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ARG S B W T T REDMSEEE 2 H L 72,

Ac acetyl

Ad 1-adamantyl

APCI atmospheric pressure chemical ionization
aq. aqueous

Ar aryl

BINOL 1,1°-bi-2,2’-naphthol

BINSA 1,1’-binaphthyl-2,2’-disulfonic acid
BINSate 1,1’-binaphthyl-2,2’-disulfonate

Bn benzyl

Boc tertiary-butoxycarbonyl

Bu butyl

Bz benzoyl

cat. catalyst

Cbz benzyloxycarbonyl

CMD concerted metallation-deprotonation
cod 1,5-cyclooctadiene

conv. conversion

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cy cyclohexyl

d day

DABCO 1,4-diazabicyclo[2.2.2]octane
DAST diethylaminosulfur trifluoride

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCB dichlorobenzene

DCE 1,2-dichloroethane

DCM dichloromethane

decomp. decomposition

DFT density functional theory

DG directing group

diff. difference

DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

dppm 1,1-bis(diphenylphosphino)methane

dr diastereomeric ratio



ee enantiomeric excess

EI electron ionization

eq. equation

equiv. equivalent

er enantiomeric ratio

ESI electrospray ionaization

Et ethyl

FG functional group

h hour

Hex hexyl

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
HMPA hexamethylphosphoramide

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry
iBu isobutyl

ICU isochalcogenurea

iPr isopropyl

IR infrared ray

KIE kinetic isotope effect

LB Lewis base

LED light emitting diode

LiHMDS lithium bis(trimethylsilyl)amide
m meta

max. maximum

Me methyl

min minute

min. minimum

m.p. melting point

MS molecular sieves or mass spectrometry
n normal

Naph naphthyl

NCS N-chlorosuccinimide

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

Ns 2-nitrobenzenesulfonyl

0 ortho

)4 para

PG protecting group

Ph phenyl



Phth
Piv

PMP
PNP

ppm
PS-BEMP

Ry

r.t.

s
SPIDSI
SPINOL
SPISA
t
TBDPS
TDG
Tf

TFE
THF
TIPS
TLC
™
T™MS
tol

trR

Trt

Ts

TS

uv

phthaloyl

pivaloyl

para-methoxyphenyl
para-nitrophenyl

parts per million
2-tertiary-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine supported on polystyrene
retention factor

room temperature

secondary
1,1’-spirobiindane-7,7’-disulfonimide
1,1’-spirobiindane-7,7’-diol
1,1’-spirobiindane-7,7’-disulfonic acid
tertiary

tertiary-butyldiphenylsilyl

transient directing group
trifluoromethanesulfonyl

2,2 2-trifluoroethanol

tetrahydrofuran

triisopropylsilyl

thin-layer chromatography

transition metal

trimethylsilyl or tetramethylsilane
methylphenyl

retention time

trityl

tosyl

transition state

ultraviolet
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BHILEMITIRFBIRFE, RFB-KFE, KF-~T ol AR ELMBAEDETEEERTH D,
ZNDDOFES ZRINICEINT L, Fii- G2l 2 2 LT, LM cHARaEMLEmE
AL TS, 20 AL LOFRARILFEOD IE LWRRIC LY | EBARAEE -4k
FEPEZ S RS, xRS 2 TEHE LEBT 2 2 L8 AlRE & 2o T, IR W TR
MALFTREZeAE A DRIFAN S DIZIEIR L, OSHEICZ LS AEEE STV b O TS 2 b Ul
HIENTEDLLIICRYOOB D, RFEIRFEEAITIZE L EOFEBILAWOBET 2 H A
ThHY, BmOEETRET XL X — 2 Rm T 2D — I RNEETH D, 2D K5 e NIEMERF-IKFE
FE O ZAWBOS T C-H BREEMLEUR & PRI, AHEA b FIT T D R Sehmif st D —2 & 72> T
%D, HANCREEOBEWERERICE #2252 L USTEDRWRFEIKFBREA & R F—x
R IRBATOBENLERT L ENARTH DL Z LD, TEREOFEM, R T2hE0 I8
WTENTERIGTHD EE L5, BRICBWTIIROERE & LTS BITHEE 2 OSHN R O
NTnb, TO—2L LTKISIZE - TAEL DERYONAREIPEDHIFEINZET HiL b,

1993 4E\ZAHHE &1, Ru S8 Z V- C-H 7V U bRIG A #RE L7 (eq. 1) P, Ru $EEDEE
BRI & 0 C-H fEA U S ERERAL 21T 5, 7=, Directing Group (DG) & FEIEH
BHENIMEEREFED o (i C—H F A 2 BRI UIWr 4~ 2 72 ONLEIRIRME & i,

(0] (6]
RuH,(CO)(PPhy); (cat.)
X R2 + ZORe YT "R? (1)
! 11—
R\ toluene, reflux R P
= RS
66—100%
R2
Au) N
R 0
— R{
H

IO ORI 72 @GS B 0%, PdY, Ru?, RhY), 7% & OBEBEE 2 Ve C-H BRERILSUS
NRAHBENTWD, FFICUTHE, Rh(ID), Ir(ID), Co(Ill)7e & D FFi% 9 fE% 4RI k5 C-H
HRERLRIENEZ BB ENTNE D, FTHLRUZ ATy a4 yx=) (Cp*) BifL
TEAT D CpMUINEE AR Z F W= )G TE, 2007 O « = b O V& )0 122 OEK
EABRBHIZLET TS (eq.2,3), ZIVHDRISITIE it BRERFFAMEICE, il
FEHEECH mVMEIICH D, L LR 6, AFE~E R LR 5T 5,
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o) [Cp*RhClol, (1 mol %) Q
R2 Cu(OAc)+-H50 (5 mol %) =
1_N A OH *+ / R1— | o ©
R R3 DMF, 120-140 °C, 2 h NN e
=
R3
75-94%
R
o [CP*RNCl,], (1 mol %) X o N o
Cu(OAc)*H,0 (5 mol %)
OH * Z R +
@ o-xylene, 120 °C, 10 h o o ©
\
R R
R = CO,nBu 66% 15%
CO,Et 76% 18%

EZAT, AFLEEFOLICEELOBRIZH- T, AWZEREDLEDLZ LD TERE
BaxT7 U7 4—EMS, X7 VT7 40— FT50F (XFT400F) LZ2OHEBERITI T T4
~— LREEAL, WE ORECE AR B, (LFIEEIXR L Th DS, L, FTASTEE
e LTHAT 256, fimh o FA~—0E ERRR 2560355, JHUIRKESR* 7
TN SN D EESTITH LT, 2 F v FA~—3EI bD L LTHBENDHT-DTH
5o XD, —HDOxXF L F A~ — RPN AT D HAMITEIELBEEICB W TRHATH D,
RTHMBEREOAFIREANT, —FOTF F A ~—ZBRC AT 5 2 & 23 Al hE 7 flftnd
REAHIFE= A b, B R X— BEERMOBA CENTZHIETH D, ZONBHOLEE T
& 5 I, Knowles, Sharpless H1Z1E 2001 Hi2 / —~VUVERREINTWLZ ENDLHLFOEHE
PERMAl 2 %, F72 2021 HC b AFAAREED /387 C List, MacMillan 5728 ) —~VE %5 H L C
B BUYEFEIZBN T HILEY OB 7o LA B EFREO — 2> Th 5,

ZOXIBREFENOERL, CHERBMUISD S b o5 RE AfE L. SLAHI#E Z 5 &
P C-HiE & OB RIS ORISR Z 5 L2, 1T HITEMRSE LWHE I REBERICAER L,
HBIAF C-H BRESLPUS DBRFENFEICHR Y M AT,



o mIREE 9 EER AR (Cp*M(I) 12X DA% C-H BREREAL

2-1. Cp*M(IINIZ & % C-H B HEREAL O R FH Lk

vy RAy g vEmSL (Cp) BRACFIL, B9 RERBER L T’ ORMLE M

e e
K CHAT DT AV HRN T Th 0, ARSI F A SR E O Mﬁme
Y72 BT ) D 70 BB R 7R IR R TR %, BT Cp BT R

(CpX) OFTHATFNEEE 5 OHT D Cp B F1xEm < . MUVE 7G4k M =Co, Rh, Ir
DIz, ZFOFRIFELR T TRV BZDIIELRERHDNEZ, ZDIX 57 Figure 1. Cp*™M complex
ERDE RN LOE YRV ORS S, Cp*a XEFENL 7 & T 55 9 GEB A BRI C-H
EREECSINIZB W T & T % (Figure 1), Cp*M(IIDEEA (M = Co, Rh, Ir) [F/—7H
KA v TFAEAEMTH Y . Cp*ENL LIS 3 DOBENIERFET D, Z OEEMERED Cp* M FF
BORIEEE AZH LTS A, Cp*OBENLIC X 0 BUS ISR ATEE/R B OIS T b,
Scheme 1 (Z Cp* B\ % H 7T 2 mR 15 9 EReEAMEIC L 2 C-H BRSO TE =AY 72
RIEHEMEZ 77T, DG IC X VBl & FELNIZEBEEED o (LD C-H A ZOMT5Z LT, A%
T A 7N EMEIND @R EFTLERROFREETERT 5, & ZITOGHINENAL L, BOGHETT
T 52 L CEREESNTARD RGO D, FOGHINELNL L 72 % O ARITE A7 18 &
A TH Y | ORI FPEET DRI R, DT C-H fE A UIRiR IS = F o F AR E B
DT DA AFEN NG T2 2N TET, FTNALERAT 4 L% 7L NHC 72 ED4b
FOECNL T2 WA Z N EE L ST & T,

DG L DG
%H Cp*M complex @
\&\0 M = Co, Rh, Ir O
DG, Cp*
.
\L i

18-electron complex
Scheme 1. Cp*M(lll)-catalyzed C—H functionalization

DX D pkERE R LT, 2012 4EIC Ward, Rovis HIXEAF A A LT Cp B &k L
ARV AT EY U ZHWD Z & T, RhIN)IC KL D C-H BREFALFIS D ARFAITAEh L= 19,
[RIFEHIZ Cramer HIISHBECTH D~ > = h— L= BINOL KD F 7 )L CpX ENr 1 & /AR AT
Rh S5 Z B L TR Y | BLEORSIZBWTEWEREA " T2 2R L TWwD D, Zh b
DOENZARFEZND Cp BNL 2 T NRMEMi 2 N2 D HIEN., BIR T 9 RESE R X 2
AFE CHEBERBEISIZB W TER E 2> TS (Figure 2, strategy 1) 1%,

— T, Cp*aaieT 7L CpXENL 1~ & & T Ve AR 2 $l A5 5 2 L TRA C-
H BRERALEM STV D (Figure 2, strategy 2) 'Y, BREARMELIE Z v E T < OIS 23 H
HIN, BEERICHEREENBEG R ONRL, 20T, T 477 U —OEEL LT
20— = U TN R D MRS O Bl b S BB RICHARE G Th L Z EBNFLE E LTHET b5,

3
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HREFRE 2 A DR FEIT = U T AREEMEN E ZICH LML > TREL oI p8ET
HIEMMWTED, 1 DI C-H FEEUIMERP (Scheme 1, Q) N F v FAREEBETHIHEET
HO. b9 —2lL C-HFEEYIW#% (Scheme 1, @) IC=F o FAREEENFET 5L TH S,

strategy 1 : chiral CpX complex strategy 2 : cooperation of achiral Cp*M(lll) and chiral organocatalyst
Ar H
; y O
SO;H ’
Me ¥ SOSH ): 7=00H @y, Ny
|_/ | ~L ( o)
Ar CO,H

Figure 2. Strategy for asymmetric C—H functionalization catalyzed by Cp*M

AT THRENSBED Cp*MIDIZ L D47 C-H HREMLOMREFZ [T /L Cp* GEHHIA
OIS, THBfRE - OW@% - C-H fEAS UM B P COSTREIE . TA A & o @% : C-H
FEA UM E ONARHIE 2L, TNTHOEIKIC O W TEERIZE D 5,
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2-2. ¥ 7V Cp* & @RS

2012 4EIZ Cramer HlE, v = b —/LHRD G xiFReF 7 VBN F Z AL AIA A T2 % Z /L Cp*Rh
BERZBA%E L. C-H BRERLEUSDOARFALIZR I LTV D (eq.4) 'V,
Me
%O&?j;?
L, Me Rh
o (2 mol %) x X o
BzO), (2 mol %
ANNOBC L AR (BzO)2 (2 mol %) R1+\ NH @
R H R2 EtOH, 23°C, 16 h % RS
=
R2
up to 91% vyield
97:3 er

FO%, R N—T1EEF 7 FERERALT C SITRF /L Cp*Rh $5EZ R L. RK
C-H EEENMICHALTVS (eq 5) 2, Z0EF7FLEHKEEGTERIIAR G DR 5T,
EF EERARF CHEREISICBW T BT F o F AR 2 7T 2 AR ENTED .
BIEE CICRBZHENTWVDEF 7L CpP*RU KA TH 5.,

R=TIPS
(5 mol %) o
3 =
(@] R _OMe
2\ (Bz0), (5 mol %) N N
N o oMe 7R M A )
R H DCM, —20 °C, 18 h ~
= R2 R2 RS
upto 91% yield
97.5:25er

% 7 )L Cp*Rh $&1K 6 DA [k/L— b % Scheme 2 (2757, BINOL 705 8 LFECHAH L7- 2 2 4@
PR E L, BT 7 FBRED 33 L REHBREZEANLT-F 7L CpX )i+ 5 28 LT
Wb, BL 5132 VU L& RWTEEL 7 AHIZ LD Rh 5K 6 IZEHAL TV 5D

OMe OMe OMe
OO OH 7 steps OO CpNa, NaH OO. c O Q
- . +
THF
O™ QU e (1 L
OMe OMe
(R)

OMe
2
0y

2 or 3 steps

(D
L,

5

dodecane
220°C,20 h

1
B )

TIOEt, benzene
80°C,2h

then
[Rh(CzH4)2C|]2
23°C,2h

Scheme 2. Synthetic route of BINOL-derived chiral CpX complexes
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H1E

C RATUEINT 7% & Te Rh $EKIC X 2 A5 C-H B RERML O SLARHI RS I, R X 5 IZFA &
NTCW5 (Figure3), 6 DX 5 285 RIXFOBREEZES K222 >OBELZF L, TV HEE
DOELBELENTT D T2 HIEH L T\ o, C-H RatilrE o 2 2 734 7 Lk (1 1D (26 L
THUSHINEBEE T 55655 % %, HE (SL,Ss) 14 sidewall & FEEIL D /N SOEE & ORI &
W B XD Z2fidm 2 & D (1D, backwall IZ XV ISAI (Re) OEEEHRINRE SIS0, —F
DYT AT vAw— (D) OAERPERT D, K I OSAENERDICIETESND Z LT
T F AR RS T 5,

back wall
Me
S, = large substrate segment o) —_— back wall
Sg = small substrate segment R\(/ " [ ack wal
i i € Rh
R¢ = incoming reactant R \
\/ i\ N
side wall S
side wall

i ~—— back wall

side wall )

asymmetric
reaction

Figure 3. Conceptual design of chiral CpX complexes

Co S BIBCAL T 10t L€, G B O BLf7 T 2 #H A 0A A 72 F T v Cp* @@tk b shts T T v
%, flZ 1% Antonchick, Waldmann &% Cu itz H V7= AR A[BR2ERLICL Y, C XWWEF T v
Cp* B &2 & L T2 (Scheme3) ¥, ¥z oMM 22 5B L 72 Re kA H W2 2 &
T C-H Aotz & 2 A A LAY O G L T2 (eq. 6)o AFEIIFE LR TEIR
Rh#iRZ AT 5 2 L BWRETH 2 23, AT ICH A A ICHR L 2 T AT LA~ —% 4L
2720, ZNODREEPHTEL D (eq. 7)o

F O
12
0 PPh,

SiBu
—~PPh
F><O PPh, = ,
F o <=
! 1R O 1
R Ci Cu(CH4CN),BF, Rsozc:> R1 RUH CU(CHCN),BF, R'R R O
" “OR? base Na base OR3 OR?
~_NH >\ NH NH
H R2 exo-selective R2 endo-selective H R2 H 18
31-85% yield
72-98% ee 29-71% ee

Scheme 3. Synthesis of Antonchick and Waldmann’s chiral Cp* ligands
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4'Br'CsH4
Cone
|
Rh 4-F- CsH4
AN
\/% (5 mol %) R1—'\
|
P>
(BzO), (5 mol %) CONHOMe ©
X
R O‘ dioxane, r.t., 48 h OH
= CO,Me
RZ COQMG
up to 93% yield
91% ee
R'H R' O 1) TIOEt or TIOMe R2R1 CO.R3 = R' CO.R®
benzene, r.t. to 80 °C H 2
OR® A Re )
N | N M =4 g
g4 2) [Rh(C2H,),Cl], Rh F|§1 ‘R4 | N
H ‘R4
R2 <\§ R? R

55:45 to >95:5 dr

FRED X DT, Cp &EEERIL Cp Bhr 1 EIZ 2 DL EO R D EMRIEEZETH L HAFTELELD
25D, DD T X TN Cp B T E2HNWTHEXF T ARGERE G T D ENARETH D,
Z 1% Perekalin S II[2+2+11BALIC K W R L 7= T & 2 fRD Cp*Rh $8K %, K0 EITLH 2L TF
7 /v Cp*Rh §5{K%Z AR L T2 (Scheme 4) '9, F7-8ERR)-7 1T A7 C-H BRedfb~LIGH S
NTW5 (eq. 8), ARBULDONAEEINET, CHFEAYINHZD A X T A 7 VFRIRTIZR LT,

TN DS Cp* Bl & DNAREZED/ NS WM bEET 5 Z & TRELT L L AEINTVND
(Figure 4) ,

Bu
Bu ] Bu o By ]
B . 1. crystallization B
u (8)-proline Bu th of diastereomers u
Rh 1 N Bu”
AN — KoCOs 2. HI _Rhz —

91% 35£>Rg:07°/
racemate . h —40%
mixture of diastereomers pure enantiomer

Scheme 4. Synthesis of Perekalin’s planar chiral CpXRh complex

1. Boc,O (1.2 equiv.) 0
NaOH (1.2 equiv.)

THF, r.t,, 60-90 min N NH
. R—— _ (8)
2. (R)-7 (1 mol %)
A92003 (2 5 mol o/o)

CsOAc (25 mol %)
air, MeOH, 20 °C, 1-7d  up to 97% yield

95% ee
Bu QBoc
N Bu
Bu less ! hindered

Bu” | = hindered — . <« Ningere

Rh approach Bu Bu approach

N-OBoc

(6]

proposed intermediate | |

Figure 4. Conceptual design of planar chiral CpXRh complex
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w1

TG OSERER 7oA LA [RIER DERIKIZ LS E AR 7L Cp* G BISESBR I, &6 9
B4R L5 AE CH BRERLICFIH ST\ 5 (Figure 5) 719,

R
R/
RhL,,
Cramer Wang
(2012) (2016) (2019) (2020)
R “ Rt R®
el O~
I ! | o | 3
n R Rth l’ R1 Rer!:{
Cramer Wang You
(2020) (2020) (2021)
Bu
R! Bu Bu
COZR?’ é/iBu Ph % =, < “mu
-2 N\R4 Bu” | H™ [ “Me RhL, = BU L
RhL, RhL, RhL, n
m?nngﬁi';ﬂ Perekalin Blakey Perekalin Perekalin
(2017) (2018) (2020) (2020) (2021)

Figure 5. Chiral CpXM(Ill) complexes

—7J77T 2012 4 Ward, Rovis &13&EEER 235 2 & T C-H BREELISDARFLITAL
AL TS (eq.9) "0 FFED X NV BEEBIFERT DI FTHLEATF TER L, B4 F
VEEANLT Cp*RhEERE # VXV B ThHhHARNLT MTEV U E WD Z L TRAMIG 1%
LTS, ARGTEBBRELZFA LZMAINRTFETHL OO, SBRHEOFHUMNES T
1372 < BAFEDBEBNTA 2200 19,

e

engineered 0
streptavidin

1
gl 7 N ©
]
R H o Mops buffer/MeOH = R?
7 23°C, 72 h

0]

up to 95% yield
93:7 er

ZDOEHITF TN Cp RO R E WD EEZ s S TR Y | I BEBERBICL DR
F CHEREEICBO TR BN FIEE LTRSS TS, L, 2 b OsERIENL
TORRPES TIERD, RO T AT L A~—%2 0T 20BN S D, EEDEDPMETH
D ICEEDPMRN 2 EDORBER D B 5 il TITR TR CTHMTREZR ¥ 7 /L CpX N1 200, KV i
872 Cp*M SEIRDOFARIVE 2D SIVTWD D, EOCLIRER M L OB S S 2 Wi T 5 b
DIFZ L 720,
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2-3. AHEAREE & D EFR © C-H A BIWTBERE T o SEAARTTH )

R A% JE HEE SR I L D C-HIEMARIZIBW T, DVAR VBRI NRX T T — RIS
HZETRIGHRENM ET52 0855, ZDOX 9 RIENEIL, C-H S OUMIC LR F
Z7— "B ET 5 =R A X b7 a kAl (Concerted Metallation-Deprotonation : CMD F4#%)
IZE V&N TS (Schemes) P, CMD HtETIEI NV ARF 7 — bR E LCfii%, C-H
f e UM & A Z AL FEIRHCHEITT 5,

M =1r, Rh, Co, Pd, Ru, ...
Scheme 5. Concerted metallation—deprotonation mechanism

SOL S AKRET CH AN S AEE . =L F A N s CH 8% 6T 5 E
LT, R TARD AR BE D 2 L TERGM L, —H 0 C-H A % BRAIC G
L2 ENARETH D, Thbbh, FTAMIVRUERE Wz ) F AR 2 C-H fE A YIlnc
L0 IERFHE S NI A 185 - LS TE 5,

DG H H M = Pd, Ir, Rh, Co, Ru,... DG
H H D + H. * FG D
LI N I e o Ky
2
H DG H

s RN o ¢
L M

Scheme 6. Enantioselective C—H bond cleavage by chiral carboxylic acid

ZOXH a7 MTESWEAFK C-H BREEKIX, FIT Pd A AV [USFR THFE &
NC&ET %9, — 5 TIHEIL CprMAIfikit 2 FH - C-H BRERLIC b EH ST s, P o#H
5 & LT Chang & 1% Cp*Ir il 2 N = C-H 7 2 FAESJSIZEB W T, EABRH KD X T L h L
RTS8 ZHNWADZ ETCHRERNLF U FARREDNBETHZ L 2HEL TS (eq. 10)

23)

o

[Cp*IrCly)5 (2 mol %)

AgNTf5 (8 mol %) NHTs
“ Chll’gl acé (8 (4 mol %) HOZC>_/COZH
) . (10)
@ DCE, 60 °C, 18 h ©/ VO OPiv
chiral acid 8
up to 90% yield
66:34 er
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ZDH%, UMRETIZE ST 7FVEKREZAET DEEWNF TR 9 ZBH% L. Cp*Rh fif

B X DFEFME C(sp?)-H DT /L F AL

ZRHLTWS (eq.11)

N

MeOQC COZMe
+
2

~

NH H

A X
R1|_ R3 | —R!
= =

24)
o

1. [CP*RhCL,], (2.5 mol %)
Ag>CO3 (6 mol %)
chiral acid 9 (12 mol %)
MeOH, 60 °C, 18 h

2. LiCl, H,O0, DMSO
130°C,5h

1
PAr',

] l CO,H
Ar?

Ar' = 3,4,5-F5-CgH,

up to 87% yield Ar? = 3,5-Bu,-CeHg
98.5:1.5 er chiral acid 9

TBWT, BRI E o o F RN AR o L

(1)

XTNHNVR BT A 352 8T, Csp’)-H FEADONREIRERERIL A ER S v T
Be BIZIE, 8 4RRFEETDHNVREEI0 ZVWEZ LT, AFLVECHBEEDT 2 ML
IZE DI E R LT D (eq.12) P, F VR Ui ZHNDHZ & T, 8-TLF /¥ )/
U DAF L ANLOARFE C(sp’)-H BHEFALIC

[CPXRNCl,], (2.5 mol %)
AgSbFg (10 mol %)
chiral acid 10 (6 mol %)

DCE, 4°C, 48 h

[Cp*RhCl,], (4 mol %)
AgSbFg (16 mol %)
chiral acid 11 (8 mol %)
Ag,>COj3 (4 mol %)

F

i SN NHCOR? OO O
- @,

Me R2 COH

PhCl, -10°C, 48 h

O
R‘—:/§N oJ<
= Me + N\O
MeR2 \<R3
R1

oJ<

= N\ +
Ny *

HAKH LTS (eq. 13) 29,

chiral acid 10

up to 98% yield
96:4 er

Ar' = 2-Naphthy!
Ar2 3 5- tBU2'4 -OMe- CGHZ
chiral acid 11

Arl
COH

Ar2

up to 99% yield
94:6 er

(12)

(13)

ERROBIZIED, ST T ATV VERPBFE SN TR Y | SIREIRI 7 C-H e TR EZ

ﬂ%bkqmmmmiémgoﬂ%%ﬁm

Lin, Yoshino, Matsunaga L|n Yoshlno Matsunaga

ITHEZ OWEF 2> LT 5 (Figure 6) 27,

oo
] Ar
Fle
=

Yoshino, Matsunaga

(2018) (2021) (2019)
H
HO
° PI\'\;I'P @COZH
e 4
tBu,,,rN y NHBz ppp N3
B
CO,HO COH cogH 5" v
Yoshino, Matsunaga Shi Shi He
(2019) (2019) (2020) (2020)

Figure 6. Chiral carboxylic acids for asymmetric C—H activation
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2-4. AHEMREE & O R 0 C-H s & BT o SLAR I fE

C-H & UIWrERs & C-H #HE YIWrE TITBUSIZRI rIRE 72 0 & 8 D 22 & BENL 5 DR 70
% (Scheme7), C-H & OUIWrEL ML T, Cp*MIINZELE DEL A FE D e ASEAL L 7= A T 1322
SENEZAT D120, INVEFTT— MI@BEPOLICERAT D LN TE D, WARFTT—
~ DENZIZ K0 & @ T D EITREAZ AV C-H IHMEEOBBIRIRIZ 31T 2 SEE M O B % H i
FEMMELS 22D, ZDTeH, F T NIRBNVER o D 2 L T RS AT O Z &R HRETH D,
— 5T C-H B YIMtE D A % T YA 7 AT SOSHIDBNL U7 A I, RO fafn/e 18 w18
KTHY., XTIV T RN THORINIEET 5 Z LN TERY, ZD7) C-H & Tk
DONLARFEI PRI 2R E & 5 2 D,

C—H acitivation step functionalization step

e R-COH Cp*

N G LDG
A s cé*

e . . : 18- electron complex
Scheme 7. Difficulty in enantiocontrol after C—H activation

YR IIF T L EF 7T ALk x— bk (BINSate) ZHlAGA AT Cp*Rh filifit
12 #B% L. C-HFEGOUM 2D AF 1L4-ISIZB W TEN R LRI 2 R 2 L %
R LTS (eq. 14) ¥, RS FRIRHTCEKFLFERR L 0 RIS BIT 2 =T o F AR E B
BERR LD T 0 M ALDBERETH D Z EPRB I TN D, AR ARISIZE VAT H )
VFAY—DOBRICH D 2 oDOr—F YA JVHRIE B, BO—HM, FTINVANKRUEE X
U IAIOEIZ X BHRIC T 7 FAbSh D 2 & T F U FABIRMEN BT 2 S E S
TW% (Scheme 8) 2,

[Cp*RhLJI(S)-6,6Br,-BINSate] Br
R1_'/\ o "12 (5 mol %) R1_'/\ 0 Me o OO
N

LN 2-Me-quinoline (20 mol %) Me Me 0,8
+ 4
<« [ R MS3A Me™ 1 "Me  -O,8 (14)
o DCE, 35 °C |_
R | _ R3
Br
up to 95% yield [Cp*RNLJI(S)- 6 6 -Br,-BINSate]

95:5 er

enantioselective
protonation

Me

Scheme 8. Proposed enantio-determining step
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%

2017 412 Ackermann & 1% Cp*Co fillit & i\ WA VAR U BRIC XL B, K7 v v & A= C-H
TR ERRRE LT (eq. 15) 39, ZOIGIZEWT, TV IR UEE 13 ¥ &
HWAZ ETRWENRL =T U FARRENER T 2 RfE LTS, RZA—713A 2

SN BRERTHXTIVANR 14 WD 2 & T, F TV VR RO il O K

W L, @ o F AR e il B R RS~ E BB S D Z LB LTV 5 (eq. 16) 2D,

Cp*Co(CO)l, (10 mol %)
@E% AgSbFg (20 mol %) w o)
N chiral acid 13 (1.0 equw)
N + 2 nHex N nHex Bu., N (15)
4 DCE, 50 °C, 20 h J
\ ) CO,HO
chiral acid 13
37%, 63:37 er
Cp*Co(CO)l, (10 mol %) Me
RN AgSDFg (20mol %) g1 |\ yPh
Z~N R2 chiral acid 14 (20 mol %) Z~N R2
+ >_002 (16)
/N Amberlyst 15 J
\ DCE, 50 °C, 65 h
Me Me chiral acid 14
up to 74% yield
93:7 er

DFT A LY C-H #EAOWRICAEL D HER /L Z YA 7 VHREIK A ~O7 V7 OffiA
BBEII I CTH Y | Fii< 7o M AP ERERBE TH L EDNRBEENTND, 20T EnD
Scheme 8 & [EFRIZ., RIWHIZRFEALSINC L DAL o FA4~—0BRICHD 2 2D a i
YA 7 VFEER B, BO—FM, T TVIVRVERIC K ERIC T e hfbEshb Z LTS
VT ARIRENEITL L T D EEZ NS (Scheme9),

enantioselective

protonation
R (e}
R
O, o O
N N Me
_CoC A
R J N P f 4 N
\ e \ \
N/ == =
B
©:\>\/C o\Cp )OJ\
/N HO™ “R"
R
: R\ R
NS I
N e . N \‘N\ Me
_CoCp* \ —N
a 0 /\% )
— /u\ Q/
B O R

Scheme 9. Proposed enantio-determining step

Scheme 8, 9 @ K 9 72 SUG UL B FH B R A & 2 #2 (dynamic kinetic asymmetric transformation)
EREINT WD, T OFAIZ IV AL ZHRIE B, BIIZEERGE—2FT 572D, F
TR a F PRI LA RICENL LN S T e NI ET A Z N TE D, DX H
DRI 28 15 BE 7o STAREIFEN C D72 N o T2 L E 2 TW B,
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—J7. 2021 4EiC Hong. Shi SIFHBIOISIZENT, BFRGIEAEA LML T I /%
HRD BN TNV R RS 20D 2 8T, L mOSHSERETHIMNEOND Z &
ZRHLTWS (eq. 17) 32, CKIE EB X ¥ Ackermann HD#E (eq. 15, 16) & I1xEAa 0 7L
&ymﬁl&%ﬂﬁﬂﬁfﬁé:&ﬁ%énfwéoikmw%%%%%%ﬁ%%%ﬁ%ﬁé%
BEREONTED, HABRBES —FBESHV T RV —[EEEZ R L TWD, fEARRBEOEBRIRIEIZ
W, Co FULMZIE Cp*ldhr 1 & ﬁ%’f’fﬁ@ﬂﬂ PRQAYY o TP i /Eﬂbx@ﬂﬂ?é%ﬂﬂﬁ AN
W FTIVHVR DA FF VAT HE BT V— )VENE AR R AL & -l A
EM. 74 & C-H.. kAR %ﬂbﬁjﬁé &Tiﬁgk*ﬂ PEASFEEL LT D 2 & AN FHHAE R
KBS TW5 (Figure 7),

T Cp*Co(CO)l, (10 mol %) ol Me
! D AgNT?, (20 mol %) . D_\
Seo-SN chiral acid 15 (30 mol %)  Ss .~ R
bg * 7R G (17)
DCM, 40 °C, 36 h
up to 95% yield
96:4 er
CFs PhthN.__CO,H
_§/N \ MeO Q O OMe
Me Me Me
CF,
DG chiral acid 15
B CFs | %
Cp* —
;_'ﬁ I
;e § CF3

HOZCd/

Me

Figure 7. DFT-Computed transition state at insertion step

ZDXINTFTIVANKR I INVR R W5 2 & T C-H AU OSLARHIE 23T
NT&7=, —J5 T Bronsted Bl & OWHERAUNA O FIELHE SN TWD
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B 5 1 Ct I Azl U 72 Bl il 252 W T C-H B RER L 21T 5 F{EIE Transient Directing
Group (TDG) &ML TV 5 3, TDG IZ LD C-H BEHRERILO %L L7 filfit4 1 ~ L % Figure
IR, N IE LFEAT 52 & ThRMENEAIND, ZORMEZFIHLTC-HMEED
kT & BREEMESEAT L, AR IS TRl T 5 2 & TAEBMAF D, TDG 13T Pd filifk
WZ XD RIGIZHW ST E 7223, ﬁﬁﬁ?icyRmHD%mbdaimg%ﬂﬁmé%vcw

in situ cleavage in situ installation
( i DG ( i DG
T\DG
TM

Figure 8. Transient directing group strategy

Wang HIEFTAT I 16 ZHNHZ LT, 7ATE REFREE LIEARF 7 Z U A A RE
LTW5 (Scheme10) Y, ARG TIEFTAT IV LFEBOTATE RINBAELHFT LA I
DECEEE LCii< 2 & T, CHBEUIBRICKE TR A X T A 7 VR EEKR T 5, 2O
ABZTHATNVNRE D —HFDOTNVT b RICSLARERICAAINT 5 Z & T C-H AUl oLig
HIE 2 FZH L T D, [AEEOBE Z V5 Z & T Ru(DfiEc L 52 A% C-H BREE (L b ER S
Tn5 ¥,

[Cp*P"RhCl,], (1—4 mol %)

AgBF, (8—32 mol %) o
CHO TDG 16 (20-70 mol %) 0 CF3 NH,
Ag,CO3 (0.7-1.4 equiv.) R : "
Xy + R2—CHO X
R 1,4-dioxane, 70 °C, 36-72 h R
Z ¥z F
up to 73% vyield TDG 16
>99% ee
— iPr =
Me Me
R! Me” | Me
+Bh
s
—
=N
R2—CHO
Et
— CF3 -

Scheme 10. Achiral Cp*Rh(lll) and chiral TDG-catalyzed C—H functionalization

Cp*M(I1I) & A HEARIE D 7 K 2 C-H #5550 o A at STARHIENIT 2018 ELARE IS Sh
cEROBFDOHRTH Y RIEHEELESZ D,
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B3ET AL

552 Hi TR LTz X 912 Cp*MIDIC & 5 A% C-H BReEILISIE, ¥ 7 /0 Cp*M A F 7
JU Bronsted fit, ¥ T7NVT7 I EHNDZETEMRINTEZ, FTHFXF T /L CpM 5K % V=
WEBIN RS, AF CHEREMEIZBIT A2WHBTFEE LTS LTS, L, 2
O OFERITAMNES TE 72 WN b DOR %L, BWNRINE L RO KRS X & 31l 2 7= kgt x
%< R, — ST, TR TG0 CpNEL T & A RERMIE A A A DY D T & TARK C-H
BRERALDSER ST\ 5, AT Z N E K% < OGN #E S, &RIESERIC
BN ES b ONRZ W, LvL, Cp*MAINIZ L 5 A5 C-H BHRERALIZIGH S 31T 5 At
DTV, BERORMZFE L T\ 5, BT C-H A YINTE OSTIRHIEIL, E5 OFZER 54
WNTREFID 72 o T2,

LAV EE L Cp BN T2 BT 558 9 IKERESRICL 217 F CH BRSO E B b3 EE
A L. AR A A YTk, BT C-H FEAUIWTE O SLARHIETEDBIFSITEY MA T2,
ARG L TITIRFEDN B Z DRFEIZ DN TLLF DN TR 5,

52 ETIE, FBLE TNV ANVR VBRO G & ARFUE~DIEAIZ DN TR~ 5,

B 1HICIE, AR RSOV TR~ 5,

F2ETIE, T NAAE B VALK UEE (SPISA) OARIZOWTIERD,

3 i Tl SPISA ORE T I F— L BMKIE~DIEHIZ DN T~ 2,

%, SPISA &3 A L7z Cp*RhIIARLEIC & 5 A5 C-H BREHALSURIZ OV Tl <5,
BSHiTIE, AEDOE LDIZHONTIERND,

8% 3 B CIL, Cp*Co(IINff & % Z L 1 )V AR U BR DB L 5 A7 C-H BREREALRIS DRSS
WTiRR2,

B1E TR, R ROV TR RS,

F2HITIE, A ¥ F— 2 (10 C-H fEATEMAL 2% D RF LAFIRISIZ OV Tk~ 5,
BI3EITIE, AEDOE L DIZONTIHRND,

5 4 T T, Cp*Rh(IIDAREE & T L Lewis HILABED W8 £ 2 A% C-H HREA(LSUEDORI%EIC
DTS,

B 1HICIE, AR RSOV TR~ 5,

5 2 fiTlE. Cp*Rh(I) & ICU AT X 5 A F 7 BERARBURIZ OV TR 2,

53 H#iCIE, ROSBEEARNTICBE T 2 B KR OB RIC OV TR D,
FAETIT, AROF LDIZONTIRRD,

5 ETIL, AR COREEERS,
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W2 E EHIX TV ANVR BB OER E REFRIE~DISH
BE AP

Bronsted FAMMILITER 2 22 BHEA SISV SN TE 2, i S AMED B il ¢
B D, 2004 FEDOFKL - 5 HfREE D BR%E 2 JEBK T 123 7 /L Bronsted BEfRIEIZ K 2 AAHIENCEH 2
H£FEY ., A HETIEZEL L DF TV Bronsted i KON 5 2 BEEE U 72 ) AR 75 G aliE 23 B %
SNTERY, R 2 b U2 R0 GRIFe B 7 F U Eid, Ao AR BN 1 &
L CHENTHREELZ BT 2 2 L0 D 2 < ORFABERIZFIH LT\ 5, 2,20 O E
O Bronsted FAMED IR S [ IAMETEMEIC R E B2 RITT 2 LD, ICRIZE DY bl 2 it
JEEAT DM A BT 5 Z LN EE L 225 (Figure 1), 722> T% 1,1°-binaphthyl-2,2’-disulfonic
acid (BINSA) 3132 2D A/LAEICHKT HEOERIEE NS TH D 2,

Maruoka Akiyama, Terada List, Ishihara
(2007) (2004) (2007, 2008)

o0, 00, OO, |0,
sl eonleosiiieon
1

2 3
BINOL BINSA
pKy= 13.22 3.97 3.15 -9.06

Figure 1. C,-Symmetric chiral Bronsted acid catalysts

2005 FFEOERACFDOE TN T, JEFATEMEZR BINSA [3ARFMBIEEAA OFFERE L
THID THESINTWD D, 2D, List 5IXBINSANA DY T T ¥ IMERG D0
RBOG NTBWCTHEBME S LTI 2L 2RI L TWDAR, AERT T U FARIETRE L
TR (<5%ee), £ 9 LIZH, 2008 FEIZAJHHILBINSA L B Y DU ROT I Vb RHTH
XX TUEE - AR Mannich BUSJSIZEB W TENL AR FfREE & U CHET 5 2 &
A L (eq 1) 9, ASUGIE BINSA WAL U CTHRET 2 Z L 2R LTIEWIOFITH 5.
FRBETEPERE & L C AR ViR E — DR LTZ(R)-3:4=1:1 $EADNHEE SN TE Y . ALEVEROE W
FRPEE CREBETHITHDA I U 2IEMLT D 2 LT, s ESE PTI98 3k 5%
LHEOG (LR, 78IRS EMHT D) 28H L, @S o FARRELZFER L WD EE X
bNb, T DO, A7 aza-Friedel-Crafts fits 7. RFT 2 F—/LARSUL V72 8 BINSA &7 3 v
ERLAB DRI X T Vg - WG 2RI A3 2 OGSO #HE ST g,

