BEEE I8
EDOLZABESTIEIW AW, TLC I CTEMMBIEDRIARY 2 LB L T\ 5D,

Scheme 80. Decomposition pathway of substrates

H .
IV + ccl +
1x,‘&/\N,Ar N,Ar 3 \N,Ar
- CHCly
402 403 404
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Z ZTEFIL, LB b omuv el g bR A T, KB ko5 n Y
suana XAFNT P HNVREFH WS Z L T, reductive quenching cycle 23T L v &
Ezl, Thbb, NV 7uauXF LTV HVORENBEDKIGR TR, ICAELDT
SULTIHANAFTAL 401 B, NV aa AF AT 0NN KDL LY b EICE

{EREDHEIT L, 4056 ~E 5 EWFF L7z, (Figure 28),
N<,To cal Cl N<yTo
'Q:thT e CCI?&;hpT I

fast
/ 405 399

Ph .pTol *Ir(1r) Ph +_pTol
H H CHCl,
398 401 —~_
PhWN,pTOI
H

CCly T
406

Figure 28. Designed new pathway of aminotrichloromethylation
bbb, filift L U Ir[dF(CFs)ppyl(dtbpy)PFs, FV Z7 oo X F 07 P E LT
CClu zflnp &L, Zo*Ix(IDIX. 7V —AT I 2+mIC@Bbd 52 & AAHE
Tohod (BT = +1.21V vs SCE)15), = O *Ir filff (Ey* 1T = —0.89 V vs SCE) 1%
723 b CCls (Bygred = -0.78 V vs SCE) 152z 04 5 WREMED & 2 25, % % ORRALE LHE
PEDFENS | JEDFEE D reductive quenching cycle 23 F FIZ 72 5 & #FF L 7= (Figure 29),

,pTol Eqp'® =

]
CICCly Ir ca. +0.7 V vs SCE
E1)°%=-0.78 V vs SCE
E1/21II/II - » /2IVlIII — Tol
///‘CCB ~1.37 Vvs SCE| +1.69 V vs SCE ’p°
I Ir[dF(CF3)ppy)],(dtbpy)PFg Ir'V
401 H Eqp i = PV =
+ “pTol +1.21 Vvs SCE —0 89 V vs SCE CCI3
i E1/2red =-0.78 V vs SCE

E1;"® =ca. +0.7 V vs SCE
\( “pTol 398 ciccly

Figure 28. Alternative reaction mechanism of olefin aminotrichloromethylation

UL, Bl LesE&tTcb AL 7400737 M) 7 oo X F LG Ok R
Xk Lo 72, (Scheme 81), 72, 2 oD IrfiltfED Iz, 1FE A ERPITENAD
NieholeZ b, N 7aaXAF LI P ANDF LT 40 U ~OIMRHELS , 7281k
OGN EBEW ERNENRKRORINZ EEZ bR, £2 T, BILKIGEZRETE T V%
RELRDAF VY 407 O XD RIEETHRHEZITO ZLRABROBRBELEZEZTWVD
(Figure 29), L2rL, WHEZZHEKWLOD, FH ALV 70> 71/ MY 7o AT
PG EFR OB R LI el iR T 2 A OAIVEEBR T 2 2 E AL E o T,

Scheme 81. Attempted modification of aminotrichloromethylation

CCly (1.3 eq.)
Ph -pTol
Ph _pTol photoredox catalyst (1 mol %) < z N
\n/\/\u P LhCO, (2 60 pToI . H ]/\/\N,pTol
ClsC J H

398 DMSO (0.05 M), blue LEDs, rt 400a Ph
Ir[dF(CF3)ppyl,(dtbpy)PFg: 36% <6% 407
Ir(ppy),(dtbbpy)PFg: 34% 0% Figure 29. New substrate

LZAT, RRTITEME TH D LiaCOs 2T 52 LT 899 O RNRMmEL, 72
FEERAILIK 400 DN LTz, ZOHBEZRDO XL HI2E 2 TW5DH (Figure 30), kLI
FETOBRE T, BT Y — AT I U NEET 2B (LR SN EITT5 —F T, 7

V=7 I UREE LW, BHEOF L7 4 02k 5 ATAR S Z » TWA ATREME R &
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Z6ND,Thbb RPN TVh 4081 T U H VEH B G T 410 ~F DR & o,
(VLT UV — AT I Tlide, XUV T U0 408 PHEFE2ZITIY ., ZHick
DWAELDZRUCDADF AL 40917 0T =4 BAM%E L, 410 34 U2tk HBr O il
HEIZ L > TALT7 42400 ~EBELHZENREBEXBNDH, 7o, Stephenson H i, 410
LA 2 I SN2 S CERALSUS DR EIT LW L 2D T D (FE-2 F _HiS
M), —J., BEEOHFMET T, HES N-HIZEMTHZLICEY, TU—LT IR
WS, JV—BFbz2 I T WVWREICRD, T74b5, PCET O T I
DO—BFBIEIENEITL, 899 ~FE o TWNHEEIHND,

without base (through atom transfer radical addition — ATAR)

H
IV Br Ph _pTol Ph _pTol
Ph._ NPT Ph NPTl . NP = NP
H H \Br H H

Cl,C ClsC Cl;C Cl;C
408 409 410 400a

BrCCl, T

|rIV

with base (through proton-coupled electron transfer — PCET)
. CCly cl N
Ph\n/\/\N,pTol cl \)&; A pTol
1

Ph\n/\/\
| cl
_ HB

a1’ 412 399

.pTol

W--I-Z

Figure 30. Role of base in the reaction

WA, EHTERDT I/ b 7o XA F bk 899 ® b U 7 v v X F L EEDEHIE
ERRET 5 Z L L L7z, Batti b O@EICHEW, CrCla E X X7 VT v REEF, MU 2
D AFLIEEEHRL SO LT a— L 4183 A% L L 9 & A7~ (Scheme 82)
153, LvL, a7 a— 418 36T, 3BRELAY 414 % 22% TH 7,
FOGHMEIZIRD Lo IcBEZ 6D, £9. RHPTHEAET D CrCla 399D MU 7 om AF
NIEEEBETL, TAXALIaI 7041 NEL D, TD#%, HCrCla 0 giEEIZ LV . 416
20, CrCls i+ 22 LT, BE=UF UL 417 BNRET D, TBITiE, =
DHNRINE 7 I AT T Y K418 RNAEL, TAT & R~OMINHEIT L TF a R
IWFRNT N A= 418 ~EBLH 08, KR TIE, AR AT BEEOEFEE R ERE VY
o7l L, 419 ~ELRENMER L EZOND, 419 by 77 0H
BRIGZED X AT VT B ARG Z 5T 420 & 720 £Df%, HCrCl: 23 it
BT 22 LT, 414 ~EED, NV zmaaAFUENLRETLI /7 uI v =0T 00
N A REFMBALEFIC, Yandkrazrv a7 a AT 56T LTV D
154, LsL, BERICHTARGHEIT RN, AFIT ) 7 oo A FLEORISOH L
WHIR S 25, o, WRIZKBORMITD S, AGIX, V7o 2 F s
RELTEZBREERBEAGROAREL R THICo7oEEZ TS,
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Scheme 82. Transformation of trichloromethyl group

N N
PhCHO (2 eq.), NEts (10 eq.) \©\ O
CrCly (6 eq.), LiAlH, (3 eq.) Il Me N Me
Cl N<, >
cl pTol
ol Ph THF, 60 °C, 10 h HO O o] O

399 413: 0% 414: 22%, 36% brsm

CrCly R4
CrCly PhCHO .~

N
Ph
Cl,Cr N~ Me
C|20r§\§;h pTol |

LiAIH,

cl Crel
415 418
A
-HCrCl, crcl, | -HCl
Cl,Cr Ny ol N
cl -CrCl, HOX Me
416 a7
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FBAHE T VXN AT L OB EERe-T UV — T b ~D A RS

EFWIA LT 4TI MV 7 aa AFUEKIEORETOHR T, R L TV W RS %

AWs &, EHEOT VLT La— L 428 L/ 424 PERLTVDZ LiICK S\
(Scheme 83), ZN O DRIEMRMIZ, DO XY I LT 1 420 ODEMLE ZTF L
OB L > THEK L TWD EEZ X HND,

Scheme 83. Observed isomerization and oxidation of exo olefin
Cl N~
Cl\/\&;h i
Cl
421

Ph\n/\/\N,R
H

420

/\

o OH (0]
2
Ph\”)\/\N,R . PhWN,R
photoredox H H

catalysis 423: trace 424: trace

EFIXIZ O VT 4 OBRACKE % 1Y) 72 ARG ER AL IR T ik B oD SO SR S S (b T
é_kf\%%w7)~w&%/mémﬁwﬁ%_mﬁféék%zkoﬁﬁb%\aT
NFNVATF U UFHER 426 O _ERK AL T2 LIk o THRONDLIT ) 426 &, 4
F W Michael KJEDOZHMEE LTRHHAT S LT, BILIK 427 AR TEDH LB 2T
(Scheme 84), . a7 V—AFr hriisrbhoroviIrve ) —xz—7rmlox )7
— MEEWDOT YV =M ERISIZ E > TERT H2OR—KETH 2D 155, LirL, LIFLIE
a7 V=7 b DOARIINETHIHENHY . ZOREELE LTI OBIEABRILKEG
D FIFEITAE I ﬁék%ﬁf%é Flo, T V=T hE, BRLDEERAEMR EIC
ﬂ%f%é BIZIE, = b EKE2Fo TV A%HA, BIXWT I RIS EITH 2 LT, 428
DFEOLNDL, EFIZZORKeT V=17 N OFBAERIEOHSZ BT, £
Fo-TIFIAF L B ER 426 OMILEIS O Z B+ 2 & & Lz,

Scheme 84. Pursuing a new approach to cyclic a-aryl ketone
[0]

s 0 0 reductive NH

AR O, Ar: cyclization Ar: amination

j/\L ------------------- - | | e > || e -
hotored

R XH photoredox R 4 ?(H R™ X Ar = oNO,CgH, R X

X =NR', 0, C(CO,R),  catalysis
425 426 427 428

BEICHWAETFTAIEE L LTa- A F AL RAF L UFER 429 28 A7 (Table 41),
B bR et & L T Ru(bpy)s(PFe)2 2 OY, AR K N R TR T, 429 %‘:Ji
JSIZH L7 & 2 A, BbARmIEE T, EER S L (entry 1), ®IZ, Bt 5
e LT P NEt Z#RISICMA Tz ZA BHHOxT 7 431 8 6% TH L7 (entry 2),
LivL, FEKDIZT VLTV —)L 430 ThH - 7=, KIZ iPreNEt % Hantzh Ester 22
2T A, TIUNLTa— b 430 OPEFEN T1%2m E L7 (entry 3) 156, F 7= filil %
Ir(ppy)o(dtbppy)PFeicZE 2 72 2 A . 7T U LT L — )L 430 DR N E T L 7= (entry 4) .
o T, TUIATIa— 1 430 DA KIZIE Rulbpy)s(PFe)2 233 L TN 5 Z & 28HBH L 7=,
ZZ T, MnO: ZIRM L, KISEHRFTT U LT v a—/L 430 DAL Z{TV, =/ > 431
NEWTHZ L L L7z (entry5), TORER., =/ 431 OINFEIL 24%I2E T L3256

DO, RIEBEWNFERTHo7=, WIZ CulOAc)e ZIRIMLTZEZ A, = /7 U OHEIL 31%I2
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%#E L7 (entry 6), HiZ, Cu(OTf2)2 TIXULZED 46%I2F Tl L L7z (entry 7)., £ Z
T. Hantzsch ester X" Cu(OT) & L 7=, =/ 481 ONRITEE I )»ho7=

(entry 8), F 7z, A YCER LR Tl & 802 “HABER & L CHWDEAICH Tr il X
D . Ru il 52358 LTV 5 2 & 23K L7= (entry 9). SOUSTEIRIC MS3A 22 % &,
T /431 DILHRIT 56%I21 L7 (entry 10),

W, RSO RCHEEZ AT 5720, HREREZIT 70, LI bR STt i 2 A
WTIGEATO &, ARMITERE LSO olz, —FH., FERIE 48% 721 Th
o7= (entry 11), &2, EHFHETKIEEIToT-E 2 A, FEZIZIZEZNITHEIL L =
(entry 12), & 512, MEZHWFRISEITo72E 25, BALAERYITEME L E LN
7h o7 (entry 13), LA LD R RERR LV | KRERCIOS 1%, AT GER 035 ol | S fid 445 |
EL LT OETICL s TRIEShL, 2 THALETHDIZ ENRBINT,

Table 41. Screening of oxidation of a-methyl styrene derivative

photoredox cat. (1 mol %)
electron donor (1.2 eq.)

Et0,C CO,Et
additives, O, OH Q ||
PhWN/TS - Ph\H)\/\N/Ts Phjﬁj\/\N/Ts N
H MeCN (0.1 M), rt, 24 h H H H
430 431

429 blue LEDs Hantzsch ester
entry catalyst electron donor additive 429 (%) 430 (%) 431 (%)
1 Ru(bpy)s(PFe) 0 0 0
2 Ru(bpy);(PFg)» iProNEt 0 22 6
3 Ru(bpy);3(PFg), Hantzsch ester 0 71 5
4 Ir(ppy),(dtbbpy)PFg Hantzsch ester - 0 53 6
5 Ru(bpy);3(PFg)» Hantzsch ester MnO, (2 eq.) 0 38 24
6 Ru(bpy)s(PFg), Hantzsch ester Cu(OAc), (10 mol %) 0 9 31
7 Ru(bpy)s(PFg)» Hantzsch ester Cu(OTf), (10 mol %) 0 1 46
8 Ru(bpy);3(PFg), Hantzsch ester Cu(OTf), (20 mol %) 0 14 46
9 Ir(ppy),(dtbbpy)PFg Hantzsch ester Cu(OTf), (10 mol %) 0 7 40
100 Ru(bpy);3(PFg)» Hantzsch ester Cu(OTf), (10 mol %) 0 6 56
11 - Hantzsch ester Cu(OTf), (10 mol %) 48 trace 0
12¢ Ru(bpy)3(PFg)2 Hantzsch ester Cu(OTf), (10 mol %) 99 0 0
13¢ Ru(bpy)3(PFg)» Hantzsch ester Cu(OTf), (10 mol %) 77 trace trace

a: Hantzsch Ester (1.5 eq.) was used, b: with MS3A (50 mg/mL), c: in the dark, d: under Ar instead of O,

SOGHEREZ R D L H12E 2 TWwb (Figure 31) F9°. Al HEIC X - T RuD) bt
NI 5 Z & TS BASE L. *Rul)iX Hantzsch ester (IZ K> T B FELEZIT.
Ru(D~&E#H N5, Ruit, BEE D 7 (Kyered=-0.8 Vvs SCE)150% —FEFiE L L 9 5
BAL(E2T = ~1.33 Vvs SCE)2 o TW\WAH 72, —BETBEIIEMEICLY A— "—FF
RIOANT =F U PRAET D (cf. Bl = -0.81 Vvs SCE), BAELTT7 Y HLIEA
F U UHER 420 12N E L, NPT Vv 482 NERT D, SfBEIEAE T T,
432 N7 v ffb b —EB R EZIT, TARX T RN438 L0 BBEKRICL - TT UL
Ta—L 430 ~E B DH, —J, HABLFLE T TR, 432 A —EFBEEEICLD . N
UNHF AL 484 L7 T a NUBENC X o ClEM{EY 485 BAER L TV DH EB B
%o “AMSAN M ERALY) & RS T AR B TE Y 158 ARICE W THHAIDF M A 436
DAERLTWDLAEMEREZEZOND, ZINDMNETINDE THEETILIE, 431 ~&
L, E7-— T MBI 435 XA EOAF LV T 4 L EABLT D ATREME S B 2 H LD 159,
TD®%, AR LT ARF T N 488 BB L. 489 MO AKOMBEN K Z X, = /7 > 481 ~

LED,
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Ru(bpy)3(PFg); (1 mol %)
Hantzsch ester (1.2 eq.) OH

0o
Ph__~ Ts Cu(OTf), (10 mol %), O, Ph Ts Ph ~Ts
Y\Aﬂ . H . H

MS3A. bloe LEDS | 430 41
ue LELs 6% 56%

/;u' -Hzg\
OH
al Ph -~ N/Ts
/Ts . /Ts H
W s HO 439

- Ph Ts
U} I .
cuo, | -culo, HE+ Cu(ll)---oa)\/\”

cu' 438

)U
—_—

Ru -

e . o0 oOH oOH
g HE phj)\ﬁN,Ts g Ph\”)\/\N/Ts ___ . Ph TS
HE " H 1,5-proton H Cu(ll)-- H
434 shift 435 437

Figure 31. Reaction mechanism of Ru/Cu-combined oxidation

BT, fFobhicx /) 431 ORGISZ M L7z (Table 42), —f%HJ72 Michael Jx
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Figure 32. Calculation of HOMO/LUMO energy of 431 (Semi-Empirial/PM3)
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General Information

Commercial reagents and solvents were purified prior to use following the guidelines
of PURIFICATION OF LABORATORY CHEMICALS (FIRTH EDITION). Reactions

were carried out in dry solvents under an argon atmosphere, unless otherwise noted.

Analytical thin layer chromatography (TLC) was performed on Merck 250 pum silica gel
60 Fa54 glass-backed plates, and visualized by exposure to ultraviolet light (UV, 254
nm) and by staining with p-anisaldehyde, ninhydrine or potassium permanganate
solutions as appropriate. Celite was used with Celite® 545. Column chromatography
was performed with Wakogel® 60N (38-100 um) from Wako Pure Chemical Industries,
Ltd, CHROMATOREX-DIOL and CHROMATOREX-NH from Fuji Silysia Chemical
Ltd.

NMR spectra were recorded at 400 MHz or 600 MHz for 'H NMR, 100 MHz or 150
MHz for 13C NMR and 376 MHz for 19F NMR. Chemical shift for proton are reported in
parts per million downfield from SiMes and are referenced to residual protium in the
NMR solvent (CDCls & 7.26 ppm). For 13C NMR, chemical shifts were reported in the
scale relative to NMR solvent (CDCl3 & 77.0 ppm) as an internal reference.

Infrared spectra were recorded on an ATR. Optical rotations were measured at 589 nm.
Mass spectra were recorded using ESI mode with TOF analyzer. The enantiomeric
excess was determined by HPLC analysis measured at 254 nm with chiral columns.
X-ray crystallographic data were collected at —180 = 1 °C using filtered Cu—-Ka

radiation.

Photoredox-catalyzed reactions were carried out under visible light irradiation by blue
LEDs (Amax = 450 nm, 5W, LED Hikari Syoji, HS0511BD1) surrounding the reaction

flask at a distance of 3-5 cm with cooling from a fan.
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[1] Synthesis of dienes

Dienes 62,194 66,160 183,64 18464 were prepared according to the reported procedure.

3-acetyl-1-benzylindole (S1)
o Under Ar, NaH (60% in oil, 240 mg, 6 mmol, 1.2 eq.) was added to a
] solution of 3-acetylindole (796 mg, 5 mmol) in CH2Cl2 (25 mL) at 0 °C.
N

Bn After complete addition, the solution was warmed up to room temperature

$1 and stirred for 30 min. Benzyl bromide (0.6 mL, 5.25 mmol, 1.05 eq.) was
added at rt and stirred for 2 h. The reaction was quenched with water (10 mL) at 0 °C
and extracted with three times of AcOEt (10 mL). The combined organic layers were
washed with brine, dried over Na:2SO4, filtered through a plug of cotton, and
concentrated under reduced pressure. The residue was purified by flash
chromatography (SiO2, hexane/AcOEt = 2/1) to afforded S1 (91%) as a colorless solid.
IH NMR (400 MHz, CDCls) § 2.53 (s, 3H), 5.36 (s, 2H), 7.16 (dd, J = 1.2, 7.2 Hz, 1H),
7.28-7.37 (m, 6H), 7.76 (s, 1H), 8.40 (dd, J = 1.2, 7.6 Hz, 1H). The spectral data

correspond to previously reported data.!6!

3-acetyl-1-[(4-methoxyphenyl)sulfonyl]indole (S2).
o  4-Methoxybenzenesulfonyl chloride (4.46 g, 18 mmol, 1.2 eq.) was
] added to a mixture of 3-acetylindole (2.39 g, 15 mmol) and K2COs

3 (4.15 g, 30 mmol, 2 eq.) in acetone (75 mL). The mixture was stirred

S0,
Meo/©/ at rt for 12 h, and then quenched by sat. aq. NH4Cl (100 mL). The
S2 layers were separated and aqueous layer was extracted with three
times of AcOEt (50 mL). The combined organic layers were washed with brine, dried
over Na2S04, filtered through a plug of cotton, and concentrated under reduced
pressure to afford S2 (4.69 g, 95%) as a brown powder without further purifications. 'H
NMR (600 MHz, CDCls) § 2.57 (s, 3H), 3.82 (s, 3H), 6.94 (d, J= 9.0 Hz, 2H), 7.31 (dd,
=17.2,7.2 Hz, 1H), 7.37 (dd, J=17.2, 7.2 Hz, 1H), 7.89 (d, J= 9.0 Hz, 2H), 7.92 (d, J= 7.2
Hz, 1H), 8.21 (s, 1H), 8.33 (d, J= 7.2 Hz, 1H); 13C NMR (CDCls, 100 MHz) § 27.7, 55.7,
112.9, 114.7, 121.4, 123.0, 124.7, 125.6, 127.4, 128.6, 129.4, 132.2, 134.8, 164.3, 193.4;
IR (neat): 1665, 1591, 1538, 1442, 1368, 1270, 1136, 1086, 1018, 970 cm-1; HRMS (ESD):
m/z caled for C17H16N104S1 [M + H]+: 330.0800, found 330.0797.
1-(4-methoxybenzenesulfonyl)-3-(1-[(triisopropylsilyDoxy)vinyllndole (155)
oTPs 2 6-Lutidine (6 mL, 52 mmol, 1.3 eq.) was added to a mixture of S2
I (13.2 g, 40 mmol) and TIPSOTf (12 mL, 44 mmol, 1.1 eq.) in CH2Cl:

/©/302 (200 mL, 0.2 M) at 0 °C. After the mixture was stirred for 1 h at 0 °C,
MeO

the solvents were removed in vacuo, keeping temperature below
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30 °C. THF (200 mL) and diethyl ether (100 mL) were added, the mixture was washed
with brine (three times), dried over Na2SOs, filtered through a plug of cotton, and
concentrated under reduced pressure to afford 155 as a brown powder. Further
purifications were different in accordance with the situation.
-For non-enantioselective reaction: Further purification was not needed.
- For asymmetric reaction: The residue was purified by flash chromatography
(CHROMATOREX-DIOL, hexane/AcOEt = 10/1 to 5/1) to afford a white solid. The solid
was added by hexane/diethyl ether (1:1 v/v), filtrated and washed with hexane/diethyl
ether (1:1 v/v, three times) to provide fully pure 155 (16.3 g, 84%) as a white crystal. 1H
NMR (400 MHz, CDCls) & 1.13 (d, J= 7.2 Hz, 18H), 1.29 (sep, J= 7.2 Hz, 3H), 3.79 (s,
3H), 4.57 (d, J=1.6 Hz, 1H), 4.83 (d, J= 1.6 Hz, 1H), 6.86 (d, /= 9.2 Hz, 2H), 7.30 (dd,
J=1.2,8.0Hz, 1H), 7.32 (dd, J=17.2, 7.2 Hz, 1H), 7.76 (s, 1H), 7.77 (d, J= 7.2 Hz, 1H),
7.80 (d, J = 9.2 Hz, 2H), 8.00 (d, J = 8.0 Hz, 1H); 13C NMR (CDCls, 150 MHz) § 12.7,
18.1, 55.6, 92.7, 113.7, 114.4, 121.0, 121.5, 123.5, 124.6, 124.9, 127.8, 129.1, 129.5,
135.5, 150.8, 163.8; IR (neat): 2940, 2863, 1739, 1594, 1444, 1368, 1266 cm-1; HRMS
(ESD: m/z caled for C26H36N104S1Si1 [M + HI*: 486.2134, found 486.2135.
3-acetyl-1-(phenylsulfonyl)indole (S8)
o The reaction was carried out on a 10 mmol scale of 3-acetylindole

@j)\ following the above procedure to furnish S3 in quantitative yield after 12

Y,  hat room temperature. '"H NMR (400 MHz, CDCls) & 2.58 (s, 3H), 7.35
@ (ddd, J=2.0, 6.0, 7.6 Hz, 1H), 7.39 (ddd, /= 2.0, 6.0, 7.2 Hz, 1H), 7.51 (dd,

s3 J=17.6 Hz, 8.0 Hz, 2H), 7.62 (t, J = 7.6 Hz, 1H), 7.93 (dd, J = 2.0, 7.6 Hz,
1H), 8.21 (s, 3H), 8.34 (dd, J = 2.0, 7.2 Hz, 1H). The spectral data correspond to
previously reported data.162
1-(phenylsulfonyD)-3-(1-((trimethylsilyDoxy)vinyl)indole (151)

otms The reaction was carried out on a 0.6 mmol scale of S3 following the

S above procedure to furnish the crude product after 1 h at 0 °C without
202 further purification. 'H NMR (600 MHz, CDCls) & 0.28 (s, 9H), 4.56 (d, J
@ = 1.8 Hz, 1H), 4.89 (d, J = 1.8 Hz, 1H), 7.28 (dd, J/ = 7.8, 7.8 Hz, 1H),

151

7.32 (dd, J= 7.8, 7.8 Hz, 1H), 7.44 (dd, J= 7.8, 7.8 Hz, 2H), 7.53 (t, J =
7.8 Hz, 1H), 7.72 (s, 1H), 7.79 (d, J= 7.8 Hz, 1H), 7.89 (d, J= 7.8 Hz, 2H), 8.01 (d, J =
7.8 Hz, 1H); 13C NMR (CDCls, 150 MHz) § 0.28, 93.6, 113.9, 121.3, 121.6, 123.8, 124.9,
124.9, 127.0, 128.0, 129.4, 134.0, 135.7, 138.2, 150.5; IR (neat): 2287, 1459, 1005 cm-1;
HRMS (ESI): m/z caled for C19H2:1N1Na103S1Si1 [M + Nal+: 394.0909, found 394.0898.
1-benzenesulfonyl-3-(1-((triisopropylsilyl)oxy)vinyl)indole (153)

OTIPS  The reaction was carried out on a 5 mmol scale of S3 following the

| above procedure to furnish the crude product after 1 h at 0 °C. The title
©/302 compound was isolated by flash column chromatography
(CHROMATOREX-DIOL, hexane/AcOEt = 10/1 to 5/1) in 92% yield. 'H
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NMR (400 MHz, CDCls) 6 1.12 (q, J= 7.2 Hz, 18H), 1.24-1.33 (m, 6H), 4.58 (d, J= 1.6
Hz, 1H), 4.84 (d, J= 1.6 Hz, 1H), 7.28-7,35 (m, 2H), 7.43 (t, J= 8.0 Hz, 2H), 7.49-7.55
(m, 1H), 7.77 (s, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.86-7.88 (m, 2H), 8.02 (d, J = 8.0 Hz,
1H); 13C NMR (CDCls, 100 MHz) § 12.8, 18.1, 92.9, 113.8, 121.1, 121.9, 123.6, 124.8,
124.9, 126.8, 127.9, 129.3, 133.9, 135.6, 138.1, 150.7; IR (neat): 2942, 2866, 1739, 1445,
1376, 1175, 1112, 1007, 958 cm-1; HRMS (ESI): m/z calcd for C25H34N103S:1Si: [M + H]+:
456.2029, found 456.2021.

3-acetyl-1-((2.4.6-trimethylphenyl)sulfonyl)indole (S4)

o The reaction was carried out on a 10 mmol scale of 3-acetylindole

I following the above procedure to furnish S4 in 97% yield after 12 h at

P goz reflux. 'H NMR (400 MHz, CDCls) & 2.31 (s, 3H), 2.55 (s, 6H), 2.59 (s,

MeﬁMe 3H), 6.99 (s, 2H), 7.19-7.24 (m, 2H), 7.31 (m, 1H), 8.31 (s, 1H), 8.37 (dd,

S4 J=0.8,8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) & 21.1, 22.6, 27.8, 111.9,

120.0, 123.2, 124.5, 125.4, 127.2, 131.7, 132.6, 132.7, 134.7, 140.3, 144.9, 193.5; IR

(neat): 2928, 2861, 2304, 1672, 1537, 1450, 1360, 1284, 1186, 1163, 1054, 919 cm-1;
HRMS (ESI): m/z caled for C19H19N1Na103S: [M + Nal+: 364.0983, found 364.0975.

1-(2.4,6-trimethybenzenesulfonyl)-3-(1-((triisopropylsilyl)oxy)vinyl)indole (156)

omes  The reaction was carried out on a 5 mmol scale of S4 following the

IS above procedure to furnish the crude product after 1 h at reflux. The

MS 202 title compound was isolated by flash column chromatography
Me Me (CHROMATOREX-DIOL, hexane) in 55% yield. 'H NMR (400 MHz,
158 CDCls) & 1.11 (d, J = 3.6 Hz, 18H), 1.24-1.31 (m, 3H), 2.28 (s, 3H),

2.54 (s, 6H), 4.75 (d, J= 1.6 Hz, 1H), 4.86 (d, J= 1.6 Hz, 1H), 6.95 (s, 2H), 7.20-7.26 (m,
2H), 7.46 (dd, J= 0.8, 7.6 Hz, 1H), 7.74 (s, 1H), 7.82 (d, J = 7.2 Hz, 1H); 13C NMR (100
MHz, CDCls) § 12.8, 18.1, 21.0, 22.7, 92.3, 112.9, 119.2, 121.0, 123.0, 124.2, 125.3,
125.6, 127.1, 132.4, 135.6, 140.4, 144.1; IR (neat): 2954, 2860, 1589, 1446, 1409, 1360.
1163, 1126, 1002, 957, 807, 746 cm-1; HRMS (ESI): m/z calcd for C2sH39N103Na1S1S8i1
[M + Nal*: 520.2318, found 520.2288.
3-acetyl-1-((2,4,6-trimethoxylphenylsulfonyl)indole (85)

o The synthesis of 2,4,6-trimethoxybenzenesulfonyl chloride was
@\Nj)\ performed according to the literature procedure.163 The reaction was

0, carried out on a 10 mmol scale of 3-acetylindole following the above

MeO OMe procedure to furnish the crude product after 10 h at reflux. The title

compound was isolated by flash column chromatography (SiOg,

hexane/AcOEt = 1/2) in 99% yield. 'H NMR (400 MHz, CDCls) § 2.58 (s, 3H), 3.79 (s,
6H), 3.80 (s, 3H), 6.03 (s, 2H), 7.29-7.32 (m, 2H), 7.73 (dd, J= 1.6, 7.2 Hz, 1H), 8.31 (s,
1H), 8.34 (dd, J= 1.2, 6.8 Hz, 1H); 13C NMR (150 MHz, CDCls) § 27.6, 55.6, 56.5, 91.3,
106.7, 112.8, 118.9, 122.7, 124.1, 125.0, 127.0, 134.8, 135.2, 161.3, 166.0, 193.7; IR
(neat): 2932, 2864, 1669, 1538, 1446, 1360, 1162, 1139, 969 cm-1; HRMS (ESD): m/z

caled for C19H19N1Na106S1 [M + Nal+: 412.0831, found 412.0817.
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1-(2.4,6-trimethoxybenzenesulfonyl)-3-{1-[(triisopropylsilyDoxylvinyl}indole (157)

oTiPs  The reaction was carried out on a 5 mmol scale of S5 following the

I8 above procedure to furnish the crude product after 1 h at reflux. The

MeQ goz title compound was isolated by flash column chromatography
MeO OMe (CHROMATOREX-DIOL, hexane) in 70% yield. 1H NMR (400 MHz,
197 CDCls) 5 1.15 (d, J = 7.6 Hz, 18H) 1.31 (sep, J = 7.6 Hz, 3H), 3.74 (s,

6H), 3.78 (s, 3H), 4.52 (d, J= 1.6 Hz, 1H), 4.82 (d, J= 1.6 Hz, 1H), 6.00 (s, 2H), 7.21 (d,
J=3.6 Hz, 1H), 7.22 (d, J= 3.2 Hz, 1H), 7.79 (dd, J= 2.8, 3.2 Hz, 1H), 7.82 (dd, J= 2.8,
3.6 Hz, 1H); 13C NMR (100 MHz, CDCls) § 12.9, 18.1, 55.5, 56.4, 91.1, 91.2, 108.2, 113.4,
118.1, 120.7, 122.6, 123.7, 127.0, 127.3, 135.9, 151.5, 161.2, 165.4; IR (neat): 2951,
2361, 1773, 1697, 1385, 1362, 1175, 1040, 908 cm-!; HRMS (ESI): m/z caled for
C2sH39N1Na106S:Si1 [M + Nal+: 568.2165, found 568.2150.

1-(4-methoxybenzenesulfonyl)pyrrole (S6)

U 4-Methoxybenzenesulfonyl chloride (2.48 g, 12 mmol, 1.2 eq.) was added

302 to a mixture of pyrrole (670 mg, 10 mmol) and NaOH (1.6 g, 40 mmol, 4
Me0/©/ eq.) in CH2Clz (835 mL) at 0 °C. After the completion of addition, the
S6  reaction was allowed to warm up to room temperature and left stirring

17.5 h. The reaction was quenched by sat. aq. NH4Cl. The organic layer was separated,
and the aqueous layer was extracted with three times of CH2Cls (15 mL). The combined
organic extracts were washed with brine and dried over Na2SOs. Removal of the
solvent in vacuo gave S6 (2.36 g, 99%) as a brown solid. 'H NMR (400 MHz, CDCls) §
3.85 (s, 3H), 6.28 (dd, J = 2.4, 2.4 Hz, 2H), 6.94 (dd, J= 2.0, 6.8 Hz, 2H), 7.14 (dd, J=
2.4, 2.4 Hz, 2H), 7.80 (dd, J = 2.0, 6.8 Hz, 2H). The spectral data correspond to

previously reported data.164

3-acetyl-1-(4-methoxybenzenesulfonylpyrrole (S7)

o To a suspension of anhydrous AlCls (3.4 g, 25.4 mmol, 3 eq.) in
U)\ 1,2-dichloroethane (30 mL) at 0 °C, acetyl chloride (1.2 mL, 16.9
202 mmol, 2 eq.) was added slowly. The resulting mixture was stirred for
Meo/©/ 15 min at room temperature, then a solution of S6 (2 g, 8.45 mmol) in
s7 1,2-dichloroethane (15 mL + 5 mL to rinse) was added slowly at —78
°C. The mixture was allowed to stir at room temperature for 4 hours. The reaction
mixture was poured into ice and water, and the product was extracted with three times
of CH2Clz (20 mL). The combined organic layers were washed with brine, dried over
Na2S0y, filtered through a plug of cotton, and concentrated under reduced pressure.
The residue was purified by flash chromatography (SiO2, hexane/AcOEt = 2/1) to afford
S7 (2.06 g, 87%) as a brown powder. 1H NMR (400 MHz, CDCls) § 2.37 (s, 3H), 3.86 (s,
3H), 6.32 (dd, J=7.2, 7.2 Hz, 1H), 6.97 (d, J= 8.8 Hz, 2H), 7.05 (dd, J= 1.6, 7.2 Hz, 1H),
7.80 (dd, J = 1.6, 7.2 Hz, 1H), 7.98 (d, J = 8.8 Hz, 2H); 13C NMR (CDCl3s, 100 MHz) &

27.0, 55.6, 110.1, 113.8, 124.3, 130.0, 130.3, 130.9, 133.1, 163.7, 185.8; IR(neat): 3149,
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1671, 1592, 1439, 1362, 1273, 1167, 1145, 1085 cm-'; HRMS (ESI): m/z caled for
C13H13N1Na104S: [M + Nal+: 302.0463, found 302.0452;.
1-(4-methoxybenzenesulfonyl)-3-{1-[(triisopropylsilyDoxylvinylipyrrole (177)
omies A toluene solution of KHMDS (3.74 mL, 1.87 mmol, 0.5 M, 1.3 eq.)
T was added dropwise to a mixture of S7 (403 mg, 1.44 mmol) and
TIPSOTf (0.5 mL, 1.87 mmol, 1.3 eq.) in THF (7.2 mL) at —78 °C. The

S0,
Meo/©/ mixture was stirred for 16 h at same temperature. A solution of sat.

aq. NH4Cl1 (5 mL) was added. The layers were separated and aqueous
layer was extracted with three times of AcOEt (5 mL). The combined organic layers
were washed with brine, dried over Na2SO4, filtered through a plug of cotton, and
concentrated under reduced pressure. The residue was purified by flash
chromatography (CHROMATOREX-DIOL, hexane/AcOEt = 10/1). Further purification
by recrystallization from hexane/ether afforded 177 (502 mg, 80%) as a colorless
crystal. TH NMR (400 MHz, CDCls) § 1.09 (d, /= 7.6 Hz, 18H), 1.23 (seq., J = 7.6 Hz,
3H), 3.85 (s, 3H), 4.26 (d, J=1.2 Hz, 1H), 4.34 (d, J= 1.2 Hz, 1H), 6.36 (dd, /= 1.6, 3.2
Hz, 1H), 6.93 (d, J= 8.8 Hz, 2H), 7.05 (dd, J= 3.2, 3.2 Hz, 1H), 7.24 (dd, J= 1.6, 3.2 Hz,
1H), 7.79 (d, J= 8.8 Hz, 2H); 13C NMR (CDCls, 100 MHz) § 12.7, 18.0, 55.7, 89.5, 111.5,
114.5, 117.7, 121.0, 128.3, 129.2, 130.4, 151.2, 163.8; IR (neat): 2945, 2866, 1593, 1367,
1260, 1163, 1061, 1011, 796 cm-1; HRMS (ESI): m/z caled for C22H34N10481Si1 [M +
Nal*: 436.1978, found 436.1960.

3-(1-((triisopropylsilyl)oxy)vinyl)benzofuran (180)

omes The synthesis of 3-acetylbenzofuran was performed according to the

o literature procedure.165 A toluene solution of KHMDS (18.7 mL, 9.37

O
180

mmol, 0.5 M, 1.5 eq.) was added dropwise to a mixture of
3-acetylbenzofuran (1.00 g, 6.24 mmol) and TIPSOTf (2.52 mL, 9.37
mmol, 1.5 eq.) in THF (31 mL) at —78 °C. The mixture was stirred for 12 h at same
temperature. A solution of sat. aq. NH4Cl (20 mL) was added. The layers were
separated and aqueous layer was extracted with three times of hexane (20mL). The
combined organic layers were dried over Na2SQOy, filtered through a plug of cotton, and
concentrated under reduced pressure. The residue was purified twice by flash
chromatography (CHROMATOREX-DIOL, hexane) to afford 180 (1.76 g, 89%) as a
light yellow oil. 1H NMR (400 MHz, CDCls) § 1.14 (d, /= 7.2 Hz, 18H), 1.31 (d, J= 7.2
Hz, 3H), 4.55 (d, J= 2.0 Hz, 1H), 4.87 (d, J= 2.0 Hz, 1H), 7.29 (m, 2H), 7.49 (dd, J= 2.0,
6.8 Hz, 1H), 7.89 (dd, J = 2.0, 7.2 Hz, 1H), 7.84 (s, 1H); 13C NMR (CDCls, 100 MHz) §
12.8, 18.1, 91.7, 111.7, 120.4, 120.9, 122.9, 124.3, 124.9, 143.8, 150.3, 155.9; IR (neat):
2943, 2866, 1451, 1373, 1289, 1159, 1110, 1037, 1006, 803 cm-1; HRMS (ESI): m/z calcd
for C3sH56Na104Si2 [2M + Nal+: 655.3615, found 655.3620.
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[2] Synthesis of dienophiles
Dienophiles 67a,166 67b,167 67f 166 67g,167 671,282 67,282 67k,168 67m,167 67n,169 67q,170

671,170 678,170 and 67ul?! were prepared according to the reported procedure.

(£)-1-(2-oxo00xazolidin-3-yl)pent-2-ene-1,4-dione (67¢)

o o The synthesis of (£)-4-oxopent-2-enoic acid was performed according
O\J_I\/NJ\/\COCHs to the literature procedure.l’”2 Under Ar, to a flask containing
67c (E)-4-oxopent-2-enoic acid (1.5 g, 13.1 mmol), dry CH2Cl: (26.2 mL)

and oxalyl chloride (1.24 mL, 14.4 mmol, 1.1 eq.) were added dropwise at 0 °C. After
complete additions, 5 drops of DMF were added and the reaction was allowed to stir at
reflux for 1 h to afford 4-oxopent-2-enoic chloride. To another flask containing
2-oxazolidone (1.41 g, 14.4 mmol, 1.1 eq.) and CH2Cl: (26.2 mL), NaH (60% in oil, 786
mg, 19.7 mmol, 1.5 eq.) was added portionwise at 0 °C under Ar. After complete
addition, the solution was stirred for 30 min at 0 °C and then for 1 h at room
temperature. A solution of 4-oxopent-2-enoic chloride was added via syringe at 0 °C and
allowed to stir at room temperature for 1 h. Triethylamine (9.13 mL, 65.5 mmol, 5 eq.)
was added to the mixture which was then stirred for 1 h at reflux. The reaction was
quenched with water (30 mL) at 0 °C and extracted with three times of CH2Cls2 (20 mL).
The combined organic layers were washed with brine, dried over Na2SO4, filtered
through a plug of cotton, and concentrated under reduced pressure. The residue was
purified by flash chromatography (SiO2, hexane/AcOEt = 1/1) to afforded 67c (1.4 g,
58%) as a yellow crystal. 'H NMR (400 MHz, CDCls) § 2.41 (s, 3H), 4.13 (t, J= 8.0 Hz,
2H), 4.50 (t, J = 8.0 Hz, 2H), 7.08 (d, J = 16.0 Hz, 1H), 8.01 (d, J = 16.0 Hz, 1H); 13C
NMR (CDCl3s, 100 MHz) § 27.7, 42.6, 62.4, 130.1, 140.7, 153.2, 164.2, 197.8; IR (neat):
3100, 1761, 1662, 1357, 1296, 1197, 1166, 1118, 1021, 991, 760, 694 cm-1; HRMS (ESD):
m/z caled for CsHoN1Na104 [M + Nal]+: 206.0429, found 206.0428.

(£)-3-(3-bromoacryloyl)oxazolidin-2-one (67p)

)o]\ 0 The synthesis of (£)-3-bromoacrylic acid was performed according to the
OuNJJ\/\Bf literature  procedure.'”? Under Ar, to a flask containing
o7p (E)-3-bromoacrylic acid (1 g. 6.6 mmol), dry CH2Cl: (7 mL) and oxalyl

chloride (0.63 mL, 7.3 mmol, 1.1 eq.) were added dropwise at 0 °C. After complete
additions, 5 drops of DMF were added and the reaction was allowed to stir at room
temperature for 3 hours to afford 3-bromoacryloyl chloride. To another flask containing
2-oxazolidone (688 mg, 7.9 mmol, 1.2 eq.) and THF (32 mL), NaH (60% in oil, 380 mg,
9.5 mmol, 1.4 eq.) were added in portions at 0 °C under Ar. After complete addition, the
solution was stirred for 30 min at 0 °C and then for 1 h at room temperature. A solution
of 3-bromoacryloyl chloride was added via syringe at 0 °C and the resulting mixture
was allowed to stir at room temperature for 4 hours. The reaction was quenched with

water (5 mL) and extracted with three times of AcOEt (15 mL). The combined organic
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layers were washed with brine, dried over Na2SOy, filtered through a plug of cotton,
and concentrated under reduced pressure. The residue was purified by flash
chromatography (SiO2, hexane/AcOEt = 3/1 to 2.5/1). Further purification by
recrystallization from hexane/AcOEt afforded 67p (800 g, 55%, E/Z = 15/1) as a white
powder. H NMR (400 MHz, CDCls) § 4.08 (t, J = 8.0 Hz, 2H), 4.44 (t, J= 8.0 Hz, 2H),
7.79 (d, J= 13.6 Hz, 1H), 7.96 (d, J= 13.6 Hz, 1H); 13C NMR (CDCls, 100 MHz) § 42.5,
62.1, 127.2, 128.8. 153.1, 162.8; IR (neat): 3090, 3068, 1761, 1673, 1580, 1388, 1338,
1219, 1114, 1030, 956, 754, 686 cm-1.
(£)-4-0x0-4-(2-o0x00xazolidin-3-yDbut-2-enenitrile (67d)
0 o Under Ar, to a flask containing 67p (600 mg, 2.73 mmol, £/Z= 15/1) and

O\)_L,NJ\/\CN CuCN (652 mg, 7.29 mmol, 2.67 eq.), 7.0 mL of dry DMF was added at

67d

room temperature. The reaction was allowed to stir at 130 °C for 3
hours. After cooling to room temperature, the reaction was diluted with 10 mL of
AcOEt and filtered through a plug of Celite. After the volatile materials were removed
under reduced pressure, water (10 mL) was added and the aqueous layer extracted
with three times of AcOEt (10 mL), and combined organic layers were washed with
brine and dried over Na2SO4. After removal of the solvent in vacuo, the residue was
purified by flash chromatography (SiO2, hexane/AcOEt = 2/1 to 1/1) to afford 67d (391
mg, 86%) as a white powder. 1H NMR (400 MHz, CDCls) & 4.12 (t, J= 8.0 Hz, 2H), 4.52
(t, J=8.0 Hz, 2H), 6.61 (d, J= 16.8 Hz, 1H), 8.12 (d, J= 16.8 Hz, 1H); 13C NMR (CDCls,
100 MHz) § 42.5, 62.5, 113.4, 115.6, 137.6, 152.9, 161.9; IR(neat): 3094, 3047, 2227,
1758, 1674, 1618, 1402, 1367, 1208, 1119, 1036, 968 cm-1; HRMS (ESI): m/z calcd for
C14H12N4Na106 [2M + Nal*+: 355.0655, found 335.0654.

S-phenyl 4-0x0-4-(2-0x00xazolidin-3-y1)-2-(phenylthio)butanethioate (S8)

0 o sPh Triethylamine (1.53 mL, 11 mmol, 1.1 eq.) was added to a mixture of
O\J_I\/N cosph  2-oxazolidone (871 mg, 10 mmol) and maleic anhydride (981 mg, 10
S8 mmol) in dry CH2Cl2 (20 mL) at room temprerature. After 16 h, to the

cooled mixture, five drops of dry DMF, oxalyl chloride (1.03 mL, 12 mmol, 1.2 eq.) were
added and the mixture was stirred for 3 h at reflux. After cooling to 0 °C, thiophenol
(4.2 mL, 40 mmol, 4 eq.) was added and the dark brown mixture was stirred for 2 h at
reflux followed by filtration over a small amount of silica gel with a hexane/AcOEt
(40-60% mixture). Further purification by flash chromatography (SiOs2, hexane/AcOEt
= 2/1) and recrystallization (1,2-dichloroethane/hexane) provided a yellow solid, then it
was washed with ether twice to give S8 (1.93 g, 50%) as a colorless solid. 'H NMR (400
MHz, CDCls) § 3.08 (dd, J= 4.0, 17.2 Hz, 1H), 3.41 (dd, J=10.8, 17.2 Hz, 1H), 3.95 (td,
J=8.0,10.8 Hz, 1H), 4.04 (td, J = 8.0, 10.8 Hz, 1H), 4.37 (dd, J= 8.0, 8.0 Hz, 2H), 5.46
(dd, J= 4.0, 10.8 Hz, 1H), 7.33-7.39 (m, 8H), 7.49 (d, J= 8.0 Hz, 2H); 13C NMR (CDCls,
100 MHz) & 42.2, 42.7, 44.9, 61.9, 126.8, 129.1, 129.2, 129.4, 129.6, 129.9, 134.6, 135.5,

152.8, 170.0, 195.5; IR (neat): 1768, 1691, 1385, 1265, 1193, 1113, 968, 750, 689 cm-1.
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(£)-S-phenyl 4-0x0-4-(2-oxooxazolidin-3-yl)but-2-enethioate (67e)

9 o m-Chloroperoxybenzoic acid (350 mg, 1.42 mmol, 1.1 eq.) was added

M
o\_,NJ\/\COSPh to S8 (500 mg, 1.29 mmol) in CH2Cl2 (6.5 mL) at 0 °C. After 30 min,

ore the reaction was quenched by sat. aq. Na2S20s (3 mL) and sat. aq.
NaHCOs (3 mL), and then extracted with three times of CH2Clz (5 mL). The combined
organic layers were dried over NagSO4, filtered through a plug of cotton, and
concentrated under reduced pressure. The crude product was dissolved in 10 mL of
toluene. After the solution was stirred at reflux for 3.5 h and concentrated under
reduced pressure, the residue was purified by flash chromatography (SiOzg,
hexane/AcOEt = 1/1) to afforded 67e (249 mg, 70%) as a white powder. '<H NMR (400
MHz, CDCls) & 4.11 (t, J= 8.0 Hz, 2H), 4.48 (t, J= 8.0 Hz, 2H), 7.24 (d, J= 15.6 Hz, 1H),
7.45-7.47 (m, 5H), 8.16 (d, J = 15.6 Hz, 1H); 13C NMR (CDCls, 100 MHz) § 42.6, 62.3,
126.5, 128.3, 129.4, 129.9, 134.3, 138.9, 153.0, 163.6, 187.3; IR (neat): 1772, 1666, 1365,
1342, 1209, 1117, 1039 cm-1; HRMS (ESI): m/z caled for Ci3H11N1Na104Sii [M + Na]+:
300.0307, found 300.0305.