(R)-3 (1 mol %)
2,6-diphenylpyridine 4 R
N/R‘ O o (2 mol %) NH
)J\ + ~_COR? (1)
Ar H R2 R2 MgSO, Ar
DCM, 0 °C, 30 min COR?2
up to >99% yield

98% ee
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2

BINSA Z&JE A 4 EAGDETH b 3®E SN TWD, 2009 FITAHILT V& &LV A A
fefific & LTV, A4 2L TMSCN OAF A b Ly B —BRIK S 2% LT\ 5 (Scheme 1)
9, BINSA [ZBFBRMEORNT o # Ak DB - & LTEE, VA AgtEom b, =)0
IEREOHIEICHF S L TWDH EEZX LN TN D,

La(OPh); (10 mol %)

Ph (R)-3 (10 mol %) Ph
P AcOH or iPrCO,H (50 mol %) P
N Ph + TMSCN HN Ph
EtCN, —20 °C, 20 h :
R™H R7OCN
up to 99% yield
92% ee

0 o
/
OO §<
S N
6., n"
“H. Ph
~ H

L N _
Scheme 1. Catalytic enantioselective Strecker reaction

2010 41T Toste B, 1 MOEEHAL TN VEEOIRIELZHWET LY O TFHNAKE R
TaxAIEEHELTND (eq.2) 19, F T VT =4 i3 ) o FAPREEFEIZ
TEAF AL OMT =4 L LTHEEL, AABRICEEGLTND L EZ LN TN D, RIS
DEGEGIZIBNT, 70U OS5 O 0 12 BINSA FFERORIE 6 2 VT8 HFERE /e
WO F U FARIRMEREBELL T D, 202 &5 BINSA FHEMKIIF T AxT =4 L LTH
BiET A5 LR A STV,

Ar Ar
o dppm(AUCI), (3 mol %) OO OO
- (S)-5 (6 mol %) or BocN- o .0 -
Boch (5)-6 (3 mol %) o ‘e 505 Ag*
NN 0" “O-Ag* SOs7Ag"| (2)
Y toluene, 23 °C, 15 h | OO OO
Ar Ar
(S)-5 : 98%, 98% ee (S)-5 (S)-6
(S)-6 : 98%, 65% ee Ar = 2,4,6'(IPT)3'CGH2 Ar = 3,5-(CF3)2‘C6H3

Z DX 912 BINSA X5 T Vg « i EE S~ ORI DO TR | REFEN FO0F T LT =
T E LTCHENTEREEZE T2 ENHLNE STV,
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w0 =

—H T, EFT7FERLARKICA B OENTZF TNy JR—D—2L LTHEITH
N5 W, T, GAFEEEZ AT D 1,1°-Spirobiindane-7,7’-diol  (SPINOL) . I3 L OV OFfH
& (Figure2) 134k~ 72 R UGBV CHBAUEO R FBNL - & LTRSS TR Y, KRZE
TFINVERERT DA ER D =) T AR R R T,

1999 4EIZ Birman H I m-7 = A7 )V7 & KD 6 TFETSPINOL O 7 I{KEA&kL, £k
W EIT D 2 & T TR SPINOL D& k& Rk L7z 12, D%, Zhou HI1XZ OF#
IZEH L, SPINOL O HR AR T IZA D RRAT 4 W FFH YD 430100
®%%@éﬁmm%%%%bfwé You HIFAEREKEATHF TV CpX DL, £KF

H BREEEIS~EFH L TW5, 2010 £0IZIFRFFYIC Lin, List 50 7 /L— 7% SPINOL
NHX T RS A AR U BRRAREE E U CENB IR E 6T EEHE LTV D 1Y,

Birman
(1999)
SPINOL

Zhou
(2006)

Figure 2. Spirobiindane-fused catalysts

T TIEAE 058 EOFE ik sp® KB Z~T 0 FICHE XX 7OERIE 192000 7 maFk v
IVERERT Y — /VE I A LT B RS 2D UK sp IRFBE A A RIR TS E MR TS D,
T R EEERT L0 VR EOBRENREINTEY, AL EEERT L ARFMEE
WELRBZOEEHELLTWND

Nagorny Yin, Zhang Ding Lu, Hayashi, Dou Li, Wang
(2018) (2018) (2018) (2019) (2020) (2021)

Figure 3. SPINOL dertivatives

AV B FHEITERRBICH T DMEREEEZHT 0D, BT 7FAEKE IR RS
Btk ZoRmd4 2 £ 03 5, 2002 4£(Z Zhou 5%, BINOL, Hs-BINOL, SPINOL »HiflEh 5% 7
NWEAFaT I XA FEHWE, Rh flllc X522 I v ORFARFBMKIGERE L TN D
(Scheme 2) 29, BfL 1O AP KT DIC 00T F U FA BRI KL, A B REET
DR Tl b BOERZ R LT 5,
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[Rh(cod),]BF,4 (1 mol %)
JL phosphoramidite ligand (2.2 mol %) Me

Ph™ “NHAc H, (50 atm), toluene, 5 °C Ph

S

100% yield, 93% ee 100% yield, 96% ee 100% vyield, —-98.7% ee

Scheme 2. Comparison of phosphoramide ligands in Rh(l)-catalyzed hydrogenation
2010 T List H1x b T Y AT B X —/HUIZ L D HRET IV K= ONE5EZ#HE LT g 180,
SPINOL 75 &N 25 6,6 (LI m @ W EHMEZEA L% T 1) ViR 10 Z WV eBgic =T F
A EBIRVEIIRIEIZ M E L TW»D (Table 1),
Table 1. Catalyst screening in kinetic resolution of homoaldols

OEt

0,
EtO/K/\/Ph cat. (1 mol %) ,/\> /K/\l/
MS4A, benzene, 20 °C
A Ph

OH

P/
Ty
Ar
Ar = 2,4,6'(1Pr)3'CGH2 Ar = 2,4,6'([P|')3'CaH2

(S)-7 9 (S)-10
cat. conv. erof A dr erof B
(S)-7 41% 25:75 14:1 36:64
(S)-8 1% 62.5:37.5 71 57:43
9 26% 45:55 71 49:51
(9)-10 51% 95:5 21:1 92:8

ZOXICAE R EEEAT DB T, MBS A FRINICHN TR, £20F
HERRESNTND, L L, AERBREAT DX TV ANRCBRITZE CHRERNITR <,
B ORMAR L CTD, I CEFIIHRFTINALRBE LTAYREREEA LS
TNAE R Y ZVRCEE (SPISA) 11 ZeXat L, A RIEDHESL & ARF IS ~D IS I DU TR

52L& L7 (Figure4),
SO
o

BINSA

Figure 4. Catalyst design SPISA
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WO T NAE T VAR UEE (SPISA) DAL

FIR S DA U7z 525 BINSA OB/ KA X — A% LU FIZR7 (Scheme 3) ¢, (R)-BINOL 0
O-F A I NNFTA MU, ~A 7 2 RS T TOD Newman-Kwart #5072 X 5 S-F A B /N FA b~
DM, FA—I~DiEIE, BFE (7T5KE) /KOH FKMETD AR VEREE~DERI, A A A Wkt
fEZ W=7 1 b ALZ R T(R)-BINSA 2/ LT\ 5

Newman-Kwart

S Rearrangement o
OO )j\ microwave (300 W) OO )j\
OH NaH, CI NMe2 NMe, neat S” "NMe,
OO OH DM ss°C, 2h OO O\[(NMeZ 200 °C, 20 min OO S\[r'\”\"e?
88% S 75% °

(R)-BINOL

1. O, (7 atm)
O KOH, HMPA O
LiAIH, SH 80°C,5d SOgH

_ =

THF, reflux, 4 h OO SH 5 Amberlite® OO SO5H
95% 82%

(R)-BINSA

Scheme 3. Synthetic route of BINSA
ZOWEDH, EEFEOARREF 200 Giernoth?? 52 & - T, MEMELESLELE L2V NCS
ZRWTET I NANEA NFEOBACFTIEDNRE S TS (Scheme 4), ZHL 6 DWEESHIT,
SPISA % (R)-SPINOL /b4 T 52 & & LTz,

Sumitomo chemical

0]
QL SO NG S
S~ “NMe, NCS SO,CI MeOH, r.t., 5 h SOgH
S\n/NMeg THF/MeOH SOgCl 2 H* 803H
eonilk-—Neo o®

51% >99%

Giernoth

IS 90 I
sJ\ NMe, NCS so,ct  NHs(gas) 802
o)

_— NH
S _NMe, HCI (aq.)/CHaCN SO0l penzene, rt., 2 h 3/02

15 °C, 30 min
Scheme 4. Oxidation of S-thiocarbamate

87% 91%

(R)-SPINOL D F A 1 W3 A ML DS 21T - 72 (Table 2), BINSA Ak & [AERDKHE(L
F RV LAERAOCDEIIC LIZE 2 A, BEM 12 & BN — @R 13 8% < ERR L, F
AR & 72572 (entry 1), SPINOL D/KFRILITA > & L BE# 2 ML DOKFER T LT L TWHT-
OSARBEEIC L RUSHERNET LIZZ ERRERO—2 L LTEX LN, 2 TREFHOFME
fbZIRNE Y O WD 5 D ERB TN INTIE & A EHEIT L o7z (entry2), — 5 TF
B 5054 ES5BIC, L LTDABCO 2z 7z & ZAKINTERTHEITL, HWET 5
[EHAROD I % RAF 7RI T2 (entry 3),
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Table 2. Optimization of thiocarbamoylation of SPINOL

conditions

(R)-SPINOL
entry conditons %yield 1213 °°”d't'°nA ] Condmon B condition C
i NaH 0 p)',\:ﬁti?}e '|  DABCO
1 A 35 3:5 | CI(C=S)NMe, || ¢ GLg)NMe, | | CI(C=S)NMe,
2 B trace - . DMF o THE 2 ; DMF
3 C 81 >20:1 1 85°C,10h E ! 65°C, 36 h E rt., 24 h

Newman—Kwart f5(\.{L O-F F HNVIRTA V& S-F A I NNTA LN E BT HE)STHY . F
FET A= NVHBEROGHRICHERATH D 0, ZOMNIRFB -G _EEANEI)ZMICL 0 E
TERIRFATER _HESICEDLL Z L 2BRE ) L L, %2 200°C UL EOEREHZLEE T 5,
FIRODEE LT BEIE T, ~ A 7 m iR 217 O ST, FBEMENZ EAME S TWnD
7o 2 v A 7w I A AT DO @ik R A IO T BARUINBA D e SV A L7212 & 1,2,4-
trichlorobenzene "1, 230°C THIEA L 7= & = AHME/IR AW % 5- %2 7= (Table 3,entry 1), FEAH7ZRfEMT
IZIEES T 2RNE DD, FEEA DT HDORE WENRIKEE Y DRFIRFERH GBI Sz b
DThHDHETHEL TS, Lloyd-Jones bidimm\ W ENL 2 A9 % Pd fEEIC K 0 FEIOFEF 72 55
HECHENSOSDPEIT T2 2 L2 ME LT D 2, 20542532 PA(BwP), i77E T, 105 °C T
BOGZEAT 512 & ZA RBIBUSSEITT 5 2 L7 < BIUT 2 ZEEZ{K 14 23 IER T 6 7172 (entry
2), Photoredox il 2 72 5t 3D AT MU TIF & A EIEIT L2 o> 72 (entry 3),

Table 3. Optimization of Newman—Kwart rearrangement of 12

NMe, conditions

B ——

NMe,

condition A condition B : '

entry conditons % yield 14:15 [t o ! ; /(TFP .

: | | Ao

; A messy i | cl | P(g(mtB;s;))z | ptol 8 ptol |
2 B 86 >20:1 i ! toluene ! (4 mol %)

3 C <5 - p Cl : 105°C,3h i Blue LED, CH3CN !

230°C,24h | ' rt., 24 h .

14 OEE{LIL NCS % iV 5 Giernoth & D5 (Scheme4) B E |7 o772, S HNTZ A /LK==
7174 K16 OMIKGIR, A A kg% W=7 m R oARIZ LY SPISA DA AETE T LTz

(Scheme 5), F7216 7 =T HATUEL L 7=, RO FIETT e hALT25Z L TUR
VA X R3(R)-17 (SPIDSI) #457=,
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KOH, MeOH/H,O

NCS 70°C,14 h
MeOH/THF then Amberlite®
rt., 15 min
80% 99%
NHj; (gas)
toluene/EtOH, 0 °C, 30 min
then Amberlite®
89%
Scheme 5. Oxidation of SPINOL-derived S-thiocarbamate 14 SPIDSI

Pl b RS a R T 52 CHHI I A AR A LA VBN BLIOF I LA T VR
NRA 2 K17 OERREER LT D,
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%381 SPISA DARKT I F— LBt ~D i

3-1. BUSSHEORERT

SPISA, SPIDSI Offiif e L CORFFHFEEL, A I 7 I REHWERET I T — VAR
JRZ XS TRHMI L7z (eq. 3)o ABUGIE BINSA # V5 Z & TEWT oy FARRMETT I —
IR HND Z ENHEINTND Y, IINAITHLT I 18 1TRT TANLK U & AT
L. &9 —FHDANKREED Bronsted FEMEDHHHCN AR @ S A EHH L TWD EEZ B
Tw5 (Figure 5), BINSA D6, ©F 7 FVEREZ AT LMV T—iRAY7R 3,3 (~DE
BISENNRE S Tlde <, BHIEOBE NI L D RBEOSLRN) - BRI R OFFRIIT T T %
&G 5 363D, 7 I L ORINEEELS 3,30 Y 3 5 R DG H D BINSA R Ot = —=
YIDFEESZ D,

(R)-4 (5 mol %) Cb \
N/CbZ )OJ\ 18 (5 mol %) “NH O [
+ : .
Ar)J\H H,N” R MgSO, Ar/\NJ\R Ar 1[\; Ar ®)
DCE, 0°C. 1 h H . 6
up to 99% yield r=2,4,6-Mes-CeH
89% ee
98 )
0o N
SOzH N in situ OO 8L X

O Control of Brgnsted acidity

- . . . O Bulkiness without direct 3,3'-substitutions
Figure 5. In situ formation of BINSA ammonium salts

Cbz A 192 & 4-A FFIRUXT I K20 ZET/VEEE L, fillft & LCT(R)-SPISA 11,
(R)-SPIDSI 17 % FAWN T UGStk D {247 > 7= (Table4), SPISA, SPIDSI O Tl K —=F >
FABRPRNEIZ E EFE o7 (entries 1,2), WICHAGOE LT I v OfMEtE21T 572, BINSA Z
BRI TH STV DU ROT I U TIHEROWEIWEZ R L7 (entry 3) . 3 —ANEIGET
RVTHDLN-TTFNIATFAT IV EHND L 83:17er LIIRMEIIRIEICH EL7 (entry4), 7
RVOTNAFNAEEEE L T D LRI H1ZM E L (entries 5-8) . NN-V A Y 7'm BV F )L
TIERWD E 5%, 92:8er THEMMN G LT (entry8), RUGIREEZ T T, RUGKEH %
SERT 5 2 & CRIRMEIX S HI2m B L 75%I03, 96:4 er THRM & 1372 (entry 9),
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Table 4. Optimization of Brgnsted acids and amines

Cbz 0 Bronsted acid (5 mol %) Cbz w1 o
N~ amine (5 mol %)
P HoN " Ph” N
Ph” H 980, H
19a 20a OMe DCM,0°C,1h 21aa OMe
(1.5 equiv.)
entry Bronsted acid amine % yield? erb
1 (R-11 none 82 46:54
2 (R)-17 none 88 65:35
- T =% | R 2,6-Phy-pyridine 84 5743
4 (R-1 Meo,NnBu >95 83:17
5 (R-1 Me,NCy 49 86:14
6 (R)-11 nBuzN 42 87:13
7 (R)-11 Cyo,NMe 64 91:9
8 (R)-11 ProNEt 75 92:8
¢ (A ProNEt 75 96:4

a) Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrachloroethane as an internal standard.

b) Determined by HPLC analysis. (R-17

° at—40 °C, for 12 h.

WA DM 21T > 72 (Table 5), FE7 1 b MBS A W CRIGNZTT > 7273 DCM % E[A]
DS T ARSI SN o 72 (entries 2-4) ,

Table 5. Solvent screening

o} (R-11(5mol %) CPZo i o
N/Cbz iProNEt (5 mol %) 0
Py + HoN Ph” N
Ph™ H oM | Mg%% 1h :
19a 20a e solvent, 0°C, 21aa OMe
(1.5 equiv.)
entry solvent % yield? erb
1 DCM 75 92:8
2 toluene 54 83:17
3 THF 58 71:29
4 DCE 68 87:13

a) Determined by '"H NMR analysis of the crude mixture using
1,1,2,2-tetrachloroethane as an internal standard.
5 Determined by HPLC analysis.

Al & L C MS4A X° Drierite®Z fapt L7 o F A BIRMEICIT & A BT o T2
(Table 6, entries 2,3), ZDFER LY . RAKISITBWTHIEE~ 7 % > 7 ATV A ABETlI7e <
HlE L TEINTWS Z LRS-,

Table 6. Effect of drying reagent

b 0 (R)-11 (5 mol %) Chz.\n o
N ProNEt (5 mol %) By
Py + HoN _ Ph” "N

Ph” OH desiccant H
OMe DCM,0°C,1h
19a 20a 21aa OMe
(1.5 equiv.)
entry desiccant % yield? ert
1 MgSO, 75 92:8
2 MS4A 70 89:11
3 Drierite® 81 91:9

a) Determined by 'H NMR analysis of the crude mixture using
1,1,2,2-tetrachloroethane as an internal standard.
b Determined by HPLC analysis.
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3-2. FE o A #upE

I ZETORGTHEON A ST (Table4, entry 9) | FL/E# FH&EPH 2384 L 7= (Scheme6),
ELOR AT IR (20b) °, FHER L7 oo 3@l LA 200) (B Thxz) v
FABPMEL 72 D Z e R BUNTEIT LTc, A R UVDOFFR EIZT7 VA KRR M VLA
THEE (19b,19¢) b BAFRkEREE 2, XUXT I REAIVOmFICA FEUEEATHHE
BHaERHWEERIZ, 973 er Eicbm\=F o FARRMETHRY (21ca) &157c, REZAIE L THE
WiiET I R THHE LT IR (20e) WD EUE, @IRMEE IR LR, 727 U7 R
R (20d) TIHEHEET I REFRFEORREEZR LT,

Cbz (H)-'” (5 mol cyo) Cbz.

N~ 0 ProNEt (5 mol %) NH O
+
Ar/M\H H,N” "R MgSO, Ar”ONT R
DCM, 40 °C, 12 h H
19 20 21
Cbz
NH O <
Cbz NH O
N
sgae! ¥
R R2 H
' 21ad
21aa: R'=H R2=OMe 75%,96:4er 70%, 91:9 er
21ab: H H 73%,95:5er
21ac: H cl 50%, 96:4 er | Cbz.\H ©O
21ba: F OMe 68%, 95:5 er |
21ca: OMe OMe 81%,97:3er ! H
21cb: OMe H 60%, 96:4 er
21cc: OMe Cl 50%, 95:5 er | 21ae

25%, 73:27 er
Scheme 6. Substrate scope

PLE. RFET I F—AARKSICHB VT SPISA ZEm W EEL LA S DY A Z LT, ST
UFARIRVE AN SN D Z AR Lz, 2L SPISA & T R U EAMAS DY F
T« R AERRF M L THRTHD Z L Z2R LT,
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w0 =
%4 #i SPISA %3 A L7 Cp*Rh(IINfREEIZ K 5 ARF C-H B RERAL LG D B

4-1. Cp*RhL.(BINSate)lZ & 5 R 7F 1400

WUFZE=E Tl BINSA B L ONFOFEAZ T =4 & L TEA L7z Cp*RhIIDEEA 22 % BA%E
L. C-H #E&DOUIM 285 o p-REAFN 7 b ~D 1AM IS DARFALIZE D LTS (eq. 4)
3B, AREEIRIL BINSA #FE(K & il D Cp*Rh $5(A7 B EICHHR ST 5 Z L3 FAHETH D (eq. 5).

Br
X [Cp*RNL,][(S)-6,6-Br,-BINSate]
R1_|/\| 0 n2 2 (5 mol %) 1 Me o+
N 2-Me-quinoline (20 mol %) Me@Me ~0,S
+ R* Me Me 4
Ny MS3A R 058 @
R~ | gs DCE, 35 °C |_~“
Z Br
up to 95% yield [Cp*RhL][(S)- 6 6 -Br,-BINSate]
95:5 er
R‘ R R R‘
OO - A9C0s Mo Mo ' ‘O
SO DCM/CHiCN e\@ © 0
Me M
SOsH . [Cp*RAC,l, .‘th € 058
CH3CN Ly
R' R L R R'
68-80%
22a : R R'=

22b : HR Br
ZZC'R—Ph R'=H

A DOFE S5 A 7 V&7~ 3 (Figure 6), $51K 22 72545 U7z Cp*Rh(IINIZ % L THE
EAENLT A Z & THEER T 2T 5, 220D CHESPUIK S, TERe—4 1 71
PRI A ON5, 2O, UirShzkFEET 7T b b LTRALRF— b, E730NAl &

L TR TR L > THitE SN D &EZE 2 b5, FRAE I LT/ COBL, FHARISN
HZDZE&Tr—&YA 7k M 2T 5, BEICZOFHERT 1 Ffrsid 2 &
THBMDG B, FIRHCARE S AT 5

Cp*RhL,[BINSate] N
' N
Co'Rh(INZ ° D , H
-0,S
\
B N + B 7] + B ] 2+

~ . * _038
or Rh Cp D «
H 055

A~ L |

+ | C-H bond cleavage
[ M
e
e N

Me. -~ Et
\ N
\/\g Rh—Cp* | Hogs 7 N—H---048
A= D % | or — D %
_033 _038

A-

Figure 6. Proposed catalytic cycle of eq. 4_
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4-2. PERFREY & BOGSMF DORET
AREOSIEE U DVELDAN D DG TlEmF o FARPEDME T 95 2 & 7> & H B A i PE HI R
ﬁ%oﬁ%:f%%@%?wﬁ7:¢ymiéxﬁcHE%EM&W@%%&ékﬁ%EhL\
SPISA % fHA3A A 72 Cp*Rh(IINEEE DA R & RIS ~D IS DN TRET & 1T > 72,
[Cp*RhL.][(R)-SPISate]#£{Ai% 22 & [FIEED HiLTHEL L 7= (eq. 6). (R)-SPISA Z DCM/7 & k=
UL IRERER TR LER AL AR F— b & L7z, [Cp*RhCLL 1% 5 Z & THRIDEEEK 23 %
37%DULETH 7=, "HNMR N & SeE T OFE R 5K 23 121k & 78 b= F U LDEANL L
TN5HEEZ TS,
1. Ag-CO3

DCM/CH3CN
SOzH 40°C, 24 h

SOgH

2. [Cp*RhClyl,
CH4CN , rt, 24 h

(R)-11 87% [Cp*RhL,][(R)-SPISate]

HELE LU TAEMIEEOFREND 7V UiFER%EZ VT, Michael 52 B5AK~D 1 4N Z4T
>7= (Table7), BINSA #FE{KA %I 7 =4 & U CTROMIEZ VD & HREDOIE, =) FF
BRMECAERD NS LT (entries 1,2), 2-7 ==V E U VU 2B L L725E (eq.4) DS
HCRINEITH & v FABPREIIK T L2 (entry 3), ﬂﬁi:ﬂﬁbkz3%%wékzz%k
8] 5 = > F AR CTHER N T DTz (entry4), 23 Z#H WA CTHIER, MRAllc kb=

F U FABPREOM RIZR 57572 (entry 5),
Table 7. [Cp*RhL,][(S)-6,6'-Br,-BINSate] vs [Cp*RhLJ[(R)-SPISate]

\
<\ Cp*Rh cat. (5 mol %)
base (20 mol %), additive
Et
DCE, 35°C, 48 h

26a
(1 2 equw
entry Cp*Rh cat. base additive % yield®  erb

1 [Cp*RhL,][(S)-BINSate] 22a - - 40 84:16
2 [Cp*RhL,][(S5)-6,6'-Br,-BINSate] 22b - - 66 84:16
3 [Cp*RhL,](S)-6,6-Br,-BINSate] 22b  2- methquumolme MS3A 42 79:21
4 [Cp*RhL,][(R)-SPISate] 23 - 62 87:13
5 [Cp*RhL,][(R)-SPISate] 23 2-methquumol|ne MS3A 21 86:14

a) Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrachloroethane as an internal standard.
b Determined by HPLC analysis.
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4-3. FEE o

Table 7, entry 4 DZAF T, FEEE AP ORKE 21T 7 (Scheme 7). m fAZ A FNLEEHFT S
26b TIZRAFARINER L B®BIRMEZRL, A FFTEO LD RRWE LG A B A L7z 26¢ Tl
PRENDT PR Lic, —F, T AT IVEEEZEA LT 26d TIERMEITILD L0 b O DL
KT L7, pAZIZ Bu 2G5 26e ITHB W Tib BWERMEZ R LT,
Bn Bn

N N

¢ 1 0 * w &

\ N [Cp"RhL,I[(R)-SPISate] (5 mol %)

+ Et
| DCE, 35 °C, 120 h
R—— | Me R——
24 25

Bn Bn Bn

NN N__N N__N
& & §

N Et N Et N Et

“"Me “"Me “'Me
26a 26b 26¢
62%, 87:13er  Me 91%, 87:13er  MeO 66%, 83:17 er
Bn\ Bn
N-_-N N_ N
& &
N Et N Et
“Me “"Me
26d 26e
MeO,C 27%, 86114 er 76%, 89:11

Bu

Scheme 7. Substrate scope of N-Bn purine derivatives
TV CRHERD 6 NLER EOMRGEL A Bn He b iPr AT T 5 L) o F A BRI T
U7 (Scheme8), 2 pfZlZ Bukk, A MFTHEEHT D 28¢, 28d 13 91:9er & i d VO EEIR
MzR LT,

iPr

\
N
[Cp*RhL,][(R)-SPISate] (5 mol %) <\N

DCE, 35°C, 48 h

iPr Pr

“Me “Me “Me
28a 28b 28c
85%, 89:11 er 62%, 90:10 er 73%,91:9 er
Me Bu
IPI’\ IPI’\ lPr\
N-_N NN N_ _N
4§ 4§ Q
N Et N Et N Et

28f
80%, 89:11 er

28d
43%, 919 er
OMe Ac

Scheme 8. Substrate scope of N-iPr purine derivatives

28e
49%,88:12er  Me
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4-4, = F U F AR TP T HEE

I T A RPN E BB T 2B R 21T 9, ARUNTERIT D= F o F AR IRMIRE
BEMiIxzo7Ta h Ak TH B LHEEL TS (Scheme9), C-H fi/UIMiE O L BR e — & VA
VR AR LT ) USRI A T 5 2 L T o F A —DRRICH D 2 DD —
AP A7)V B, BRAEL S, PHERICHD 2 D F o FA~—DN, —FH%EF TV A/LR
VA, ETXFTNVRANKR ST — N EEERKT 578 AL S T EE D, BRI 7 h Ak
THZE TS UTFAEPRENRRELL TNDHEEZTND, 2-7 ==Y VDS (eq. 4).
XU UPMAIR T a R L, AVEKRFT— N A F U ERKT S Z & T T AR
o\ ERRLONIZEZZ LN TS, LML, RIS TIEEEOTMBRIIGE N2 h o T,
HWHMEDBRNA L Z Y — G2 T O EEN T a bR L, BIEIE O e b s
ORIl THDLEZTND,

Bn
N enantioselective
<\ protonation
N
Bn B
\ N n
_N Cp < | 3
N \ AN © *
RH, Et ®N 0,8
""" H  pn
Me / O
Bn
N N

Scheme 9. Proposed enantio-determining step
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MR D(R)-SPINOL 75 4 THETHHF T/ AR UEE 1L, ALK A I R 17 O EZERK L
72o B L72 SPISA 1IARFE 7 2 T — A ARMKIGICBO TEmWEL L AR DbESL Z LT, mL
TFUTFABRRNETERIMEZ 5252 E 2 /ML, ZHUT kY SPISA 137 X v EAADLED
L THXTIVER - MO Y U CHEET D 2 L 2R LT, E£72 SPISA MBI L7
Cp*Rh(IIDEEIAAS, EMIEMEOHIF SN D 7Y VB EAERD C-H #EEIEM L ZRED 1AM
BT, W= rF @R E T IR R Lz, 2O LY SPISA NX Tkt 7T =4
ELTHLEHATHDZ L ERLT,

(R)-11 (5 mol %)
N2 o) Pr,NE (5 mol %) CbZ.\H 0
+
Ar)LH HQNJ\R MgSO, Ar)\NJ\R
DCM, -40°C, 12 h H
up to 81% yield
97:3 er

[Cp*RhL,J[(R)-SPISate]
(5 mol %)

DCE, 35°C, 48 h

up to 85% yield
919 er

FEFhm 3

1. “Synthesis of 1,1’-Spirobiindane-7,7’-Disulfonic Acid and Disulfonimide: Application for Catalytic
Asymmetric Aminalization”
Kurihara, T.; Satake, S.; Hatano, M.; Ishihara, K.; Yoshino, T.; Matsunaga, S. Chem. Asian J. 2018, 13,
2378-238]1.

2. ”Pentamethylcyclopentadienyl rhodium(I1I)-chiral disulfonate hybrid catalysis for enantioselective C-H
bond functionalization”
Satake, S.; Kurihara, T.; Nishikawa, K.; Mochizuki, T.; Hatano, M.; Ishihara, K.; Yoshino, T.; Matsunaga,
S. Nat. Catal. 2018, 1, 585-591.
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3. General procedure of catalytic enantioselective aminal synthesis
4. Synthetic procedure of [Cp*RhL,][(R)-SPISate]

5

General procedure of asymmetric conjugate addition of 6-arylpurines to a,B-unsurated enone

1. General information

General: Infrared (IR) spectra were recorded on a JASCO FT/IR-5300 spectrophotometer and
absorbance bands are reported in wave numbers (cm™). NMR spectra were recorded on JEOL INM-ECS400
spectrometers operating at 391.78 MHz for '"H NMR and 98.52 MHz for '*C NMR, JOEL JNM-ECX400
spectrometers, operating at 395.88 MHz for "TH NMR and 99.55 MHz for 1*C NMR, and JEOL JNM-ECA500
spectrometers operating at 500.16 MHz for '"H NMR and 125.77 MHz for '*C NMR. Chemical shifts were
reported in the scale relative to TMS (0.00 ppm for "H NMR), CHCl; (7.26 ppm for 'H NMR), CD;0D (3.31
ppm for 'H NMR), CDCl; (77.16 ppm for *C NMR), CD;0D (49.00 ppm for '*C NMR), and DMSO-ds
(39.52 ppm for '3C NMR) as an internal reference, respectively. ESI mass spectra were measured on JEOL
JMS-T100LCP spectrometer. Silica gel column chromatography was performed with Kanto Silica gel 60 N
(40-50 mesh). TLC analysis was carried out on Merck Kieselgel 60 F254 plates with visualization by UV
light, anisaldehyde stain solution or phosphomolybdic acid stain solution. Chiral HPLC analysis was
performed on a JASCO PU-2080 intelligent HPLC pump with JASCO MD-4017 intelligent UV/Vis detector
using DAICEL Chiralpak IA, IB, IC, ID, IF, and AD-H columns (0.46 cm x 25 cm).

Materials: DCM and THF were purified by Glass Contour solvent purification system. DCE was distilled
from CaHy in prior to use. Commercially available MeOH, toluene, DMF, and CH3CN (dehydrated grade)
were used without further manipulation. All other reagents were commercially available and used as received.

Aldimine 19 was synthesized according to the literature. SV
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2. Synthetic procedure of (R)-SPISA and (R)-SPIDSI

DABCO (4.0 equiv.)

CIC(=S)NMe, (4.0 equiv.) Pd(fBusP), (8 mol %)

DMF, r.t., 24 h toluene, 105 °C, 3 h
81% 86%
KOH (10 equiv.)
_ MeOH/H,0

NCS (6.0 equiv.) SO,CI 70°C, 14 h; SOzH

MeOH/THF SOL!l then Amberlite® IR-120H SOzH

r.t., 15 min o

80% 99% (R-SPISA11 | (R)-SPIDSI 17

| 1

NHj; (gas), toluene/EtOH, 0 °C, 30 min;
then Amberlite® IR-120H

89%
Scheme S1. Synthetic route of (R)-SPISA and (R)-SPIDSI

(R)-1,1"-Spirobiindane-7,7 -diyl-0,0 -bis(V,/N-dimethylthiocarbamate) (12):
To a solution of (R)-SPINOL (1.01 g, 4.00 mmol) in DMF (13 mL) were added N,N-
dimethylthiocarbamoyl chloride (1.98 g, 16.0 mmol) and DABCO (1.79 g, 16.0 mmol).

After the solution was stirred for 24 h at room temperature, the reaction mixture was

diluted with water and extracted with CHCl; x 2. The combined organic layers were
washed with water and brine, dried over Na>SQs, and concentrated in vacuo. The residue was purified by
silica gel column chromatography (toluene/EtOAc = 40:1) and recrystallization (hexane/DCM = 1:1) to give
12 as a colorless solid (1.55 g, 81%). The purification by recrystallization was essential to obtain the
reproducible result in the next Newman—Kwart rearrangement reaction.

"H NMR (400 MHz, CDCl5): & 2.18-2.28 (m, 2H), 2.38-2.49 (m, 2H), 2.47 (s, 6H), 2.90-3.00 (m, 2H), 3.00-
3.12 (m, 2H), 3.22 (s, 6H), 6.92 (d, /= 7.9 Hz, 2H), 7.11 (d, /= 7.3 Hz, 2H), 7.19 (dd, /= 7.9, 7.3 Hz, 2H);
3C NMR (100 MHz, CDCl3): § 30.9, 37.2, 37.9, 42.8 58.6, 121.7, 122.4, 126.9, 139.9, 145.5, 149.8, 186.1;
[a]p'®7= 164 (¢ = 0.98, CDCl3); HRMS (ESI): m/z caled for C23Ha¢N202S;Na* [M+Na]™: 449.1331, found:
449.1328.

(R)-1,1"-Spirobiindane-7,7 -diyl-S,S"-bis(/V,/V-dimethylthiocarbamate) (14):
To a solution of 12 (533 mg, 1.25 mmol) in toluene (6.3 mL) was added Pd(BusP),
(51 mg, 0.10 mmol) in a glovebox. After the solution was stirred for 3 h at 105 °C, the

reaction mixture was cooled to room temperature and concentrated in vacuo. The

residue was purified by silica gel column chromatography (hexane/EtOAc =3:1to 1:1)
and recrystallization (hexane/EtOAc = 5:1) to give 14 as a yellow solid (457 mg, 86%).

"H NMR (400 MHz, CDCl3): & 2.20-2.37 (m, 4H), 2.67 (bs, 6H), 2.85 (bs, 6H), 2.96-3.12 (m, 4H), 7.20-
7.30 (m, 6H); *C NMR (100 MHz, CDCl5): § 30.9, 36.6, 38.3, 63.0, 124.8, 125.2,127.1, 136.4, 144.5,152.7,
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166.4; [a]p' 7%= 262 (c = 0.98, CDCls); HRMS (ESI): m/z caled for Ca3HasN202S:Na™ [M+Na]*: 449.1328,
found: 449.1332.

(R)-1,1"-Spirobiindane-7,7 -disulfonyl chloride (16):
To a solution of 14 (383 mg, 0.90 mmol) in MeOH/THF (1:1, 4.4 mL) was added N-
chlorosuccinimide (719 mg, 5.39 mmol). After the solution was stirred for 15 min at room

temperature, the reaction mixture was quenched with saturated aqueous NaHCO; and

extracted with EtOAc x 2. The combined organic layers were washed with saturated aquous
NaHCOs3 and brine, dried over Na;SO4 and concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane/DCM = 2:1 to 3:2) to give 16 as a colorless solid (302 mg, 80 %).

"H NMR (400 MHz, CDCl3): § 2.38-2.47 (m, 2H), 2.63-2.74 (m, 2H), 3.10-3.31 (m, 4H), 7.48 (dd, J = 8.0,
7.8 Hz, 2H), 7.63 (d, J = 7.8 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H); '*C NMR (100 MHz, CDCl): & 30.7, 38.8,
64.1,128.1, 128.5, 131.7, 140.3, 146.5, 147.5; [a]p'>*= 168 (c = 1.04, CDCl3); HRMS (ESI): m/z calcd for
C17H14C1,04S:Na" [M+Na]": 438.9603, found: 438.9608.

(R)-1,1"-Spirobiindane-7,7 -disulfonic acid (11):
To a suspension of 16 (302 mg, 0.67 mmol) in MeOH (3.0 mL) was added 20% aqueous
KOH (1.5 mL). The suspension was stirred for 14 h at 70 °C. After the reaction mixture

was concentrated in vacuo, the residue was dissolved in water and passed through a cation

exchange column (300 cm®, Amberlite IR120H ion-exchange resin from Aldrich). The
eluent was concentrated in vacuo, and passed again through a cation exchange column. The filtrate was
concentrated under reduced pressure to give 11 as a pale browm solid (271 mg, 99%).

"H NMR (400 MHz, CD;0D): & 2.13-2.24 (m, 2H), 2.65-2.79 (m, 2H), 2.94-3.10 (m, 4H), 7.25 (dd, /= 7.8,
7.3 Hz, 2H), 7.37 (d, J= 7.3 Hz, 2H), 7.71 (d, J = 7.8 Hz, 2H); *C NMR (100 MHz, CD;0D): § 31.2, 39.7,
65.4,127.5, 128.2, 128.8, 138.5, 147.4, 148.4; [a]p'*'= 75 (c = 1.02, MeOH); HRMS (ESI): m/z calcd for
C17H1506S2™ [M—H]™: 379.0312, found: 379.0322.

(R)-1,1"-Spirobiindane-7,7 -disulfonimide (17):
In a 30 mL round bottom flask was placed 16 (139 mg, 0.33 mmol), and dissolved in
toluene/EtOH (2:3, 8.3 mL). The solution was cooled to 0 °C, and NH3 gas was bubbled

into the mixture with stirring for 30 min. After the reaction mixture was concentrated in

vacuo, the residue was dissolved in water and passed through a cation exchange column
(150 cm?®, Amberlite IR120H ion-exchange resin from Aldrich). The eluent was concentrated in vacuo to
give 17 as a colorless solid (106 mg, 89%).

"H NMR (400 MHz, CDCl3): § 2.23-2.43 (m, 4H), 2.94-3.23 (m, 4H), 7.44 (dd, J= 7.9 Hz, 7.7 Hz, 2H), 7.62
(d, J = 7.7 Hz, 2H), 7.81 (d, J = 7.9 Hz, 2H); *C NMR (100 MHz, CDCl3): & 30.0, 37.3, 64.6, 126.8,
128.1,130.2, 131.8, 145.9, 148.0; [a]p'®’= 105 (¢ = 0.52, MeOH); HRMS (ESI): m/z caled for
C17H15NO4S;™ [M-H]™: 360.0370, found: 360.0375.
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3. General procedure of catalytic enantioselective aminal synthesis

N/Cbz o (R)-11 (5 mol %) Cbz.\H o
iProNEt (5 mol %)
+ HoN >
H 2 MgSO, (1.7 equiv.) /@)\HJ\@
R R2 DCM, —40 °C, 12 h R R
19 20 21
(1.5 equiv.) (0.20 mmol)

To a flame-dried test tube were added (R)-SPISA 11 (3.8 mg, 0.01 mmol, 5 mol %) and a solution of
N,N-diisopropylethylamine (1.7 pL, 0.01 mmol, 5 mol %) in CH3CN (1.0 mL) under an argon atmosphere.
After stirring for 30 min at room temperature, the volatiles were removed in vacuo at room temperature for
1 h. To the resulting residue were added MgSOj4 (40.9 mg, 0.34 mmol), amide 20 (0.20 mmol) and DCM
(0.75 mL). The reaction mixture was cooled to —40 °C and stirred for 30 min. Aldimine 19 (0.30 mmol, 1.5
equiv.) in DCM (0.25 mL) was added to the mixture dropwise over 10 min. The resultant mixture was stirred
for 12 h at —40 °C. Then, the reaction mixture was quenched with half-saturated aqueous NaHCO3; (1 mL)
and extracted with EtOAc (15 mL x 2). The combined organic layers were washed with brine (10 mL), dried
over NaxSOs, and concentrated in vacuo. The residue was purified by silica gel column chromatography
(CHCI/EtOAc = 100:1 to 4:1) to give 21. All products were known compounds and the 'H NMR spectrums

were in good agreement with those reported in the literature.”