(£)-4.4.,4-trifluorobut-2-enoic acid (S9)
o Ethyl 4,4,4-trifluorocrotonate (1 g, 5.9 mmol) was dissolved in EtOH (2
HOJ\/\CFs mL). 1N NaOH (17.7 mL, 17.7 mmol, 3 eq.) was added at room

S9

temperature and mixed for 19 h. The solution was washed with ether and

aqueous layer was acidified carefully with conc. HCI. The acidic solution was saturated
with NaCl and extracted with three times of ether (10 mL). The combined organic
layers were dried over Na2SO4 and concentrated to give S9 (750 mg, 91%) as colorless
oil. 'H NMR (400 MHz, CDCls) § 6.52 (qd, J= 2.0, 15.6 Hz, 1H), 6.89 (qd, J= 6.4, 15.6
Hz, 1H). These spectral data correspond to previously reported data.174
(£)-3-(4,4.4-trifluorobut-2-enoyloxazolidin-2-one (67h)

o o Under Ar, to a flask containing (£)-4,4,4-trifluorobut-2-enoic acid S9

O\)_L,NJJ\/\CFB (750 mg. 5.35 mmol), dry CH2Cl: (5.3 mL) and oxalyl chloride (0.5 mL,

67h

5.9 mmol, 1.1 eq.) were added dropwise at 0 °C. After complete

additions, 5 drops of DMF were added and the reaction was allowed to stir at room
temperature for 3 hours to afford 4,4,4-trifluorobut-2-enoic chloride. To another flask
containing 2-oxazolidone (513 mg, 5.9 mmol, 1.1 eq.) and THF (30 mL), NaH (60% in oil,
330 mg, 8.25 mmol, 1.54 eq.) was added portionwise at 0 °C under Ar. After complete
addition, the mixture was stirred for 30 min at 0 °C and for 1 h at room temperature. A
solution of 4,4,4-trifluorobut-2-enoic chloride was added via syringe at 0 °C and
allowed to stir at room temperature for 18 hours. The reaction was quenched with
water (10 mL) and extracted with three times of AcOEt (15 mL). The combined organic
layers were washed with brine, dried over Na2SOy, filtered through a plug of cotton,
and concentrated under reduced pressure. The residue was purified by flash

chromatography (SiO2, hexane/AcOEt = 3/1) to afford 67h (783 mg, 70%) as a colorless
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crystal. '"H NMR (400 MHz, CDCls) & 4.12 (t, J = 8.0 Hz, 2H), 4.50 (t, J = 8.0 Hz, 2H),
6.90 (qd, J = 6.4, 15.6 Hz, 1H), 7.91 (qd, J = 2.0, 15.6 Hz, 1H); 13C NMR (CDCls, 100
MHz) § 42.5, 62.4, 122.2 (q, J= 269.1 Hz), 127.1 (q, J= 6.1 Hz), 131.9 (q, J = 35.2 Hz),
153.0, 162.6; 19F NMR (376 MHz, CDCI13) § —66.3; IR (neat): 1770, 1690, 1375, 1271,
1213, 1113, 1042, 985 cm-1; HRMS (ESI): m/z caled for C7H7FsN10s [M + H]*+: 210.0378,
found 210.0371.

(£)-4.4.4-trifluorobut-2-enoic acid (671)
o o The synthesis of (£)-penta-2,4-dienoic acid was performed according to
o\)_L/NJW the
&7l (E)-penta-2,4-dienoic acid (1.5 g. 15 mmol), dry CH2Clz (15 mL) and
oxalyl chloride (1.4 mL, 16.5 mmol, 1.1 eq.) were dropwise at 0 °C. After complete

literature procedure.l’> Under Ar, to a flask containing

additions, 5 drops of DMF were added and the reaction was allowed to stir at room
temperature for 3 hours to afford (£)-penta-2,4-dienoyl chloride. To another flask
containing 2-oxazolidone (1.45 g, 16.5 mmol, 1.1 eq.) and THF (66 mL), NaH (60% in oil,
554 mg, 23 mmol, 1.5 eq.) was added in portions at 0 °C under Ar. After complete
addition, the mixture was stirred for 30 min at 0 °C and then for 1 h at room
temperature. A solution of (£)-penta-2,4-dienoyl chloride was added via syringe at 0 °C
and the resulting mixture was allowed to stir at room temperature for 4 hours. The
reaction was quenched with water (5 mL) and extracted with three times of AcOEt
(15 mL). The combined organic layers were washed with brine, dried over Na2SOu4,
filtered through a plug of cotton, and concentrated under reduced pressure. The
residue was purified by flash chromatography (SiO:2, hexane/AcOEt = 3/1). Further
purification by recrystallization from hexane/AcOEt afforded 671 (551 mg, 22%) as a
white powder. TH NMR (400 MHz, CDCls) § 4.10 (t, J= 8.0 Hz, 2H), 4.44 (t, J = 8.0 Hz,
2H), 5.57 (d, J= 10.4 Hz, 1H), 5.69 (d, /= 16.8 Hz, 1H), 6.58 (ddd, J=10.4, 14.4, 16.8
Hz, 1H), 7.34 (d, J = 14.4 Hz, 1H), 7.46 (dd, J = 10.4, 14.4 Hz, 1H); 13C NMR (CDCls,
150 MHz) § 42.7, 62.0, 120.6, 126.7, 135.2, 146.3, 153.5, 165.3; IR (neat): 2920, 1777,
1673, 1381, 1211 cm-1; HRMS (ESD): m/z caled for C16H1sN2Na10s [2M + Nal+: 357.1063,
found 357.1067.

(E)-3-(trimethylsilylacrylic acid (S10)

o The synthesis of (£)-3-(trimethylsilyl)prop-2-en-1-0l was performed
HOJ\/\TMS

$10

according to the literature procedure.l’6 Jones reagent (3 M) was
prepared by the addition of conc. H2SO4 (app. 18.4 M, 4 mL) to a stirred
solution of CrOs (4.5 g, 45 mmol) in water (13 mL) at 0 °C. The mixture was stirred for
5 min. Obtained Jones reagent (42 mmol, 3 eq.) was added to a solution of
(E)-3-(trimethylsilyl)prop-2-en-1-ol (1.82 g, 14 mmol) in acetone (40 mL) at 0 °C. The
mixture was stirred for 30 min. The reaction was quenched by /PrOH (10 mL), followed

by addition of 20 mL of water and 10 mL of AcOEt. The organic layer was separated,
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and the aqueous layer was extracted with three times of AcOEt (10 mL). The combined
organic extracts were washed with brine twice and dried over Na2SOy, filtered, and
concentrated in vacuo. The residue was adsorbed onto Celite in vacuo from an acetone
solution. Removal of the solvent in vacuo gave S10 (1.77 g, 88%), which was pure
enough for the following reaction. 1H NMR (400 MHz, CDCls) § 0.16 (s, 9H), 6.25 (d, J=
18.8 Hz, 1H), 7.38 (d, J = 18.8 Hz, 1H). This spectral data correspond to previously
reported data.l77
(£)-3-[3-(trimethylsilylDacryloylloxazolidin-2-one (670)

0 o Under Ar, to a flask containing (£)-3-(trimethylsilyl)acrylic acid S10

OéNJ\/”TMS (562 mg. 3.89 mmol), 4 mL of dry CH2Clz and oxalyl chloride (0.36 mL,

670

4.28 mmol, 1.1 eq.) were dropwise at 0 °C. After complete additions, 5
drops of DMF were added and the reaction was allowed to stir at room temperature for
3 hours to afford 3-(trimethylsilyl)acrylic chloride. To another flask containing
2-oxazolidone (373 mg, 4.28 mmol, 1.1 eq.) and THF (17 mL), NaH (60% in oil, 240 mg,
5.99 mmol, 1.54 eq.) was added portionwise at 0 °C under Ar. After complete addition,
the solution was stirred for 30 min at 0 °C and then for 1 h at room temperature. A
solution of 3-(trimethylsilyl)acrylic chloride was added via syringe at 0 °C and the
resulting mixture was allowed to stir at room temperature for 3 hours. The reaction
was quenched with 5 mL of water and extracted with three times of AcOEt (10 mL).
The combined organic layers were washed with brine (20 mL), dried over Na2SOu,
filtered through a plug of cotton, and concentrated under reduced pressure. The
residue was purified by flash chromatography (SiO2, hexane/AcOEt = 4/1 to 3/1) to
afford 670 (829 mg, quant.) as a colorless oil. 1H NMR (400 MHz, CDCls) § 0.17 (s, 9H),
4.08 (t, J= 8.0 Hz, 2H), 4.42 (t, J = 8.0 Hz, 2H), 7.44 (d, J= 18.4 Hz, 1H), 7.60 (d, J =
18.4 Hz, 2H); 13C NMR (CDCls, 100 MHz) § —1.85, 42.7, 62.1, 132.1, 151.6, 153.4, 164.5;
IR (neat): 2956, 1771, 1677, 1195, 1107, 1024, 833, 754 cm-1; HRMS (ESI): m/z calcd for
CoH15N1Na10sSi1 [M + H]*: 236.0719, found 236.0715.

(E)-3-(3-azidoacryloyloxazolidin-2-one (67t)

o o NaNs (26 mg, 0.4 mmol, 2 eq.) was added to 67r (35 mg, 0.2 mmol) in DMF
O\J_L/NJ\/\Na (1 mL) at 0 °C and the resulting mixture was allowed to stir at room

o7t temperature. After 1 h, the reaction was quenched by saturated water (3

mL) and extracted with three times of ether (5 mL). The combined organic layers were
dried over Na2SOy, filtered through a plug of cotton, and concentrated under reduced
pressure. The residue was purified by flash chromatography (SiO2, hexane/AcOEt =
2/1) to afford 67t (33 mg, 90%) as a brown powder. 'H NMR (400 MHz, CDCls) & (t, J=
8.0 Hz, 2H), 4.32 (t, J= 8.0 Hz, 3H), 7.16 (d, /= 13.2 Hz, 3H), 7.47 (d, J=13.2 Hz, 1H);
13C NMR (CDCls, 100 MHz) § 42.6, 62.0, 108.0, 146.1, 153.4, 164.2; IR (neat): 2160 cm-
1; HRMS (ESI): m/z caled for CeHsNsNa10s [M + Nal+: 205.0338, found 205.0345.
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[3] Synthesis of ligands

(R)-1.1'-([1,1'-binaphthalene]-2,2'-diyDbis(3-methylthiourea) (bisthiourea, 166)

OO 5 Me Methyl thioisocyanate (307 mg, 4.2 mmol, 6 eq.) was added to a
solution of (B)-(+)-1,1-binaphthyl-2,2’-diamine (200 mg, 0.7 mmol) in

OO I “Me  CH2Clz (7 mL) at rt. The mixture was stirred at reflux for 4 days. The

bisthiourea (166) solution was concentrated under reduced pressure. The crude

3
ZIIZ
ZIIZ

mixture was purified by flash chromatography (SiO2, hexane/AcOEt = 2/1) and
recrystallization from PhMe/hexane to afford 166 in 95% yield as a white powder. 1H
NMR (400 MHz, CDCls, 55 °C)  2.95 (s, 6H), 6.23 (br, 2H), 6.92 (br, 2H), 7.05 (d, /= 8.4
Hz, 2H), 7.32 (dd, J= 7.2, 8.4 Hz, 2H), 7.52 (dd, J= 7.2, 8.0 Hz, 2H), 7.64 (d, J= 8.0 Hz,
2H), 7.96 (d, J= 8.4 Hz, 2H), 8.05 (d, /= 8.4 Hz, 1H); 13C NMR (CDCls, 100 MHz, 55 °C)
6 32.1, 124.2, 124.3, 126.7, 127.8, 128.7, 130.3, 130.6, 132.3, 133.2, 133.6, 181.8; IR
(neat): 3208, 3031, 2917, 1737, 1540, 1266, 1048 cm-1; HRMS (ESD): m/z caled for
C24H23N4S2 [M + H]*: 431.1364, found 431.1369; [alp2® + 159.6 (¢ 1.0, CHCls).
(R)-1,1'-([1,1'-binaphthalene]-2,2'-diyDbis(3-((&)-1-phenylethyDurea) (bisurea, 70)
OO JOL /M\e The title compound was isolated by flash chromatography (SiOs2,
®) hexane/AcOEt = 3/1) in 88% as a white powder. 'H NMR (400 MHz,
1 Y'Y CDCLy) 6 1.37 (d, J = 7.6 Hz, 6H), 4.70 (br, 2H), 5.07 (d, J = 7.6 Hz,
70 2H), 6.14 (br, 2H), 6.89 (d, J= 8.8 Hz, 2H), 7.08 (d, J = 6.8 Hz, 4H),
7.14-7.20 (m, 8H), 7.36 (t, J= 7.2, Hz, 2H), 7.87 (d, J= 8.0 Hz, 2H), 7.93 (d, J= 9.2 Hz,
2H), 8.32 (d, J = 9.2 Hz, 2H); 13C NMR (CDCls, 100 MHz) § 22.8, 58.1, 121.9, 124.8,
125.1, 125.6, 126.8, 127.1, 128.1, 128.5, 129.5, 130.6, 132.7, 136.1, 143.4, 155.2; IR
(neat): 3321, 2970, 1739, 1654, 1542, 1492, 1424, 1230 cm-1; HRMS (ESD): m/z caled for
C3sH34N4Nai10z [M + Nal*: 601.2579, found 601.2593; [alp25 + 137.4 (¢ 1.0, CHCls).
(A)-1,1'-([1,1'-binaphthalene]-2,2'-diyDbis{3-[(&)-1-phenylethyllthiourea} (161)
OO j\ /M;\eph The title compound was isolated by flash chromatography (SiOs2,
®) hexane/AcOEt = 3/1) in 86% yield as a white powder. 'H NMR (400
99 Y'Y MHz, CDCls, 55 °C) 8 1.30 (d, J= 7.2 Hz, 6H), 4.93 (br, 2H), 6.32 (d,
161 J=17.2 Hz, 2H), 6.87-6.93 (m, 6H), 7.00 (br, 6H), 7.15 (ddd, J = 1.6,
6.8, 6.8 Hz, 2H), 7.40 (ddd, J=1.2, 6.8, 6.8 Hz, 2H), 7.83-7.93 (m, 6H); 13C NMR (CDCls,
100 MHz, 55 °C) & 22.5, 54.0, 125.3, 125.6, 125.7, 126.0, 126.2, 126.9, 127.5, 128.2,
128.6, 128.7, 132.1, 132.7, 135.7, 141.5, 181.4; IR (neat): 3196, 2970, 1739, 1506, 1364,
1229 cm-1; HRMS (ESI): m/z caled for CssH3sN4S2 [M + H]+: 611.2303, found 611.2298;
[alp25 + 137.0 (¢ 1.0, CHCls).
(A)-1,1'-[(1.1'-binaphthalene)-2,2'-diyl]bis{3-[(.S)-1-phenylethyllthiourea} (162)
OO Nj’LN)M\e The title compound was isolated by flash chromatography (SiOs,
w[ H H hexane/AcOEt = 3/1) in 93% as a white powder. !H NMR (400 MHz,
90 Y™ CDCL, 55 °0) 5 1.34 (4, J = 5.6 Hz, 6H), 6.28 (d, J = 5.6 Hz, 2H),
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6.91 (br, 4H), 7.01 (d, J = 8.4, Hz, 2H), 7.07 (br, 2H), 7.15 (br, 6H), 7.22 (d, J = 8.4 Hz,
2H), 7.48 (dd, J= 6.8, 8.4 Hz, 2H), 7.92 (d, /= 8.4 Hz, 4H), 7.94 (d, J = 8.4 Hz, 2H); 13C
NMR (CDCls, 100 MHz, 55 °C) & 22.6, 54.3, 125.6, 125.8, 126.3, 126.9, 127.0, 127.3,
127.5, 128.3, 128.8, 129.0, 132.1, 132.9, 135.4, 141.8, 180.7; IR (neat): 3227, 3025, 1739,
1506, 1365, 1294, 1230 cm-1; HRMS (ESI): m/z calcd for CssH3sN4S2 [M + H]+: 611.2303,
found 611.2291; [alp25 + 49.0 (¢ 1.0, CHCls).
(R)-1.1'-[(1,1'-binaphthalene)-2,2'-diyllbis(3-benzhydrylthiourea) (163)

OO j\ j’\h The title compound was isolated by flash chromatography (SiOsg,
R E E ™ hexane/AcOEt = 3/1) in 97% yield as a white powder. 1TH NMR (400
1 N\rSrN\Pthh MHz, CDCls, 55 °C) & 6.45 (d, J = 5.6 Hz, 2H), 6.85-6.86 (m, 2H),

163 6.90 (s, 2H), 7.06-7.20 (m, 22H), 7.46 (ddd, /= 0.8, 8.0, 8.0 Hz, 2H),
7.90 (d, J = 8.4 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.99 (s, 2H); 13C NMR (CDCls, 100
MHz, 55 °C) § 62.2, 125.6, 125.7, 126.2, 126.6, 127.0, 127.1, 127.2, 127.7, 127.8, 128.3,
128.7, 128.8, 132.2, 132.8, 135.9, 181.5; IR (neat): 3201, 3025, 1736, 1506, 1288, 12186,
cm-1; HRMS (ESD): m/z caled for C4sH39N4S2 [M + H]*+: 735.2616, found 735.2599; [a]p27
+103.4 (¢ 1.0, CHCls).
(R)-1.1'-[(1,1'-binaphthalene)-2,2'-diyl]bis(3-benzylthiourea) (164)

OO N v o The title compound was isolated by flash chromatography (SiOsq,
w[ p M hexane/AcOEt = 3/1) in 90% as a white powder. 1H NMR (400 MHz,
90 "™ CDCLs, 55 °C) 8 4.51 (br, 2H), 4.89 (br, 2H), 6.56 (br, 2H), 7.02 d, J
164 = 8.0 Hz, 2H), 7.25-7.39 (m, 14 H), 7.50 (dd, J = 7.2, 7.6 Hz, 1H),

7.65 (br, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H); 13C NMR (CDCls, 100
MHz, 55 °C) & 49.2, 124.7, 125.6, 126.8, 127.6, 127.6, 127.7, 128.6, 128.7, 128.9, 130.1,
132.3, 133.1, 134.1, 137.0, 181.4; IR (neat): 3217, 3027, 1734, 1523, 1507, 1270, 816,
750, 694 cm-1; HRMS (ESI): m/z caled for CssH3:1N4S2 [M + HJ+: 583.1990, found
583.1968; [alp27 + 138.8 (¢ 1.0, CHCls).
(R)-1,1'-[(1,1'-binaphthalene)-2,2'-diyl]bis(3-butylthiourea) (165)
OO JSL B The title compound was isolated by flash chromatography (SiOq,
hexane/AcOEt = 3/1) in 86% as a white powder. 'H NMR (400 MHz,
LI ™™ cDCLs, 55 °C) 5 0.87 (¢, 7= 6.8 Hz, 6H), 1.25 (br, 4H), 1.40 (br, 4H),
165 3.25 (br, 2H), 3.45 (br, 2H), 6.14 (br, 2H), 6.94 (br, 2H), 7.09 (br, 2H),
7.32 (dd, J= 7.6, 7.6 Hz, 2H), 7.50 (dd, J = 7.6, 8.0 Hz, 2H), 7.72 (br, 2H), 7.95 (d, J =
8.0 Hz, 2H), 8.02 (d, J = 8.8 Hz, 2H); 13C NMR (CDCls, 100 MHz, 55 °C) & 13.6, 17.1,
20.0, 30.8, 125.5, 125.7, 126.5, 126.6, 127.6, 127.8, 128.6, 130.2, 132.2, 133.2, 180.9; IR
(neat): 3220, 3021, 1731, 1529, 1497, 1230 cm-1; HRMS (ESI): m/z calcd for C30H35N4Ss
[M + H]+: 515.2303, found 515.2307; [a]p25 + 168.1 (¢ 1.0, CHCls).
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(R)-N,N-{[(1,1'-binaphthalene)-2,2'-diyl]bis(azanediyDbis(carbonothioyl)}dibenzamide (167)

)SLN)OLPh The title compound was isolated by flash chromatography (SiOs,
H hexane/AcOEt = 2/1) in 85% as a white powder. 'H NMR (400 MHz,
wSerr CDCls, 55 °C) & 7.30 (d, J = 8.4 Hz, 2H), 7.33 (dd, J = 7.6, 7.6 Hz,
167 2H), 7.38 (dd, J = 7.6, 7.6 Hz, 2H), 7.51 (dd, J = 8.4, 8.4 Hz, 4H),
7.58 (d, J=8.0 Hz, 4H), 7.94 (d, J= 8.4 Hz, 2H), 8.03 (d, J= 9.2 Hz, 2H), 8.43 (d, J=9.2
Hz, 2H), 8.73 (s, 2H), 12.0 (s, 2H); 13C NMR (CDCls, 100 MHz, 55 °C) § 24.6, 125.9,
126.3, 126.4, 127.1, 127.4, 128.3, 128.7, 128.8, 132.1, 132.5, 133.0, 133.1, 135.5, 166.1,
179.1; IR (neat): 3005, 1738, 1673, 1506, 1149 cm-1; HRMS (ESD): m/z calcd for
Cs6H26N4Na102S2 [M + Nal+: 633.1395, found 633.1399; [alp24 + 91.1 (¢ 0.99, CHCls).
(R)-1,1'-[6,6'-dimethyl-(1,1'-biphenyl)-2,2'-diyllbis(8-benzylthiourea) (175)
O = The title compound was isolated by flash chromatography
(hexane/AcOEt = 3/1) in 92% as a white powder. 'H NMR (400 MHz,
(™" eDels, 55 °C) 5 1.93 (s, 6H), 4.55 (dd, J = 4.0, 14.8 Hz, 2H), 5.13 (br,
175 2H), 6,51 (s, 2H), 6.80 (s, 2H), 7.21-7.33 (m, 16H); 13C NMR (CDCls,
100 MHz, 55 °C) & 19.7, 49.7, 123.4, 127.8, 128.0, 128.8, 129.1, 129.4, 131.8, 135.1,
137.3, 138.8; IR (neat): 3217, 3026, 2970, 1738, 1521, 1455, 1366, 1217 cm-!; HRMS
(ESI): m/z calcd for CsoH31N4S2 [M + H]+: 511.1990, found 511.2004; [a]p25 — 76.1 (¢ 1.02,
CHCls).
(R)-1.1'-[6.6'-dimethyl-(1,1'-biphenyl)-2.2'-diyl]bis(3-methylthiourea) (176)

O 3 Mo The title compound was 1isolated by flash chromatography
wf B B (hexane/AcOEt = 2/1) in 89% as a white powder. 'H NMR (400 MHz,
NN

(J "y e CDCls, 55 °C) 8 1.99 (s, 6H), 3.10 (d, J= 4.4 Hz, 6H), 6.26 (br, 2H), 6.66
176 (br, 2H), 7.22-7.26 (m, 4H), 7.37 (dd, J = 7.6, 8.4 Hz, 2H); 13C NMR
(CDCls, 100 MHz, 55 °C) § 19.6, 32.3, 123.2, 129.0, 129.4, 131.9, 134.9, 138.8, 181.6; IR
(neat): 3280, 3196, 2925, 1558, 1507, 1457, 1283, 1051 cm-1; HRMS (ESI): m/z caled for
C1sH23N4S2 [M + H]+: 359.1364, found 359.1358; [alp26 — 69.8 (¢ 1.01, CHCls).

1,1'-[(1.5.2.9-cyclohexane-1,2-diyl]bis(3-benzylthiourea) (171)

The reaction was carried out on 1.3 mmol of chiral diamine and 3.9

S—NH kT’N—-’(S mmol of isothiocyanate following the above procedure to furnish the

171 crude product after 10 h at room temperature. The title compound
was isolated by flash chromatography (SiO2, ether/hexane = 2/3 to 1/1) in 98% as a
white powder. 'H NMR (400 MHz, CDCls, 55 °C) § 1.25-1.37 (m, 4H), 1.72 (br, 2H), 2.14
(d, J=10.8 Hz, 2H), 4.32 (br, 2H), 4.54 (br, 4H), 7.26 (dd, J= 7.2, 7.2 Hz, 4H), 7.30 (d, J
=17.2 Hz, 4H), 7.33 (t, J = 7.2 Hz, 2H); 13C NMR (CDCls, 100 MHz, 55 °C) § 24.6, 32.1,
48.2, 59.3, 100.0, 127.6, 127.8, 128.8, 136.9, 181.8; IR (neat): 3195, 3027, 2940, 2856,
2360, 1739, 1541, 1369, 1229, 697 cm-1; HRMS (ESI): m/z caled for C22H36N4Na1Se [M +
Nal+: 435.1653, found 435.1654; [a]p25 — 60.9 (¢ 1.0, CHCls).
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1,1'-[01R2R)-1,2-diphenylethane-1,2-diyl]bis(8-benzylthiourea) (172)

JSL The reaction was carried out on 0.18 mmol of chiral diamine and 0.54

O e mol of isothiocyanate following the above procedure to furnish the
BnHN\n/ElH O crude product after 10 h at room temperature. The reaction mixture
172 was filtrated by vacuum filtration and rinsed a small amount of
hexane and CH2Cls one time to give 172 (51%) as a white powder. 'H NMR (400 MHz,
CDCls, 55 °C) & 4.60 (br, 4H), 6.00 (d, J = 4.8 Hz, 2H), 6.22 (br, 2H), 6.89 (br, 2H),
7.11-7.28 (m, 20H); 13C NMR (CDCls, 100 MHz, 55 °C) § 48.4, 64.6, 127.8, 128.0, 128.1,
128.2, 128.7, 129.0, 185.1; IR (neat): 2234, 1749, 1363, 1221 cm-1; HRMS (ESD): m/z
caled for CsoH31N4 [M + H]+: 511.1990, found 511.2000.
1.1'-[(9R.105,115,12R)-9.10-dihydro-9,10-ethanoanthracene-11,12-diyllbis(3-benzylthiourea) (173)

_/<s S The reaction was carried out on 0.21 mmol of chiral diamine and 0.63
o HN NE\*NHBn mmol of isothiocyanate following the above procedure to furnish the
crude product after 9 h at room temperature. The title compound was
173 isolated by flash chromatography (SiO2, hexane/AcOEt = 3/1) in
quantative yield as a white powder. 1H NMR (400 MHz, CDCls, 55 °C) & 4.33 (d, J= 8.0
Hz, 2H), 4.39 (d, J= 5.2 Hz, 4H), 4.50 (br, 2H), 5.33 (d, J = 8.0 Hz, 2H), 6.05 (br, 2H),
7.11 (d, J= 6.8 Hz, 2H), 7.15 (d, J= 6.8 Hz, 2H), 7.14-7.17 (m, 10H), 7.28 (d, J= 7.2 Hz,
2H), 7.34 (d, J= 7.2 Hz, 2H); 13C NMR (CDCls, 100 MHz, 55 °C) & 48.2, 49.0, 62.4, 124.8,
125.7, 126.9, 127.0, 127.6, 127.9, 128.9, 136.5, 138.5, 141.0, 182.1; IR (neat): 3368,
3239, 3027, 1734, 1532, 1340, 1287, 1229 cm-1; HRMS (ESI): m/z calcd for C3zH3:1N4S:
[M + HI*: 535.1990, found 535.1986; [alp25 — 116.7 (¢ 1.02, CHCls).
1,1'-[(1.1'-binaphthalene)-2.2'-diylbis(methylene)] bis(3-benzylthiourea) (174)

OO HN_/<S 1,1'-binaphthalene-2,2'-diyldimethanamine was performed according
NHBn

to the literature procedure.78 Benzyl thioisocyanate (1.4 mmol, 3 eq.)
OO HN_<\:HBn was added to a solution of 1,1'-binaphthalene-2,2'-
174 diyldimethanamine (144 mg, 0.46 mmol) in CH2Cl: (4.6 mL) at rt. The
mixture was stirred at rt for 4 days. The solution was concentrated under reduced
pressure. The residue was purified by flash chromatography (SiO2, hexane/AcOEt = 5/1
to 2/1) to afforded 174 (quant.). '"H NMR (400 MHz, CDCls) § 4.07 (dd, J= 4.8, 19.2 Hz,
2H), 4.44 (dd, J= 4.8, 19.2 Hz, 2H), 4.51 (dd, J= 4.8, 19.2 Hz, 2H), 4.65-4.75 (m, 2H),
5.94 (br, 2H), 6.26 (br, 2H), 7.03 (d, J = 9.2 Hz, 2H), 7.13 (d, J = 6.0 Hz, 4H), 7.23-7.28
(m, 8H), 7.45 (dd, J=17.2, 8.0 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.91 (d, J= 8.0 Hz, 2H),
7.95 (d, J = 8.4 Hz, 2H); 13C NMR (CDCls, 100 MHz, 55 °C) & 46.9, 48.6, 123.1, 125.6,
126.4, 127.2, 127.6, 127.7, 128.4, 128.7, 129.0, 132.8, 133.2, 134.0, 137.1, 143.1, 182.0;
IR (neat): 3224, 3055, 1735, 1540, 1217 cm-1; HRMS (ESI): m/z calcd for C3sH35N4Sz [M
+ H]+: 611.2303, found 611.2303; [alp2 — 245.5 (¢ 1.02, CHCls).
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(#)-1-(2'-amino-[1,1'-binaphthalen]-2-yD)-3-[(®)-1-phenylethyllurea (207)
OO O Me  The reaction was carried out with 4 eq. of isocyanate following the
N

P

w] H H above procedure to furnish the crude product after 24 h at room
OO NHz temperature. The title compound was isolated by flash column
207 chromatography (SiO2, hexane/AcOEt = 2/1) in 70% yield. '"H NMR

(400 MHz, CDCls) § 1.24 (d, J = 10.0 Hz,. 3H), 3.51 (br, 2H), 4.42 (br, 1H), 4.70 (d, J =
7.2 Hz, 1H), 6.18 (br, 1H), 6.91 (d, J= 8.4 Hz, 1H), 7.00 (dd, J= 8.4, 8.8 Hz, 2H), 7.08 (d,
J=8.8 Hz, 1H), 7.16-7.25 (m, 6H), 7.35 (dd, J = 6.8, 8.8 Hz, 1H), 7.79 (dd, /= 6.8, 8.8
Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.85 (d, /= 8.4 Hz, 1H), 7.92 (d, J= 9.2 Hz, 1H), 8.46
(d, J=9.2 Hz, 1H); 13C NMR (CDCls, 100 MHz) & 23.1, 50.2, 110.7, 118.2, 119.1, 120.8,
122.6, 123.6, 124.5, 125.6, 126.7, 127.1, 127.2, 128.1, 128.2, 128.5, 129.1, 130.1, 130.6,
132.4, 133.6, 136.0, 142.9, 143.3, 154.6; IR (neat): 3332, 3055, 1496, 1231 cm-!; HRMS
(ESI): m/z caled for C29H25N3Na101 [M + Nal+: 454.1900, found 454.1901; [a]p26 + 68.7
(¢ 1.03, CHCly).

(R)-1-[2'-amino-(1,1'-binaphthalen)-2-yl]-3-benzylthiourea (168)

OO Nj\NAPh The reaction was carried out with 1.5 eq. of thioisocyanate

wf H H following the above procedure to furnish the crude product after 72
OO Nre h at room temperature. The title compound was isolated by flash
168 column chromatography (SiOz, hexane/AcOEt = 3/1) in 46% yield.

1H NMR (400 MHz, CDCls, 55 °C) § 3.56 (br, 2H), 4.47 (br, 1H), 4.54 (br, 1H), 6.24 (br,
1H), 6.80 (d, J= 8.4 Hz, 1H), 7.05 (br, 1H), 7.06 (d, J= 8.8 Hz, 1H), 7.13 (d, /= 2.0, 7.6,
7.6 Hz, 1H), 7.21-7.28 (m, 8H), 7.47 (ddd, J= 2.4, 6.0, 8.0 Hz, 1H), 7.79 (d, J/ = 8.8 Hz,
1H), 7.80 (d, J= 8.8 Hz, 1H), 7.90 (d, J= 8.4 Hz, 2H), 7.97 (d, J= 8.8 Hz, 1H); 13C NMR
(CDCls, 100 MHz, 55 °C) & 49.0, 108.4, 111.9, 118.3, 122.7, 123.3, 124.5, 126.2, 126.4,
127.2, 127.3, 127.5, 127.7, 128.3, 128.4, 128.5, 128.7, 129.4, 130.3, 132.5, 133.2, 133.6,
134.3, 142.3, 181.6; IR (neat): 3307, 3195, 3029, 1735, 1618, 1506, 1274, 1228 cm-1;
HRMS (ESID): m/z caled for C2sH23NsNa1S: [M + Nal+: 456.1510, found 456.1510; [a]p26
+47.3 (¢0.98, CHCly).

(R)-1-[2'-amino-(1,1'-binaphthalen)-2-yl]-3-methylthiourea (208)

OO NJSLN/Me The reaction was carried out with 2 eq. of thioisocyanate following

w®[ H H the aboveprocedure to furnish the crude product after 72 h at room
OO N temperature. The title compound was isolated by flash column
208 chromatography (SiO2, hexane/AcOEt = 2/1) in 50% yield. 'H NMR

(400 MHz, CDCls, 55 °C) 8 2.77 (br, 3H), 3.63 (br, 2H), 6.10 (br, 1H), 6.85 (d, /= 8.0 Hz,
1H), 7.09 (d, J= 8.4 Hz, 1H), 7.15 (dd, J= 7.2, 8.0 Hz, 1H), 7.20 (d, J= 8.0 Hz, 1H), 7.30
(br, 2H), 7.48 (dd, /= 8.0, 8.8 Hz, 1H), 7.78 (dd, J = 7.2, 8.0 Hz, 1H), 7.79 (dd, J= 7.2,
8.0 Hz, 1H), 7.93 (d, /= 8.4 Hz, 1H), 7.93 (d, J= 8.4 Hz, 1H), 7.98 (d, J/ = 7.2 Hz, 1H);
13C NMR (CDCls, 100 MHz, 55 °C) § 29.8, 111.9, 118.2, 118.4, 122.6, 122.8, 123.2, 123.3,
124.3, 126.0, 126.3, 127.3, 128.3, 129.4, 130.2, 132.4, 133.2, 133.6, 134.5, 142.3, 182.1;

IR (neat): 3307, 3207, 2925, 1736, 1618 cm~1; HRMS (ESI): m/z caled for C226H20N3S1 [M
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+ HJ]+: 358.1378, found 358.1370; [a]p26 + 19.7 (¢ 0.91, CHCls).

(R)-N-(9H-fluoren-9-yD-(1,1'-binaphthalene)-2,2'-diamine (S11)

OO To a solution of 9-bromofluorene (91 mg, 0.35 mmol, 1 eq.) in 2 mL of
O ML) Nz 2-propanol, (R)-(+)-1,1’-binaphthyl-2,2’-diamine (100 mg, 0.35 mmol)
O’ N OO and NaOAc (43 mg, 0.53 mmol, 1.5 eq.) were added. The mixture was

s refluxed with stirring for 8 h. The reaction was quenched with water

(1 mL) and extracted with three times of CH2Cl2 (5 mL). The combined organic layers
were washed with brine, dried over Na2SOQ4, filtered through a plug of cotton, and
concentrated under reduced pressure. The residue was purified by flash
chromatography (SiOz, hexane/AcOEt = 6/1) to afforded S11 (67%). 1H NMR (400 MHz,
CDCls) 5 3.92 (br, 2H), 4.38 (br, 1H), 5.55 (br, 1H), 6.98-7.24 (m, 7H), 7.31-7.48 (m, 5H),
7.67-7.89 (m, 8H); 13C NMR (150 MHz, CDCls) § 59.7, 112.0, 113.1, 114.9, 118.3, 120.0,
120.1, 122.2, 122.4, 123.9, 124.1, 124.4, 124.5, 126.7, 126.8, 127.4, 127.8, 128.0, 128.1,
128.2, 128.3, 128.3, 128.5, 129.5, 130.0, 133.7, 133.9, 140.0, 140.1, 143.0, 143.5, 145.3,
145.6; IR (neat): 2960, 2925, 1602, 1491, 1098, 1016 cm-1; HRMS (ESD): m/z caled for
C33HzsN2 [M + HI*: 449.2018, found 449.2006.
(R)-1-{2'-[(9H-fluoren-9-yDamino]-(1,1'-binaphthalen)-2-yl}-3-benzylthiourea (169)
OO NJSLNHBn Benzyl thioisocyanate (0.46 mmol, 2 eq.) was added to a solution

O MDA of S11 (106 mg, 0.23 mmol) in CCls (1.2 mL). The mixture was
O’ § O stirred at reflux for 2 days. The solution was concentrated under
169 reduced pressure and was purified by flash chromatography

(SiO2, hexane/AcOEt = 6/1 to 5/1) to provided 169 (66%). 'H NMR (400 MHz, CDCls) §
4.11 (br, 1H), 4.39 (br, 1H), 4.50 (br, 1H), 5.57 (d, /= 8.0 Hz, 1H), 6.15 (br, 1H), 6.72 (d,
J=8.4 Hz, 1H), 7.03 (br, 1H), 7.08-7.35 (m, 15 Hz), 7.43 (d, J= 7.6 Hz, 2H), 7.65 (dd, J
=17.2,8.0 Hz, 2H), 7.74 (d, J= 8.0 Hz, 2H), 7.84 (d, J=8.0 Hz, 1H), 7.91 (dd, J= 7.2, 7.6
Hz, 2H); 13C NMR (150 MHz, CDCls) § 59.2, 115.0, 120.0, 122.5, 123.0, 124.5, 124.6,
126.0, 126.4, 127.2, 127.3, 127.3, 127.4, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.3,
128.4, 128.4, 128.8, 128.8, 130.4, 132.2, 133.4, 139.9, 140.0, 143.0, 144.9, 145.0, 180.9;
IR (neat): 2940, 2864, 1738, 1366, 1228,m 1217 cm-1; HRMS (ESD): m/z calcd for
C41H32N3sS: [M + H]+: 598.2317, found 598.2326; [alp24 + 5.45 (c 0.97, CHCls).

N-(9H-fluoren-9-yD-[1,1'-binaphthalene]-2,2'-diamine (S12)
OO Tri-tert-butylphosphine (11.5 uL, 0.047mmol, 40 mol %) was added to
NH,

O R toluene (0.47 mL) solution of (&)-(+)-1,1-binaphthyl-2,2’-diamine
OO (38.1 mg, 0.12 mmol), 2,2’-dibromo-1,1’-biphenyl (54.6 mg, 0.175
s12 mmol, 1.5 eq.), NatOBu (33.6 mg, 0.35 mmol, 3 eq.) and

Pds(dba)s* CHCls (12.1 mg, 0.012 mmol, 10 mol %) under Ar. The reaction was
quenched with water (10 mL), filtered through Celite and extracted with three times of

AcOEt (5 mL). The combined organic layers were washed with brine, dried over
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Na2SOy, filtered through a plug of cotton, and concentrated under reduced pressure.
The residue was purified by flash chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1) to
afforded S12 (30%). 'H NMR (400 MHz, CDCls) & 3.92 (br, 2H), 4.38 (br, 1H), 5.55 (s,
1H), 6.99 (d, J= 7.6 Hz, 1H), 7.05-7.24 (m, 8H), 7.32 (dd, J= 7.6, 7.6 Hz, 1H), 7.35 (dd,
J=1.6,7.6 Hz, 1H), 7.42 (d, J= 7.2 Hz, 1H), 7.47 (d, J= 7.2 Hz, 1H), 7.68-7.81 (m, 7H);
IR (neat): 2924, 1717, 1618, 1491, 1256, 1091, 1027 cm-1; HRMS (ESD: m/z calcd for
C32H23N2 [M + HI*: 435.1861, found 435.1877.
1-(2'-(9H-carbazol-9-yD-[1,1'-binaphthalen]-2-y1)-3-benzylthiourea (170)
OO Nj\NHBn Benzyl thioisocyanate (0.36 mmol, 3 eq.) was added to a solution

O ®] H of 812 (56 mg, 0.12 mmol) in CCls (1.2 mL) at rt. The mixture
OO was stirred at reflux for 4 days. The solution was concentrated
170 under reduced pressure and was purified by flash

chromatography (SiO2, hexane/AcOEt = 8/1 to 6/1, and then to 3/1) to provided 170
(66%). '"H NMR (400 MHz, CDCls) & 3.79 (dd, J = 4.0, 14.4 Hz, 2H), 4.60 (dd, J = 6.4,
14.4 Hz, 1H), 5.21 (brs, 1H), 6.73 (dd, J= 8.0, 8.8 Hz, 2H), 6.90 (dd, /= 7.2, 7.6 Hz, 1H),
6.97-7.00 (m, 3H), 7.13-7.24 (m, 5H), 7.34 (d, J= 7.6 Hz, 2H), 7.41-7.64 (m, 5H), 7.61
(dd, J=17.6, 8.8 Hz, 2H), 7.64 (dd, J=17.2 Hz, 1H), 7.68 (d, J= 8.4 Hz, 1H), 7.78 (d, J=
8.0 Hz, 1H), 7.95 (d, J= 8.0 Hz, 1H), 8.11 (d, /= 7.6 Hz, 1H), 8.20 (d /= 8.8 Hz, 1H); IR
(neat): 3223, 1768, 1722, 1531, 1512, 1371, 1219 cm-'; HRMS (ESID): m/z calcd for
C40Hs0N3S: [M + HI+: 584.2160, found 584.2181; [alp25 +158.6 (¢ 0.05, CHCls).

(R)-1-methyl-3-[2'-(3-methylguanidino)-(1,1'-binaphthalen)-2-yl]thiourea (209)
OO j\ IBX (84 mg, 0.3 mmol, 1.5 eq.) and 28% of NHs aq. (0.4 mL) were
-M

NN
HoH ° added portionwise to a solution of bisthiourea 166 (86.1 mg, 0.2
N._N-M
OO T, ° mmol) in MeCN (0.65 mL) at 0 °C. The mixture was stirred for 4 h at
209 room temperature. After diluting the solution with brine, the water

layer extracted with three times of AcOEt, and combined organic layers were dried
over Na2S04. The title compound was isolated by flash column chromatography (SiOz,
hexane/AcOEt = 1/1 to 1/2) in quantatitve yield a white solid. 'H NMR (600 MHz,
CDCls) 6 2.77 (s, 3H), 2.98 (s, 3H), 5.49 (br, 1H), 5.92 (br, 1H), 7.13 (dd, J= 7.2, 9.0 Hz,
1H), 7.25(d, J= 7.8 Hz, 1H), 7.28 (d, J= 9.0 Hz, 1H), 7.31 (dd, J=6.6, 7.8 Hz, 1H), 7.45
(dd, J=6.6, 7.8 Hz, 1H), 7.48 (d, J=9.0 Hz, 1H), 7.50 (dd, J= 7.2, 8.4 Hz, 1H), 7.56 (d,
J=8.4Hz, 1H), 7.83 (d, J= 7.8 Hz, 1H), 7.86 (d, J= 8.4 Hz, 1H), 7.90 (d, J= 8.4 Hz, 1H),
7.99 (d, J=9.0 Hz, 1H); 13C NMR (150 MHz, CDCls) § 29.5, 31.8, 121.5, 124.0, 125.5,
126.2, 126.5, 126.6, 126.7, 128.2, 128.8, 129.6, 129.9, 130.6, 132.0, 132.5, 132.8, 133.4,
137.9, 146.1, 151.1, 179.5; IR (neat): 2339, 1954 cm-!; HRMS (ESI): m/z caled for
C24H24N5S1 [M + H]*+: 414.1752, found 414.1749
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[38] Preparation of a Chiral Holmium Complex
Lanthanide trifluoromethanesulfonimides (Ln(NTfz2)s) were synthesized by following

the reported procedure in the literature.l79

Holmium trifluoromethanesulfonimide (Ho(NTfs)3)

To a stirred suspension of 380 mg (1 mmol) of Holmium Oxide (Ho20s3) in 3.3 mL water,
2 g (7 mmol) of bis(trifluoromethanesulfonyl)amine were added the mixture was
refluxed for 1.5 h. After the clear solution was evaporated, the residue was dried under
0.1 mmHg for 1 h at 60 °C and for 12 h at 120 °C to give light red powder. This
compound shows a singlet peak on 9F NMR. 19F NMR (D20, 376 MHz) & —72.6. This
value were different from the free bis(trifluoromethanesulfonyl)amine (-79.4 ppm).
Preparation of the chiral holmium complex

Ho(NTfz2)s (20.1 mg, 20.0 umol) and bisthiourea (17.2 mg, 40.0 pmol) taken in a test

tube with a stirring bar were heated at 115-120 °C under reduced pressure (<0.01

mmHg) for 30 min. After being allowed to cool to room temperature, the test tube was
charged with dry argon. CH2Clz (0.3 mL) and DBU (6.0 pL, 40.0 pmol) were added
successively, and the resulting solution was stirred for 2 h at room temperature. This

catalyst should be prepared before use.

[4] Catalytic and asymmetric Diels—Alder reaction
The spectral data of Diels—Alder adducts 68,282, 185,64 186,64 187282 correspond to
reported data. There are three types of general methods based on how dienes and

dienophiles are added to the solution of the chiral catalyst.

Type A—General procedures for DA reaction (dienophile was added at first)

The chiral holmium complex solution (20.0 umol) was prepared following the general
procedure described above. The reaction vessel was cooled to 0 °C and a solution of
dienophile 67 (0.4 mmol) in CH2Cl2 (0.4 mL + 0.2 mL to rinse) was added, followed by
the addition of a solution of diene 155 (291 mg, 0.6 mmol) in CH2Cl2 (0.8 mL + 0.4 mL
to rinse). After additions, the solution was maintained for the time described in the
following. The reaction mixture was quenched by the addition of H20 and filtered
through a plug of Celite. The water layer extracted with three times of CH2Clz (5 mL),
and combined organic layers were dried over Na2SO4. After the volatile materials were
removed under reduced pressure, diastereoselectivity was checked by crude 'H NMR.
Diels—Alder adduct 158a-exo

TIPSQ The reaction was carried out on a 0.4 mmol scale of dienophile

O ""sz\'\:e 67a following the general procedure to furnish the crude product
Z:S‘o N)//O as a single isomer after 30 min at 0 °C. The title exo adduct was

AL fo)
Meo/©/ ° isolated by flash column chromatography (SiO2, hexane/AcOEt =

158a-exo
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2/1 to 1/1 or CHROMATOREX-DIOL, hexane/AcOEt = 3/1 to 2/1) in 96% yield and 87%
ee as a white foam. 'H NMR (400 MHz, CDCls) § 0.89 (d, /= 6.0 Hz, 9H), 0.91 (d, J =
6.0 Hz, 9H), 1.18 (qq, J = 6.0, 6.0 Hz, 3H), 2.62 (dd, J= 6.8, 17.2 Hz, 1H), 2.69 (dd, J=
8.0, 17.2 Hz, 1H), 3.45 (ddd, J = 6.8, 8.0, 9.2 Hz, 1H), 3.66 (s, 3H), 3.76 (s, 3H), 4.08
(ddd, J=9.2,9.2,9.2 Hz, 1H), 4.33 (ddd, J=5.2, 9.2, 9.2 Hz, 1H), 4.46 (ddd, J=5.2, 9.2,
9.2 Hz, 1H), 4.47 (d, J = 9.2 Hz, 1H), 4.56 (ddd, J= 9.2, 9.2, 9.2 Hz, 1H), 4.82 (dd, J =
9.2,9.2 Hz, 1H), 6.78 (d, J= 8.8 Hz, 2H), 7.01 (dd, J=7.6, 7.6 Hz, 1H), 7.12 (dd, J= 7.6,
8.0 Hz, 1H), 7.48 (d, /= 8.8 Hz, 2H), 7.50 (d, /= 7.6 Hz, 1H), 7.66 (d, /= 8.0 Hz, 1H);
13C NMR (100 MHz, CDCls) & 13.3, 17.8, 32.1, 40.8, 43.3, 45.4, 52.4, 55.4, 62.2, 65.0,
113.6, 113.9, 117.4, 123.2, 124.8, 127.0, 127.2, 129.1, 129.9, 141.9, 143.4, 153.4, 163.4,
172.9, 173.2; IR (neat): 2947, 2867, 1779, 1736, 1688, 1356, 1260, 1162, 1092, 1023 cm-
1; HRMS (ESD): m/z caled for C34H44Ki1N209S:1Si1 [M + K]+: 723.2174, found 723.2157;
[alp24 +168.5 (¢ 0.99, CHCls, 86% ee); Daicel Chiralcel OD-H, hexane/iPrOH = 80/20, f:
1.0 mL/min, 254 nm, 12.8 min (major), 26.1 min (minoxr).

Diels—Alder adduct 158a-endo

TIPSQ The reaction was carried out on a 0.2 mmol scale of dienophile

O ““CO?Me 67a following the general procedure (using Yb(OTf)s and bisurea
—oo

as a chiral ligand) to furnish the crude product as a 9:1

Me0/©/ © O (exo'endo) mixture of diastereoisomers after 4 h. The title endo
158a-endo adduct was isolated by flash column chromatography (SiOs,

hexane/AcOEt = 2/1) in 2% yield and 1% ee as a white foam. 'H NMR (400 MHz, CDCls)
51.08(d, J=17.2 Hz, 9H), 1.09 (d, J= 7.2 Hz, 9H), 1.20 (qq, J = 7.2, 7.2 Hz, 3H), 2.51
(ddd, J= 2.0, 6.4, 16.8 Hz, 1H), 2.69 (ddd, J = 2.0, 4.8, 16.8 Hz, 1H), 3.24 (ddd, J = 4.8,
6.4, 6.4 Hz, 1H), 3.77 (s, 3H), 3.80 (s, 3H), 3.93 (ddd, /=19.2, 9.2, 9.2 Hz, 1H), 4.07 (ddd,
J=4.8,9.2,9.2 Hz, 1H), 4.41 (ddd, J= 4.8, 9.2, 9.2 Hz, 1H), 4.47 (ddd, J=9.2, 9.2, 9.2
Hz, 1H), 4.50 (ddd, J= 2.0, 2.0, 6.4 Hz, 1H), 5.30 (dd, J= 4.8, 6.4 Hz, 1H), 6.87 (d, J =
9.2 Hz, 2H), 6.97 (dd, J= 7.2, 8.0 Hz, 1H), 7.10 (dd, J= 8.0, 8.0 Hz, 1H), 7.57 (d, J= 7.2
Hz, 1H), 7.72 (d, J= 8.0 Hz, 1H), 7.73 (d, J= 9.2 Hz, 2H); 13C NMR (100 MHz, CDCls) &
13.5, 17.9, 30.2, 40.2, 41.6, 42.9, 52.6, 55.5, 61.9, 62.3, 111.0, 114.1, 114.7, 123.7, 123.9,
127.0, 127.1, 128.8, 130.0, 141.7, 142.2, 153.4, 163.5, 170.3, 172.9; IR (neat): 2947,
2867, 1772, 1732, 1705, 1594, 1456, 1356, 1160 cm-1; HRMS (ESD: m/z caled for
Cs4H44N2Na109S1Si:1 [M + Nal+: 707.2435, found 707.2433; Daicel Chiralcel OD-H,
hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm, 13.1 min, 20.9 min.
Diels—Alder adduct 154-exo

TIPSO The reaction was carried out on a 0.3 mmol scale of dienophile 67a
O ““CO?Me and 0.6 mmol of diene 153 following the general procedure (using
s:Oo )/, Yb(OTf)s and bisurea as a chiral ligand) to furnish the crude product
©/ ° © as a 2:1 (exo'endo) mixture of diastereoisomers after 4.5 h at 0 °C.
154-exo The title exo adduct was isolated by flash column chromatography

(SiO32, hexane/AcOEt = 2/1 to 1/1 or CHROMATOREX-DIOL, hexane/AcOEt = 3/1 to
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2/1) in 2% yield and 34% ee as a white foam. 1H NMR (400 MHz, CDCls) § 1.02 (d, J =
7.2 Hz, 9H), 1.05 (d, J = 7.2 Hz, 9H), 1.18 (qq, J = 7.2, 7.2 Hz, 3H), 2.62 (ddd, J= 1.2,
6.4, 16.8 Hz, 1H), 2.70 (ddd, J = 1.2, 8.4, 16.8 Hz, 1H), 3.45 (ddd, J = 6.8, 8.4, 8.4 Hz,
1H), 3.66 (s, 3H), 4.09 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.33 (ddd, J=5.2, 9.2, 9.2 Hz, 1H),
4.44 (ddd, J= 5.2, 9.2, 9.2 Hz, 1H), 4.51 (d, J= 8.4 Hz, 1H), 4.53 (ddd, J=9.2, 9.2, 9.2
Hz, 1H), 4.70 (dd, J = 8.4, 8.4 Hz, 1H), 7.01 (dd, J= 7.2, 7.6 Hz, 1H), 713 (dd, J= 7.2,
7.2 Hz, 1H), 7.32 (dd, J= 7.6, 8.0 Hz, 2H), 7.47 (t, J = 8.0 Hz, 1H), 7.49 (d, J= 7.2 Hz,
1H), 7.55 (d, J= 7.6 Hz, 1H), 7.68 (d, J= 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl5) § 13.3,
17.7, 32.1, 40.7, 43.2, 45.4, 52.4, 62.1, 65.0, 113.4, 117.3, 123.2, 124.9, 127.2, 127.7,
128.7, 129.0, 133.3, 135.3, 141.5, 143.5, 153.4, 172.8, 173.1; IR (neat): 2947, 2868, 1778,
1736, 1692, 1455, 1358, 1170, 1118, 1030 cm-1; HRMS (ESD: m/z caled for
C33H42N2Na10sS1Si1 [M + Nal+: 677.2329, found 677.2344; [alp23 + 32.0 (¢ 1.00, CHCls,
55% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm, 11.6
min (major), 17.2 min (minor).
Diels—Alder adduct 154-endo
TIPSO The title endo adduct was isolated by flash column chromatography
O ""COZMe (SiO2, hexane/AcOEt = 3/1) in 1% yield and 2% ee as a white foam. 'H
i N;;B NMR (600 MHz, CDCls) § 1.08 (d, J= 7.2 Hz, 9H), 1.09 (d, J= 7.2 Hz,
@b ©  9H), 1.20 (qq, J=17.2, 7.2 Hz, 3H), 2.51 (ddd, J= 3.0, 5.4, 17.4 Hz, 1H),
154-endo 2.70 (ddd, = 1.8, 4.8, 17.4 Hz, 1H), 3.25 (ddd, J = 4.2, 4.8, 5.4 Hz,
1H), 3.77 (s, 3H), 3.94 (ddd, J=9.0, 9.0, 9.0 Hz, 1H), 4.08 (ddd, J= 6.0, 9.0, 9.0 Hz, 1H),
4.42 (ddd, /= 6.0, 6.0, 9.0 Hz, 1H), 4.48 (ddd, J=9.0, 9.0, 9.0 Hz, 1H), 4.51 (ddd, J= 1.8,
3.0, 6.0 Hz, 1H), 5.32 (dd, J= 4.2, 6.0 Hz, 1H), 6.98 (dd, J/=17.2, 7.8 Hz, 1H), 7.12 (dd, J
=17.8, 8.4 Hz, 1H), 7.43 (dd, J= 7.8, 8.4 Hz, 2H), 7.54 (t, J= 7.8 Hz, 1H), 7.58 (d, J= 7.8
Hz, 1H), 7.75 (d, J= 7.8 Hz, 1H), 7.81 (d, J= 8.4 Hz, 2H); 13C NMR (150 MHz, CDCl5) &
13.5, 17.9, 30.1, 40.2, 41.6, 42.9, 52.7, 61.9, 62.3, 110.8, 114.7, 123.7, 124.1, 127.1,
127.8, 128.7, 129.0, 133.5, 135.4, 141.7, 142.0, 153.4, 170.2, 172.9; IR (neat): 2988,
2867, 2307, 1749, 1363 cm-1; HRMS (ESI): m/z calcd for C3ssHa2N2Na10sS:1Si1 [M +
Nal*: 677.2329, found 677.2315; Daicel Chiralcel OD-H, hexane/;PrOH = 90/10, f: 1.0
mL/min, 254 nm, 18.1 min, 28.1 min.
Diels—Alder adduct 159
TIPSO The reaction was carried out on a 0.3 mmol scale of dienophile 67a
COZMe and 0.6 mmol of diene 156 following the general procedure (using
Me gz'o"o N;]jcl) Yb(OTf)s and bisurea as a chiral ligand) to furnish the crude
Me/©i o product as a 13:1 (exo:endo) mixture of diastereoisomers after 4 h
159 at 0 °C. The title exo adduct was isolated by flash column
chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1) in 32% yield and 29% ee as a white
foam. 'H NMR (400 MHz, CDCls) § 1.12 (d, J = 7.2 Hz, 9H), 1.13 (d, J = 7.2 Hz, 9H),
1.22-1.31 (m, 3H), 2.21 (s, 3H), 2.44 (s, 6H), 2.75 (d, /= 6.8 Hz, 2H), 3.56 (ddd, J= 6.8,

6.8, 8.8 Hz, 9H), 3.65 (s, 3H), 4.07 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.25 (ddd, J= 4.8, 8.8,
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8.8 Hz, 1H), 4.39 (ddd, /= 4.8, 8.8, 8.8 Hz, 1H), 4.56 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.70
(dd, J= 8.8, 8.8 Hz, 1H), 4.90 (d, J= 8.8 Hz, 1H), 6.75 (dd, J= 1.6, 7.2 Hz, 1H), 6.83 (s,
2H), 6.88 (dd, J = 1.6, 7.2, 7.2 Hz, 1H), 7.57 (dd, J = 1.6, 7.2 Hz, 1H); 13C NMR (150
MHz, CDCls) § 13.3, 17.7, 17.8, 20.8, 23.0, 31.8, 40.1, 43.2, 46.0, 52.4, 61.9, 65.6, 113.8,
114.2, 123.0, 123.5, 126.7, 127.6, 132.0, 132.1, 140.6, 141.6, 143.0, 144.1, 153.5, 172.6,
173.3; IR (neat): 2173, 1788 cm-1; HRMS (ESI): m/z calcd for C3ssH4sN2Na10sS1Si1 [M +
Nal+: 719.2798, found 719.2757; Daicel Chiralcel IA, hexane/;PrOH = 90/10, f: 1.0
mL/min, 254 nm, 34 min, 37 min.
Diels—Alder adduct 160
TIPSO The reaction was carried out on a 0.3 mmol scale of dienophile
"“002'\"9 67a and 0.6 mmol of diene 157 following the general procedure
MeO. 2:'6'0 N;;'o (using Yb(OTf)3 and bisurea as a chiral ligand) to furnish the
Meo/@(;%e © crude product as a 41:1 (exo:endo) mixture of diastereoisomers 3
160 h at 0 °C. The title exo adduct was isolated by flash column
chromatography (SiOz, hexane/AcOEt = 2/1 to 1/1) in 47% yield and 25% ee as a white
solid. 'H NMR (400 MHz, CDCls) 5 1.14 (d, J = 3.6 Hz, 9H), 1.16 (d, J = 4.4 Hz, 9H),
1.28 (qq, J = 3.6, 4.4 Hz, 18H), 2.68 (ddd, /= 1.6, 6.8, 16.8 Hz), 2.89 (ddd, J = 2.0, 8.4,
16.8 Hz, 1H), 3.62 (ddd, J= 6.8, 8.4, 9.6 Hz, 1H), 3.67 (s, 3H), 3.71 (s, 6H), 3.74 (s, 3H),
4,08 (dd, J=9.6, 9.6 Hz, 1H), 4.28 (ddd, J= 4.4, 9.6, 9.6 Hz, 1H), 4.38 (ddd, J= 4.4, 9.6,
9.6 Hz, 1H), 4.63 (ddd, J = 4.8, 9.6, 9.6, 1H), 4.65 (ddd, J = 4.8, 9.6, 9.6 Hz, 1H), 5.08
(ddd, J=1.6, 2.0, 9.6 Hz, 1H), 5.89 (s, 2H), 6.83 (s, 2H), 6.83 (dd, /= 3.2, 6.0 Hz, 1H),
6.83 (dd, J = 3.2, 6.0 Hz, 1H), 7.01 (dd, J = 3.2, 6.0 Hz, 1H), 7.54 (dd, J = 3.2, 6.0 Hz,
1H); 13C NMR (100 MHz, CDCls) § 13.5, 17.8, 17.9, 32.3, 40.1, 43.4, 46.4, 52.4, 55.4,
56.3, 62.0, 67.0, 90.7, 113.9, 114.8, 122.6, 123.1, 126.5, 127.7, 142.3, 142.9, 153.5, 157.7,
161.5, 164.7, 172.6, 173.7; IR (neat): 2166, 1787, 1724, 1688 1330, 1193 cm-1; HRMS
(ESI): m/z caled for C3sH4sN2Na1011S1Si1 [M + Nal+: 767.2646, found 767.2648; Daicel
Chiralcel OD, hexane//PrOH = 65/35, f: 1.0 mL/min, 254 nm, 19 min (minor), 36.8 min

(major).
Diels—Alder adduct 158d
TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile 67d

O ‘“‘CN following the general procedure to furnish the crude product as a
S:Oo single isomer after 30 min at 0 °C. The title compound was isolated
Me0/©/ © © by flash column chromatography (SiOs2, hexane/AcOEt = 2/1 to 1/1
158d or CHROMATOREX-DIOL, hexane/AcOEt = 2/1) in 94% yield and

92% ee as a white foam. 'H NMR (400 MHz, CDCls) § 1.06 (d, J= 7.2 Hz, 9H), 1.07 (d, J
= 7.2 Hz, 9H), 1.20 (qq, J= 7.2, 7.2 Hz, 3H), 2.67 (ddd, /= 1.6, 8.0, 17.2 Hz, 1H), 2.76
(ddd, /= 1.6, 8.0, 17.2 Hz, 1H), 3.42 (ddd, J = 8.0, 8.0, 8.0 Hz, 1H), 3.77 (s, 3H), 4.14
(ddd, J=9.6, 9.6, 9.6 Hz, 1H), 4.30 (ddd, J= 6.0, 9.6, 9.6 Hz, 1H), 4.47 (ddd, J= 6.0, 9.6,
9.6 Hz, 1H), 4.56 (ddd, J=9.6, 9.6, 9.6 Hz, 1H), 4.57 (ddd, J =1.6, 1.6, 8.0 Hz, 1H), 4.81

(dd, /= 8.0, 8.0 Hz, 1H), 6.82 (d, J= 8.8 Hz, 2H), 7.03 (dd, J= 7.2, 7.6 Hz, 1H), 7.16 (dd,
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J=17.2,8.0Hz, 1H), 7.54 (d, J =7.6 Hz, 1H), 7.56 (d, J= 8.8 Hz, 2H), 7.70 (d, J= 8.0 Hz,
1H); 13C NMR (100 MHz, CDCls) & 13.4, 17.8, 27.7, 32.5, 43.0, 45.6, 55.5, 62.3, 64.0,
112.7, 114.1, 116.5, 119.6, 123.5, 124.7, 126.6, 127.8, 128.2, 130.0, 141.5, 141.7, 153.4,
163.6, 171.4; IR (neat): 2946, 2867, 2234, 1778, 1675, 1594, 1457, 1358, 1262, 1160,
1024 cm-1; HRMS (ESI): m/z caled for CssH41N3Na107S1Si1 [M + Nal+: 674.2332, found
674.2318; [a]p24 + 155.5 (¢ 0.99, CHCls, 89% ee); Daicel Chiralcel OD-H, hexane/;PrOH
= 80/20, f: 1.0 mL/min, 254 nm, 19.1 min (major), 44.4 min (minor).

Diels—Alder adduct 1580

TIPSO, The reaction was carried on a 0.4 mmol scale of dienophile 670

O Tﬁ following the general procedure to furnish the crude product as a
gzgo N o single isomer after 1 h at 0 °C and 2 h at room temperature. The
Me0/©/ o © title compound was isolated by flash column chromatography (SiOq,
1580 hexane/AcOEt = 5/1 to 4/1, and then to 3/1) in 31% yield and 64% ee
as a white form. 'H NMR (400 MHz, CDCls) § -0.06 (s, 9H), 1.01 (d, J = 7.2 Hz, 9H),
1.02 (d, J= 7.2 Hz, 9H), 1.14 (qq, J = 7.2, 7.2 Hz, 3H), 1.73 (ddd, J = 4.0, 9.2, 9.2 Hz,
1H), 2.23 (dd, J = 4.0, 16.8 Hz, 1H), 2.53 (ddd, J = 2.0, 9.2, 16.8 Hz, 1H), 3.76 (s, 3H),
4.03 (ddd, J = 9.2, 9.2, 9.2 Hz, 1H), 4.23 (dd, J = 9.2, 9.2 Hz, 1H), 4.32 (d, J= 9.2 Hz,
1H), 4.39 (ddd, J=4.8, 9.2, 9.2 Hz, 1H), 4.43 (ddd, J=4.8, 9.2, 9.2 Hz, 1H), 4.56 (ddd, J
=9.2,9.2, 9.2 Hz, 1H), 6.74 (d, J = 8.8 Hz, 2H), 7.03 (dd, J= 7.6, 7.6 Hz, 1H), 7.13 (dd,
J=17.2,7.6 Hz, 1H), 7.42 (d, J= 8.8 Hz, 2H), 7.47 (d, J= 7.2 Hz, 1H), 7.67 (d, J= 7.6 Hz,
1H); 13C NMR (100 MHz, CDCls) & —2.86, 13.3, 17.7, 21.3, 30.9, 43.6, 43.9, 55.4, 62.1,
67.2, 113.8, 113.8, 118.1, 123.0, 125.0, 126.9, 127.1, 129.6, 129.6, 141.9, 146.2, 153.6,
163.2, 174.5; IR (neat): 2946, 2867, 1776, 1676, 1595, 1458, 1352, 1262, 1163, 834 cm~1;
HRMS (ESI): m/z caled for CssHs0N2Na107S1Si1 [M + Nal+: 721.2775, found 721.2769;
[a]p24 + 161.5 (¢ 1.00, CHCl3, 83% ee); Daicel Chiralcel OD-H, hexane//PrOH = 90/10, f:
1.0 mL/min, 254 nm, 10.7 min (major), 34.9 min (minor).

Diels—Alder adduct 178

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile

"COMe  g7a and 0.6 mmol of diene 177 following the general procedure to

2300 N/)/,\lo furnish the crude product as a single isomer after 30 min at 0 °C.

Me0/©/ ° © The title compound was isolated by flash column

178 chromatography (CHROMATOREX-NH, hexane/AcOEt = 3.5/1)
in 92% yield and 87% ee as a white foam. 'H NMR (400 MHz, CDCl3) § 1.01 (d, J= 5.6
Hz, 18H), 1.06 (seq, J= 5.6 Hz, 3H), 2.42 (ddd, J= 3.2, 7.2, 17.6 Hz, 1H), 2.57 (ddd, J=
2.8,10.4, 17.6 Hz, 1H), 3.21 (ddd, J= 7.2, 10.4, 10.4 Hz, 1H), 3.67 (s, 3H), 3.86 (s, 3H),
4.02 (ddd, J = 8.0, 9.6, 9.6 Hz, 1H), 4.10 (ddd, J= 2.8, 3.2, 17.6 Hz, 1H), 4.28 (ddd, J =
5.6, 9.6, 9.6 Hz, 1H), 4.42 (ddd, J= 5.6, 8.0, 8.0 Hz, 1H), 4.46 (ddd, J= 8.0, 9.6, 9.6 Hz,
1H), 4.73 (dd, J=9.6, 10.4, 8.4 Hz, 1H), 5.86 (d, /= 4.4 Hz, 1H), 6.44 (d, J= 4.4 Hz, 1H),
6.98 (d, /= 8.8 Hz, 2H), 7.64 (dd, J = 8.8 Hz, 2H); 13C NMR (CDCl3s, 100 MHz) § 12.8,

17.7, 32.0, 42.8, 42.9, 43.3, 52.3, 55.5, 61.9, 63.6, 111.6, 114.1, 118.8, 125.5, 130.4, 132.4,
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137.4, 153.4, 163.4, 172.9, 173.7; IR (neat): 2945, 2866, 1774, 1736, 1685, 1594, 1387,
1360, 1160, 1109, 1022, 882, 835, 803, 758, 708, 670 cm-1; HRMS (ESI): m/z calcd for
C30H42N2Na109S18i1 [M + Nal+: 657.2278, found 657.2271; [alp®® + 210.7 (c 1.00,
CHCls, 78% ee); Daicel Chiralcel OD-H, hexane//PrOH = 75/25, f: 1.0 mL/min, 254 nm,
9.8 min (major), 37.8 min (minor).
Diels—Alder adduct 181

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67a
O "‘Cone and 0.4 mmol of diene 180 following the general procedure (using 10

mol % of the holmium catalyst) to furnish the crude product as a

o
181 single isomer after 30 min at 0 °C and 2 h at room temperature. The

title compound was isolated by flash column chromatography (SiO2, hexane/AcOEt =
5/1 to 3/1 or CHROMATOREX-NH, hexane/AcOEt = 5/1 to 2/1) in 96% yield and 81% ee
as a white foam. 'H NMR (400 MHz, CDCls) & 1.14 (d, J= 6.0 Hz, 18H), 1.25 (seq, J =
6.0 Hz, 3H), 2.66 (ddd, J= 3.6, 10.8, 17.6 Hz, 1H), 2.83 (ddd, J=2.8, 7.2, 17.6 Hz, 1H),
3.32 (ddd, J=17.2,10.8, 10.8 Hz, 1H), 3.72 (s, 3H), 4.08-4.22 (m, 2H), 4.42-4.49 (m, 2H),
4.65 (dd, J=10.0, 10.8 Hz, 1H), 5.30 (ddd, /= 2.8, 3.6, 10.0 Hz), 6.74 (d, /= 8.4 Hz 1H),
6.86 (dd, J=17.2, 7.2 Hz, 1H), 7.05 (dd, J= 7.2, 8.4 Hz, 1H), 7.49 (d, /= 7.2 Hz, 1H); 13C
NMR (CDCls, 100 MHz) & 13.5, 18.0, 32.8, 41.5, 43.0, 43.5, 52.6, 61.8, 84.7, 109.6, 114.7,
120.9, 123.3, 124.9, 128.0, 140.6, 153.2, 160.4, 172.5, 174.1; IR (neat): 2944, 2866, 1782,
1733, 1687, 1458, 1360, 1213, 1038, 966, 883 cm-!; HRMS (ESI): m/z caled for
C27H37N1Na107S:Si1 [M + Nal+: 538.2237, found 538.2224; [alp23 + 61.38 (¢ 1.01,
CHCls, 61% ee); Daicel Chiralcel OD-H, hexane//PrOH = 95/5, f: 1.0 mL/min, 254 nm,
21.0 min (major), 29.8 min (minor).
Michael adduct 149

Q The reaction was carried out on a 0.3 mmol scale of dienophile 67a
@cozm and 0.6 mmol of diene 62 following the above procedure (using 25

gn o ¥° mol % of Yb(OTf)s and /PraNEt) to furnish the crude product after 3 h

149 at 0 °C, which was purified by flash column chromatography (SiOs,
hexane/AcOEt = 2/1 to 1/1) to afford 149 (61%) and 150 (21%). '"H NMR (600 MHz,
CDCls) § 3.15 (dd, J= 7.2, 16.8 Hz, 1H), 3.26 (dd, J= 4.8, 18.0 Hz, 1H), 3.38 (dd, J= 6.0,
16.8 Hz, 1H), 3.45 (dd, J = 8.4, 18.0 Hz, 1H), 3.67 (dddd, ¢ = 4.8, 6.0, 7.2, 8.4 Hz, 1H),
3.70 (s, 3H), 3.97 (t, J = 8.4 Hz, 2H), 4.37 (t, J= 8.4 Hz, 2H), 5.34 (s, 2H), 7.16 (d, J =
6.6 Hz, 2H), 7.24-7.35 (m, 6H), 7.80 (s, 1H), 8.37 (d, J= 7.8 Hz, 1H); 3C NMR (150 MHz,
CDCls) & 36.0, 36.7, 40.5, 42.3, 50.8, 52.1, 62.2, 110.2, 116.6, 122.6, 122.8, 123.6, 126.4,
127.0, 128.2, 129.0, 134.7, 135.6, 137.0, 153.4, 171.5, 175.1, 191.8; IR (neat): 2917,
2950, 1776, 1728, 1700, 1641, 1387, 1177, 1044, 905 cm-1; HRMS (ESI): m/z caled for
C25H24N2Na106 [M + Nal+: 471.1532, found 471.1531.
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Diels—Alder adduct 150

if\“l” J=2.4,16.8 Hz, 1H), 3.23 (ddd, J=17.8, 9.6, 12.0 Hz, 1H), 3.44 (ddd, J
n O gfo = 2.4, 2.4, 6.0 Hz, 1H), 3.63 (s, 3H), 3.71 (ddd, J = 6.0, 9.6, 12.0 Hz,
150 1H), 4.11 (ddd, J=17.8, 9.6, 9.6 Hz, 1H), 4.29 (ddd, J= 6.0, 9.6, 9.6 Hz,
1H), 5.30 (d, J=17.4 Hz, 1H), 5.48 (d, J=17.4 Hz, 1H), 6.08 (d, J= 2.4 Hz, 1H), 7.07 (d,
J=17.2 Hz, 2H), 7.27-7.32 (m, 6H), 8.32 (d, J= 8.4 Hz, 1H); 13C NMR (150 MHz, CDCls)
8 36.0, 38.4, 42.4, 43.5, 47.3, 53.0, 59.5, 61.9, 109.6, 114.9, 122.3, 123.0, 124.1, 124.5,
126.7, 127.8, 128.8, 136.0, 137.9, 145.8, 153.1, 168.2, 171.5, 190.1; IR (neat): 2950,
1773, 1730, 1697, 1644. 1525, 1386, 1175, 908 cm-'; HRMS (ESI): m/z calcd for
C25H22N2Na10s [M + Nal+: 469.1376, found 469.1362.
Diels—Alder adduct 152

=

Ozj 1H NMR (600 MHz, CDCls) § 2.92 (dd, J= 6.0, 16.8 Hz, 1H), 3.05 (dd,

W-=Z

TMSO The reaction was carried out on a 0.3 mmol scale of dienophile 67a
COZMe and 0.6 mmol of diene 151 following the above procedure (using 25
g='o-|o N;;(lj mol % of Yb(OTf)3 and /Pr2NEt) to furnish the crude product after 6 h
©/“o © at 0 °C. The title compound was isolated by flash column
152 chromatography (SiO2, hexane/AcOEt = 1/1) in 78% yield as a white
foam. 1H NMR (400 MHz, CDCl3) § 0.24 (s, 9H), 2.53 (dd, /= 7.6, 16.8 Hz, 1H), 2.68 (dd,
J=6.4,16.8, 1H), 3.40 (dd, /= 7.6, 16.8, 1H), 3.67 (s, 3H), 4.06—4.15(m, 1H) 4.32 (ddd,
J=5.2,9.6 Hz, 1H), 4.44 (ddd, /= 5.2, 8.4 Hz, 1H), 4.52 (dd, J = 8.4, 8.4 Hz, 1H), 4.60
(d, J=8.8 Hz, 1H), 4.72 (dd, J= 8.8, 8.8 Hz, 1H), 6.99 (dd, J= 8.0, 8.0 Hz, 1H), 7.12 (dd,
J=8.0, 8.0 Hz, 1H), 7.35 (dd, J = 7.6, 7.6 Hz, 2H), 7.43(d, J= 7.2 Hz, 1H), 7.48 (t, J =
7.48 Hz, 1H), 7.60 (d, = 7.2 Hz, 2H), 7.69 (d, J = 7.2 Hz, 1H); 13C NMR (150 MHz,
CDCls) &: 0.91, 31.8, 41.2, 43.2, 45.5, 52.4, 62.1, 64.8, 113.4, 116.9, 122.9, 124.8, 127.4,
127.9, 128.8, 133.4, 135.4, 141.5, 142.7, 153.4, 167.7, 173.0, 173.1; IR (neat): 2947,
2868, 1777, 1739, 1690, 1457, 1386, 1357, 1333, 1259, 1190, 1155, 1107, 1049 cm-1;
HRMS (ESI): m/z caled for C27H30N2Na10sS1Si1 [M + Nal+: 593.1390, found 593.1367.

Type B—General procedures for DA reaction (diene was added at first)

The chiral holmium complex solution (20.0 umol) was prepared following the general
procedure described above. The reaction vessel was cooled to 0 °C or —20 °C and a
solution of diene 155 (291 mg, 0.6 mmol) in CH2Cl: (0.8 mL + 0.3 mL to rinse) was
added, followed by the addition of a solution of dienohile 67 (0.4 mmol) in CH2Cl2 (0.4
mL + 0.2 mL to rinse). After additions, the solution was maintained for the time
described in the following. The reaction mixture was quenched by the addition of H20
and filtered through a plug of Celite. The water layer extracted with three times of
CH:Cl: (5 mL), and combined organic layers were dried over Na2SO4. After the volatile
materials were removed under reduced pressure, diastereoselectivity was checked by
crude 'H NMR.
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Diels—Alder adduct 158b

TIPSO The reaction was carried out on a 0.4 mmol scale of dienohile 67b

O “"Pr following the general procedure to furnish the crude product as a
—oo single isomer after 2 h at 0 °C. The title compound was isolated by
Meo/©/ © O flash column chromatography (SiOs, hexane/AcOEt = 2/1 or
158b CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 86% yield and 93%
ee as a white foam. 'H NMR (400 MHz, CDCl3) § 0.87 (t, J= 7.2 Hz, 3H), 1.07 (d, J= 7.8
Hz, 18H), 1.18 (seq, J= 7.8 Hz, 3H), 1.26-1.41 (m, 4H), 2.11 (ddd, J= 1.6, 6.4, 16.8 Hz,
1H), 2.24-2.30 (m, 1H), 2.48 (ddd, J= 1.6, 6.4, 16.8 Hz, 1H), 3.77 (s, 3H), 4.08 (ddd, J=
8.8, 8.8, 8.8 Hz, 1H), 4.29 (dd, J= 8.0, 8.0 Hz, 1H), 4.33 (ddd, J= 5.2, 8.8, 8.8 Hz, 1H),
4.43 (ddd, J=5.2, 8.8, 8.8 Hz, 1H), 4.51 (ddd, /= 8.8, 8.8, 8.8 Hz, 1H), 4.63 (ddd, J=1.6,
1.6, 8.8 Hz, 1H), 6.81 (d, J= 8.8 Hz, 2H), 7.00 (dd, /= 7.2, 7.6 Hz, 1H), 7.11 (dd, J= 7.6,
7.6 Hz, 1H), 7.54 (d, J = 7.2 Hz, 1H), 7.58 (d, / = 8.8 Hz, 2H), 7.72 (d, J = 7.6 Hz, 1H);
13C NMR (100 MHz, CDCls) § 13.4, 13.9, 17.8, 20.1, 35.1, 36.5, 36.6, 43.2, 48.3, 55.4,
62.0, 65.8, 111.6, 113.9, 116.6, 123.2, 124.3, 126.9, 127.3, 129.1, 130.0, 142.0, 145.0,
153.7, 163.3, 174.9; IR (neat): 2945, 2867, 1775, 1678, 1594, 1457, 1355, 1161, 1092,
1022 ecm-1; HRMS (ESI): m/z caled for CssH4sN2Na107S:1Si1 [M + Nal+: 691.2849, found
691.2830; [alp23 + 155.3 (¢ 1.01, CHCls, 87% ee); Daicel Chiralcel OD-H, hexane//PrOH
=90/10, f: 1.0 mL/min, 254 nm, 10.3 min (major), 33.6 min (minor).
Diels—Alder adduct 158c

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile

O ""COCH3 67c following the general procedure to furnish the crude product
s=oo as a single isomer after 30 min at 0 °C. The title compound was
Me0/©/ O isolated by flash column chromatography (SiO2, hexane/AcOEt =
158 2/1 to 1/1) in 95% yield and 90% ee as a white foam. '"H NMR (400
MHz, CDCls) 6 1.04 (d, /= 7.2 Hz, 9H), 1.06 (d, J= 7.2 Hz, 9H), 1.17 (qq, J= 7.2, 7.2 Hz,
3H), 2.19 (s, 3H), 2.39 (dd, J/ = 8.0, 16.8 Hz, 1H), 2.71 (dd, J/ = 8.0, 16.8 Hz, 1H), 3.44
(ddd, /= 8.0, 8.0, 8.0 Hz, 1H), 3.75 (s, 3H), 4.05 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.29 (ddd,
J=5.2,9.2,9.2 Hz, 1H), 4.43 (ddd, J=5.2, 9.2, 9.2 Hz, 1H), 4.52 (ddd, J=9.2, 9.2, 9.2
Hz, 1H), 4.56 (d, J =8.4 Hz, 1H), 4.67 (dd, /= 8.0, 8.4 Hz, 1H), 6.78 (d, /= 8.8 Hz, 2H),
7.00 (dd, J = 7.2, 7.6 Hz, 1H), 7.12 (dd, J = 7.6, 8.0 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H),
7.50 (d, J=17.2 Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) & 13.3,
17.7, 28.4, 31.9, 43.1, 45.0, 48.6, 55.4, 62.1, 65.0, 113.7, 113.9, 117.1, 123.2, 124.7,
126.8, 127.3, 128.9, 129.9, 141.8, 143.0, 153.4, 163.4, 173.0, 207.0; IR (neat): 2946,
2869, 1775, 1676, 1595, 1458, 1352, 1262, 1163, 882, 834 cm-1; HRMS (ESI): m/z calcd
for Cs35H50N2Na107S:1Si1 [M + Nal+: 721.2775, found 721.2767; [alp24 + 194.2 (¢ 0.99,
CHCls, 85% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm,

14.4 min (major), 24.3 min (minor).
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Diels—Alder adduct 158¢g

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile 67g

O '“Me following the general procedure to furnish the crude product as a
—oo single isomer after 2 h at 0 °C. The title compound was isolated by
Meo/©/ © O flash column chromatography (SiOs, hexane/AcOEt = 2/1 or
1589 CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 96% yield and 90%
ee as a white foam. 'H NMR (400 MHz, CDCls) & 1.06 (d, J= 7.6 Hz, 9H), 1.07 (d, J =
7.6 Hz, 9H), 1.09 (d, J = 5.6 Hz, 3H), 1.19 (qq, J = 7.6, 7.6 Hz, 3H), 2.11 (ddd, J = 2.0,
8.0, 16.8 Hz, 1H), 2.28 (m, 1H), 2.46 (ddd, J = 2.0, 5.6, 16.8 Hz, 1H), 3.78 (s, 3H), 4.09
(ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.30 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.34 (dd, J = 8.0, 8.0
Hz, 1H), 4.42 (ddd, /= 6.0, 8.8, 8.8 Hz, 1H), 4.49 (ddd, J =8.8, 8.8, 8.8 Hz, 1H), 4.75 (td,
J=2.0, 8.0 Hz, 1H), 6.84 (d, /= 8.8 Hz, 2H), 6.98 (dd, J= 7.2, 8.0 Hz, 1H), 7.10 (dd, =
8.0, 8.0 Hz, 1H), 7.56 (d, J =7.2 Hz, 1H), 7.65 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.0 Hz,
1H); 13C NMR (100 MHz, CDCls) & 13.5, 17.9, 19.9, 32.5, 37.8, 43.0, 48.6, 55.4, 62.0,
65.4, 111.0, 114.0, 115.9, 123.4, 124.0, 126.9, 127.3, 129.0, 130.1, 144.1, 144.7, 153.7,
163.3, 175.0; IR (neat): 2945, 2867, 1773, 1677, 1594, 1457, 1356, 1216, 1162, 1091,
1016 cm-1; HRMS (ESI): m/z caled for C3sH44N2Na107S:1Si1 [M + Nal+: 663.2536, found
663.2525; [a]p24 + 110.5 (¢ 1.00, CHCls, 84% ee); Daicel Chiralcel OD-H, hexane/;PrOH
= 80/20, f: 1.0 mL/min, 254 nm, 7.5 min (major), 19.9 min (minor).
Diels—Alder adduct 158h

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile 67h

O ‘“‘CF3 following the general procedure to furnish the crude product as a
S=OO single isomer after 1 h at 0 °C. The title compound was isolated by
Me0/©/ © flash column chromatography (SiO2, hexane/AcOEt = 2/1 or
158h CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 99% yield and 94%

ee as a colorless solid. 'H NMR (400 MHz, CDCls) & 1.02 (d, J= 7.2 Hz, 18H), 1.17 (seq,
J=17.2 Hz, 3H), 2.52 (dd, J= 2.8, 17.2 Hz, 1H), 2.55 (dd, J = 9.2, 17.2 Hz, 1H), 3.47—
3.51 (m, 1H), 3.74 (s, 3H), 4.09 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.25 (d, /= 10.0 Hz, 1H),
4.38 (ddd, J=5.2,9.2, 9.2 Hz, 1H), 4.56 (ddd, J=5.2, 9.2, 9.2 Hz, 1H), 4.58 (ddd, J=9.2,
9.2,9.2 Hz, 1H), 6.73 (d, J= 8.8 Hz, 2H), 7.08 (dd, J=17.2, 7.6 Hz, 1H), 7.17 (dd, J= 7.6,
8.0 Hz, 1H), 7.39 (d, J = 8.8 Hz, 2H), 7.49 (d, J= 7.2 Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H);
13C NMR (100 MHz, CDCls) & 13.2, 17.5, 29.0, 38.5 (q, J = 26), 43.5, 43.7, 55.4, 62.3,
65.6, 113.7, 113.9, 118.4, 123.1, 125.6, 126.9, 127.3, 128.8, 129.5, 141.9, 143.2, 153.3,
163.4, 171.7; 19F NMR (376 MHz, CDCls) § —71.1; IR (neat): 2946, 2870, 1791, 1693,
1594, 1459, 1351, 1258, 1194, 1154, 1110, 1017 cm-1; HRMS (ESD): m/z calcd for
CssH41F3sN2Na1078:Si1 [M + Nal+: 717.2254, found 717.2268; [alp2s + 198.4 (¢ 1.00,
CHCls, 78% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm,

7.8 min (major), 18.2 min (minor).
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Diels—Alder adduct 1581

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile

O "“CHZOB“ 67i following the general procedure (using 10 mol % of the chiral
g='o"o N/);'o holmium catalyst) to furnish the crude product as a single isomer
Meo/©/ © © after 2 h at 0 °C. The title compound was isolated by flash column

158i chromatography (Si02, hexane/AcOEt = 2/1 or

CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 92% yield and 90% ee as a white foam.
1H NMR (400 MHz, CDCls) & 1.03 (d, J= 7.2 Hz, 9H), 1.04 (d, J= 7.2 Hz, 9H), 1.19 (qq,
J=17.2, 7.2 Hz, 3H), 2.37 (dd, J = 4.8, 16.8 Hz, 1H), 2.46 (dd, J = 6.0, 16.2 Hz, 1H),
2.63—-2.66 (m, 1H), 3.38 (dd, J= 8.8, 8.8 Hz, 1H), 3.48 (dd, J/= 6.0, 8.8 Hz, 1H), 3.76 (s,
3H), 3.88 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.22 (dd, /= 7.2, 8.4 Hz, 1H), 4.24 (ddd, J=5.2,
9.2,9.2 Hz, 1H), 4.26 (ddd, J=5.2, 9.2, 9.2 Hz, 1H), 4.42 (s, 2H), 4.23 (ddd, J= 9.2, 9.2,
9.2 Hz, 1H), 4.63 (d, /= 8.4 Hz, 1H), 6.80 (d, J= 8.8 Hz, 2H), 7.01 (dd, J= 7.6, 7.6 Hz,
1H), 7.11 (dd, J= 7.2, 7.6 Hz, 1H), 7.24-7.30 (m, 5H), 7.55 (d, J= 9.6 Hz, 2H), 7.55 (d, J
= 7.6 Hz, 1H), 7.69 (d, J = 7.2 Hz, 1H); 13C NMR (100 MHz, CDCls) & 13.3, 17.8, 32.1,
36.5, 43.1, 45.9, 55.4, 61.9, 65.1, 72.6, 73.0, 111.9, 113.9, 116.7, 123.2, 124.4, 126.9,
127.2, 127.4, 127.5, 128.2, 129.0, 129.9, 138.1, 141.9, 144.6, 153.6, 163.3, 174.1; IR
(neat): 2944, 2866, 1774, 1684, 1594, 1457, 1357, 1256, 1163, 1091, 1024 cm-1; HRMS
(ESI): m/z calcd for C40H50N2Na10sS:1Si1 [M + Nal+: 769.2955, found 769.2964; [alp23 +
161.9 (¢ 0.96, CHCls, 88% ee); Daicel Chiralcel OD-H, hexane//PrOH = 75/25, f: 1.0
mL/min, 254 nm, 11.6 min (major), 23.6 min (minor).
Diels—Alder adduct 158j

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile 67j

CHZC' following the general procedure to furnish the crude product as a
NH

164 Nh/jé single isomer after 1 h at 0 °C. The title compound was isolated by
\b o]
Me0/©/

158 CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 90% yield and 94%
ee as a white foam. '!H NMR (400 MHz, CDCls) 6 1.07 (d, J= 7.2 Hz, 18H), 1.24 (seq, J=
7.2 Hz, 3H), 2.45-2.53 (m, 2H), 2.57-2.60 (m, 1H), 3.45 (dd, /= 10.4, 10.4 Hz, 1H), 3.67
(dd, J= 3.2, 10.4 Hz, 1H), 3.78 (s, 3H), 4.09 (ddd, J= 9.2, 10.4 Hz, 1H), 4.28-4.33 (m,
1H), 4.45 (ddd, J=5.6, 9.2, 9.2 Hz, 1H), 4.52 (dd, J= 8.0, 8.8 Hz, 1H), 4.70 (d, J = 8.0
Hz, 1H), 6.81 (d, J= 8.8 Hz, 2H), 7.01 (dd, J= 6.4, 7.2 Hz, 1H), 7.13 (dd, J= 6.4, 8.0 Hz,
1H), 7.55 (d, J= 7.2 Hz, 1H), 7.56 (d, J= 9.2 Hz, 2H), 7.69 (d, /= 8.0 Hz, 1H); 13C NMR
(100 MHz, CDCls) & 13.3, 17.8, 32.4, 39.0, 43.1, 47.1, 55.4, 62.2, 64.4, 111.6, 114.0,
116.4, 123.3, 124.5, 127.0, 127.1, 128.6, 129.9, 141.8, 144.1, 153.6, 163.4, 173.5; IR
(neat): 2946, 2867, 1774, 1684, 1594, 1457, 1359, 1217, 1162, 1092, 1024, 771 cm-1%;
HRMS (ESI): m/z calcd for CssH42N2Na10sS1Si1 [M + Nal+: 697.2146, found 697.2124;
[a]p24 + 181.2 (¢ 1.01, CHCls, 93% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f:

1.0 mL/min, 254 nm, 9.0 min (major), 35.3 min (minor).

flash column chromatography (SiO2, hexane/AcOEt = 2/1 or
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Diels—Alder adduct 158k

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67k

O '""’Pr following the general procedure (using 10 mol % of the holmium
—oo catalyst) to furnish the crude product as a single isomer after 1 h at
Me0/©/ ° O 0°C and 5 h at rt. The title compound was isolated by flash column
158k chromatography (SiOs, hexane/AcOEt = 3/1 or
CHROMATOREX-NH, hexane/AcOEt = 5/1) in 25% yield and 72% ee as a white foam.
'H NMR (400 MHz, CDCls) § 0.84 (d, = 6.4 Hz, 3H), 0.86 (d, J= 6.8 Hz, 3H), 1.03 (d, J
= 7.6 Hz, 18H), 1.19 (seq, J = 7.6 Hz, 3H), 1.74-1.78 (m, 1H), 2.18 (dd, J= 4.8, 16.8 Hz,
1H), 2.37 (dd, J= 6.8, 16.8 Hz, 1H), 2.43-2.46 (m, 1H), 3.77 (s, 3H), 4.08 (ddd, /= 8.8,
8.8, 8.8 Hz, 1H), 4.28 (dd. J = 8.8, 8.8 Hz, 1H), 4.41 (d, J = 6.4 Hz, 1H), 4.38-4.42 (m,
2H), 4.54 (dd, J= 8.8, 8.8, 8.8 Hz, 1H), 6.76 (d, J= 8.8 Hz, 2H), 7.02 (dd, J= 7.6, 9.2 Hz,
1H), 7.12 (dd, J =7.6, 7.6 Hz, 1H), 7.46 (d, J= 8.8 Hz, 2H), 7.49 (d, /= 9.2 Hz, 1H), 7.69
(d, J=17.6 Hz, 1H); 13C NMR (CDCls, 100 MHz) 5 13.4, 17.8, 20.2, 30.9, 31.4, 41.0, 43.5,
46.1, 55.4, 62.1, 66.9, 112.9, 113.8, 117.8, 123.0, 124.9, 126.9, 127.1, 129.4, 129.8, 142.1,
145.7, 153.7, 163.3, 174.4; IR (neat): 2360 1731 cm-1; HRMS (ESD: m/z calcd for
Cs5H4sN2Na107S1Si1 [M + Nal+: 691.2849, found 691.2841; Daicel Chiralcel OD-H,
hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm, 10 min (major), 39 min (minor).
Diels—Alder adduct 1581
TIPSQ The reaction was carried out on a 0.4 mmol scale of dienophile 671

I
~ following the general procedure to furnish the crude product as a

S:oo )//O single isomer after 1 h at 0 °C. The title compound was isolated by

Me0/©/ v © flash column chromatography (SiO2, hexane/AcOEt = 2/1) in 40%

1581 yield and 80% ee as a white foam. 'H NMR (400 MHz, CDCl3) § 1.05
(d, J=17.2 Hz, 9H), 1.07 (d, J= 7.2 Hz, 9H), 1.18 (qq, J= 7.2, 7.2 Hz, 3H), 2.33 (ddd, /=
3.6, 9.6, 17.2 Hz, 1H), 2.45 (ddd, J= 2.4, 6.0, 17.2 Hz, 1H), 2.81 (dddd, J= 6.0, 9.6, 9.6,
9.6 Hz, 1H), 3.81 (s, 3H), 3.99 (ddd, J= 8.0, 9.6, 9.6 Hz, 1H), 4.25 (ddd, /= 6.0, 9.6, 9.6
Hz, 1H), 4.38 (ddd, J= 6.0, 9.6, 9.6 Hz, 1H), 4.47 (ddd, J= 8.0, 9.6, 9.6 Hz, 1H), 4.61 (dd,
J=18.8,9.6 Hz, 1H), 4.79 (ddd, J= 2.4, 3.6, 8.8 Hz, 1H), 5.03 (d, /= 10.4 Hz, 1H), 5.11
(d, J=17.2 Hz, 1H), 5.77 (ddd, J= 9.6, 9.6, 17.2 Hz, 1H), 6.85 (d, J= 9.2 Hz, 2H), 6.98
(dd, J=17.6, 7.6 Hz, 1H), 7.11 (dd, J= 7.2, 7.6 Hz, 1H), 7.57 (d, J= 7.2 Hz, 1H), 7.69 (d,
J=9.2 Hz, 2H), 7.76 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCls) § 13.5, 17.9, 36.0,
42.8, 43.1, 46.8, 55.4, 62.0, 65.4, 111.3, 114.0, 115.9, 117.1, 123.6, 123.9, 127.0, 127.3,
128.8, 130.2, 138.5, 142.0, 144.1, 153.7, 163.4, 174.1; IR (neat): 2368, 2327, 1735, 1363,
1205 cm-1; HRMS (ESI): m/z calcd for C34H44N2Na107S:1Si1 [M + Nal+: 675.2536, found
675.2539; [a]p24 + 92.8 (¢ 1.01 CHCl3, 80% ee); Daicel Chiralcel OD-H, hexane//PrOH =
80/20, f: 1.0 mL/min, 254 nm, 7.2 min (major), 15.4 min (minor).
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Diels—Alder adduct 158m

TIPSQ The reaction was carried out on a 0.4 mmol scale of dienophile 67m

O O ~ following the general procedure to furnish the crude product as a
g\:'o*o N)fo single isomer after 30 min at —20 °C. The title compound was
Meo/©/ o © isolated by flash column chromatography (SiO2, hexane/AcOEt =
158m 2/1 or CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 95% yield
and 86% ee as a white foam. 'H NMR (400 MHz, CDCl3) § 1.06 (d, J= 7.2 Hz, 9H), 1.07
(d, J=17.2 Hz, 9H), 1.20 (qq, J= 7.8, 7.8 Hz, 3H), 1.93 (ddd, J= 7.6, 14.4, 14.4 Hz, 1H),
2.05 (ddd, J= 5.6, 7.6, 7.6 Hz, 1H), 2.29-2.40 (m, 2H), 3.79 (s, 3H), 4.09 (ddd, J = 9.2,
9.2, 9.2 Hz, 1H), 4.25 (ddd, J= 6.0, 9.2, 9.2 Hz, 1H), 4.44 (ddd, J= 6.0, 9.2, 9.2 Hz, 1H),
4.49 (dd, J= 7.6, 8.0 Hz, 1H), 4.50 (ddd, J = 9.2, 9.2, 9.2 Hz, 1H), 4.89 (d, J = 8.0 Hz,
1H), 6.86 (d, J= 8.8 Hz, 2H), 6.98 (dd, J= 7.2, 7.2 Hz, 1H), 7.10 (dd, J= 7.2, 8.8 Hz, 1H),
7.57(d, J=17.2 Hz, 1H), 7.71 (d, J= 8.8 Hz, 2H), 7.71 (d, J= 8.8 Hz, 1H); 13C NMR (100
MHz, CDCls) & 13.5, 17.9, 25.9, 29.0, 42.4, 43.0, 55.4, 62.2, 64.3, 110.9, 114.0, 115.4,
123.5, 123.9, 126.9, 127.8, 129.0, 130.1, 141.7, 145.8, 153.6, 163.3, 175.3; IR (neat):
2944, 2867, 1775, 1694, 1594, 1457, 1356, 1259, 1212, 1161, 1092, 1023, 986 cm-1;
HRMS (ESD: m/z calcd for C32H42N2Na107S:1Si1 [M + Nal*: 649.2380, found 649.2384;
[alp23 + 54.30 (¢ 1.00, CHCls, 66% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f:
1.0 mL/min, 254 nm, 9.3 min (major), 24.6 min (minor).
Diels—Alder adduct 158p
TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67p
O ""Br/\l following the general procedure (using 10 mol % of Yb(NTf2)s and
N H N

$0d" )0 10 mol % of DBU) to furnish the crude product as a single isomer
Me0/©/ © © after 30 min at 0 °C. The title compound was isolated by flash