(R)-Benzyl ((4-methoxybenzamido)(phenyl)methyl)carbamate (21aa):

Colorless solid (58.3 mg, 75% yield); 'H NMR (CDCls, 400 MHz): § 3.86 (s,
3H), 5.12 (s, 2H), 6.14 (brs, 1H), 6.48-6.67 (m, 1H), 6.89-6.96 (m, 2H), 7.25-

©)\H | _ 7.56 (m, 11H), 7.78 (brd, J = 7.5 Hz, 2H); '3*C NMR (DMSO-ds, 100 MHz):
555.4,60.2,65.6,113.5,126.1, 126.5, 127.7, 127.9, 128.3, 128.4, 129.5, 136.9,

140.3, 155.3, 161.8, 165.0, One of the aromatic peaks was overlapped; HPLC analysis: 96:4 er, Chiralpack

IB, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 20.0 min (minor), 24.0 min (major).

(R)-Benzyl (benzamido(phenyl)methyl)carbamate (21ab):

Coz. 1 o Colorless solid (52.4 mg, 73% yield); '"H NMR (CDCls, 400 MHz): § 5.09 (d, J=13.3

©ANJK© Hz, 1H), 5.13 (d,J = 13.3 Hz, 1H), 6.22 (brs, 1H), 6.59 (brs, 1H), 7.20-7.57 (m, 14H),
H

7.80 (brd, J = 5.5 Hz, 2H) ; 13C NMR (DMSO-ds, 100 MHz): & 60.2, 65.7, 126.5,
127.6, 127.8, 127.9, 128.3, 128.3, 128.4, 131.5, 133.9, 136.9, 140.1, 155.3, 165.6, One of the aromatic peaks

was overlapped; [a]p!”’= 5.3 (c = 0.99, CHCl3). HPLC analysis: 95:5 er, Chiralpack IC, hexane/iPrOH =

4:1, 1.0 mL/min, 254 nm, tg = 12.6 min (minor), 16.2 min (major).

(R)-Benzyl ((4-chlorobenzamido)(phenyl)methyl)carbamate (21ac):
Cbz Colorless solid (39.5 mg, 50% yield); 'H NMR (CDCl;, 400 MHz): § 5.11 (d, J =
"NH O

) 12.2 Hz, 1H), 5.14 (d, J = 12.2 Hz, 1H), 6.07 (brs, 1H), 6.49-6.65 (m, 1H), 7.23-

N
Hool 7.53 (m, 13H), 7.74 (brd, J= 6.7 Hz, 2H); 3C NMR (DMSO-ds, 100 MHz):  60.4,
Cl

/

65.6, 126.6, 127.8, 127.9, 128.3, 128.4, 128.4, 129.6, 132.7, 136.3, 136.9, 139.9,
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155.2, 164.6, One of the aromatic peaks was overlapped; HPLC analysis: 96:4 er, Chiralpack ID,
hexane/iPrOH = 4:1, 1.0 mL/min, 254 nm, tr = 26.6 min (major), 35.1 min (minor).

(R)-Benzyl ((4-fluorophenyl)(4-methoxybenzamido)methyl)carbamate (21ba):
Cbz. o Colorless solid (55.9 mg, 68% yield); '"H NMR (CDCls, 400 MHz): & 3.86 (s,
: | N I : 3H), 5.12 (s, 2H), 6.24 (brs, 1H), 6.42-6.61 (m, 1H), 6.92 (d, J= 8.4 Hz, 2H),
. H oMo 6.99-7.08 (m, 2H), 7.25-7.59 (m, 8H), 7.77 (brd, J = 7.6 Hz, 2H); *C NMR
(DMSO-ds, 100 MHz): § 55.4, 59.7, 65.7, 113.5, 115.0 (d, *Jcr = 21.9 Hz),
126.0, 127.9, 128.4, 128.7 (d, *Jcr = 8.6 Hz), 129.5, 136.6 (d, *Jcr = 2.9 Hz), 136.9, 155.2, 161.7 (d, 'Jcr =
245 Hz), 161.8, 162.9, 165.1, One of the aromatic peaks was overlapped; HPLC analysis: 95:5 er, Chiralpack
IA, hexane/iPrOH = 4:1, 1.0 mL/min, 254 nm, tg = 12.9 min (minor), 14.8 min (major).

(R)-Benzyl ((4-methoxybenzamido)(4-methoxyphenyl)methyl)carbamate (21ca):

Coz.i o Colorless solid (68.3 mg, 81% yield); '"H NMR (CDCl;, 400 MHz): § 3.79
N N (s, 3H), 3.85 (s, 3H), 5.09 (d, J=13.2 Hz, 1H), 5.12 (d, /= 13.2 Hz, 1H),
Hol — 6.16 (brs, 1H), 6.52 (brs, 1H), 6.85-6.95 (m, 4H), 7.25-7.41 (m, 8H), 7.77
MeO OMe

(brd, J = 8.0 Hz, 2H); 1*C NMR (DMSO-ds, 100 MHz): & 55.2, 55.4, 59.8,
65.7, 113.5, 113.6, 126.2, 127.7, 127.9, 128.4, 129.5, 132.4, 137.0, 155.2, 158.8, 161.8, 164.9, One of the
aromatic peaks was overlapped; HPLC analysis: 97:3 er, Chiralpack 1A, hexane/iPrOH = 4:1, 1.0 mL/min,

254 nm, tg = 19.3 min (minor), 23.8 min (major).

(R)-Benzyl (benzamido(4-methoxyphenyl)methyl)carbamate (21cb):

Coz.i o Colorless solid (49.7 mg, 60% yield); '"H NMR (CDCl;, 400 MHz): & 3.80 (s,

/@J\Nj\ij 3H), 5.10 (d, J=12.7 Hz, 1H), 5.14 (d, J = 12.7 Hz, 1H), 6.10 (brs, 1H), 6.45-
MeO Hol 2 6.67 (m, 1H), 6.86-6.92 (m, 2H), 7.25-7.56 (m, 11H), 7.80 (brd, /= 7.1 Hz, 2H);

3C NMR (DMSO-dg, 100 MHz): § 55.2, 59.9, 65.6, 113.6, 127.6, 127.8, 127.9,
128.3, 128.4, 131.5, 132.2, 134.0, 137.0, 155.2, 158.9, 165.5, One of the aromatic peaks was overlapped;
HPLC analysis: 96:4 er, Chiralpack 1A, hexane/iPrOH = 4:1, 1.0 mL/min, 254 nm, tg = 14.0 min (minor),

18.1 min (major).

(R)-Benzyl ((4-chlorobenzamido)(4-methoxyphenyl)methyl)carbamate (21cc):

Coz.i o Colorless solid (39.5 mg, 50% yield); '"H NMR (CDCls, 400 MHz): & 3.80 (s,

\ N 3H), 5.13 (s, 2H), 5.98 (brs, 1H), 6.42-6.61 (m, 1H), 6.90 (d, /= 8.3 Hz, 2H),

Voo Ho | g 7.19-7.49 (m, 10H), 7.73 (brd, J = 5.1 Hz, 2H); '3C NMR (DMSO-ds, 100
e

MHz): 6 55.2, 60.0, 65.6, 113.6, 127.8, 128.3, 128.4, 129.6, 132.0, 132.7,
136.3, 136.9, 155.2, 158.9, 164.4, Two of the aromatic peaks were overlapped; HPLC analysis: 95:5 er,
Chiralpack IA, hexane/iPrOH = 4:1, 1.0 mL/min, 254 nm, trg = 15.9 min (minor), 19.5 min (major).
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(R)-Benzyl (acrylamido(phenyl)methyl)carbamate (21ad):

Cbz Colorless solid (43.7 mg, 70% yield); '"H NMR (CDCl;, 400 MHz): & 5.09 (d, J = 13.3
NH O

NJJ\/ Hz, 1H), 5.12 (d, J= 13.3 Hz, 1H), 5.71 (d, J = 10.9 Hz, 1H), 6.07 (brs, 1H), 6.13 (dd, J

H =17.4,10.9 Hz, 1H), 6.34 (d, /= 17.4 Hz, 1H), 6.39-6.56 (m, 1H), 6.84 (brs, 1H), 7.25—

7.41 (m, 10H); *C NMR (DMSO-ds, 100 MHz): § 59.5, 65.6, 126.2, 126.4,127.8,127.9,
128.3, 128.4, 131.4, 136.9, 140.0, 155.2, 163.8, One of the aromatic peaks was overlapped; HPLC analysis:
91.5:8.5 er, Chiralpack IC, hexane/iPrOH =4:1, 1.0 mL/min, 254 nm, tg = 13.1 min (major), 17.2 min (minor).

4. Synthetic procedure of [Cp*RhL,][(R)-SPISate]

1. AgZCO3
DCM/CH,CN
40°C,24h

2. [Cp*RhCly),
CHaCN , 1., 24 h

37%
(R)-11 [Cp*RhL,J[(R)-SPISate]

To a stirred solution of (R)-SPISA 11 (152 mg, 0.40 mmol) in DCM/CH3CN (1:1, 8 mL) was added
Ag>CO3 (221 mg, 0.80 mmol) at 40 °C. After stirring for 24 h in dark, the reaction mixture was filtered
through a Celite pad, and washed with DCM/CH3CN (1:1). The filtrate was evaporated in vacuo to furnish
Ag>-(R)-SPISate (105 mg, 44%) as an orange solid, which was directly used for the next step without
purification. To a flame-dried Schlenk flask were added [Cp*RhCl,]» (49 mg, 0.080 mmol), Ag>-(R)-SPISate
(105 mg, 0.17 mmol), CH3CN (0.8 mL) in a glovebox. The flask was taken out of the glovebox, and the
mixture was stirred at room temperature and under argon atmosphere. After 24 h, the resulting precipitates
were removed by filtration through a Celite pad and washed with CH3CN. The filtrate was concentrated in
vacuo to afford [Cp*RhL,][(R)-SPISate] 23 as an orange solid (97 mg, 37% as Cp*Rh(CH3CN)o2(H20)1 3).
IR (KBr): v 3273, 3060, 2934, 2843, 2361, 2332, 2241, 1633, 1455, 1254, 1200, 1152, 1124, 1018, 744, 734,
626, 600, 577 cm™'; "H NMR (500 MHz, CDCl3): § 1.60 (s, 15H), 2.04-2.15 (m, 2H), 2.44-2.55 (m, 2H),
2.84-2.95 (m, 2H), 2.93-3.05 (m, 2H), 7.20 (dd, J = 7.4, 7.4 Hz, 2H), 7.29 (d, J = 7.4 Hz, 2H), 7.70 (d, J =
7.4 Hz, 2H); *C NMR (100 MHz, CDCl3): § 9.0, 30.3, 38.3, 63.9, 93.1 (d, "Jcrn = 10.5 Hz), 126.0, 126.2,
127.2, 140.2, 145.4, 146.4; Anal. Calcd for Ca4.7H33.2N0.2078RhS: (Cp*Rh(CH3CN)o.2(H20)15): C, 50.08; H,
5.09; N, 0.43. Found: C, 50.02; H, 4.68; N, 0.79.

5. General procedure of asymmetric 1,4-addition of 6-arylpurines to a,p-unsurated enone

R1
[Co*RhL,JI(R)-SPISate] 23
(5 mol %) <\N

DCE, 35°C, 48 h

24,27 25
(1.2 equiv.) (0.10 mmol)
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To a dried screw-capped vial were added purine derivative 24 or 27 (0.12 mmol), 23 (3.3 mg, 0.005
mmol, 5 mol %) and DCE (0.5 mL) under argon atmosphere in a glovebox. To the resulting mixture was
added enone 25 (11.5 puL, 0.10 mmol). The vial was capped, taken out of the glovebox, and the mixture was
heated at 35 °C with stirring under argon atmosphere. After 48 h, the reaction mixture was directly purified

by silica gel column chromatography (hexane/EtOAc = 4:1 to 3:8) to afford the desired product 26 or 28.

(8)-5-(2-(9-Benzyl-9H-purin-6-yl)phenyl)hexan-3-one (26a):

Yellow oil (25.2 mg, 94% w/w purity, 62% yield, 87:13 er) with a small amount of
byproduct resulted from the second C—H bond addition, which was further purified by
GPC to give a pure analytical sample. "H NMR (500 MHz, CDCl3): § 0.93 (t, J= 7.3
Hz, 3H), 1.23 (d, J = 6.9 Hz, 3H), 2.26 (q, J= 7.3 Hz, 2H), 2.58 (dd, /= 16.0, 9.2 Hz,
1H), 2.93 (dd, J=16.0, 4.6 Hz, 1H), 3.58-3.67 (m, 1H), 5.48 (d, /= 15.5 Hz, 1H), 5.52
(d, J=15.5 Hz, 1H), 7.32-7.42 (m, 6H), 7.43-7.49 (m, 2H), 7.60 (d, J = 7.4 Hz, 1H), 8.03 (s, 1H), 9.07 (s,
1H); *C NMR (125 MHz, CDCl3): § 7.7, 21.4, 31.0, 36.0, 47.4, 51.1, 126.0, 126.6, 127.9, 128.6, 129.2,
129.9, 130.8, 132.4, 134.0, 135.0, 144.4, 145.4, 151.9, 152.3, 158.8, 210.4; [0]p** = 13.6 (¢ = 0.90, CHCl5);
HRMS (ESI): m/z caled for C24HasON4" [M+H']: 385.2023, found: 385.2027; HPLC analysis: 87:13 er,
Chiralpak AD-H, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 12.2 min (major), tr = 13.8 min (minor).

(5)-5-(2-(9-Benzyl-9H-purin-6-yl)-4-methylphenyl)hexan-3-one (26b):

After 48 h, the reaction mixture was filtered through a short pad of silica gel, and then
diluted to measure the crude yield using '"H NMR. Obtained crude mixture was purified
by preparative TLC to give a corresponding product 26b (91% yield, 87:13 er). '"H NMR
(400 MHz, CDCl3): & 0.92 (t,J=7.4 Hz, 3H), 1.20 (d, /= 6.8 Hz, 3H), 2.25 (q, /= 7.4
Hz, 2H), 2.37 (s, 3H), 2.55 (dd, /= 16.0 Hz, 9.5 Hz, 1H), 2.90 (dd, /= 16.0 Hz, 4.5 Hz,
1H), 3.44-3.58 (m, 1H), 5.42-5.55 (m, 2H), 7.20-7.50 (m, 8H), 8.01 (s, 1H), 9.05 (s, 1H); HPLC analysis:
87:13 er, Chiralpak IC, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 27.4 min (major), tr = 30.6 min

(minor).

(8)-5-(2-(9-Benzyl-9H-purin-6-yl)-4-methoxyphenyl)hexan-3-one (26c):

Bn After 48 h, the reaction mixture was filtered through a short pad of silica gel, and then
<\N diluted to measure the crude yield using 'H NMR. Obtained crude mixture was purified
N

by preparative TLC to give a corresponding product 26¢ (66% yield, 83:17 er). 'H
NMR (400 MHz, CDCl3): § 0.92 (t,J=7.4 Hz, 3H), 1.19 (d, /= 6.8 Hz, 3H), 2.25 (q,
MeO J=7.4Hz, 2H), 2.54 (dd, J= 15.8 Hz, 9.5 Hz, 1H), 2.88 (dd, J = 15.8 Hz, 4.5 Hz, 1H),
3.41-3.55 (m, 1H), 3.80 (s, 3H), 5.44-5.55 (m, 2H), 6.99-7.12 (m, 2H), 7.25-7.54 (m, 6H), 8.02 (s, 1H), 9.06
(s, 1H); HPLC analysis: 83:17 er, Chiralpak IA, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 13.7 min

(major), tg = 16.7 min (minor).
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(S)-Ethyl 3-(9-benzyl-9H-purin-6-yl)-4-(4-oxohexan-2-yl)benzoate (26d):

Bn After 48 h, the reaction mixture was filtered through a short pad of silica gel, and
N

'S then diluted to measure the crude yield using 'H NMR. Obtained crude mixture was
N

purified by preparative TLC to give a corresponding product 26d (27% yield, 86:14
er). "HNMR (400 MHz, CDCl3): § 0.94 (t,J=7.4 Hz, 3H), 1.24 (d, J= 6.7 Hz, 3H),
2.28 (q,J = 7.4 Hz, 2H), 2.61 (dd, J=16.3 Hz, 9.4 Hz, 1H), 2.93 (dd, J=16.3 Hz,
4.3 Hz, 1H), 3.64-3.80 (m, 1H), 3.89 (s, 3H), 5.45-5.55 (m, 2H), 7.36-7.43 (m, 5H), 8.04 (s, 1H), 8.10-8.14
(m, 1H), 8.28-8.30 (m, 1H), 9.08 (s, 1H); HPLC analysis: 86:14 er, Chiralpak IB, hexane/iPrOH = 9:1, 1.0

MeOQC

mL/min, 254 nm, tr = 25.3 min (major), tr = 30.0 min (minor).

(8)-5-(2-(9-Benzyl-9H-purin-6-yl) -5-(tert-butyl)-phenyl)hexan-3-one (26e):
After 48 h, the reaction mixture was filtered through a short pad of silica gel, and then
diluted to measure the crude yield using '"H NMR. Obtained crude mixture was purified
by preparative TLC to give a corresponding product 26e (76% yield, 89:11 er). 'H NMR
(400 MHz, CDCl3): 6 0.94 (t, J=17.2 Hz, 3H), 1.24 (d, J= 6.7 Hz, 3H),1.36 (s, 9H),
Bu 2.28 (q,J=17.2 Hz, 2H), 2.58 (dd, /= 15.7 Hz, 9.9 Hz, 1H), 2.96 (dd, /= 15.7 Hz, 4.5
Hz, 1H), 3.64-3.77 (m, 1H), 5.44-5.55 (m, 2H), 7.29-7.62 (m, 8H), 8.02 (s, 1H), 9.05 (s, 1H); HPLC analysis:
89:11 er, Chiralpak IF, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 11.2 min (major), tg = 15.7 min

(minor).

(8)-5-(2-(9-Isopropyl-9H-purin-6-yl)phenyl)hexan-3-one (28a):

Pr Colorless oil (28.4 mg, 85% yield, 89:11 er). 'H NMR (500 MHz, CDCl3): § 0.95 (t, J
=7.4 Hz, 3H), 1.23 (d, /= 6.9 Hz, 3H), 1.70 (d, /= 6.9 Hz, 6H), 2.28 (q, /= 7.4 Hz,
2H), 2.59 (dd, J=16.0, 9.7 Hz, 1H), 2.93 (dd, /= 16.0, 4.0 Hz, 1H), 3.57-3.65 (m, 1H),
4.99 (sept, J = 6.9 Hz, 1H), 7.35 (ddd, J = 7.4, 6.3, 2.3 Hz, 1H), 7.44-7.48 (m, 2H),
7.59 (d, J=7.4 Hz, 1H), 8.12 (s, 1H), 9.02 (s, 1H); *C NMR (125 MHz, CDCl3): § 7.7,
21.4,22.5,22.5,31.0,36.0,47.4,51.1, 126.0, 126.5, 129.9, 130.7, 132.9, 134.1, 142.4, 145.4, 151.5, 151.6,
158.6, 210.5; [a]p** = 21.3 (¢ = 0.85, CHCI3); HRMS (ESI): m/z calcd for C20H2sONs™ [M+H']: 337.2023,
found: 337.2025; HPLC analysis: 89:11 er, Chiralpak AD-H, hexane/iPrOH = 19:1, 1.0 mL/min, 254 nm, tr

= 11.8 min (major), tr = 16.0 min (minor).

(8)-5-(2-(9-Isopropyl-9H-purin-6-yl)-5-methylphenyl)hexan-3-one (28b):

Pr. Colorless oil (21.6 mg, 62% yield, 90:10 er). '"H NMR (500 MHz, CDCls): § 0.95 (t, J
=7.2 Hz, 3H), 1.23 (d, /= 6.9 Hz, 3H), 1.70 (d, /= 7.0 Hz, 6 H), 2.26-2.31 (m, 1H),
242 (s, 3H), 2.58 (dd, /= 15.9,9.7 Hz, 1H), 2.93 (dd, /= 15.9, 4.3 Hz, 1H), 3.60-3.68
(m, 1H), 4.99 (sept, J="7.0 Hz, 1H), 7.17 (d, J= 7.7 Hz, 1H), 7.25 (s, 1H), 7.52 (d, J=
7.7 Hz, 1H), 8.11 (s, 1H), 9.02 (s, 1H); '*C NMR (125 MHz, CDCl3): § 7.9, 21.6, 21.7,
22.7,22.7,31.0,36.2,47.6,51.3,127.0, 127.4,131.0, 133.0, 140.0, 142.4, 145.5, 151.6,
151.6, 158.7, 210.8. One of the aromatic peaks was overlapped; [o]p'® = 24.8 (¢ = 1.08, CHCl3); HRMS
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(ESI): m/z calcd for C21H27ON4" [M+H]: 351.2179, found: 351.2181; HPLC analysis: 90:10 er, Chiralpak
IA, hexane/iPrOH = 19:1, 1.0 mL/min, 254 nm, tg = 10.8 min (major), tr = 15.1 min (minor).

(8)-5-(5-(tert-Butyl)-2-(9-isopropyl-9H-purin-6-yl) phenyl)hexan-3-one (28c):

Pr. Colorless oil. (28.7 mg, 73% yield, 91:9 er). 'H NMR (400 MHz, CDCls): § 0.95 (t, J
=7.3 Hz, 3H), 1.25 (d, J= 6.7 Hz, 3H), 1.37 (s, 9H), 1.70 (d, /= 6.7 Hz, 6H), 2.29 (q,
J=17.3Hz, 2H), 2.58 (dd, /= 15.7, 9.9 Hz, 1H), 2.95 (dd, J=15.7, 4.5 Hz, 1H), 3.63-
3.72 (m, 1H), 5.00 (sept, J = 6.7 Hz, 1H), 7.38 (dd, /= 8.1, 1.8 Hz, 1H), 7.46 (d, J =
1.8 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 8.12 (s, 1H), 9.02 (s, 1H); *C NMR (125 MHz,
CDCl): 6 7.7,21.4,22.5,22.5,31.2 (4C), 34.9, 35.9, 47.4, 51.3, 123.2, 123.4, 130.6,
131.0, 132.8, 142.2, 144.9, 151.4, 151.5, 152.8, 158.7, 210.7; HRMS (ESI): m/z calcd for C24H330N4"
[M+H"]: 393.2649, found: 393.2649; [a]p** = 22.0 (¢ = 1.27, CHCl3); HPLC analysis: 91:9 er, Chiralpak IA,

hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tr = 5.1 min (major), tr = 5.8 min (minor).

(8)-5-(2-(9-Isopropyl-9H-purin-6-yl)-5-methoxyphenyl)hexan-3-one (28d):

Pr. Colorless oil (16.0 mg, 43% yield, 91:9 er). "H NMR (400 MHz, CDCl5): 8 0.96 (t, J =
7.4 Hz, 3H), 1.24 (d, /= 6.7 Hz, 3H), 1.70 (d, J= 6.7 Hz, 6H), 2.30 (q, /= 7.4 Hz, 2H),
2.57(dd, J=16.0,9.4 Hz, 1H), 2.95 (dd, J=16.0, 4.5 Hz, 1H), 3.72-3.81 (m, 1H), 4.99
(sept, J= 6.7 Hz, 1H), 6.90 (dd, J= 8.5, 2.2 Hz, 1H), 6.98 (d, /=2.2 Hz, 1H), 7.67 (d,
J=8.5Hz, 1H), 8.12 (s, 1H), 9.00 (s, 1H); *C NMR (125 MHz, CDCl3): § 7.8, 21.4,
22.5,22.6,31.0,36.0,47.4,51.2,55.3,110.8, 113.1, 132.8, 142.1, 147.7, 151.4, 151.6,
158.3, 160.9, 210.5. Two aromatic peaks were overlapped; [a]p?? = 23.4 (¢ = 0.49, CHCl3); HRMS (ESI):
m/z calcd for C2iH270oN4" [M+H']: 367.2129, found: 367.2128; HPLC analysis: 91:9 er, Chiralpak ID,
hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 23.4 min (major), tr = 29.3 min (minor).

OMe

(8)-5-(5-Acetyl-2-(9-isopropyl-9H-purin-6-yl)phenyl)hexan-3-one (28e):

After 48 h, the reaction mixture was filtered through a short pad of silica gel, and then
diluted to measure the crude yield using '"H NMR. Obtained crude mixture was purified
by preparative TLC to give a corresponding product 28e (49% yield, 88:12 er). 'H
NMR (400 MHz, CDCl3): 6 0.96 (t,J=7.2 Hz, 3H), 1.26 (d, /= 6.7 Hz, 3H), 1.71 (d,
J=6.7Hz, 6H), 2.30 (q, /= 7.2 Hz, 2H), 2.63-2.72 (m, 4H), 2.93 (dd, /= 16.4 Hz, 4.7
Hz, 1H), 3.48-3.71 (m, 1H), 4.94-5.10 (m, 1H), 7.68-7.73 (m, 1H), 7.88-7.94 (m, 1H),
8.05-8.10 (m, 1H), 8.14 (s, 1H), 9.05 (s, 1H); HPLC analysis: 88:12 er, Chiralpak 1A, hexane/iPrOH = 9:1,

1.0 mL/min, 254 nm, tr = 14.2 min (major), tr = 23.2 min (minor).
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(8)-5-(2-(9-Isopropyl-9H-purin-6-yl)-4-methylphenyl)hexan-3-one (28f):

After 48 h, the reaction mixture was filtered through a short pad of silica gel, and then
diluted to measure the crude yield using 'H NMR. Obtained crude mixture was purified
by preparative TLC to give a corresponding product 28f (80% yield, 89:11 er). 'H NMR
(400 MHz, CDCl3): 6 0.94 (t, J = 7.3 Hz, 3H), 1.21 (d, /= 6.7 Hz, 3H), 1.70 (d, J =
6.7 Hz, 6H), 2.26 (q, J = 7.3 Hz, 2H), 2.37 (s, 3H), 2.56 (dd, /= 15.9 Hz, 9.4 Hz, 1H),
2.90 (dd, J = 15.9 Hz, 4.5 Hz, 1H), 3.43-3.55 (m, 1H), 4.92-5.07 (m, 1H), 7.21-7.50 (m, 3H), 8.12 (s, 1H),
9.02 (s, 1H); HPLC analysis: 89:11 er, Chiralpak IC, hexane/iPrOH = 9:1, 1.0 mL/min, 254 nm, tg = 16.9

min (major), tr = 19.4 min (minor).
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553 % Cp*Co(IINfllt & % Z )V 7 V7R VB D BN K 5 A7 C-H B REZACSE D B FE
%1 MR

C-H BRERALISICBN T, Kb T& 7~ Rh O E LT, Rh EFKETH Y. L0 Z2Af
THIER EICEEICFET D Co DNUTFEER ZED T D, YAFIEE Tld Cp*Co(IINEE A % BH%E L |
KI5 Cp*Rh(IIEEA L FERL OGN EE R Z L 2B E Lz (eq. 1) Y, HITTIXRh & Co
DAN—FR -« V7 b, BREWE, FAEROENR SICHE LTz Cp*Co iR A O R i & R
LT3 2,

N/

Ar” N
H™ "R
7N Me
R1ﬁ [Cp*Co(CeHe)I(PFe): Me Me
=N Ar=2-thienyl (5-10 mol %)
+ Me CI Me (1)
X DCE or THF N % PE
. 0 (PFg)2
R2—— o) 100 °C, 12-24 h 1
) b O
5 *
r R [Cp*Co(CeHg)](PFe)z
R4 RZ'—\ R4
N
up to 91% yield

Cp*Co $8RZ AWz, T I RISITHEZE < OBENR 2 STV DD REFIGEDOHEHIEL Cp*Rh
X2 Cp*lIr (T~ 70,

2016 412 Ellman 5% Cp*Co flRlEAfFE T, 7V — )tz /v TATE RERIZA I V7L
ORE A% SO S5 Z & T C-HREAOYWZED B A — REJEDHET L. 3 B HIAED
BoENBEZEERHLE D, REFHELTEFIAANLKRAAL IV EHANVL I ETIOT AT L
RN SIS HETT L, Cp*Co IZ K DD ARF IS DBFIZNI L TV D (eq.2), LML, &
FHBEEZFIH L TV DD FEREOF 7 VRAELELE L TN 5,

A\
4/—\\ [Cp*Co(CgHe)I[B(CeFs)al2 QN
N

Bu (10 mol %) 0
N o) H LIOAC (20 mol %) RS o
+ + 0N (&)
\)J\Ph I 1.4-dioxane, 65°C, 20 h

HN” "R

H™ R \
Bu' SO
R =CF; R=CF; 65% (>94:6 d.r.)
CO,Et COLEt 62% (96:4 d.r.)

AFDOFHEE LTH TV Cp B FOFHNZET 6503, —#IZ Cp Bifii 1 & Co DFEETE
Rh & HEE L CHWZ DN L 720 0d <. F 71 Cp*Co $HERDERRIZES Tld/z v,
Cramer 5 (%% 7 /L Cp*Co $5K 2GR L7223, 10 TR EOZEMEEKRZZ L, INELEN- T

(Scheme 1) ¥, Z D%, [[ 27 /L—71% CO FIHR T, $EAARLATT 5 2 & TIED EIZEI L.
Bk LT8R %2 R C-H BREFMEA~ LIS LTS (eq. 3) ¥, HRIEEA1 W=V FuA
V& B RO TR 99.5:0.5 er & IEFICEVEIRMEAZRL TS (eq. 4),
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OO more than 10 steps
OH -~
Ci”

Scheme 1. Synthetic route of chiral Cp*Co complex

R’ C0,(CO)g
O CO (1 atm.)
DCM, 40°C, 6 h
- oo :
then |2, Et20
R

1 (5 mol %) le}
o AgOTH (10 mol %)
_Cl Z > R3 CsOPiv (1.2 equiv.) A NH
(S N e 2 " R1:_/ , 4
R _J H R HFIP, 40 °C, 18 h " "Re
R2
up to 89% yield
99.5:0.5 er

2017 FFEIT YIRS TV VAR R T2 C-H GG BT BB T oo NLARHIE % (£ 5 AR
A7 C(sp’)-H H*‘*h%ft)imfz%&iw_ (eq.5) ©, Co(II)ff2 &7 XV BEH KD X T /LT LR
fE3fFET, TATIREDART Y R U ARIGSED Z & TRV T U FABRRETT 2 MM
REFTWD, H/D ZEFER LY C-HFAOUBNIAHRTHY . ZOEMENT T FARE
BETHLHZ ENRINTVS (Scheme 2),

Bu

MeMe \

Me Me
/Co\ (5 mol %)
o CHsCN™ | “NCCHs H
s Vi _ NCCHs S NHCOR? O
Me le) chiral acid 3 (10 mol %)
N R O N“Y R Bu., N—( H (5)
Mo ~ MS13X, oDCB Mo [
ke 40°C. 24 h e co,H ©
up to 99% yield . .
94:6 er chiral acid 3
S—ICo] S NHCOR?

S H
Col/chiral acid
L
MeR enantioselective me R —_— vd R
C-H cleavage
(irreversible)

Scheme 2. Proposed enantio-determining step
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FARRISISH U TCHTZICBE LRI 7 =2a o DA R B4 2D Z LT, oeq. 5 Tl
B SN TRVl T V— NV EEHTH5FA47 I RBEHAARETH L Z L2 @®E L TED,
XTNHNVRBEDT 2 — 0 = 7280 SRS ARRIEOFFH N AR THH Z & Z2 R LT
W5 (eq.6) 7,

[Cp*Co(CH3CN);](SbFe),

(o]
S (5 mol %) S  NHCORZ COH
R! &Me OJ< chiral acid 4 (10 mol %) - CcO @R
o * I 0 N d Fe (6)
1 N~ .
A S ) e | <&
" , : R= 375'tBU2'CGH3
up to >99% yield ’ ;
87:13 er chiral acid 4

ZDOfth, Co(lll) & F Z VALK UEEIZ L D C-H A I ERE CONLRFIEOF & LT, Shi &
XX TAINRES EROVZEHAE 7 st OGE#RE LTS (eq.7) Y,

S o [Cp*Co(CH3CN)3](SbFg)s S BzHN,__ _CO,H
; (5 mol %) 1
=~ NR% OJ< chiral acid 5 (20 mol %) : NR',
Fe o 0 Fe NHCOR3 (7)
2 = EtOH, 25°C, 12 h 2 -
> s >
up to 97% yield OH
775225 er chiral acid 5

C-H EAUIBBONIKHE L XTI LREEEH VD D CERINTNS, 2018 FiC
Ackermann &%, Cp*Co filiL & f I XV DU B EZATHX TNV IR L6 ZHWDH Z & T,
Cp*Co fillgt & flIBE & D % 7 WJRIC L D WD @ =T o F RIS 2 ME L T D (eq. 8) 7,

Cp*Co(CO)l, (10 mol %) Me o)
RN AgSbFe (20mol %) it ) )¢ \—Ph
= chiral acid 6 (20 mol %) = 2 Ph, N
N R2 N R 8
+ >—COZH (8)
/N Amberlyst 15 /N N
\ DCE, 50 °C, 65 h \ Ph
= = )\Ph
Me Me chiral acid 6
up to 74% yield
93:7 er

2021 A£IZ Hong, Shi HIFFEBIO SIS W TEFRGIELBA LZRMAE L 7 I/ BEEkO*
TNANKABETERNDZE TR EmOERRETHMRN GO Z L2 R LT (eq.9) ',
~ Cp*Co(CO)l, (10 mol %) R

o B AgNT#, (20 mol %) o M Me
N chiral acid 7 (30 mol %) Col

N+ AR >N R ©)
DG DCM, 40 °C, 36 h DG
up to 95% yield
96:4 er
N CFs PhthN.__COH
< \ MeOOMe
CF, Me Me Me
DG chiral acid 7
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eq. 3 LABED IS 2018 FLUEICHE SN2 b D TH Y | EHE DM BHLL L7 2017 447
1E Cp*Co(IIN)IZ & % Al AN Fr C-H B REEA LSO DA B 72 7> > 7o D[Rl e 38 & beige L T,
LM CTREEME L | HER FICEFISHFET D Co 2 AWERISERT 5 Z LA TEIUE, BEFED
i 72 Rh, Ir (2% 5 e R EME A 2 B A2 R 2 &N TE 5, 2D L ) ey 5ed b EH 13X Cp*Co
fib it 2 T2 AR AR C-H BREEMbEUG DB % B s LAFJEICE T LT,

BRSO

2017 12 Li, Ackermann &% Cp*Co fititic LB 4 > R— 2> C-H ML EZR S~ 1A 2
RA~D LAMIBREZHRE LTS (eq. 10) 'y ARSUSITAEEREOFEET U 7 AWM LY
WEENKIEIZE BT 52 o727 — M3 1 7 VIiZBBE L TWnWb EE 26D, T 1
HINKRBBEERAND Z & TARRISERFLS~ERBETEL B2, EFXXFTVAONR B E
Cp*Co IZ L A AFF C-H BREEMLIUSIZOW TR ZITH 2 & & LTz,

Cp*Co(CO)l, (5 mol %) _Me
@E\> Me AgSbFg (10 mol %) N
N O._N additive (10 mol %)
J— \T\fo 0 (10)
N N - TFE, 30°C, 12 h

none :12%
NaOAc : 94%

Z

@
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HE SN DS 1 7 V&2 LU FIZRT (Figure 1), Cp*Co(CO), & 4RI, TV VR U, iR
ENOIEHECTHL T Aoz L ME () BAET D, Co(ll) & BLRFT T — FOw@ic X
0 C-HiEGNYINr S, HERI VEZ YA ZUdiE ) BNEMT S, 228~ LA I R
B2 2 2 & THIEA (D 2B L. fit <FABSIZ X Y EBER a3V 231 7 v difiik IV)
DFEOLND, KBICHREE V) A7 e hAb &b 2 & T, ERNE LIS & RIREHC AR
4T %, Ackermann & @D C-H 7 /L /L1t (eq.8) <> Whiteoak © D Cp*Co filtfitiz L5 C-H #5545
TEEAL 2R D LAMIIEOE P CiE, DFT HEICE VRGO T 1 N ALOBEMENEETH D Z &0
RREINTWD, ZRODHEND, SEIOKINIEBNTE v LA I ROMABRMIL AR Th
HETHRLE, i~ LA I ROFALY = F o TFA~—DOBURIZHD 2 DD/ Z A
v (V) BEL D, FTNVINRCEE AW THERRICH D 2 DO F o FA~—D 5 b,
—HEERIZT e b AL T D2 E T f U TFARIENR BT S LB 2T,

Cp*Co(CO)l, + AgSbFg

0 RECO,H +B-
Me
M I\AgI+BH \_p
N N
‘e o
Co—
) @~§ .
R 002 RECO,H
LR e
N’ /
p 2

™MD °

\ " /w

() N\\)

Figure 1. Proposed catalytic cycle of Cp*Co(lll) and chiral carboxylic acid
catalyzed asymmetric 1,4-addition
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FH28 A F— 2D C-H EETEMEAL 2/ D A 140

2-1. RSSO
Li, Ackermann & DG EZZEIZ HWiET NV 7 LADORDO Y IZFEA DX T )V VR Uk E BuOK
%ﬂﬂb\fﬁﬁl‘?’i’ﬁo 7= (Scheme3), ¥ TN HINAKUEEEHND EARFTNFHE I, K)o F

HARMEZ2 D 5 LA-FIIIE 10aa 235 407z,
Cp*Co(CO)l5 (5 mol %) o)

AgSbFg (10 mol %) Me
A\ Me chiral acid (10 mol %) A N
N Os__N BuOK (10 mol %)
N
> 0 °
)—N - TFE, 35°C, 20 h N)\N
\
\k) (2.0 equw \Q)

10aa
o
yPh
Ph, OPIV
002 COH
OMe )i >—002H HO, C/\/ 2
OPiv
COZH O g Ph
11a 12 6 13
>95%, 59:41 er 71%, 44:56 er 81%, 51:49 er 88%, 56:44 er

Scheme 3. Initial screening of chiral carboxylic acids

BB R VBIRME 2R LT B F 7 FVEHRE AT 5T ) X TV R Uik DICE L CRE M
WEITolz, ETIHRDICE T 7 F VO DAL OEHIN R EZRE L2 (Table 1), A FLT—F
NS T == —T R D E@EIRMEIL E L2, XU —7 L CIIK T L72 (entries
2,3)0 2NLCT = =NV BAT H EBIRMIT S HICm B L7 (entry4), 7 ==/LH RIZETK
IR G IL AT AT 5 LEIRMEITHOTNIUE T L2 (entries 5, 6), MNAKPIIZE @V Bu £ % 3,
SHALICEAN LT DMEWEIRIEIC & EF o7 (entry 7)., TOfh, 7 FNALESLTF =L FAT
A UF XY NEEET DX TN HVR B E ORI B L7275 72 (entries 8-10)

Table 1. Screening of 2'-substituted binaphthyl carboxylic acids
Cp*Co(CO)l, (5 mol %) e

AgSbFg (10 mol %) Me
A\ Me chiral acid (10 mol %) A N
N Os__N BuOK (10 mol %)
N 0 \ 0
7N ~ TFE, 35°C, 20 h )\N
) N
= (2.0 equiv.) \Q)

8a 9a 10aa
entry  chiralacid % yield? erb OO
CO,H
1 (S-1a >95 59:41 R
2 (S)-11b 91 65:35
3 (S-11¢ 86 53:47 OO
4 (S)-11d >05 73:27 (S)-11a : OMe
6 (-1 >95  66:34 (S-11c : OBn
7 (S)-11g 89 59:41 (S)-11d : Ph
8 (S)-11h >95 67:33 (S)-11e : 4-CF3-CgH,
9 (S)-11i 70 65:35 (S)-11f : 4-OMe-CgH,
10 (91 73 51:49 (S)-11g : 3,5-Bu,-CoHy

(S)-11h : 2-naphthyl
(S)-11i : 2-thienyl
(S)-11j : P(O)Ph,

a) Determined by "H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.
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ZDMDX TNV IR FEOKE EFTR o7 (Figure 2), HAVRF T EED o MIZEBILE G T
HXTIVANVEEE 14, 15 ZHND EIGE, BREE LK T Lz, 202205 3~DE
BAEL OB NI RATIEIRNZ & D3RR S 472, BINOL #5E{KCTd 5 Hs-/6,6’-Ph,-BINOL Hi KD
X TNV L6, 17 Z O T HEFRPED M RIXR b7 oo, IWITT TIVR BRORG &
1ol B 7FIVERKRERT LU HNR IR 18, 19415 KW KRD U H VR R 20 % v
TG EAT S T MR F U FARIRMEICE EE oz, WRIZT IV BBHEEOX T VI ILAR D
ME 2T o7, A% C-H 7 X /bR (eq.5) 1BV TRWERIRMEZ R LTz 3 O E .01
Bt ZA, rA vy, T T 7= RO 22, 23 & AW T BRIZ i B IRME ¢4
RRHMF BTz, “HEE G EEITT LT 27,28 DMRWVIEBIRMETH D Z &b T RS
it LM AEAEH LTS, ETIFREICRE T L EBIMDOER T2 LB TWD, 74
BANVIETHRE L2907 2 ) VHROT 2 /30 TIHEWERIRMEZ R Lz, WO LRER
IZBWTH, Bu-A T UHROI VAR ER 3, 12, 21 TIHEEWVERBPELN T RN Enb,
o L DEWFNTHEE 2w SN EEZ bivbd,

mono-carboxylic acids amino acid derivatives

SN ¢Sl
COH CO.H
OMe Ph
OO CO COgH 0 COQH 0 Co2

_ 21 22 23
Ar = 3'5";‘34“2'CGH3 5 03%, 49:51 er  >95%, 29:71 er 90%, 30:70 er

68%, 51:49 40%, 49:51

O O
CO,H CO,H H 2-Naph,,

Ph
(2 oy oplo bout
Ph

>95%, 34 66 er >95%, 36 64 er >95%, 33 67 er

16
90%, 60:40 24%, 66:34
di-carboxylic acids
LI CCr
O O
COH COH COzH COZH 002

O O COzH O O CO.H 93%, 43 57 er >95%, 35 65 er >95%, 35 65 er
Ph

18 19 0 CioHos
92%, 51:49 er 57%, 52:48 er \©\ Q
HO,C CO,H // %
C02H o]

20 3% 37 63 74%, 51 49 er
95%, 54:46 er

Figure 2. Screening of chiral carboxylic acids
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ZZETTROBBWERZR L d Z AW TERIEORF 21T -7 (Table2), xt7 =4 D5
72 B A DT RRPEA~O BT L A Lo T (entries 1-4), F72, SRIEZMZ 720G
TECIE, BIEIZDT IR T Ls b O ORIGIT BRI TH#IT L7z (entry5), 7V — /Ui
BN TRT = A BRI D720, R U CHIEERTH D T A Uk a v NESER
L. OSHEITLIZEEZBND, ColIDfifit & L T[Cp*Co(CH3CN);](SbFe), & HWT H IR, &
PRI BT 72 D> 72 (entry 6)

Table 2. Screening of Ag salts and Cp*Co catalysts
Cp*Co cat. (5 mol %) 0

Ag salt (10 mol %) Me
N Me  chiral acid 11d (10 mol %) N N
N O _N BuOK (10 mol %)
N 0 \ S
7N < TFE, 35°C, 12 h SN
) N
= (2.0 equiv.) \§)

8a 9a 10aa
entry Cp*Co cat. Agsalt % yield? erP
0 Cp*Co(CO)l, AgSbFs  >95 7327 OO
1 Cp*Co(CO)l, AgF >95 71:29 CO,H
2 Cp*Co(CO)l, AgBF, 86 72:28 Ph
3 Cp*Co(CO)l, AgNT, 95 68:32 OO
4 Cp*Co(CO)l, Ag,COj 94 71:29
5 Cp*Co(CO)l, none >95 66:34 11d
6 [Cp*Co(CH3CN)3](SbFg)o none 94 73:27

a) Determined by "H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.