158m column chromatography (CHROMATOREX-DIOL, hexane/AcOEt =
3/1) in 80% yield as a white foam. 'H NMR (600 MHz, CDCls) § 1.07 (d, J= 6.0 Hz, 9H),
1.08 (d, J=6.0 Hz, 9H), 1.20 (qq, J = 6.0, 6.0 Hz, 3H), 2.91 (ddd, J= 1.8, 9.0, 17.4 Hz,
1H), 3.03 (dd, J = 6.0, 17.4 Hz, 1H), 3.78 (s, 3H), 4.13 (ddd, J = 6.0, 9.0, 9.0 Hz, 1H),
4.31 (ddd, J=17.2, 9.6, 9.6 Hz, 1H), 4.44 (dd, J= 9.6, 15.0 Hz, 1H), 4.48-4.53 (m, 2H),
4.61(d, J=9.0 Hz, 1H), 5.05 (dd, J= 9.0, 9.0 Hz, 1H), 6.84 (d, J= 7.2 Hz, 2H), 7.01 (dd,
J=17.2,7.8 Hz, 1H), 7.14 (dd, J= 7.8, 7.8 Hz, 1H), 7.55 (dd, J= 7.2 Hz, 1H), 7.59 (d, J=
7.2 Hz, 2H), 7.65 (d, J= 7.8 Hz, 1H); 13C NMR (CDCls, 150 MHz) § 13.3, 17.9, 40.9, 43.0,
44.3, 50.6, 55.5, 62.1, 64.6, 111.7, 114.0, 116.6, 123.5, 124.4. 126.7, 127.6, 128.5, 130.2,
142.0, 142.7, 153.5, 160.6, 172.6; IR (neat): 2230, 1731, 1367, 1217 cm-1; HRMS (ESD:
m/z caled for Cs2H41BriN2Na107S1Si1 [M + Nal+: 727.1485, found 727.1477.
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Diels—Alder adduct 158¢q

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67q

O ““OAC following the general procedure (using 10 mol % of the chiral
s:Oo )/, holmium catalyst) to furnish the crude product as a single isomer
Me0/©/ © © after 30 min at 0 °C and 4.5 h at rt. The title compound was isolated
1589 by flash column chromatography (CHROMATOREX-DIOL,
hexane/AcOEt = 3/1) in 42% yield and 10% ee as a white foam. 'H NMR (400 MHz,
CDCls) § 1.07 (d, J = 6.8 Hz, 18H), 1.20 (seq, J= 6.8 Hz, 3H), 1.98 (s, 3H), 2.46 (dd, J=
4.0, 16.4 Hz, 1H), 2.62 (dd, J= 4.4, 16.4 Hz, 1H), 3.79 (s, 3H), 4.12 (ddd, J=9.2, 9.2, 9.2
Hz, 1H), 4.28 (ddd, J = 6.0, 9.2, 9.2 Hz, 1H), 4.44 (ddd, J= 6.0, 9.2, 9.2 Hz, 1H), 4.50
(ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.50 (ddd. /= 9.2, 9.2, 9.2 Hz, 1H), 4.61 (dd, J= 4.0, 4.0
Hz, 1H), 4.62 (d, J= 4.0 Hz, 1H), 5.32 (ddd, J= 4.0, 4.0, 4.4 Hz, 1H), 6.83 (d, /= 8.8 Hz,
2H), 7.03 (dd, J=17.6, 7.6 Hz, 1H), 7.14 (dd, J= 7.2, 7.6 Hz, 1H), 7.56 (d, J= 7.2 Hz, 1H),
7.57 (d, J= 8.8 Hz, 2H), 7.72 (d, J = 7.6 Hz, 1H); 2934, 2860, 1779, 1687, 1386, 1357,
1162, 1094, 1016 cm-1; HRMS (ESI): m/z caled for Cs4H44N2Na109S1Si1 [M + Nal+:
707.2435, found 707.2445; Daicel Chiralcel OD-H, hexane/;PrOH = 80/20, f: 1.0
mL/min, 254 nm, 12 min (major), 30 min (minor).
Diels—Alder adduct 158r

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67r

O ““C' following the general procedure (using 10 mol % of the chiral
holmium catalyst) to furnish the crude product as a single isomer
Me0/©/ © after 30 min at 0 °C and 1.5 h at rt. The title compound was isolated
158r by flash column chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1)
in 20% yield and 6% ee as a white foam. 'H NMR (400 MHz, CDCls) § 1.07 (d, J= 7.2 Hz,
9H), 1.08 (d, J= 7.2 Hz, 9H), 1.21 (qq, J = 7.2, 7.2 Hz, 3H), 2.77 (ddd, J= 2.8, 2.8, 17.2
Hz, 1H), 2.95 (ddd, J= 2.0, 6.0, 17.2 Hz, 1H), 4.13 (ddd, J= 6.8, 9.2, 9.2 Hz, 1H), 4.30
(ddd, J=6.8,9.2,9.2 Hz, 1H), 4.44 (ddd, J= 6.8, 8.8, 8.8 Hz, 1H), 4.48 (ddd. J=9.2, 9.2,
9.2 Hz, 1H), 4.49 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.63 (ddd, J= 2.0, 2.8, 8.8 Hz, 1H), 4.97
(dd, J= 8.8, 8.8 Hz, 1H), 6.84 (d, J= 8.8 Hz, 2H), 7.01 (dd, J= 7.6, 7.6 Hz, 1H), 7.14 (dd,
J=17.6,8.0 Hz, 1H), 7.55 (d, /= 7.6 Hz, 1H), 7.61 (d, J= 8.8 Hz, 1H), 7.75 (d, J= 8.0 Hz,
1H); 13C NMR (CDCls, 100 MHz) § 13.4, 17.8, 40.1, 43.0, 50.5, 54.9, 55.5, 62.0, 64.5,
111.6, 114.0, 116.4, 123.5, 124.3, 126.7, 127.5, 128.3, 130.2, 142.0, 142.2, 153.5, 163.5,
172.5; IR (neat): 2368, 2323, 1743, 1221, 969 cm-1; HRMS (ESD): m/z caled for
C32H41N2Na1078:1Si1 [M + Nal+: 683.1990, found 683.1973; Daicel Chiralcel OD-H,
hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm, 9 min (major), 24 min (minor).
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Diels—Alder adduct 158u

TIPSO 0 The reaction was carried out on a 0.2 mmol scale of dienophile
B />< 67u following the general procedure (using 10 mol % of the chiral
s:Oo holmium catalyst) to furnish the crude product as a single isomer
Me0/©/ © after 1 h at 0 °C. The title compound was isolated by flash column
158u chromatography (CHROMATOREX-DIOL, hexane/AcOEt = 3/1)

in 27% yield and 30% ee as a white foam. 'H NMR (400 MHz, CDCls) & 0.84 (s, 6H),
1.04 (d, J=17.6 Hz, 9H), 1.05 (d, J= 7.2 Hz, 9H), 1.19 (qq, J= 7.2, 7.6 Hz, 3H), 1.74 (ddd,
J=8.0,8.0,8.0 Hz, 1H), 2.34 (ddd, J= 1.6, 8.0,17.2 Hz, 1H), 2.44 (ddd, J= 2.0, 8.0, 17.2
Hz, 1H), 3.50 (s, 4H), 3.77 (s, 3H), 4.04 (ddd, J=9.6, 9.6, 9.6 Hz, 1H), 4.29 (ddd, J=5.2,
9.6, 9.6 Hz, 1H), 4.40 (dd, J= 8.0, 8.0 Hz, 1H), 4.41 (ddd, J= 5.2, 9.6, 9.6 Hz, 1H), 4.51
(ddd, J=9.6, 9.6, 9.6 Hz, 1H), 4.62 (ddd, /= 1.6, 2.0, 8.0 Hz, 1H), 6.79 (d, J = 8.8 Hz,
2H), 6.95 (dd, J=7.2, 7.6 Hz, 1H), 7.07 (dd, J= 7.2, 8.0 Hz, 1H),7.51 (d, /= 7.6 Hz, 1H),
7.55 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) § 13.5,
14.1, 17.8, 17.9, 21.3, 21.7, 22.7, 31.0, 31.6, 43.3, 44.4, 55.4, 62.1, 65.8, 72.1, 113.0,
113.9, 116.6, 123.2, 124.2, 126.7, 127.5, 129.7, 130.1, 141.7, 146.1, 153.6, 163.3, 175.3;
IR (neat): 2939, 2863, 2374, 2327, 1769, 1684, 1369, 1383, 1363, 1157, 1092, 1013 cm-1;
HRMS (ESI): m/z caled for Cs7H51B1N2Na109S:Si:1 [M + Nal+: 761.3075, found
761.3080.

Type C—General procedures for DA reaction (diene and dienohole were added together)

The chiral holmium complex solution (20.0 umol) was prepared following the general
procedure described above. The reaction vessel was cooled to 0 °C, and then a solution
of diene 155 (291 mg, 0.6 mmol) and dienohile 67 (0.4 mmol) in CH2Cl2 (1.2 mL + 0.5
mL to rinse) was added. After addition, the solution was maintained for the time
described in the following. The reaction mixture was quenched by the addition of H20
and filtered through a plug of Celite. The water layer extracted with three times of
CH2Cl: (5 mL), and combined organic layers were dried over Na2SOa4. After the volatile
materials were removed under reduced pressure, diastereoselectivity was checked by
crude 'H NMR.

Diels—Alder adduct 158e

TIPSO The reaction was carried out on a 0.4 mmol scale of dienophile

O ""COSPh 67e following the general procedure to furnish the crude product
—oo

as a single isomer after 30 min at 0 °C. The title compound was

Me0/©/ o isolated by flash column chromatography (SiO2, hexane/AcOEt =

158e 3/1 to 2/1 or CHROMATOREX-DIOL, hexane/AcOEt = 5/1 to 2/1)
in 94% yield and 78% ee as a white foam. '"H NMR (400 MHz, CDCls) § 1.06 (d, J= 7.2
Hz, 9H), 1.07 (d, J= 7.2 Hz, 9H), 1.20 (qq, J= 7.2 Hz, 3H), 2.64 (ddd, J=1.6, 7.6, 17.2
Hz, 1H), 2.84 (ddd, /= 1.6, 7.6, 17.2 Hz, 1H), 3.74 (ddd, J= 7.6, 7.6, 8.4 Hz, 1H), 3.78 (s,

3H), 4.07 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.31 (ddd, J= 4.0, 9.2, 9.2 Hz, 1H), 4.43 (ddd,
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=4.0,9.2,9.2 Hz, 1H), 4.52 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.53 (d, /= 8.8 Hz, 1H), 4.77
(dd, J= 8.4, 8.8 Hz, 1H), 6.79 (d, J = 8.8 Hz, 2H), 7.01 (dd, J = 8.0, 10.2 Hz, 1H), 7.13
(dd, J=17.6, 8.0 Hz, 1H), 7.38 (br, 5H), 7.49 (d, J= 8.8 Hz, 2H), 7.51 (d, J= 10.2 Hz, 1H),
7.67 (d, J= 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) & 13.3, 17.8, 33.4, 43.2, 45.6, 49.2,
55.4, 62.1, 65.0, 113.8, 113.9, 117.3, 123.2, 124.8, 126.9, 127.4, 129.0, 129.2, 129.5,
129.9, 134.5, 141.9, 142.6, 153.3, 163.4, 172.2, 197.4; IR (neat): 2945, 2866, 1773, 1739,
1697, 1594, 1355, 1217, 1160, 1092, 1022, 971 cm-1; HRMS (ESID): m/z caled for
Cs9H46N2Na10sS2Si1 [M + Nal+: 785.2363, found 785.2334; [alp24 + 196.4 (¢ 0.99, CHCls,
62% ee); Daicel Chiralcel OD-H, hexane//PrOH = 80/20, f: 1.0 mL/min, 254 nm, 10.6
min (major), 23.6 min (minor).

Diels—Alder adduct 158f

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile

O ‘“‘CONB”2 67f following the general procedure (using 10 mol % of the chiral

S=OO holmium catalyst) to furnish the crude product as a the crude

Me0/©/ O product as a 3:1 (exo'endo) mixture of diastereoisomers after 30
158f min at 0 °C and 2.5 h at rt. The title exo adduct was isolated by
flash column chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1 or

CHROMATOREX-DIOL, hexane/AcOEt = 5/1 to 2/1) in 14% yield and 34% ee as
colorless solid. 'TH NMR (400 MHz, CDCls) § 0.95 (d, /= 5.6 Hz, 18H), 1.01-1.04 (m, 3H),
2.40-2.51 (m, 2H), 3,74 (s, 3H), 4.29 (ddd, J= 5.2, 9.2, 9.2 Hz, 1H), 4.32-4.39 (m, 2H),
4.48-4.53 (m, 1H), 4.54 (d, J = 16.8 Hz, 2H), 4.82 (d, J = 16.8 Hz, 2H), 4.88-4.94 (m,
2H), 6.76 (d, J= 8.8 Hz, 2H), 6.96 (dd, J= 7.6, 7.6 Hz, 1H), 7.09 (dd, J= 6.8, 7.6 Hz, 1H),
7.19 (d, J= 8.8 Hz, 2H), 7.27-7.42 (m, 6H), 7.40 (dd, J= 6.8, 7.6 Hz, 1H), 7.48 (dd, J =
6.8, 8.0 Hz, 1H), 7.66 (d, J= 8.0 Hz, 1H); 13C NMR (CDCls, 100 MHz) § 13.4, 17.8, 33.6,
39.9, 43.0, 48.4, 50.2, 55.4, 61.9, 65.7, 113.9, 117.2, 123.2, 124.6, 126.5, 127.3. 127.6,
127.8, 128.5, 129.0, 130.1, 136.7, 136.9, 141.8, 143.2, 153.2, 163.3, 173.1, 173.5; IR
(neat): 3323, 2974, 2374, 2322, 1386, 1157 cm-; HRMS (ESI): m/z caled for
C47H55N35Na10sS1Si: [M + Nal+: 872.3377, found 872.3389; Daicel Chiralcel OD-H,
hexane//PrOH = 90/10, f: 1.0 mL/min, 254 nm, 20 min (major), 29 min (minor).
Diels—Alder adduct 158n

TIPSO The reaction was carried out on a 0.2 mmol scale of dienophile 67n

O ""Ph following the general procedure (using 10 mol % of the chiral
~oo holmium catalyst) to furnish the crude product as a single isomer
Me0/©/ © O after 30 min at 0 °C and 2 h at room temperature. The title
1580 compound was isolated by flash column chromatography (SiOs,
hexane/AcOEt = 3/1 to 2/1 or CHROMATOREX-NH, hexane/AcOEt = 3.5/1) in 99%
yield and 75% ee as a white foam. 1H NMR (400 MHz, CDCls) § 1.03 (d, J= 6.8 Hz, 9H),
1.05 (d, J= 6.8 Hz, 9H), 1.21(qq, J= 6.8, 6.8 Hz, 3H), 2.67 (dd, J=2.8, 9.2 Hz, 2H), 3.39
(dt, J=9.2,10.8 Hz, 1H), 3.41 (ddd, J= 6.0, 8.4, 8.4 Hz, 1H), 3.80 (s, 3H), 3.90 (ddd, /=

8.4, 8.4,8.4 Hz, 1H), 4.00 (ddd, J= 8.4, 8.4, 8.4 Hz, 1H), 4.25 (ddd, /= 6.0, 8.4, 8.4 Hz,
111



1H), 4.86 (dt, J = 2.8, 9.2 Hz, 1H), 5.02 (dd, J = 9.2, 10.8 Hz, 1H), 6.87 (d, J = 8.8 Hz,
2H), 7.00 (dd, J = 7.6, 7.6 Hz, 1H), 7.13 (dd, J = 7.6, 8.0 Hz, 1H), 7.24-7.30 (m, 5H),
7.60 (d, J=7.6 Hz, 1H), 7.70 (d, J= 8.8 Hz, 2H), 7.80 (d, J = 8.0 Hz, 1H); 13C NMR (100
MHz, CDCls) & 13.5, 17.8, 38.1, 42.5, 45.0, 47.6, 55.4, 61.6, 65.8, 111.5, 114.0, 115.8,
123.6, 123.8, 127.1, 127.2, 127.3, 128.0, 128.5, 128.8, 130.2, 141.4, 142.3, 144.5, 153.1,
163.4, 173.7; IR (neat): 2945, 2867, 1774, 1684, 1594, 1457, 1356, 1165, 1091, 1016, 976,
882 cm-1; HRMS (ESI): m/z caled for CssHasN2Na107S2Si1 [M + Nal+: 725.2693, found
725.2701; [alp25 + 120.3 (¢ 0.99, CHCls, 68% ee); Daicel Chiralcel OD-H, hexane/;PrOH
=80/20, f: 1.0 mL/min, 254 nm, 7.7 min (major), 13.5 min (minor)

[5] Transformations of Diels—Alder adducts

Alkylated product 188d

! A THF solution of TBAF (0.96 mL, 0.72 mmol, 1 M, 1.5 eq.) was
@%z%‘icozw'e added dropwise to a mixture of 158a (330 mg, 0.48 mmol) and
gzgo N;;(') iodoacetonitrile (70 pL, 0.96 mmol, 2 eq.) in THF (3.2 mL) at —

Me0/©/ o © 78 °C. Then the solution was allowed to gradually warm to 0 °C
over 30 min and became a slurry. The reaction mixture was
quenched by the addition of sat. aq. NH4Cl (5 mL). The water layer extracted with
three times of CH2Cl2 (5 mL), and combined organic layers were washed with brine and
dried over Na2SOs. The title compound was isolated by flash column chromatography
(SiO2, hexane/AcOEt = 1/1 to CHCls/MeOH = 30/1) in 90% yield a colorless solid. 'H
NMR (400 MHz, CDCls) § 0.73 (d, J = 16.4 Hz, 1H), 2.53 (dd, J = 14.0, 16.8 Hz, 1H),
2.60 (d, /= 16.4 Hz, 1H), 2.96 (dd, J = 4.0, 16.8 Hz, 1H), 3.32 (ddd, J = 4.0, 10.8, 14.0
Hz, 1H), 3.65 (s, 3H), 3.83 (s, 3H), 4.11 (ddd, J= 9.6, 9.6, 9.6 Hz, 1H), 4.33 (ddd, J= 4.8,
9.6, 9.6 Hz, 1H), 4.48 (ddd, J=4.8,9.2, 9.2 Hz, 1H), 4.56 (ddd. J= 9.6, 9.6, 9.6 Hz, 1H),
4.65 (d, J=10.8 Hz, 1H), 4.85 (dd, J=10.8, 10.8 Hz, 1H), 6.88 (d, J= 8.0 Hz, 1H), 6.92
(d, J=9.2 Hz, 2H), 7.10 (dd, J= 7.6, 8.0 Hz, 1H), 7.42 (dd, J= 7.6, 8.0 Hz, 1H), 7.71 (d,
J=19.2 Hz, 2H), 7.80 (d, = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) § 25.6, 39.3, 39.8,
43.3, 44.2, 52.7, 55.7, 59.4, 62.2, 70.2, 114.9, 116.1, 118.5, 123.1, 125.9, 128.8, 129.4,
130.0, 131.3, 139.3, 153.5, 164.0, 171.5, 172.5, 202.0; IR (neat): 2953, 2347, 1777, 1735,
1594, 1361, 1263, 1160, 1090, 1026 cm-1; HRMS (ESID): m/z caled for C27H25N3Na109S1
[M + Nal*: 590.1209, found 590.1212; [alp2! + 91.7 (¢ 1.01, CHCls, 86% ee).
Alkylated product 188a

o The title compound was isolated by flash column

&QﬁCOzMe chromatography (SiO2, hexane/AcOEt = 1/1 to CHCls/MeOH =

Z:S'o N;;') 30/1) in 96% yield as a white solid. 'H NMR (400 MHz, CDCls) §
\b fo)

Meo/©/

0.65 (s, 3H), 2.51 (dd, J = 14.0, 16.8 Hz, 1H), 2.85 (dd, J = 4.0,
188a 16.8 Hz, 1H), 3.27 (ddd, J = 4.0, 9.2, 14.0 Hz, 1H), 3.66 (s, 3H),
3.80 (s, 3H), 4.09 (ddd, J=19.2, 9.2, 9.2 Hz, 1H), 4.32 (ddd, J= 4.4, 9.2, 9.2 Hz, 1H), 4.36
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(d, J=10.4 Hz, 1H), 4.56 (ddd. J= 9.2, 9.2, 9.2 Hz, 1H), 4.81 (dd, J= 9.2, 10.4 Hz, 1H),
6.85 (d, J= 8.4 Hz, 2H), 6.90 (dd, J= 7.2 Hz, 1H), 7.04 (dd, J=17.2, 7.2 Hz, 1H), 7.32 (dd,
J=17.2,8.0 Hz, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 8.0 Hz, 1H); 13C NMR (100
MHz, CDCls) & 25.3, 39.6, 39.9, 43.3, 44.7, 52.6, 55.6, 57.3, 62.1, 73.3, 114.2, 117.6,
122.9, 125.3, 129.2, 129.5, 129.7, 134.3, 138.9, 153.4, 163.6, 171.9, 173.5, 205.3; IR
(neat): 2961, 2925, 2849, 1779, 1713, 1684, 1594, 1345, 1256, 1197, 1148, 1048 cm-1;
HRMS (ESI): m/z caled for C26H26N2Na109S: [M + Nal+: 565.1257, found 656.1269;
[alp24 + 37.0 (¢ 1.02, CHCls, >99% ee).
Alkylated product 188b
Q The title compound was isolated by flash column
Eﬁ%@%ﬁcozm chromatography (SiO2, hexane/AcOEt = 1/1) in 47% yield a
g=go N/);(lJ colorless solid. tH NMR (400 MHz, CDCls) & 0.78-0.96 (m, 7H),
MeOO o 1.09-1.15 (m, 2H), 1.20-1.25 (m, 2H), 1.62-1.69 (m, 2H), 2.44 (dd,
1880 J=14.0,17.2 Hz, 1H), 2.83 (dd, J= 4.0, 17.2 Hz, 1H), 3.20 (ddd,
=4.0, 10.4, 14.0 Hz, 1H), 3.67 (s, 3H), 3.78 (s, 3H), 4.10 (ddd, < =9.2, 9.2, 9.2 Hz, 1H),
4.34 (ddd, J = 4.4, 9.2, 9.2 Hz, 1H), 4.47 (ddd, J= 4.4, 9.2, 9.2 Hz, 1H), 4.52 (d, J=11.2
Hz, 1H), 4.57 (ddd, J= 9.2, 9.2, 9.2 Hz, 1H), 4.78 (dd, J=10.4, 11.2 Hz, 1H), 6.82 (d, J=
8.8 Hz, 2H), 6.97 (d, J= 8.0 Hz, 1H), 7.04 (dd, J= 7.6, 8.0 Hz, 1H), 7.31 (dd, J= 7.6, 8.0
Hz, 1H), 7.62 (d, J = 8.8 Hz, 2H), 7.73 (d, J= 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) §
14.0, 22.6, 25.6, 29.3, 31.5, 39.1, 39.3, 40.8, 43.3, 44.4, 52.3, 55.6, 61.9, 62.2, 114.3,
117.8, 123.4, 125.4, 129.0, 129.6, 129.7, 133.9, 138.8, 153.5, 163.6, 172.1, 173.6, 205.5;
IR (neat): 3736, 2330, 2371, 1743, 1371, 121, 969, 746 cm-1; HRMS (ESI): m/z calcd for
C31H36N2Na109S1 [M + Nal+: 635.2039, found 635.2044.
Alkylated product 188c
< Q The title compound was isolated by flash column
&Qﬁcowe chromatography (SiO2, hexane/AcOEt = 1/1 to CHCls/MeOH =
N H @ 30/1) in 85% yield as a white solid. *H NMR (400 MHz, CDCls) §
Meo)ﬁj © % 0.85(dd, J= 8.0, 18.0 Hz, 1H), 2.45 (dd, J = 14.0, 17.2 Hz, 1H),
188c 2.50 (dd, J = 6.4, 18.0 Hz, 1H), 2.82 (dd, J = 4.0, 17.2 Hz, 1H),
3.18 (ddd, = 4.0, 10.8, 14.0 Hz, 1H), 3.66 (s, 3H), 3.79 (s, 3H), 4.09 (ddd, J= 9.2, 9.2,
9.2 Hz, 1H), 4.33 (ddd, J= 4.4, 9.2, 9.2 Hz, 1H), 4.46 (ddd, /= 4.4, 9.2, 9.2 Hz, 1H), 4.56
(ddd, J=19.2,9.2,9.2 Hz, 1H), 4.49 (d, J=10.8 Hz, 1H), 4.79 (dd. /= 10.8, 10.8 Hz, 1H),
4.82 (d, J=18.0 Hz, 1H), 5.09 (d, J = 10.4 Hz, 1H), 5.46 (dddd, J = 6.4, 8.0, 10.4, 18.0
Hz, 1H), 6.85 (d, J= 8.8 Hz, 2H), 7.02 (d, J = 7.2 Hz, 1H), 7.06 (dd, /= 7.2, 7.6 Hz, 1H),
7.33 (dd, J=17.6, 8.0 Hz, 2H), 7.65 (d, J= 8.8 Hz, 2H), 7.74 (d, J= 8.0 Hz, 1H); 13C NMR
(100 MHz, CDCls) 5 39.1, 40.7, 42.5, 43.3, 44.5, 52.5, 55.6, 61.5, 62.1, 69.3, 114.2, 117.6,
120.5, 123.7, 125.3, 129.2, 129.7, 129.9, 132.3, 132.8, 139.1, 153.5, 163.6, 172.1, 173.4,
205.0; IR (neat): 2961, 2916, 1779, 1701, 1592, 1362, 1260, 1200, 1152, 751 cm-1; HRMS
(ESID): m/z caled for C2sH2sN2Nai109S1 [M + Nal+: 591.1413, found 591.1428; [alp2¢ +
76.3 (¢ 0.97, CHCls, 86% ee).
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Alkylated product 188e

Ny— Q 1-Azido-2-iodoethane was prepared according to the literature
@C%Me procedure.!80 The title compound was isolated by flash column
235'0 N),/:lJ chromatography (SiO2, hexane/AcOEt = 2/1 to 1/1) in 30% yield
MGOJ@( © % a5 a white solid. 'H NMR (600 MHz, CDCls) & 0.26 (ddd, o/ = 7.8,
7.8, 15.6 Hz, 1H), 1.96 (ddd, J/=17.8, 7.8, 15.6 Hz, 1H), 2.45 (dd, /
=13.8,17.4 Hz, 1H), 2.89 (dd, J= 4.2, 17.4 Hz, 1H), 3.00 (ddd, J= 7.8, 7.8, 15.6 Hz, 1H),
3.12 (ddd, J=17.8, 7.8, 15.6 Hz, 1H), 3.31 (ddd, J= 4.2, 10.8, 13.8 Hz, 1H), 3.66 (s, 3H),
3.80 (s, 3H), 4.10 (ddd, J= 8.4, 8.4, 8.4 Hz, 1H), 4.33 (ddd, J= 4.2, 8.4, 8.4 Hz, 1H), 4.47
(ddd, J= 4.2, 8.4, 8.4 Hz, 1H), 4.65 (ddd, J = 8.4, 8.4, 8.4 Hz, 1H), 4.60 (d, J = 10.2 Hz,
1H), 4.77 (dd, J = 10.2, 10.8 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 7.8 Hz, 1H),
7.06 (dd, J=17.8, 7.8 Hz, 1H), 7.34 (dd, J = 7.8, 8.4 Hz, 1H), 7.64 (d, J = 9.0 Hz, 2H),
7.75 (d, J= 8.4 Hz, 1H); 13C NMR (150 MHz, CDCls) § 36.7, 39.4, 40.3, 43.3, 44.4, 47.3,
52.6, 55.7, 59.4, 62.2, 69.0, 114.4, 118.1, 123.6, 125.6, 129.0, 129.6, 130.1, 132.8, 139.0,
153.5, 163.8, 172.1, 173.5, 204.4; IR (neat): 2917, 2094, 1781, 1696, 1594, 1395, 1262,
1152, 1088, 1027 cm-!; HRMS (ESI): m/z caled for C27H27Ns5Na109S:1 [M + Nal+:
620.1427, found 620.1434.
Alkylated product 188f
\ @ The title compound was isolated by flash column
mCOMe  chromatography (SiOs2, hexane/AcOEt = 1.5/1 to 1/1) in 74% yield
g\:go N;;) as a white solid. 1H NMR (600 MHz, CDCls) § 0.57 (d, /= 16.8 Hz,
Meo)ij o 9 1H), 2.11 (s, 1H), 2.45 (dd, J=15.0, 16.8 Hz, 1H), 2.68 (d, J=16.8
188f Hz, 1H), 2.92 (dd, J= 1.8, 16.8 Hz, 1H), 3.33 (ddd, J= 1.8, 11.4,
15.0 Hz, 1H), 3.67 (s, 3H), 3.80 (s, 3H), 4.12 (ddd, J = 8.4, 8.4, 8.4 Hz, 1H), 4.36 (ddd, J
=4.2,8.4,8.4 Hz, 1H), 4.45 (ddd, J=4.2, 8.4, 8.4 Hz, 1H), 4.58 (ddd, J= 8.4, 8.4, 8.4 Hz,
1H), 4.80 (dd, J=10.8, 11.4 Hz, 1H), 4.88 (d, J=10.8 Hz, 1H), 6.85 (d, J= 8.4 Hz, 2H),
6.94 (d, J=17.8 Hz, 1H), 7.04 (dd, J= 7.2, 7.8 Hz, 1H), 7.34 (dd, J= 7.2, 7.8 Hz, 1H),
7.69 (d, J= 8.4 Hz, 2H), 7.74 (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCls) & 28.4,
39.1, 40.6, 43.4, 44.2, 52.6, 55.7, 61.3, 62.2, 70.1, 71.8, 80.0, 114.4, 118.1, 123.4, 125.5,
129.1, 129.5, 130.5, 131.7, 139.2, 153.6, 163.7, 172.2, 173.2, 203.7; IR (neat): 1739,
1363, 1221 cm-1; HRMS (ESI): m/z caled for C2sH26N2Na109S:1 [M + Nal+: 589.1257,
found 589.1279.
Alkylated product 188¢
Q After completion of the reaction, the crude mixture was filtrated

O “"CO?Me and washed with methanol to give the title compound in 80%
S:oo )//o yield as a white solid. 'H NMR (400 MHz, CDCls) § 1.63 (d, J =
MeOO °© °  14.0 Hz, 1H), 2.45 (dd, J= 13.2, 16.0 Hz, 1H), 2.56 (dd, J = 4.8,
1889 16.0 Hz, 1H), 2.69 (ddd, J = 4.8, 10.8, 13.2 Hz, 1H), 3.06 (d, J =

13.2 Hz, 1H), 3.58 (s, 3H), 3.76 (s, 3H), 4.07 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.31 (ddd, J

=4.4,9.2,9.2 Hz, 1H), 4.46 (ddd, J= 4.4, 9.2, 9.2 Hz, 1H), 4.58 (ddd, J=9.2, 9.2, 9.2 Hz,
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1H), 4.71 (dd, J=10.8, 10.8 Hz, 1H), 4.86 (d, /= 10.8 Hz, 1H), 6.84 (d, J= 8.8 Hz, 2H),
6.91 (d, J = 6.4 Hz, 2H), 7.09 (dd, J= 7.6, 7.6 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H), 7.28—
7.32 (m, 3H), 7.36 (dd, J=6.8, 7.6 Hz, 1H), 7.74 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 6.8 Hz,
1H); 13C NMR (150 MHz, CDCls) & 38.7, 40.6, 43.3, 44.4, 44.6, 52.4, 55.6, 62.1, 62.5,
69.2, 114.4, 117.5, 124.7, 125.4, 127.3, 128.7, 129.4, 129.9, 129.9, 130.2, 133.0, 135.5,
139.4, 153.5,163.7, 172.1, 172.2, 205.6; IR (neat): 2364, 2319, 1731, 1367; HRMS (ESD):
m/z caled for Cs2H30N2Na109S: [M + H]+: 641.1570, found 641.1561.

Alkylated product 188h

NO

2 The title compound was isolated by flash column
O -ucone chromatography (SiO2, hexane/AcOEt = 1/1 to 1/3) in 59% yield

O 5 )// as a white solid. !H NMR (400 MHz, CDCls) § 2.13 (d, J= 14.4 Hz,
/@Sé & 1H), 2.44 (dd, J= 12.4, 17.8 Hz, 1H), 2.96 (dd, J = 4.8, 17.8 Hz,
MeO 188h 1H), 3.12 (d, J=14.4 Hz, 1H), 3.54 (dd, J= 4.8, 12.4, 12.4 Hz, 1H),

3.67 (s, 3H), 3.72 (s, 3H), 4.11 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.34 (ddd, J= 4.4, 8.8, 8.8
Hz, 1H), 4.47 (ddd, J= 4.4, 8.8, 8.8 Hz, 1H), 4.57 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.70 (d,
J=10.8 Hz, 1H), 4.80 (dd, J = 10.8, 12.4 Hz, 1H), 5.99 (d, J= 7.6 Hz, 1H), 6.60 (d, J =
7.6 Hz, 1H), 6.81 (d, J = 9.2 Hz, 2H), 6.96 (dd, J= 7.6, 7.6 Hz, 1H), 7.33-7.39 (m, 2H),
7.68 (d, J=9.2 Hz, 2H), 7.78 (d, J=7.6 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H); 13C NMR (150
MHz, CDCls) & 39.3, 39.6, 41.1, 43.3, 44.2, 52.6, 55.6, 60.1, 62.2, 72.2, 114.4, 117.8,
125.0, 125.4, 125.9, 127.9, 129.2, 129.4, 130.2, 131.0, 131.3, 132.1, 132.2, 139.5, 149.4,
153.4, 163.8, 172.1, 173.2, 204.2; IR (neat): 2926, 1775, 1694, 1593, 1384, 1351, 1260,
1157, 1024, 803 cm-1; HRMS (ESID): m/zcalcd for C32H29N3Na1011S: [M + H]+: 686.1421,
found 686.1433.

Tetracyclic aminal NH free 192

N ow The title compound was isolated by flash column

mCOMe  chromatography (SiO2, hexane/AcOEt = 1/3 to CHCls/MeOH =

3 N/)/,\lo 40/1, and then to 20/1) in 99% yield as a foam. 'H NMR (400 MHz,

Meo)ﬁj © ©  CDCls) 5 1.36 (d, J=16.8 Hz, 1H), 2.02 (d, /= 16.8 Hz, 1H), 2.10

192 (dd, J = 4.8, 13.6 Hz, 1H), 2.52 (dd, J = 4.8, 13.6 Hz, 1H), 3.28
(ddd, J= 4.8, 4.8, 10.2 Hz, 1H), 3.63 (s, 3H), 3.80 (s, 3H), 4.06 (ddd, /= 8.4, 9.2, 9.2 Hz,
1H), 4.12 (d, J=11.2 Hz, 1H), 4.32 (ddd, J= 4.0, 8.8, 8.8 Hz, 1H), 4.44 (ddd, J= 4.0, 8.8,
8.8 Hz, 1H), 4.54 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.61 (dd, J=10.4, 11.2 Hz, 1H), 6.59 (br,
1H), 6.86 (d, J=11.2 Hz, 2H), 7.08 (ddd, /= 1.2, 7.6, 8.0 Hz, 1H), 7.33 (ddd, /= 1.2, 7.6,
8.0 Hz, 1H), 7.62 (d, J = 9.2 Hz, 2H), 7.67 (d, J= 7.6 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H);
13C (150 MHz, DMSOd-6) § 22.4, 28.3, 33.9, 43.5, 44.2, 52.1, 55.3, 55.8, 62.0, 71.5, 87.8,
114.8, 117.0, 125.0, 125.8, 128.6, 128.8, 129.3, 132.6, 140.2, 152.9, 163.3, 172.6, 173.0,
173.3; IR (neat): 1728, 1555 cm-1; HRMS (ESI): m/z calcd for C34H3ssNsNa1010S: [M +

Nal+: 698.1784, found 698.1762.

(@)
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Tetracyclic aminal N-benzyl 193

0-_RMOH N-Benzyliodoacetamide was prepare according to the literature

wCOMe  procedure.'81 The title compound could be isolated by flash

2:80 N/);é column chromatography (SiOs2, hexane/AcOEt = 1/3) in 97% yield.
MeOO © S 1H NMR (600 MHz, CDCls) 5 1.66 (d, /= 16.8 Hz, 1H), 1.77 (d, J=

193 16.8 Hz, 1H), 2.09 (dd, J = 9.0, 14.4 Hz, 1H), 2.14 (dd, J = 6.0,

14.4 Hz, 1H), 3.02 (ddd, J/= 6.0, 9.0, 10.8 Hz, 1H), 3.55 (s, 3H), 3.77 (s, 3H), 4.08 (d, J=
10.8 Hz, 1H), 4.11 (ddd, J = 7.2, 7.2, 7.2 Hz, 1H), 4.30 (ddd, J = 3.6, 7.2, 7.2 Hz, 1H),
4.42 (ddd, J= 3.6, 7.2, 7.2 Hz, 1H), 4.46 (d, J=15.0 Hz, 1H), 4.52 (ddd, J= 7.2, 7.2, 7.2
Hz, 1H), 4.54 (d, J= 15.0 Hz, 1H), 4.61 (dd, J = 10.8, 10.8 Hz, 1H), 6.85 (d, J= 9.0 Hz,
2H), 6.97 (dd, J=17.8, 7.8 Hz, 1H), 7.20 (d, J= 7.8 Hz, 1H), 7.26 (dd, J= 7.8, 7.8 Hz, 1H),
7.27 (t, J=17.2 Hz, 1H), 7.32 (dd, J= 7.2, 7.2 Hz, 2H), 7.40 (d, J= 7.2 Hz, 2H), 7.58 (d, J
= 9.0 Hz, 2H), 7.69 (d, J = 7.8 Hz, 1H); 13C NMR (150 MHz, CDCls) § 20.9, 31.9, 38.1,
42.3,42.6,43.4, 44.1, 52.4, 54.8, 55.6, 62.1, 71.0, 91.5, 114.4, 118.1, 124.5, 125.7, 127.8,
128.6, 128.7, 128.9, 129.1, 129.5, 132.3, 137.5, 140.4, 153.4, 163.7, 171.9, 173.2 (Jc-n =
5.7 Hz); IR (neat): 1779, 1697, 1593, 1157 cm-1; HRMS (ESD): m/z caled for
Cs4Hs3N3Na1010S: [M + Nal+: 698.1784, found 698.1762; [alp26 — 58.4 (¢ 1.03, CHCls,
87% ee).

Tetracyclic imine 190

N Compound 188d (350 mg, 0.62 mmol) and Raney Ni (W1, excess)
@CSZ\“"'G in EtOH (7.5 mL) and NEts (5 mL) were stirred for 31.5 h at room
N H =N

&od” Ty temperature under an atmosphere of hydrogen. After filtration
Me0/©/ © © and solvent evaporation, the residue was purified by flash

190 chromatography (SiO2, CHCls/MeOH = 50/1 to 40/1, and then to
10/1) to afford 189 (143 mg, 42% yield) as a white powder and 189 (69 mg, 20%) as a
foam and 190 (54 mg, 21%) as a white powder. 1H NMR (400 MHz, CDCl3s) § 0.69 (dd, J
= 6.4, 12.8 Hz, 1H), 1.41 (ddd, J= 9.6, 12.8, 12.8 Hz, 1H), 2.32 (ddd, J= 3.2, 14.4, 14.4
Hz, 1H), 3.05 (dd, J = 4.0, 14.4 Hz, 1H), 3.08 (ddd, J = 4.0, 10.4, 14.4 Hz, 1H), 3.49
(dddd, /= 3.2, 6.4, 12.8, 16.0 Hz, 1H), 3.65 (s, 3H), 3.73 (dd, J= 9.2, 16.0 Hz, 1H), 3.80
(s, 3H), 4.09 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H), 4.19 (d, /= 14.4 Hz, 1H), 4.31 (ddd, J= 4.4,
8.8, 8.8 Hz, 1H), 4.46 (ddd, J= 4.4, 8.8, 8.8 Hz, 1H), 4.55 (ddd, J= 8.8, 8.8, 8.8 Hz, 1H),
4.63 (dd, J=10.4, 10.4 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.8 Hz, 2H), 7.07
(dd, J=17.2, 8.0 Hz, 1H), 7.34 (dd, J= 7.2, 8.0 Hz, 1H), 7.61 (d, /= 8.8 Hz, 2H), 7.76 (d,
J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) & 31.3, 40.9, 41.9, 43.3, 45.0, 52.4, 55.6,
57.1, 62.0, 62.1, 73.3, 114.2, 119.3, 122.0, 125.8, 129.1, 129.6, 130.3, 134.4, 138.9, 153.4,
163.5, 172.3, 173.1, 174.0; IR (neat): 2948, 2358, 1784, 1723, 1694, 1592, 1154 cm1;
HRMS (ESI): m/z caled for C27H27N3Na10sS: [M + Nal+: 576.1417, found 576.1401;
[a]p24 — 13.8 (¢ 1.35, CHCls, 80% ee).
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Tetracyclic imine 189
§ Imine 190 (21 mg, 0.038 mmol) and 20% Pd(OH)z (4 mg, 20 wt%)

@%Qicozw'e in HCO2:H/MeOH (0.76 mL, 4/1) were stirred for 20 h at room
3\:50 N/)/,\lo temperature under 10 atm of hydrogen. After filtration and
Me0/©/ o © solvent evaporation, the residue was purified by flash
189 chromatography (SiO2, CHCls/MeOH = 40/1 to 20/1) to afford 189
(19.5 mg, 93% yield) as a foam. 'H NMR (400 MHz, CDCls) § 0.76 (ddd, J= 6.4, 6.4, 14.4
Hz, 1H), 1.16 (ddd, /= 8.8, 8.8, 13.6 Hz, 1H), 1.70 (ddd, J= 3.2, 11.2, 14.4 Hz, 1H), 2.12
(ddd, J=3.2, 3.2, 14.4 Hz, 1H), 2.89-2.95 (m, 2H), 3.44 (ddd, J= 3.2, 11.2, 11.2 Hz, 1H),
3.61 (s, 3H), 3.80 (s, 3H), 4.06 (ddd, /= 8.8, 8.8, 8.8 Hz, 1H), 4.12 (d, J = 10.8 Hz, 1H),
4.31 (ddd, J = 4.4, 8.8, 8.8 Hz, 1H), 4.39 (dd, /= 10.8, 11.2 Hz, 1H), 4.35 (ddd, J = 4.4,
8.8, 8.8 Hz, 1H), 4.52 (ddd, /= 8.8, 8.8, 8.8 Hz, 1H), 6.83 (d, J= 8.4 Hz, 2H), 6.99 (d, J=
7.2 Hz, 1H), 7.08 (dd, J= 7.2 7.6 Hz, 1H), 7.28 (dd, J= 7.6, 8.4 Hz, 1H), 7.65 (d, J = 8.4
Hz, 2H), 7.72 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCls) § 29.4, 29.6, 37.4, 41.7,
43.4, 44.7, 52.1, 53.8, 55.5, 57.9, 62.0, 70.5, 114.1, 118.0, 121.7, 125.2, 128.8, 128.9,
130.1, 135.6, 140.2, 153.4, 163.3, 174.5, 174.7; IR (neat): 3352, 2926, 2858, 1777, 1728,
1663, 1593, 1386, 1346, 1260 cm-1; HRMS (ESI): m/z calcd for C27H30N30sS: [M + H]*:
556.1754, found 556.1748; [a]p24 — 31.6 (¢ 0.97, CHCls, 80% ee).
Tetracyclic amine 191

No~_.coMe Compound 188h (3 mg, 0.0045 mmol) and 10% Pd/C (1.3 mg, 30
m
Nyr® wt%) in EtOAc (1 mL) were stirred for 19.5 h at room temperature

under an atmosphere of hydrogen. After filtration and solvent

191 evaporation, the residue was purified by flash chromatography
(SiO2, hexane/EtOAc = 1/1) to afford 191 (0.8 mg, 30% yield) as a foam. 'H NMR (600
MHz, CDCls) § 1.02 (d, /= 15.0 Hz, 1H), 1.65 (ddd, J = 12.0, 12.0, 12.0 Hz, 1H), 2.19
(ddd, J= 3.6, 3.6, 12.0 Hz, 1H), 2.45 (d, J= 15.0 Hz, 1H), 3.11 (ddd, /= 3.6, 12.0, 12.0
Hz, 1H), 3.62 (s, 3H), 3.64 (dd, J= 3.6, 12.0 Hz, 1H), 3.86 (s, 3H), 3.92 (br, 1H), 4.07 (d,
J=10.2 Hz, 1H), 4.09 (ddd, J = 9.0, 9.0, 10.2 Hz, 1H), 4.09 (d, J = 10.2 Hz, 1H), 4.12
(ddd, J/=9.0, 9.0, 10.2 Hz, 1H), 4.33 (ddd, /= 4.2, 9.0, 10.2 Hz, 1H), 4.44 (ddd, J= 4.2,
9.0, 9.0 Hz, 1H), 4.55 (ddd, J= 9.0, 9.0, 9.0 Hz, 1H), 6.02 (d, J=6.6 Hz, 1H), 6.50 (d, J=
7.2, 7.8 Hz, 1H), 6.55 (d, J= 7.8 Hz, 1H), 6.85 (dd, J= 7.8, 7.8 Hz, 1H), 6.93 (d, J= 9.0
Hz, 2H), 6.97 (dd, J= 7.2, 8.4 Hz, 1H), 7.20 (dd, /= 6.6, 8.4 Hz, 1H), 7.24 (d, J= 7.2 Hz,
1H), 7.72 (d, J= 7.2 Hz, 1H), 7.74 (d, J= 9.0 Hz, 2H); 13C NMR (150 MHz, CDCls) & 30.2,
41.6, 42.4, 43.5, 45.2, 47.0, 52.3, 55.0, 55.7, 62.0, 72.8, 114.0, 114.3, 117.9, 118.5, 125.1,
126.0, 127.4, 128.7, 129.1, 129.7, 131.9, 133.1, 134.5, 134.6, 139.9, 142.2, 153.3, 163.6,
172.6; IR (neat): 2916, 2864, 2375, 2322, 1705, 1363, 1168 cm~-1; HRMS (ESI): m/z caled
for C32H31N3Na10sS: [M + Nal+: 640.1730, found 640.1745.
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a-Hydroxy ketone 194

o) A THF solution of TBAF (0.92 mL, 0.92 mmol, 1 M, 1.5 eq.) was
@O\)Q:C% added dropwise to a mixture of 158h (323 mg, 0.46 mmol) and
409 O m-chloroperoxybenzoic acid (172 mg, 0.69 mmol, 1.5 eq., 70%) in

Me0/©/ ° © CH:Cl2 (3 mL) at —78 °C. Then the solution was allowed to
194 gradually warm to rt over 1 h. The reaction mixture was quenched
by the addition of sat. ag. Na2S20s. (3 mL) and sat. aq. NaHCOs (3 mL) and extracted
with three times of CH2Cl2 (5 mL), and combined organic layers were washed with
brine and dried over Na2SO4. After solvent was removed, the residue was purified by
flash chromatography (SiO2, hexane/AcOEt = 1.5/1) to afford 194 (64%) as a brown
solid. 'H NMR (400 MHz, CDCls) § 2.56 (dd, J = 14.8, 14.8 Hz, 1H), 2.86 (dd, J = 3.6,
14.8 Hz, 1H), 3.14 (br, 1H), 3.78 (s, 3H), 4.11 (dd, J= 9.2, 9.2 Hz, 1H), 4.38 (ddd, J= 4.8
9.2, 9.2 Hz, 1H), 4.49 (ddd, J= 4.8, 9.2, 9.2 Hz, 1H), 4.58 (dd, J= 8.8, 8.8 Hz, 1H), 4.59
(d, J= 8.8 Hz, 1H), 4.78 (dd, J = 9.2, 9.2 Hz, 1H), 6.79 (d, J = 8.8 Hz, 2H), 6.88 (d, J =
7.2 Hz, 1H), 7.14 (dd, J= 7.2, 7.6 Hz, 1H), 7.45 (dd, J= 7.6, 8.8 Hz, 1H), 7.59 (d, J = 8.8
Hz, 2H), 7.76 (d, J = 8.8 Hz, 1H); IR (neat): 3647, 1739, 1502 cm-1; HRMS (ESD): m/z
caled for C24H21F3N2Na10sS1 [M + Nal+: 577.0867, found 577.0889.