[Cp*Co(CH3CN)3](SbFe), & W TR DR A2 4T > 7= (Table 3), A ¥ / —/L THF F T
%179 & TFE & FIRRE ORRMECTERM S LT (entries 2,3), LAL, WTHOREETE
WRIHME T L2, ZHLBEORMEHE TFE 2 H L T\ %,

Table 3. Solvent screening
[Cp*Co(CH3CN)3](SbFe), 0

(5 mol %) Me
@ Me  chiral acid 11d (10 mol %) N N
N O<_N BuOK (10 mol %)
~

N .
N\/\) solvent, 35 °C, 12 h N>/\N
= (2.0 equiv.) \Q)
8a 9a 10aa
entry solvent % yield®  erb
0 TFE 94 73:27
1 HFIP 19 62:38
2 MeOH 24 72:38
3 THF 8 70:30
4 toluene trace 64:36
5 DMF N.R. -
6 CH3CN 10 60:40
7 DCE trace

a) Determined by "H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b Determined by HPLC analysis.
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v LA I FOER EOBHELEZRFI L7z (Tabled), HAR U EEEREZRML20EETHK
ISEATUN, ANVRF T T — FIERE TR EITT 20220 THAE L TWnb, EFE EoE
R Me L Bn ZEO~ LA IR (92,9b) TlE, DTNy 7 7T 00 RTOT & IRISHIE
1T32HDD (entries 2,4) . BAF/RUNER, FREE OERMZ /R L7z (entries 1, 3), Ph FEOME[E i
DHD (9¢,9d) & VD &EBRMEITURT L7 (entries 5,7) . /LR Ve & HEEE A RN L 22 etk
TRIGHHFRRE THEITT 5 Z &5 (entries6,8), 9a ° 9b (ZHE, T I KIS OHEITHH N &
MDERTEEZZTND, BulkZ AT 5 9e TITMEE, B#INMEE HITIKT L (entry 9),

Table 4. Effect of substituent of maleimide
Cp*Co(CO)l, (5 mol %) 0

AgSbFg (10 mol %) R
N R chiral acid 11d (10 mol %) N\ &N
N o) N’ BuOK (10 mol %)
e )
=~

e}
N o,
Nd TFE, 35°C, 20 h N//LN
== (2.0 equiv.) \Q)
8a 9a-e 10aa-ae

entry R 11d, BuOK % yield? erb

1 Me (9a) + >05 73:27
2 Me (9a) - 12 -

3 Bn (9b) + 95 72:28
4 Bn (9b) - 11 -

5 Ph (9¢) + 87 54:46
6  Ph(9c) - 42 -
7° H (9d) + 77 54:46
8¢ H (9d) - 29 -
9¢  tBu (9e) + 22 51:49
10°  tBu (9e) - trace

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis. 9 at 60 °C

RIZ DG ORI E1T -7~ (Table5), BV I UNED S AFIVE, = F LEAEAT L L%
P DT WA B L7z (entries 2,3) , BB 1R 51 B4 B AT 5 & 8 RMEIIE T L7228 (entries 4, 5) |
B TIIRBITIA N o7 (entry 6),

Table 5. Screening of DGs

Cp*Co(CO)l, (5 mol %) o Me
AgSbFg (10 mol %) N’
@ Me  chiral acid 11d (10 mol %) N
/ BuOK (10 mol %
[}\ . o) N u (10 mol %) [}\ o
0, N
N tfo TFE, 35°C, 20 h NQ
\?2 (2.0 equiv.) 5
R R
8a-f 9a 10aa-fa
entry R % yield? erb

1 H (8a) >95 73:27
2 5-Me (8b) >95 76:24
3 5-Et (8c) >95 74:26
4 5-F (8d) >95 66:34
5 5-Br (8e) 92 71:29
6 5-OMe (8f)  >95 74:26

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.
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Table 5 [ZFBWTRWERMZ /R L2 SO0 Me 2267 555 8b 2 T, Cp BUfL DT
ZAT-72 (Table 6), Cp*DAFINIED 1 D&k mmWEHLE TH S Bu L, Ad ., TMS KTz
7o Rl (32,33,34) ZHWTHEBIRMOM BIZA G20 57, Phikd L7z 35 %° Me % —DFk
VW2 36 TIEOTMITIRT Lc, ZEHOBN T2 6T 25 37 TIINE, BREL BIIRT LD
ED, BTHEEEORN CEBROBUNL T TIERF T Co N NR LIZEEZ TV D

Table 6. Screening of achiral Cp*Co(lll) complexes

CpXCo cat. (5 mol %) Q Me
@E\> AgSbFg (10 mol %) M
N /I\/Ie chiral acid 11d (10 mol %) N o

BuOK (10 mol %) )\
7

N
N/ \ + o N N N
\QX <~/ 0O  TFE35°, 20h Q

Me (2.0 equiv.)

Me
8b 9a 10ba
Meﬁ“”e Meﬁ“”e 5@ ﬁ
oc / \I oc” / \| oc”” / \| oo/ll \|
31 32 33 34
>95%, 76:24 er >95%, 72:28 er 79%, 75:25 er  87%, 75:25 er
Ph
MegMe MegMe tButBu
Me CI Me Me C| Me CI
(o] (o] 0.
oc/I/ ) oc/ll ) oc” ! >
35 36 37
>95%, 72:28 er 81%, 67:33 er 26%, 56:44 er

WITIRE ORGE 21T o728 2 A, BHRMEICHERNE U, BEOKTIZE Y IVR O
RN ELS R Z ENRATH D L& 2, WL LT TFE & DCM OIRAERAZH\WE Z 5
RE LT, BPWECTHEMPI S NIz, BE LR TIREOHE 21T/ 57 (Table7), &
AR VT HUCER, BIRMICHEN N L 2R LTS (entry 1), SUNEE% 20 °C £
TTFF 5 ENEEER D Z L2 BB E L (entry 2), —J57T 10 °C TRIGZEIT 9 &R
XD NI E L7 SERITK T Lz (entry 3), EMERECH 5 7 T4 1% ColINDRITBRIA L L
T[Cp*Co(CH3CN)3](SbFe)2 & MSI3X & V5 Z & T Cp*Co(COY, & ER¥EZ WV DA L 0 LUk
WA ETHZERMEINTNDE D, ZOoHEE255I127 ' b= b UKL MS13X Z iz &
AR AR O Z A UM L LT (entry4) , MSI3X 23RO T & b= ML &S L,
FFANED CoIDFENAETURT K Rolc/cdThDH EEZTND,
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Table 7. Investigation of temperatue
Cp*Co(CO)l, (5 mol %) o

AgSbFg (10 mol %) Me
Me chiral acid 11d (10 mol %) A N’
N BuOK (12 mol %)
+ N
e 0
S

Z /E
o

)/\N TFE/DCM (4:1)
N™ temp., 20 h N)/\’:l
= (2.0 equiv.) q
o Me 9a 10ba e
entry temp. % yield?  erb
1 35 >95 75:25
2 20 94 79:21
3 10 39 80:20
4° 10 94 81:19

a) Determined by "H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.

b) Determined by HPLC analysis.

9 [Cp*Co(CHZCN)3](SbFg), and MS13X (200 mg/mmol) were used
instead of Cp*Co(CO)Il, and AgSbFg
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2-2. FEE i i

Table 7, entry 4 D Seff 7 AV CHE # I FEPH O FT 21T > 7= (Scheme 4), W< D7D EEE 1T 20
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Scheme 4. Substrate scope of substituted indoles and maleimides
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Figure 3. Absolute configuration determined by X-ray crystallography
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“Cp*Co"/Chiral Carboxylic Acid-Catalyzed Enantioselective 1,4-Addition Reactions of Indoles to
Maleimides”

Kurihara, T.; Kojima, M.; Yoshino, T.; Matsunaga, S. Asian J. Org. Chem. 2020, 9, 368-371.
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2. Synthetic procedure of N-5-methyl-pyrimidyl indole derivatives

3. General procedure of asymmetric 1,4-addition of pyrimidyl indoles to maleimide derivatives
4

Determination of the absolute configuration

1. General information

General: Infrared (IR) spectra were recorded on a JASCO FT/IR-5300 spectrophotometer and
absorbance bands are reported in wave numbers (cm™). NMR spectra were recorded on JEOL INM-ECS400
spectrometers operating at 391.78 MHz for '"H NMR and 98.52 MHz for '*C NMR, JOEL JNM-ECX400
spectrometers, operating at 395.88 MHz for 'H NMR and 99.55 MHz for 1*C NMR and 372.48 MHz for '°F
NMR. Chemical shifts were reported in the scale relative to TMS (0.00 ppm for "H NMR), CHCl; (7.26 ppm
for 'TH NMR), CDCl; (77.16 ppm for '*C NMR), and PhCF; (-63.72 ppm for '°F NMR) as an internal
reference, respectively. ESI mass spectra were measured on JEOL JMS-T100LCP spectrometer. Silica gel
column chromatography was performed with Kanto Silica gel 60 N (40-50 mesh). TLC analysis was carried
out on Merck Kieselgel 60 F254 plates with visualization by UV light, anisaldehyde stain solution or
phosphomolybdic acid stain solution. Chiral HPLC analysis was performed on a JASCO PU-2080 intelligent
HPLC pump with JASCO MD-4017 intelligent UV/Vis detector using DAICEL Chiralpak IA, IB, ID

columns (0.46 cm x 25 cm).

Materials: DCM and THF were purified by Glass Contour solvent purification system. DCE, TFE, and
HFIP were distilled from CaH> in prior to use. Commercially available MeOH, toluene, DMF, and CH3CN
(dehydrated grade) were used without further manipulation. All other reagents were commercially available

and used as received.

2. Synthetic procedure of N-5-methyl-pyrimidyl indole derivatives

N-5-Methyl-pyrimidyl indole derivatives were synthesized via nucleophilic aromatic substitution using
the reported procedures.5"> 52 To a solution of the indole derivatives (1.0 equiv.) in DMF (0.25 M) was added
NaH in 60% oil (2.0 equiv.) at 0 °C. After 1 h stirring at 0 °C, 2-chloro-5-methylpyrimidine (1.5 equiv.) was
added and the mixture was heated at 140 °C for 24 h. After quenching with water, DMF and water were
removed under reduced pressure and the residue was passed through a pad of silica with DCM as an eluent
and concentrated under reduced pressure. The crude was purified by silica gel column chromatography

(hexane/DCM) to afford the corresponding 8.
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1-(5-Methypyrimidin-2-yl)-1H-indole (8b)

o

2N

N\\2

Me

The title compound was prepared from indole (2.93 g, 25.00 mmol) and obtained as a
colorless solid (4.74 g, 97%).

'H NMR (400 MHz, CDCls): & 2.33 (s, 3H), 6.69 (d, J = 3.6 Hz, 1H), 7.19-7.25 (m, 1H),
7.30-7.37 (m, 1 H), 7.59-7.66 (m, 1H), 8.25 (d, J= 3.6 Hz, 1H), 8.53 (s, 2H), 8.74-8.82 (m,
1H); 3C NMR (100 MHz, CDCl3): § 14.9, 106.3, 116.0, 120.7, 121.8, 123.4, 125.1, 125.8,

131.1, 135.2, 156.1, 158.0; HRMS (ESI): m/z calcd for C13Hi3N3* [M+H]": 210.1026, found: 210.1027.

4-Bromo-1-(5-methypyrimidin-2-yl)-1H-indole (8g)

Br

0

N

N\\2

Me

The title compound was prepared from 4-bromoindole (0.19 mL, 1.50 mmol) and obtained
as a colorless solid (386 mg, 89%).

"H NMR (400 MHz, CDCls): § 2.33 (s, 3H), 6.76 (d, J = 3.6 Hz, 1H), 7.18 (dd, J= 8.2 Hz,
8.2 Hz, 1H), 7.39 (d, J= 8.2 Hz, 1H), 8.30 (d, J= 3.6 Hz, 1H), 8.74 (d, /= 8.2 Hz); *C NMR
(100 MHz, CDCl3): 6 15.0, 106.1, 114.4, 115.1, 124.3, 124.6, 125.7, 126.4, 131.5, 135.5,
155.8, 158.0; HRMS (ESI): m/z caled for Ci3HiN3Br' [M+H]": 288.0131, found: 288.0134.

4-Methoxy-1-(5-methypyrimidin-2-yl)-1H-indole (8h)

OMe

Me

The title compound was prepared from 4-methoxyindole (221 mg, 1.50 mmol) and obtained
as a colorless solid (331 mg, 92%).

"H NMR (400 MHz, CDCl3): § 2.31 (s, 3H), 3.97 (s, 3H), 6.67 (d, J= 8.2 Hz, 1H), 6.81 (d,
J=3.6 Hz, 1H), 7.02-7.29 (m, 1H), 8.14 (d, /= 3.6 Hz, 1H), 8.38 (d, /= 8.2 Hz, 1H), 8.51
(s, 2H); *C NMR (100 MHz, CDCls): § 14.1, 55.3,102.0, 103.1, 109.2, 121.3, 124.1, 124.3,
125.1, 136.4, 152.7, 156.0, 157.8; HRMS (ESI): m/z caled for Ci4H14aN;O" [M+H]":

240.1131, found: 240.1133.

5-Fluoro-1-(5-methypyrimidin-2-yl)-1H-indole (8i)

F
m
N
7N

N\\)

The title compound was prepared from 5-fluoroindole (203 mg, 1.50 mmol) and obtained
as a colorless solid (319 mg, 93%).

"H NMR (400 MHz, CDCl3): § 2.31 (s, 3H), 6.63 (d, J = 3.6 Hz, 1H), 7.05 (ddd, J = 9.0,
9.0 2.7 Hz, 1H), 7.26 (dd, J=9.0, 2.7 Hz, 1H), 8.28 (d, /= 3.6 Hz, 1H), 8.54 (s, 2H), 8.72

Me

(dd, J=9.0, 4.9 Hz, 1H); *C NMR (100 MHz, CDCl;): § 14.8, 105.7 (d, 2Jcr = 22.5 Hz),

105.8, 111.0 (d, 2Jcr = 25.4 Hz), 116.9 (d, *Jcr = 8.5 Hz), 125.3, 127.2, 131.6, 131.7 (d, *Jcr = 10.3 Hz),
155.6, 157.8, 158.7 (d, 'Jcr = 236.8 Hz); '’F NMR (372 MHz, CDCl3): § —123.4; HRMS (ESI): m/z calcd for
Ci3HiN;F' [M+H]": 228.0933, found: 228.0915.
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5-Bromo-1-(5-methypyrimidin-2-yl)-1H-indole (8j)
Br The title compound was prepared from 5-bromoindole (294 mg, 1.50 mmol) and
\©\/,\> obtained as a colorless solid (404 mg, 93%).
N7 ':l "H NMR (400 MHz, CDCl): § 2.32 (s, 3H), 6.61 (d, J = 4.0 Hz, 1H), 7.40 (dd, J = 9.0,
\QX 1.8 Hz, 1H), 7.74 (d, /= 1.8 Hz, 1H), 8.24 (d, /= 4.0 Hz, 1H), 8.52 (s, 2H), 8.66 (d, J =
Me 9.0 Hz, 1H); *C NMR (100 MHz, CDClL): § 15.0, 105.4, 115.0, 117.5, 123.1, 125.5,
126.1, 126.9, 132.7,133.8, 155.7, 157.9; HRMS (ESI): m/z caled for C13H;1N3Br' [M+H]": 288.0131, found:
288.0135.

5-Iodo-1-(5-methypyrimidin-2-yl)-1H-indole (8k)

! @ The title compound was prepared from 5-iodoindole (365 mg, 1.50 mmol) and obtained
N as a colorless solid (449 mg, 89%).

N7 ’;‘ "H NMR (400 MHz, CDCls): § 2.32 (s, 3H), 6.60 (dd, J = 3.6, 0.9 Hz, 1H), 7.57 (dd, J =

\ie 8.5, 1.8 Hz, 1H), 7.95 (d, /= 1.8 Hz, 1H), 8.21 (d, /= 3.6 Hz, 1H), 8.52 (s, 2H), 8.55 (d,
J=28.5Hz); >*C NMR (100 MHz, CDCls): § 15.0, 85.7, 105.1, 118.0, 125.4, 126.5, 129.3,

131.6, 133.4, 134.3, 155.6, 157.8; HRMS (ESI): m/z caled for Ci3HiN3I" [M+H]": 335.9995, found:

335.9994.

Me

5-Methoxy-1-(5-methypyrimidin-2-yl)-1H-indole (81)
MeO @ The title compound was prepared from 5-methoxyindole (221 mg, 1.50 mmol) and
N obtained as a colorless solid (339 mg, 94%).
NG ':‘ "H NMR (400 MHz, CDCl3): § 2.31 (s, 3H), 3.88 (s, 3H), 6.61 (dd, J = 3.6, 0.9 Hz,
\QX 1H), 6.96 (dd, J=9.2,2.5 Hz, 1H), 7.09 (d, /=2.7 Hz, 1H), 8.21 (d, /= 3.6 Hz, 1H),
Me 8.50 (s, 2H), 8.66 (d, J = 9.0 Hz, 1H); *C NMR (100 MHz, CDCl3): § 14.9, 55.6,
102.9, 106.1, 112.4, 116.8, 124.9, 126.3, 130.2, 131.8, 155.2, 155.9, 157.9; HRMS (ESI): m/z calcd for
C14H14N;O" [M+H]": 240.1131, found: 240.1132.

6-Bromo-1-(5-methypyrimidin-2-yl)-1H-indole (8m)
| S The title compound was prepared from 6-bromoindole (294 mg, 1.50 mmol) and

Br~ >~ "N obtained as a colorless solid (407 mg, 94%).

N ’:l "H NMR (400 MHz, CDCl5): § 2.32 (s, 3H), 6.64 (d, J= 3.6 Hz, 1H), 7.33 (dd, J = 8.1,
\QX 1.8 Hz, 1H), 7.47 (d, /= 8.1 Hz, 1H), 8.22 (d, J = 3.6 Hz, 1H), 8.56 (s, 2H), 8.98-9.02
(m, 1H); '*C NMR (100 MHz, CDCl;): & 14.9, 105.9, 117.0, 119.0, 121.6, 124.8, 125.5,
126.3, 129.8, 135.7, 155.6, 157.9; HRMS (ESI): m/z calcd for Ci3HyN3Br™ [M+H]": 288.0131, found:

288.0132.

Me
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6-Methoxy-1-(5-methypyrimidin-2-yl)-1H-indole (8n)

@ The title compound was prepared from 6-methoxyindole (118 mg, 0.80 mmol) and
MeO N

obtained as a colorless solid (146 mg, 76%).
N lil "H NMR (400 MHz, CDCl3): § 2.31 (s, 3H), 3.93 (s, 3H), 6.61 (d, J = 3.6 Hz, 1H),
\QX 6.89 (dd, /=8.5,2.2 Hz, 1H), 7.84 (d, /= 8.5 Hz, 1H), 8.14 (d, /= 3.6 Hz, 1H), 8.41
(d, J = 2.2 Hz, 1H); 3*C NMR (100 MHz, CDCl5): § 14.8, 55.6, 100.5, 105.9, 110.7,
120.8, 124.6, 124.8, 125.0, 135.9, 155.9, 157.0, 157.7; HRMS (ESI): m/z caled for Ci14HisN3O" [M+H]":

240.1131, found: 240.1132.

Me

7-Methyl-1-(5-methypyrimidin-2-yl)-1H-indole (80)
A The title compound was prepared from 7-methylindole (197 mg, 1.50 mmol) and obtained
@Ef} as a yellow solid (84 mg, 25%)
Me Né\’:l "HNMR (400 MHz, CDCl3): § 2.36 (s, 3H), 2.37 (s, 3H), 6.68 (d, J= 3.2 Hz, 1H), 7.03-7.18
\QX (m, 2H), 7.41-7.74 (m, 1H), 7.71 (d, J = 3.2 Hz, 1H), 8.58 (s, 3H); *C NMR (100 MHz,
CDCl): 6 14.8, 21.9, 106.2, 118.6, 121.8, 123.8, 126.2, 126.7, 129.6, 131.4, 134.6, 156.3,
158.1; HRMS (ESI): m/z caled for C1sHisN3" [M+H]": 224.1182, found: 224.1183.

Me

3. General procedure of asymmetric 1,4-addition of pyrimidyl indoles to maleimide derivatives
[Cp*Co(CHsCN)3](SbF): R
R’I_' N \ (5 mol %) AN N/R
"N R2 chiral acid 11d (10 mol %) R1-—
/ BuOK (12 mol %) =
0 ¢}
J~N + N
N™ I/EO MS13X, TFE/DCE (4:1) N
= 10°C, 48 h
g Me 9 10 M
(0.20 mmol) (2.0 equiv.)

ENY

\7/

L

[

In a glovebox, a 4 mL screw-capped vial was charged with N-5-methyl-pyrimidyl indole derivative 8
(0.20 mmol), maleimide derivative 9 (0.40 mmol, 2.0 equiv.), [Cp*Co(CH3CN)3](SbFe)2 (0.01 mmol, 5
mol %), chiral carboxylic acid 11d (0.02 mmol, 10 mol %), and MS13X (40 mg, 200 mg/mmol). The vial
was sealed and transferred out of glove box. 0.1 M /BuOK in TFE (240 pL, 12 mol %), TFE (560 uL), DCM
(200 pL) were added at 4 °C and the mixture was stirred at 10 or 20 °C. After 72 h, the reaction mixture was
filtered through a short pad of silica gel and purified by silica gel column chromatography (DCM/EtOAc =
40/1 to 20/1 and then hexane/EtOAc = 3/2 to 2/3) to afford 10.

(S)-1-Methyl-3-(1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)pyrrolidine-2,5-dione (10ba)

0 Vo The title compound was obtained as a colorless solid (55 mg, 86%) from 8b and N-
M methylmaleimide 9a.

'\i\ O  'H NMR (400 MHz, CDCl3): & 2.32 (s, 3H), 2.91 (dd, J = 18.0, 5.8 Hz, 1H), 3.08-

N\;; 3.18 (m, 4H), 4.77 (dd, J = 9.0, 5.8 Hz, 1H), 6.69 (s, 1H), 7.19-7.25 (m, 1H), 7.27-

7.34 (m, 1H), 7.54-7.59 (m, 1H), 8.4 (s, 2H), 8.54-8.59 (m, 1H); 3C NMR (100
MHz, CDCly): & 15.0, 25.0, 36.5, 42.2, 110.6, 115.5, 120.3, 122.3, 124.0, 126.2,
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128.5, 133.5, 137.2, 155.8, 157.7, 176.4, 177.0; [0.]o***= 41 (c = 1.00, CHCl3); HRMS (ESI): m/z calcd for
CisHigN4ONa"™ [M+Na]™: 343.1166, found: 343.1168.; HPLC analysis: 81:19 er, Chiralpak IB,
hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 9.5 min (minor), 20.3 min (major).

(5)-3-[4-Bromo-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ga)

Br o The title compound was obtained as a colorless solid (75 mg, 94%) from 8g and N-

| N\ N’Me methylmaleimide 9a.
Z =N o 'HNMR (400 MHz, CDCl3): § 2.34 (s, 3H), 2.93 (dd, J = 18.0, 5.8 Hz, 1H), 3.09 (s,
N ’:‘ 3H), 3.16 (dd, J=18.0, 9.4 Hz, 1H), 4.83 (dd, J=9.4, 5.8 Hz, 1H), 6.76 (s, 1H), 7.16
\QX (dd, J=8.5, 7.6 Hz, 1H), 7.39 (d, J =7.6 Hz, 1H), 8.47 (s, 2H), 8.49 (d, J = 8.5 Hz,

Me
1H); *C NMR (100 MHz, CDCl3): § 15.1, 25.1, 36.3, 42.0, 110.0, 114.1, 114.5,

124.8, 125.1, 126.9 129.0, 134.4, 137.5, 155.6, 157.8, 176.2, 176.6; [a]p*'!= 38 (¢ = 1.00, CHCl3); HRMS
(ESI): m/z caled for CisHisN4O2BrNa" [M+Na]": 421.0271, found: 421.0275.; HPLC analysis: 78:22 er,
Chiralpak ID, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tr = 9.9 min (minor), 12.5 min (major).

(5)-3-[4-Methoxy-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ha)

OMe o The title compound was obtained as a colorless solid (49 mg, 69%) from 8h and N-

M Me methylmaleimide 9a.
Z N o 'HNMR (400 MHz, CDCl3): §2.32 (s, 3H), 2.91 (dd, J = 18.0, 5.8 Hz, 1H), 3.04-
Né\’:l 3.19 (m, 4H), 2.94 (s, 3H), 4.79 (dd, J = 9.4, 5.8 Hz, 1H), 6.66 (d, /= 8.1 Hz, 1H),
\ie 6.80 (s, 1H), 7.23 (dd, J = 8.1, 8.1 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 8.45 (s, 2H);

Me
13C NMR (100 MHz, CDCls): § 15.0, 25.0, 36.5, 42.0, 55.4, 102.4, 107.3, 108.5,

119.0, 124.7, 126.3, 132.1, 138.5, 152.6, 155.9, 157.7, 176.5, 177.0; [a]p>*= 44 (¢ = 1.00, CHCl3); HRMS
(ESI): m/z caled for CioHisN4O3Na" [M+Na]": 373.1271, found: 373.1275.; HPLC analysis: 82:18 er,
Chiralpak IA, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tr = 9.8 min (major), 13.3 min (minor).

(8)-3-[5-Fluoro-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ia)

o) The title compound was obtained as a colorless solid (42 mg, 61%) from 8i and
F MMG N-methylmaleimide 9a.
'\i\ 0 'HNMR (400 MHz, CDCl5): 8 2.32 (s, 3H), 2.90 (dd, J = 18.0, 5.8 Hz, 1H), 3.06-
N ’?‘ 3.29 (m, 4H), 4.76 (dd, J = 9.0, 5.8 Hz, 1H), 6.65 (s, |H), 7.03 (ddd, /=9.2, 9.2,
\Qﬁe 2.7 Hz, 1H), 7.20 (dd, J=8.5, 2.7 Hz, 1H), 8.44 (s, 2H), 8.55 (dd, /=9.2,4.7 Hz,

1H); *C NMR (100 MHz, CDCl3): § 15.0, 25.0, 36.4, 42.2, 105.4 (d, *Jcr = 23.5
Hz), 110.4, 111.8 (d, 2Jcr = 24.4 Hz), 116.8 (d, *Jcr = 9.4 Hz), 126.4, 129.2 (d, *Jcr = 10.3 Hz), 133.6, 135.1,
155.6, 157.7, 160.1, 176.3, 176.8; [a]p*'*= 33 (¢ = 1.00, CHCl3); HRMS (ESI): m/z caled for
CisHisN4OFNa" [M+Na]": 361.1071, found: 361.1072.; HPLC analysis: 80:20 er, Chiralpak IA,
hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, trg = 8.5 min (major), 10.5 min (minor).
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(5)-3-[5-Bromo-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ja)

o The title compound was obtained as a colorless solid (72 mg, 90%) from 8j and
BrMMe N-methylmaleimide 9a.

7 ’i\ 0 'HNMR (400 MHz, CDCl3): §2.32 (s, 3H), 2.90 (dd, J = 18.0, 5.8 Hz, 1H), 3.09

N ’:l (s, 3H), 3.14 (dd, J = 18.0, 9.4 Hz, 1H), 4.77 (dd, /= 9.4, 5.8 Hz, 1H), 6.62 (s,

\Qﬁe 1H), 7.38 (dd, /=9.0, 2.2 Hz, 1H), 7.68 (d, J=2.2 Hz, 1H), 8.42-8.48 (m, 3H);

3C NMR (100 MHz, CDCl5): § 15.0,25.1, 36.3,42.1,109.7, 115.5, 117.1, 122.7,
126.6, 126.7, 130.2, 134.8, 135.9, 155.5, 157.8, 176.2, 176.7; [a]p>"*= 34 (c = 1.00, CHCl3); HRMS (ESI):
m/z caled for CisHisN4sO2BrNa' [M+Na]™: 421.0271, found: 421.0277.; HPLC analysis: 80:20 er, Chiralpak
IA, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 11.3 min (major), 14.2 min (minor).

(8)-3-[5-Iodo-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ka)

o The title compound was obtained as a colorless solid (79 mg, 88%) from 8k and
! MMe N-methylmaleimide 9a.
N 0 'HNMR (400 MHz, CDCls): & 2.32 (s, 3H), 2.89 (dd, J = 9.4, 5.8 Hz, 1H), 3.04-
N ':l 3.20 (m, 4H), 4.77 (dd, J = 9.4, 5.8 Hz, 1H), 6.60 (s, 1H), 7.55 (dd, /= 9.0, 1.5
\Qe Hz, 1H), 7.89 (d, J=1.5 Hz, 1H), 8.34 (d, /= 9.0 Hz, 1H), 8.44 (s, 2H); 3C NMR

Me
(100 MHz, CDCl3): 6 15.0,25.1,36.4,42.0,86.1,109.4, 117.6, 126.6, 129.0, 130.8,

132.3, 134.4, 136.5, 155.5, 157.8, 176.2, 176.7; [a]p*""= 39 (c = 1.00, CHCl3); HRMS (ESI): m/z calcd for
CisHisN4O2INa® [M+Na]": 469.0132, found: 469.0135.; HPLC analysis: 81:19 er, Chiralpak IA,
hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 12.5 min (major), 16.6. min (minor).

(5)-3-[5-Methoxy-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (101a)

o The title compound was obtained as a colorless solid (54 mg, 78%) from 8l
MeO MMe and N-methylmaleimide 9a.
7 N>\ o 'HNMR (400 MHz, CDCl): § 2.30 (s, 3H), 2.89 (dd, J = 18.2, 6.1 Hz, 1H),
N ’:l 3.06-3.18 (m, 4H), 4.72 (dd, J= 9.2, 6.1 Hz, 1H), 6.61 (s, 1H), 6.94 (dd, J =
\ie 9.4,2.7 Hz, 1H), 7.01 (d, J = 2.7 Hz, 1H), 8.40 (s, 2H), 8.51 (d, /= 9.4 Hz,

1H); *C NMR (100 MHz, CDCl3): § 14.9, 25.0, 36.4,42.4, 55.6, 102.3, 110.8,
113.0, 116.7, 125.8, 129.2, 132.7, 133.9, 155.5, 155.7, 157.6, 176.5, 177.0; [a]p>'¥= 36 (¢ = 1.00, CHCl3);
HRMS (ESI): m/z caled for C1oHisNsOsNa“" [M+Na]': 373.1271, found: 373.1274.; HPLC analysis: 79:21 er,
Chiralpak IA, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tr = 11.0 min (major), 36.5 min (minor).
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(8)-3-[6-Bromo-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10ma)

0 The title compound was obtained as a colorless solid (83 mg, 99%) from 8m and
M Me N-methylmaleimide 9a.

Br N o 'HNMR (400 MHz, CDCls): & 2.33 (s, 3H), 2.89 (dd, J = 18.1, 5.9 Hz, 1H),

N ’:l 3.07-3.20 (m, 4H), 4.77 (dd, J=9.1, 5.9 Hz, 1H), 6.65 (s, 1H), 7.34 (dd, /= 8.3,

\ie 1.4 Hz, 1H), 7.42 (d, J = 8.3 Hz, 1H), 8.46 (s, 2H), 8.79 (d, J= 1.4 Hz, 1H); '*C

Me
NMR (100 MHz, CDCl3): 6 15.1, 25.1, 36.4, 42.1, 110.3, 117.7, 118.6, 121.3,

125.5,126.7, 127.3, 134.2, 137.8, 155.5, 157.8, 176.3, 176.8; [a]p*"*= 29 (c = 1.00, CHCl3); HRMS (ESI):
m/z caled for CisHisN4sO>BrNa' [M+Na]™: 421.0271, found: 421.0271.; HPLC analysis: 80:20 er, Chiralpak
IA, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 8.0 min (major), 11.6 min (minor).

(5)-3-[6-Methoxy-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)-1-methylpyrrolidine-2,5-dione (10na)

o The title compound was obtained as a colorless solid (61 mg, 87%) from 8n
M Me and N-methylmaleimide 9a.

MeO N 0 'HNMR (400 MHz, CDCls): & 2.31 (s, 3H), 2.88 (dd, J = 18.2, 6.1 Hz, 1H),

N” ’:l 3.04-3.15 (m, 4H), 3.88 (s, 3H), 4.71 (dd, J = 9.2, 6.1 Hz, 1H), 6.61 (s, 1H),

&8 6.88 (dd, J= 8.5, 2.2 Hz, 1H), 7.43, (d, J=8.5 Hz, 1H), 8.21 (d, J= 2.2 Hz,

Me
1H), 8.43 (s, 2H); '*C NMR (100 MHz, CDCls):  14.9, 24.9, 36.4, 42.2, 55.6,

100.2, 110.6, 111.1, 120.6, 122.5, 125.9, 132.2, 138.0, 155.8, 157.4, 157.6, 176.5, 177.1; [a]p*'°= 40 (c =
1.00, CHCIls); HRMS (ESI): m/z caled for CioHisN4OsNa® [M+Na]": 373.1271, found: 373.1271.; HPLC
analysis: 77:23 er, Chiralpak 1A, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 8.4 min (major), 18.4 min

(minor).

(S)-1-Methyl-3-[7-methyl-1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)pyrrolidine-2,5-dione (1002)

0 The title compound was obtained as a colorless solid (60 mg, 89%) from 8o and N-
@_& Me methylmaleimide 9a.

N 0 'HNMR (400 MHz, CDCls): § 2.00 (s, 3H), 2.41 (s, 3H), 2.91 (dd, J=18.2, 5.6 Hz,

Me N>/\'§l 1H), 2.94-3.05 (m, 4H), 4.60 (dd, J=9.2, 5.6 Hz, 1H), 6.57 (s, 1H), 7.02 (d, J=7.6

\Qe Hz, 1H), 7.10 (dd, J = 7.6 Hz, 1H), 7.44 (d, J= 7.6 Hz, 1H), 8.63 (s, 2H); '*C NMR

Me
(100 MHz, CDCl3): 6 15.2,20.3, 25.0, 36.3, 39.6, 105.6, 118.5, 121.8, 122.4, 126.2,

128.8, 135.4, 137.0, 156.1, 158.3, 175.8, 176.0, One of the aromatic peaks was overlapped; [a]p*"=2 (c =
1.00, CHCIls); HRMS (ESI): m/z caled for CioHisN4O>Na® [M+Na]": 357.1322, found: 357.1321.; HPLC
analysis: 55:45 er, Chiralpak 1A, hexane/iPrOH = 1:1, 1.0 mL/min, 254 nm, tg = 6.7 min (major), 12.8 min

(minor).
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(S)-1-Ethyl-3-[1-(5-methylpyrimidin-2-yl)-1H-indol-2-yl)pyrrolidine-2,5-dione (10bf)

0 The title compound was obtained as a colorless solid (54 mg, 80%) from 8b and N-
M = ethylmaleimide 9f.

N 0 'HNMR (400 MHz, CDCl5): § 1.23 (d, J=7.2 Hz, 1H) 1.25 (d, J = 7.2 Hz, 1H), 2.32

N~ ':l (s, 3H), 2.90 (dd, J=18.2, 6.1 Hz, 1H), 3.11 (dd, J=18.2,9.2 Hz, 1H), 3.56-3.74 (m,

\Qe 2H), 4.81 (dd, J = 9.2, 6.1 Hz, 1H), 6.66 (s, 1H), 7.18-7.25 (m, 1H), 7.27-7.35 (m,

Me
1H), 7.53-7.60 (m, 1H), 8.47 (s, 2H), 8.49-8.56 (m, 1H); *C NMR (100 MHz,

CDCl3): 6 13.2, 14.9, 33.8,26.4,42.0, 110.0, 115.3, 120.2, 122.2, 123.8, 126.2, 128.4, 133.7, 137.2, 155.8,
157.7, 176.1, 176.6; [a]p>"= 31 (c = 1.00, CHCl3); HRMS (ESI): m/z calcd for C1oH1sN4sO,Na* [M+Na]™:
357.1322, found: 357.1322.; HPLC analysis: 81:19 er, Chiralpak IA, hexane/iPrOH = 4:1, 1.0 mL/min, 254

nm, tg = 15.4 min (major), 23.9 min (minor).