Enol triflate 195

b

TiQ, A THF solution of TBAF (66 pL, 0.066 mmol, 1 M, 1.5 eq.) was
O ""CO?Me added dropwise to a mixture of 158a (30 mg, 0.044 mmol) and
—oo )fo Tf20 (14 pL, 0.088 mmol, 2 eq.) in THF (0.3 mL) at —78 °C. Then
Meo/©/ ° © the solution was allowed to gradually warm to 0 °C over 30 min.
195 The reaction mixture was quenched by the addition of sat. aq.
NaHCOs; (1 mL). The water layer extracted with three times of AcOEt (5 mL), and
combined organic layers were washed with brine and dried over Na2SO4. After solvent
was removed, the residue was purified by flash chromatography (SiO2, hexane/AcOEt =
2/1) to afford 195 (15%) as a foam. 'H NMR (400 MHz, CDCls) § 2.42 (dd, J = 14.8 Hz,
16.8 Hz, 1H), 2,81 (ddd, J= 0.8, 4.0, 16.8 Hz, 1H), 3.28 (ddd, J= 4.0, 12.0, 14.8 Hz, 1H),
3.66 (s, 3H), 3.81 (s, 3H), 4.12 (ddd, J= 9.6, 9.6, 9.6 Hz, 1H), 4.33 (ddd, J= 4.4, 9.6, 9.6
Hz, 1H), 4.48 (ddd, J= 4.4, 9.6, 9.6 Hz, 1H), 4.58 (ddd, J=9.6, 9.6 Hz, 1H), 4.64 (dd, J=
0.8, 10.0 Hz, 1H), 4.74 (d, J = 10.0, 12.0 Hz, 1H), 6.79 (d, J = 8.8 Hz, 1H), 6.91 (d, J =
7.6 Hz, 1H), 7.12 (dd, J=17.2, 7.6 Hz, 1H), 7.35 (dd, J= 7.2, 7.6 Hz, 1H), 7.45 (d, /= 8.8
Hz, 2H), 7.70 (d, = 7.6 Hz, 1H); 1°F NMR (376 MHz, CDCl3) 5 — 75.2; IR (neat): 3839,
1779, 1684, 1401, 1263, 1202, 1156 cm-1; HRMS (ESD: m/z caled for
C26H23F3N2Na1011S2 [M + Nal+: 683.0593, found 683.0576.

118



Carbazolone 196
Q To a mixture of 158a (390 mg, 0.57 mmol) and CuCl: (230 mg,
mCOMe 1 71 mmol, 3 eq.) in DMF (2.9 mL), CsF (173 mg, 1.14 mmol, 2
gfoo y© eq.) was added at room temperature. The mixture was stirred at
Me0/©/ © © 50 °C for 30 min and at 80 °C for 2 h. The mixture was cooled to

room temperature and quenched with water (5 mL). The water

layer extracted with three times of AcOEt (10 mL), and combined organic layers were
washed with brine and dried over Na2SQO4. After the volatile materials were removed
under high reduced pressure, the residue was purified by flash chromatography (SiOs,
hexane/AcOEt = 1/1.5) to afford 196 (255 mg, 85%) as a foam. 'H NMR (400 MHz,
CDCls) §2.88 (dd, J = 5.6, 16.8 Hz, 1H), 3.05 (dd, J = 2.4, 16.8 Hz, 1H), 3.53 (s, 3H),
3.57 (ddd, J=2.4, 2.4, 5.6 Hz, 1H), 3.83 (s, 3H), 4.11 (ddd, J=6.8, 9.2, 9.2 Hz, 1H), 4.22
(ddd, J = 6.8, 9.2, 9.2 Hz, 1H), 4.55 (ddd, J= 6.8, 9.2, 9.2 Hz, 2H), 6.45 (d, J = 2.4 Hz,
1H), 6.99 (d, J= 9.2 Hz, 2H), 7.33 (ddd, J= 1.2, 7.2, 7.6 Hz, 1H), 7.36 (ddd, J= 2.0, 7.6,
8.0 Hz, 1H), 8.03 (dd, J= 1.2, 8.0 Hz, 1H), 8.04 (d, J= 9.2 Hz, 2H), 8.26 (dd, /= 2.0, 7.2
Hz, 1H); 13C NMR (100 MHz, CDCls) § 36.3, 41.1, 42.1, 42.7, 52.7, 55.6, 62.5, 113.3,
114.7, 118.9, 122.1, 124.7, 125.1, 125.7, 128.8, 129.6, 135.4, 144.6, 153.6, 164.4, 168.9,
171.1, 191.0; IR (neat): 2954, 1770, 1672, 1593, 1370, 1315, 1162, 1086, 1014 cm-1;
HRMS (ESI): m/z caled for C25H22N2Na109S: [M + Nal+: 549.0944, found 549.0931;
[alp2s + 175.219 (¢ 1.01, CHCls, 75% ee).
Bromophenol 197
HO  Br A THF solution of TBAF (87 pL, 0.087 mmol, 1 M, 3 eq.) was
Ci’z\“l"e added dropwise to a mixture of 158a (20 mg, 0.029 mmol) and
g\:oo Nb,o NBS (15.5 mg, 0.087 mmol, 3 eq.) in THF (0.19 mL) at 0 °C. After
Me0/©/ o ° addition, the solution was stirred for 5 min. Then the reaction
mixture was quenched by the addition of IN HCI (5 mL) and

extracted with three times of AcOEt (2 mL), and combined organic layers were washed

with 7N HCI and brine, and dried over Na2SO4. After solvent was removed, the residue
was purified by flash chromatography (SiO2, hexane/AcOEt = 1/1) to afford 197 (63%)
as a brown solid. 'H NMR (400 MHz, CDCls) § 3.68 (s, 3H), 3.96 (s, 3H), 4.21 (ddd, J =
9.2,9.2,9.2 Hz, 1H), 4.38 (ddd, J =6.0, 9.2, 9.2 Hz, 1H), 4.48 (ddd, J= 6.0, 9.2, 9.2 Hz,
1H), 4.58 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 6.53 (br, 1H), 6.60 (d, J=9.2 Hz, 2H), 7.33 (dd,
J=17.2,7.6 Hz, 1H), 7.36 (d, J= 9.2 Hz, 2H), 7.46 (dd, J= 7.2, 8.4 Hz, 1H), 8.06 (d, J =
7.6 Hz, 1H), 8.18 (d, J =8.8 Hz, 2H); 13C NMR (150 MHz, CDCls) & 43.0, 53.2, 55.5, 62.5,
104.6, 113.8, 117.7, 118.3, 118.9, 123.6, 125.7, 125.9, 126.6, 128.0, 129.5, 133.0, 140.1,
149.1, 152.7, 163.8, 165.1, 166.8, 204.7; IR (neat): 2918 1777, 1732, 1591, 1576, 1310,
1260, 1167, 1088, 1022, 906, 801 cm-1; HRMS (ESI): m/z caled for C25H19BriN2Na109S1
[M + Nal+: 624.9892, found 624.9871.
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Secondary alcohol 198
HO, To a solution of 188a (40 mg, 0.074 mmol) in MeOH/CH:2Cl2 (1.5
@C%Me mL, 2/3), NaBH4 (5.6 mg, 0.15 mmol, 2 eq.) was added at —78 °C.
gﬁo N/)/]D The mixture was stirred for 30 min at same temperature. A
Meo/©/ © © solution of sat. aq. NaHCOs3 (5 mL) was added. The layers were

198

separated and aqueous layer was extracted with three times of
CH:Cl2 (5 mL). The combined organic layers were washed with brine, dried over
Na2SO0y, filtered through a plug of cotton, and concentrated under reduced pressure.
The residue was purified by flash chromatography (SiO2, hexane/AcOEt = 1/2) to afford
198 (36 mg, 89%) as a foam. 'H NMR (400 MHz, CDCls) § 0.61 (s, 3H), 1.91 (ddd, J =
10.4, 10.4, 12.8 Hz, 1H), 2.09 (br, 1H), 2.20 (ddd, J= 4.8, 4.8, 12.8 Hz, 1H), 3.11 (ddd,
=4.8,10.4, 10.4 Hz, 1H), 3.61 (s, 3H), 3.79 (s, 3H), 3.96 (dd, J= 4.8, 10.4 Hz, 1H), 4.29
(d, J=10.8 Hz, 1H), 4.06 (ddd, J=9.2, 9.2, 9.2 Hz, 1H), 4.31 (ddd, /= 4.8, 9.2, 9.2 Hz,
1H), 4.42 (ddd, J= 4.8, 9.2, 9.2 Hz, 1H), 4.52 (ddd, /= 9.2, 9.2, 9.2 Hz, 1H), 4.61 (d, J=
10.8 Hz, 1H), 6.84 (d. /= 8.8 Hz, 2H), 7.10 (dd, J = 7.6, 8.0 Hz, 1H), 7.25 (dd, J = 7.6,
8.4 Hz, 1H), 7.42 (d, /= 8.0 Hz, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.69 (d, J= 8.4 Hz, 1H);
13C NMR (100 MHz, CDCls) & 27.2, 31.1, 40.0, 43.5, 43.8, 50.7, 52.3, 55.5, 61.9, 72.7,
74.1, 114.1, 117.5, 124.8, 124.9, 128.6, 129.2, 130.2, 136.3, 139.9, 153.3, 163.3, 173.3,
174.8; IR (neat): 3552, 2939, 2875, 1776, 1729, 1686, 1595, 1342, 1260, 1149, 1110,
1090, 1040 cm-1; HRMS (ESI): m/z caled for C26H2sN2Na109S: [M + Nal+: 567.1413,
found 567.1417; [alp!® — 81.3 (¢ 0.98, CHCls, >99% ee).

p-Bromobenzoate 199

o\>’©,8r p-Bromobenzoyl chloride (36 mg, 0.17 mmol, 3 eq.) was added to
o} a mixture of 198 (30 mg, 0.055 mmol), NEt3 (38 pL, 0.28 mmol, 5

Me / A
@f@cﬂf eq.) and DMAP (6.7 mg, 0.055 mmol, 1 eq.) in CH2Clz (0.55 mL)
| H N

g\:oo y© at0°C. The mixture was stirred at room temperature for 5 h. A
Me0/©/ © ° solution of sat. aqg. NaHCOs (5 mL) was added. The layers were
separated and aqueous layer was extracted with three times of
CH:Cl2 (5 mL). The combined organic layers were washed with brine, dried over
Na2SO0y, filtered through a plug of cotton, and concentrated under reduced pressure.
The residue was purified by flash chromatography (SiO2, hexane/AcOEt = 1/1 to 1/2) to
afford 199 (33 mg, 82%) as a colorless solid. 'H NMR (400 MHz, CDCls) § 0.59 (s, 3H),
2.26 (dd, J= 6.8, 13.2 Hz, 1H), 2.34 (br, 1H), 3.41 (s, 3H), 3.45 (ddd, J= 6.8, 10.8, 13.2
Hz, 1H), 3.78 (s, 3H), 4.06 (d, J = 10.4 Hz, 1H), 4.10 (ddd, J= 9.2, 9.2, 9.2 Hz, 1H), 4.38
(ddd, J=4.4,9.2,9.2 Hz, 1H), 4.46 (ddd, J= 4.4, 9.2, 9.2 Hz, 1H), 4.58 (ddd, J= 9.2, 9.2,
9.2 Hz, 1H), 4.97 (dd, J=10.4, 10.8 Hz, 1H), 5.43 (dd, J= 2.0, 6.8 Hz, 1H), 6.83 (d, J =
8.8 Hz, 2H), 6.96 (dd. /= 7.2, 8.0 Hz, 1H), 7.09 (dd, /= 7.2 Hz, 1H), 7.24 (dd, J= 7.6,
8.0 Hz, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 7.6 Hz, 1H),
7.73 (d, J= 8.4 Hz, 2H); 13C NMR (100 MHz, CDCls) & 26.3, 27.0, 38.6, 42.4, 43.5, 50.3,

52.2, 55.5, 62.1, 71.6, 74.3, 114.1, 117.9, 123.6, 125.0, 128.1, 128.4, 128.8, 129.2, 129.5,
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131.1, 131.8, 135.7, 139.9, 153.4, 163.5, 164.9, 173.1, 174.0; IR (neat): 2969, 1777, 1721,
1591, 1359, 1263, 1159, 1101, 1011 cm-%; HRMS (ESID: m/z caled for
CssHs1BriNaNa10108:1 [M + Nal+: 749.0781, found 749.0774; [alp22 — 106.8 (¢ 0.98,
CHCls, >99% ee).

Methyl ester 203
TIPSO To methanol (0.45 mL) at 0 °C, ethylmagnesium bromide (1 M in
O '“'” Pr diethyl ether, 1.73 mL, 1.65 mmol, 1.5 eq.) was added dropwise.
foo

After stirring for 15 min, 158b (220 mg, 0.33 mmol) in THF (0.6 +

Me0/©/ © 0.4 + 0.2 to rinse) was added into the flask and the reaction was

203 stirred for 21 h at rt before sat. aq. NH4Cl (20 mL) was added. The
aqueous phase was extracted with CH2Clz (3 x 5 mL), the combined organic phase was
dried over Na2SO4, filtered and concentrated. The residue was purified by
chromatography (CHROMATOREX-DIOL, hexane/AcOEt = 4/1) to give 203 (57%) as a
white foam. 'H NMR (400 MHz, CDCls) § 0.89 (t, J = 6.8 Hz, 3H), 1.06 (d, J = 6.8 Hz,
18H), 1.18 (sep, J= 6.8 Hz, 3H), 1.22-1.37 (m, 4H), 2.06 (ddd, J= 1.6, 1.6, 16.4 Hz, 1H),
2.15-2.19 (m, 1H), 2.46 (ddd, J= 1.6, 1.6, 16.4 Hz, 1H), 2.62 (dd, J = 8.4, 8.4 Hz, 1H),
3.78 (s, 3H), 3.86 (s, 3H), 4.62 (d, J=1.6, 1.6, 8.4 Hz, 1H), 6.83 (d, J= 9.2 Hz, 2H), 6.99
(dd, J=17.2, 8.0 Hz, 1H), 7.11 (d, J= 8.0, 8.0 Hz, 1H), 7.55 (d, J= 7.2 Hz, 1H), 7.65 (t, J
=9.2 Hz, 2H), 7.75 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) & 13.5, 14.0, 17.9,
19.7, 35.2, 36.0, 37.1, 51.8, 51.9, 55.4, 65.0, 111.2, 113.9, 116.3, 123.3, 124.1, 126.9,
127.4, 128.8, 130.1, 142.1, 144.9, 163.3, 174.9; IR (neat): 2371, 2323, 1713, 1348, 1163,
1025; HRMS (ESI): m/z caled for CssH47N1Na106S:1Si1 [M + Nal+: 636.2791, found
636.2790; [a]p23 + 180.0 (¢ 1.09, CHCls, 93% ee).
Thioester 204

TIPSQ, n-Bulii (1.58 M in hexane, 0.38 mL, 0.6 mmol, 2 eq.) was added at
O """ P —78°C to a solution of EtSH (55 pL, 0.75 mmol, 2.5 eq.) in THF (0.4
S:Oo mL). The solution was kept at —78 °C for 20 min. A solution of the
Me0/©/ © substrate 158b (200 mg, 0.3 mmol) in THF (0.6 + 0.3 + 0.2 to rinse)

204 was added. The mixture was stirred for 5 min, then warmed up to

0 °C and stirred for 15 min. The reaction was quenched with sat. aq. NH4Cl. The
aqueous layer was extracted with CH2Cl2 three times. The organic phases were dried
over Na2S0s4 and the solvents evaporated. The residue was purified by flash
chromatography (SiO2, hexane/AcOEt = 5/1) to afford 204 (190 mg, quant.) as a foam.
'H NMR (400 MHz, CDCls) § 0.87 (t, /= 7.2 Hz, 3H), 1.04 (d, /= 7.6 Hz, 9H), 1.05 (d, J
=17.6 Hz, 9H), 1.18 (qq, J= 7.6, 7.6 Hz, 3H), 1.13-1.20 (m, 1H), 1.26—1.34 (m, 2H), 1.37
(t, J=17.2 Hz, 3H), 2.04 (dd, J= 4.4, 16.0 Hz, 1H), 2.07-2.23 (m, 1H), 2.41 (ddd, J= 2.0,
6.0, 16.0 Hz, 1H), 2.80 (dd, J = 4.8, 7.2 Hz, 1H), 3.04 (q, J = 7.2 Hz, 2H), 3.77 (s, 3H),
4.65 (dd, J = 2.0, 7.2 Hz, 1H), 6.89 (d, J = 9.2 Hz, 2H), 7.01 (dd, J = 7.2, 7.6 Hz, 1H),

7.13(dd, J=6.8, 7.2 Hz, 1H), 7.53 (d, J=6.8 Hz, 1H), 7.55(d, J=9.2 Hz, 2H), 7.75(d,
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J=17.6 Hz, 1H); 13C NMR (100 MHz, CDCls) & 13.4, 13.9, 14.5, 17.8, 20.2, 23.8, 35.3,
36.6, 37.7, 55.4, 59.8, 63.7, 111.4, 113.8, 117.0, 123.1, 124.5, 126.7, 127.5, 129.1, 129.9,
142.1, 144.9, 163.2, 201.3 ; IR (neat): 2928, 2867, 1675, 1594, 1496, 1457, 1359, 1259,
1163, 1013 cm-1; HRMS (ESI): m/z calcd for Cs4H19N1Na105S2Si1 [M + Nal+: 666.2719,
found 666.2699; [alp24 + 187.3 (¢ 0.98, CHCls, 93% ee).

Aldehyde 205

TIPSO To a stirred mixture of thioester 204 (46 mg, 0.071 mmol) and 10%
O “"”‘Pr Pd/C (8.7 mg, 10 mol %) in 71 uL of CH:Cl: under an argon
E:S'o H atmosphere at room temperature, triethylsilane (34 pL, 0.21 mmol,

Me0/©/ © 3 eq.) was added. The mixture was stirred for 2 h at same
205 temperature. The catalyst was filtered off through Celite, and
the filtrate evaporated under reduced pressure. The residue was purified
by flash chromatography (SiO2, hexane/AcOEt = 6/1 to 5/1) to afford 205 (30 mg, 73%)
as a foam and 204 (6 mg, 13%) as a foam. 'H NMR (400 MHz, CD2Cl2) § 0.83 (t, J=6.4
Hz, 3H), 1.01 (d, J= 7.2 Hz, 18H), 1.14 (sep, J= 7.2 Hz, 3H), 1.17-1.29 (m, 4H), 1.31 (dt,
J=6.0, 6.0 Hz, 2H), 2.04 (ddd, J= 1.6, 6.0, 16.4 Hz, 1H), 2.16 (br, 1H), 2.43 (ddd, J =
1.6, 6.8, 16.4 Hz, 1H), 2.53 (ddd, /= 4.0, 8.8, 8.8 Hz, 1H), 3.73 (s, 3H), 4.73 (ddd, J= 1.6,
1.6, 8.8 Hz, 1H), 6.81 (d, J=9.2 Hz, 2H), 6.95 (dd, /= 7.6, 8.0 Hz, 1H), 7.06 (dd, J= 7.6,
8.0 Hz, 1H), 7.49 (d, J= 7.6 Hz, 1H), 7.53 (d, J= 7.6 Hz, 1H), 7.55 (d, J = 9.2 Hz, 2H),
9.79 (d, J=4.4 Hz, 1H); 13C NMR (100 MHz, CD2Cls) & 13.9, 14.1, 18.0, 20.2, 33.0, 35.4,
37.3, 56.0, 58.6, 63.6, 111.6, 114.4, 116.4, 123.8, 124.8, 127.2, 127.8, 129.3, 130.4, 142.2,
145.2, 164.0, 202.1; IR (neat): 2945, 2867, 1720, 1675, 1594, 1496, 1457, 1354, 1260,
1160, 1091, 1012 cm-1; HRMS (ESI): m/z caled for Cs2H4sN1Na105S1Si1 [M + Nal+:
606.2685, found 606.2665; [a]p24 + 171.8 (¢ 1.25, CH2Clz, 93% ee).
Alcohol 201

TIPSQ Lithium aluminum hydride (6.4 mg, 0.15 mmol, 1.2 eq.) was added
O ""” P portionwise to a solution of 204 (83 mg, 0.13 mmol) in THF (0.65
s=0 mL) at 0 °C. The solution was stirred for 10 min at same
Me0/©/ ° temperature, quenched by the addition of sat. aqg. NH4Cl (1 mL)

20 followed by filtration over a small amount of silica gel with a

AcOEt/hexane (20% mixture) to afford to 201 (72 mg, 95% yield) as a viscous oil. 'H
NMR (400 MHz, CDCls) & 0.89 (t, J= 7.2 Hz, 3H), 1.00 (d, J = 6.4 Hz, 9H), 1.02 (d, J =
7.2 Hz, 9H), 1.17 (qq, J= 6.4, 7.2 Hz, 3H), 1.24-1.43 (m, 5H), 2.04 (ddd, J= 4.0, 9.2, 8.2
Hz, 1H), 2.08 (br, 1H), 2.36 (dd, J=7.6, 9.2 Hz, 1H), 3.25 (dd, J= 8.8, 10.8 Hz, 1H), 3.71
(ddd, J= 2.0, 10.4, 12.4 Hz, 1H), 3.76 (s, 3H), 4.18 (d, J=10.8 Hz, 1H), 4.30 (dd, J= 4.0,
12.4 Hz, 1H), 6.72 (d, J = 9.2 Hz, 2H), 7.07 (dd, J = 7.2, 8.0 Hz, 1H), 7.13 (dd, J = 7.6,
8.0 Hz, 1H), 7.38 (d, J = 9.2 Hz, 2H), 7.48 (d, J= 7.6 Hz, 1H), 7.68 (d, J = 7.2 Hz, 1H);
13C NMR (100 MHz, CD2Cl2) & 13.3, 14.2, 17.7, 17.9, 20.1, 31.9, 35.7, 37.9, 49.3, 55.4,
59.4, 63.8, 113.8, 114.1, 119.1, 123.1, 125.7, 126.4, 126.7, 129.7, 130.1, 142.0, 145.3,

163.3; IR (neat): 3567, 2944, 2867, 1674, 1594, 1496, 1458, 1344, 1260 cm-1; HRMS
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(ESD): m/z caled for C32HasN105S18i1 [M + H]*: 586.3022, found 586.3032; [alp23 + 222.7
(¢ 0.93, CHCls, 93% ee).
Indoline 206

TIPSO To a solution of 201 (60 mg, 0.1 mmol) in THF (0.5 mL), 0.1 mL of 0.5 M
O ""” " sodium anthracenide in THF was added, which was prepared from
mixing anthracene (178 mg, 1.0 mmol) and sodium (23 mg, 1.0 mmol) in
THF (2 mL) at rt for 2 h. After stirring at —78 °C for 10 min, the
solution was quenched with H20 (0.5 mL). The upper layer was charged with silica-gel
chromatography at 4 °C and purified (CHROMATOREX-DIOL, hexane/AcOEt = 3.5/1)
at same temperature to afford 206 (84% yield, judged by 'H NMR) as a yellow oil.
Compound 206 partially decomposed at room temperature. 'H NMR (400 MHz, CD2Cls)
8 0.84 (t, J= 6.8 Hz, 3H), 1.03 (d, J= 7.6 Hz, 9H), 1.05 (d, J= 7.2 Hz, 9H), 1.12-1.20 (m,
5H), 1.30-1.35 (m, 2H), 1.42-1.49 (m, 1H), 1.68-1.75 (m, 1H), 2.02 (ddd, J = 4.0, 14.4,
16.0 Hz, 1H), 2.37 (ddd, J = 3.2, 6.4, 14.0 Hz, 1H), 3.63 (dd, /= 6.0, 10.8 Hz, 1H), 3.89
(dd, J= 3.2, 10.8 Hz, 1H), 4.27 (ddd, J= 3.2, 4.0, 9.2 Hz, 1H), 6.48 (d, J= 7.6 Hz, 1H),
6.58 (dd, J=17.2, 7.6 Hz, 1H), 6.82 (dd, J= 7.2, 7.2 Hz, 1H), 7.38 (d, J= 7.2 Hz, 1H); 13C
NMR (100 MHz, CD2Cl2) & 14.0, 14.5, 17.9, 18.2, 19.8, 34.3, 35,1, 37.0, 46.6, 63.2, 63.8,
109.7, 116.6, 119.0, 123.9, 127.2, 127.7, 142.7, 152.4; IR (neat): 3364, 2927, 2866, 1686,
1605, 1462, 1208, 1013 cm-1; HRMS (ESD: m/z caled for C25H42N:102Si1 [M + HI+:
416.2985, found 416.2985; [alp23 + 54.7 (¢ 0.94, CHCls, 93% ee).

206
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Two molecules of 158a-exo are packed in a cell.

Identification code hoshi120120x2-1

Empirical formula C34 H44 N2 09 S Si

Formula weight 684.86

Temperature 173 K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=12.125(5) A a=109.262(6)°.
b =17.521(8) A b= 91.541(6)°.
c=18.971(8) A g = 90.083(6)°.

Volume 3803(3) A3

7 4

Density (calculated) 1.196 Mg/m3

Absorption coefficient 0.167 mm-1

F(000) 1456

Crystal size 0.30 x 0.20 x 0.05 mm3

Theta range for data collection 1.14 to 27.37°.

Index ranges -15<=h<=14, -22<=k<=21, -8<=1<=24

Reflections collected 21144

Independent reflections 16185 [R(int) = 0.1183]

Completeness to theta = 27.37° 93.8 %

Absorption correction Empirical

Max. and min. transmission 0.9917 and 0.9515

Refinement method Full-matrix least-squares on F2
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Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Crystal data for 199

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

16185 /0 / 863

1.137

R1=0.1341, wR2 = 0.3015
R1 = 0.3848, wR2 = 0.3956
2.750 and -0.653 e.A-3

& .
ub ‘0//’% -

al30219harada01

C33 H31BrN2 010 S

727.57

173 K

0.71073 A

Orthorhombic

P2(1)2(1)2(2)

a=7.7991(19) A o= 90°.
b =10.857(3) A B= 90°.
c = 37.346(10) A y = 90°.
3162.3(14) A3

4

1.528 Mg/m3

1.429 mm-1

1496

0.30 x 0.20 x 0.02 mm3

1.09 to 27.46°.

-6<=h<=9, -13<=k<=14, -41<=1<=48
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Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

17147

7044 [R(int) = 0.0776]
100.0 %

Empirical

0.9720 and 0.6738
Full-matrix least-squares on F2
7044 /01428

1.079

R1 =0.0932, wR2 = 0.2081
R1 =0.1348, wR2 = 0.2264
0.12(2)

0.0230(16)

0.906 and -0.513 e.A-3

126



RIS Y 0 EBRIE

Diels—Alder adduct 158m
otes  Ho(NTf2)3 (50.2 mg, 50 umol, 0.5 mol %), bisthiourea (43.1 mg, 100 umol,
O ) ‘ 1 mol %) and dried MS4A (2.5 g) taken in a 100 mL flask with a stirring
Mbs‘,g N bar were heated at 115—-120 °C under reduced pressure (<0.01 mmHg)
O):o> for 30 min. After being allowed to cool to rt, the flask was charged with
158m dry argon. CH2Clz (5 mL) and DBU (15 pL, 100 umol, 1 mol %) were

added successively. After the resulting solution was stirred for 2 h at room

temperature under Ar, the reaction vessel was cooled to —20 °C. A solution of diene 155
(5.3 g, 11 mmol, 1.1 eq.) in CH2Cl2 (16 mL + 10 mL to rinse) was added, followed by the
addition of a solution of dienohile 67m (1.41 g, 10 mmol) in CH2Cl2 (12.5 mL + 6.5 mL
to rinse). After additions, the solution was warmed up to 0 °C and stirred for 1 h under
Ar. The product could be 1isolated by flash column chromatography
(CHROMATOREX-NH, 3.5:1 hexane/AcOEt) in 98% yield and 87% ee as a white foam.
Aminal 221
/B0 After completion of Diels—Alder reaction, N-benzyliodoacetamide (3.85
g, 14 mmol, 1.4 eq.)!8! was added to the reaction mixture in one portion.
After being cooled to —78 °C, TBAF (14 mL, 14 mmol, 1.4 eq., 1 M in
oj:(} THF) was added dropwise. The mixture was warmed up to 0 °C over 30
221 min under Ar. The product could be isolated by standard workup
followed by flash column chromatography (SiO2, hexane/AcOEt = 1/2) in 90% yield. 'H
NMR (400 MHz, CDCls) § 1.45 (d, J = 16.8 Hz, 1H), 1.64-1.74 (m, 2H), 1.82-1.88 (m,
1H), 1.97 (d, J=16.8 Hz, 1H), 2.00-2.04 (m, 1H), 2.38 (br, 1H), 3.81 (s, 3H), 3.99 (dd,
= 9.2, 10.0 Hz, 1H), 4.06 (d, J = 10.0 Hz, 1H), 4.17 (d, J = 14.8 Hz, 1H), 4.25-4.33 (m,
2H), 4.42 (ddd, J = 4.0, 10.0, 10.0 Hz, 1H), 4.53 (ddd, J= 10.0, 10.0, 10.0 Hz, 1H), 4.82
(d, J=14.8 Hz,1H), 6.88 (d, J =8.8 Hz, 2H), 6.99 (dd, /= 6.8, 7.6 Hz, 1H), 7.29-7.38 (m,
7H), 7.63 (d, J= 8.8 Hz, 1H), 7.70 (d, J= 8.0 Hz, 1H); 13C NMR (100 MHz, CDCls) § 20.9,
29.9,41.4, 42.6, 43.5, 44.1, 54.9, 55.6, 62.3, 71.4, 92.4, 114.5, 117.8, 124.9, 125.5, 128.5,
128.9, 129.0, 129.4, 132.2, 137.7, 140.8, 145.8, 151.5, 153.6, 163.7, 172.7, 173.8; IR
(neat): 3004, 2970, 1738, 1364, 1217 cm-1; HRMS (ESD: m/z caled for Ca2H31N3Na10sS1
[M + HI*: 640.1729, found 640.1718; [alp26 — 80.1 (¢ 1.00, CHCls, 87% ee).
Enamide 222

gn  After the aminal formation was complete, the volatile materials were

removed under reduced pressure. The mixture was then azeotropically

O ‘ dried with one portion of toluene. The mixture was refluxed with CSA
o o)/"\l\} (1.6 g, 7 mmol, 0.7 eq.) in PhMe (50 mL) for 1 h using a Dean—Stark
222 apparatus. The product could be isolated by flash column
chromatography (SiO2, hexane/AcOEt = 1/2) in 84% yield. 'H NMR (400 MHz, CDCls)

51.73(d, J=16.4 Hz, 1H), 2.22 (ddd, J= 4.0, 4.0, 16.8 Hz, 1H), 2.55 (ddd, J= 1.6, 8.0,
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16.8 Hz, 1H), 2.73 (d, J= 16.8 Hz, 1H), 3.69 (ddd, J= 6.0, 9.6, 9.6 Hz, 1H), 3.82 (s, 3H),
4.04 (ddd, J=19.6, 9.6, 9.6 Hz, 1H), 4.31 (ddd, J= 1.6, 4.0, 4.0 Hz, 1H), 4.34 (ddd, J= 9.6,
9.6, 9.6 Hz, 1H), 4.45 (ddd, J=6.0, 9.6, 9.6 Hz, 1H), 4.56 (d, J=15.2 Hz, 1H), 4.59 (d,
=4.0 Hz, 1H), 4.67 (dd, J=4.0, 8.0 Hz, 1H), 4.76 (d, J=15.2 Hz, 1H), 6.73 (d, J= 8.0 Hz,
1H), 6.86 (d, J = 9.2 Hz, 2H), 6.96 (dd, J = 7.6, 7.6Hz, 1H), 7.18 (d, J = 6.8 Hz, 2H),
7.23-7.28 (m, 3H), 7.53 (d, J=9.2 Hz, 2H), 7.68 (d, J= 7.6 Hz, 1H); 13C NMR (100 MHz,
CDCls) & 22.5, 42.5, 43.7, 45.4, 47.8, 55.6, 62.1, 68.1, 94.4, 114.2, 116.9, 121.9, 126.0,
127.3, 127.4, 127.8, 129.0, 129.3, 135.4, 137.1, 141.0, 144.3, 152.6, 163.6, 172.2, 173.7;
IR (neat): 3006, 1777, 1711, 1673, 1356, 1218, 1161 cm-1; HRMS (ESI): m/z calcd for
Cs2H29N3Na107S: [M + Nal+: 622.1624, found 622.1639; [alp24 — 48.6 (¢ 1.11, CHCls,
87% ee).

Thicamide 227

Bn  After the mixture was cooled to room temperature, Lawesson’s reagent

O ‘ (4.4 g, 14 mmol, 1.4 eq.) was added. The resulting solution was stirred

Mb’,‘ H at 100 °C for 1 h and then filtered through a pad of Celite that was
S
© NO washed with CH2Clz. After the mixture was concentrated under
o
227 reduced pressure, the title compound was isolated by flash column

chromatography (CHROMATOREX-DIOL, hexane/AcOEt = 3/1 to 1/1, and then to 1/2)
to give 227 (4.8 g) as a amorphous solid, which was recrystallized from hot PhMe to
afford 227 (4.37 g, 7.1 mmol, 94% ee) in 71% yield from the mother liquid, and a
precipitate (431 mg, 18% ee). 'H NMR (400 MHz, CDCls) & 2.26 (ddd, J = 4.0, 4.0, 16.8
Hz, 1H), 2.42 (d, J=17.6 Hz, 1H), 2.62 (ddd, J= 2.0, 8.4, 16.8 Hz, 1H), 3.25 (d, J=17.6
Hz, 1H), 3.68 (ddd, J= 6.4, 7.2, 9.6 Hz, 1H), 3.84 (s, 3H), 4.04 (ddd, = 8.0, 9.6, 9.6 Hz,
1H), 4.32 (ddd, J=17.2, 8.0, 9.6 Hz, 1H), 4.37 (dd, J= 2.0, 4.0 Hz, 1H), 4.44 (ddd, J= 7.2,
9.6, 9.6 Hz, 1H), 4.58 (br, 1H), 4.92 (dd, J = 4.0, 8.4 Hz, 1H), 5.00 (d, /= 15.2 Hz, 1H),
5.36 (d, J=15.2 Hz, 1H), 6.67 (d, J= 7.6 Hz, 1H), 6.88 (d, J=11.2 Hz, 2H), 6.94 (dd, J=
7.2, 7.6 Hz, 1H), 7.21-7.29 (m, 5H), 7.56 (d, J = 11.2 Hz, 2H), 7.68 (d, J = 8.4 Hz, 1H);
13C NMR (100 MHz, CDCls) & 22.5, 42.4, 47.4, 47.8, 49.6, 55.6, 57.1, 62.1, 67.6, 98.3,
114.3, 116.6, 122.2, 125.9, 127.3, 127.6, 127.7, 128.5, 129.1, 129.2, 134.3, 136.3, 140.6,
147.4, 152.7, 163.7, 173.4, 200.1; IR (neat): 2897, 1781, 1680, 1496 cm-1; HRMS (ESI):
m/z caled for Cs2H20NsNa106S2 [M + Nal+: 638.1396, found 638.1400; [alp25 — 72.4 (c
1.00, CHCls, 89% ee); Daicel Chiralcel IA, hexane//PrOH = 70/30, f: 1.0 mL/min, 254

nm, 15.3 min (major), 22.8 min (minor).

Tertiary amine 224
Bn  LiAlH4 (159 mg, 4.2 mmol, 2.5 eq.) was added to a solution of 222 (1 g,
1.67 mmol) in THF (16.7 mL, 0.1 M) at 0 °C. The mixture was stirred for

14.5 h at reflux under Ar, and then the mixture was cooled down to 0 °C.

NG

N
I H
Mbs OH

224 2N NaOH was added into the mixture slowly, and the mixture was filtered

through Celite and a short pad of silica gel. After the mixture was concentrated under
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reduced pressure, the title compound was isolated by flash column chromatography
(SiO2, hexane/AcOEt = 2/1) to give 224 (355 mg, 42%) as a amorphous solid. 'H NMR
(600 MHz, CDCls) § 0.75 (ddd, J= 6.6, 6.6, 13.2 Hz, 1H), 0.86 (ddd, /= 6.6, 6.6, 13.2 Hz,
1H), 1.36-1.43 (m, 3H), 1.91-1.93 (m, 1H), 2.01-2.05 (m, 1H), 2.10 (ddd, J = 6.6, 6.6,
6.6 Hz, 1H), 2.71 (ddd, J= 6.6, 6.6, 6.6 Hz, 1H), 2.85 (br, 1H), 3.15 (d, /= 13.2 Hz, 1H),
3.59 (d, J=11.4 Hz, 1H), 3.71 (s, 3H), 4.02 (d, J=12.6 Hz, 1H), 4.07 (d, J=10.8 Hz, 1H),
4.20 (d, J=11.4 Hz, 1H), 6.76 (d, J=9.0 Hz, 1H), 6.76-6.79 (m, 2H), 7.23-7.31 (m, 6H),
7.61 (d, J= 9.0 Hz, 2H), 7.71 (d, J = 7.8 Hz, 1H); 13C NMR (150 MHz, CDCls) & 20.8,
23.9, 39.3, 43.2, 50.8, 54.2, 55.3, 57.6, 63.4, 64.0, 69.3, 113.9, 117.4, 122.3, 125.0, 126.6,
127.9, 128.0, 128.1, 128.4, 128.8, 138.7, 139.2, 140.1, 163.1; IR (neat): 2371, 2342, 2319,
1721 cm-1; HRMS (ESD: m/z caled for C29H33sN204S:1 [M + HI+: 505.2161, found
505.2144.

Tertiary amine 226

Excess amount of commercially available Raney Ni (washed by H20,
EtOH and THF before use) was added to a solution of 227 (20 mg, 0.032

mmol) in THF at 0 °C. The mixture was stirred for 5 min. The solid was

N,Bn

oS g )N\} removed by filtration, and the filtrate was concentrated under vacuum.
226 © The crude product was purified by flash chromatography on silica gel
(CHROMATOREX-DIOL, hexane/AcOEt = 1/1 to 1/2) to give 226 (0.4 mg, 23%) as an
amorphous solid. '"H NMR (600 MHz, CDCls) § 0.73 (ddd, J = 6.0, 8.4, 13.2 Hz, 1H),
0.97-1.01 (m, 1H), 1.46-1.52 (m, 2H), 1.96 (ddd, /= 3.0, 3.0, 14.4 Hz, 1H), 2.12 (ddd, J
=6.0,10.2, 11.4 Hz, 1H), 2.26 (ddd, J=11.4, 13.8, 13.8 Hz, 1H), 2.78 (ddd, J= 8.4, 10.2,
13.8 Hz, 1H), 3.04 (br, 1H), 3.12 (d, J=13.2 Hz, 1H), 3.75 (s, 3H), 4.04 (ddd, J= 9.6, 9.6,
9.6 Hz, 1H), 4.07 (d, J = 13.2 Hz, 1H), 4.08 (ddd, &= 9.0, 9.0, 9.0 Hz, 1H), 4.25 (d, J =
9.6 Hz, 1H), 4.28 (ddd, J=4.8, 9.0, 9.0 Hz, 1H), 4.41 (ddd, J= 4.8, 9.0, 9.0 Hz, 1H), 4.52
(ddd, J=9.0, 9.0, 9.0 Hz, 1H), 6.79 (d, /= 9.0 Hz, 2H), 7.04 (d, /= 6.6 Hz, 1H), 7.09 (dd,
J=6.6,7.2 Hz, 1H), 7.26-7.29 (m, 2H), 7.33-7.34 (m, 4H), 7.64 (d, J= 9.0 Hz, 2H), 7.70
(d, J=8.4 Hz, 1H); 13C NMR (150 MHz, CDCls) § 20.2, 22.8, 39.4, 43.4, 44.5, 50.9, 54.4,
55.5, 57.7, 62.1, 63.4, 71.1, 114.0, 117.6, 121.9, 125.0, 126.9, 128.3, 128.5, 128.6, 128.9,
130.8, 136.8, 139.4, 140.3, 153.6, 163.1, 175.3; IR (neat): 2926, 1772, 1694, 1594, 1351,
1258, 1156, 1091, 1019, 909, 833, 803 cm-!; HRMS (ESI): m/z caled for
C32H33N3Na106S: [M + Nal+: 610.1988, found 610.1976.

Alcohol 230

S LiBH4 (6 mL, 1.2 mmol, 3 eq., 2 M in THF) and MeOH (1.2 mL, 30 mmol,
7.5 eq.) were added successively to a solution of 227 (2.46 g, 4 mmol) in
O ‘ THF (20mL) at —78 °C, Then the solution was allowed to gradually warm
oH to 0 °C over 30 min, and stirred for 3 h. The reaction mixture was
230 quenched by the addition of sat. aq. NH4Cl (5 mL). The water layer

extracted with three times of AcOEt, and combined organic layers were washed with
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brine and dried over Na2SO4. The crude product was purified by flash chromatography
on silica gel (SiO2, hexane/AcOEt = 2/1 to 1/1) to give 230 in 72% yield as an amorphous
solid and 231 in 40% yield as an amorphous solid. 1H NMR (400 MHz, CDCls) § 1.83 (d,
J=16.8 Hz, 1H), 1.98 (ddddd, J = 4.0, 4.0, 4.8, 7.2, 8.0 Hz, 1H), 2.14 (ddd, J= 4.8, 4.8,
17.2 Hz, 1H), 2.32 (ddd, J= 4.0, 8.0, 17.2 Hz, 1H), 2.38 (dd, J= 4.0, 8.0 Hz, 1H), 2.42 (d,
J=16.8 Hz, 1H), 3.49 (ddd, J = 4.0, 8.0, 12.0 Hz, 1H), 3.86 (s, 3H), 4.07 (ddd, J = 4.0,
4.0,12.0 Hz, 1H), 4.26 (d, J= 7.2 Hz, 1H), 5.13 (d, J=17.2 Hz, 1H), 5.31 (s, J=17.2 Hz,
1H), 5.33 (d, J= 4.0, 4.8 Hz, 1H), 6.54 (d, J= 7.6 Hz, 1H), 6.90 (dd, J= 7.2, 8.0 Hz, 1H),
6.92 (d, J=8.8 Hz, 2H), 7.23 (d, J= 7.2, 8.0 Hz, 1H), 7.32-7.28 (m, 4H), 7.55 (d, J= 9.2
Hz, 2H), 7.68 (d, 4 = 7.6 Hz, 1H); 13C NMR (150 MHz, CDCls) § 24.4, 41.1, 48.2, 50.5,
55.8, 57.5, 62.4, 65.9, 104.2, 114.7, 117.8, 121.9, 125.8, 127.9, 128.1, 128.8, 129.0, 129.1,
129.3, 134.9, 138.1, 139.0, 142.4, 164.0, 199.0; IR (neat): 3561, 2927, 1597, 1409, 1349,
1307, 1260, 1087, 1016 cm-1; HRMS (ESD): m/z caled for C20H2sN2Na104Sz [M + Nal+:
555.1388, found 555.1388.
Hemiacetal 231
S s 'HNMR (400 MHz, CDCls) § 1.83 (ddd, J = 3.2, 3.2, 15.2 Hz, 1H), 2.14
I (d, J=17.6 Hz, 1H), 2.49 (dd, J= 8.0, 15.2 Hz, 1H), 2.59 (d, J = 6.4 Hz,
J N H 1H), 2.81 (d, /=15.2 Hz, 1H), 3.82 (s, 3H), 3.87 (ddd, /= 8.4, 8.4, 8.4 Hz,
v OHOj‘:(} 1H), 4.02 (d, J = 6.4 Hz, 1H), 4.03 (ddd, J = 4.8, 8.4, 8.4 Hz, 1H), 4.45
231 (ddd, J=4.8, 8.4, 8.4 Hz, 1H), 4.48 (dd, /= 3.2, 10.4 Hz, 1H), 4.62 (ddd,
J=28.4,8.4,8.4 Hz, 1H), 4.75 (d, J = 14.8 Hz, 1H), 5.12 (d, J=10.4 Hz, 1H), 5.30 (dd, J
= 3.2, 8.0 Hz, 1H), 5.59 (d, J = 14.8 Hz, 1H), 6.46 (d, J = 8.0 Hz, 1H), 6.85 (dd, J= 7.6,
7.6 Hz, 1H), 6.89 (d, /= 8.8 Hz, 2H), 7.19 (dd, J = 7.6, 8.0 Hz, 1H), 7.26 (t, J = 7.2 Hz,
1H), 7.31 (dd, J=17.2, 8.0 Hz, 2H), 7.40 (d, J= 7.2 Hz, 2H), 7.41 (d, J= 9.2 Hz, 2H), 7.62
(d, J=17.6 Hz, 1H); 13C NMR (100 MHz, CDCls) 5 20.3, 38.9, 45.4, 47.6, 48.6, 55.6, 57.4,
63.6, 67.1, 76.1, 101.2, 114.5, 116.7, 122.2, 126.0, 127.1, 127.9, 128.2, 128.6, 128.8,
129.0, 134.5, 136.7, 140.7, 144.9, 159.1, 163.8, 199.1; IR (neat): 2375, 2327, 1747 cm~1;
HRMS (ESI): m/z caled for C32H31N3Na106Sz2 [M + Nal+: 640.1552, found 640.1549.

Thioester 233

s A THF solution of LHMDS (1 M, 15 mL, 15 mmol, 3 eq.) was added to a
solution of 227 (3.07 g, 5 mmol) and EtSH (1.44 mL, 20 mmol, 4 eq.) in
O ‘ THF (25 mL, 0.2 M) at —78 °C. After the solution was stirred for 2 h at —
(H) set 78 °C under Ar, the reaction was quenched with 1N HCl. The mixture

was warmed up to room temperature and solid NaHCOs3 was added to

adjust pH to neutral. The aqueous layer was extracted with AcOEt three times. The
combined organic phases were dried over Na2SOQu, filtered through a pad of Celite and
concentrated under reduced pressure. The residue was purified by flash
chromatography (SiO:2, hexane/AcOEt = 7/1 to 5/1) to afford 233 (1.98 g, 67%) as a

colorless solid and 284 (65 mg, 2%) as an amorphous solid. A crystal for X-ray
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crystallographic analysis of 233 was obtained from EtOH/AcOEt. Melting Point: 176 °C.
1H NMR (400 MHz, CDCls) & 1.20 (t, /= 7.2 Hz, 3H), 2.23 (ddd, J = 3.2, 3.2, 16.4 Hz,
1H), 2.47 (d, J=17.2 Hz, 1H), 2.61 (ddd, J=1.2, 8.0, 16.4 Hz, 1H), 2.83 (dq, J= 3.2, 7.6
Hz, 2H), 3.16 (d, J=17.2 Hz, 1H), 3.62 (ddd, J=1.2, 3.2, 3.2 Hz, 1H), 3.85 (s, 3H), 4.80
(s, 1H), 5.08 (d, J=17.2 Hz, 1H), 5.11 (dd, J= 3.2, 8.0 Hz, 1H), 5.26 (d, J=17.2 Hz, 1H),
6.88 (d, J=17.6 Hz, 1H), 6.90 (d, J= 8.8 Hz, 2H), 6.94 (dd, J= 7.6, 7.6 Hz, 1H), 7.22-7.31
(m, 6H), 7.69 (d, J= 8.8 Hz, 2H), 7.70 (d, J= 8.4 Hz, 1H); 13C NMR (100 MHz, CDCls) &
14.5, 23.2, 23.3, 47.8, 49.0, 55.5, 55.9, 56.8, 66.8, 77.2, 99.8, 114.2, 116.3, 122.1, 125.8,
127.2, 127.6, 128.5, 129.0, 129.2, 134.2, 136.1, 140.5, 147.1, 163.7, 199.7, 200.3; IR
(neat): 2969, 2355, 1683, 1665, 1592, 1353, 1152 cm-!; HRMS (ESI): m/z caled for
Cs1H30N2Na104Ss [M + Nal+: 613.1265, found 613.1270; [alp25 — 71.2 (¢ 0.98, CHCls,
87% ee); Daicel Chiralcel IA, hexane//PrOH = 90/10, f: 1.0 mL/min, 254 nm, 12.3 min
(minor), 16.1 min (major).
Thiohemiacetal 234
1H NMR (400 MHz, CDCls) § 1.21 (t, J= 7.6 Hz, 3H), 1.35 (t, J= 7.6 Hz,
3H), 2.29 (ddd, J= 4.0, 5.2, 17.2 Hz, 1H), 2.66-2.81 (m, 2H), 2.86 (q, J =
7.6 Hz, 2H), 2.87 (q, J = 7.6 Hz, 2H), 3.42 (d, /= 16.4 Hz, 1H), 3.90 (s,
3H), 4.26 (d, J=16.4 Hz, 1H), 4.28 (d, J= 2.8 Hz, 1H), 4.79 (d, J= 15.2
Hz, 1H), 5.45 (dd, J= 3.2, 4.0 Hz, 1H), 5.68 (d, /= 15.2 Hz, 1H), 6.17 (br,
1H), 6.57 (dd, J = 1.6, 8.4 Hz, 1H), 6.78 (ddd, J= 1.6, 7.2, 8.0 Hz, 1H), 7.03 (d, J = 8.8
Hz, 2H), 7.09 (ddd, J=5.2, 7.2, 8.0 Hz, 1H), 7.15 (dd, J=1.2, 8.0 Hz, 1H), 7.24-7.26 (m,
2H), 7.31-7.33 (m, 3H), 7.93 (d, J = 8.8 Hz, 2H); 13C NMR (150 MHz, CDCls) & 14.2,
14.6, 15.3, 21.1, 22.2, 23.4, 28.8, 47.9, 49.3, 50.3, 52.3, 52.7, 55.7, 60.4, 105.3, 114.7,
124.3, 125.9, 127.9, 128.0, 128.6, 128.8, 129.8, 129.8, 131.7, 133.8, 134.4, 134.9, 143.8,
163.5, 199.2, 200.9; IR (neat): 2979, 2923, 1734, 1457, 1351, 1260, 1216, 1091, 1081,
907, 833 cm-1; HRMS (ESI): m/z calcd for Cs3sH3sN2Na104S4 [M + Nal]+: 675.1456, found
675.1470; [alp25 — 53.1 (¢ 1.1, CHCls, 94% ee)
Thioamide 232

o) n-BuLi (1.60 M in hexane, 0.15 mL, 0.25 mmol, 3 eq.) was added at
—-78 °C to a solution of EtSH (21 pL, 0.29 mmol, 3.5 eq.) in THF (0.16
O ‘ mL). The solution was kept at —78 °C for 20 min. A solution of the
g skt substrate 222 (50 mg, 0.083 mmol) in THF (0.4 + 0.15 + 0.12 to rinse)

was added. The mixture was stirred for 5 min, then warmed up to 0 °C

and stirred for 30 min. The reaction was quenched with sat. aq. NH4Cl. The aqueous
layer was extracted with CH2Clz2 three times. The organic phases were dried over
Na2SOs and the solvents evaporated. The residue was purified by flash
chromatography (SiO2, hexane/AcOEt = 1/1) to afford 232 (16 mg, 34%) as a foam. 11H
NMR (600 MHz, CDCls) § 1.32 (t, J = 6.6 Hz, 3H), 1.58-1.64 (m, 1H), 1.72 (d, J= 16.8
Hz, 1H), 1.75-1.80 (m, 1H), 1.91 (ddd, /= 4.8, 4.8, 9.0 Hz, 1H), 2.03 (d, /= 16.8 Hz, 1H),

2.39 (br, 1H), 2.89-3.02 (m, 2H), 3.81 (s, 3H), 4.19 (d, /= 15.0 Hz, 1H), 4.20 (d, J= 9.0
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Hz, 1H), 4.72 (d, J=15.0 Hz, 1H), 6.87 (d, /= 9.0 Hz, 1H), 7.00 (dd, J= 7.2, 7.8 Hz, 1H),
7.27-7.36 (m, 7H), 7.62 (d, J= 9.0 Hz, 2H), 7.78 (d, J= 8.4 Hz, 1H); 13C NMR (100 MHz,
CDCls) & 14.3, 22.0, 23.9, 29.7, 30.0, 42.5, 43.5, 54.1, 54.4, 55.6, 69.0, 92.1, 114.4, 117.9,
124.9, 125.4, 127.9, 128.5, 128.9, 129.3, 129.5, 132.5, 137.8, 141.2, 163.6, 172.6, 200.0;
IR (neat): 2371, 2315, 1728 cm-1; HRMS (ESI): m/z caled for C31H3oN2Na105S2 [M +
Nal+: 597.1494, found 597.1489; [a]p25 — 79.4 (¢ 0.98, CHCls, 87% ee).