4. Determination of the absolute configuration

After the enantiopure 10la was obtained by chiral HPLC separation (DAICEL Chiralpak IA column (2.0
cm X 25 cm), hexane/DCM = 1:1, 9.4 mL/min), a single crystal of 10la suitable for X-ray crystallography
was grown by slow vapor diffusion of toluene to a solution of 10la in DCM. The crystallographic information

file (CIF) is available from CCDC (deposit number: 1954083).

Figure S1. X-ray structure of 10la

Table S1. Crystal data and structure refinement for shelx trans modified.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
zZ
Density (calculated)

shelx_trans

C18 H15 Br N4 02

399.25

133(2) K

1.5418 A

Monoclinic

P1211

a=12.56322) A a=90°.
b=6.76450(10) A b=95.202(7)°.
c=19.5070(4) A g=90°.
1650.95(5) A3

4

1.606 Mg/m?
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Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.680°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Rt
i

3.568 mm!

808

0.402 x 0.103 x 0.057 mm’
3.533 to 68.226°.

-15<=h<=15, -7<=k<=7, -23<=1<=23
19009

5317 [R(int) = 0.0326]

99.2 %

Semi-empirical from equivalents
1.0000 and 0.5886

Full-matrix least-squares on F2
5317/1/455

1.076

R1=0.0318, wR2 =0.0801
R1=0.0337, wR2=0.0811
0.040(10)

n/a

0.393 and -0.306 e.A"

68



55 Hi 253K

1) Yoshino, T.; Ikemoto, H.; Matsunaga, S.; Kanai, M.; Angew. Chem. Int. Ed. 2013, 52, 2207-2211.

2) Yoshino, T.; Matsunaga, S. Adv. Synth. Catal. 2017, 359, 1245-1262.

3) Boerth, J. A.; Hummel, J. R.; Ellman, J. A. Angew. Chem. Int. Ed. 2016, 128, 12840—12844.

4) Smits, G.; Audic, B.; Wodrich, M. D.; Corminboeuf, C.; Cramer, N. Chem. Sci. 2017, 8, 7174-7179.

5) Ozols, K.; Jang, Y.-S.; Cramer, N. J. Am. Chem. Soc. 2019, 141, 5675-5680.

6) Fukagawa, S.; Kato, Y.; Tanaka, R.; Kojima, M.; Yoshino, T.; Matsunaga, S. Angew. Chem. Int. Ed. 2019,
58, 1153-1157.

7) Sekine, D.; Ikeda, K.; Fukagawa, S.; Kojima, M.; Yoshino, T.; Matsunaga, S. Organometallics 2019, 38,
3921-3926.

8) Liu, Y.-H.; Li, P-X_; Yao, Q.-J.; Zhang, Z.-Z.; Huang, D.-Y.; Le, M. D.; Song, H.; Liu, L.; Shi, B.-F. Org.
Lett. 2019, 21, 1895-1899.

9) Pesciaioli, F.; Dhawa, U.; Oliveira, J. C. A.; Yin, R.; John, M.; Ackermann, L. Angew. Chem. Int. Ed.
2018, 57, 15425-15429.

10) Liu, Y.-H.; Xie, P.-P; Liu, L.; Fan, J.; Zhang, Z.-Z.; Hong, X.; Shi, B.-F. J. Am. Chem. Soc. 2021, 143,
19112-19120.

11) Zhang, Z.; Han, S.; Tang, M.; Ackermann, L.; Li, J. Org. Lett. 2017, 19, 3315-3318.

12) Chirila, P. G.; Adams, J.; Dirjal, A.; Hamilton, A.; Whiteoak, C. J. Chem. Eur. J. 2018, 24, 3584-3589.

13) TRJNEESR, Etam3C, ALHEE K, 2018.

14) Hashimoto, T.; Kimura, H.; Nakatsu, H.; Maruoka, K. J. Org. Chem. 2011, 76, 6030—-6037.

15) BEBPRE, &L, dbimE R, 2017.

S1) Ackermann, L.; Lygin, A. V. Org. Lett. 2011, 13, 3332-3335.
S2) Leitch, J. A.; McMullin, C. L.; Mahon, M. F.; Bhonoah, Y.; Frost, C. G. ACS Catal. 2017, 7,2616-2623.

69



i
®

70



Cp*Rh(IIDfiff & % F /L Lewis M ESf I D i) K 5 7 C-H B ReEAL UGS 0 BA%E
B1HET MR R

I-1. (XTI

%9 EBESRBICLSAHE C-H BREIEE | ETRALEXLIIC, 71 Cpf XTI
Bronsted i, ¥ 7 /L TDG IZ X ViEk S Cx 72 (Figure 1), FRICITHFITHALE A GDE D
ZETHIE AT TFEN RSN TND, L, ZHVE CREME I N TE Ao %
FRMEZBET D &, 5H 9 RERESRZHW iz C-H BERRELIZSH S T0h 2 At o Bu 3 72
VHTHIBOG B O RTREME Z R D TNV D, E 72 2L E TOARF C-H B BEEA L I3 48 Al o Rl 1) 2
Bronsted FEIRNINAIZ AFL~DREDD & LTELR, —H TREFHOEHELZER & LK
JMERTEZR I STV, 20X ) RE RN DERITF T VRGBT X 2 KE 1 OTEM
LB AEFIAT 52 & T, Fie XA CH BERREIEZRB CTE 5 & W LIFSRICE T
L7z,

DG

©FG

DG cp*M(N
H P M(

) DG"', /CpX
7N . —
B~ B-H electrophile]| B-H B-

o o 1)
SO,H CO.H
b2 R SOsH

i
&
chiral Cp* Cp*M ;:282: _
Cramer, You, et al. 3 Matsunaga, Ackermann, Shi

chiral Bronsted acid

DG
electrophile
CHO NH, p
+
N
Ar 'R unexplored
chiral TDG
Wang

Figure 1. Development of asymmetric C—H functionalization using Cp*M catalyst
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1-2. &2 Lewis Yo JEfilfit
Lewis & FEARIE SO S I TARBEN O IE A it G & . BB E 7213 IGH O A E T
ZREENLPEAER L, BEAEKREENRT 5 Z & TRESN D MBS TH D (Scheme 1) l)o

L X L /X
L-DQD + A —_— L-D-A-X | —=
U XX U X
Lewis base Lewis acid - .
(catalyst)  (substrate or reagent) reactive intermediate

Scheme 1. Lewis base catalysis

HFCTH DMAP (VR SN D &% Lewis HAMBEIT, WV R = VEZTRMEET 255 24 LT
W5 D, R E FN D EFROIEAE RN, AR VO GE E HuERMEAEER TS 2
EEBIEEBIZPURDEITT D Z 05, nom* O Lewis Y AR & U Coda S, sREZfilt
Bt & BREHTINTWD, 241D Ol 2 -T2 )OS TIE, SR OEFR D VAR =V T o B
L. WEAEFEEETER Licth, BBEEDSBEET 2 2 & CHOTF A U MOTEERREEZ AT 5, o
OFMEIET VT v E=T AL MT, BENTER 2 EEM AT 0D Z bR RIC &
D ANR= VT E WS Z T, ZD7D, FEFR Lewis HHEII I VAR =V TORBLE R
Z I S 2 fiddiE & U T & T % (Scheme 2 (A)) o

SO, ZOEWKIMEEFIFHT 22 TT AT =0 AR Z A & Lf:%’;'ﬁﬁ%ﬁ{t
BOGIHE SN TS, FIZIEI VR = Vo LiZiEE 7 e s 2 G T 282 WA, 7L
T U= AOoNOBEMEEITE S I b2, TG T e FAbT 5 2 & 75‘31“% %,
i 7o b ARIC L W A U S RERZRTPRIERIIT =T hx ) F— T, REFH & OGS

L. iR ERERIL SN T VT VBT ANAEL D, SHITREAIZMA D Z ETHALR=L
ETOREBEBLOGHETT U, ofiL & VR = )VENE B S =B 3 15% 545 (Scheme 2 (B))
D, —H CaB-AREREENT A RO XS 2 h AR VEETHEELFR E LIESA 1T, ap-REafT o
NT =T AERET D, ZOREEIIBALO 1 4TINS bIRE S D720, BALE LR =
IWVEENEB S NI ARG 5D (Scheme 2 (C) 4,

o} NR’; (cat.) Nu o]
(A) )L® — |
RJ\X NR’s R) Nu
acyl ammonium
o] [ | [ o] | o]
R NR’; (cat.) E R ) Nu R |
(B) w)l\x —>_H+ R@\NR e \l)J\NR,S _— \l) Nu
H 3 E E

ammonium enolate

0  NR’z(cat) o Nu' Nu' O Nu? Nu' O

a,B-unsaturated
acyl ammonium

Scheme 2. Tertiary amine-derived Lewis base catalysis
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SHIZZNDLDORINE, F T VB aER Lewis B A WD Z & TARFRIGE~E B &
TW5 (Figure2) ¥, ¥ T NT VT V=D LI T V32— /L ONEGE O LIRS, 7
NT =T ALT )T — R RF T Vo - N7 T =T ML, VR =Vofir, BAOE
BERALIZRB T DS RHIEICRI S Cnd, 2D X 9 G %EHRE Lewis HEMBEORHBOF TY
FEHIIREHE LTI o B-ARFI7 LT BT MIEH LT,

Ar Ar
R, .. Me. .Me OH
N-R N"H, oAc OO _
4« ,
@, —‘j X N N
Fe N Wﬁt @
< ~
N OO OH
Ar Ar

my)

N oD D

OBn N

Figure 2. Chiral Lewis base catalysts
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1-3. o, B-REAFNT 2V T 2 =0 K EFIH LT AR A A RSSO

2007 HZ Fu 6% Lewis MEEARIE & U THAK ¥ 7 /L DMAP BifgiA 1 2 iz [3+2] BRI
JEEE LTS (Scheme3) 7, 73 /74 RE Lewis HEJEfRIED & o, B-AEAFN T LT
Fo g AFRAIN NAEL, SN T AT =4 A T VBB DA BITNT 5 2 &
TIEMHAL SRR T DAL D, ZOREADaB-FEEFT LT E= T AR IRIIZ
LA-fHIN U 7et%, Lewis HEEFREENBLEES 2 = & T 7 U RRHA I BE U 5, HBICT UG
EHBEIC L 0 AR Hi D,

=
_‘\
Fe N
Me /@
Me _. 5
S|M63 H
O’ o 1 (10 mol %) o)
+
™
Rz/\)J\F DCM, 40 °C, 15 h AN
R? Fiz
up to 60% yield
78% ee, 12:1 dr
‘ ‘ ene reaction
H
Me gM F
iMeg 0 1,4-addition O‘ o
+ ® /
O’ RZ/\)J\NR3 LB elimination /C
R1 3
I R Il m a2

Scheme 3. First report of a,B-unsaturated acyl ammonium intermediate in enantioselective catalysis
2013 42 Romo & (3 Lewis MM & U CTHF =V U 3FEK 2 2 W ARF RIS 2 #HE LT
W% (Scheme 4) ¥, ~vox— MEEOB T 1 M AKIZE YD =/ 7 — M I T, Lewis HEHEAARE
2 LaB-ARfafi7T v v ) Rpbop-REEfm7 VAT By AN BNAEL D, =/ 77— hha,p-
REFT N T =T LT VALt Tu UBEIT S ETT VAT R =Y LI
KM 2525, Hi< T IVELE T AT v EBE=T AOSFRERICLICE Y BBIRT 7 & L%k
LB AT D,

2 (20 mol %) R2

LiIHMDS (1.0 equiv.) N o

2 !
/(C]NHR . \\)CL DBU (1.0 equiv.) ;Ej
RS cl THF, -30 °C, 18 h R'0,C

R'0,C~ “CO,R’ R'0,C :
RS
up to 88% yield
99% ee
intramolecular
cyclization
S
- NHR? ; NR2
n 0 1,4-addition R'O.C ),
R'O OR' + ® R'0,C (0]
2 ™ 2
R3 NR3 proton transfer @
O@ (0] RS NR3
| [} 1

Scheme 4. Asymmetric 1,4-addition/cyclization reaction catalyzed by Lewis base catalyst (n = 0,1)
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2013 4F, 2017 4£{Z Smith S %A Y hva L7 (ICU) il 3a & VW= ARF 1 4-AHIIEOG
AHELTND (eq.1,2) Yy ap-REAFNT AT v E=T MIHTH, THEFATE Fo= |
BTV TR E DS PDRFEREFNC LD VAR DH%, TAa—L07 I i 8O
ﬁ&ﬂ%mzézkfL}HMﬁmﬁ@ﬁbiﬁ%ﬁﬁEﬂé

Nesr

ICU3a (5 moI %)

O O
PS- BEMP 1.1 equw)
M e
DCM, 0°Ctort., 5-18 h - CO,Me

then MeOH

up to 93% yield

97% ee
o 4@
o ICU 3a (20 mol %) =Y )
O5N 1 rt, 16 h O.N R
YT s B
R2 R3 OPNP then 3/\)J\N
NuH (4.0 equiv.), r.t.,, 1 h R u
(0.2 M) PNP = 4-NO,-CgH, up to 79% yield

99:1 er, 56:44 dr

Emﬁﬁfia&K%ﬁTwaV%:¢A¢W%®1&)SﬁEW%’iéMWﬂ@ﬁj
RERPFEFRBUZB NV TEETH D Z ENEBIN TS, Figure 3 12 X ffs & AT L 0 15
DI a,B-AEFIT ST =T AOHEED DHEE SO SEFEE T VAR T, a B-Kﬁ’FﬁDT
VT =T LNO VAR = VIEZRIE ICU AR O RS & O I IEILARE SRR BAEH 2 TR
T 5, ZOMBERIZA N 2T UfEG LT, MESE LR EDFH 16 EOITLFE L, Lewis
EOBITER SN AMEMEHE LTHMHRTWD 10, Iral  fEGIC LD ap-Aafn LR =
JVERNL OBECJEN B E S5 728, sKEZANL pseudoaxial NEIZALE 5 Ph & ONLAKSG &8 5
EOoBaL U, iREIRICBAIICEA SN D, FHPLOET MZ XD | ICUMBLIZ L 5T VT v
ZYLART =Y LT ) T— N AW ARE RSO SRR ST 5,

iPr 0
Ph
7% \ Nu

Figure 3. Enantioselective nucleophilic attack to a,p-unsaturated acyl ammonium intermediate
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2015 FRICEREF, MDD T NV—T13T7 X ) FAT = 7 — )V EIRATBREKY & V-, mu%ﬁ

alZ L DR F TR RN OARF A REER LTS (Scheme 5) 'V, ALSUSITIRA T
KL ICU fIEEN B4 U Do p-REfT VT =0 AIRTHF A —D 1,4- HDD&EE&
G TINT UE=ULE FUALT I KOS TRERILICE Y EBELN 5,

Ph.,, @
Ts
e
Rl NHTs o o N_k Rl Nj
+ ICU 4a 5mo| %) C{
\©iSH Rz/\)kO)J\OIPr /
S

CHCI3;, MS4A
25°C, 24 h
up to 99% yield
98% ee
intramolecular
\ IcU ‘ cyclization
Ts

R! NH
S
R! NHTs ® 1,4-addition \©:
+ Rz/\)J\N/ N S ©

roton transfer : @

Scheme 5. Asymmetric thia-Michael reaction/cyclization catalyzed by ICU catalyst Ph

BETEFEREMENT BRI L 0 =) U F AR EERIC T 2 F A 6 T b, ZIKORETHI(2)-
6 & V2 & 2 A G DI A ORERNLARBLE 15(E)-6 20 AT DAL D ERM & — B LTz (eq.3).
Figure 3 ONZARIEIRMEFEBUEAE I ZEL S W TRUS D ETT 256, (E)-6 £ (2)-6 22D IXRLR D NAKD
BRI GE LN D, EDTD eq.3 DFEF O SLABRIIER BIFAE D Figure 3 & 13825, 720X
LA-RPIIBOG AN AR T o ) = 2 FAPRTEBE TN Z L DRI EN TV D, £727 I ERL
RN TF AT = ) — T E(E)6, (2)-6 ZHOTENENIGCETIR -T2 L 2 A, WDkt
{RELE 2 3 5 thia-Michael 1A 8 235 517z (eq. 4,5), ZOMRNOLT I ) FA 7= /) —)b
5 D LA-(INBLPEI Figure 3 OFAEICHE > TIMMRRFELHIE SN TN D EEZX BNLD,

O O Ph.., (\
N
o0 oy @ B0
NHTs (E)-6 ICU 4a (5 ol %)
@ or (3)
SH MS4A, CHCl,
5 PhQ i 25°C, 24 h

X O~ "OPr
(2-6

+

from (E)-6:95%, 97% ee
from (2)-6 : 75%, 97% ee

Ph.., (\NQ

©\ o O ICU 4a (5 moI %) SPh O (0]
+ + (4)
SH o Ao oy o~ spn eSS gy

MS4A, CHCl,

25°C,25h
7 (E)-6 (R)-8 (E)-9

29%, 80% ee 53%
Ph.., (\N @

©\ Ph O O ICU 4a (5 mol %) SPh O o) Ph O
+ + + 5)
SH MOJ\O/Pr MS4A, GHCI, o Agpn T S Agpy MSPh
25°C, 2.5 h

7 (2)-6 (5)-8 (E)-9 (-9
43%, 76% ee 8% 16%
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DL E O SEERRE R X 0 A8 STV 5 GRS % Scheme 6 1278 T, eq.4,5 OFER LV o, B-AEafn
TINT Y LT HFA—AD LATIBE ISARERICHET L TV D B2 BN D,
ZHCHBED BT, eq.3 TIEFE CHERARE EDO LRI B E LN 2 En b, RARIGZBWTT
F =D 1AL AT Thd U e < BRALBME N = F U FAREEME TH D EEE I LT
5,

reversible NHTs

Ts
VeIS \ o]
o . 1,4-addition @ fast N
PG s 0 @[
® s,
Ph

Ph/:\)J\ICU

enantioselective
cyclization

/

Ph O

Ph O s ICU

®
S ICU NHTs

H

Scheme 6. Proposed enantio-determining step in asymmetric benzothiazepine synthesis
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ZD X H R ICU fEOMEIZE B L, 13 ICU it X 2 KE\EFHITH 5o, p-HEf1 /LR
VIEFHEAROIEMEAI LONEHIE 4. C-H TR LG ~SEHT 2 2 2B R Lo, 1EEIGR
% Scheme 7 (27”9, Cp*M(IIIZ L% C-H FEEUIMNC KV REZAITH D A X TV A 7 VUK T
DAET, —H To,B-REFI A VR VSR L ICU ) HIEME(L S 72 KE T4 I 3£ T 5,
AZTHA 7 NVFE TIZREFA T AT E THRER L 2525, S HIZEREND
RAZEAL ETEHAL S NTe VR =V ER TR T2 2 L TLEARR 7 7 X A0 G0N0 &5 2
Too EEMTHLIHERT 7 2 MIEFEMLIIZ AONIMETHY . £O X5 EKE AFE
Sl XU D NNT X VFBER Lo, B-REIFN T VR VR ERN S — BT AT 5 2 E N ARET H
%o RBUSZEFEBT HI2HT7-0 | REAHERRMEETH S Cp*M(II) & Lewis HiEETH 5 ICU fil
BEDNIESR, SUSMED B NEE D VR =V O RJEEOHIE, fitIER 5 T4 5 7 & 2 G
O ENFIRT REREE L THRT BN D,

PG
\ P8 o Cp*MJ Icu ::: :;:N
H + —_——  — (0]
@(H\ R/\)J\X *
R

. intramolecular
Cp*™M ICU cat. cyclization ‘
O FG e
@S insertion N\M/
N-PG N;K _meemon (
M N Z
Cp* R : c
R H ICU
| " 1]
Challenges

@ catalyst compatibility
@ control of highly reactive carbonyl group
@ suppress racemic background reaction

Scheme 7. Working hypothesis
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%281 Cp*Rh(II) & ICU filfific L 5 C-H FEATEIEAL 2/ 5 K7 7 BERA UG

2-1. MRS
ERAGRICEE D& Btk e LT FrXHABEHT 2EE 109 Lo p-Rafny L7 4
U R 11 &2FRE LTI 24772 > 72 (Table 1), filit & L Ciilk ®[Cp*Rh(CH3CN);](SbFe), &
ICU 4a # HWW TG Z T -T2 2 A, BB TH L LEEREA I N 12 MRIGERD HG B,
FlobTNC o FARREDRBBELL TWAD 2 EZ2/MR LTz (entry 1), WEMNME =) T4
BPEREOFFEDENZ ENSINEOR 2 BfR L, RTTEL D 7 v R T =4 v & it
T LT A FRIEEZWIMAIE LTz 7oL 2 A, BIPEIZZIX 72D o 7o SR KIE I ) E
L7z (entry 2) ", WiDOSNARbLZ A2 AT 5 ICU fillit a2 O CRBRO RIS &2 1T~ 72 & 2 A, £k
W) DX STARBLE 2308 L7z (entry 3) o AR K 0 A AW D SLARERPUEDS ICU il L v ik S
NTNDZ EDRE STz,
Table 1. Initial results

[Cp*Rh(CH3CN)3](SbFg), 0
o (10 mol %) /OMe

ICU 4a (20 mol %) N
F
N'ONIe | additive (1.0 equiv.) ] Ph""(\N
H *
+ N:(S

THF, 60 °C, 20-24 h

(1.2 equiv.) Ph
entry additive % yield? erb
1 none 14 52:48
2 (AcO),SiMe, 69 51.5:48.5
3¢  (AcO),SiMe, 48 47.5:552.5

a) Determined by "H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.

b) Determined by HPLC analysis.

9 (S)-ICU 4a was used.

B Re ey ARERNE L U TRIFRFTZ1TR > 728 BRI VTS 5545 LT TH Y |
Bl EoR BIXRIAD oo Te, E O DRIZELMZEDORF 21772 > 72 (Figure4), 7 X R 13,
1404 I N15, 16, 7 X 1772 Ea Mt LI BRIES o e o Tz, —J5C, Tf TR
LI VAT UK 18V 2 7 Ba, BBl S,

0 0 0 0 Mo Mo | Fmeeeeeeees
M LOPi A _Pi L PR :
ey Me 0P A ae o I PhoSNH, ¢ PRTONHTE
H H H H ; !
13 14 15 16 17 | 18a
N.D. N.D. N.D. N.D. N.D. | detected

Figure 4. Initial screening of DGs

79



4

18a Z HW =456, (RINGER N L FRREDOBIMET LRI 7 ¥ 203G 6172 (eq. 6, conditions
A, LU, ISEHEDEELEZIT O F T, W< ODDOBRFHIB W THEMED H R R E LI
mhhole, Flx ORMARKEEEZRF LIz L 25 MS3A & AfL, RPIHET DKRERE, Fo
FOGRHCAEL S HF ZHife 45 2 & 2 HIZHHEI & LT 2,6-Bus-pyridine Z #8425 2 & T,
FEE BRI GO, ZOft, VAT 7 — MNRINAIRCEEE, BE, REOYER EELE
W35 L Teq.6 &RRREDINE L SR CTHBIYZ 1572 (eq. 7, conditions B), % Z T conditions
B D&M & T SOS SO Rt ziTH> Z L & LTz,

[Co*Rh(CHCN)3](SbFe)» Tt

(10 mol %) N
ICU 4a (20 mol %) 0

NHTf T F  (AcO)SiMe, (1.0 equiv) ’ Ph\pNQ
* N={ ®)
s
18a Ph

toluene, 80 °C, 20 h
ICU 4
11a 19aa ph a

(1.2 equiv.) . 12% yield, 67:33 er
conditions A unreproducible
[Cp*Rh(CH3CN)3](SbFg)2
(10 mol %) T
0 ICU 4a (10 mol %) N

2,6-1Bu,-pyridine (1.0 equiv.) (0]
F 2
NHTF | KOAc (1.5 equiv.) + Ph"n
+ N={_ @)
MS3A, THF, 10 °C, 20 h S
18a Ph ICU 4a

11a 19aa Ph
(1.8 equiv.)

18% yield, 62:38 er

conditions B reproducible
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2-2. RUSHAIF OGS

WEOITRE TR OMGET 21770 >7- (Scheme 8), 7 /7 aV R20 ZHW\5 & BIUMIZIZE A
EEHNT . EEMILZRIAERSY 23 BEICELNTZ, T ral) ROET E DGR G
FHTHECDEMA A I L D Rh O RIENRRETZ EZZ TWD, B REIFEZEALZ
EMT AT N THHNZTINF 0T =)L AT )L 21O00REFEKY 22 #VWT-5HE b4
R DG O VT2 3R E DN AR T LTc, W OHAIZB W TS EEMINEA 23 o DT
LUHEENRT BT UL ST RIARW 24 ZEHIL TV 5,

[Cp*Rh(CHZCN)3](SbFe)>
(10 mol %)
O ICU 4a (10 mol %)
X 2,6-1Bus-pyridine (1.0 equiv.)

©/\NHTf KOAc (1.5 equiv.)
+

MS3A, THF, 10°C, 20 h

ICU 4
18a Ph™ 11a 19aa ph CU4a
(1.8 equiv.)
JJJ\ jji\ Jjﬂb%& J))L
11a
18%, 62:38 er trace 24%, 59 41 er 17%, 57 43 er
Byproducts 10 0
N J\/\/\ Ph N )J\ Me
Tf Tf
23 24
direct adduct acetylated-byproduct

Scheme 8. Screening of electrophiles

R AR OARTE S5 A= ikt 2 Scheme 9 (2R T, ELEATINA 23 (ZHEE DT I VL& v
R VENRRT D 2 & THERT D, —HTT B F AL 24 13, o B-REIFIH LR o BEA A &
WINAIE LTMA T2 787 — B A U DBERMMN T 2 FALAlE LTlE, o7y
18a L HELULT D, F /2L ICU filllt & PRk BAEL DT VAT =T L1 ZfkH L THE
LHEBEZTND,

(¢}
X (6]
©/\ NHTf + | . ©/\ N k/\/\ Ph
Tf
23
Ph direct adduct

(0] 0 O O
(0]
X eo)J\ Me | o)L Me Ph”  NHTY I
—— I N Me
@Tf
Ph 22 24
acetylated byproduct
ICU @ xca

Scheme 9. Proposed pathway for the formation of byproducts
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WIZ ICU filiE DG 21772 - 72 (Scheme 10), FEIRAED 2 5 ICU filfit & LT A FF
MU ZNAa AFNVEEZAT D H D (4b, 4¢) Z it L7223 RFWED K & 2283 h o T,
ICU fiblie b O ARF ST D iE#a ik & L C, SR E R 2,4,6-Mes-CoHy 2524 L 7- 4d & H
W2 b ZA L BIMEIRIZE A ERBLL R Do 72, RS ROEREL DS SARRNTIRAE D T2, ICU
AN SOSZ B G- T E o 1o Z EMRATE LB X T D, — 5T 3,5-1Bur-CeHs X0 3,5-Phy-CeH3
T FFOfRE (de,4f) 1T da L FRIFEEORINEEZ R LT, de X4 TR WVEBREZHTHICHE
HHF, da LRI UEIRMEZ R L2 Z LD, ICU o ST ARAORE TS LIS O sSS BIRME IS S0 2 % ]
ELTWADAREMEDN RIE ST, EOM, iPr S Bn R EOT VX NESA VX B EET

L (4g—i) ZMET L2 2@ RO m BT b7z,

[Cp*Rh(CH3CN)3](SbFg),
(10 mol %)
0 ICU (10 mol %)
2,6-1Bu,-pyridine (1.0 equiv.)

F
NHTf KOAG (1.5 equiv.)
+
18a Ph

MS3A, THF, 10°C, 20 h

11a
(1.8 equiv.)
© OMe © CF4
sV s lhe Sg®)
N= N= =
S S
4a 4b 4c
18%, 62:38 er 26%, 39:61 er 28%, 44:56 er
Bu Ph
Me
Qﬁ@ Tt s DRt
Me N:ks N=§S N={_
4d 4e af
21%, 49:51 er 25%, 38:62 er 21%, 38:62 er
oo e Y
_ N= “¢ N
N _
s s N={g
4g 4h 4i
27%, 54:46 er 25%, 53:47 er 29%, 48:52 er

Scheme 10. Screening of ICU catalysts
PREORBIRMEICE EEDHERE LT, EERREOBRENEE S TWRnZ EBFERATSH
5 EBELE L, T7bb, R LA OEIBIN V= 7 G AT 2 2 & THRIE DR
MEE SN2 <Y BREOK T2V LB 272 (Scheme 11),

'y e
Ph““(N/ Ph““ql/

)8 S

high 3 s low

selectivity ~— ® E = ® — selectivity
[ ° ]
LA

R R

Scheme 11. Working hypothesis for low selectivity
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ZOMBEIIIN SRR EREICT S L TR TE DB, BERE LT [QICU filiff
DERY A REERTHZ L THN AT R ERRT 5 R HOEMZED 5], T@RFED
RERESNDO TN 27 VRS %G ICU ORI &l T,

Smith HIIARBRT I VU EKEAT S ICU fill 3a 2% L, AEKIG~EFIH LTS 17,
OB ARSI L7 & ZTATBREZAT 5 4a ([THA2IRMED W L7z (Scheme 12), 12
P EOBEREZES XL | DFT #8220 map-REm 7T 2T o= ARG RKE %
©B97X-D/6-311G*D L~ )L TC{772 > 7= (Figure 5), 3a Z & ea,B-HEAFIT ST U E=1T L 26 D
TR = NVRER L OB 254 A TH Y| 4a ZET 25 O 277 A ITHAVNSWEEZRL
720 25, 26 ICBWCIERR SN D WL a7 U AR, BV = VERSE O IEHA B -%F & R FE-Hi
B O EOHENERTH 5, FHHENITS< 2 & THHEDDRMICE R -7- 2 3 EIREOM E
W22 EZTND,

[Cp*Rh(CH3CN)3](SbFe)-
(10 mol %)
o ICU (10 mol %)
F 2,6-1Bu,-pyridine (1.0 equiv.)

NHTf | KOAc (1.5 equiv.)
+
18a Ph

MS3A, THF, 10 °C, 20 h

Ma
(1.8 equiv.)
Ph iPr.,
N—j E (\NAQ
N= Ph '\
_ks N/QS
4a 3a
18%, 62:38 er 27%, 32:68 er

Scheme 12. Five-membered ICU vs six-membered ICU

25 Ph i 26 Y 'Ph
; Pr - »B97X-D/6-311G*
Figure 5. Computed structures of acyl ammonium intermediates
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TV AP U FER IR ITTRICB W T, R ERNPKE K DI ONE DO B2 Y LR K
L0 MHAERANBRLS 25 Z N5 N TS 19, Smith & D 7 /v—71%, ICU fillt & fig
A RPOHFBPLIZT VAT VE=TU LOREREO LK E | FHREATFEZHNTIToT D
(Scheme 13) ", Fiid £ =it L 2 &1 ICU itz VT, B al U kA AR L7\ anti
Bl L TERLT D syn BLEED =R NLX—24 RIEL > TEBD ., EH0 b syn BEOFBEFITH D
ZEEREL TS, EHICMEEED 2T LV EL Y 288 28 PRI RAVX—EERT
ZENG, BLUEED ICU MBED TN D2l U FERIC K D syn BREEDO R EILREN RKRE W &
DRIESN TS, EMiEtEs=ra X200 LAMNSEZANTHEBLEEZA, B
VAR LT ICU il 3b CIISUSHEE S KIEICH B35 Z & 2#HE L TWb (Table2), EL v
BAHDICU itz V5 Z & THN A UAEERRENC 2 0 | IEMELEED ) B U722 & ASER T

bhoLBLEINTVD,
/Q AE, anti—syn

lPr,,,,(\N/Q iPr.,,
ol A OE e o[:k
X " PRGN X=S 27 : -17 kJimol

N
b
Ph™ gN X
O)\ anti (go‘ syn Se 28 : -28 kJ/mol
1-Nap 1-Nap
Scheme 13. Energy differences between anti- and syn-confomer

Table 2. Catalytic activity of structual analogues of 3a
iPr,

Ph N§<X
(

ICU (20 mol %) O.N
o} MeNO, (0.2 M), rt., 16 h 'Y o

/\)J\OPNP AN Nu

RO,C then RO,C
PNP = 4-NO,-CgH, NuH (4.0 equiv.), r.t., 1 h
entry X % yield? erd t1/o (min)®
1 (6] <5 45:55 N/A
2 S3a 55 96:4 145
3 Se 3b 55 95:5 8

a3 R = Et, NuH = morpholine ? R = 4-F-CgH,CH,, NuH = 4-NO,-C¢H,OH
U EDOWEZBEIZ, T O 2 L ACE S AT 3b Z W & AR, BIRELE b
(i b U7z, S0BsRORE BN O N 27 T2 R 95 2 & THUEASE E S AR DS )
EL7EBZZ TS (Scheme 14),

[Cp*Rh(CH3CN);3](SbFg)»

(10 mol %) Tf

0 ICU (10 mol %) N
F 2,6-1Bu,-pyridine (1.0 equiv.) 0
NHTF | KOAc (1.5 equiv.)
+ H™:
18a Ph

MS3A, THF, 10°C, 20 h

1a 19aa Ph
(1.8 equiv.)
iPr,, iPr,,
Neso RN ase
n=4 n=4
S Se
3a 3b
27%, 68:32 er 44%, 82:18 er

Scheme 14. Screening of ICU catalysts
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ICU filtiit DA IE 2 2 % Z & CRIMEILM L L7203 ® 82:18 er EHRREICE X E T, 22
TIRIZ ICU il LIS O Lewis HEH il % it L 7= (Scheme 15), B KA I XV Y U 2959
30'<° DMAP ik 3120, X7 UV BERT 5 2972 80 Lewis MMM A MET L 72233
PFHETIEEAERI Loz, ZOREL Y Lol UaES 2 BRE U SLRHIEAASSICER
WCHETHD Z ENARB I NI, MBEORFHIZ ZFT& L, ICU il 3b % H\W THLOKISS
HEORFZIT2 5 2 & & Lz,

[Cp*Rh(CH3CN)3](SbFe),
(10 mol %) Tf

O Lewis base cat. (10 mol %) N/
F 2,6-tBu,-pyridine (1.0 equiv.) 0
NHTf | KOAc (1.5 equiv.) ,
+
18a

HY
MS3A, THF, 10 °C, 20 h

Ph 11a 19aa Ph

(1.8 equiv.)

iPr.. B C\N Q
— e —
N/<Se N NT=NF o/\NHAr\N
Ar = 2,6-iPro-CgH3
3b 29 30 31 2
44%, 82:18 er 18%, 49:51 er 16%, 46:54 er 5%, 49:51 er 17%, 49:51 er

Scheme 15. Screening of Lewis base catalysts

AR BNTHNRF T — MEIANE CH S OUIM A REL TWH EZEXTND, 22
TANRF YT — FPINERPCEIRVEC G 2 DB 2D, Flix O VR iR 2 e L
(Table3), = Z F THW TV /2 KOAc 75 LiOAc X° NaOAc (2925 LR, SiPELE IR T L
7= (entries 1,2) o BV T LA A2 LV Lewis BBIEDEWI U X — D F 4 2 % O T2 BRI EIR D
BFLIEZEND, BT E =T F o Nhay  EEEREL TS, Lewis BBIC LD 7o b
TF ) RPEBEEE LS, ICU flEIER G D T & I SIS HEIT L TV D 7 EORBEMNE 2
bb, FTOMOERE LTT AN E&ET At ORMYEDE W L > T, T 74
URMWBAETLDLT VT U=y AOARGHREN R > T D AletE b & 2 Hiv5H, CsOAc Tl
MRS WO BT oNT, T TALF) RRSET L DHTH -7 (entry3), F
TG B=NTFF RN T F L L, ENVBERZER/BEZ O TRINEITR - T
N, KOAc & EEI DU « BRMIIE Hv7ehso 72 (entries4,5) . wBIZHNLRF T T — M EFRW
TRISZEATIR T2 2 A, BRMIIEONTIREZEINT 2 DR TH o7 (entry6), H/LRFT
T — FRARFISIZBWTHAETH Y . CMD AT C-H fANTIB S Tnd 2 LR s
i,
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Table 3. Screening of carboxylate salts
[Cp*Rh(CHZCN)3](SbFy),
(10 mol %)

0 ICU 3b (10 mol %) N
F 2,6-1Bus-pyridine (1.0 equiv.) (0]
©/\NHTf | RCO,M (1.5 equiv.)
+

H":
MS3A, THF, 10°C, 20 h

Ph

18a 11a 19aa Ph
(1.8 equiv.)
entry RCO,M % yield? erb

0 KOAc 44 82:18

1 LiOAc 37 58:42

2 NaOAc 24 60:40

3 CsOAc N.D. -

4 KOPiv N.D. -

5 PhCO,K 33 73:27

6 none N.D. -

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.

ZZETORFHIBWTEZ ORE. RISK THR, BRIENZ THWDT V704 RideT
HRL TV, FEIREIIRIRERbOD, BIAERYE LTT A7 A ) R &R LTz
ERONDEMEBRIL CTWD, 22 CTHfgalhi<led, 7704 R 10 K20 T
TLTMATZEZ A, IR EEPEE §I21H L7z (Tabled, entry 1), UXERIZHIZZIRPED A L L
72HIH & LT, ICU ARG HITT 2 7 2 ISl SN2 RN B bR S, i Rl
22 SIBPRMERENTIR T L (entry2) . < 32 &I, BIMEL BITIE T L7 (entry
3), HZIT Rh il & ICU it D 2 {0925 2 & TULEA M L L, 88%INE, 96:4 er D
PFHETHEED G HNT (entry 4),

Table 4. Optimized reaction conditions
[Cp"Rh(CH3CN)3](SbFe)2

(10 mol %) Tt
O ICU 3b (10 mol %) N
F 26-Buy-pyridine (1.0 equiv.) (0]
NHT | KOAc (1.5 equiv.)
+ H:
MS3A, THF, 10 °C, time
18a Ph™ 11a 19aa ph
(1.8 equiv.)
entry conditions time % yield®  erP
0 none 10h+10h 44 82:18
1 Slow addition of acyl fluoride (10 h) 10h+10h 64 95:5
2 Slow addition of acyl fluoride (7.5 h) 75h+10h 51 94:6
3 Slow addition of acyl fluoride (20 h) 20h+20h 30 89:11
Slow addition of acyl fluoride (10 h) .
4 Cp*Rh cat. (15 mol %), ICU cat. (20 mol %)  10h+10h 88 96:4

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.
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2-3. FE o> A

Table 4, entry 4 DA 2 faiE ettt & U, IRICEEEHHFMH OME 21772 > 7 (Scheme 16), X2
UNT X VBT p LB GELE ARG, e S U AT 2 EE (18a-f) IZRB VT RAT
RN, IR THAR S O, BN ERETH L= AT VEZ AT HEE (18d) THN
YUNT IO C-H AR O SN T AR G T D, Rl m ALOERELFFETHY | 5L

(KEEE DD 72\ C-H FEA UM S =B & BRI 5 2 7= (18gj) .