Alcohol 223
B LiAlH4 (228 mg, 6 mmol, 2 eq.) was added to a solution of 233 (1.79 g, 3
O ‘ mmol) in THF (60 mL, 0.05 M) at 0 °C. The mixture was stirred for 2 h at

Mb'z H 60 °C under Ar, and then the mixture was cooled down to 0 °C. Rochelle's

OH

223 salt in water was added into the mixture slowly, and then stirred for 1 h

at rt. The aqueous layer was extracted with AcOEt three times. The collected organic
phases were dried over Na2SQ4, filtered through a plug of cotton, and concentrated
under reduced pressure to give 223 as a crude product which could be used without
purification in the next step. 1H NMR (400 MHz, CDCls) § 1.02 (ddd, J = 3.2, 8.4, 12.0
Hz, 1H), 1.37 (ddd, J= 3.2, 9.2, 12.0 Hz, 1H), 1.59-1.70 (m, 2H), 1.80 (ddd, J= 7.2, 12.0,
12.0 Hz, 1H), 1.98 (ddd, J= 9.2, 10.0, 12.0 Hz, 1H), 2.19 (br, 1H), 2.62 (ddd, J= 3.2, 9.2,
12.0 Hz, 1H), 2,91 (ddd, J = 6.4, 12.0, 12.0 Hz, 1H), 3.52 (d, J = 14.0 Hz, 1H), 3.78 (s,
3H), 3.95 (d, J = 8.8 Hz, 1H), 4.07 (ddd, J= 3.2, 3.2, 9.2 Hz, 1H), 4.13 (d, J = 14.0 Hz,
1H), 4.17 (d, J = 3.2 Hz, 1H), 6.83 (d, J = 9.2 Hz, 2H), 7.05 (dd, J = 7.2, 7.2 Hz, 1H),
7.25-7.27 (m, 3H), 7.31-7.32 (m, 4H), 7.16 (d, J= 9.2 Hz, 2H), 7.69 (d, J = 8.4 Hz, 1H);
13C NMR (100 MHz, CDCls) § 18.3, 26.1, 33.1, 36.2, 49.6, 51.2, 55.5, 58.0, 67.5, 70.9,
93.1, 99.9, 114.0, 115.6, 124.9, 125.3, 126.7, 128.2, 128.3, 129.0, 129.1, 138.0, 139.8,
142.0, 162.2; IR (neat): 2940, 1856, 2361, 1739, 1594, 1352, 1258, 1160 cm-1; HRMS
(ESD): m/z caled for C20H31N20481 [M + HI*: 503.2004, found 503.1995; [alp23 — 93.3 (¢
1.03, CHCls, 87% ee).
B-Aminoenone 240
B  Acetyl chloride (1.1 mL, 15 mmol, 5 eq.) was added to a mixture of 223

O ‘ (crude, ca. 3 mmol), pyridine (1.2 mL, 15 mmol, 5 eq.) and DMAP (18.3

Mb,z H mg, 0.15 mmol, 5 mol %) in 1,2-DCE (15 mL) at 0 °C. The mixture was

240 stirred for 4 h at 60 °C, and the mixture was cooled down to 0 °C. The

reaction mixture was quenched with sat. aq. NaHCOs3 and the aqueous phase was
extracted three times with CH2Cls. The combined organic layers were dried over
Na2S0y, filtered through a plug of cotton and the solvent was evaporated. The crude
product was purified by flash chromatography on silica gel (CHROMATOREX-DIOL,
hexane/AcOEt = 3/1 to 1.5/1) to give 240 (1.34 g, 76%, 2 steps) as an amorphous solid.
'H NMR (400 MHz, CDCls) § 0.87 (dd, J = 6.0, 12.0 Hz, 1H), 1.60 (ddd, J = 9.2, 12.0,
12.0 Hz, 1H), 2.01 (s, 3H), 2.11 (dd, J= 3.6, 15.6 Hz, 1H), 2.15 (s, 3H), 2.49 (dd, J= 1.2,

15.6 Hz, 1H), 2.69 (ddddd, J= 1.2, 2.4, 3.6, 6.0, 6.0 Hz, 1H), 3.24 (dd, J= 9.2, 12.0 Hz,
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1H), 4.50 (ddd, J= 6.4, 12.0, 12.0 Hz, 1H), 3.76 (dd, J= 6.0, 11.2 Hz, 1H), 3.80 (s, 3H),
4.04 (d, J=2.4 Hz, 1H), 4.06 (dd, J= 6.0, 11.2 Hz, 1H), 4.72 (d, J =14.8 Hz, 1H), 4.80 (d,
J=14.8 Hz, 1H), 6.55 (d, J= 8.8 Hz, 1H), 6.86 (d, J =9.2 Hz, 2H), 6.91 (dd, J = 6.4, 8.4
Hz, 1H), 7.20-7.23 (m, 2H), 7.27-7.31 (m, 4H), 7.59 (d, J = 9.2 Hz, 2H), 7.68 (d, J = 8.4
Hz, 1H); 13C NMR (100 MHz, CDCls) & 21.1, 25.8, 29.0, 37.9, 42.3, 51.3, 54.8, 55.6, 56.8,
64.3, 70.5, 77.2, 98.3, 114.1, 116.4, 123.1, 125.2, 127.6, 128.6, 128.9, 129.0, 129.1, 135.8,
136.8, 141.3, 156.6, 163.3, 171.3, 194.3; IR (neat): 2970, 1354, 1227, 1158, 1092, 1024
cm-1; HRMS (ESD): m/z caled for C33HasN206S:1 [M + H]+: 587.2216, found 587.2207;
[a]p25 +133.4 (¢ 1.02, CHCls, 87% ee).
Acetate 241
B Acetic anhydride (9.5 mL, 0.1 pmol, 5 eq.) was added to a mixture of 223
O ‘ (10 mg, 0.02 mmol) and DMAP (1 piece) in pyridine (0.4 mL) at 0 °C.
Mb'z H on The mixture was stirred for 14 h at rt, and the mixture was cooled down
241 to 0 °C. The reaction mixture was quenched with sat. aq. NaHCO3 and
the aqueous phase was extracted three times with CH2Clz2. The combined organic
layers were dried over Na2SQ4, filtered through a plug of cotton and the solvent was
evaporated. The crude product was purified by flash chromatography on silica gel
(SiO2, hexane/AcOEt = 1/1 to 1/6) to give 241 (7.2 mg, 66%) as an amorphous solid. 'H
NMR (400 MHz, CDCls) § 0.71 (ddd, ¢ = 6.0, 6.0, 6.0 Hz, 1H), 0.89 (ddd, J = 6.0, 6.0,
12.0 Hz, 1H), 2.01-2.06 (m, 2H), 2.16 (s, 3H), 2.39-2.42 (m, 1H), 2.83 (dd, J= 9.2, 9.6
Hz, 1H), 3.15 (dd, J= 6.0, 9.6, 9.6 Hz, 1H), 3.78 (s, 3H), 4.04 (dd, J/= 5.2, 12.8 Hz, 1H),
4.07 (d, J=15.2 Hz, 1H), 4.17 (dd, J = 6.0, 12.8 Hz, 1H), 4.22 (d, J= 5.2 Hz, 1H), 4.23
(dd, J=5.2, 5.2 Hz, 1H), 4.28 (d, J= 15.2 Hz, 1H), 6.83 (d, J = 8.8 Hz, 2H), 6.95 (d, J =
7.6 Hz, 1H), 7.00 (d, J = 7.2, 7.6 Hz, 1H), 7.22-7.32 (m, 6H), 7.62 (d, J = 8.8 Hz, 2H),
7.69 (d, J = 8.0 Hz, 1H); IR (neat): 1735, 1629, 1533, 1354, 1227, 1160, 1094, 1022 cm-
1; HRMS (ESD): m/z caled for C31H33N205S1 [M + H]+: 545.2110, found 545.2121.

B-Aminoenone 243
NH O 20% Pd(OH):2 (20 mg, 50 wt %) was added to a solution of 240 (40 mg,
O ‘ 0.068 mmol) in AcOH/MeOH (1.4 mL, 1:1). The mixture was vigorously

N
mbs M oA stirred under hydrogen gas at ambient pressure and rt. After 16 h, the
243

solid was removed by filtration, and the filtrate was concentrated under
vacuum. The crude product was purified by flash chromatography on silica gel
(CHROMATOREX-DIOL, hexane/AcOEt = 1/1 to 1/2) to give 243 (10 mg, 30%) as an
amorphous solid. 'H NMR (400 MHz, CDCls) § 1.03 (ddd, J= 6.4, 9.6, 12.0 Hz, 1H), 1.62
(dd, J=9.6, 12.0 Hz, 1H), 2.03 (s, 3H), 2.11 (dd, J = 3.6, 15.6 Hz, 1H), 2.43 (dd, J= 2.8,
15.6 Hz, 1H), 2.70-2.73 (m, 1H), 3.44 (dd, J= 9.6, 9.6 Hz, 1H), 3.54 (ddd, J = 5.6, 9.6,
9.6 Hz, 1H), 3.83 (s, 3H), 3.86 (dd, /= 6.4, 10.8 Hz, 1H), 4.05 (dd, J/ = 4.4, 10.8 Hz, 1H),
4.09 (br, 1H), 6.83 (d, J= 7.6 Hz, 1H), 6.89 (d, /= 9.2, 2H), 7.02 (dd, J= 7.2, 7.6 Hz, 1H),

7.29 (dd, J=17.2,7.6 Hz, 1H), 7.62 (d, J=9.2 Hz, 2H), 7.71 (d, J= 7.6 Hz, 1H), 9.37 (br,
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1H); 13C NMR (150 MHz, CDCls) & 21.0, 23.3, 26.5, 38.7, 42.9, 44.1, 54.2, 55.6, 64.9,
69.1, 95.9, 114.2, 116.8, 123.1, 125.4, 129.1, 129.2, 135.1, 141.3, 161.8, 163.5, 171.3,
195.7; IR (neat): 3288, 2963, 1734, 1628, 1543, 1360, 1256 cm-1; HRMS (ESD): m/z caled
for C31H33N205S1 [M + H]+: 545.2110, found 545.2121.

trans-Pyrrolidine 242

PtO: (32 mg, 30 wt %) was added to a solution of 240 (111 mg, 0.19

mmol) in EtOH (3.8 mL). The mixture was vigorously stirred under

hydrogen gas at ambient pressure and rt. After 16.5 h, the solid was

242 removed by filtration, and the filtrate was concentrated under vacuum.
The crude product was purified by flash chromatography on silica gel (SiOs,
hexane/AcOEt = 1/2 to 1/3) to give 242 (106 mg, 95%) as an amorphous solid. 'H NMR
(400 MHz, CDCls) § 0.10 (ddd, J= 4.4, 13.6, 13.6 Hz, 1H), 1.22—-1.27 (m, 1H), 1,34 (ddd,
J=4.4,13.6,13.6 Hz, 1H), 2.13 (s, 3H), 2.14-2.18 (m, 1H), 2.34 (s, 3H), 2.40-2.46 (m,
1H), 2.85 (ddd, J=19.2, 9.2, 10.4 Hz, 1H), 2.93 (d, J= 5.6 Hz, 1H), 3.05 (br, 1H), 3.24 (d,
J=13.2 Hz, 1H), 3.73 (s, 3H), 3.96 (d, J=10.0 Hz, 1H), 4.39 (dd, J= 2.8, 11.2 Hz, 1H),
4.47 (dd, J = 4.8, 11.2 Hz, 1H), 4.97 (d, /= 13.2 Hz, 1H), 6.78 (d, J = 8.4 Hz, 2H), 7.03
(dd, J=17.6, 7.6 Hz, 1H), 7.21-7.29 (m, 3H), 7.33-7.34 (m, 3H), 7.45 (d, J= 7.6 Hz, 1H),
7.60 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 1H); 13C NMR (150 MHz, CDCls) & 28.8,
32.1, 38.5, 39.5, 45.4, 49.7, 54.5, 55.5, 59.3, 62.6, 62.8, 67.6, 69.7, 114.0, 118.2, 124.7,
125.2, 127.2, 128.0, 128.3, 128.5, 128.9, 129.0, 131.0, 137.4, 138.4, 139.4, 163.2, 207.9;
IR (neat): 2920, 2167, 1741, 1345, 1161 cm-1; HRMS (ESI): m/z calcd for C33H37N206S1
[M + H]+: 589.2372, found 589.2393.

Aminoalcohol 244
nH on  PtO2 (2.5 mg, 50 wt %) was added to a solution of 240 (5 mg, 0.0085
? mmol) in AcOH/MeOH (0.17 mL, 1:10). The mixture was vigorously

stirred under hydrogen gas at ambient pressure and rt. After 12.5 h,

244 the solid was removed by filtration, and the filtrate was concentrated
under vacuum. The crude product was purified by flash chromatography on silica gel
(Si02, AcOEt to CHCls/MeOH = 10/1) to give 244 (2.8 mg, 70%, 14:1 mixture of
diastereomers) as an amorphous solid. Spectral data for the major isomer; 'H NMR
(400 MHz, CDCl3s) § 0.30 (dd, J = 6.4, 11.6 Hz, 1H), 0.80-0.95 (m, 2H), 1.16 (d, J = 6.4
Hz, 1H), 1.26 (s, 3H), 1.54-1.73 (m, 3H), 2.12 (s, 3H), 2.90 (ddd, J= 6.8, 6.8, 6.8 Hz, 1H),
3.00 (d, J= 6.4 Hz, 1H), 3.10 (dd, J= 9.2, 13.2 Hz, 1H), 3.66 (dd, J = 6.4, 7.2 Hz, 1H),
3.81 (s, 3H), 4.00 (d, = 5.2 Hz, 1H), 4.32 (dd, J = 2.4, 11.2 Hz, 1H), 4.40 (dd, J = 4.8,
11.2 Hz, 1H), 6.87 (d, /= 8.8 Hz, 2H), 7.10 (dd, J = 7.2, 8.0 Hz, 1H), 7.25 (dd, J= 7.25
(dd, J=17.2, 7.6 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.73 (d, J =
8.0 Hz, 1H); 13C NMR (150 MHz, CDCls) § 21.1, 21.3, 22.6, 34.9, 39.9, 41.8, 53.8, 55.6,
55.7, 66.2, 66.5, 68.5, 70.4, 114.1, 118.3, 123.4, 125.0, 128.4, 129.3, 129.3, 130.9, 139.8,
139.9, 163.4; IR (neat): 3370, 2928, 1715, 1601, 1507, 1480, 1362, 1259, 1130, 1026 cm-

1; HRMS (ESI): m/z calcd for C26H33N206S1 [M + H]+: 501.2059, found 501.2069.
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Alcohol 255
NP5 NaOH (5 mg, 0.12 mmol, 3 eq.) was added to a solution of 240 (24 mg,
O ‘ 0.041 mmol) in EtOH/H20 (1 mL, 1:1) at 0 °C. After being stirred for 24
Mb'z H h at rt, the reaction was diluted with ether and quenched by sat. aq.
255 NH.4CIl. The organic layer was washed with sat. aq. NH4Cl and brine,
dried over Na2SO0y, filtered through a plug of cotton and the solvent was evaporated.
The crude product was purified by flash chromatography on silica gel
(CHROMATOREX-DIOL, hexane/AcOEt = 1/1 to 1/3) to give 255 (15.6 mg, 70%) as an
amorphous solid. 'TH NMR (600 MHz, CDCls) § 0.86 (dd, /= 6.0, 12.0 Hz, 1H), 1.56 (ddd,
J=6.0,12.0, 12.0 Hz, 1H), 1.68 (br, 1H), 2.03 (s, 3H), 2.15 (dd, J = 3.0, 15.0 Hz, 1H),
2.47 (br, 1H), 2.50 (dd, J= 3.0, 12.0 Hz, 1H), 3.20 (dd, J=9.0, 9.0 Hz, 1H), 3.42 (dd, J=
9.0, 10.2 Hz, 1H), 3.46 (ddd, J= 6.0, 12.0, 12.0 Hz, 1H), 3.58 (dd, J/= 6.0, 12.0 Hz, 1H),
3.79 (s, 3H), 4.20 (br, 1H), 4.69 (d, J=15.0 Hz, 1H), 4.78 (d, J=15.0 Hz, 1H), 6.57 (d,
=17.2 Hz, 1H), 6.86 (d, J= 9.0 Hz, 2H), 6.91 (dd, J= 7.2, 7.8 Hz, 1H), 7.20 (d, J= 7.8 Hz,
2H), 7.23 (dd, J=17.2, 7.8 Hz, 1H), 7.28 (t, J= 7.2 Hz, 1H), 7.32 (dd, J= 7.2, 7.8 Hz, 2H),
7.67 (d, J = 9.0 Hz, 2H), 7.70 (d, J = 7.2 Hz, 1H); 13C NMR (150 MHz, CDCls) § 26.2,
29.1, 38.0, 45.6, 51.1, 54.8, 55.6, 56.9, 63.7, 70.0, 99.3, 114.2, 116.4, 123.1, 125.0, 127.6,
128.6, 128.7, 129.0, 129.2, 129.4, 136.1, 136.9, 141.0, 156.5, 163.4, 194.9; IR (neat):
3008, 2921, 2853, 1620, 1543, 1459, 1345, 1264, 1160, 1101, 1027 cm-1; HRMS (ESI):
m/z caled for C31H33N205S: [M + H]+: 545.2110, found 545.2101.

Alcohol 248
B To a solution of 223 (50 mg, 0.1 mmol) in THF (0.5 mL), 0.1 mL of 0.5 M
O ‘ sodium anthracenide in THF was added, which was prepared from mixing
NA anthracene (178 mg, 1.0 mmol) and sodium (23 mg, 1.0 mmol) in THF (2
28 O mL) at rt for 2 h. After being stirred at —78 °C for 10 min, the solution was
quenched with 1N HC1 (3 mL). The aqueous phase was washed three times with ether,
and the neutrized with ether and 1. VN NaOH. The organic layer was washed three times
with brine, dried over Na2SOy4, filtered through a plug of cotton and the solvent was
evaporated. The crude product was purified by flash chromatography on silica gel
(CHROMATOREX-NH, hexane/AcOEt = 8/1 to 4/1) to give 248 (32 mg, 96%) as an
amorphous solid. 'H NMR (400 MHz, CDCls) § 1.51-1.64 (m, 3H), 1.75-1.83 (m, 1H),
1.95-2.02 (m, 1H), 2.27 (d, J = 6.4 Hz, 1H), 2.78 (ddd, J = 2.0, 8.4, 8.4 Hz, 1H), 3.15
(ddd, J= 8.4, 8.4, 8.4 Hz, 1H), 3.60 (d, J= 13.6 Hz, 1H), 3.94 (br, 1H), 4.01 (br, 2H), 4.20
(d, J=13.6 Hz, 1H), 6.59 (d, J= 7.6 Hz, 1H), 6.70 (dd, J= 7.2, 7.6 Hz, 1H), 7.04 (dd, J=
7.2, 8.0 Hz, 1H), 7.24-7.33 (m, 2H), 7.31-7.40 (m, 4H); 13C NMR (150 MHz, CDCls) &
18.1, 26.9, 33.7, 37.2, 50.2, 51.4, 59.5, 66.1, 67.6, 93.1, 108.4, 118.6, 125.2, 126.7, 128.0,
128.2, 128.3, 134.8, 140.4, 150.6; IR (neat): 3384, 2929, 2854, 1602, 1480, 1456, 1313,
1210, 1130, 1089 cm-1; HRMS (ESD: m/z caled for C22H25N201 [M + HI+: 333.1967,

found 333.1977.
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[-Aminoenone 247

\B  Acetyl chloride (54 pL, 0.75 mmol, 5 eq.) was added to a mixture of 248

O (50 mg, 0.15 mmol), pyridine (61 pL, 0.75 mmol, 5 eq.) and DMAP (1 mg,
A'z H 0.0075 mmol, 5 mol %) in 1,2-DCE (1.5 mL) at 0 °C. The mixture was
a7 O° stirred for 4 h at 60 °C, and the mixture was cooled down to 0 °C. The

reaction mixture was quenched with sat. aq. NaHCO3 and the aqueous phase was
extracted three times with CH2Clze. The combined organic layers were dried over
Na2SO0y, filtered through a plug of cotton and the solvent was evaporated. The crude
product was purified by flash chromatography on silica gel (CHROMATOREX-DIOL,
hexane/AcOEt = 3/1 to 1/1.5) to give 240 (<81%) as an amorphous solid. 'H NMR (400
MHz, CDCls) § 2.06 (s, 3H), 2.09 (s, 3H), 2.34 (s, 3H), 2.40-2.51 (m, 3H), 3.45-3.50 (m,
2H), 3.72-3.81 (m, 2H), 4.09-4.12 (m, 2H), 4.87 (d, J = 14.4 Hz, 1H), 4.89 (s, 2H), 6.61
(d, J= 8.0 Hz, 1H), 6.89 (dd, J= 7.2, 7.2 Hz, 1H), 7.21 (dd, J = 8.0, 8.4 Hz, 1H), 7.30-
7.36 (m, 5H), 8.14 (d, J = 8.4 Hz, 1H); 13C NMR (150 MHz, CDCls) & 20.9, 23.6, 26.0,
29.0, 38.6, 42.2, 51.6, 54.8, 57.0, 64.7, 70.0, 98.2, 113.7, 117.1, 122.2, 124.5, 127.7,
128.6, 128.7, 134.4, 136.9, 142.1, 157.3, 168.3, 170.6, 194.2; IR (neat): 2159, 1731, 1536,
1055 cm~1; HRMS (ESID): m/z calcd for C2sHs1N204 [M + H]*: 459.2284, found 459.2271.
trans-Pyrrolidine 250

B5  PtO2 (3 mg, 30 wt %) was added to a solution of 247 (10 mg, 0.022

mmol) in EtOH (0.44 mL). The mixture was vigorously stirred under

mz

hydrogen gas at ambient pressure and rt. After 16 h, the solid was
250 Ohe removed by filtration, and the filtrate was concentrated under
vacuum. The crude product was purified by flash chromatography on silica gel (SiOg,
hexane/AcOEt = 3/1 to 2/1, and then to 1/1) to give 244 (60%, 1:1 mixture of
diastereomers) as an amorphous solid. 'H NMR (600 MHz, CDCls) § 1.48-1.56 (m, 3H),
1.66—1.72 (m, 4H), 1.88-1.93 (m, 1H), 1.96-2.00 (m, 2H), 2.05 (s, 3H), 2.08 (s, 3H), 2.09
(s, 3H), 2.16 (s, 3H), 2.28 (s, 3H), 2.39 (s, 3H), 2.42 (ddd, J = 10.8, 10.8, 10.8 Hz, 1H),
2.43 (ddd, J=10.8, 10.8, 10.8 Hz, 1H), 2.80 (ddd, J= 4.8, 10.8, 10.8 Hz, 1H), 2.87 (ddd,
J=4.8,10.8, 10.8 Hz, 1H), 3.01 (ddd, /= 10.8, 10.8, 10.8 Hz, 1H), 3.07 (ddd, /= 10.8,
10.8, 10.8 Hz, 1H), 3.14 (d, J=10.8 Hz, 1H), 3.29 (d, J=10.8 Hz, 1H), 3.32 (d, J=13.8
Hz, 1H), 3.36 (d, J=13.8 Hz, 1H), 3.82 (d, /= 13.8 Hz, 1H), 3.88 (d, /= 13.8 Hz, 1H),
4.01-4.05 (m, 2H), 4.10 (d, J= 6.0 Hz, 1H), 4.21-4.25 (m, 2H), 4.64 (d, J= 7.2 Hz, 1H),
7.13-7.17 (m, 3H), 7.24-7.27 (m, 4H), 7.33-7.36 (m, 4H), 7.38-7.39 (m, 4H), 7.93 (d, J=
7.8 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 8.06 (d, J = 7.2 Hz, 1H); 13C NMR (150 MHz,
CDCls) § 20.8, 20.9, 23.2, 23.3, 28.3, 30.4, 31.0, 31.4, 36.0, 36.8, 39.6, 40.4, 48.4, 49.3,
50.7, 50.7, 54.9, 55.2, 60.3, 60.6, 65.3, 65.5, 65.9, 66.7, 67.6, 68.8, 117.0, 119.0, 124.3,
124.5, 125.4, 126.5, 126.9, 127.0, 127.7, 128.0, 128.1, 128.4, 137.0, 139.0, 139.5, 139.7,
140.5, 141.3, 167.9, 168.4, 170.6, 170.9, 211.0, 211.4; IR (neat): 2934, 2878, 1702, 1451,
1349, 1260, 1154, 1093, 1027 cm-!; HRMS (ESI): m/z calcd for C2sH33N204 [M + H]*:

461.2440, found 461.2428.
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trans-Pyrrolidine 251

LiAlH4 (3.4 mg, 0.083 mmol, 2.5 eq.) was added to a solution of 247
(15 mg, 0.033 mmol) in THF (0.66 mL) at —78 °C. The mixture was
stirred for 7 h at same temperature under Ar, and then the mixture

was cooled down to 0 °C. 2N NaOH was added into the mixture slowly,

and the mixture was filtered through Celite and a short pad of silica gel. After the
mixture was concentrated under reduced pressure, the title compound was isolated by
flash column chromatography (SiO2, hexane/AcOEt = 1/2) to give 251 (61%, dr = 1.6:1;
estimated from the 'H NMR spectrum) as a amorphous solid. 'H NMR (600 MHz,
CDCls) 6 1.29-1.33 (m, 0.62 H), 1.46 (ddd, J = 5.4, 12.0, 12.0 Hz, 1H), 1.62-1.70 (m,
2+0.62H), 1.71-1.76 (m, 1H), 1.84-1.88 (m, 0.62H), 2.06-2.09 (m, 1.24H), 2.25 (s,
3+1.86H), 2.28-2.31 (m, 1H), 2.38-2.41 (m, 0.62H), 2.43 (s, 1.86 H), 2.45 (s, 3H), 2.50—
2.54 (m, 1+0.62H), 2.94 (ddd, J = 7.2, 7.2, 7.2 Hz, 1H), 3.01 (ddd, J = 3.0, 7.2, 9.6 Hz,
1H), 8.12 (ddd, J= 7.2, 9.6, 9.6 Hz, 0.62H), 3.32 (d, J = 12.6 Hz, 1H), 3.38 (d, J=13.8
Hz, 0.62H), 3.54 (br, 0.62H), 3.59 (dd, J= 1.8, 17.4 Hz, 1H), 3.63 (d, J= 7.2 Hz, 0.62H),
3.68 (d, J=13.8 Hz, 1H), 3.72 (d, /= 11.2 Hz, 0.62H), 3.76 (d, J= 13.8 Hz, 0.62H), 3.89
(br, 1H), 4.17 (d, J=13.8 Hz, 1H), 4.57 (d, J=12.6 Hz, 1H), 4.63 (d, J=10.2 Hz, 0.62H),
7.09-7.11 (m, 2+1.24H), 7.15 (d, J= 7.8 Hz, 1H), 7.12 (dd, J= 7.2, 7.8 Hz, 0.62H), 7.23—
7.28 (m, 2+2.48H), 7.30-7.35 (m, 6+2.48H); 13C NMR (150 MHz, CDCls) & 22.9, 23.0,
24.8,25.1, 29.0, 30.8, 36.7, 37.2, 38.4, 42.2, 50.6, 51.4, 51.6, 51.9, 53.9, 55.4, 59.5, 60.0,
62.1, 64.3, 65.0, 65.4, 65.8, 66.9, 116.4, 117.1, 122.5, 124.6, 124.7, 125.1, 126.9, 127.0,
127.7, 128.0, 128.1, 128.3, 128.4, 137.7, 139.3, 139.3, 139.4, 139.4, 140.2, 130.8, 170.2,
170.3, 211.3, 211.4; IR (neat): 3420, 2938, 2885, 2805, 1702, 1625, 1478, 1396, 1349,
1265, cm-1; HRMS (ESI): m/z caled for C26H31N20s [M + H]+: 419.2335 found 419.2335.

a-Aminoketone 259
Davis oxaziridine 260 (78.4 mg, 0.3 mmol, 2.5 eq.) was added to a
solution of 223 (60 mg, 0.12 mmol) in CHCls (0.2 mL) at rt. The mixture

was stirred for 12 h at same temperature. The reaction mixture was

quenched by the addition of sat. aq. Na2S203 and the aqueous phase

was extracted three times with CH2Cl2. The combined organic layers were dried over
Na2SO0y, filtered through a plug of cotton and the solvent was evaporated. The crude
product was purified by flash chromatography on silica gel (SiOs2, hexane/AcOEt = 3/1
to 2/1) to give 259 (49.4 mg, 80%) as an amorphous solid. 'TH NMR (400 MHz, CDCls) §
1.09 (ddd, J=2.8, 7.6, 11.6 Hz, 1H), 1.96 (ddd, /= 7.6, 11.6, 11.6 Hz, 1H), 2.36 (br, 2H),
2.67 (ddd, J = 2.8, 7.6, 11.6 Hz, 1H), 2.71 (br, 1H), 2.94 (ddd, J= 7.6, 7.6, 7.6 Hz, 1H),
3.44 (d, J=13.6 Hz, 1H), 3.80 (s, 3H), 4.03 (dd, J = 2.4, 8.4 Hz, 1H), 4.18 (dd, J = 2.4,
8.4 Hz, 1H), 4.21 (br, 1H), 4.45 (d, /= 13.6 Hz, 1H), 6.85 (d, J= 9.2 Hz, 1H), 7.03 (dd,
=17.6,8.0 Hz, 1H), 7.19 (d, J= 7.6 Hz, 1H), 7.24-7.27 (m, 2H), 7.34 (dd, J= 7.2, 7.6 Hz,

2H), 7.45(d, J=17.6 Hz, 2H), 7.60 (d, J=9.2 Hz, 1H), 7.66 (d, J= 7.6 Hz, 1H); 13C NMR
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(150 MHz, CDCls) & 34.9, 38.1, 48.8, 52.6, 55.5, 58.6, 67.6, 68.8, 93.8, 114.1, 116.0,

125.7, 125.9, 126.9, 128.2, 128.5, 128.7, 129.2, 129.5, 134.4, 139.4, 141.5, 163.4, 201.0;

IR (neat): 2931, 2870, 1702, 1536, 1501, 1455, 1341, 1267, 1146, 1090, 1030 cm-1;

HRMS (ESI): m/z caled for C29H2sN2Na105S1 [M + Nal+: 539.1617, found 539.1623.

a-Aminoketone 257

en  Pd(OH): (2.8 mg, 20 wt %) was added to a mixture of 259 (14 mg, 0.027
° mmol) and AcOH (3 uL, 0.054 mmol, 2 eq.) in MeOH (0.54 mL). The

mixture was vigorously stirred under hydrogen gas at ambient pressure

N

\
Mbs

257 and rt. After 14 h, the solid was removed by filtration, and the filtrate
was concentrated under vacuum. The crude product was purified by flash
chromatography on silica gel (CHROMATOREX-DIOL, hexane/AcOEt = 5/1) to give 257
(59%) as an amorphous solid as well as 259 (40%) as an amorphous solid. 'H NMR (400
MHz, CDCls) § 0.65 (ddd, J = 4.0, 8.0, 8.0 Hz, 1H), 1.11 (ddd, J = 8.0, 8.0, 12.8 Hz, 1H),
2.05 (ddddd, J = 2.0, 2.0, 4.4, 11.2, 12.8 Hz, 1H), 2.27 (dd, J = 4.4, 16.4 Hz, 1H), 2.49
(ddd, J = 8.0, 8.0, 12.8 Hz, 1H), 2.82 (ddd, J = 4.0, 8.0, 8.0 Hz, 1H), 3.01 (dd, J = 12.8,
16.8 Hz, 1H), 3.42 (s, 1H), 3.45 (dd, /= 2.0, 12.4 Hz, 1H), 3.77 (s, 3H), 3.79 (d, J = 13.2
Hz, 1H), 4.05 (d, /= 9.2 Hz, 1H), 4.08 (d, J = 13.2 Hz, 1H), 4.34 (dd, J = 2.0, 12.4 Hz,
1H), 6.83 (d, J=9.2 Hz, 2H), 7.09 (t, J= 6.8 Hz, 1H), 7.10 (dd, J= 7.2, 8.0 Hz, 1H), 7.30
(d, J=8.4 Hz, 2H), 7.53 (dd, /= 6.8, 8.4 Hz, 2H), 7.58 (d, J = 9.2 Hz, 2H), 7.59 (dd, J =
7.2,9.6 Hz, 1H), 7.73 (d, J= 8.0 Hz, 1H), 7.94 (d, J= 7.6 Hz, 1H); IR (neat): 2931, 2870,
1699, 1352, 1161 cm-1; HRMS (ESI): m/z caled for C290H31N205S:1 [M + H]*+: 519.1954,
found 519.1944.

Enamide 263

Q Yb(OTf)s (124 mg, 0.2 mmol, 5 mol %) taken in a 50 mL flask with a

Iy stirring bar were heated at 115—120 °C under reduced pressure (<0.01

O \ H mmHg) for 30 min. After being allowed to cool to rt, the flask was

Mo )N\} charged with dry argon. CH2Cl: (0.5 mL) was added, and the reaction

263 © vessel was cooled to —20 °C. A solution of diene 155 (2.14 g, 4.4 mmol,

1.1 eq.) in CH2Clz (8 mL + 4 mL to rinse) was added, followed by the addition of a
solution of dienohile 67m (564 mg, 4 mmol) in CH2Clz (5 mL + 2.5 mL to rinse). After
addition, the solution was warmed up to 0 °C and stirred for 1 h. After completion of
Diels—Alder reaction, iodoacetamide (1.1 g, 6 mmol, 1.5 eq.) was added to the reaction
mixture in one portion. After being cooled to —78 °C, TBAF (6 mL, 6 mmol, 1.5 eq., 1 M
in THF) was added dropwise. The mixture was warmed up to 0 °C over 30 min under Ar.
After the aminal formation was complete, the volatile materials were removed under
reduced pressure. The mixture was then azeotropically dried with one portion of
toluene. The mixture was refluxed with CSA (650 mg, 2.8 mmol, 0.7 eq.) in PhMe (20
mL) for 1 h using a Dean—Stark apparatus. The solution was concentrated under

reduced pressure. The title compound was isolated by flash chromatography
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(CHROMATOREX-DIOL, hexane/AcOEt = 1/3 to 1/3) in 68% yield as an amorphous
solid. '"H NMR (400 MHz, CDCls) § 1.53 (d, J= 16.4 Hz, 1H), 2.29 (ddd, J= 3.2, 4.8, 16.4
Hz, 1H), 2.60 (d, J = 16.4 Hz, 1H), 2.62 (ddd, J = 3.2, 8.0, 16.4 Hz, 1H), 3.82 (s, 3H),
3.94 (ddd, J=6.0,9.2, 9.2 Hz, 1H), 4.11 (ddd, J=17.2, 9.2, 9.2 Hz, 1H), 4.37 (ddd, J= 3.2,
3.2, 3.2 Hz, 1H), 4.43 (ddd, J=7.2, 9.2, 9.2 Hz, 1H), 4.50 (ddd, /= 6.0, 9.2, 9.2 Hz, 1H),
4.56 (d, J=3.2 Hz, 1H), 4.83 (dd, /= 3.6, 8.0 Hz, 1H), 6.85 (d, /=9.2 Hz, 2H), 7.07 (dd,
J=17.2,7.6 Hz, 1H), 7.08 (d, J= 7.2 Hz, 1H), 7.13 (br, 1H), 7.30 (dd, J= 7.6, 8.0 Hz, 1H),
7.54 (d, J=9.2 Hz, 2H), 7.71 (d, J = 8.0 Hz, 1H); 13C NMR (150 MHz, CDCls) & 22.5,
42.7, 45.4, 47.1, 49.5, 55.6, 62.1, 67.9, 94.8, 114.2, 117.1, 122.0, 126.1, 127.9, 129.2,
129.3, 136.9, 140.7, 141.4, 152.8, 163.6, 174.0; IR (neat): 3748, 2311, 1725, 1533 cm~1;
HRMS (ESI): m/z caled for C25H23N3sNa107S: [M + Nal+: 532.1154, found 532.1173.
Enol 264

Q m-Chloroperoxybenzoic acid (70%, 54.2 mg, 3.0 mmol, 1.5 eq.) was
O ‘ oH added to 263 (100 mg, 0.2 mmol) in CH2Clz (2 mL) at 0 °C. After 5 min,

N the reaction was quenched by sat. aq. Na2S203 (1 mL) and sat. aq.
S

" ‘HD )N\w NaHCOs aq. (1 mL), and then extracted with three times of CH2Clz (5

264 e mL). The combined organic layers were dried over Na2SOs, filtered
through a plug of cotton, and concentrated under reduced pressure. The title compound
was isolated by flash chromatography (CHROMATOREX-DIOL, hexane/AcOEt = 1/1 to
1/5) in 43% yield as an amorphous solid. 1H NMR (600 MHz, CD2Cls) § 1.67 (d, /= 16.8
Hz, 1H), 2.73 (d, J = 16.8 Hz, 1H), 2.77 (dd, J= 4.2, 17.4 Hz, 1H), 2.83 (dd, /= 3.0, 17.4
Hz, 1H), 3.73 (s, 3H), 3.85 (ddd, J= 5.4, 9.0, 9.0 Hz, 1H), 4.00 (ddd, J=9.0, 9.0, 9.0 Hz,
1H), 4.29 (ddd, J=1.8, 3.0, 4.2 Hz, 1H), 4.36 (ddd, /= 9.0, 9.0, 9.0 Hz, 1H), 4.41 (ddd, J
= 3.6, 9.0, 9.0 Hz, 1H), 4.51 (br, 1H), 6.80 (d, J= 9.0 Hz, 2H), 6.98 (d, J = 6.6 Hz, 1H),
7.03 (dd, J= 7.2, 7.8 Hz, 1H), 7.25 (dd, J = 6.6, 7.2 Hz, 1H), 7.41 (br, 1H), 7.46 (d, J =
9.0 Hz, 2H), 7.61 (d, J = 7.8 Hz, 1H); 13C NMR (150 MHz, CD2Cl2) § 35.7, 43.0, 47.3,
49.4, 52.0, 56.1, 57.4, 63.0, 67.6, 114.7, 117.3, 122.5, 126.4, 128.0, 129.6, 129.8, 136.2,
141.1, 145.0, 153.4, 164.3, 172.7, 173.1; IR (neat): 3014, 1732, 1680, 1428, 1371, 1261,
1225, 1155 cm-1; HRMS (ESI): m/z caled for C25H24N30sS: [M + H]+: 526.1284, found
526.1278.
Enamide 266

0 LiBH4 (0.3 mL, 0.6 mmol, 3 eq., 2 M in THF) and MeOH (73 pL, 1.8 mmol,
9 eq.) were added successively to a solution of 263 (100 mg, 0.2 mmol) in
O ‘ THF (1 mL) at —78 °C, Then the solution was allowed to gradually warm
oH to 0 °C over 30 min. The reaction mixture was quenched by the addition of
268 sat. aq. NH4Cl (5 mL). The water layer extracted with three times of
AcOEt (1 mL), and combined organic layers were washed with brine and dried over
Na2S04. The title compound was isolated by flash column chromatography (SiOq,
hexane/AcOEt = 1/1 to 1/8) in 58% yield as an amorphous solid. 'H NMR (400 MHz,

CDCls) 8 1.09 (d, J=16.0 Hz, 1H), 1.90 (ddddd, J = 3.2, 4.0, 4.0, 4.0, 8.4 Hz, 1H), 1.96
139



(d, J=16.0 Hz, 1H), 2.11 (ddd, /= 4.0, 5.2, 17.6 Hz, 1H), 2.42 (ddd, J= 4.0, 9.6, 17.6 Hz,
1H), 2.57 (dd, J = 4.8, 8.4 Hz, 1H), 3.53 (ddd, J = 3.2, 8.4, 11.2 Hz, 1H), 3.82 (s, 3H),
4.19 (ddd, J = 4.0, 8.4, 11.2 Hz, 1H), 4.29 (d, J = 8.4 Hz, 1H), 5.11 (dd, J = 4.0, 4.0 Hz,
1H), 6.89 (d, /= 8.8 Hz, 2H), 7.06 (dd, /= 6.8, 8.0 Hz, 1H), 7.08 (br, 1H), 7.17 (d, J=6.8
Hz, 1H), 7.31 (dd, J= 8.0, 8.0 Hz, 1H), 7.64 (d, /= 8.8 Hz, 2H), 7.75 (d, J= 8.0 Hz, 1H);
13C NMR (150 MHz, CDCls) 5 18.4, 26.3, 33.5, 43.9, 55.6, 68.3, 68.7, 88.5, 114.2, 114.6,
116.9, 123.6, 125.6, 128.4, 129.1, 129.6, 135.6, 142.4, 163.6, 177.9; IR (neat): 3647,
2360, 2327, 1732, 1543, 1454, 1153, 1009, 969; HRMS (ESI): m/z caled for
C22H22N2Na105S: [M + Nal+: 449.1147, found 449.1140.
Enol 267

o m-Chloroperoxybenzoic acid (70%, 24.1 mg, 0.098 mmol, 1.3 eq.) was
oy added to 266 (32 mg, 0.075 mmol) in CHCIs (1.5 mL) at rt. After 15 min,
O ‘ the reaction was quenched by sat. aq. Na2S20s (1 mL) and sat. aq.
o NaHCOs (1 mL), and then extracted with three times of CH2Cls (5 mL).