[Cp*Rh(CH3CN)3](SbFg),
(15 mol %) Tf
0 ICU 3b (20 mol %) N
2,6-1Buy-pyridine (1.0 equiv.) R——

X
R Sy TNHTf | F KOAc (1.5 equiv.) %
L + H™:

MS3A, THF, 10 °C, 20 h
slow addition

o

19aa-ja Ph

R
NHTf m NHTf
iPr,,
Ry H H (\N‘Q
R,= H 18a : 83%, 96:4 er R,,= Me 189 : 54%, 94:6 er PR =L

Me 18b : 80%, 95:5 er Cl 18h: 48%, 98:2 er Se
OMe 18c: 62%, 97:3 er Br 18i : 51%, 98:2 er ICU 3b
CO,Me 18d: 78%, 97:3 er | 18j : 58%, 98:2 er

F 18e : 60%, 98:2 er

Cl 18f : 77%, 98:2 er

Scheme 16. Substrate scope of benzylamines

AR DR NIARELE L A B %2 AEH T2 19ca O BN 2 VT X BURE S T i L v
SIREPRE LT (Figure 6),

i

N
(@]
MeO
H==
(S
19ca w
Ph

Ry =0.0821
wR, =0.1192
Flack parameter: 0.055(16)

Figure 6. Absolute configuration determined by X-ray crystallography

WIZT VIV T7 A RIOKF 21772 57= (Scheme 17), F 7 FNIESLT VXNV IEEHT 55
H (11b-d) CRAZFERE TR LTc, “HEGICEE Y 7 X U VENES Licmm VIR (11e)
IZBWTHIERIFE T2 b 00 BREFR2RIRETHIH NG -, =—7 L (1), 7 2 K (11g) .
BFEE (1h 1) 2 EO~T e FREE LA TH Y B2 - SR THOY RS L,
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[Cp*Rh(CH3CN)3](SbFe)2
(15 mol %)
ICU 3b (20 mol %)
2,6-tBuy-pyridine (1.0 equiv.)
KOAc (1.5 equiv.)

MS3A, THF, 10 °C, 20 h

(0]
NHTf E
o
R
18a

11b-i slow addition
(1.8 equiv.)
>

11b: 70%, 96:4 er 11c¢: 79%, 96:4 er

e

11f: 68%, 97:3 er 119: 91%, 99:1 er
Scheme 17. Substrate scope of acyl fluorides

11d: 72%, 95:5 er

Uyﬁg

11h: 67%, 97:3 er

Bno\/\j‘{

Tt

R
19ab-ai

11e: 30%, 97:3 er

Qj//\“{
N

Bnh
11i: 74%, 96:4 er

MR 10 mol % COMFHIB W THIMNIT L A EHB LN - T2 B %777 (Scheme 18, 19),
RUUNT I U o MLICEBRIEZEANT D L AREEOT-ONEMITIZEA LG LN
nolz (18k-m), O, T =) C-HfEZ AT 5EE 18n, 180 Z & L7272 HHMIIS
biiginoTe, TINVTAFY RIEBAIZT U — AL 27 VEZ AT 2EE (11, 1K) . afiZ
27 U — VLT VX VAT LEE (U, 1Im) 285 L7720 B IS ooz,

[Cp*Rh(CH3CN)3](SbFg)»

(10 mol %) Ti
o] ICU 3b (10 mol %) P N
. 2,6-Bug-pyridine (1.0 equiv.) g_"_ | 0
. r,1Y NHTf | KOAc (1.5 equiv.) oy
[CN + :
e MS3A, THF, 10 °C, 20 h w
18k-0 Ph 11a slow addition 19ka-oa By
(1.8 equiv.)
benzyl or allyl amine derivatives
M
Ro Ro=F 18k e\[fNHTf O/\NHTf
NHTf OMe 18I
Me 18m 18n 180
Scheme 18. Substrate limitation (benzyl or allyl amine derivatives)
[Cp*Rh(CH3CN)3](SbFe)2
(10 mol %)
o ICU 3b (10 mol %) Tt
. 2,6-1Bu,-pyridine (1.0 equiv.) N
@ NHT R ])k F KOAc (1.5 equiv.) o)
+ -
R2 MS3A, THF, 10 °C, 20 h g2 R
18a 11i'm slow addition 19ai_am
(1.8 equiv.)
acyl fluorides 0 (0]
i i S N
F
Ph/\)\ F Etozc/\)L F F
Ph Ph
1j 11k 11 11m

Scheme 19. Substrate limitation (acyl fluorides)
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3-1. X HRSERR IS J O Ll SR
£ PFUEDISHIRERR & LT Rh B L ICU il 2 T T hBRO CTRUE 21772 > 72 (Table 5), Rh
fil i 2 BRUNZ entry | CIEZHBIINE LR T2 2 0D REGIZEHVT Rh i3 28 Cdo
5 ENbhotz, ICU 2 BRV N - entry 2 Tl 22%UER TEMI NG BTz, BUGHER KX <
BT &b, ICU fMBEIC & 5 REFHOIEMEAGIC LV SOSIRE M L35 2 L EHE &
EZTWD,
Table 5. Control experiments

[Cp*Rh(CH3CN)3](SbFg)2
(15 mol %) -
/

o ICU 3b (20 mol %) N
F 2,6-1Bu,-pyridine (1.0 equiv.) 0
©/\NHTf | KOAc (1.5 equiv.)
. :

H":
MS3A, THF, 10 °C, 20 h

18a Ph™ 11a slow addition 19aa PH
(1.8 equiv.)
entry deviation % yield? er?
0 none 83 96:4
1 without Cp*Rh cat.  N.D.
2 without 3b 22

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.

— 7 CICU filfitZ Nz %55 (entry0) Tl 96:4er & ORI AR 2 LD, ST
ICU fifiiIERI 5Dy 7 75 7 RTOZ 2 IRISITIZEAEEIT LN E FHEL TV, L
L entry 2 @ ICU fEEIERIM DSt TIiE 22%I0E & TRICHANEVEZ R LTS, 2O &)
5 ICU fili 3R H 2 15T 2 DA T/ < | Rh O R AR T & ICU filie 73 B8 5+
FTHEITT 5 78 IRUSEMH L TWD EE 27 (Scheme 20), ARLUS TIEH FA AEIGHERE T 5>
HARUUNT I VB ORI L FREER I 2R L, CMD #4185 C-H & 0z L v
FERAZ T A7V KT 5, MK LREFHIDBNLT D 2 & TRICHEITT 5 & 48
ELTWD, HFFAE IS LT ICU A BN 35 & PP EZ AT 5, 26O ERT
BN fafnze 18 5 TH Y | SUSHETT 572 DI21E ICU flEN T 2 0 E R H 5, 20D
& 9 72 resting state 2MFIET H 728, ICU fillli 22 % Z & C Rh fE D SOSTENME T L 78 I X
JERIH ST D TN EEZ TN D,
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N Cp* Cp Cp*
* Ph NHTf
Cp | I /\)J\ | X
® base 1 _Rh—Q “ACOH 7 _Rh R X 1i._nRn, ©
o T S VA
0> Mo e
R
| I} ] v
“ IcU “ Icu “ IcU H
"""""""""""""""""""" o T e
Cp~ _ :
o | - Tf\N/Rh\ OAc Tf\N/ N product
Rh—0Q ICU :
NN i
IcU” 0—"“Me D ;
P w w 5
resting state resting state resting state

Scheme 20. Proposed resting state caused by ICU

W Bk Ol & L C, Cp*Bihi -4 H T DD 9 ER SRR L O C-H BreEt
2B W T SUG M 2 773 Ru(IDfiit 2 W TR 21772 > 72 (Table 6), D70, %548
o a7y “BIKLE AgSbFs M HLRHR THF AU EEMREE AU D52 AL TWD,
[Cp*RhCL]» & AgSbFe % H\ % 55Tl [Cp*Rh(CH3CN)3](SbFe): & [RIFRE D SEHE%E 78 L7 (entry
1), Ir 5850 Co 85 TIX B IS DT, Ru SR CIHENTBII S D DA TH - 7= (entries
2-4), Rh T~ Lewis BAMED EW Ir R° Co TIXBUGEIT L7222 &vh ., ICU S BlAr 9~ 5%
ZETEBMBENKIE LT Z ENRK OO E ST EEZ TS, ZOMDIFRKE LT, ik
B TIT72 > TV DA EIDRIGEME T, C-H &G OUIBINET L CRWATREME S B X HiLd,

Table 6. Comparison with other metal catalysts

metal cat. (5 mol %)
AgSbFg (20 mol %)

O ICU 3b (10 mol %) N
F 2,6-1Buy-pyridine (1.0 equiv.) 0
©/\NHTf | KOAc (1.5 equiv.)
+

H%
MS3A, THF, 10 °C

18a Ph™ 11a slow addition 19aa pf.
(1.8 equiv.)
entry metal cat. % yield? erb
1 [Cp*RhCly], 64 94:6
2 [Cp*IrCly]» -
3 [Cp*Colo],
4 [Ru(p-cymene)Cly], trace

a) Determined by 'H NMR analysis of the crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
b) Determined by HPLC analysis.
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3-2. o B-AEAFNT LT T = LD

Scheme 21 DFUSIZBWTHEIERM & LT, EHEMAIME 23 7 v F /U bk 24 Oftiiz, HLR
R 32 OWEE & OFEEEKY) 22 B S 7o, B ORES (Scheme 8) (Z3WT, MREEKMY &
FELE LTHERINSEONTEZ 20D, aB-REafT 2T 8 =0 AHRIIED BRI KY) % %
HLTAELTNWD EE %72 (Scheme 22),

[Cp"Rh(CH3CN)3](SbFe),
(15 mol %)

0 ICU 3b (20 mol %) N
E 2,6-1Buy-pyridine (1.0 equiv.) 0
@NHTf | KOAc (1.5 equiv.)
+

H":
MS3A, THF, 10 °C, 20 h
Ph™ 11a slow addition 19aa ph

(1.8 equiv.) 83% yield, 96:4 er

byproducts ..

0 o ! o o !

0 | |

N i OH | OJ\ Me !
T N Me | : | :
(j/} i :

23 Ph 24 ph~ 32 'Ph 22 5

Scheme 21. Observed byproducts

o) KOAc O O ICU (0] ®
R/\)kF R/\)kO)LMe - R/\)J\ICU
Scheme 22. Possible pathway for acyl ammonium intermediate

Z 2 CHE, BREEKY 22 % F T Rh iR 10 mol % CO R LS F RIS EFT /o728 2
Ay IR LFPRVETT V7 0F Y RIZHAMET L2 BRIAFS 57 (Scheme 23), 2 Off
RIS HT VAT NNA Y RNGLBEAKMERBE LT, 7IAT B2 ABER S LD AN
BRI, — CHBEXRY TIXZEDORWIED T, Ny 7 7700 RTO T & I KHEHI
FOSHEST U, IRSCBIENME T LI BTN D, BEAY 22 VTR FHRELELS 75
L CIEMHEOAMGEEZSIE L, 78 I OSREICE IR CE DR H S, Ll 7
OLZ VA R 1a & Wi TlE OGS (Table 4, entry 3) TiE, i FHEAE< 5 LU
MREAET Lz, W FEEZEL T2 EMMORISISS AT LD KRIEDOHEL LB 2T\ 5,
UELROTINTAFY ROSEET VAT VBT ARERTARKEAGET D LIXTER
W, TN TAF Y REOFMNBA T HBEKRMD Lo B-REfMT ST E=T ARED
DRRBEDIFET D LEZ TN D,
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[Cp*Rh(CH3CN)s](SbFe),

(10 mol %) T
o ICU 3b (10 mol %) N
2,6-1Buy-pyridine (1.0 equiv.) (e}
NHTF | KOAC (1.5 equiv.)
+ H s
MS3A, THF, 10 °C, 20 h
Ph i
18a 11a or 22 slow addition 19aa Ph
(1.8 equiv.)
i X
| F | (6] Me
Ph Ph
11a 22

64%, 96:4 er
Scheme 23. Acyl fluoride vs anhydride

30%, 87:13 er
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3-3. = F U FAREEMEICEAT 2 E RS LUELE

TS U FAREEFECR0 5 DB E LT, REFfFEGDOAZ T A 7 L~DfFA 1 - 1),
C-= ) 53— inb O-= ) F— h~DEMEL II>HD), O-= /7 F— D7 a koAb (- IV).
BE A EE N O SREZENE S TR ST B VR = VD FNER L V- V) & 2 5315 (Scheme
24), C-= 7 T — b O-= /) F— F~OHEMEIT—ATHL | mEOHN D 2 DOIEME(LRE
BEAMEWNZ EAVURBRE TS 2D, — 5T Cp*MUIINIZ L 5 C-H fEA DU 288 5 RF 1,4-(100
BOSIZEBWT, 7a AR =T U FFREERE L L TEZ LN TN D IEA N DiE S
TW5 2, ZALOWEICKH LT, AESTIE T B b AR oL DB A LB @ 7 2L
TR LANEL, DORPINEEMETHLT2D, 7r FALDOBEBII R TH D EEE L
TW5, Y EOEORERIF LOEBLENS, HAEILS TRNERILOBREN = F o F AR EEE
BEClI 7o & TR LTE,

o Tf T

! *
©\/\N - R/\)J\ICU ©/Q N~Rh/Cp
- Rh \
R T / — 0
Cp* insertion “_ICU isomerizationn % @
P e ICU

Rh/
\
protonatlon cycl/zat/on
IC u

Scheme 24. Possible enantlo-determmmg step

FLTELRDEREHRDTZOIC ZIEDOT ATV F ) REHAWTRIGEITR 7= (Scheme
25), ZOFREFBRENZ LIZER, ZIREDL LD B[R CHERNLIRELE % 63 5 4035 i
7

NHTf
¥ Tf

O
oA

/

18a (E)-1a N
standard conditions 0

H==
B(S)
from (E)-11a : 83%, 96:4 er
18a

(2-11a from (2)-11a : 85%, 98:2 er

Scheme 25. Investigation with (E)- and (2)-acyl fluoride
a,B-REFIT 2T =T AHRRBEURICH T D A X T A 7 VOB =) T AR EEE
BETHo%E. ERE ZIENDIXRRDSAEDERM GO ND LIBESND, LA L, Scheme
25 DERTIFEMRL ZREL LMD SOEFMMNG LIz, ZORR LY AR RTF
YFAREBEFE TR A TH D Z LR S LT, E SN D SO L L T, p- A
TINT T LSRRI DR & RME LW FET D £ BT
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B 2R D Tl Z ISR AL D A X TV A TV ARSI ~DRIEREL . R IED4E
BB GEoNs L0 R O-=/ F—h, C-=/ 77— FORMIB XOB-REMBEZ L Z U E{KIC
BT 5720 \—ﬁ@iﬁiﬁ%ﬂ%Eﬂé&%xfwé(&MMQQO

R O Se’@ OrinSe
® ﬁ C elimination ®
e L @(; Ao L
Pr iPr
(2)-isomer C-enolate (E)-isomer

insertion isomerization insertion

[::IT§N—Tf [::IjﬁN—ﬂ
M M

, T
. o N.
‘ lsomerlzatlon M
\
0
|w _ |w
ICU
R ®

O-enolate

i* slow l fast

(R)-product (S)-product

Scheme 26. Proposed isomerization pathway
— 5 CRMb AR L 22WIGE O EME A Scheme 27 1277 T, Z (KDo B-AREafn T > /LT
=% MK LR O RO 2 HIEAT B & SRR 128, k%wﬁ#5®ﬁxyiw¢%
WP#ELéO;®2O®¢W¢#Z%®aﬁfﬁﬁ7/w7/% Y AR L C R
R Hh ey, 2 OO FRIE 12 & A~ R AT 72 SIS AR 1 e~ U, Curtin
Hmmw®ﬁﬁu%“5%®$ﬁ%ﬂfuﬁghé Scheme 26, Scheme 27 W NLDHATH .
ARSI AW THY . ZOHB DN T o F A REEBIC R D NEND S,

/Tf @ /
N R Oww
©<’:‘§/ |nsemon |nsert|on @(;
ICU : ICU
R ® Ph)\|) R //

o iPr
| (2)-isomer r

i . slow lj fast
\

(S)-product

(R)-product

Scheme 27. Rationale for the formation of (S)-product from (2)-isomer
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ZOMOFHEMEE LT Lewis HZEMIBED 140G K OWIEEC L 2 B kb B2 b b
(Scheme 28), Z DG, =T U FAREEENEZ THLIEL LT ER, Z KO EE )
A —DONARAERS N AE LT D D, (2)-11a DGR F TOEMALE ] 5029 %5 72 NMR f#T %
AL D & LD, BUSOETITENRTNEHL L. & DIZFERCIIK R T D VAR
e, PRl 72 & OB OILEM Y — 7 DB3E TR D 7o DT IX N EE T d - 72, Morita-Baylis—Hillman
BOSIZARF SN D Lewis HEMED 14-(HMNZESA L T2BEOMEF TIX, FX7 VTR0
DMAP OYERFIR72 & D ICU I RO @mWBEA IV ST g 2, 2 b Iz gE@Emn
ICU flfie TIE LA-MINBOS A ETT LIS WEHERIL T % 29, LarL., BLKTiX Scheme 28 D
WaEBETDHZ EIXTE R0,

R OwSe R Of'@ ICU OSe OwnSe
@ @ @ @

XN NéLN MN/ N — - R NAN - /\)J\NAN

Ph)\l) Ph)\l) Ph)\l) Ph)\l)
Pr iPr iPr iPr

(2)-isomer (E)-isomer

Scheme 28. Isomerization induced by 1,4-addition of Lewis base catalyst

PLEDOERFERKLONELR LB, RSO FTEE AR (Scheme 5) 72 D= DO
EH & OFELIMEN D, WIEIZTTE 220 ODOARKISIZEB W T ABEBII A THY . EDOER
{LDBEBEN =T o FAREEETHD EEZ TN D,
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3-4. fREMRBEY A 7 L

PLEDFERR K VB2 5 M F 2 T fEEY 1 7 V% ~7 (Figure7), Rhfiiiit: 77— hinD
HEUT=h F A AERERE 16 L TR DT 2 VBB L, CMD B 2 88 C C-H #EAH
&Nt Z ECTHERA XY 74 7V N B4 TS, ICU i3 bR I, 1B 52 & T
resting state X JER T % & &2 T\ (1), —J5 CICU filfit 11 & o, B-AREdF T S 7 v A Y R
11 2o B-REAFIEEIEAKY) 22, 2 XZ OGN Do p-REEMT N TV E=T A IV BELD,
a,B-REFIT VT E=T LIV D ARERAZ A7V Ik LIEA, =/ 77— MeT5Z
ETHREAR V RERT S, EBICZoFfEo= ) T— N7 n hAbEND Z L THRIK VI
DRSS, AL ICEEEENO T X N & AR = VRS TNBET 5 2 & CTARY 19 735
S, R HAT S,

AN = A NERF OB EORE LD | FREAE VI £ TOERT v I3 TH Y | &% OBR(L
BN = T A EIRIIICEIT T2 2 & CTIMARIBIRMEDRHELL TV D EHEL TV D,

::; N
O
H==

R

Tt
C 1 ¢ = 1
H enanito-determining
intramolecular —~
H T R /\)k F R /\)J\ OAc

cyclization

18 ¢ 1 22
+ N. Cp* + +
R R EEREREEEE RK P RrCREEEEEEEEEE R .
© Cp* : p voIPr !
opr U el o ; _ O(’B'"'Se _ Z/\N :
®Rn—Q E o e E N%N P =L |
N\ A\ ' Se '

IcU” o0pe : I

_______________________________________

r
C-H activation @&M:IEIEINEE organocatalysis \)
resting state = L/ protonatlon
_ ICU _ /
(j\/\N LU (j\/\ T insertion N.
Rh — Rh R

h/CP* insertion R/\)J\N/ N
\ \
icu” Cp* Cp* D o] = Ph
v n A Q@ v Pr

ICU

Figure 7. Proposed catalytic cycle
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3-5. DFT st X D = o T A BERE OO B JEE AT

BRAV B OSLARPEICBE T 2 I A 215 5~ BT LA AT o7, TIAT VE=T A
DOPPLERIEE Bt H L LI2TT LA ANWTT 2 VENLD B LR = VA~ DO KA N (1 — 1)
DOEBIREOHH TR LF—%2RDDHZ L& HME L7z (Scheme29), FRAT O Rh 5 7L
BEMEGEICBW ORISR P OOV TO S, R &, BILIRFEIZOWNTOD S, R WNFIET
L1, G4 FEONARRERE BT OLENDH D, TN HE TSI-TS4 LKL T 5,

TH - 1% )

N.— 4
0 Se@ e@ ®/<Se
@ - . @ - . D
N 5( N %N N N

N
i Ph)\') " Ph)ﬁ) = Ph)ﬁ)
Pr

iPr — iPr -
I TS1-4 I
X O = 4 stereoisomers
TS1 (5,8 - (S)-product (major)
TS2 (S5, R - (R)-product (minor)
TS3 (R, S) - (S)-product (major)
TS4 (R, R — (R)-product (minor)

Scheme 29. Possible stereoisomers at cyclization step
ETIHOICFAEER L OFNDAEVND ICU flEorEitt O, AL EHIL 2 il L 72 E%
WHEMEE (TSI-TS4”) & W THIMIRRGET 21772 > 72 (Figure 8),
T . ¥

TS1—4’
Figure 8. Simplified transition state structure (TS1'-TS4’)

FALIRBAER O i L A MO6-L/Lanl2DZ O L LTI, 13 DAL 5 L CHREIEHA
ZATO 2L CEBMIREMETH D Z L2l Lic, FEBIRRRIZY LT, Grimme H23B8% L7
CREST (ver.2.10.2) 3LV xtb (ver.6.3.3) 77 /7 LZ&FIM LIZELEIRE 21T 5 2 & TREMZ2fiE
BrZ& 3 A 72, MO6-L/Lanl2DZ @ L)L TG b AL T BB RBEME 25 L T RUSASE D D (Rh,
NUULVT I vEFH (N), WA= (C=0)) ZHE L. GFN2-xTB L ~L TORLELRE 21T
NS 710 1 SDOBERBARERIE ) DG DK 20 BB 2, FEELL72MEZ LI 3 £72id4 DD 7 v

SF LTz, 70— 6 1 BREED, M06-L/def2-SVP L)L CO UG HJE Y D% [
E Lf:T%LEmJI: KV 7B IR B IE & 15T, TSU-TSAIZXIST D EHELN 72 BB e &
pseudo-TS1’—pseudo-TS4’ & 5L L. 4 pseudo-TS D H Thy b 22 E 72 B HE D = R )L ¥ — % Table 7 |Z
AT, FEBWME G 2 5 pseudo-TS1” (S,S) D BEETH Y, KT pseudo-TS3 (R,S). pseudo-
TS4 (R, R) 72 D& RHFLNR R DB D &1L S keal/mol L EDOKE Ip= kL F—7E AR LTz,

97



Rt
N
i

Table 7. Energies of pseudo-transition states (pseudo-TS1'-TS4’)

pseudo-TS1' (S, S) | pseudo-TS2' (S, R) = pseudo-TS3' (R, S) | pseudo-TS4' (R, R)
E (hartree) -4916.240871 -4916.234703 -4916.222581 -4916.231043
E-Emin (kcal/mol) 0.0 3.9 11.5 6.2

BEBREIRRED A ¥ T A 7 VOMKIX % Figure 9 (TR T, RUPAT I VOEREHIVR= LV
DOEEFEDS Rh (SEAL L72 L B BRIEE 2 R CRUG T 5, £ /0R = LER#EIL ICU filfiE ot
Lo b I aF iR ETERT D TT AT V=T AORBEITZETE S5, BEEER
RABIZHE S HER (Table7) £V, &FFLA R (TS3 - TS4) O HL DS (TSI - TS2) 12k~
FWVEBBREZ R LX —2 R 7 & TRIND, JHUXICU fillfEd Ph 2723 TSI - TS2' Tl A X 7
P A 7 NDOIMAZ [ DITHF L, TS3’ * TS TIEA X T WA 7 VDO Z 8] < 72 O SARFEE A K
EVWZLICHERTDEBEZ TS,

TS1'(S, ) : TS3' (R, S)
TS2' (S, R) ; TS4’ (R, R)
favored 5 unfavored
== ==
Rh Rh
\ f
O.. . o)
‘Se ! Se"
Mé N%Nl [N =N Me
Ph | ""'Ph

Figure 9. S vs R (metal center)

KIZ pseudo-TS1’, pseudo-TS2’ Dfx H T R /LF— DRV, F72ITZ UV ME (2 keal/mol LAN)
Zon LT2BCEE (pseudo-TS1P(ZDUNT 1 BLEE, pseudo-TS2° (2 DWNT 2 Bl#E) 12k LT, FHE L~L
Z EF, MO06-L/def2-SVP/SMD(THF) T D ER IR B & D feii{b 21770 o 72, MRk & IREhE!
BIZEVELNATART R/ F—% Table 8 [T~ d, FAEMMOMK ARE THL SEE 525
TSI’ (major) 2k, WDO=F v FA~—%5 %25 TS2’® 2 E# (minor 1, minor2) D5 A3 EW
HEHTZ R LVX—%2R LT,

Table 8. Gibbs free energies of transition states (TS1'-TS4’)
TS1'(S, S)(major) | TS2' (S, R)(minor 1)  TS2' (S, R) (minor 2)
G (hartree) -4916.450899 -4916.445282 -4916.443039
G-Gmin (kcal/mol) 0.0 3.5 4.9
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Z T E CTOMM G A AW To e 2 RIS EROSRITEVEEZ AT 5 TSI, TS2 D%
BREOHBZRLX—2RDDHZ L L Uiz, TSI (1 EJE) . TS2 (2 BlHE) (2% L C M06-L/def2-
SVP/SMD(THF) L~V C Ot & b 21772 o 72, 15 O 7o EBIREEIEIZ X LT M06/def2-
TZVPP/SMD(THF)IZ L A R R AT o7, BoNERREME Ao VX —%E%
Figure 10 (27”7, FAEBMZ 52 5 TS1IZHA, = F 0 FA~—KE 525 TS2 DA EHH
THRNNF—%Rm LT, TS2 ORLEEFEMRNZEH TS IZHANEmWHE =R LF—Z 7R LT K]
EIRDLIITELE LT,

TS1 (S, S) | TS2 (S, R)

Major ; Minor 1 Minor 2
0.0 kcal/mol ! +10.7 kcal/mol +2.8 kcal/mol
Q

MO06/def2-TZVPP//M06-L/def2-SVP both using SMD(THF)
Figure 10. Optimized structures and free energy differences of TS1 and TS2

TS1 & TS2 minor 1 [ZJLEEROEJENFELL L7-fE&E%H LT\ % (Figure 11), TS2 minor 1 TlX
Et J& & Cp*EifL 1T ET DT ORI BMNE LD EEZ TS, ZDTDED X 9 723K %%
MUY TST IZH)10.7 keal/mol & K& 7o HH =RV F—2EEZ R LT D,

TS1(S, ) TS2 (S, R)

Major ! Minor 1
0.0 kcal/mol 5 +10.7 kcal/mol
== ==
Rh Rh
H ! Et )
0., o.,
Et N= H N= N
L =
iPr iPr

Figure 11. TS1 vs TS2 minor 1

TS1 & LB By OBEUEN F 72 5 TS2 minor 2 DA% % Figure 12 (2759, TS2minor2 T Et &
& Cp*Beh I3 5eIE T E~_BEN T 5 728 2.8 keal/mol & 4E1E £ D TS2 minor 1 LV 3/ E 72 H
TR LE—ELZRLTWS, UL, XU T I UV EEBROR Y U EBALKE, PIE
BN F—Fl B ET 570 1,3-7 UV AVOTHBDOSARREN AT, TSI XV EWE B3
NX—FRLIZEBEZTND,
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TS1(S, S) 5 TS2 (S, R)
Major : Minor 2
0.0 kcal/mol i +2.8 kcal/mol
: | : j | (

iPr i iPr
Figure 12. TS1 vs TS2 minor 2

BBICARREHIBR LB N = o F AR BB Th 2 LT LIt 21T o 72, v b ik
DERENR T FAHREEBETH 2856 b EMERIIXFROER N ATREL E B X T b, 7T Ib
TUVEZULET VR LT ) T — FONAREEITELUL TWD Z &6 major (K& 52 518
BIREE L minor (A% 52 2 BBREO = XL X—ELHLUORERENEOND ETFHLTND
(Figure 13),

acyl ammonium ; ammonium enolate
== @ ==
Rh : Rh
H \ ! H \
0., : 0.,
\VX;'%Ki) ! \<¢< 'Se
Et N= Ny ! Et N=N
Pth// | Ph)}//
iPr iPr

Figure 13. Metallacycle structures containing acyl ammonium or ammonium enolate

UL EORERERZE L ® D (Scheme30), REZHINB M OB BT IR H .0 & PALIRFEDF T
UT =00 4 FEOSARRIERNREZE 2 B D, £D 55 TS2 13 Cp*Bifir 1 & BALEH L D SR
B0 1,3-7 U MEOT BILDONARFE D728 TSI AT ASREE TH D, — 7T TS3 X TS4 1L fFilE
fbMEE A W RET L 0 | ICU D EHIL L X X T 5 A 7 VOSHARRIED T DO RLZEIL IR D &
FHRL TS, TORDRELEEEBESND TSI Z8H L TCEARD TH D S IKOERM B4
LN EFEZXTND,

Th
N,
Rp/
L s
"
\ N=

iPr

TS1
TS1(5,8) —  (S)-product (major)

steric repulsion between Cp* and p-substituent (minor 1)
2(5A)  — 1,3-allylic type strain (minor 2)
TS3 (A, S) , .
TS4 (7, R) steric repulsion between metallacycle and ICU catalyst

Scheme 30. Summary of DFT calculation at enantio-determining step
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ER.5)

Rt
N
=

VL E. Cp*Rh(IIN) & & 7 /v ICU it % A A o I BB AR R 12 & 0 IR, mar iR
BT 7 X LBGLNDZ AR Uz, o @i sirEesKE Ao SOSTEOHIE, 7% 2 R
DOPNH] & o TR & AR ISR E 1A OB EOWMFIER E® TRTHZ TRk,
BEFEOAE C-H BEREFALSUG & 13X B2 5877 e WO RIS OBHF Ik L=,

i m /Tf
AN N N
R1@/\NHTf + /lHkF R? (/:C):O
/
2 H™
R R2

up to 91% yield
Me 99:1 er
Me ﬁ —Me iPr,
Me” | "Me FN@

.Rh Ph N
L] oL N/48e

L
Cp*Rh cat. ICU cat.
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Contents:

General information

Synthetic procedure of N-benzyl-trifluoromethanesulfonamides

Synthetic procedure of a,B-unsaturated acyl fluorides

Synthetic procedure of (£)-5-Phenylpent-2-enoyl fluoride (2)-11a

General procedure of Cp*Rh(III) and ICU-catalyzed synthesis of 7-membered benzolactams

Determination of the absolute configuration

NS R W D=

DFT calculations

1. General information

NMR spectra were recorded on JEOL JNM-ECS400 spectrometers operating at 391.78 MHz for 'H
NMR and 98.52 MHz for '3C NMR and 368.64 MHz for '°F NMR, JOEL JNM-ECX400 spectrometers
operating at 395.88 MHz for 'H NMR and 99.55 MHz for '3C NMR and 372.48 MHz for '°F NMR, JOEL
JNM-ECZ400 spectrometers operating at 100.53 MHz for '*C NMR. Chemical shifts were reported in the
scale relative to TMS (0.00 ppm for 'H NMR), CHCl; (7.26 ppm for 'H NMR), CDCl; (77.16 ppm for '*C
NMR), and PhCF; (-63.72 ppm for '°F NMR) as an internal reference, respectively. ESI mass spectra were
measured on JEOL JMS-T100LCP spectrometer. APCI mass spectra were measured on Thermo Scientific
Exactive spectrometer. EI mass were measured on JEOL JMS-T100GCYv. Silica gel column chromatography
was performed with Kanto Silica gel 60 N (40-50 mesh). TLC analysis was carried out on Merck Kieselgel
60 F254 plates with visualization by UV light, anisaldehyde stain solution or phosphomolybdic acid stain
solution. Chiral HPLC analysis was performed on a JASCO PU-2080 intelligent HPLC pump with JASCO
MD-4017 intelligent UV/Vis detector using DAICEL Chiralpak IA, IB, IC, and IF columns (0.46 cm x 25

cm).

Materials: DCM and Et;O were purified by Glass Contour solvent purification system. Commercially
available THF (deoxidized grade) and 4a were used without further manipulation. [Cp*Rh(CH3CN);3](SbFs)»
SO 252325, 3b5Y, 2059, 2959, 3057, and 315® were synthesized according to the literatures. MS3A was
preactivated under vacuum at 140 °C for 14 h and then flame-dried. All other reagents were commercially

available and used as received.

2. Synthetic procedure of N-benzyl-trifluoromethanesulfonamides

18a-d, 18f-h%”, 18e5'”, and 18i%'Y have been reported previously. N-benzyl-
trifluoromethanesulfonamide derivatives were synthesized according to the literature'? with a slight
modification. To a solution of a benzylamine or a benzylamine hydrochloride (1.0 equiv.) in DCM (0.5 M)
was added triethylamine (1.0 equiv. for a benzylamine or 2.0 equiv. for a benzylamine hydrochloride) at 0 °C
under argon. After stirring for 5 min at 0 °C, trifluoromethanesulfonic anhydride (1.05 equiv.) was added
dropwise and the mixture was stirred for 1 h at that temperature before being quenched by water (5 mL). The
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mixture was extracted with DCM (10 mL x 2), and the combined organic layers were dried over Na,SOy.
Evaporation and column chromatography on silica gel (hexane/EtOAc or hexane/DCM) afforded

corresponding N-benzyl-trifluoromethanesulfonamide derivatives.

1,1,1-Trifluoro-N-(3-iodobenzyl)methanesulfonamide (18j)
I NHTT The title compound was prepared from 3-iodobenzylamine hydrochloride (539 mg, 2.00
@ mmol) and obtained as a colorless solid (480 mg, 66%).
m.p. 53.6-54.8 °C; '"H NMR (400 MHz, CDCls): & 4.40 (d, J = 5.9 Hz, 2H), 4.86-5.34
(brs, 1H), 7.09-7.19 (m, 1H), 7.27-7.35 (m, 1H), 7.65-7.74 (m, 2H); '*C{'H} NMR (100 MHz, CDCl5): §
47.5,94.8,119.5 (q, 'J=321.0 Hz), 127.2, 130.9, 136.9, 137.5, 137.9; '°F NMR (369 MHz, CDCl): § -78.1;
HRMS (ESI): m/z caled for CsHeF3INO,S™ [M-H]: 363.9122, found: 363.9125.

3. Synthetic procedure of o,B-unsaturated acyl fluorides

a,,B-Unsaturated acyl fluorides were synthesized according to the literatureS'? with a slight modification.
To a suspension of an o,B-unsaturated carboxylic acid (1.0 equiv.) in DCM (1.0 M) was added
diethylaminosulfur trifluoride (1.0 equiv.) at 0 °C under argon. After stirring for 1 h at 0 °C, the reaction was
quenched by slow addition of saturated NaHCOs3 aq. (5 mL). The mixture was extracted with DCM (10 mL
x 2), and the combined organic layers were dried over Na>SOs. Evaporation and column chromatography on

a short pad of silica gel (hexane/Et,O = 95/5) afforded corresponding a,3-unsaturated acyl fluorides.

(E)-5-Phenylpent-2-enoyl fluoride (11a)
0 The title compound was prepared from the corresponding o, -unsaturated carboxylic
F acid (3.52 g, 20.00 mmol) and obtained as a colorless oil (3.24 g, 91%).
"H NMR (400 MHz, CDCls): § 2.56-2.68 (m, 2H), 2.82 (t, J = 7.6 Hz, 2H), 5.81 (ddt,
J=15.7,8.3, 1.4 Hz, 1H), 7.14-7.28 (m, 4H), 7.28-7.36 (m, 2H); *C{'H, '°F} NMR (100 MHz, CDCl3): &
33.9,34.4,116.9, 126.6, 128.4, 128.8, 140.1, 156.3, 156.4; "’F NMR (369 MHz, CDCl3): § 24.3 (d, J=11.4
Hz); HRMS (EI): m/z caled for CiiHi 1 FO' [M]": 178.0794, found: 178.0789.

AN

(E)-5-(Naphthalen-2-yl)pent-2-enoyl fluoride (11b)
o The title compound was prepared from the corresponding o,B-unsaturated

X~ ~g carboxylic acid (268 mg, 1.18 mmol) and obtained as a colorless solid (217 mg,
OO 80%).
m.p. 79.5-80.2 °C; "H NMR (400 MHz, CDCl3): § 2.67-2.76 (m, 2H), 2.98 (t, J = 7.6 Hz, 2H), 5.84 (ddt, J
=15.7,8.3,1.6 Hz, 1H), 7.19-7.34 (m, 2H), 7.41-7.52 (m, 2H), 7.58-7.64 (m, 1H), 7.75-7.85 (m, 3H); *C{'H,
F1 NMR (100 MHz, CDCl3): & 34.1, 34.3, 117.0, 125.7, 126.3, 126.7, 126.9, 127.6, 127.8, 128.5, 132.3,
133.7, 137.5, 156.2, 156.4; ’F NMR (369 MHz, CDCl3): & 24.3 (d, J = 10.1 Hz); HRMS (EI): m/z calcd for
CisHisFO" [M]": 228.0950, found: 228.0952.
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(E)-Oct-2-enoyl fluoride (11c¢)

o The title compound was prepared from the corresponding o,3-unsaturated carboxylic
/\/\/\)J\F acid (454 uL, 3.00 mmol) and obtained as a colorless oil (360 mg, 83%).
"H NMR (400 MHz, CDCl5): § 0.90 (t, J = 6.8 Hz, 3H), 1.20-1.41 (m, 4H), 1.41-1.62 (m, 2H), 2.29 (dt, J =
6.8, 7.0 Hz, 2H), 5.80 (dd, J = 15.9, 8.2 Hz, 1H), 7.13-7.31 (m, 1H); *C{'H, °F} NMR (100 MHz, CDCl;):
§13.9, 22.4, 27.3, 31.3, 32.7, 116.2, 156.5, 157.9; '°F NMR (372 MHz, CDCl3): § 24.0 (d, J = 6.9 Hz);
HRMS (EI): m/z caled for CgHi3FO' [M]": 144.0950, found: 144.0949.

(E)-4-Cyclohexylbut-2-enoyl fluoride (11d)

o The title compound was prepared from the corresponding o,B-unsaturated carboxylic
O\/\)J\F acid (128 mg, 0.76 mmol) and obtained as a colorless oil (118 mg, 91%).

"HNMR (400 MHz, CDCl5): § 0.84-1.06 (m, 2H), 1.06-1.35 (m, 3H), 1.39-1.57 (m, 1H),

1.59-1.81 (m, 5H), 2.13-2.23 (m, 2H), 5.78 (ddt, J=15.6, 8.4, 1.5 Hz, 1H), 7.18 (dt, J = 15.6, 7.7 Hz, 1H);

BC{'H, F} NMR (100 MHz, CDCl3): § 26.2, 26.3, 33.2, 37.2, 40.7, 117.1, 156.5, 156.9; '°F NMR (372

MHz, CDCl3): 8 23.9 (d, J = 6.9 Hz); HRMS (EI): m/z calcd for C10H;sFO* [M]": 170.1107, found: 170.1105.

(E)-3-Cyclohexylacryloyl fluoride (11e)
o) The title compound was prepared from the corresponding o, 3-unsaturated carboxylic acid
F (238 mg, 1.54 mmol) and obtained as a colorless oil (210 mg, 87%).
"H NMR (400 MHz, CDCl3): § 1.06-1.40 (m, 5H), 1.62-1.90 (m, 5H), 2.12-2.30 (m, 1H),
5.74 (ddd, J=16.0, 8.2, 1.4 Hz, 1H), 7.14 (dd, J = 16.0, 6.9 Hz, 1H); 3C{'H, '°F} NMR (100 MHz, CDCl;):
§25.6,25.8,31.3,41.0, 113.9, 157.0, 162.3; 'F NMR (372 MHz, CDCl3): § 24.4 (d, J = 10.3 Hz); HRMS
(EI): m/z caled for CoH13FO™ [M]": 156.0950, found: 156.0952.

AN

(E)-6-(Benzyloxy)hex-2-enoyl fluoride (11f)

o The title compound was prepared from the corresponding a,3-unsaturated carboxylic
Bno N acid (535 mg, 2.43 mmol) and obtained as a colorless oil (435 mg, 80%).
"H NMR (400 MHz, CDCl3): § 1.75-1.86 (m, 2H), 2.37-2.47 (m, 2H), 3.50 (t, J = 6.1 Hz, 2H), 4.50 (s, 2H),
5.80 (ddt, J=15.7, 8.3, 1.6 Hz, 1H), 7.15-7.41 (m, 6H); *C{'H, '°F} NMR (100 MHz, CDCls): § 27.9, 29.7,
69.0, 73.1, 116.5, 127.8, 127.8,128.5, 138.3, 156.4, 157.1; '”F NMR (372 MHz, CDCl3): § 24.2 (d, J = 6.9
Hz); HRMS (EI): m/z caled for Ci3HisFO," [M]": 222.1056, found:222.1051.

(E)-4-(1-Tosylpiperidin-4-yl)but-2-enoyl fluoride (11g)

Tos o The title compound was prepared from the corresponding o,B-unsaturated
Q\/\)J\ ¢ carboxylic acid (647 mg, 2.00 mmol) and obtained as a colorless solid (547 mg, 84%).

m.p. 94.2-95.0 °C; 'H NMR (400 MHz, CDCl3): § 1.22-1.53 (m, 3H), 1.64-1.82 (m,
2H), 2.15-2.32 (m, 4H), 2.44 (s, 3H), 3.69-3.87 (m, 2H), 5.79 (dd, J = 15.6, 7.9 Hz, 1H), 7.07 (dt, J=15.9,

7.7 Hz, 1H), 7.26-7.37 (m, 2H), 7.57-7.69 (m, 2H); 3C{'H, '’F} NMR (100 MHz, CDCl;): § 21.6, 31.2, 34.5,
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39.0,46.2, 117.9, 127.7, 129.7, 133.1, 143.6, 154.7, 156.0; '°F NMR (372 MHz, CDCl3): & 24.6 (d, J = 6.9
Hz); HRMS (APCI): m/z caled for Ci6H21 FNO3S™ [M+H]": 326.1221, found: 326.1216.

(E)-5-(Thiophen-2-yl)pent-2-enoyl fluoride (11h)
0 The title compound was prepared from the corresponding a,B-unsaturated carboxylic
\S ] N~ F acid (237 mg, 1.30 mmol) and obtained as a colorless oil (221 mg, 92%).
"H NMR (400 MHz, CDCls): § 2.63-2.73 (m, 2H), 3.05 (t, J = 7.4 Hz, 2H), 5.85 (ddt,
J=15.7,8.3, 1.6 Hz, 1H), 6.79-6.84 (m, 1H), 6.94 (dd, J=5.1, 3.4 Hz, 1H), 7.14-7.26 (m, 2H); *C{'H, '°F}
NMR (100 MHz, CDCl3): § 27.9, 34.4, 117.2, 123.7, 124.9, 127.0, 142.6, 155.5, 156.1; '°’F NMR (369 MHz,
CDCls): 6 24.4 (d, J = 10.1 Hz); HRMS (EI): m/z caled for CoHoFOS™ [M]": 184.0358, found: 184.0367.

(E)-5-(1-Benzyl-1H-indol-3-yl)pent-2-enoyl fluoride (11i)

o The title compound was prepared from the corresponding o,p-unsaturated
X
QE/\/\/U\F carboxylic acid (458 mg, 1.50 mmol) and obtained as a yellow oil (402 mg, 87%).
N
Bh "H NMR (400 MHz, CDCls): § 2.65-2.76 (m, 2H), 2.98 (t, J= 7.4 Hz, 2H), 5.28 (s,

2H), 5.81 (ddt, J = 15.7, 8.4, 1.6 Hz, 1H), 6.90 (s, 1H), 7.07-7.34 (m, 9H), 7.55-
7.61 (m, 1H); 3C{'H, "°F} NMR (100 MHz, CDCL:): & 23.6, 33.3, 50.0, 110.0, 113.7, 116.7, 118.9, 119.3,
122.1,125.8, 126.9, 127.8, 127.8, 128.9, 136.9, 137.7, 156.4, 157.1; °F NMR (372 MHz, CDCls): § 24.1 (d,
J=8.5 Hz); HRMS (APCI): m/z calcd for C20H;oFNO* [M+H]": 308.1445, found:308.1440.

4. Synthetic procedure of (£)-5-Phenylpent-2-enoyl fluoride (2)-11a

5% Pd/BaSO4
(20 mg/mmol)

Ph quinoline
o,
\/\ (3.2 mol %) Ph/u DAST (1.05 eq) PhM
COzH Et,O, r.t., 7 h N DCM N
2 OH 0°C.1h F
S1 97% S2 84% (2)-11a

(Z)-5-phenylpent-2-enoic acid (S2)5'%

In a flame-dried round bottom flask, to a solution of S15'¥ (440 mg, 2.50 mmol, 1.0 equiv.) in Et,O (10

mL, 0.25 M) were added 5% Pd/BaSQO4 (50 mg, 20mg/mmol) and quinoline (9.5 pL, 0.08 mmol, 3.2 mol %).
The solution was stirred under H, atmosphere (balloon) at r.t. for 7 hours. After semi-hydrogenation was
completed, the solution was filtered through a pad of Celite using EtOAc as an eluent. The filtrate was
concentrated, and the resulting residue was purified by silica gel column chromatography (hexane/EtOAc =
80/20) to afford the titled compound S2 as a colorless solid (430 mg, 97%).
m.p. 47.7-48.5 °C; '"H NMR (400 MHz, CDCl3): § 2.78 (t, J = 7.7 Hz, 2H), 2.94-3.06 (m, 2H), 5.82 (dt, J =
11.5, 1.7 Hz, 1H), 6.38 (dt, J = 11.6 , 7.4 Hz, 1H), 7.16-7.35 (m, 5H); '*C{'H} NMR (100 MHz, CDCl3): §
30.8, 35.1, 119.9, 126.2, 128.6, 128.6, 141.1, 152.2, 172.2; HRMS (ESI): m/z calcd for C11H1102~ [M-H]™:
175.0765, found: 175.0757.
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(Z2)-5-Phenylpent-2-enoyl fluoride (£)-11a

The titled compound was prepared by using the general synthetic procedure of o,B-unsaturated acyl
fluorides from S2 (430 mg, 2.44 mmol), and obtained as a colorless oil (364 mg, 84%).
"H NMR (400 MHz, CDCl): § 2.81 (t, J = 7.7 Hz, 2H), 2.94-3.06 (m, 2H), 5.79 (dt, J = 11.5, 1.7 Hz, 1H),
6.57-6.70 (m, 1H), 7.12-7.35 (m, 5H); *C{'H, '°F} NMR (100 MHz, CDCl;): & 31.2, 34.6, 115.1, 126.5,
128.5, 128.7, 140.4, 155.6, 157.8; ’F NMR (372 MHz, CDCl3): § 42.1 (d, J = 8.0 Hz); HRMS (EI): m/z calcd
for C;1HiFO' [M]": 178.0794, found: 178.0786.

5. General procedure of Cp*Rh(III) and ICU-catalyzed synthesis of 7-membered benzolactams

In a glovebox, a test tube was charged with N-benzyl-trifluoromethanesulfonamide (0.20 mmol, 1.0
equiv.), [Cp*Rh(CH3CN)3](SbFs)> (25.0 mg, 0.030 mmol, 15 mol %), ICU (14.2 mg, 0.040 mmol, 20 mol %),
KOAc (29.4 mg, 0.30 mmol, 1.5 equiv.), MS3A (40 mg, 200 mg/mmol), 2,6-Bu,-pyridine (44.0 uL, 0.20
mmol, 1.0 equiv.), and THF (0.50 mL). The test tube was capped with a three-way cock and a rubber septum.
After stirring for 30 min at r.t., the test tube was transferred out of the glovebox. Under argon atmosphere, a
solution of o, B-unsaturated acyl fluoride (0.36 mmol, 1.8 equiv.) in THF (0.50 mL) was added to the reaction
mixture over 10 h at 10 °C using a syringe pump. After stirring for further 10 h at that temperature, the
reaction mixture was directly purified by silica gel column chromatography twice (hexane/EtOAc = 90/10 to

80/20 and then hexane/DCM = 100/0 to 40/60 to 0/100) unless otherwise noted to afford 19.

(S)-5-Phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one (19aa)
N,Tf The title compound was obtained as a colorless 0il (66.0 mg, 83%) from 18a (47.8 mg, 0.20
©C):O mmol) and 11a (60.5 uL, 0.36 mmol).
: "H NMR (400 MHz, CDCl3): § 1.97-2.15 (m, 2H), 2.61-2.74 (m, 1H), 2.81-2.93 (m, 1H),
Dh 3.07 (dd, J=14.0, 7.4, 1H), 3.23-3.40 (m, 2H), 5.02 (d, /= 17.0 Hz, 1H), 5.07 (d, J=17.0
Hz, 1H), 7.12-7.25 (m, 6H), 7.27-7.37 (m, 3H); *C{'H} NMR (100 MHz, CDCl;): § 32.8,
38.5, 39.5, 40.0, 51.7, 119.2 (q, 'Jcr = 323.9 Hz), 126.3, 127.2, 128.5, 128.7, 129.5, 129.6, 130.8, 131.9,
140.8, 140.9, 171.8; '°F NMR (372 MHz, CDCls): § -74.5; HRMS (ESI): m/z calcd for C19H;sFsNO3;SNa*
[M+Na]*: 420.0852, found: 420.0842; [a]p** = -74.2 (¢ = 1.00, CHCl3); HPLC analysis: 96:4 er, Chiralpak
IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 11.2 min (minor), 16.1 min (major).

(8)-7-Methyl-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|[c]azepin-3-one
(19ba)
N,Tf The title compound was obtained as a colorless oil (66.2 mg, 80%) from 18b (51.4 mg,
@C}zo 0.20 mmol) and 11a (60.5 pL, 0.36 mmol).
Me : 'H NMR (400 MHz, CDCls): § 1.95-2.14 (m, 2H), 2.32 (s, 3H), 2.60-2.73 (m, 1H),
F} 2.81-2.93 (m, 1H), 3.06 (dd, J = 14.1, 7.6, 1H), 3.19-3.30 (m, 1H), 3.33 (dd, J = 14.1,
4.4 Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 5.03 (d, /= 17.3 Hz, 1H), 6.93-7.08 (m, 3H),
7.17-7.24 (m, 3H), 7.27-7.35 (m, 2H); *C{'H} NMR (100 MHz, CDCls): § 21.2, 32.9, 38.5, 39.5, 40.0, 51.5,
119.2 (q, 'Jer = 323.8 Hz), 126.3, 127.9, 128.5, 128.7, 129.0, 129.6, 131.4, 139.4, 140.6, 141.0, 171.9; "°F
106



4=

NMR (369 MHz, CDCls): 8 -74.6; HRMS (ESI): m/z calcd for C2oH20F3NO3SNa* [M+Na]*: 434.1008, found:
434.1000; [a]p?? = -60.6 (c = 1.00, CHCl3); HPLC analysis: 95:5 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0

mL/min, 210 nm, tg = 11.3 min (minor), 17.4 min (major).

(S)-7-Methoxy-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|c]azepin-3-one
(19ca)
N,Tf The title compound was obtained as a colorless solid (53.0 mg, 62%) from 18c¢ (53.8
@C):o mg, 0.20 mmol) and 11a (60.5 pL, 0.36 mmol).

MeO 5 m.p. 125.0 °C (decomp.); '"H NMR (400 MHz, CDCl3): § 1.96-2.15 (m, 2H), 2.59-

FE 2.74 (m, 1H), 2.77-2.92 (m, 1H), 3.04 (dd, /= 14.0, 7.6, 1H), 3.19-3.36 (m, 2H), 3.79

(s, 3H), 4.99 (s, 2H), 6.67 (d, J=2.6 Hz, 1H), 6.73 (dd, /= 8.4, 2.6 Hz, 1H), 7.10 (d,

J=8.4Hz, 1H), 7.16-7.24 (m, 3H), 7.26-7.34 (m, 2H); *C{'H} NMR (100 MHz, CDCls): § 32.8, 38.6, 39.7,

39.9, 51.2, 55.4, 112.0, 116.5, 119.3 (q, 'Jer = 324.2 Hz), 124.4, 126.3, 128.5, 128.7, 131.0, 140.9, 142.3,

160.3, 171.7; "F NMR (372 MHz, CDCls): § -74.6; HRMS (ESI): m/z calcd for C20H20F3sNO4SNa* [M+Na]™:

450.0957, found: 450.0947; [a]p?! = -53.4 (¢ = 1.00, CHCl3); HPLC analysis: 97:3 er, Chiralpak IC,
hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 15.7 min (minor), 23.8 min (major).

Methyl (5)-3-0xo0-5-phenethyl-2-((trifluoromethyl)sulfonyl)-2,3,4,5-tetrahydro-1H-benzo|c]azepine-7-
carboxylate (19da)

N,Tf The title compound was obtained as a colorless solid (71.1 mg, 78%) from 18d

/CC)ZO (59.5 mg, 0.20 mmol) and 11a (60.5 pL, 0.36 mmol).

Me0C B m.p. 63.9-64.3 °C; "H NMR (400 MHz, CDCl5): § 1.97-2.18 (m, 2H), 2.61-2.74 (m,

FE 1H), 2.81-2.95 (m, 1H), 3.09 (dd, J = 15.5, 8.5, 1H), 3.27-3.42 (m, 2H), 3.93 (s,

3H), 5.07 (s, 2H), 7.16-7.35 (m, 6H), 7.83-7.89 (m, 2H); '*C{'H} NMR (100 MHz,

CDCls): & 32.8, 38.6, 39.1, 39.8, 51.2, 52.5, 119.2 (q, 'Jcr = 323.8 Hz), 126.4, 128.2, 128.5, 128.7, 129.8,

131.2, 132.1, 136.4, 140.6, 141.2, 166.3, 171.4; ’F NMR (372 MHz, CDCl;): § -74.5; HRMS (ESI): m/z

caled for C21H20F3NOsSNa'™ [M+Na]™: 478.0907, found: 478.0901; [a]p>2 = -55.6 (¢ = 1.00, CHCl3); HPLC

analysis: 97:3 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 24.6 min (minor), 32.7 min

(major).

(8)-7-Fluoro-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|[c]azepin-3-one
(19ea)
1 The title compound was obtained as a colorless oil (50.0 mg, 60%) from 18e (51.4 mg,

@CN):O 0.20 mmol) and 11a (60.5 uL, 0.36 mmol).
F : "H NMR (400 MHz, CDCls): § 1.97-2.14 (m, 2H), 2.61-2.74 (m, 1H), 2.81-2.93 (m, 1H),
N 3.06 (dd, J = 14.2, 7.6, 1H), 3.20-3.30 (m, 1H), 3.34 (dd, J = 14.2, 4.4 Hz, 1H), 5.01 (s,
Fh 2H), 6.82-6.96 (m, 2H), 7.12-7.25 (m, 4H), 7.27-7.35 (m, 2H); *C{'H} NMR (100 MHz,
CDCls): §32.7, 38.4, 39.2, 39.8, 50.9, 114.1 (d, 2Je_r = 21.6 Hz), 117.2 (d, 2Jer = 21.6 Hz), 119.2 (q, 'Jer
—323.8 Hz), 126.5, 127.8 (d, “Jor = 2.8 Hz), 128.5, 128.8, 131.4 (d, Y r = 8.5 Hz), 140.6, 1433 (d, *Je.r
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=7.5Hz), 162.9 (d, 'Jc_r = 248.0 Hz), 171.4; '°F NMR (369 MHz, CDCl;): § -74.6,-112.9 (dd, J=14.1, 8.5
Hz); HRMS (ESI): m/z caled for C1oHi7FsNO3;SNa" [M+Na]": 438.0758, found: 438.0752; [a]p?? = -73.4 (¢
= 1.00, CHCl3); HPLC analysis: 98:2 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg=11.1

min (minor), 15.4 min (major).

(S)-7-Chloro-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one
(19fa)

1t The title compound was obtained as a colorless amorphous solid (66.5 mg, 77%) from

wo 18f (54.7 mg, 0.20 mmol) and 11a (60.5 uL, 0.36 mmol).

Cl N '"H NMR (400 MHz, CDCl3): § 1.96-2.14 (m, 2H), 2.61-2.73 (m, 1H), 2.82-2.94 (m,
3 1H), 3.06 (dd, J = 14.3, 7.5, 1H), 3.18-3.30 (m, 1H), 3.34 (dd, J = 14.3, 4.3 Hz, 1H),

P 4.98 (d,J =172 Hz, 1H), 5.02 (d,J = 17.2 Hz, 1H), 7.08-7.36 (m, 8H); *C{'H} NMR
(100 MHz, CDCls): & 32.7, 38.4, 39.1, 39.7, 50.9, 119.2 (q, 'Jcr = 323.6 Hz), 126.5, 127.4, 128.5, 128.8,
130.5, 130.7, 131.0, 135.3, 140.6, 142.8, 171.3; '°F NMR (372 MHz, CDCl;): & -74.5; HRMS (ESI): m/z
caled for C19H17CIFsNO3SNa* [M+Na]*: 454.0462, found: 454.0456; [a]p** = -61.5 (c = 1.00, CHCl5); HPLC
analysis: 98:2 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 10.6 min (minor), 15.0 min

(major).

(S)-8-Methyl-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|[c]azepin-3-one
(19g2)
Me N/Tf The title compound was purified by silica gel column chromatography three times
\CC):O (hexane/EtOAc = 90/10 to 80/20; hexane/DCM = 100/0 to 40/60 to 0/100 twice) and
: obtained as a colorless solid (44.4 mg, 54%) from 18g (40.2 puL, 0.20 mmol) and 11a
F} (60.5 uL, 0.36 mmol).

m.p. 76.8-77.3 °C; '"H NMR (400 MHz, CDCl5): & 1.94-2.12 (m, 2H), 2.32 (s, 3H),
2.59-2.72 (m, 1H), 2.79-2.92 (m, 1H), 3.05 (dd, /= 14.1, 7.4, 1H), 3.19-3.30 (m, 1H), 3.33 (dd, /= 14.1,4.3
Hz, 1H), 4.97 (d, J=16.6 Hz, 1H), 5.03 (d, J = 16.6 Hz, 1H), 6.95-6.99 (m, 1H), 7.02-7.07 (m, 1H), 7.10-
7.16 (m, 1H), 7.16-7.24 (m, 3H), 7.26-7.34 (m, 2H); *C{'H} NMR (100 MHz, CDCl5): § 20.8, 32.8, 38.1,
39.5,39.9, 51.8, 119.3 (q, 'Jer = 324.2 Hz), 126.3, 128.5, 128.7, 130.1, 130.2, 130.7, 131.7, 137.0, 137.7,
141.0, 171.9; "F NMR (369 MHz, CDCl3): § -74.6; HRMS (ESI): m/z calcd for C20H20F3NO3;SNa” [M+Na]™:
434.1008, found: 434.1000; [o]p?® = -78.8 (¢ = 1.00, CHCl3); HPLC analysis: 94:6 er, Chiralpak IC,
hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 10.6 min (minor), 15.2 min (major).
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(S)-8-Chloro-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one
(19ha)
1+ The title compound was obtained as a colorless oil (41.1 mg, 48%) from 18h (54.7 mg,

’

Cl
\E:CN):O 0.20 mmol) and 11a (60.5 uL, 0.36 mmol).
'H NMR (400 MHz, CDCls): & 1.97-2.10 (m, 2H), 2.59-2.73 (m, 1H), 2.81-2.93 (m,

3 1H), 3.06 (dd, J = 14.3, 7.3, 1H), 3.19-3.30 (m, 1H), 3.34 (dd, J = 14.3, 4.2 Hz, 1H),
o 4.96 (d,J=16.9 Hz, 1H), 5.02 (d, J=16.9 Hz, 1H), 7.09 (d, /= 8.2 Hz, 1H), 7.15-7.35
(m, 7H); *C{'H} NMR (100 MHz, CDCl5): & 32.7, 38.0, 39.1, 39.8, 51.0, 119.2 (q, 'Jc—r = 323.8 Hz), 126.4,
128.5, 128.8, 129.3, 129.6, 132.3, 132.6, 133.5, 139.4, 140.6, 171.4; '°F NMR (369 MHz, CDCls): & -74.5;
HRMS (ESI): m/z caled for C19H17CIF3NO3;SNa* [M+Na]*: 454.0462, found: 454.0458; [o]p?* = -96.7 (¢ =
1.00, CHCI3); HPLC analysis: 98:2 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 10.3

min (minor), 13.9 min (major).

(S)-8-Bromo-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one
(19ia)
Br N,Tf The title compound was obtained as a colorless amorphous solid (48.9 mg, 51%) from
\CC):O 18i (40.5 pL, 0.20 mmol) and 11a (60.5 pL, 0.36 mmol).
: "H NMR (400 MHz, CDCl3): § 1.97-2.09 (m, 2H), 2.59-2.72 (m, 1H), 2.81-2.93 (m,
Fj 1H), 3.06 (dd, J = 14.4, 7.3, 1H), 3.16-3.28 (m, 1H), 3.33 (dd, J = 14.4, 4.2 Hz, 1H),
4.95(d,J=16.9 Hz, 1H), 5.02 (d, /= 16.9 Hz, 1H), 7.03 (d, /= 8.2 Hz, 1H), 7.15-7.36
(m, 6H), 7.45 (dd, J = 8.2, 2.0 Hz, 1H); *C{'H} NMR (100 MHz, CDCl;): § 32.7, 38.0, 39.0, 39.7, 50.9,
119.2 (q, Jer = 324.2 Hz), 120.5, 126.4, 128.4, 128.8, 132.1, 132.5, 132.5, 133.9, 139.9, 140.6, 171.4; "°F
NMR (369 MHz, CDCls): & -74.5; HRMS (ESI): m/z calcd for C19H;7BrFsNO3;SNa® [M+Na]": 497.9957,
found: 497.9947; [a]p** = -102.2 (¢ = 1.00, CHCl;); HPLC analysis: 98:2 er, Chiralpak IC, hexane/iPrOH =

19:1, 1.0 mL/min, 210 nm, tg = 10.5 min (minor), 14.3 min (major).

(S)-8-Iodo-5-phenethyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|c]azepin-3-one
(19ja)
| N/Tf The title compound was obtained as a colorless amorphous solid (60.7 mg, 58%) from
\CQ:O 18 (73.0 mg, 0.20 mmol) and 11a (60.5 uL, 0.36 mmol).
: "HNMR (400 MHz, CDCls): § 1.96-2.11 (m, 2H), 2.58-2.72 (m, 1H), 2.78-2.93 (m, 1H),
Q 3.05 (dd, J=14.4, 7.4, 1H), 3.15-3.27 (m, 1H), 3.32 (dd, J = 14.3, 4.1 Hz, 1H), 4.93 (d,
J=169 Hz, 1H), 4.99 (d, /J=16.9 Hz, 1H), 6.88 (d, /= 8.2 Hz, 1H), 7.15-7.35 (m, 5H),
7.52 (d,J=1.8 Hz, 1H), 7.64 (dd, J= 8.2, 1.8 Hz, 1H); *C{'H} NMR (100 MHz, CDCl3): § 32.7, 38.1, 39.0,
39.6,50.7,91.8, 119.2 (q, 'Jer = 323.9 Hz), 126.4, 128.4, 128.8, 132.6, 134.0, 138.0, 138.4, 140.6, 140.6,
171.4; F NMR (372 MHz, CDCls): & -74.5; HRMS (ESI): m/z caled for Ci9H;7F3INO3SNa’” [M+Na]™:
545.9818, found: 545.9817; [a]p® = -77.8 (¢ = 1.00, CHCl;); HPLC analysis: 98:2 er, Chiralpak IC,
hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tr = 10.9 min (minor), 15.1 min (major).
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(8)-5-(2-(Naphthalen-2-yl)ethyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-
3-one (19ab)
N,Tf The title compound was obtained as a colorless amorphous solid (62.3 mg, 70%) from 18a
(:Q:o (47.8 mg, 0.20 mmol) and 11b (82.2 mg, 0.36 mmol).
H "H NMR (400 MHz, CDCl3): § 2.04-2.25 (m, 2H), 2.76-2.92 (m, 1H), 2.97-3.18 (m, 2H),
3.25-3.44 (m, 2H), 5.02 (d, /= 16.8 Hz, 1H), 5.08 (d, /= 16.8 Hz, 1H), 7.12-7.52 (m, 7H),
O 7.61-7.68 (m, 1H), 7.74-7.86 (m, 3H); *C{'H} NMR (100 MHz, CDCl;): § 32.9, 38.4, 39.3,
O 39.7, 51.7, 119.2 (q, 'Jer = 323.8 Hz), 125.5, 126.2, 126.7, 127.0, 127.2, 127.5, 127.7,
128.4, 129.5, 129.6, 130.8, 131.8, 132.2, 133.7, 138.4, 140.8, 171.8; '°F NMR (369 MHz,
CDCls): & -74.6; HRMS (ESI): m/z calcd for C23H20F3NO3;SNa* [M+Na]*: 470.1008, found: 470.1003; [a]p*
=-100.2 (¢ = 1.00, CHCl3); HPLC analysis: 96:4 er, Chiralpak IF, hexane/iPrOH = 49:1, 1.0 mL/min, 210

nm, tg = 17.3 min (major), 19.4 min (minor).

(S)-5-Pentyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one (19ac)
1 The title compound was obtained as a colorless oil (57.4. mg, 79%) from 18a (47.8 mg,

’

N
@C}zo 0.20 mmol) and 11¢ (57.0 uL, 0.36 mmol).

"H NMR (400 MHz, CDCl3): 8 0.88 (t, J = 6.8 Hz, 3H), 1.19-1.57 (m, 6H), 1.61-1.80 (m,
2H), 2.95-3.07 (m, 1H), 3.22-3.35 (m, 2H), 5.04 (s, 2H), 7.13-7.26 (m, 3H), 7.30-7.39 (m,
1H); *C{'H} NMR (100 MHz, CDCl3): § 14.1, 22.6, 26.4, 31.7, 38.6, 39.4, 39.9, 51.7,
119.2 (q, Jer =324.2 Hz), 127.1, 129.4, 129.6, 130.8, 131.8, 141.2, 171.9; '°F NMR (369
MHz, CDCl3): 8 -74.6; HRMS (ESI): m/z calcd for C16H20F3NO3;SNa* [M+Na]*: 386.1008, found: 386.1001;
[a]p? = -53.6 (¢ = 1.00, CHCl;); HPLC analysis: 96:4 er, Chiralpak IC, hexane/iPrOH = 49:1, 1.0 mL/min,

210 nm, tg = 10.6 min (minor), 12.7 min (major).

(8)-5-(Cyclohexylmethyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo[c]azepin-3-one
(19ad)
N,Tf The title compound was obtained as a colorless oil (56.3 mg, 72%) from 18a (47.8 mg, 0.20
(:Q:O mmol) and 11d (65.2 pL, 0.36 mmol).
H '"H NMR (400 MHz, CDCl;): § 0.82-1.06 (m, 2H), 1.08-1.40 (m, 3H), 1.40-1.98 (m, 8H),
\O 2.92 (dd, J=14.4,7.4, 1H), 3.25-3.48 (m, 2H), 5.01 (d, /= 16.6 Hz, 1H), 5.06 (d, /= 16.6
Hz, 1H), 7.32-7.26 (m, 3H), 7.30-7.42 (m, 1H); 3C{'H} NMR (100 MHz, CDCl;): § 26.1,
26.3,26.7,32.1, 34.1, 34.3, 36.1, 39.7, 46.6, 51.7, 119.2 (q, 'Jcr = 323.8 Hz), 127.0, 129.5, 129.5, 130.8,
131.9, 141.8, 172.0; 'F NMR (369 MHz, CDCl3): § -74.6; HRMS (ESI): m/z calcd for Ci1sH2F3NO3;SNa*
[M+Na]*: 412.1165, found: 412.1159; [a]p** = -53.8 (¢ = 1.00, CHCl;); HPLC analysis: 95:5 er, Chiralpak
IC, hexane/iPrOH = 99:1, 1.0 mL/min, 210 nm, tg = 14.9 min (minor), 16.5 min (major).
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(R)-5-Cyclohexyl-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3H-benzo|c]azepin-3-one (19ae)
1t The title compound was purified by silica gel column chromatography three times
@CN):O (hexane/EtOAc = 90/10 to 80/20; hexane/DCM = 100/0 to 40/60 to 0/100; hexane/EtOAc
E =100/0 to 80/20) and obtained as a colorless solid (23.4 mg, 31%) from 18a (47.8 mg, 0.20
O mmol) and 11e (58.0 L, 0.36 mmol).

m.p. 107.5-108.2 °C; "H NMR (400 MHz, CDCl5): § 0.98-1.36 (m, 5H), 1.37-1.54 (m, 1H),
1.56-1.86 (m, 5H), 2.95 (dd, J = 13.1, 6.8, 1H), 3.12-3.33 (m, 2H), 4.93 (d, /= 16.3 Hz, 1H), 5.09 (d, J =
16.3 Hz, 1H), 7.12-7.26 (m, 3H), 7.28-7.38 (m, 1H); '*C{'H} NMR (100 MHz, CDCl): § 26.4, 26.6, 26.7,
27.5,31.4,38.2,45.1,46.3,52.0, 119.1 (q, 'Jer = 324.2 Hz), 127.1, 129.5, 129.8, 131.3, 133.0, 139.5, 172.3;
F NMR (369 MHz, CDCls): § -74.4; HRMS (ESI): m/z caled for C17H20F3sNO3SNa™ [M+Na]": 398.1008,
found: 398.1002; [a]p?? = -41.0 (¢ = 1.00, CHCl3); HPLC analysis: 98:2 er, Chiralpak IC, hexane/iPrOH =
49:1, 1.0 mL/min, 210 nm, tg = 15.9 min (minor), 32.3 min (major).

(8)-5-(3-(Benzyloxy)propyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|c]azepin-3-
one (19af)
N/Tf The title compound was purified by silica gel column chromatography three times
©C):O (hexane/EtOAc = 90/10 to 80/20; hexane/DCM = 100/0 to 40/60 to 0/100 twice) and
H obtained as a colorless oil (60.2 mg, 68%) from 18a (47.8 mg, 0.20 mmol) and 11f (74.8
? puL, 0.36 mmol).
OBn TH NMR (400 MHz, CDCl3): & 1.59-1.98 (m, 4H), 3.01 (dd, J = 14.1, 8.0 Hz, 1H), 3.21-
3.39 (m, 2H), 3.40-3.57 (m, 2H), 4.48 (s, 2H), 5.00 (d, /= 16.8 Hz, 1H), 5.04 (d, /= 16.9 Hz, 1H), 7.12-7.39
(m, 9H); *C{'H} NMR (100 MHz, CDCl5): § 26.9, 35.2, 39.1, 40.0, 51.7, 69.9, 73.1, 119.2 (q, 'Jcr = 324.0
Hz), 127.2,127.7,127.8,128.5,129.5,129.6, 130.9, 131.9, 138.5, 140.8, 171.8; '’F NMR (372 MHz, CDCl5):
8 -74.5; HRMS (ESI): m/z caled for C21H22F3NO4SNa™ [M+Na]': 464.1114, found: 464.1105; [a]p>® = -62.0
(c = 1.00, CHCIs); HPLC analysis: 97:3 er, Chiralpak IC, hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg =

18.0 min (minor), 27.0 min (major).

(8)-5-((1-Tosylpiperidin-4-yl)methyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-
benzo|c]azepin-3-one (19ag)
N/Tf The title compound was purified by silica gel column chromatography (hexane/EtOAc =
CC):O 85/15 to 80/20 to 65/35) and obtained as a colorless solid (99.1 mg, 91%) from 18a (47.8
3 mg, 0.20 mmol) and 11g (117 mg, 0.36 mmol).
b m.p. 160.2 °C (decomp.); 'H NMR (400 MHz, CDCl3): § 1.21-1.78 (m, 6H), 1.80-1.95
N\Ts (m, 1H), 2.14-2.30 (m, 2H), 2.45 (s, 3H), 2.80 (dd, /= 15.3, 7.6, 1H), 3.25-3.40 (m, 2H),
3.68-3.91 (m, 2H), 4.96 (d, J = 16.6 Hz, 1H), 5.05 (d, J = 16.6 Hz, 1H), 7.08-7.26 (m, 3H), 7.28-7.39 (m,
3H), 7.59-7.68 (m, 2H); *C{'H} NMR (100 MHz, CDCl5): § 21.6, 30.3, 31.6, 32.2, 35.8, 38.9, 44.7, 46.3,
46.5,51.6, 119.1 (q, 'Jer = 323.5 Hz), 127.2, 127.7, 129.5, 129.5, 129.7, 130.7, 131.7, 132.7, 140.9, 143.7,

171.9; '°F NMR (372 MHz, CDCLy): & -74.6; HRMS (ESI): m/z caled for CasHa7F3N,0sS;Na* [M+Na]':
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567.1206, found: 567.1199; [a]p®® = -49.8 (¢ = 1.00, CHCls); HPLC analysis: 99:1 er, Chiralpak IA,
hexane/iPrOH = 4:1, 1.0 mL/min, 210 nm, tg = 14.8 min (minor), 17.8 min (major).

(8)-5-(2-(Thiophen-2-yl)ethyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-benzo|c]azepin-3-
one (19ah)
17f  The title compound was obtained as a colorless amorphous solid (53.9 mg, 67%) from 18a
@CN)ZO (47.8 mg, 0.20 mmol) and 11h (57.2 pL, 0.36 mmol).
B "H NMR (400 MHz, CDCl3): § 1.99-2.20 (m, 2H), 2.88-3.11 (m, 3H), 3.26-3.41 (m, 2H),
4.98-5.11 (m, 2H), 6.81-6.89 (m, 1H), 6.94 (dd, J = 5.1, 3.4 Hz, 1H), 7.13-7.26 (m, 4H),
$7N 7.31-7.39 (m, 1H); 3C{'H} NMR (100 MHz, CDCl5): § 26.8, 37.8, 39.3, 39.8, 51.7, 119.2
(q, "Jor = 324.2 Hz), 123.6, 125.0, 127.1, 127.3, 129.5, 129.6, 130.8, 131.9, 140.5, 143 .4,
171.7; F NMR (372 MHz, CDCls): & -74.5; HRMS (ESI): m/z caled for C17H;sF3NO3S;Na™ [M+Na]™:
426.0416, found: 426.0410; [a]p®® = -75.8 (¢ = 1.00, CHCIl3); HPLC analysis: 97:3 er, Chiralpak IF,
hexane/iPrOH = 19:1, 1.0 mL/min, 210 nm, tg = 9.2 min (major), 10.6 min (minor).

(5)-5-(2-(1-Benzyl-1H-indol-3-yl)ethyl)-2-((trifluoromethyl)sulfonyl)-1,2,4,5-tetrahydro-3 H-
benzo|c]azepin-3-one (19ai)
17t The title compound was purified by silica gel column chromatography three times
@CN):O (hexane/EtOAc = 90/10 to 80/20; hexane/DCM = 100/0 to 40/60 to 0/100; hexane/EtOAc
= 85/15 to 65/35) and obtained as a colorless amorphous solid (78.0 mg, 74%) from 18a
(47.8 mg, 0.20 mmol) and 11i (110 mg, 0.36 mmol).
N "H NMR (400 MHz, CDCl5): § 2.03-2.28 (m, 2H), 2.78-2.92 (m, 1H), 2.92-3.05 (m, 1H),
Bn 3.10(dd, J=15.4,9.0, 1H), 3.26-3.42 (m, 2H), 5.03 (s, 2H), 5.26 (d, /= 16.3 Hz, 1H), 5.30
(d, J = 16.2 Hz, 1H), 6.94 (s, 1H), 7.03-7.38 (m, 12H), 7.60 (d, J = 7.7 Hz, 1H); *C{'H}
NMR (100 MHz, CDCl3): & 22.3, 38.5, 38.7, 39.6, 50.0, 51.7, 109.9, 114.2, 119.1, 119.2, 119.2 (q, "Jcr =
324.5 Hz), 122.0, 125.7, 126.9, 127.1, 127.7, 128.0, 128.9, 129.5, 129.6, 130.8, 131.9, 136.9, 137.8, 141.0,
171.9; F NMR (369 MHz, CDCl;): & -74.5; HRMS (ESI): m/z caled for CosHasF3N2O3;SNa™ [M+Na]™:
549.1430, found: 549.1422; [a]p® = -49.2 (¢ = 1.00, CHCl;); HPLC analysis: 96:4 er, Chiralpak IB,
hexane/iPrOH = 9:1, 1.0 mL/min, 210 nm, tg = 26.2 min (minor), 29.3 min (major).
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6. Determination of the absolute configuration

A single crystal of 19¢a suitable for X-ray crystallography was grown by slow vapor diffusion of toluene

to a solution of 19¢ca in DCM. The crystallographic information file (CIF) is available from CCDC (deposit

number: 2143286).

Figure S1. X-ray structure of 19ca

Table S1. Crystal data and structure refinement for product notwin modified.

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

Reflections collected
Independent reflections
Completeness to theta = 67.680°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

product_notwin
C20H20F3N 04 S
427.43
1332) K
1.5418 A
Orthorhombic
P2i212¢
a=5.1322(3) A  a=90°.
b=10.2918(5) A b=90°.
c=36.7193(18) A g=90°.
1939.50(18) A®
4
1.464 Mg/m?
1.993 mm™!
888
0.109 x 0.085 x 0.032 mm’
4.462 to 68.195°.
-6<=h<=6, -12<=k<=12, -44<=I<=44
21913
3540 [R(int) = 0.0907]
100.0 %
Semi-empirical from equivalents
1.0000 and 0.7389
Full-matrix least-squares on F2
3540/0/263
1.131
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Final R indices [>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

R1=10.0821, wR2 =0.1192
R1=0.1084, wR2 =0.1291
0.055(16)

n/a

0.293 and -0.453 e.A"
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7. DFT calculations

All the DFT calculations were performed using Gaussian 16 (Rev C.01) program packageS'?.