The combined organic layers were dried over Na2SQy, filtered through a
plug of cotton, and concentrated under reduced pressure. The title compound was
isolated by flash chromatography (SiOz, hexane/AcOEt = 1/3 to 1/5) in 95% yield as an
amorphous solid. 'H NMR (400 MHz, CDCl3) § 1.47-1.54 (m, 1H), 1.48 (d, J = 16.0 Hz,
1H), 2.37 (dd, J = 4.4, 9.6 Hz, 1H), 2.44 (dd, J= 2.4, 9.6 Hz, 1H), 2.48 (d, J = 16.0 Hz,
1H), 3.82 (s, 3H), 3.95 (dd, J= 0.8, 9.6 Hz, 1H), 4.03 (dd, J= 2.8, 2.8, 9.6 Hz, 1H), 4.21
(d, J=2.4 Hz, 1H), 6.09 (br, 1H), 6.86 (d, J= 8.8 Hz, 2H), 7.07 (dd, J= 7.6, 8.0 Hz, 1H),
7.18 (d, J=8.0 Hz, 1H), 7.35 (dd, J= 7.2, 7.6 Hz, 1H), 7.55 (d, /= 8.8 Hz, 2H), 7.79 (d,
J=17.2 Hz, 1H); 13C NMR (150 MHz, CDCls) 5 18.4, 26.3, 33.5, 43.9, 55.0, 55.6, 68.3,
68.7, 88.5, 114.2, 116.9, 123.6, 125.6, 128.5, 129.1, 129.6, 135.6, 142.5, 163.7, 177.9; IR
(neat): 1739, 1437, 1370, 1271, 1207 cm-1; HRMS (ESI): m/z caled for C22H23N206S1 [M
+ Hl+: 443.1277, found 443.1274.

cis-Pyrrolidine 273

N°  Pinacolborane (0.63 mL, 4.36 mmol, 2 eq.) was added to a solution of

~ 240 (1.28 g, 2.18 mmol) in THF (11 mL, 0.2 M) at —78 °C. The mixture

N
mpd 1 o was warmed up to —40 °C over 1 h under Ar before MeOH (11 mL) was
273 added. The mixture was allowed to stir at 0 °C until the evolution of gas

ceased. After K2COs3 (1.5 g, 10.9 mmol, 5 eq.) was added to the mixture, the reaction
mixture was stirred for 3 h at rt, and then quenched with aq. NH4Cl at 0 °C. The
aqueous phase was extracted three times with AcOEt. The combined organic layers
were dried over Na2SQ4, filtered through a plug of cotton and the solvent was
evaporated. The crude product was purified by flash chromatography on silica gel
(CHROMATOREX-NH, hexane/AcOEt = 3/1 to 1/1) to give 273 (927 mg, 78%, dr = 3.7:1;
estimated from the 'H NMR spectrum) as an amorphous solid. 'H NMR (400 MHz,

CDCls) & 0.36 (ddd, /= 2.0, 6.0, 12.4 Hz, 1H), 0.43 (ddd, J= 2.4, 6.8, 12.8 Hz, 0.27H),
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1.05 (ddd, J=9.2, 9.2, 13.2 Hz, 0.27H), 1.22 (ddd, J= 7.2, 10.8, 12.4 Hz, 1H), 1.42-1.47
(m, 0.27H), 1.56-1.70 (m, 2+0.54H), 2.18-2.26 (m, 1+0.27H), 2.22 (s, 0.81H), 2.25 (s,
3H), 2.33-2.40 (m, 0.27H), 2.61 (ddd, J= 2.8, 6.8, 9.2 Hz, 1H), 2.77 (ddd, J = 7.2, 7.2,
10.0 Hz, 0.27H), 2.82 (ddd, J= 8.0, 9.2, 9.2 Hz, 1H), 3.12 (br, 1H), 3.28 (d, J = 13.2 Hz,
0.27H), 3.42-3.47 (m, 2+0.54H), 3.58 (d, J = 13.2 Hz, 1H), 3.68 (d, J = 13.2 Hz, 1H),
3.70 (s, 0.81H), 3.76 (s, 3H), 3.77 (d, J = 4.4 Hz, 0.27H), 3.98 (d, J= 12.0 Hz, 1H), 4.08
(d, J=13.2 Hz, 1H), 4.10 (d, J=10.4 Hz, 0.27 H), 4.22 (dd, /= 2.0, 12.0 Hz, 1H), 4.24—
4.28 (m, 0.27H), 6.80 (d, /= 8.8 Hz, 0.54H), 6.82 (d, /= 8.8 Hz, 2H), 6.90 (d, /= 7.2 Hz,
1H), 7.09 (dd, J= 7.2, 7.6 Hz, 1H), 7.14 (d, J= 7.2 Hz, 0.27H), 7.15 (dd, J= 6.4, 6.8 Hz,
0.27H), 7.22-7.30 (m, 6+1.62H), 7.62 (d, J = 9.2 Hz, 2H), 7.63 (d, J = 8.8 Hz, 0.54 H),
7.71 (d, J=17.6 Hz, 1H), 7.73 (d, J= 7.2 Hz, 0.27H); 13C NMR (100 MHz, CDCls) & 22.9,
25.0, 29.1, 31.3, 37.6, 38.4, 39.0, 43.4, 50.2, 50.9, 51.6, 51.9, 55.4, 55.5, 55.6, 56.7, 59.6,
59.9, 61.4, 63.6, 66.0, 66.1, 67.1, 68.6, 114.1, 117.8, 120.6, 122.1, 124.1, 124.2, 125.2,
125.4, 126.9, 127.0, 128.2, 128.3, 128.4, 128.7, 129.0, 129.1, 129.9, 130.5, 136.6, 139.0,
139.1,139.2, 139.3, 139.6, 140.4, 163.3, 163.5, 211.2, 211.7; IR (neat): 2930, 2875, 1704,
1594, 1496, 1457, 1343, 1260, 1153, 1091, 1024 cm-!'; HRMS (ESI): m/z caled for
Cs3H35N206S1 [M + H]+: 547.2267, found 547.2263; [a]p22 — 49.1 (¢ 0.97, CHCls, 90% ee).
cis-Pyrrolidine 272

nBo  The title compound was isolated by flash column chromatography
(CHROMATOREX-NH, hexane/AcOEt = 1/1 to 1/3) in 60% yield (dr =

ALH ., 2.9 asaform. H NMR (400 MHz, CDCI3) 5 1.48-1.53 (m, 0.34H), 1.55
272 (dd, J=17.8,12.0 Hz, 1H), 1.95-1.63 (m, 2+0.68H), 1.67-1.72 (m, 0.34H),
1.73-1.77 (m, 1H), 1.94-2.01 (m, 1+0.34H), 2.10 (s, 1.02H), 2.16 (s, 3H), 2.36 (s, 1.02H),
2.39-2.43 (m, 1+0.34H), 2.43 (s, 3H), 2.81 (ddd, J= 4.8, 10.8, 10.8 Hz, 1H), 2.89 (ddd, J
= 4.8, 10.8, 10.8 Hz, 0.34H), 2.99 (ddd, J = 7.2, 10.8, 10.8 Hz, 1H), 3.06 (ddd, J = 7.2,
10.8, 10.8 Hz, 0.34H), 3.13 (d, J=10.8 Hz, 1H), 3.30 (d, J = 13.2 Hz, 1H), 3.35 (d, J =
13.8 Hz, 0.34H), 3.42 (dd, J = 6.0, 6.0 Hz, 1H), 3.50-3.53 (m, 0.68H), 3.63 (dd, J/ = 6.0,
10.8 Hz, 1H), 3.70 (d, /= 4.8 Hz, 0.34H), 3.82 (d, J = 13.8 Hz, 0.34H), 3.90 (d, J = 13.2
Hz, 1H), 4.23 (d, J = 6.0 Hz, 0.34H), 4.62 (d, J = 8.4 Hz, 1H), 7.14 (d, J = 7.2 Hz, 2H),
7.17 (dd, J = 7.2, 7.2 Hz, 0.32H), 7.24-7.27 (m, 0.68H), 7.34 (dd, J = 7.2, 7.8 Hz, 2H),
7.35 (dd, J = 7.2, 7.8 Hz, 0.68H), 7.37-7.40 (m, 2+0.34H), 7.92 (d, J = 7.8 Hz, 0.34H),
8.00 (d, J=6.6 Hz, 1H), 8.08 (d, J= 7.8 Hz, 0.34H); 13C NMR (150 MHz, CDCls) & 23.1,
23.5,28.3, 31.0, 31.1, 36.3, 36.9, 41.9, 43.1, 48.7, 50.0, 50.6, 50.8, 54.9, 55.0, 60.4, 60.6,
63.5, 64.2, 66.3, 66.7, 66.9, 116.8, 118.8, 124.3, 124.6, 125.3, 126.6, 126.9, 127.0, 127.6,
127.9, 128.1, 128.4, 137.3, 139.4, 139.6, 139.7, 140.0, 141.5, 168.5, 169.2, 211.4, 212.1;
IR (neat): 3406, 2934, 1688, 1687, 1635, 1589, 1469, 1383, 1356 cm-1; HRMS (ESID): m/z

caled for CssHssN206S1 [M + HJ+: 419.2335, found 419.2351.
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Aldehyde 274
nBo  IBX (609 mg, 2.17 mmol, 1.5 eq.) was added to a solution of 274 (794 mg,
1.45 mmol) in DMSO (7.3 mL, 0.2 M) at rt. The mixture was stirred for
Mbrzg 1 h under Ar in the dark and then diluted with CH2Cl2. After the
274 mixture was cooled down to 0 °C, sat. aq. NaHCO3s and solid Na2S203
were added carefully. The suspension was stirred for about 15 min. The aqueous phase
was extracted three times with CH2Cl2. The combined organic layers were dried over
Na2SO0y, filtered through a plug of cotton and the solvent was evaporated. The crude
product was purified by flash chromatography on silica gel (SiOz, hexane/AcOEt = 5/1
to 1.5/1) to give 274 (641 mg, 81%, dr = 17:1; estimated from the 'H NMR spectrum) as
an amorphous solid. Spectral data for the major isomer; 1H NMR (600 MHz, CDCls) §
0.78 (ddd, J= 4.8, 7.8, 12.6 Hz, 1H), 1.33 (ddd, J= 7.2, 12.0, 13.2 Hz, 1H), 1.64 (ddd, J
=4.8,7.2,13.9 Hz, 1H), 2.01 (s, 3H), 2.34 (ddd, J= 4.8, 10.2, 12.6 Hz, 1H), 2.36 (ddd,
= 4.8, 12.0, 12.0 Hz, 1H), 2.55 (ddd, J = 7.2, 7.8, 12.0 Hz, 1H), 2.85 (ddd, J = 2.4, 7.8,
10.2 Hz, 1H), 2.96 (ddd, J= 4.2, 4.2, 4.2 Hz, 1H), 3.19 (d, J= 12.0 Hz, 1H), 3.45 (d, J=
2.4 Hz, 1H), 3.78 (s, 3H), 3.90 (d, J = 12.0 Hz, 1H), 4.22 (d, J= 2.4 Hz, 1H), 6.84 (d, J =
9.0 Hz, 1H), 6.98 (d, J = 7.2 Hz, 1H), 7.04 (dd, J= 7.2, 7.8 Hz, 1H), 7.23-7.28 (m, 4H),
7.32 (d, J= 7.2 Hz, 2H), 7.65 (d, J= 9.0 Hz, 2H), 7.70 (d, J = 6.4 Hz, 1H), 9.64 (s, 1H);
13C NMR (150 MHz, CDCls) & 18.0, 28.5, 40.2, 43.8, 49.1, 49.8, 52.0, 55.6, 57.1, 63.6,
67.6, 114.2, 116.3, 124.3, 124.8, 127.2, 128.4, 128.8, 129.0, 129.1, 129.2, 134.3, 137.8,
141.4, 163.5, 197.5, 208.2; IR (neat): 2942, 2826, 1703, 1156 cm-1; HRMS (ESD: m/z
caled for C31H3sN205S: [M + H]*: 545.2110, found 545.2131; [a]p23 — 3.9 (¢ 0.76, CHCls,
90% ee). The stereochemistry of a-position of ketone was determined by NOE
measurements.
Carboxylic acid 275
nBo  NaClO:z (80% purity, 173 mg, 1.53 mmol, 1.3 eq.) was added dropwise to
a mixture of 274 (641 mg, 1.18 mmol), NaH:PO4+*2H20 (552 mg, 3.54
mmol, 3 eq.) and 2-methyl-2-butene (0.63 mL, 5.9 mmol, 5 eq.) in
275 tBuOH/H20 (14.8 mL, 2/1, 0.08 M) at 10 °C. After completion of

addition, the mixture was allowed to stir for 1 h at rt. Then CHCIls and brine were

added to the solution, and the aqueous phase was extracted three times with CHCls.
The combined organic layers were dried over Na2SQy, filtered through a plug of cotton
and concentrated under reduced pressure to give 275 (dr = 2.3:1; estimated from the 1H
NMR spectrum) as a crude product, which could be used in the next step without
purification. 'H NMR (400 MHz, CDCls) § 0.66 (ddd, /= 2.8, 7.2, 12.4 Hz, 0.43H), 0.87
(ddd, J= 3.6, 7.2, 14.4 Hz, 1H), 1.03 (ddd, J = 4.4, 8.4, 12.4 Hz, 0.43H), 1.13 (ddd, J =
4.4, 6.0, 14.4 Hz, 1H), 1.26-1.40 (m, 2+0.92H), 2.02 (s, 3H), 2.20 (s, 1.29H), 2.22 (d, J =
1.6, 7.6 Hz, 0.43H), 2.30 (d, /= 1.6, 10.4 Hz, 1H), 2.53 (ddd, J = 5.6, 7.2, 11.6 Hz, 1H),
2.58 (ddd, J=4.4, 4.4, 7.6 Hz, 1H), 2.80 (ddd, J= 3.2, 11.6, 11.6 Hz, 1H), 2.87 (ddd, J =

7.2,10.0, 10.0 Hz, 0.43H), 3.17 (ddd, J= 3.2, 5.6, 11.6 Hz, 1H), 3.28 (br, 1H), 3.39 (ddd,
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J=3.2,11.6, 11.6 Hz, 1H), 3.46-3.57 (m, 2H), 3.65 (s, 0.49H), 3.69 (dd, /= 5.2, 13.2 Hz,
1H), 3.75 (s, 3H), 3.77 (s, 0.43H), 3.79-3.90 (m, 0.86H), 3.84 (d, J = 13.2 Hz, 1H), 4.25
(d, J=13.2 Hz, 1H), 4.30 (d, J= 2.4 Hz, 0.43H), 4.38 (d, J= 8.8 Hz, 0.43H), 4.45 (d, J =
2.4 Hz, 1H), 6.81 (d, J= 8.8 Hz, 2H), 6.83 (d, J= 8.8 Hz, 0.86H), 7.00 (d, /= 7.6 Hz, 1H),
7.04 (dd, J = 7.2, 7.6 Hz, 1H), 7.13 (dd, J = 7.2, 7.6 Hz, 0.43H), 7.16 (d, J = 8.0 Hz,
0.43H), 7.21-7.44 (m, 5+3.01H), 7.46 (d, /= 6.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 1H), J =
7.67 (d, J= 8.8 Hz, 2H), 7.72 (d, J= 8.8 Hz, 0.86H); 13C NMR (100 MHz, CDCls) [major
isomer] & 24.0, 28.1, 40.4, 42.6, 45.9, 50.1, 52.3, 55.5, 57.8, 63.3, 66.9, 114.2, 116.3,
123.3, 124.8, 128.2, 128.3, 128.8, 129.0, 129.1, 129.3, 130.0, 141.1, 163.3, 177.3, 207.4;
IR (neat): 3007, 2929, 1707, 1593, 1496, 1457, 1353, 1260, 1158, 1091, 1021 cm-1;
HRMS (ESID): m/z caled for C31H33N205S:1 [M + H]*: 561.2059, found 561.2048; [a]p25 +
6.4 (¢ 0.96, CHCls, 90% ee).
Methyl ester 276

B  TMSCHN: (1.2 mL, 2.4 mmol, 2 eq., 2 M in Et20) was added to a

solution of 19 (crude, ca. 1.18 mmol) in PhMe/MeOH (11.8 mL, 4/1, 0.1

M) at rt. After 1 h, the solvent was carefully evaporated under reduced

Mbll H
O~ "OMe
276 pressure. The crude product was purified by flash chromatography on

silica gel (CHROMATOREX-DIOL, hexane/AcOEt = 6/1 to 2/1) to give 276 (583 mg, 86%,
2 steps, dr = 3.2:1; estimated from the 'H NMR spectrum) as an amorphous solid. 'H
NMR (400 MHz, CDCls) § 0.58 (ddd, J=2.4, 7.2, 12.8 Hz, 0.31H), 0.92 (ddd, /= 6.4, 7.2,
13.2 Hz, 1H), 1.09 (ddd, J= 7.2, 9.2, 9.2 Hz, 1H), 1.75 (ddd, J = 4.4, 8.8, 14.0 Hz, 1H),
1.90 (ddd, J = 2.4, 2.4, 12.8 Hz, 0.31H), 2.11 (s, 3H), 2.21 (s, 0.93H), 2.26-2.35 (m,
0.93H), 2.28 (ddd, ¢ = 6.4, 9.2, 9.2 Hz, 1H), 2.37 (ddd, J = 6.4, 8.4, 14.0 Hz, 1H), 2.49
(dd, J=12.4,12.4 Hz, 0.31H), 2.58 (ddd, J= 4.0, 8.8, 8.8 Hz, 0.31H), 2.74 (ddd, J= 7.2,
7.2, 9.2 Hz, 1H), 2.82 (ddd, /= 7.6, 9.2, 9.2 Hz, 0.31H), 2.89 (ddd, J = 4.0, 6.4, 8.8 Hz,
1H), 2.94 (ddd, J = 4.8, 6.8, 8.4 Hz, 1H), 3.22 (d, J=13.2 Hz, 0.31H), 3.40 (d, J=13.6
Hz, 1H), 3.52 (d, J = 4.0 Hz, 1H), 3.67 (d, J = 13.2 Hz, 0.31H), 3.71 (br, 1H), 3.76 (s,
0.93H), 3.77 (s, 3H), 3.79 (s, 3H), 3.83 (s, 0.93H), 3.97 (d, J=13.6 Hz, 1H), 4.27 (d, J=
9.2 Hz, 0.31H), 4.35 (d, J= 6.8 Hz, 1H), 6.81 (d, /= 8.8 Hz, 0.63H), 6.82 (d, J= 8.8 Hz,
2H), 7.00 (d, J/ = 7.6 Hz, 1H), 7.06 (dd, J = 7.6, 7.6 Hz, 1H), 7.12 (dd, J = 7.6, 7.6 Hz,
0.31H), 7.17 (d, J = 7.2 Hz, 0.31H), 7.22-7.31 (m, 6+1.86H), 7.66 (d, J = 8.8 Hz, 2H),
7.67 (d, J= 8.8 Hz, 0.62H), 7.68 (d, J= 7.2 Hz, 1H) 7.72 (d, J= 8.0 Hz, 0.31H); 13C NMR
(100 MHz, CDCls) & 22.1, 22.6, 28.6, 29.1, 29.7, 38.7, 40.7, 44.0, 47.9, 48.4, 49.8, 50.0,
50.9, 52.2,53.2, 55.3, 55.5, 56.5, 58.7, 59.6, 64.5, 65.6, 67.9, 68.6, 114.0, 114.1, 116.7,
117.6, 121.9, 123.7, 124.7, 125.1, 127.0, 128.2, 128.3, 128.4, 128.5, 129.0, 129.1, 129.9,
130.6, 134.8, 136.3, 138.8, 139.0, 140.3, 140.6, 163.2, 163.3, 173.3, 174.2, 208.9, 209.5;
IR (neat): 2949, 1733, 1707, 1594, 1496, 1458, 1354, 1259, 1158, 1092, 1022 cm-1;
HRMS (ESI): m/z caled for Cs2H35N206S:1 [M+H]+: 575.2216, found 575.2224; [a]p24 —
10.8 (¢ 1.01, CHCls, 90% ee).
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Secondary amine 277
NH OJ\ PdCl: (53.2 mg, 0.3 mmol, 30 mol %) was added to a solution of 276 (580

mg, 1 mmol) in MeOH (20 mL). The mixture was vigorously stirred

N
Mbég ome under hydrogen gas at ambient pressure and rt. After 21.5 h, excess

217 amount of NEts was added, and the color of the solution turned from
gray to black. After the solid was removed by filtration, and the filtrate was
concentrated under vacuum. The crude product was purified by flash chromatography
on silica gel (CHROMATOREX-DIOL, hexane/AcOEt = 2/1 to 1/3) to give 21 (418 mg,
86%, dr = 1,4:1; estimated from the 'H NMR spectrum) as an amorphous solid. 1H NMR
(400 MHz, CDCl3) § 0.71 (ddd, J= 2.4, 6.8, 13.2 Hz, 0.71H), 1.06 (ddd, J= 4.8, 7.6, 12.4
Hz, 1H), 1.23 (ddd, J= 10.0, 10.0, 13.2 Hz, 0.71H), 1.34 (ddd, J= 8.0, 8.0, 12.4 Hz, 1H),
1.77 (ddd, J= 6.0, 10.4, 14.4 Hz, 1H), 1.84 (ddd, J= 3.2, 3.2, 12.8 Hz, 0.71H), 1.94 (br,
1+0.71H), 2.15 (s, 3H), 2.16 (s, 2.13H), 2.30 (ddd, J= 2.0, 6.0, 14.4 Hz, 1H), 2.39 (ddd, J
= 3.2, 3.2, 12.8 Hz, 0.71H), 2.53 (ddd, J = 3.2, 6.0, 13.2 Hz, 0.71H), 2.63 (ddd, J = 6.4,
8.0, 10.0 Hz, 1H), 2.26-2.33 (m, 2+1.42H), 3.06 (ddd, J= 6.0, 7.6, 7.6 Hz, 1H), 3.54 (d, J
= 8.0 Hz, 1H), 3.78 (ddd, J = 2.4, 6.4, 6.4 Hz, 0.71H), 3.81 (s, 3+2.13H), 3.82 (s,
3+2.13H), 3.98 (d, J = 2.0 Hz, 0.71H), 4.15 (d, J = 6.0 Hz, 0.71H), 4.32 (d, J = 4.4 Hz,
1H), 6.86 (d, J= 9.2 Hz, 2+1.42H), 7.01 (d, J= 7.2 Hz, 1.42H), 7.07 (d, J = 8.0 Hz, 1H),
7.08 (dd, J= 7.2, 7.6 Hz, 0.71H), 7.26 (dd, J= 7.2, 7.6 Hz, 1H), 7.66-17.73 (m, 4+2.84H);
13C NMR (100 MHz, CDCls) § 22.2, 23.8, 28.3, 29.6, 40.4, 41.9, 43.1 43.1, 43.4, 48.3,
49.3, 50.0, 52.3, 52.4, 53.6, 54.0, 54.6, 55.6, 58.0, 61.0, 67.6, 68.5, 114.0, 114.1, 117.1,
117.4, 121.8, 123.0, 125.0, 128.5, 128.8, 129.0, 129.3, 129.4, 130.8, 135.0, 138.3, 139.8,
140.5, 163.3, 163.3, 166.2, 173.7, 173.9, 209.3, 209.6; IR (neat): 2949, 2859, 1732, 1707,
1594, 1353, 1259, 1157, 1092, 1022, 834 cm-1; HRMS (ESI): m/z caled for C25H29N206S1
[M + HJ*: 485.1746, found 485.1731; [alp22 — 82.7 (¢ 1.29, CHCls, 90% ee).
Todoalkane 278

JAl 1,3-Diiodopropane (19 pL, 0.17 mmol, 3 eq.) was added to a mixture of

N" o 277 (26.6 mg, 0.055 mmol) and NaHCOs3 (27.7 mg, 0.33 mmol, 6 eq.) in

i} DMF (0.55 mL). After being stirring for 6 h at 35 °C, the mixture was
| H

Mbs Aoy diluted in EtOAc, and quenched with water. The organic layer was
278

washed with brine twice, dried over anhydrous sodium sulfate, and
concentrated in vacuo. The crude product was purified by flash chromatography on
silica gel (CHROMATOREX-DIOL, hexane/AcOEt = 5/1 to 3/1) to give 278 (19.4 mg,
55%, dr = 1,3:1; estimated from the 'H NMR spectrum) as an amorphous solid. 1H NMR
(600 MHz, CDCls) § 0.74 (ddd, J= 1.8, 7.8, 13.2 Hz, 0.79H), 0.88 (ddd, J=17.8, 7.8, 12.0
Hz, 0.79H), 0.94 (ddd, J = 5.4, 6.6, 12.0 Hz, 1H), 1.19 (ddd, J = 6.6, 9.0, 13.2 Hz, 1H),
1.25-1.30 (m, 1+0.79H), 1.72 (ddd, J = 4.8, 7.8, 12.6 Hz, 1H), 1.83-1.96 (m, 2+2.37H),
2.09 (s, 3H), 2.22 (s, 2.37H), 2.23-2.40 (m, 4+3.16H), 2.58 (ddd, J = 4.8, 9.0, 12.0 Hz,
0.79H), 2.77 (ddd, J= 7.8, 7.8, 12.0 Hz, 0.79H), 2.81-2.83 (m, 1H), 2.89-2.94 (m, 2H),

3.02 (ddd, < =9.0, 9.0, 9.0 Hz, 0.79H), 3.10 (ddd, /= 7.8, 9.6, 9.6 Hz, 0.79H), 3.17-3.24
144



(m, 2+0.79H), 3.40 (d, = 3.0 Hz, 1H), 3.56 (s, 0.79H), 3.80 (s, 3+2.37H), 3.81 (s, 3H),
3.82 (s, 2.37H), 4.24 (d, = 9.0 Hz, 0.79H), 4.32 (d, J= 6.6 Hz, 1H), 6.87 (d, J= 9.0 Hz,
2H), 6.88 (d, J= 7.8 Hz, 1.58H), 7.02 (d, J= 6.6 Hz, 1H), 7.05 (dd, J= 7.2, 7.8 Hz, 1H),
7.11-7.12 (m, 1.58H), 7.23 (dd, J= 7.2, 8.4 Hz, 1H), 7.27-7.29 (m, 1.58H), 7.66 (d, J =
8.4 Hz, 1H), 7.69 (d, J = 9.0 Hz, 2H), 7.71 (d, J = 7.8 Hz, 1.58H); 13C NMR (150 MHz,
CDCls) & 3.6, 4.7, 21.6, 22.4, 28.7, 28.9, 32.1, 32.8, 38.6, 40.8, 44.1, 47.8, 48.3, 49.5,
49.9, 50.5, 52.3, 52.9, 54.3, 55.4, 55.6, 56.3, 64.4, 65.6, 67.9, 68.3, 114.1, 114.2, 116.6,
117.5, 121.9, 123.7, 124.7, 125.1, 128.6, 129.1, 129.2, 129.9, 130.6, 134.8, 136.0, 140.3,
140.8, 163.3, 173.2, 174.1, 208.7, 209.3; IR (neat): 2949, 1733, 1594, 1496, 1458, 1354,
1259, 1158, 1092, 1021, 835 cm-1; HRMS (ESI): m/z caled for C2sHs4I1N206S: [M + H]+:
653.1182, found 653.1182; [a]p22 — 12.3 (¢ 0.97, CHCls, 90% ee).

Pentacyclic compound 279

1,3-Diiodopropane (14.2 pL, 0.12 mmol, 3 eq.) was added to a mixture of
277 (20 mg, 0.041 mmol) and /PraNEt (43 uL, 0.25 mmol, 6 eq.) in MeCN
(0.41 mL). The mixture was heated to 45 °C for 48 h. After all 277 was

consumed as monitored by TLC (CHzClz2/MeOH = 20/1), tBuOH (0.41
mL) and BuONa (19.7 mg, 0.2 mmol, 5 eq.) were added to the mixture successively at

0 °C. After being stirred for 1 h at 0 °C, the reaction was quenched by the successive
addition of EtOAc and sat. aq. NH4Cl. The aqueous layer was extracted three times
with AcOEt. The combined organic layers were dried over Na2SOs, filtered through a
plug of cotton and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel (SiOz, hexane/AcOEt = 1/1 to 1/2) to give
279 (12.1 mg, 56%, single diastereomer) as an amorphous solid. 'H NMR (400 MHz,
CDCls) § 0.91-0.99 (m, 2H), 1.37 (ddd, J = 4.2, 7.8, 7.8 Hz, 1H), 1.55-1.64 (m, 2H),
1.77-1.82 (m, 2H), 1.98 (s, 3H), 2.00 (ddd, J= 2.4, 11.4, 11.4 Hz, 1H), 2.12 (ddd, J= 9.0,
9.0, 9.0 Hz, 1H), 2.48 (ddd, J/ = 2.4, 10.2, 12.6 Hz, 1H), 2.58 (dd, /= 12.6, 13.8 Hz, 1H),
2.88 (ddd, J= 3.6, 9.0, 9.0 Hz, 1H), 2.99-3.01 (m, 1H), 3.05 (s, 1H), 3.80 (s, 3H), 3.82 (s,
3H), 4.19 (d, J=9.6 Hz, 1H), 6.83 (d, J= 9.0 Hz, 2H), 7.07 (d, J= 7.2, 7.8 Hz, 1H), 7.20
(dd, J=17.2, 7.8 Hz, 1H), 7.21 (d, J= 7.2 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.65 (d, J =
9.0 Hz, 1H); 13C NMR (150 MHz, CDCls) & 20.9, 24.9, 27.2, 33.6, 40.4, 46.4, 50.7, 52.2,
52.3, 52.7, 54.5, 55.5, 64.4, 70.0, 114.0, 116.8 124.5, 124.6, 128.2, 129.1, 131.0, 136.4,
139.5, 163.1, 174.0, 209.7; IR (neat): 2942, 1742, 1693, 1601, 1354, 1259, 1159 cm~1;
HRMS (ESI): m/z caled for C2sH33sN206S1 [M + H]+: 525.2059, found 525.2077; [alp22 —
81.7 (¢ 0.63, CHCls, 90% ee).

Pentacyclic compound 280
KPPh: (1.5 mL, 0.75 mmol, 3 eq., 0.5 M in THF) was added to a THF
(5.0 mL) solution of 279 (131 mg, 0.25 mmol) at —40 °C, and the mixture

was gradually warmed up to 0 °C over 1 h. The reaction was then
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quenched by HCl in MeOH (1.25 M, 1.2 mL, 1.5 mmol, 6 eq.). After being concentrated
under reduced pressure, the mixture was dissolved in PhMe/MeOH (5 mL, 4/1, 0.1 M)
at rt. TMSCHN: (0.6 mL, 1.2 mmol, 4.8 eq., 2 M in ether) was added to the mixture and
it was stirred for 10 min. After the mixture was concentrated under reduced pressure,
the residue was purified by flash chromatography (CHROMATOREX-DIOL,
hexane/AcOEt = 6/1 to 3/1) to afford 280 (40.7 mg, 46%) as an amorphous solid and 279
(8.8 mg, 7%). '"H NMR (400 MHz, CDCl3) § 1.49-1.64 (m, 4H), 1.77-1.84 (m, 1H), 1.99
(dd, J= 3.6, 13.2 Hz, 1H), 2.09 (s, 3H), 2.13 (dd, J= 4.0, 11.6, 11.6 Hz, 1H), 2.25 (dd, J=
13.2, 13.2 Hz, 1H), 2.30-2.48 (m, 3H), 3.09 (s, 1H), 3.59 (d, J = 10.0 Hz, 1H), 3.74 (s,
3H), 4.41 (br, 1H), 6.57 (d, J= 7.2 Hz, 1H), 6.71 (dd, J= 7.2, 7.2 Hz, 1H), 6.99 (dd, J =
7.2, 8.0 Hz, 1H), 7.10 (d, J= 7.2 Hz, 1H); 13C NMR (150 MHz, CDCls) 5 21.2, 25.3, 26.0,
33.3, 37.9, 44.4, 51.6, 52.0, 52.3, 52.9, 54.8, 64.7, 66.0, 110.1, 118.7, 123.8, 128.0, 131.4,
149.1, 175.2, 210.2; IR (neat): 3369, 2928, 2791, 1719, 1688, 1592 cm-1; HRMS (ESD:
m/z caled for C21H27N203 [M + HI+: 355.2022, found 355.2016; [alp2® — 42.4 (c 0.46,
CHCl3, 94% ee).

(9)-Minovincine (3)
DDQ (3.4 mg, 0.014 mmol, 1.6 eq.) was added to a solution of 280 (3.2
mg, 0.009 mmol) in PhMe (0.2 mL, 0.05 M) at 0 °C. After being stirred

for 1 h at rt, the mixture was quenched with an excess amount of NEts

O~ "'OMe
(-»-Minovincine 3)  and filtered through Celite and a short pad of silica gel. The column

was washed with AcOEt. After the combined organic solutions were concentrated
under reduced pressure, the residue was purified by flash chromatography (SiOs,
hexane/AcOEt = 6/1 to 3/1) to afford (-)-Minovincine (3) (1.3 mg, 41%) as an amorphous
solid, and 280 (1.1 mg, 34%). 'H NMR (400 MHz, CDCls) & 1.43 (ddd, J= 6.4, 12.8, 12.8
Hz, 1H), 1.63 (ddd, J = 2.4, 2.4, 12.8 Hz, 1H), 1.61-1.65 (m, 1H), 1.76 (dd, J= 4.4, 11.6
Hz, 1H), 1.88 (s, 3H), 1.98 (dd, /= 6.4, 11.6 Hz, 1H), 1.93-2.00 (m, 1H), 2.47 (ddd, J =
2.8, 11.2, 11.2 Hz, 1H), 2.73 (ddd, J/ = 4.0, 8.0, 11.6 Hz, 1H), 2.80 (dd, J = 2.4, 11.2 Hz,
1H), 2.96 (dd, J = 6.4, 8.0 Hz, 1H), 3.06 (d, J = 11.2 Hz, 1H), 3.13 (dd, J = 6.4, 8.0 Hz,
1H), 3.26 (s, 1H), 3.77 (s, 3H), 6.78 (d, J = 7.2 Hz, 1H), 6.92 (dd, J = 7.2, 7.2 Hz, 1H),
7.12 (dd, J = 7.2, 7.2 Hz, 1H), 7.30 (d, J = 7.2 Hz, 1H); 13C NMR (150 MHz, CDCls) &
22.4, 25.1, 25.9, 29.7, 31.1, 45.3, 49.8, 51.1, 51.5, 53.9, 56.2, 68.0, 91.4, 109.4, 120.7,
121.1, 127.2, 138.2, 142.4, 168.3, 212.2; IR (neat): 3400, 2378, 2375, 2230, 2132, 2085,
1956, 826 cm-1; HRMS (ESI): m/z caled for C21H25N203 [M + HJ]+: 353.1865, found
353.1868; [a]p29 — 431.4 (c0.13, EtOH, 94% ee). (Lit.: natural isolate: [a]p20 — 504 £ 5 (¢
0.5 EtOH),872 MacMillan’s synthetic (-)-Minovincine: [a]p23 — 418.3 (¢ 0.49, EtOH).92
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Four molecules of 233 are packed in a cell.

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group

Z value

Dcalc

Fo000

w(CuKo)

Diffractometer

Radiation

Voltage, Current

Temperature

Detector Aperture

Data Images

w oscillation Range (c=54.0, f=0.0)
Exposure Rate

w oscillation Range (c=54.0, f=90.0)

C124H120N8016S12
2363.08

colorless, block
0.300 X 0.050 X 0.050 mm
triclinic

Primitive

a= 8.8195(7) A
b= 16.526(2) A

c= 20.684(2) A

a= 88.992(4) o

B= 89.512(4) o

y= 82.169(4) o

V =2986.1(5) A3

P1 (#1)

7

9.198 g/cm3

8680.00

180.744 cm-1
R-AXIS RAPID
CuKa (A = 1.54187 A)
40kV, 30mA

-180.0 °C

460 x 256 mm

30 exposures

80.0 - 260.00

2.0 sec./o

80.0 - 260.00
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Exposure Rate

w oscillation Range (c=54.0, f=180.0)

Exposure Rate

w oscillation Range (c=54.0, f=270.0)

Exposure Rate

w oscillation Range (¢=0.0, f=0.0)
Exposure Rate

Detector Position

Pixel Size

2gmax

No. of Reflections Measured

Corrections

Structure Solution
Refinement
Function Minimized

Least Squares Weights

2qmax cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (I>2.00s(D))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)

Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 6973)

Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

2.0 sec./o

80.0 - 260.00

2.0 sec./o

80.0 - 260.00

2.0 sec./o

80.0 - 260.00

2.0 sec./o

127.40 mm

0.100 mm

136.50

Total: 32283

Unique: 17669 (Rint = 0.0860)
Friedel pairs: 6973
Lorentz-polarization
Absorption

(trans. factors: 0.340 - 0.405)
Charge Flipping (Superflip)
Full-matrix least-squares on F2
S w (Fo2 - Fc2)2

w = 1/ [ s2(Fo2) + (0.2000 . P)2
+0.0000. P]

where P = (Max(Fo02,0) + 2Fc2)/3
136.50

All non-hydrogen atoms
17669

1442

12.25

0.2002

0.3456

0.4897

1.254

0.02(5)

0.000

2.07 e-/A3

-0.93 e-/A3
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oIS 0 RKBRIE

[1] [4+2]BALA IR~ DR A
Substrate 297,182 305a,183 305b,184 305¢186 were prepared according to the reported

procedure.

General procedures for photoredox reaction
A test tube was charged with the substrate (0.1 mmol), Ru(bpy)s(PFe)2 (4.3 mg, 5 mol %,
0.005 mmol) and LiBF4 (18.8 mg, 2 eq., 0.2 mmol). It was evacuated and backfilled with

argon. Then, dried MeCN (1 mL) was added via syringe, and the solution was degassed

using three freeze-pump-thaw cycles and stirred at room temperature. Methyl vinyl
ketone (41 pL, 5 eq., 0.5 mmol) and PrsNEt (52 uL, 3 eq., 0.3 mmol) were added
successively and the mixture was stiired for 24 h under irradiation (at approximately 4
cm away from the light source) with 4 x 5W blue LEDs (Amax = 450 nm) with a cooling
fan to keep room temperature. The mixture was diluted with water (1 mL) and filtered
through Celite and a short pad of silica gel. The column was washed with AcOEt. After
the combined organic solutions were concentrated under reduced pressure, the residue
was purified by flash chromatography to afford the product.
N-(2-benzamidophenyl) - N-(3-oxobutylDbenzamide (299)

Bz o The title compound was isolated by flash chromatography (Si0s,
@NH hexane/AcOEt = 3/1 to 2/1, and then to 1/1) in 12% (2.9 mg) as an oil. 1H

B2 NMR (600 MHz, CDCls, 55 °C) & 2.10 (s, 3H), 2.63 (br, 1H), 2.99 (br, 1H),

®° 4,06 (br, 1H), 4.17 (br, 1H), 7.10-7.20 (br, 5H), 7.27-7.31 (br, 3H), 7.51 (dd,
J=17.8,8.4Hz, 1H), 7.57 (dd, J= 7.2, 7.2 Hz, 1H), 7.91 (d, J= 7.8 Hz, 2H), 8.16 (d, J =
7.8 Hz, 1H), 8.44 (br, 1H); 13C NMR (150 MHz, CDCl3) § 14.2, 30.1, 40.8, 124.0, 125.1,
125.2, 127.3, 127.9, 128.7, 128.8, 130.5, 131.2, 132.1, 133.0, 134.6, 134.7, 136.0, 165.5,
165.8, 208.1; IR (neat): 3308, 2924, 2311, 1627, 1540 cm~-1; HRMS (ESD): m/z caled for
C24H23N203 [M + H]+: 387.1709, found 387.1716.
1-(1-cyclohexyl-4-hydroxy-4-methylpiperidin-3-yl)ethan-1-one (308, major)

ve Sm(OTf)s was used as Lewis acid instead of LiBF4. The title compound

b 1" was isolated by flash chromatography (SiOs2, hexane/AcOEt = 3/1 to 2/1

O O then 1/1) in 70% (18.4 mg) as a solid. 1H NMR (600 MHz, CDCls) & 1.20

0samaen (s, 3H), 1.24 (td, J = 7.8, 10.8 Hz, 4H), 1.52 (ddd, J = 4.8, 13.2, 13.2 Hz,
1H), 1.64 (ddd, J= 2.4, 2.4, 13.2 Hz, 1H), 1.80-1.85 (m, 5H), 2.42 (s, 3H), 2.34-2.36 (m,
1H), 2.63 (dd, J = 10.8, 10.8 Hz, 1H), 2.65—2.68 (m, 2H), 2.77 (dd, J= 3.0, 10.8 Hz, 1H),
2.80 (dd, J= 3.0, 10.8 Hz, 1H), 3.96 (br, 1H); 13C NMR (150 MHz, CDCls) § 26.0, 26.1,
26.3, 28.6, 28.7, 29.3, 31.5, 38.5, 44.4, 47.7, 57.4, 63.9, 68.7, 214.3; IR (neat): 2928,
2853, 2371, 2307, 1713, 1492, 1348, 1266 cm-1; HRMS (ESI): m/z calcd for C14H25N102

[M + H]+: 239.1885, found 239.1878.
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1-(1-cyclohexyl-4-hydroxy-4-methylpiperidin-3-yl)ethan-1-one (808, minor)

ve Sm(OTf)s was used as Lewis acid instead of LiBF4. The title compound
w was isolated by flash chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1,
O O and then to 1/1) in 35% (7.5 mg) as a solid. 'H NMR (600 MHz, CDCls)
R 5118 (s, 3H), 1.21-1.25 (m, 4H), 1.64 (d, /= 12.0 Hz, 1H), 1.73 (dd, J=
3.6,12.0 Hz, 1H), 1.79-1.85 (m, 5H), 2.24 (s, 3H), 2.32-2.34 (m, 2H), 2.48 (dd, J= 12.0,
12.0 Hz, 1H), 2.76 (dd, J= 3.6, 10.8 Hz, 1H), 2.80 (dd, &= 3.6, 12.0 Hz, 1H), 2.94 (dd, J
= 3.6, 12.0 Hz, 1H); 13C NMR (150 MHz, CDCls) 5 25.9, 26.0, 26.3, 28.6, 29.1, 29.7, 31.6,
41.2, 46.2, 48.2, 59.4, 63.5, 71.2, 211.4; IR (neat): 3651, 2920, 2857, 2360, 2315, 1713,
1701, 1499, 1360, 1033 cm-1; HRMS (ESI): m/z caled for C14H25N102 [M + H]+: 239.1885,
found 239.1888.
1-(-1-benzyl-4-hydroxy-4-methylpiperidin-3-yDethan-1-one (308b)

ve The title compound was isolated by flash chromatography
QVQO(H (CHROMATOREX-DIOL, hexane/AcOEt = 4/1 to 3/1, and then to 2/1) in

O 87% (21.6 mg) as a solid. 'H NMR (600 MHz, CDCls) § 1.21 (s, 3H), 1.54

(ddd, J= 4.8, 11.4, 12.0 Hz, 1H), 1.65 (d, J= 12.0 Hz, 1H), 2.17 (s, 3H),

2.42 (dd, J=10.8, 11.4 Hz, 1H), 2.48 (dd, J=11.4, 11.4 Hz, 1H), 2.60 (d, /= 8.4 Hz, 1H),
2.75(d, J=11.4 Hz, 1H), 2.82 (d, J=10.8 Hz, 1H), 3.52 (d, J=13.2 Hz, 1H), 3.55 (d, J=
13.2 Hz, 1H), 3.95 (br, 1H), 7.26-7.33 (m, 5H); 13C NMR (150 MHz, CDCls) § 28.5, 31.4,
38.0, 49.1, 51.3, 56.9, 62.8, 68.5, 127.2, 128.3, 129.1, 138.2, 214.0; IR (neat): 2928, 2311,
1698, 1502, 1499, 742, 690 cm-1; HRMS (ESI): m/z caled for Ci15H22N102 [M + H]*:
248.1651, found 248.1644.
1-(4-hydroxy-4-methyl-1-phenylpiperidin-3-ylethan-1-one (308c)

308b

ve The title compound was isolated by two times of flash chromatography

N "o (First: SiOs, hexane/AcOEt = 4/1 to 3/1, and then to 1/1, Second:
©/ 0  CHROMATOREX-NH, hexane/AcOEt = 4/1 to 3/1) in 52% (12.1 mg) as a

¢ solid. 1H NMR (600 MHz, CDCls) & 1.24 (s, 3H), 1.63 (dd, J= 12.6, 12.6
Hz, 1H), 1.67 (ddd, J = 3.0, 3.0, 12.6 Hz, 1H), 2.31 (s, 3H), 2.92 (dd, J = 3.6, 12.0 Hz,
1H), 3.21 (dd, J=12.0, 12.0 Hz, 1H), 3.29 (ddd, J= 3.0, 12.6, 12.6 Hz, 1H), 3.48 (dd, J=
3.0, 12.6 Hz, 1H), 4.03 (br, 1H), 6.84 (t, J = 8.4 Hz, 1H), 6.96 (d, J = 8.4 Hz, 2H), 7.28
(dd, J=8.4, 8.4 Hz, 2H); 13C NMR (150 MHz, CDCls) § 28.8, 31.7, 37.0, 45.6, 47.7, 55.8,
68.8, 116.5, 120.0, 129.3, 150.3, 213.7; IR (neat): 2912, 2311, 1499, 1348, 1254 cm-1;
HRMS (ESI): m/z caled for C14H19N102 [M + H]+: 233.1416, found 233.1411.
4.4'-(phenylazanediyDbis(butan-2-one) (309)

0o CH:Cl: was used as solvent instead of MeCN. The title compound was

( isolated by two times of flash chromatography (First: SiO2, hexane/AcOEt
(J 7Y =410 3/1, Second: CHROMATOREX-DIOL, hexane/AcOEt = 4/1 to 3/1)
309 in 26% (6.0 mg) as a solid. '!H NMR (600 MHz, CDCls) § 2.16 (s, 6H), 2.72
(t, J=17.2 Hz, 4H), 3.59 (t, J = 7.2 Hz, 4H), 6.66 (d, J= 7.8 Hz, 2H), 6.72 (t, J = 7.8 Hz,

1H), 7.23 (dd, J= 7.8, 7.8 Hz, 2H); 13C NMR (150 MHz, CDCls) & 30.6, 41.1, 45.7, 112.7,
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116.9, 129.5, 147.0, 207.8; IR (neat): 1774, 1684, 1592, 1321, 1162, 1089 cm-!; HRMS
(ESI): m/z caled for C14H20N102 [M + H]+: 234.1494, found 234.1502.

[2] 7UVNEEBBTZIDALITIOHNLDFT VT 4 IO R R

allyl p-tolylcarbamate (S13)

\@\ )ol\ Allyl chloroformate (1.2 mL, 11 mmol, 1.1 eq.) was added to a mixture
N o™ of p-toluidine (1.07 g, 10 mmol) and K2COs (1.66 g, 12 mmol, 1.2 eq.)
s13 in THF (20 mL) at 0 °C. After being stirred for 12 h at rt, the reaction
was quenched by ag. NH4Cl. The aqueous layer was extracted three times with CH2Clo.
The combined organic layers were dried over Na2SQy, filtered through a plug of cotton
and concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel (SiO2, hexane/AcOEt = 20/1 to 10/1) to give S13 (1.91 g,
quant.) as a solid. 'H NMR (600 MHz, CDCls) § 2.31 (s, 3H), 4.66 (d, J = 6.0 Hz, 2H),
5.26 (dd, /= 1.2, 10.2 Hz, 1H), 5.36 (dd, J= 1.2, 17.4 Hz, 1H), 5.97 (ddt, = 6.0, 10.2,
17.4 Hz, 1H), 6.57 (br, 1H), 7.10 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H). The
spectral data correspond to previously reported data.186
allyl pent-4-enoyl(p-tolylcarbamate (334)
\@\ )Ol\ LHMDS (2.4 mL, 2.4 mmol, 1.2 eq., 1 M in THF) was added to a
N0 golution of S13 (382 mg, 2 mmol) in THF (10 mL) at —78 °C. After the

mixture was stirred for 30 min at same temperature, 4-pentenoyl

334 chloride (331 pL, 3 mmol, 1.5 eq.) was added. Then, the mixture was

warmed up to rt and stirred for 13 h. The reaction was quenched by sat. aq. NH4Cl. The
aqueous layer was extracted twice with AcOEt The combined organic layers were dried
over Na2SO0y4, filtered through a plug of cotton and concentrated under reduced
pressure. The crude product was purified by flash chromatography on silica gel (SiOs,
hexane/AcOEt = 30/1 to 15/1) to give 334 (546 mg, quant.) as a yellow oil. 'H NMR (600
MHz, CDCls) § 2.38 (s, 3H), 2.43 (dt, J= 7.2, 7.2 Hz, 2H), 3.05 (t, J= 7.2 Hz, 2H), 4.61
(dt, J= 1.2, 4.8 Hz, 1H), 5.00 (dd, J= 1.2, 10.2 Hz, 1H), 5.08 (dd, J= 1.2, 16.8 Hz, 1H),
5.09 (dd, J= 1.2, 16.8 Hz, 1H), 5.14 (d, J = 1.2, 12.0 Hz, 1H), 5.80 (ddd, J= 7.2, 12.0,
16.8 Hz, 1H), 5.86 (ddd, J= 4.8, 10.2, 16.8 Hz, 1H), 6.98 (d, /= 8.4 Hz, 2H), 7.21 (d, J=
8.4 Hz, 2H); 13C NMR (150 MHz, CDCls) § 21.2, 28.9, 37.3, 67.0, 115.4, 118.0, 127.9,
129.8, 131.2, 135.4, 137.1, 138.1, 153.8, 175.1; IR (neat): 2917, 2307, 1739, 1510, 1371,
1242, 1082 cm-1; HRMS (ESI): m/z caled for C16H19N1Na10s [M + Nal+: 296.1263, found
296.1254.
allyl (5-methylhex-4-enoyl)(p-tolyDcarbamate (338)
\©\ )0]\ o Oxalyl chloride (0.21 mL, 2.4 mmol, 1.2 eq.) and DMF (one drop) were

oj\/o)\ added to a solution of 5-methylhex-4-enoic acid (282 mg, 2.2 mmol,

|

1.1 eq.)'®7 in THF (3 mL) at 0 °C. After being stirred for 1.5 h at rt,
338
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the mixture was transferred to another flask which contained S13 (382 mg, 2 mmol),
LHMDS (2.2 mL, 2.2 mmol, 1.1 eq., 1 M in THF) and THF (7 mL) at 0 °C. Then, the
mixture was stirred for 12 h at rt, and quenched by sat. aq. NH4Cl. The aqueous layer
was extracted twice with AcOEt The combined organic layers were dried over NazSOu,
filtered through a plug of cotton and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica gel (SiO2, hexane/AcOEt = 30/1
to 15/1) to give 338 (157 mg, 24%) as a yellow oil. 1H NMR (600 MHz, CDCls) § 1.62 (s,
3H), 1.68 (s, 3H), 2.34-2.38 (m, 2H), 2.38 (s, 3H), 2.96 (t, J = 7.2 Hz, 2H), 4.61 (dd, J =
1.8, 6.0 Hz, 2H), 5.09-5.16 (m, 2H), 5.80 (ddd, J= 6.0, 12.0, 16.8 Hz, 1H), 6.99 (d, J =
7.8 Hz, 2H), 7.22 (d, J= 7.8 Hz, 2H); 13C NMR (150 MHz, CDCls) 5 17.7, 21.2, 23.6, 25.7,
38.2, 67.0, 118.1, 122.8, 128.0, 129.5, 129.8, 131.4, 132.8, 135.6, 138.0, 153.8, 175.5; IR
(neat) 2970, 2925, 2315, 1743, 1078, 931, 818, 761 cm-1; HRMS (ESI): m/z calcd for
C18H23N1Na10s3 [M + Nal+: 324.1576, found 324.1567.