We first located a model transition state for the cyclization step with 18a and a B-Me-a,3-unsaturated
acyl fluoride as the substrates and a simplified ICU catalyst (TS’ _model) at M06-L/Lanl2DZ level of
theory.5!% 517 Considering the conformational flexibility, four initial structures (init TS1’, init TS2’,
init_TS3’, init TS4’) were prepared, two of them are for transition states to afford the major isomers and the
others to afford the minor isomers. With these input initial structures, we performed conformational searches
using Grimme’s crest 2.10.25'® and xtb 6.3.35!”) programs. To obtain approximate transition structures rather
than local minima, key four atoms (Rh, N of the benzylamine, C and O of the carbonyl) were fixed with a
force constant = 0.5. The conformation searches were run at GFN2-xTB level with iMTD-GC algorithm, and
the energy threshold was set to 10 kcal/mol for each search, affording 15-27 conformers for each init TS1°—
4’. Based on the structural similarity and the energy, representative 14 structures were selected and further
optimized at the M06-L/def2SVP level of theory, with freezing the key four atoms (Rh, N of the benzylamine,
C and O of the carbonyl), giving pseudo-TS1’—pseudo-TS4’. At this point, energetically unfavored
conformers (>2 kcal/mol higher in energy than the most stable conformer for the major or minor enantiomer)
were omitted. The thus-obtained three conformers (one for the major enantiomer, two for the minor
enantiomer) were fully optimized as a transition state at M06-L/def2SVP level of theory with SMD solvation
(THF)529, followed by vibrational calculations at the same level to confirm that they are first-order saddle
points and to compute the free energy correction terms (temperature = 277.15 K), affording TS1’major, TS2’
minor 1, and TS2” minor 2. Based on these simplified transition state structures (TS1’ major, TS2’ minor 1,
TS2’ minor 2), the full structures of each conformers (TS1 major, TS2 minor 1, TS2 minor 2) were fully
optimized as a transition state at the M06-L/def2SVP level of theory with SMD solvation (THF), followed
by vibrational calculations at the same level to confirm that they are first-order saddle points and to compute
the free energy correction terms (temperature = 277.15 K). The more accurate electronic single point energies
were calculated at the M06/def2TZVPPS?V level of theory with SMD solvation (THF). Final Gibbs free
energies were calculated as the sum of the electronic energies (M06/def2TZVPP, SMD=THF) and the
correction terms (M06-L/def2SVP, temperature = 277.15 K). The one most stable transition states for the
major enantiomer (TS1 major) and the two transition states for the minor enantiomer (TS2 minor 1, TS2

minor 2) are shown in Figure 10 with their realtive Gibbs free energies.

Table S2. Calculated Gibbs free energies for plausible transition states

G correction (hartree) E (hartree) G (hartree)
MO06-L/def2SVP +SMD MO06-L/def2TZVPP + SMD
TS1_major 0.769356 -5228.769688 -5228.000332
TS2_minor1 0.780375 -5228.763577 -5227.983202
TS2_minor2 0.769809 -5228.765686 -5227.995877
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Cartesian coordinates of intermediates and

transition states association

40

ICU_five 25

C -6.51577300 -0.98819500 0.21787000
C -6.36820800 0.21487500 -0.47720200
C -5.11423200 0.70358700 -0.80956500
C -4.01446300 -0.04950900 -0.42375700
C -4.15316300 -1.25246200 0.27149300
C -5.41231000 -1.73673200 0.60000500
N -2.66740400 0.23010000 -0.64077700
C -1.83081900 -0.67684000 -0.16000600
S -2.58100700 -1.99440200 0.62422500
C -1.96349600 1.30956600 -1.32659100
C -0.46443200 0.97343600 -1.04125800
N -0.54791700 -0.35907700 -0.38157900
C 0.50331700 -1.22226600 0.05312200
C 1.85777600 -0.77615400 -0.22137700
O 0.16833200 -2.24683000 0.60362800
C 2.88887100 -1.56781700 0.12600800
C 0.22293900 2.00713600 -0.18110300
C 1.10064300 2.91269100 -0.76953900
C 1.71440100 3.89225500 0.00262300
C 1.45619900 3.96452400 1.36541800
C 0.58072200 3.05942400 1.95618400
C -0.03666600 2.08456700 1.18570800
H -7.50885600 -1.34482000 0.46313900
H -7.24890800 0.77737000 -0.76298600
H -4.99805600 1.63629200 -1.34938700
H -5.53244300 -2.66968300 1.13797700
H -2.20314500 1.28955000 -2.39082400
H -2.24490100 2.27485200 -0.90611800
H 0.07150600 0.85373400 -1.98406000
H 2.01085400 0.18935200 -0.68436700
H 2.63922100 -2.52565400 0.57804100
H 1.31079300 2.85546500 -1.83416600
H 2.39721100 4.59521900 -0.46088400
H 1.93940000 4.72377900 1.96965800
H 0.38250700 3.11058800 3.02067800
H -0.70824300 1.37507500 1.66121900
C 4.38915508 -1.27020195 -0.05336027
H 4.51184721 -0.28790810 -0.45949501
H 4.88012091 -1.32768053 0.89561221
H 4.81790185 -1.98823287 -0.72082398
52
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C 5.16568500 -0.90991700 0.55074200
C 5.55949900 0.42981700 0.61660500
C 4.64522200 1.45067800 0.41752400
C 3.32637500 1.10079500 0.14910300
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C 2.94164600 -0.23079700 0.07405900
C 3.85376200 -1.26108400 0.27892200
H 5.89811700 -1.69064800 0.71761100
H 6.59328600 0.67391400 0.82961200
H 4.94853300 2.48963800 0.47200200
H 3.55847600 -2.30259700 0.24363600
C 0.93090500 0.80530300 -0.31766700
N -0.40841600 0.86561900 -0.49696500
N 1.57608300 -0.35849200 -0.21404300
C 0.94159400 -1.66040100 -0.43219700
H 1.65796900 -2.26908700 -0.98076300
H 0.74702800 -2.13151500 0.53605100
C -0.32925300 -1.47620500 -1.24113100
H -0.03888700 -1.08250100 -2.22472200
C -1.19530300 -0.38967600 -0.57166500
H -2.01187500 -0.17408100 -1.25838000
C -1.07970200 -2.80310700 -1.47334800
C -2.20456100 -2.62506200 -2.49624900
H -2.74632000 -3.56308700 -2.63131900
H -2.94206600 -1.87302100 -2.20679900
H -1.80220300 -2.33488400 -3.47203100
C -1.76434100 -0.76912800 0.78334900
C -3.02463500 -1.36283400 0.84883500
C -1.06244200 -0.55048900 1.96776800
C -3.56357400 -1.74943700 2.06846200
H -3.59650100 -1.52403600 -0.05986000
C -1.60099800 -0.93609600 3.18922600
H -0.09491600 -0.05817600 1.96048700
C -2.85029200 -1.54002100 3.24233900
H -4.54524200 -2.20833500 2.10148500
H -1.04460500 -0.75536300 4.10202100
H -3.27143300 -1.83679200 4.19604800
C -0.13355900 -3.91115300 -1.94615300
H -0.70473300 -4.80204800 -2.21316200
H 0.42831300 -3.60643000 -2.83564000
H 0.57949300 -4.21620200 -1.17628300
H -1.51657100 -3.12006200 -0.52016300
C -1.04230500 2.14817700 -0.53342700
C -2.50775500 2.18037300 -0.47568200
H -3.06214900 1.30399700 -0.16501000
C -3.14203200 3.32652900 -0.74490900
H -2.54065900 4.18728400 -1.02944500
(¢} -0.33926000 3.12843800 -0.59661800
S 1.97140100 2.17701500 -0.14095100
C -4.61416400 3.51847100 -0.68241600
H -4.85552600 4.32007100 0.02245400
H -4.99496300 3.84200000 -1.65599100
H -5.14319800 2.61391600 -0.37916900
85

TS1' (major)

C 0.8327193 3.395124924 0.638610881
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1.138285271
1.759148603
2.3270093
2.932753944
1.54885933
3.219283749
2.552621149
3.623369442
4.135378872
0.2602836
0.172551031
0.70341004
-0.735399381
1.78013404
0.389778831
-0.843348052
2751313195
1.556068338
2.117258163
3.462422931
2.620619641
3.697274127
2.344900612
2.987229869
2.997842866
2.023744119
3.72813268
3.296751115
1.532965175
2.207312957
0.910456584
0.890868845
2.15926865
2.966632068
1.280910266
1.926784613
4.001936727
4.828415828
3.248133914
4.395254529
4.521359077
4.023899454
5.436205342
4.830010436
-0.433643566
-1.441229374
-2.268812025
-0.106864592
-1.19821598
-1.554088545
-2.078841117
-0.578375383
-1.905059615

3.124898221
4.147883226
3.61848899
4.640720696
4.348744738
4.381043755
3.38417276
5.226526191
4.759614747
2.289590688
-0.319543497
2.254052067
2.731177833
-0.11943412
-1.508112661
-0.372885486
0.398125173
0.64647046
-1.331916946
-1.53720352
-2.178817486
-0.190547843
-1.222451655
0.017335823
1.249924003
1.442441865
1.138682924
2.123498258
-1.437323179
-1.584863125
-0.562994451
-2.322388618
-3.580228811
-4.236694069
-3.75257991
-3.897502288
-2.209307229
-2.873271612
-2.84293464
-1.503594842
0.83562165
1.816209539
0.988697286
0.54262602
2.973361072
2.091806425
1.92315605
2.411738166
4.207580287
4.806858482
3.918355086
4.861137307
2.631204573

-0.710911928
1.378125945
-1.267299065
0.81775358
2.432869754
-0.521579286
-2.312080154
1.428996522
-0.980257235
-1.602121818
-2.141344153
-2.606491104
-1.756289421
-3.135547375
-1.27045242
-3.181649347
-2.404369598
-4.185504398
-3.531825182
0.314578514
1.305260591
0.744064978
2.351108698
1.991688407
2.800369362
3.269307259
3.618793043
2.209494607
3.564683002
4.423499376
3.796218392
3.492412039
1.251455757
1.614781356
1.883942753
0.226796602
-0.887978765
-0.589561466
-1.373346193
-1.627167339
0.076654487
0.027240236
0.671965522
-0.931764745
1.366460784
0.635829256
1.341863972
2.260779601
1.849385782
0.997539432
2.440812581
2.475529247
-0.199309248
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-2.401128672
-3.12369504

-2.528227562
-3.749672239
-2.97869405

-4.495844035
-4.397539836
-4.692173731
-5.298904716
-3.612752104
-4.451205385
-2.704134538
-2.661572611
-1.452016258
-2.153818599
-4.179433653

-1.350345913
0.54576453
1.210727268
-0.518323406
-0.952267766
-0.043129949
-1.594168188
-2.452887121
-1.240228653
-3.327384354
-3.927336744
-3.65313976
-4.58528639
-2.28657854
-0.096096562
1.369770973

0.178343293
-1.196918912
-1.840093144
-2.091592221
-2.739812843
-2.739658382
-1.269849028
-1.884235679
-0.744270618
0.319503985
-0.031320068
1.255637112
1.815791541
1.502239361
-0.271147349
-0.487848763

-4.657812314  2.521463943 -1.123696101
-4.725429718  1.001549275 0.746720179
-5.659853567  3.292298604 -0.538459017
-4.231614243  2.818674284 -2.087194112
-5.728102648  1.774199412 1.333909423
-4.360265175  0.116211672 1.277131805
-6.197234911  2.920802943 0.694353554
-6.018654956  4.191031348 -1.045365512
-6.141716838  1.477229976 2.300393052
-6.979591367  3.525991401 1.157737564
-3.443214651  -2.078235184  -0.265637402
0.121720522 0.915976268 -1.070346739
1.593020111 -0.520489063  0.520576193
-1.022113397  0.685693656 0.260376193
-0.342437768  0.040521799 1.155974328
85
TS1' (major)
C 0.83271930 3.39512492 0.63861088
C 1.13828527 3.12489822 -0.71091193
C 1.75914860 4.14788323 1.37812594
C 2.32700930 3.61848899 -1.26729906
C 2.93275394 4.64072070 0.81775358
H 1.54885933 4.34874474 2.43286975
C 3.21928375 4.38104376 -0.52157929
H 2.55262115 3.38417276 -2.31208015
H 3.62336944 5.22652619 1.42899652
H 4.13537887 4.75961475 -0.98025724
C 0.26028360 2.28959069 -1.60212182
S 0.17255103 -0.31954350 -2.14134415
H 0.70341004 2.25405207 -2.60649110
H -0.73539938 2.73117783 -1.75628942
C 1.78013404 -0.11943412 -3.13554738
(¢} 0.38977883 -1.50811266 -1.27045242
(¢} -0.84334805 -0.37288549 -3.18164935
F 2.75131320 0.39812517 -2.40436960
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w2
(¢}

(@}

1.55606834
2.11725816
3.46242293
2.62061964
3.69727413
2.34490061
2.98722987
2.99784287
2.02374412
3.72813268
3.29675111
1.53296517
2.20731296
0.91045658
0.89086885
2.15926865
2.96663207
1.28091027
1.92678461
4.00193673
4.82841583
3.24813391
4.39525453
4.52135908
4.02389945
5.43620534
4.83001044
-0.43364357
-1.44122937
226881202
-0.10686459
-1.19821598
-1.55408854
207884112
-0.57837538
-1.90505962
240112867
-3.12369504
-2.52822756
-3.74967224
-2.97869405
-4.49584404
-4.39753984
-4.69217373
-5.29890472
-3.61275210
-4.45120538
270413454
-2.66157261
-1.45201626
-2.15381860
-4.17943365
-4.65781231

0.64647046
-1.33191695
-1.53720352
-2.17881749
-0.19054784
-1.22245165
0.01733582
1.24992400
1.44244186
1.13868292
2.12349826
-1.43732318
-1.58486313
-0.56299445
-2.32238862
-3.58022881
-4.23669407
-3.75257991
-3.89750229
-2.20930723
-2.87327161
-2.84293464
-1.50359484
0.83562165
1.81620954
0.98869729
0.54262602
2.97336107
2.09180642
1.92315605
2.41173817
4.20758029
4.80685848
3.91835509
4.86113731
2.63120457
-1.35034591
0.54576453
1.21072727
-0.51832341
-0.95226777
-0.04312995
-1.59416819
-2.45288712
-1.24022865
-3.32738435
-3.92733674
-3.65313976
-4.58528639
-2.28657854
-0.09609656
1.36977097
2.52146394

-4.18550440
-3.53182518
0.31457851
1.30526059
0.74406498
2.35110870
1.99168841
2.80036936
3.26930726
3.61879304
2.20949461
3.56468300
4.42349938
3.79621839
3.49241204
1.25145576
1.61478136
1.88394275
0.22679660
-0.88797877
-0.58956147
-1.37334619
-1.62716734
0.07665449
0.02724024
0.67196552
-0.93176475
1.36646078
0.63582926
1.34186397
2.26077960
1.84938578
0.99753943
2.44081258
2.47552925
-0.19930925
0.17834329
-1.19691891
-1.84009314
-2.09159222
-2.73981284
-2.73965838
-1.26984903
-1.88423568
-0.74427062
0.31950398
-0.03132007
1.25563711
1.81579154
1.50223936
-0.27114735
-0.48784876
-1.12369610
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C -4.72542972 1.00154927 0.74672018

C -5.65985357 3.29229860 -0.53845902
H -4.23161424 2.81867428 -2.08719411
C -5.72810265 1.77419941 1.33390942

H -4.36026517 0.11621167 1.27713180

C -6.19723491 2.92080294 0.69435355

H -6.01865496 4.19103135 -1.04536551
H -6.14171684 1.47722998 2.30039305

H -6.97959137 3.52599140 1.15773756

N -3.44321465 -2.07823518 -0.26563740
N 0.12172052 0.91597627 -1.07034674
Rh 1.59302011 -0.52048906 0.52057619

C -1.02211340 0.68569366 0.26037619

¢} -0.34243777 0.04052180 1.15597433

85

TS2' (minorl)

C 1.49148744 3.12262845 -0.38611405
C 1.56124265 2.44992650 -1.62746836
C 2.53827561 4.00685562 -0.06620361
C 2.66076194 2.67526184 -2.47335444
C 3.61358873 4.22991988 -0.91676179
H 2.49144885 4.55964153 0.87522373

C 3.68129729 3.55447247 -2.13475437
H 2.69955281 2.14051290 -3.42693089
H 4.39607876 4.93661154 -0.63062350
H 4.51828245 3.71417444 -2.81806060
C 0.49123936 1.52614752 -2.14489627
S 0.24068985 -1.10305915 -1.93266594
H 0.82184849 1.12881215 -3.11454942
H -0.45089679 2.05741911 -2.35405369
C -1.16535761 -1.20039597 -3.20253161
(¢} 1.42968489 -1.24206765 -2.76812616
F -1.73574108 -0.00883482 -3.36273750
F -2.06960855 -2.07132630 -2.78502931
F -0.67362077 -1.59688626 -4.35791389
C 3.05911762 -0.48449308 2.19268648

C 3.83640860 0.28785584 1.24689937

C 2.65354632 -1.69942750 1.53755799

C 3.90173663 -0.44445438 0.00721418

C 3.19394812 -1.68182620 0.19192778

C 3.13236356 -2.80903500 -0.75542908
H 3.85113387 -3.56830437 -0.40337711
H 2.14973487 -3.29504971 -0.77467227
H 3.41497917 -2.52550337 -1.77307801
C 4.61496470 -0.04741747 -1.22480641
H 5.61652308 -0.50648397 -1.23251767
H 4.09376216 -0.39379919 -2.12633624
H 4.75263583 1.03763662 -1.29511158
C 4.46193790 1.59203299 1.52708606

H 4.69997007 2.15143554 0.61506906

H 3.84348071 2.21704549 2.18431535
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5.41110438
2.75393449

1.71573583

3.40162131

2.93020514

1.91313554

2.64264539

1.30645033

1.27533420

0.34147414

-0.90186362
-1.63806776
-1.34770839
256105451
-3.21897837
269140194
-4.21083932
-3.71912499
-4.99654680
-4.82776478
-5.36839969
-5.53897836
-4.06516608
-5.04793917
-3.07320661
-3.09456503
-1.57469159
-2.18121022
-3.93422174
-4.22249761
-437212531
-4.93546955
-3.87622429
-5.08552395
-4.14553444
-5.36934240
-5.14986878
-5.41645509
-5.92439715
-3.78218681
0.82428615

1.49847192

1.37679026

-0.02085412
-0.05906903
-0.09522625
0.20344582

1.85825606

-0.85834798
-0.18323569
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1.41417170
-0.11532956
-0.35515275
-0.69169678
0.94796525
-2.82181090
-3.56129303
-2.50756582
-3.33783051
3.05977646
225018563
2.46870001
2.66035551
-0.96672490
0.91541581
1.43026050
-0.05113078
-0.64964755
0.52908477
-0.94657137
-1.78401966
-0.40778261
-2.61733051
-3.07126698
-3.00151348
-3.84991469
-1.89903592
0.15608963
1.94681345
1.74678306
3.12303261
2.70720862
0.84757430
4.08103381
3.28877741
3.87525474
2.53987416
4.99539740
4.62728425
-1.51156237
2.80400565
1.93900130
3.66583014
2.62042216
4.08964218
-2.08205929
0.40122647
-0.03477594
0.73123836
0.12911480

2.05983665
3.59170235
3.85907514
4.27119107
3.78994015
2.14334155
2.51368316
3.00075896
1.41475821
0.60943315
0.24012407
1.02813500
-0.67273505
0.67657914
-0.74194963
-1.55533315
-1.37670163
-2.14944612
-1.87588374
-0.34259963
-0.79935556
0.30405009
1.31099900
1.19156264
2.13459496
2.81620845
1.96811509
0.01018116
0.10806144
1.46285927
-0.51106366
2.18152440
1.98212775
0.20575981
-1.56892947
1.55609828
3.23945452
-0.29208393
2.12128369
0.51846089
2.03939213
2.11060010
2.43635401
2.71655200
0.61986467
-0.90348399
-1.23203542
0.51453698
0.21884945
1.14691581

TS2' (minor2)
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0.60837422
1.13115318
1.37444983
2.39780547
2.63426112
0.99040308
3.15523459
2.78576071
3.20995463
4.14101259
0.30010484
0.68972040
0.70715354
-0.72768996
-0.75949316
1.70431246
-0.30142125
-1.34505210
-1.62964317
2.83586488
3.40408325
3.10708184
4.06252219
3.87623292
4.34187887
3.69356636
4.40459231
5.35190265
4.77930376
4.61172439
4.50826934
5.86295733
3.34495519
3.15021697
2.59203390
4.32237676
2.07287719
1.62420813
1.27916722
2.75029400
2.69355229
2.52327331
3.49641481
1.78980981
-0.72527965
-0.59193558
0.38415556
-1.32867902
-2.45796372
-3.01706625
-2.45409040
-4.02000584

3.65295242
2.79708816
4.75150646
3.03820182
4.99281853
5.43910422
4.13116591
2.36890084
5.86163209
4.31422663
1.66377188
-0.92810757
1.32451793
1.98992663
-1.64211440
-0.71684287
-2.52352280
-0.64099804
-2.22306064
-0.16493539
0.77477367
-1.49763302
0.02670173
-1.36583916
-2.47714364
-3.35801845
-2.18054628
-2.78454873
0.60907148
0.04059933
1.65697931
0.57995066
2.24631433
2.70131554
2.59731149
2.63202042
0.16048115
1.15938767
-0.57153517
0.14574943
-2.76549230
-3.55457489
-3.11795714
-2.64782383
3.30696322
1.97790538
2.00071052
1.95874301
-1.13654782
0.92313246
1.49151551
0.06184061

-0.72640465
-1.71529679
-0.32246080
-2.25676107
-0.87403259
0.43371123
-1.83607215
-3.03110826
-0.54586488
-2.26989278
-2.22864543
-2.01252952
-3.18700567
-2.44165787
-2.96956567
-3.03289065
-3.83256126
-3.61571537
-2.16151472
2.49031054
1.55934364
1.98722017
0.50259070
0.75961372
-0.09505091
-0.01765342
-1.14934547
0.21950543
-0.64959615
-1.57385041
-0.82264016
-0.45147616
1.64184955
0.65965713
2.35736626
1.97430708
3.71112237
3.65986557
3.90525872
4.57949123
2.61655280
1.87389369
3.28456716
3.22598206
-0.09736103
0.67172771
1.18342496
1.48969274
0.35617666
-0.83644352
-1.58727555
-1.59654916



H -3.51510835 -0.48888749 -2.39971048
H -4.76158653 0.71526666 -2.07179427
C -4.70613237 -0.89241627 -0.66297711
H -5.29755269 -1.64136800 -1.20275642
H -5.38256950 -0.37477979 0.03579093

C -4.00304397 -2.84020807 0.69623340

H -5.00226771 -3.23317310 0.51403128

C -3.01399729 -3.40543224 1.41010270

H -3.05738359 -4.36396514 1.92405713

Se -1.48091130 -2.33451808 1.42673278

N -2.03665141 0.05404044 -0.14485448
C -3.71989834 1.89552357 0.09047421

C -4.24483824 3.06988146 -0.46289186
C -3.92681765 1.63657711 1.44920984

C -4.96155273 3.96790901 0.32401485

H -4.08466627 3.28183671 -1.52481699
C -4.64290269 2.53755100 2.23931549

H -3.52080537 0.73065339 1.91012520

C -5.16169567 3.70404002 1.67981648

H -5.36044808 4.88176915 -0.12225731
H -4.79478039 2.32326692 3.29972157

H -5.72012615 4.40864643 2.30015923

N -3.69647839 -1.61108814 0.12300824

C -1.23507897 4.36388889 0.86727622

H -0.55975855 4.48286562 1.72846081

H -1.33703094 5.34517071 0.38389865

H -2.22031069 4.08185565 1.26364421

H -1.47062987 3.21506764 -0.90640579
N 0.24653864 0.49089637 -1.30725415
(6] 0.94332994 -1.89341062 -0.91652475
Rh 1.97278562 -0.43969974 0.59506039
C -0.67214408 0.53368864 0.13581027
(6] -0.08740183 -0.28062554 0.97415964
103

TS1 (major)

C -1.18817989 4.28272732 1.81372520
H -2.08384041 3.96601704 2.37404494
H -0.55640585 4.80707232 2.54664463

C -1.58107201 5.24545149 0.71233190
H -2.09054043 6.12715391 1.12487616
H -0.70439630 5.61304181 0.15690538
H -2.27179793 4.79866359 -0.01926171
C -2.45374262 -1.29431110 0.22699575

C -3.13119657 0.57029153 -1.21551906
H -2.51192118 1.22113975 -1.85015786
C -3.73839902 -0.51190914 -2.12371818
H -2.89295261 -0.99348618 -2.63998019
C -4.40330116 -1.56924292 -1.27754728
H -4.61758677 -2.46005151 -1.88103573
H -5.35981834 -1.23045291 -0.84264795
C -3.75988631 -3.21380945 0.46428872
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-2.81084004
-1.49666328
-4.16276680
-4.46078277
-4.83235446
-5.40823729
-3.92823124
-5.77872839
-4.60935642
-6.07046598
-5.62244493
-6.28752592
-6.80889563
-3.51709801
-4.67915128
-5.43910425
-5.41349191
-6.11383488
-6.00492686
-4.70990637
-3.92529642
-3.20347512
-4.61973307
-3.36472913
-2.91737584
-2.17533319
-4.84431018
-5.59992939
-3.99189961
-4.09166126
-4.94604144
-5.78804022
0.84351553
1.16172382
1.77255176
2.37023670
2.96185962
1.55026928
3.26474229
2.60567668
3.65271091
4.19445309
0.28426445
0.17267621
0.73757398
-0.70701239
1.79746478
0.35071254
-0.82880610
2.76705542
1.59229264
2.13069092
3.40745643

-3.53636599
-2.18738715
1.42772741
2.69198062
1.00487768
3.51289765
3.04325767
1.82741422
0.03574792
3.08240492
4.49753252
1.48395042
3.72610613
-2.00014076
0.05663342
0.67620930
-1.04911638
-1.60704143
-0.62744637
-1.77216326
0.93209370
0.33765727
1.39407025
1.74995868
-4.71729409
-4.96747191
-4.05821357
-3.80499281
-5.56555080
-6.49387577
-5.23426940
-5.90447663
3.39620881
3.12223032
4.13460243
3.59032964
4.60774330
4.34320726
4.33911010
3.34948373
5.18375607
4.69976602
230111438
-0.30765640
2.26611961
2.75243074
-0.14678594
-1.49418558
-0.34845021
0.38018564
0.59837935
-1.37005762
-1.56788248

4

1.44059162
1.58713548
-0.51053958
-1.03355275
0.64423418
-0.42614639
-1.92287535
1.25608706
1.09974518
0.72339907
-0.84811024
2.15963347
1.20650839
-0.19537501
-3.19916586
-2.68720628
-3.94472546
-3.30749019
-4.76898086
-4.38721747
-4.18930695
-4.76982215
-4.90462978
-3.71483933
2.17455756
2.93565810
0.21403927
-0.53023902
1.91977903
2.48556189
0.95124586
0.76831178
0.62968030
-0.71636524
1.38040181
-1.25431837
0.83618015
2.43093245
-0.49769233
-2.29555039
1.45644659
-0.94324382
-1.62129084
-2.14937197
-2.62152872
-1.78366579
-3.12618308
-1.26561980
-3.20490943
-2.39739310
-4.19530586
-3.49259041
0.34359226



3
B
It

C 2.53584967 -2.17081171 1.33433971
C 3.68228833 -0.22578156 0.76098913
C 2.29015978 -1.19733637 2.37087750
C 2.97018065 0.01906412 1.99983927
C 3.01545479 1.25524372 2.80153026
H 2.04806262 1.47942933 3.26962577
H 3.74027251 1.12368374 3.62199737
H 3.34250879 2.11876678 221144238
C 1.47546505 -1.36647926 3.58995039
H 2.14951506 -1.45650557 4.45675537
H 0.83860015 -0.49111895 3.77581459
H 0.84813306 -2.26417283 3.56243393
C 2.01860065 -3.55133824 1.27058818
H 2.82734118 -4.25105873 1.53628354
H 1.18785528 -3.72143403 1.96488778
H 1.69394492 -3.81426648 0.25527328
C 3.94020396 -2.27248005 -0.84209890
H 4.75105382 -2.94637723 -0.52312512
H 3.17837501 -2.90131488 -1.32121123
H 4.35507377 -1.58785154 -1.58976779
C 4.53677154 0.77146692 0.08819861
H 4.06439996 1.76398066 0.04473607
H 5.45917503 0.89694793 0.67816450
H 4.82927898 0.47001489 -0.92221709
C -0.44684227 3.01503358 1.33694107
C -1.45499696 2.13654355 0.60338059
H -2.30253709 1.99641265 1.29393886
H -0.15319545 2.46123869 2.24636384
H -1.89161260 2.65278240 -0.25731972
N -2.17524111 -0.06847077 -0.26609569
N 0.13246580 0.93085820 -1.08977241
Rh 1.56858987 -0.49305394 0.52657286
C -1.05019460 0.71969146 0.26948445
(6} -0.36575569 0.09056701 1.16150795
C 0.78201104 2.74247772 2.00944710
H 1.36626715 1.80872856 2.05420821
H 1.49441958 3.52983389 2.29809442
C -0.32598148 2.68272774 3.03866095
H -0.97519952 3.57152802 2.99262520
H -0.96776582 1.79672199 2.91860934
H 0.08838086 2.63935988 4.05577805
C -4.12626475 -2.56969271 1.41775732
C -3.06174843 -2.97213414 2.23243434
H -0.08253971 4.05316603 0.59875750
C -5.32321487 0.58727877 -2.25888076
H -5.81843741 1.35162268 -1.63213822
C -6.39077146 -0.40115687 -2.70825658
H -6.99439227 -0.79346696 -1.87821549
H -7.08959616 0.08339725 -3.40382895
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-5.94749231
-4.71722990
-4.30522371
-5.48116007
-3.90637201
-3.21091477
-2.37865509
-5.36775441
-6.21007295
-4.44329620
-4.57770221
-5.51047902
-6.47374210
-2.58359641
-3.26244081
-2.73413263
-4.24657328
-3.65638629
-4.85044862
-5.34631737
-5.60435046
-1.53677813
-2.21042563
-3.93476624
-4.24867892
-4.25507217
-4.87095193
-3.99001982
-4.88106132
-3.99613701
-5.19062929
-5.10184073
-5.11881421
-5.67410263
-3.82114298
-0.20850396
0.20660396

1.86498970

-0.89191756
-0.19612009
1.47211455

1.56603406

2.50693545

2.67745989

3.59722223

2.44201636

3.69134259

2.73205244

4.37124728

4.54159981

0.51145396

0.21527695

0.86336232

-1.25848628
1.27330893
0.53483470
1.84879795
1.97109402
-4.03570737
-4.35276209
-3.20771847
-2.89171849
-4.67880934
-5.51091968
-4.26362957
-4.77205080
-0.98425598
0.89008073
1.41232576
-0.09395512
-0.74514973
-0.97369717
-1.83949926
-0.44068609
-1.89698100
0.12182376
1.92096689
1.67325453
3.17183413
2.65201630
0.72168941
4.14767747
3.38690746
3.89072427
2.44274521
5.11778482
4.65703469
-1.49715637
-2.11095922
0.36660556
-0.04166187
0.70520589
0.10086677
3.10359689
2.42280138
4.00147479
2.64584344
4.21497956
4.57198307
3.52730322
2.10652788
4.92863816
3.68302140
1.49612414
-1.11637958
1.10965097

-3.23978715
-3.47364461
-4.17831918
-4.01443475
-3.22250755
3.12199781
3.75354395
1.49372783
0.87735784
3.19303926
3.88694309
2.38830939
2.46007310
0.67694105
-0.74382917
-1.55099145
-1.39612289
-2.05869426
-0.33090887
-0.78582344
0.27531717
1.94620660
-0.01268142
0.14348035
1.48571905
-0.39961134
2.26128887
1.95905321
0.37233473
-1.44053554
1.70796431
3.30826712
-0.06995854
2.31798899
0.56739694
-1.05325228
-1.31016250
0.46996213
0.18475226
1.08308017
-0.42626474
-1.66599929
-0.10320729
-2.49690500
-0.93652607
0.82640504
-2.14535168
-3.44691248
-0.64443485
-2.81299610
-2.20754369
-2.03659037
-3.17487366



H -0.42213961 2.03443801 -2.43672772
C -1.13914016 -1.09672384 -3.36944428
(¢} 1.43332789 -1.28587584 -2.82469441
F -1.76294995 0.07962111 -3.37791703
F -2.01711319 -2.05521884 -3.12148091
F -0.59417220 -1.29608581 -4.55247523
C 2.98593899 -0.49177496 2.19219299
C 3.79868567 0.30465683 1.30030000
C 2.63942956 -1.70484263 1.49833123
C 3.93809441 -0.40567977 0.05358851
C 3.23705141 -1.65471719 0.17847451
C 3.20513720 -2.75573332 -0.80085897
H 3.89646440 -3.53835922 -0.44564024
H 2.21457595 -3.22174602 -0.87317121
H 3.52892721 -2.44473115 -1.79823814
C 4.70989424 0.03494784 -1.12526353
H 5.71017506 -0.42612890 -1.10242582
H 4.23390235 -0.27491487 -2.06473469
H 4.85050446 1.12196127 -1.14839802
C 4.37487947 1.62088972 1.62945982
H 4.69032040 2.18178047 0.74211792
H 3.69228833 2.24454486 2.21793328
H 5.27147340 1.45990589 2.25115487
C 2.58600853 -0.15066646 3.57533337
H 1.52834290 -0.38478718 3.76186413
H 3.17459306 -0.75311549 4.28523775
H 2.75769101 0.90486180 3.81431931
C 1.89198670 -2.84536224 2.05225037
H 2.61675437 -3.59237678 2.41729552
H 1.26591172 -2.55949581 2.90544266
H 1.27814172 -3.34628816 1.29248455
C 0.31579742 3.02141735 0.56559104
C -0.92175522 2.22078448 0.16295948
H -1.69797826 247601118 0.89787545
H -1.31836845 2.60666957 -0.78185299
103

TS2' (minor2)

C -1.22397250 4.39601274 0.78722110
H -0.48024259 4.59138086 1.58006309
H -2.09841109 3.98488797 1.31724358
C -1.62628168 5.67933832 0.09284539
H -2.02928887 6.41095664 0.80721650
H -0.79056453 6.16439374 -0.43172850
H -2.40949001 5.49381378 -0.65814117
C -2.50732019 -1.09052067 0.34629072
C -3.03898404 0.97061873 -0.83581292
H -2.46483596 1.57852870 -1.54225309
C -4.00079353 0.10653360 -1.67225978
H -3.36842929 -0.50574975 -2.33543285
C -4.72132973 -0.83986814 -0.74572925
H -5.24629426 -1.61892416 -1.31115266
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-5.46996671
-4.14027439
-3.11885832
-1.53697412
-3.73905116
-4.18543858
-3.99047251
-4.87048728
-3.97984234
-4.66951378
-3.64410926
-5.11379897
-5.20242769
-4.84974068
-5.64303814
-3.76274349
-1.43477025
-4.94556375
-5.47468566
-5.99940376
-6.60319814
-5.53995078
-6.69899797
-4.16302816
-3.64488891
-4.83381245
-3.40439061
-3.34190070
-2.54245445
-5.41082480
-6.21886548
-4.60537154
-4.79917337
-5.62808506
-6.61623393
0.64569501

1.13792897

1.45346036

2.40305368

2.71100549

1.10571780

3.19201747

2.76652888

3.31686825

4.17463490

0.29102920

0.74314195

0.68657478

-0.73709962
-0.67589024
1.77507473

-0.18648293
-1.31688609

-0.32512245
-2.70405387
-3.29004566
-2.26023222
1.89436271
3.14374241
1.53693924
4.00994744
3.44985779
2.40653698
0.57914338
3.64443938
4.98192602
2.11191828
4.32456563
-1.52263801
3.22205155
0.90850558
1.65130862
0.01518972
0.58831309
-0.81812425
-0.41188158
1.64113446
0.92889044
2.24064411
233172117
-4.47393073
-4.93081221
-3.28343719
-2.82708349
-5.05585688
-5.98098903
-4.46205031
-4.92487134
3.63061620
2.78011224
4.69101465
3.00459661
4.91396296
5.36142273
4.06926159
2.33874024
5.75444270
4.23920306
1.65204962
-0.92490624
1.30542278
1.98279206
-1.69907204
-0.70839751
-2.55800859
-0.72813177
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-0.11811124
0.78265376
1.53800636
1.46456092
0.14329359
-0.30795981
1.47442827
0.54158072
-1.33791358
2.32802877
1.87317551
1.86475711
0.16906760
3.36437401
2.53590066
0.12613007
-0.96897787
-2.57966217
-1.95550740
-3.21855707
-3.93533592
-3.77380127
-2.48699547
-3.65960378
-4.32142915
-4.29030152
-3.26249148
2.24061756
2.82737673
0.72625933
0.15350320
2.18228634
2.72883009
1.43395728
1.40375261
-0.78306098
-1.79333759
-0.35594111
-2.34873774
-0.91899640
0.43227899
-1.91627466
-3.13743424
-0.57200734
-2.36245132
-2.29694878
-2.03861488
-3.25778678
-2.50320627
-2.99765583
-3.04133684
-3.86646945
-3.63936803
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-1.50872764
2.76067341
3.34617301
3.05867155
4.03275597
3.86007370
4.35780114
3.71089265
4.45357053
5.35816601
4.74677235
4.60351467
4.44782176
5.82932339
3.28768749
3.18147929
2.47605524
4.23456859
1.96042979
1.46902899
1.19730095
2.62204058
2.63701588
2.48965006
3.42612459
1.71877388
-0.69601049
-0.58447548
0.39130472
-1.32325114
0.23842310
0.99538776
1.95801291
-0.68764277
-0.10906369
-2.05897060

-2.32046655
-0.16933037
0.79397895
-1.49030700
0.07110540
-1.32865453
-2.41813978
-3.30285494
-2.09645532
-2.72976030
0.68799470
0.12512590
1.72890677
0.68790006
2.26368559
2.73095010
2.60887167
2.63560017
0.12344358
1.10170633
-0.64314821
0.14022553
-2.77363261
-3.54730818
-3.13607564
-2.67293770
3.31051762
1.98690582
1.99062426
1.98474090
0.48517905
-1.87113362
-0.41530884
0.54001102
-0.27877636
0.07583555

-2.18008696
2.52759233
1.63424056
2.00588764
0.57896262
0.80302366
-0.06156656
-0.02516816
-1.10607447
0.27847212
-0.55464513
-1.48656676
-0.72304773
-0.34829823
1.74079305
0.75144418
2.39230827
2.16461924
3.73234061
3.67162117
3.91333350
4.61281970
2.59749074
1.83393204
3.27650573
3.18784998
-0.15288116
0.62647296
1.13910154
1.44392939
-1.36723788
-0.92397738
0.59981632
0.10121712
0.93074585
-0.17392037
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NT X AW BRIT R 973 er THERMIN G DL, 2D &nD SPISA IET X &flLA
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(R)-SPISA (5 mol %)
N2 0 PPr,NE (5 mol %) bz o
+
Ar)LH HZNJ\R MgSO, Ar)\NJ\R
DCM, —40 °C, 12 h H
up to 81% vyield
97:3 er

3. SPISA % Cp*Rh(IIDEEERD X} 7 =4 & L THE A L 72 [Cp*RhLy][(R)-SPISate] & B % L 7=, A
KE27Y UHERO CH #ESIEH L ZR Do B-AafiT /) v~ LA L,
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NXT =F 2 ELTHERHTHLZ LW LNE LT,
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NNy N
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+ | Et
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Pl & o T R A AR AR IS O T A ORI, EE ORI LR 8% TRT 5 2 & Trflk
L. BEFOARFE C-H BSOS & 13572 872 22 RO SR D BRI LTz,

[Cp*Rh(CH3CN)3](SbFe),

(15 mol %)
ICU (20 mol %)
2,6-1Buy-pyridine (1.0 equiv.) Pl
NHTf KOAc (1.5 equiv.) LN N
R R'=— O
=
MS3A, THF, 10°C, 20 h H=
slow addition R2
up to 91% yield
Me 99:1 er
Me Me iPr.
G (LD
.Rh Ph '\ _
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