(£)-6-phenyl-N-(p-tolyDhex-5-enamide (346)
\©\ (E)-6-phenylhex-5-enoic acid was prepared according to the
NH

reported procedure.!87 Oxalyl chloride (1.2 mL, 9.38 mmol, 1.2

O//I\/\/\/Ph eq.) and 3 drops of DMF were added successively to a solution of
(E)-6-phenylhex-5-enoic acid (1.49 g, 7.82 mmol) in CH2Cl2 (30
mL) at 0 °C. After being stirred for 2 h at rt, the mixture was cooled down to —78 °C.
Pyridine (1.3 mL, 15.6 mmol, 2 eq.) and p-toluidine (1.68 g, 15.6 mmol, 2 eq.) were
added successively to the mixture, and then the resulting mixture was stirred for 7 h
at 40 °C. The reaction was quenched by 1 VHCI. The aqueous layer was extracted twice
with CH:2Clz2. The combined organic layers were dried over Na2SOQOy, filtered through a
plug of cotton and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel (SiOz, hexane/AcOEt = 5/1 to 3/1) to give
346 (1.30 g, 59%) as an orange solid. 'H NMR (600 MHz, CDCls) & 1.92 (tt, J = 6.6, 6.6
Hz, 2H), 2.30-2.33 (m, 2H), 2.31 (s, 3H), 2.38 (dt, J= 6.6, 6.6 Hz, 2H), 6.20 (td, J/ = 6.6,
16.2 Hz, 1H), 6.41 (d, J=16.2 Hz, 1H), 7.11 (d, J= 7.8 Hz, 2H), 7.20 (t, J= 7.2 Hz, 1H),
7.29 (dd, J=17.2, 7.8 Hz, 2H), 7.34 (d, J= 7.8 Hz, 2H), 7.38 (d, J= 7.8 Hz, 2H); 13C NMR
(150 MHz, CDCls) § 20.8, 25.0, 32.3, 36.8, 119.8, 126.0, 127.0, 128.5, 129.5, 129.6, 130.9,
133.8, 135.3, 137.4, 170.1; IR (neat): 3242, 3024, 2938, 1705, 1653, 1599, 1510, 1404,
1245, 968, 843, 818 cm-'; HRMS (ESD: m/z caled for CisH19N:1Na:1Os [M + Nal+
296.1263, found 296.1254.
allyl (B)-(6-phenylhex-5-enoyl)(p-tolyl)carbamate (844)

o LHMDS (1.2 mL, 1.5 mmol, 1.5 eq. 1 M in THF) was added to a
T

)

~F solution of 846 (279 mg, 1 mmol) at —78 °C and the resulting

AP
344 mixture was stirred for 15 min at same temperature. Allyl
chloroformate (0.16 mL, 1.5 mmol, 1.5 eq.) was added to the

mixture at —78 °C, and then the resulting mixture was warmed up to rt to stir for 14 h.
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The reaction was quenched by sat. aq. NH4CIl. The aqueous layer was extracted twice
with AcOEt. The combined organic layers were dried over Na2S0Q4, filtered through a
plug of cotton and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel (SiO2, hexane/AcOEt = 15/1 to 10/1) to
give 344 (268 mg, 73%) as a yellow oil. 1H NMR (400 MHz, CDCls) § 1.88 (tt, J= 7.2, 7.2
Hz, 2H), 2.30 (dt, J= 7.2, 7.2 Hz, 2H), 2.37 (s, 3H), 2.99 (t, J= 7.2 Hz, 2H), 4.59 (ddd, J
=1.6, 1.6, 4.8 Hz, 1H), 5.08 (dd, /= 1.6, 17.2 Hz, 1H), 5.13 (dd, J = 1.6, 10.8 Hz, 1H),
5.79 (ddd, J=4.8, 10.8, 17.2 Hz, 1H), 6.20 (td, J= 7.2, 16.0 Hz, 1H), 6.40 (d, J= 16.0 Hz,
1H), 6.97 (d, J= 8.0 Hz, 2H), 7.20 (d, J= 8.0 Hz, 2H), 7.21 (d, J= 7.2 Hz, 1H), 7.30 (d,
= 7.2 Hz, 2H), 7.33 (dd, J = 7.2, 7,2 Hz, 2H); 13C NMR (150 MHz, CDCls) § 21.2, 24.5,
32.3, 37.3, 67.0, 118.0, 126.0, 126.9, 128.0, 128.5, 129.8, 130.0, 130.6, 131.3, 135.5,
137.7, 138.0, 153.8, 175.6; IR (neat): 3023, 2934, 1741, 1512, 1448, 1373, 1250, 1082,
966 cm-1; HRMS (ESI): m/z caled for Ci6H19Ni1Nai1Os [M + Nal+: 296.1263, found
296.1254.

allyl vinylcarbamate (S14)

A solution of NaN3 (390 mg, 6 mmol, 1.2 eq.) in H20 (2 mL + 1.5 mL to
rinse) was added dropwise to a solution of acryloyl chloride (0.4 mL) in
PhMe (1.5 mL) at 0 °C. After stirring the reaction for 12 h at 0 °C, the

organic layer was separated and washed with 10% aq. Na2CO3s and brine. The organic

0]
\/\OJL”/\

S14

solution was dried over MgSO4, and then added by hydroquinone (37 mg, 0.28 mmol,
5.5 mol %), pyridine (242 pL, 2.5 mmol, 0.5 eq.) and allyl alcohol (0.65 mL, 8 mmol, 1.6
eq.) at 100 °C. The mixture was stirred for 1 h at 110 °C, filtrated and concenrtaed. The
crude product was purified by flash chromatography on silica gel (SiO2, hexane/AcOE¢t
= 10/1 to 5/1) to give S14 (309 mg, 49%) as a yellow oil. 'H NMR (400 MHz, CDCls) §
4.30 (d, J= 8.8 Hz, 1H), 4.49 (d, J= 15.6 Hz, 1H), 4.62 (d, J= 6.0 Hz, 2H), 5.24 (d, J =
14.4 Hz, 1H), 5.34 (d, J= 17.2 Hz, 1H), 5.92 (tdd, J = 6.0, 14.4, 17.2 Hz, 1H), 6.40 (br,
1H), 6.70 (ddd, J= 8.8, 8.8, 15.6 Hz, 1H); 13C NMR (150 MHz, CDCl3) § 66.0, 93.4, 118.2,
129.9, 132.3, 153.6; IR (neat): 3313, 2945, 1695, 1542, 1514, 1391, 1243, 1083 cm-1;
HRMS (ESD: m/z caled for C12H1sN2Na104 [2M + Nal+: 277.1164, found 277.1173.
allyl cinnamoyl(vinylcarbamate (354)

o — LHMDS (2.4mL, 2.4 mmol, 1.2 eq. 1 M in THF) was added to a
=/_O>_Z>_\\_Ph solution of S14 (254 mg, 2 mmol) at —78 °C and the resulting mixture

was stirred for 15 min at same temperature. Cinnamoyl chloride (500

* mg, 3 mmol, 1.5 eq.) was added to the mixture at —78 °C, and then the
resulting mixture was warmed up to 0 °C to stir for 23 h. The reaction was quenched by
sat. aq. NH4Cl. The aqueous layer was extracted twice with AcOEt. The combined
organic layers were dried over Na2SO.4, filtered through a plug of cotton and
concentrated under reduced pressure. The crude product was purified by flash

chromatography on silica gel (SiO2, hexane/AcOEt = 20/1 to 15/1) to give 354 (384 mg,
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75%) as a yellow oil. 1H NMR (600 MHz, CDCls) § 4.77 (d, J= 6.0 Hz, 1H), 5.09 (d, J=
9.0 Hz, 1H), 5.22 (d, J=9.0 Hz, 1H), 5.31 (dd, J= 1.2, 9.6 Hz, 1H), 5.40 (d, J= 1.2, 16.8
Hz, 1H), 5.97 (ddt, = 6.0, 9.0, 9.0 Hz, 1H), 6.68 (dd, J = 9.6, 16.8 Hz, 1H), 7.14 (d, J=
15.6 Hz, 2H), 7.38-7.40 (m, 2H), 7.55-7.56 (m, 2H), 7.77 (d, /= 15.6 Hz, 2H); 13C NMR
(150 MHz, CDCls) & 67.7, 108.7, 119.5, 120.5, 128.3, 128.9, 130.2, 130.4, 131.1, 134.5,
144.9, 153.2, 167.6; IR (neat): 3030, 2319, 1739, 1690, 1623, 1272, 1254, 1153, 1085,
975, 758 cm-1; HRMS (ESI): m/z caled for Ci5sH16N10s [M + HIJ+: 258.1130, found
258.1128.

General procedures for photoredox reaction
A test tube was charged with Pd(PPhs)s (2.5 mol %, 0.0025 mmol) and
Ir[dF(CF3)ppylz(dtbpy)PFs (1.1 mg, 1 mol %, 0.001 mmol). It was evacuated and
backfilled with argon. The reaction vessel was cooled to 0 °C and a solution of substrate
(0.1 mmol) in dried and degassed CH2Clz (0.5 mL + 0.3 mL + 0.2 mL to rinse) was

added. The mixture was warmed up to room temperature, and stirred for 24 h under

irradiation (at approximately 4 cm away from the light source) with 4 x 5W blue LEDs
(Amax = 450 nm) with a cooling fan to keet room temperature. The mixture was diluted
with water (1 mL) and filtered through Celite and a short pad of silica gel. The column
was washed with AcOEt. After the combined organic solutions were concentrated
under reduced pressure, the residue was purified by flash chromatography to afford
the product.
N-(p-tolyl)pent-4-enamide (336)
The crude mixture was purified by flash chromatography (SiOq,
oji/\? hexane/AcOEt = 5/1 to 3/1, and then to 1/1) to give 336 (3.8 mg, 20%) as
336 an oil and 3837 (2.3 mg, 12%) as a foam. 'H NMR (600 MHz, CDCls) &
2.31 (s, 3H), 2.43-2.46 (m, 2H), 2.48 (t, J= 6.6 Hz, 2H), 5.06 (d, J= 10.2 Hz, 1H), 5.13
(d, J=17.4 Hz, 1H), 5.88 (tdd, J= 6.6, 10.2, 17.4 Hz, 1H), 7.12 (d, J= 8.4 Hz, 2H), 7.38
(d, J=8.4 Hz, 2H). The spectral data correspond to previously reported data.188
5-methyl-1-(p-tolyDpyrrolidin-2-one (337)
e 1H NMR (600 MHz, CDCls) § 1.19 (d, J = 6.0 Hz, 3H), 1.71-1.77 (m, 1H),
Mo 2.34 (s, 3H), 2.36-2.38 (m, 1H), 2.53 (ddd, J = 7.2, 8.4, 16.2 Hz, 1H), 2.62
387 (ddd, J = 6.0, 8.4, 16.2 Hz, 1H), 4.22-4.27 (m, 1H), 7.20 (d, J = 8.4 Hz, 2H),
7.22 (d, J= 8.4 Hz, 2H). The spectral data correspond to previously reported data.189

allyl (5-methyl-4-oxohex-5-enoyvD)(p-tolyDcarbamate (340)

Ir[dF(CF3)ppyl2(dtbpy)PFs. The crude mixture was purified by flash
éj\/j\ chromatography (SiOz, hexane/AcOEt = 7/1 to 5/1, and then to 3/1) to
340 give 340 (3 mg, 10%) as an oil and 341 (5.7 mg, 25%) as an oil. 'H

NMR (600 MHz, CDCls) § 1.65 (s, 3H), 1.86 (s, 3H), 3.08 (t, J=5.4 Hz, 2H), 3.24 (t, J =
154
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5.4 Hz, 2H), 4.62 (d, J= 4.8 Hz, 2H), 5.12 (d, J=17.4 Hz, 1H), 5.14 (d, J= 8.4 Hz, 1H),
5.76 (s, 1H), 5.81 (ddd, J= 4.8, 8.4, 17.4 Hz, 1H), 6.01 (s, 1H), 7.04 (d, /= 8.4 Hz, 2H),
7.21 (d, J= 8.4 Hz, 2H); 13C NMR (150 MHz, CDCls) § 17.8, 20.9, 32.3, 37.7, 67.1, 119.8,
122.6, 128.0, 129.5, 129.8, 133.8, 144.2, 170.8, 175.1, 200.1; IR (neat): 2923, 1674, 1596,
1512, 1303, 1154, 1023 cm-1; HRMS (ESI): m/z calcd for CisH2:1N1Nai104 [M + Nal+:
338.1368, found 338.1379.
5-methyl-4-oxo-N-(p-tolyl)hex-5-enamide (341)
\@ 1H NMR (600 MHz, CDCls) § 1.89 (s, 3H), 2.30 (s, 3H), 2.66 (t, J= 6.6 Hz,
"o 2H), 3.17 (t, J= 6.6 Hz, 2H), 5.82 (s, 1H), 6.07 (s, 1H), 7.11 (d, /= 7.8 Hz,
OJ\/X 2H), 7.38 (d, J= 7.8 Hz, 2H), 7.51 (br, 1H); 13C NMR (150 MHz, CDCls) &
17.6, 20.8, 31.5, 33.1, 119.8, 125.5, 129.4, 133.8, 135.4, 144.0, 170.3,
200.8; IR (neat): 3281, 2924, 1678, 1597, 1328, 1150, 1087 cm-1; HRMS (ESI): m/z calcd
for C14H17N1Na102 [M + Nal+: 254.1157, found 254.1151.

5-methyl- N-(p-tolyDhex-4-enamide (342)

The crude mixture was purified by flash chromatography (SiOg,

\©\NH hexane/AcOEt = 5/1 to 3/1, and then to 1/1) to give 342 (0.7 mg, 20%) as
° | anoil and 843 (3 mg, 28%) as a foam. 'H NMR (600 MHz, CDCl3) § 1.66

342 (s, 3H), 1.72 (s, 3H), 2.31 (s, 3H), 2.38 (dt, /= 6.0, 6.0 Hz, 2H), 2.41 (t, J

= 6.0 Hz, 2H), 5.18 (t, J= 6.0 Hz, 1H), 7.12 (d, J= 8.4 Hz, 2H), 7.37 (d, J/= 8.4 Hz, 2H).
The spectral data correspond to previously reported data.133b
5-(prop-1-en-2-y1)-1-(p-tolyl)pyrrolidin-2-one (343)

F  'H NMR (600 MHz, CDCl3) § 1.65 (s, 3H), 1.89-1.96 (m, 1H), 2.31 (s, 3H),

2.31-2.37 (m, 1H), 2.54 (ddd, J = 6.6, 9.6, 16.8 Hz, 1H), 2.65 (ddd, J = 7.8,

343 9.6, 16.8 Hz, 1H), 4.65 (dd, J = 4.8, 7.8 Hz, 1H), 4.87 (s, 1H), 4.91 (s, 1H),
7.14 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H); 13C NMR (150 MHz, CDCls) § 29.4,
32.1, 34.6, 40.4, 67.6, 106.3, 113.2, 118.8, 123.2, 123.8, 130.1, 155.0; IR (neat): 2920,
1677, 1514, 1387, 1289, 1223, 902, 822 cm-1; HRMS (ESI): m/z caled for C14H17N1Na10:
[M + Nal+: 238.1208, found 238.1209.

5-(prop-1-en-2-yl)-1-(p-tolyDpyrrolidin-2-one (356)

o Ru(bpy)s(PF¢)2 was used as a photoredox catalyst instead of
=/—o>_2/l>-|—\> Ir[dF(CF3)ppyl2(dtbpy)PFs. The crude mixture was purified by flash
p{ chromatography (SiO2, hexane/AcOEt = 20/1 to 10/1, and then to 7/1) to

give 356 (3.9 mg, 15%) as an oil and 357 (3.4 mg, 20%) as an oil. 'H NMR
(600 MHz, CDCls) § 4.68 (d, J = 4.8 Hz, 2H), 5.05 (d, J= 9.0 Hz, 1H), 5.25 (d, J = 16.2
Hz, 1H), 5.28 (d, J=10.2 Hz, 1H), 5.35 (d, /= 16.2 Hz, 1H), 5.90 (ddt, J= 4.8, 10.2, 16.2
Hz, 1H), 6.30 (d, /= 12.6 Hz, 1H), 6.56 (dd, J= 8.4, 16.2 Hz, 1H), 6.83 (d, J= 12.6 Hz,
1H), 7.30-7.34 (m, 3H), 7.42 (d, /= 7.2 Hz, 1H); 13NMR (150 MHz, CDCls) § 67.9, 108.8,

119.5, 123.7, 128.3, 128.9, 129.0, 129.5, 130.9, 134.8, 138.5, 153.1, 167.9; IR (neat):
155
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3021, 2311, 1731, 1675, 1629, 1262, 1197, 1145, 1082, 961, 754 cm-1; HRMS (ESI): m/z
caled for C15H16N103 [M + H]+: 258.1130, found 258.1123.

N-vinylcinnamamide (357)

Wan 'H NMR (600 MHz, CDCls) 5 4.49 (d, J= 7.8 Hz, 1H), 4.70 (d, J = 15.6 Hz,
o>/'_\\_Ph 1H), 6.40 (d, J=16.2 Hz, 1H), 7.15 (dd, J= 7.8, 15.6 Hz, 1H), 7.38—7.39 (m,
357 3H), 7.51-7.53 (m, 2H), 7.72 (d, J = 16.2 Hz, 1H). The spectral data

correspond to previously reported data.190
allyl 2-oxo0-4-phenyl-3.4-dihydropyridine-1(2H)-carboxylate (358)

O>_N/>/i>7ph The crude mixture was purified by flash chromatography (SiOsg,
_/° 4 hexane/AcOEt = 20/1 to 15/1, and then to 10/1) to give 356 (1,9 mg,

358 46%) as an oil and 358 (2.7 mg, 12%) as an oil. 1H NMR (600 MHz,

CDCls) 8 2.44 (dd, J= 7.2, 8.4 Hz, 1H), 2.87 (ddd, J= 3.0, 3.0, 7.2 Hz, 1H), 3.21 (dd, J=
3.0, 8.4 Hz, 1H), 4.05 (d, J= 8.4 Hz, 1H), 4.79 (d, J= 5.4 Hz, 2H), 4.81 (dd, J= 3.0, 8.4
Hz, 1H), 5.31 (d, J=10.8 Hz, 1H), 5.45 (d, /= 16.8 Hz, 1H), 6.01 (tdd, J= 5.4, 10.8, 16.8
Hz, 1H), 7.27 (d, J= 7.2 Hz, 2H), 7.32 (t, J= 7.8 Hz, 1H), 7.40 (dd, J= 7.2, 7.8 Hz, 2H);
1BNMR (150 MHz, CDCls) & 29.7, 46.5, 64.4, 119.0, 127.4, 128.5, 128.6, 128.7, 128.8,
131.0, 131.6, 135.7, 150.9, 175.6; IR (neat): 3518, 3291, 2921, 1642, 1437, 1409, 1320,
1154, 1093 cm-1; HRMS (ESD: m/z caled for Ci5H16N10s [M + H]+: 258.1130, found
258.1129.

[8] 7/ 7 v BRI DBRF
Substrate 362,191 377,192 386,193 were prepared according to the reported procedure.

N-(4-phenylpent-4-en-1-y1)- N-((phenylsulfonyloxy)benzenesulfonamide (382)
QES/\)L BsNHOBs (1.07 g, 3.3 mmol, 1.1 eq.)'9* was added to a mixture of
Bs a2 Ph 4-phenylpent-4-en-1-o0l (487 mg, 3 mmol),’9> DEMED (913 mg, 3.9 mmol,
1.3 eq.) and PPhs (1.09 g, 3.9 mmol, 1.3 eq.) in THF (15 mL) at 0 °C.

Then, the mixture was warmed up to rt and stirred for 17 h. Water was added to the

mixture, and the aqueous layer was extracted twice with AcOEt. The combined organic
layers were dried over Na2S04, filtered through a plug of cotton and concentrated
under reduced pressure. The crude product was purified by flash chromatography on
silica gel (SiO2, hexane/AcOEt = 5/1 to 4/1) to give 382 (772 mg, 56%) as a yellow oil. 1H
NMR (400 MHz, CDCl3) § 1.80 (tt, J= 3.2, 3.2 Hz, 2H), 2.56 (t, J= 3.2 Hz, 2H), 3.17 (br,
2H), 5.06 (s, 1H), 5.30 (s, 1H), 7.28-7.38 (m, 5H), 7.50 (dd, J= 7.6, 8.0 Hz, 2H), 7.58 (dd,
J = 8.0, 8.0 Hz, 2H), 7.64-7.73 (m, 4H), 8.00 (d, J = 7.6 Hz, 2H); 13NMR (150 MHz,
CDCls) & 25.3, 32.3, 55.4, 113.3, 126.1, 127.5, 128.4, 129.0, 129.1, 129.6, 129.8, 132.6,
134.0, 134.5, 134.9, 140.7, 146.8; IR (neat): 3059, 2921, 2315, 1721, 1502, 1367, 1175,
1089, 901, 720, 675 cm-1; HRMS (ESI): m/z calcd for C23H23N1Nai105S2 [M + Nal+:
480.0915, found 480.0917
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N-(4-methylpent-4-en-1-y1)- N-((phenylsulfonyl)oxy)benzenesulfonamide (383)

o The reaction was carried out on 1.38 mmol scale of
N

Bs

Bs” \/\)LMe 4-methylpent-4-en-1-0119¢ following the above procedure. The title

e compound was isolated by flash column chromatography (SiOs,
hexane/AcOEt = 6/1 to 5/1) in 64% yield (348 mg) as a yellow oil. '"H NMR (400 MHz,
CDCls) 5 1.69 (s, 3H), 1.81 (tt, J= 7.2, 7.2 Hz, 2H), 2.04 (t, J= 7.2 Hz, 2H), 3.13 (br, 2H),
4.64 (s, 1H), 4.72 (s, 1H), 7.55 (dd, J = 7.2, 7.6 Hz, 2H), 7.61 (dd, J= 7.2, 7.6 Hz, 2H),
7.68 (t, J=17.2 Hz, 1H), 7.73 (t, J= 7.2 Hz, 1H), 7.74 (d, J= 7.6 Hz, 2H), 8.03 (d, J= 7.6
Hz, 2H); 13NMR (100 MHz, CDCls) § 22.2, 24.8, 34.7, 55.5, 110.8, 129.0, 129.1, 129.6,
129.7, 132.6, 134.0, 134.5, 134.9, 144.1; IR (neat): 3076, 2963, 1448, 1370, 1175 cm-1;

HRMS (ESI): m/z caled for C1sH21N1Na105S2 [M + Nal+: 418.0759, found 418.0749.

4-phenyl-N-(p-tolyDpent-4-enamide (387)

H N,N*-Diisopropylcarbodiimide (1.7 mL, 11 mmol, 1.1 eq.) was added to a
pTol” Ph

o mixture of 4-phenylpent-4-enoic acid (1.76 g, 10 mmol),195 p-toluidine
%82 (1.18 g, 11 mmol, 1.1 eq.) and DMAP (1.34 g, 11 mmol, 1.1 eq.) in CH2Cls

(50 mL) at 0 °C. Then, the mixture was warmed up to rt and stirred for 12 h. Water was

added to the mixture, and the aqueous layer was extracted twice with CH2Clz. The
combined organic layers were dried over Na2S0Qy, filtered through a plug of cotton and
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel (SiO2, hexane/AcOEt = 3/1) to give 387 (2.65 g, quant.) as
a solid. 'H NMR (400 MHz, CDCls) 5 2.30 (s, 3H), 2.45 (t, J= 7.2 Hz, 2H), 2.94 (t, J=
7.2 Hz, 2H), 5.14 (s, 1H), 5.32 (s, 1H), 7.09 (d, J= 9.2 Hz, 2H), 7.30-7.36 (m, 5H), 7.41
(d, J = 6.8 Hz, 2H); 13NMR (100 MHz, CDCls) & 20.8, 31.1, 36.3, 113.5, 119.9, 126.2,
127.7, 128.5, 129.4, 133.8, 135.2, 140.3, 146.9, 170.3; IR (neat): 3738, 1508, 1264 cm-1;
HRMS (ESI): m/z caled for C1sH20N101 [M + H]*: 266.1545, found 266.1553.
4-methyl-N-(4-phenylpent-4-en-1-yDaniline (398)

y LiAlH4 (248 mg, 6.54 mmol, 2 eq.) was added to a solution of 387 (867
pTol”N;;\)LPh mg, 3.27 mmol) in THF (20 mL) at 0 °C. After being stirred for 2 h at

50 °C, the reaction was quenched by sat. aq. NH4Cl, filtrated through

Celite, washed with CH2Clz and concentrated. The residue was disolved in CH2Clz and

brine, and then the aqueous layer was extracted three times with CH2Cl2. The
combined organic layers were dried over Na2SOy, filtered through a plug of cotton and
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel (SiO2, hexane/AcOEt = 15/1 to 8/1) to give 398 (720 mg,
quant.) as an oil. 'H NMR (600 MHz, CDCls) & 1.76 (tt, J= 7.2, 7.2 Hz, 2H), 2.23 (s, 3H),
2.62 (t, J= 7.2 Hz, 2H), 3.11 (t, J= 7.2 Hz, 2H), 3.46 (br, 1H), 5.09 (s, 1H), 5.30 (s, 1H),
6.50 (d, = 8.4 Hz, 2H), 6.90 (d, /= 8.4 Hz, 2H), 7.27 (t, J = 7.8 Hz, 1H), 7.34 (dd, J =
6.6, 7.8 Hz, 2H), 7.40 (d, J = 6.6 Hz, 2H); 13NMR (100 MHz, CDCls) § 20.3, 27.9, 32.8,

43.8,112.7, 112.9, 126.1, 126.4, 127.4, 128.3, 129.7, 140.9, 146.1, 147.8; IR (neat): 3402,
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2924, 1621, 1522, 1303, 1246, 899 cm-1; HRMS (ESI): m/z caled for C1sH22N1 [M + H]+:
252.1752, found 252.1750.
4-methyl-N-(4-phenylpent-4-en-1-yl)benzamide (389)

-Toluoyl chloride (227 uL, 1.72 mmol, 1 eq.) was added to a mixture
pTo|\n,H\/\)LPh P Y H d

I of 4-phenylpent-4-en-1-amine (278 mg, 1.72 mmol)!197 and NEt3 (286
389

mL, 2.06 mmol, 1.2 eq.) in CH2Cl2 (8.6 mL) at rt. After being stirred

for 2 h at rt, the reaction was quenched by sat. aq. NaHCOs. The aqueous layer was
extracted three times with CH2Clze. The combined organic layers were dried over
Na2S0yg4, filtered through a plug of cotton and concentrated under reduced pressure.
The crude product was purified by flash chromatography on silica gel (SiOs,
hexane/AcOEt = 5/1 to 4/1, and then to 3/1) to give 389 (216 mg, 47%) as a brown solid.
'H NMR (600 MHz, CDCls) § 1.78 (tt, J = 6.6, 6.6 Hz, 2H), 2.39 (s, 3H), 2.62 (t, J= 6.6
Hz, 2H), 3.47 (dt, J= 7.2, 7.2 Hz, 2H), 5.12 (s, 1H), 5.31 (s, 1H), 6.07 (br, 1H), 7.23 (d,
= 8.4 Hz, 2H), 7.27 (t, J= 7.2 Hz, 1H), 7.33 (dd, /= 7.2, 8.4 Hz, 2H), 7.40 (d, /= 8.4 Hz,
2H), 7.62 (d, J = 8.4 Hz, 2H); 13NMR (150 MHz, CDCl3s) § 20.4, 28.1, 32.8, 39.6, 113.0,
126.1, 126.8, 127.5, 128.4, 129.2, 131.8, 140.8, 141.7, 147.6, 167.4; IR (neat): 3308,
2932, 2319, 1631, 1543, 1308 cm-1; HRMS (ESI): m/z caled for Ci9H21N1Na:10: [M +
Nal+: 302.1521, found 302.1517.

2-(tert-butoxymethyl)-2-phenyl-1-tosylpyrrolidine (378)
Ph. ~om, A test tube was charged with 877 (31.5 mg, 0.1 mmol), Ru(bpy)s(PFe):
TS\N§ (0.86 mg, 1 mol %, 0.001 mmol) and Cs2COs (65.1 mg, 2 eq., 0.2 mmol). It
378 was evacuated and backfilled with argon. Then, dried MeCN (1 mL) was

added via syringe, and the solution was degassed using three freeze-pump-thaw cycles
and stirred at room temperature. Benzaldehyde (41 pL, 4 eq., 0.4 mmol) and TBHP (73
puL, 4 eq., 0.4 mmol, 5.5 M in decane) were added successively and the mixture was
stiired for 24 h under irradiation (at approximately 4 cm away from the light source)
with 4 X 5W blue LEDs (Amax = 450 nm) with a cooling fan to keep room temperature.
The mixture was diluted with water (1 mL) and filtered through Celite and a short pad
of silica gel. The column was washed with AcOEt. After the combined organic solutions
were concentrated under reduced pressure, the residue was purified by flash
chromatography (SiO2, hexane/AcOEt = 7/1 to 5/1, and then to 3/1) to afford 378 (3.3
mg, 8%) as an oil and 377 (4.1 mg, 13%) as a solid. 'H NMR (600 MHz, CDCls) & 1.24—
1.29 (m, 1H), 1.19 (s, 9H), 1.79 (ddd, J = 3.6, 9.6, 12.6 Hz, 1H), 1.89-1.98 (m, 2H), 2.44
(s, 3H), 2.83-2.87 (m, 1H), 3.17-3.20 (m, 1H), 3.36 (d, /= 11.4 Hz, 1H), 3.55 (d, J=11.4
Hz, 1H), 7.27 (t, J= 7.2 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.34 (dd, J= 7.2, 7.2 Hz, 2H),
7.52 (d, J=17.2 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H); 13NMR (150 MHz, CDCl3) § 21.2, 21.5,
26.6, 33.1, 46.1, 51.5, 79.4, 79.7, 126.7, 127.4, 127.7, 127.9, 129.6, 133.3, 142.0, 143.4;
IR (neat): 3277, 2821, 2853, 2371, 2315, 1698, 1337, 1160, 1092 cm-1; HRMS (ESI): m/z

caled for C22H29N1Na103S: [M + Nal+: 410.1766, found 410.1755.
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1-phenyl-2-(2-phenyl-1-tosylpyrrolidin-2-ylethan-1-one (379)
oh Ph A test tube was charged with 377 (31.5 mg, 0.1 mmol) and Ir(ppy)s (0.65
TS\Né\\g mg, 1 mol %, 0.001 mmol) and benzoic acid (18.3 mg, 1.5 eq., 0.15 mmol).
379 It was evacuated and backfilled with argon. Then, dried DMF (1 mL) was

added via syringe, and the solution was degassed using three freeze-pump-thaw cycles
and stirred at room temperature. 2,6-Lutidine (6 uL, 0.5 eq., 0.05 mmol) and diethyl
pyrocarbonate (44 puL, 3 eq., 0.3 mmol) were added successively and the mixture was
stiired for 24 h under irradiation (at approximately 4 cm away from the light source)
with 4 x 5W blue LEDs (Amax = 450 nm) with a cooling fan to keep room temperature.
The mixture was diluted with water (1 mL) and filtered through Celite and a short pad
of silica gel. The column was washed with AcOEt. After the combined organic solutions
were concentrated under reduced pressure, the residue was purified by flash
chromatography (SiOs2, hexane/AcOEt = 7/1 to 4/1, and then to 3/1) to afford 379 (0.4
mg, 1%) as an oil and 380 (8.7 mg, 21%) as a solid. *H NMR (600 MHz, CDCl3) & 1.97—
2.02 (m, 2H), 2.34 (s, 3H), 2.47 (ddd, J= 6.0, 6.0, 12.6 Hz, 1H), 2.72 (ddd, J = 8.4, 8.4,
12.6 Hz, 1H), 3.65 (dd, J= 8.4, 8.4 Hz, 1H), 3.77 (ddd, J= 8.4, 8.4, 8.4 Hz, 1H), 3.92 (d,
J=18.6 Hz, 1H), 4.62 (d, J=18.6 Hz, 1H), 7.00 (d, /= 7.8 Hz, 2H), 7.18 (d, /= 7.8 Hz,
2H), 7.20 (d, J= 4.8 Hz, 2H), 7.20 (t, J= 4.8 Hz, 1H), 7.28 (dd, J= 4.8, 4.8 Hz, 2H), 7.47
(dd, J=17.2, 7.8 Hz, 2H), 7.58 (t, J= 7.2 Hz, 1H), 7.96 (d, J = 7.8 Hz, 2H); 13NMR (150
MHz, CDCls) § 21.4, 23.3, 41.9, 46.5, 49.7, 70.4, 126.7, 126.8, 127.0, 127.9, 128.0, 128.6,
129.0, 133.2, 137.2, 137.5, 142.3, 143.7, 197.3; IR (neat): 3274, 2924, 2860, 2364, 2315,
1694, 1326, 1149, 1096, 1010, 705 cm-1; HRMS (ESI): m/z caled for C25H25N1Na103S:
[M + Nal+: 442.1453, found 442.1467
(E)-4-methyl- N-(6-0x0-4,6-diphenylhex-3-en-1-yl)benzenesulfonamide (380)
®  1H NMR (600 MHz, CDCls) § 2.23 (dt, J= 7.2, 7.2 Hz, 2H), 2.40 (s, 3H),

nwyf:hp" 2.94 (dt, J= 7.2, 7.2 Hz, 2H), 3.99 (s, 3H), 4.76 (t, J = 7.2 Hz, 1H),

380 5.39 (t, J= 7.2 Hz, 1H), 7.12 (d, J= 6.6 Hz, 2H), 7.22 (dd, J= 7.8, 7.8
Hz, 2H), 7.24-7.31 (m, 5H), 7.45 (dd, J= 7.2, 7.8 Hz, 2H), 7.67 (d, J= 8.4 Hz, 2H), 7.93
(d, 4 = 7.2 Hz, 2H); 13NMR (150 MHz, CDCls) § 21.5, 29.0, 42.7, 48.3, 127.1, 127.3,
128.0, 128.2, 128.4, 128.4, 128.7, 129.6, 133.3, 136.6, 138.0, 139.7, 143.1, 197.8; IR
(neat): 3271, 3055, 1682, 1444, 1320, 1154, 1093 cm-1; HRMS (ESD: m/z calcd for
C25H25N1Na10sS1 [M + Nal+: 442.1453, found 442.1445.

Ts”

Dimer (381)

0 A test tube was charged with 377 (31.5 mg, 0.1 mmol) and
Ph H Ir[dF(CF3)ppyl2(dtbpy)PFs (1.1 mg, 1 mol %, 0.001 mmol) and
E: ;z K2HPO4 (34.8 mg, 2 eq., 0.2 mmol). To this vessel, CH2Clz (1 mL) and
Ph i water (1 mL) were added, and the mixture was irradiated (at
© 381 approximately 4 cm away from the light source) for 24 h under a

balloon oxygen atmosphere by 4 x 5W blue LEDs (Amax = 450 nm) with a cooling fan to
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keet room temperature. The mixture was diluted with water (1 mL) and filtered
through Celite and a short pad of silica gel. The column was washed with AcOEt. After
the combined organic solutions were concentrated under reduced pressure, the residue
was purified by flash chromatography (SiO2, hexane/AcOEt = 4/1 to 3/1, and then to
1/1) to afford 379 (2.2 mg, 5%) an an oil and 381 (3.2 mg, 31%) as an oil. 'H NMR (600
MHz, CDCls, 55 °C, 1:1 mixture of rotamers, signals of the both isomers are reported) &
1.06-1.10 (m, 2H), 1.14-1.18 (m, 2H), 2.33 (ddd, J= 4.2, 10.2, 14.4 Hz, 1H), 2.22 (ddd, J
=4.2,10.2, 14.4 Hz, 1H), 2.53 (s, 3H), 2.36 (s, 3H), 2.62 (ddd, J= 4.2, 10.2, 14.4 Hz, 1H),
2.71 (ddd, J= 4.2, 10.2, 14.4 Hz, 1H), 2.84-2.91 (m, 4H), 3.40 (d, J= 12.0 Hz, 1H), 3.42
(d, J=12.0 Hz, 1H), 3.83 (d, /= 12.0 Hz, 1H), 3.96 (d, /= 12.0 Hz, 1H), 4.50 (t, dd, J=
5.4, 5.4 Hz, 1H), 4.56 (t, dd, J= 5.4, 5.4 Hz, 1H), 6.75 (br, 4H), 7.10 (br, 4H), 7.14 (¢, J=
7.8 Hz, 1H), 7.14 (t, J= 7.8 Hz, 1H), 7.18 (d, J = 7.8 Hz, 2H), 7.20 (d, J = 7.8 Hz, 2H),
7.44 (dd, J=17.2, 7.2 Hz, 2H), 7.45 (dd, J= 7.2, 7.2 Hz, 2H), 7.54 (t, J= 7.2 Hz, 1H), 7.55
(d, J=7.2 Hz, 1H), 7.67 (d, J= 7.8 Hz, 2H), 7.70 (d, J= 7.8 Hz, 2H), 7.83 (d, J= 7.2 Hz,
2H), 7.87 (d, J= 7.2 Hz, 2H); 13NMR (150 MHz, CDCls, 1:1 mixture of rotamers, signals
of the both isomers are reported) § 21.4, 21.4, 26.1, 26.3, 30.5, 30.6, 41.8, 41.9, 43.7,
43.8, 52.0, 52.3, 126.4, 126.5, 127.0, 127.0, 127.1, 127.1, 127.8, 127.9, 127.9, 128.7,
128.7, 129.5, 129.6, 129.6, 132.9, 132.9, 137.6, 137.6, 138.3, 138.3, 143.0, 143.1, 143.1,
143.2, 198.3, 198.4; IR (neat): 2977, 2868, 2368, 2311, 1736, 1330, 1153, 1085, 995, 807,
757, 694, 674, 656 cm-1; HRMS (ESI): m/z caled for CsoH52N2Nai1OsS2 [M + Nal+:
863.3165, found 863.3189.

2-methyl-2-phenyl-1-tosylpyrrolidine (386)

Ph A test tube containing 377 (31.5 mg, 0.1 mmol), benzaldehyde (51 pL, 0.5
N mmol, 5 eq.), FeCls (0.8 mg, 0.005 mmol, 5 mol %), di-tert-butyl peroxide (46
pL, 0.25 mmol, 2.5 eq.) and PhCl (1 mL) was heated at 100 °C for 1.5 h. The
mixture was diluted with water (1 mL) and filtered through Celite and a short pad of

378

silica gel. The column was washed with AcOEt. After the combined organic solutions
were concentrated under reduced pressure, the residue was purified by flash
chromatography (CHROMATOREX-NH, hexane/AcOEt = 7/1 to 5/1, and then to 4/1) to
afford 379 (1.3 mg, 3%) an an oil and 878 (4.8 mg, 18%) as an oil. '"H NMR (600 MHz,
CDCls) § 1.80-1.86 (m, 2H), 1.89 (s, 3H), 1.97 (ddd, J= 7.2, 9.0, 12.0 Hz, 1H), 2.14 (ddd,
J=4.8,4.8,12.0 Hz, 1H), 2.41 (s, 3H), 3.55 (dd, J=6.6, 6.6, 14.4 Hz, 1H), 3.70 (ddd, J=
4.8, 6.6, 6.6 Hz, 1H), 7.22 (t, J= 7.2 Hz, 1H), 7.23 (d, J= 7.8 Hz, 2H), 7.29 (dd, J = 7.2,
8.4 Hz, 2H), 7.39 (d, J = 7.8 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H). The spectral data

correspond to previously reported data.198

160



[4] 77 vV Z v RFNERIGDBEZR

2-phenyl-1-(p-tolyD-2-(2,2,2-trichloroethylDpyrrolidine (399)
A test tube was charged with 398 (23.7 mg, 0.1 mmol) and
CIé\gph” Ir(ppy)2(dtbbpy)PFes (0.9 mg, 1 mol %, 0.001 mmol) and Li2COs3 (14.8 mg,
399 2 eq., 0.2 mmol). It was evacuated and backfilled with argon. To this

Cl

vessel, CH2Cl: (1 mL) and water (1 mL) were added via syringe. The reaction mixture
was degassed for 30 minutes by bubbling argon stream, and then BrCCls (13 pL, 1.3 eq.,
0.13 mmol) was added. The mixture was stirred for 24 h under irradiation (at
approximately 4 cm away from the light source) with 4 x 5W blue LEDs (Amax = 450 nm)
with a cooling fan to keep room temperature. The mixture was diluted with water (1
mL) and filtered through Celite and a short pad of silica gel. The column was washed
with AcOEt. After the combined organic solutions were concentrated under reduced
pressure, the residue was purified by flash chromatography to afford 399 (14.6 mg,
40%) as an oil. Some other conditions gave a mixture of 400a and 400b as well. 1H NMR
(600 MHz, CDCl3) § 1.72-1.80 (m, 1H), 1.91-1.95 (m, 1H), 2.01 (dd, J = 6.0, 12.0 Hz,
1H), 2.23 (s, 3H), 3.20 (ddd, J= 7.2, 12.0, 12.0 Hz, 1H), 3.55 (dd, J = 9.0, 9.0 Hz, 1H),
3.60 (d, J=16.2 Hz, 1H), 3.72 (ddd, J= 6.0, 9.0, 9.0 Hz, 1H), 4.29 (d, J= 16.2 Hz, 1H),
6.35 (d, J= 9.0 Hz, 2H), 6.95 (d, J= 9.0 Hz, 2H), 7.24 (t, J= 7.2 Hz, 1H), 7.29 (dd, J =
7.2, 7.2 Hz, 2H), 7.32 (d, J = 7.2 Hz, 2H); 13NMR (150 MHz, CDCls) § 20.3, 21.7, 39.7,
50.7, 54.5, 70.0, 97.4, 113.4, 115.4, 125.5, 126.6, 126.7, 128.3, 129.2, 142.6, 146.3; IR
(neat): 2966, 1695, 1610, 1518, 1331, 1260, 1009 cm-1; HRMS (ESI): m/z calcd for
C19H21CIsN: [M + H]+: 368.0740, found 368.0726.
(£)-2-bromo-4-methyl-N-(6.6,6-trichloro-4-phenylhex-3-en-1-ylaniline (400b)

B H NMR (600 MHz, CDCls) § 2.21 (s, 3H), 2.42 (dt, /= 7.2, 7.2 Hz,

Phj/\/\NU 2H), 3.19 (t, J= 7.2 Hz, 2H), 4.12 (br, 1H), 5.89 (t, J= 7.2 Hz, 1H),
H

CliC 6.42 (d, J=8.4 Hz, 1H), 6.92 (d, J= 8.4 Hz, 1H), 7.12 (d, J= 7.2 Hz,

400b

2H), 7.24 (s, 1H), 7.26 (t, J= 7.8 Hz, 1H), 7.32 (dd, J = 7.2, 7.8 Hz,
2H); 13NMR (150 MHz, CDCls) 5 20.0, 28.9, 43.5, 62.7, 98.6, 110.0, 111.3, 127.2, 127.3,
128.2, 129.0, 129.0, 132.8, 134.2, 136.8, 139.1, 142.4; IR (neat): 2962, 1258, 1082, 1014,
864 cm-1; HRMS (ESI): m/z calcd for Ci9H20BriClsN: [M + HI]* 445.9845, found
445.9842.

Tricyclic compound (414)
| LiAlH4 (3.8 mg, 0.099 mmol, 3 eq.) was added to a solution of CrCls
O S O e (32 mg, 0.20 mmol, 6 eq.) in THF (0.1 mL) at 0 °C, and the mixture
o O was stirred for 10 min at same temperature. NEts (46 pL, 0.33 mmol,
414 10 eq.), benzaldehyde (8 pL, 0.066 mmol, 2 eq.) and a solution of 399
(12 mg, 0.033 mmol) in dried THF (0.5 mL + 0.16 mL to rinse) sucessively were added

at 0 °C, and then the mixture was stirred for 10 h at 60 °C. The reaction was quenched
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by sat. aq. NH4Cl (1 mL) and filtered through Celite and a short pad of silica gel. The
column was washed with AcOEt. After the combined organic solutions were
concentrated under reduced pressure, the residue was purified by flash
chromatography (CHROMATOREX-NH) to afford 414 (2.2 mg, 22%) and 399 (3.9 mg,
33%). 'H NMR (600 MHz, CDCls) § 1.67-1.75 (m, 1H), 1.92-1.97 (m, 1H), 2.14 (s, 3H),
2.37 (ddd, J=17.8,12.0, 12.0 Hz, 1H), 2.45 (dd, J= 6.0, 12.0 Hz, 1H), 3.52 (ddd, /= 15.6,
15.6, 15.6 Hz, 1H), 3.74 (ddd, J=1.8, 15.6, 15.6 Hz, 1H), 6.11 (s, 1H), 6.62 (d, /= 8.4 Hz,
1H), 6.95 (s, 1H), 7.02 (d, J = 8.4 Hz, 1H), 7.19 (t, J = 6.6 Hz, 1H), 7.22 (d, J = 6.6 Hz,
2H), 7.28 (dd, J= 6.6, 6.6 Hz, 2H), 7.38 (dd, J=17.8, 7.8 Hz, 2H), 7.54 (t, J= 7.8 Hz, 1H),
7.78 (d, J = 7.8 Hz, 2H); 13NMR (150 MHz, CDCls) § 20.4, 20.5, 40.7, 47.9, 66.8, 111.8,
118.0, 124.5, 125.0, 126.6, 126.7, 128.3, 128.6, 130.1, 130.5, 130.6, 133.1, 133.3, 137.8,
141.6, 147.1, 196.5; IR (neat): 2928, 2855, 2375, 2323 1739, 1653, 1360, 1262, cm-1;
HRMS (ESID): m/z caled for C26H24N101 [M + H]*: 366.1858, found 366.1856.

[5) a-TAFARFLUOBILRIGEERBRRa-TINVT b ~DERIGH

(£)-4-methyl-N-(4-phenylpent-3-en-1-yDbenzenesulfonamide (429)

L INZ " MsCl (0.8 mL, 10.3 mmol, 1.2 eq.) was added to a mixture of
a2 (E)-4-phenylpent-3-en-1-0l (1.39 g, 8.58 mmol)19 and NEts (2.39 mL,

17.2 mmol, 2 eq.) in CH2Cl2 (40 mL) at 0 °C. After being stirred for 30 min at 0 °C, the

reaction was quenched with H20. The aqueous layer was extracted three times with

CH2Cls. The combined organic layers were dried over Na2SOy, filtered through a plug
of cotton and concentrated under reduced pressure to afford the crude product which
was used in the next step without purification. The crude product (ca. 8.58 mmol) was
dissolved in DMF (40 mL). TsNH: (3.67 g, 21.4 mmol, 2.5 eq.) and Cs2CO0s (7 g, 21.4
mmol, 2.5 eq.) were added to the solution at rt. After being stirred for 7 days at 60 °C,
the reaction was quenched with sat. aq. NH4CI. The aqueous layer was extracted three
times with AcOEt. The combined organic layers were dried over Na:2SO4, filtered
through a plug of cotton and concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica gel (SiO2, hexane/AcOEt = 5/1 to 4/1,
and then to 3/1) to give 429 (1.55 g, 57%, 2 steps) as a colorless solid. 'H NMR (600
MHz, CDCls) § 2.00 (s, 3H), 2.39 (dt, J= 7.2, 7.2 Hz, 2H), 2.42 (s, 3H), 3.09 (dt, J= 7.2,
7.2 Hz, 2H), 4.33 (t, J= 7.2 Hz, 1H), 5.55 (t, J= 7.2 Hz, 1H), 7.29-7.31 (m, 7TH), 7.74 (d,
J=8.4 Hz, 2H). The spectral data correspond to previously reported data.200

4-methyl-N-(8-0x0-4-phenylpent-4-en-1-yl)benzenesulfonamide (431)

o A test tube was charged with a-methyl styrene 429 (31.5 mg, 0.1 mmol),
th)kﬁ”;s Hantzsch ester (30.4 mg, 1.2 eq., 0.12 mmol), Ru(bpy)s(PFe)2 (0.86 mg, 1
431 mol %, 0.001 mmol), Cu(OTf)2 (3.6 mg, 10 mol %, 0.002 mmol) and dried

MS3A (50 mg). It was evacuated and backfilled with argon. To this vessel, MeCN (1
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mL) was added, and the mixture was irradiated (at approximately 4 cm away from the
light source) for 24 h under a balloon oxygen atmosphere by 4 X 5W blue LEDs (Amax =
450 nm) with a cooling fan to keep room temperature. The mixture was diluted with
water (1 mL) and filtered through Celite and a short pad of silica gel. The column was
washed with AcOEt. After the combined organic solutions were concentrated under
reduced pressure, the residue was purified by flash chromatography (SiOs,
hexane/AcOEt = 4/1 to 3/1, and then to 2/1) to afford 431 (18.4 mg, 56%) and 430 (5.3
mg, 6%). 'H NMR (600 MHz, CDCls) § 2.43 (s, 3H), 3.00 (t, J= 6.0 Hz, 2H), 3.24 (dt, J=
6.0, 6.0 Hz, 2H), 5.13 (t, J = 6.0 Hz, 1H), 5.94 (s, 1H), 6.13 (s, 1H), 7.22-7.24 (m, 2H),
7.31 (d, J = 8.4 Hz, 2H), 7.35-7.36 (m, 3H), 7.74 (d, J = 8.4 Hz, 2H); 13NMR (150 MHz,
CDCls) § 21.5, 38.4, 39.0, 126.4, 127.0, 128.3, 128.4, 128.4, 129.8, 136.5, 137.0, 143.5,
138.7, 200.5; IR (neat): 3083, 2936, 2371, 2311, 1735, 1687, 1618, 1270, 1217, 1085, 983,
945, 766, 694 cm~1; HRMS (ESD): m/z caled for CisH19N1Na103S:1 [M + Nal+: 352.0983,
found 352.0985.

N-(3-hydroxy-4-phenylpent-4-en-1-yl)-4-methylbenzenesulfonamide (430)

oH 1H NMR (600 MHz, CDCls) 8 1.55-1.63 (m, 1H), 1.73-1.78 (m, 1H), 2.12
o N (br, 1H), 2.43 (s, 3H), 2.98-3.03 (m, 1H), 3.12-3.18 (m, 1H), 4.77 (br,
430 1H), 5.11 (t, J=6.0 Hz, 1H), 5.27 (s, 1H), 5.30 (s, 1H), 7.27-7.31 (m, 7H),

7.73 (d, J= 8.4 Hz, 2H); 13NMR (150 MHz, CDCls) 6 21.5, 34.3, 40.7, 72.5, 112.8, 126.5,
126.7, 126.7, 127.1, 127.9, 128.5, 129.7, 136.9, 139.2, 143.3, 151.0; IR (neat): 2921,
2368, 2307, 1793, 1717, 1379, 1334, 1273, 991, 931 cm-1; HRMS (ESI): m/z caled for
C18H2:1N1Na103S: [M + Nal+: 354.1134, found 354.1149.

3-phenyl-1-tosylpiperidin-4-one (440)
o TMSOTSf (2.3 pL, 2 eq., 0.013 mmol) was added to a solution of 431 (2.1 mg,

Ph
fjj 0.0064 mmol) in MeCN (0.2 mL) at 0 °C. The mixture was stirred for 1 h at

N
Ts

440

same temperature, and then quenched by water (1 mL) and extracted with

threeg times of AcOEt. The combined organic layers were washed with brine,

then dried over MgSOQys, filtered, and concentrated in vacuo. The residue was purified
by flash chromatography (SiO2, hexane/AcOEt = 3/1 to 2/1) to afford 440 (1.2 mg, 44%).
1H NMR (600 MHz, CDCl3) § 2.45 (s, 3H), 2.61 (ddd, J=4.2, 4.2, 15.6 Hz, 1H), 2.73 (ddd,
J=4.2,12.0, 15.6 Hz, 1H), 3.15 (ddd, J= 4.2, 12.0, 12.0 Hz, 1H), 3.20 (dd, J=9.0. 12.0
Hz, 1H), 3.84-3.88 (m, 2H), 3.91 (ddd, /= 1.8, 6.0, 12.0 Hz, 1H), 7.19 (d, J= 7.8 Hz, 2H),
7.31 (t, J=17.2 Hz, 1H), 7.35 (dd, J= 7.2, 7.2 Hz, 2H), 7.36 (d, J= 7.2 Hz, 2H), 7.69 (d, J
= 7.8 Hz, 2H); 13NMR (150 MHz, CDCls) & 21.6, 40.0, 46.5, 51.7, 55.6, 127.6, 127.8,

128.7, 128.8, 130.0, 133.1, 134.8, 144.3, 205.1; IR (neat): 3285, 2955, 2923, 2854, 1722,
1688, 1597, 1447, 1329, 1152, 1092, 1009, 968, 813 cm-1; HRMS (ESI): m/z calcd for
C18H19N1Na103S: [M + Nal+: 352.0983, found 352.0973.
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