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Ac acetyl

Ad adamantyl

AIBN azobis(isobutyronitrile)

tAm tert-amyl

aq. aqueous

BINAP 2,2"-bis(diphenylphosphino)-1,1 -binaphthyl
BINOL 1,1"-bi-2-naphthol

BINSA 1,1"-binaphthyl-2,2"-disulfonic acid
Bn benzyl

Boc tert-butoxycarbonyl

BQ benzoquinone

nBu normal butyl

fBu, ‘Bu tert-butyl

Bz benzoyl

cat. catalyst

Cbz benzyloxycarbonyl

cod 1,5-cyclooctadiene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cp”‘CF3 tetramethyl(trifluoromethyl)cyclopentadienyl
Cp”‘tBu tetramethyl(zerz-butyl)cyclopentadienyl
CpMe4 tetramethylcyclopentadienyl

dr. diastereomeric ratio

DCE 1,2-dichloroethane

DG directing group

DIBAL-H diisobutylaluminium hydride

DMAP N,N-dimethyl-4-aminopyridine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

dppm bis(diphenylphosphino)methane

e.r. or er enantiomeric ratio



ee enantiomeric excess

EI electron impact ionization

ent enantiomer of

equiv. equivalent

ESI electrospray ionization

Et ethyl

FG functional group

GC gass chromatography

GPC gel permeation chromatography
nHex normal hexyl

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
HPLC high performance liquid chromatography
IR infrared

KIE kinetic isotope effect

L ligand

LC liquid chromatography

Me methyl

MOM methoxymethyl

MOPS 3-morpholinopropane-1-sulfonic acid
MS mass spectrometry, moleculer sieves
Naph naphtyl

NBS N-bromosuccinimide

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

PNs 4-nitorobenzenesulfonyl

PG protecting group

Ph phenyl

phen phenanthroline

Phth phthalimide

Piv pivaloyl

iPr isopropyl

quant. quantitative yield

rac racemate of

Ry retention factor



TBDPS
TBS
TDG
temp.
Tf
TFE
THF
TIC
TIPS
TLC
™
TMS
TRIP
Ts
uv
VIS

xylyl

room temperature
tert-butyldiphenylsilyl
tert-butyldimethylsilyl
transient directing group
temperature
trifluoromethanesulfonyl
2,2,2-trifluoroethanol
tetrahydrofuran

total ion chromatogram
triisopropylsilyl

thin-layer chromatography
target material
trimethylsilyl
3,37-bis(2,4,6-triisopropylphenyl)-1,1"-binaphthyl-2,2"-diyl hydrogenphosphate
p-toluenesulfonyl
ultraviolet

visible

3,5-dimethylphenyl
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NEIZ THDSL D | [TEoTHRELZRTTE, BT, VLoD b D% KREICARE
THZLEDPHRRICARY . AXOEDS LIFENR b DIk > TS, TOHT, 2016 L0 [Ffnl
HEZ2BH % B2 (Sustainable Development Goals: SDGs)] 23 HERAICEA S ITI LS, AFHOZNET
DAEFEFEN REINTND, Thbb, B2 b 0% REIZAET Z2HEMZR T3] T
72, R0 BHEFREFHIEN LLEEZNMICAERET S, BEAWODIRWI VRN [Lo
DY ICEHEPEPNDORRICEALIZE S X 5,

TR =T D3] 217 ) FHASHILFOMFIZIB T, BEICEE LR i E
RIZ 7V =R AR =L ) =205 E LT, UEINBARY hT74 FEBORTN D, 1991
FE|Z Trost 1T 725K (Atom economy) & W 9 BE& A2 L7= V. RT3 &, LRSIV T
TR BRWRFOEEEZRTIHETH O | AEWICOSHNETEEND LIRF2hEIL 100% &
2% (eq. 1)o —ODEMTRRICK T 5, REAR ZHMT 25 ETHERBIEL o TWD, HILEY
72 Diels—Alder BUGRT /v R — Vi, Michael fBUG 78 1%, IETERIIC IR 12D I AL T2 R R
FREATHIE E 72> T0D, L LAERE, 2B DOIGIZOWT b EMAMNR G E EEL3
DITE, SN THEE AL ZER BN LR TEY, 2RO ORIEHRKOFERY ORI
ZRET D Z EIIREETH - T,

Molecular weight

desired product
Atom economy = (desired p u ) x 100 (1)
(%) Molecular weight

(all reactants)

TIT e R, A X, Michael 25K 72 & OREFHI~DOREAIMBOSIE, AHES AL DR T
D IR FIRFRER T DINEN RSO —FETH D (Scheme 1), Z 1 S DO RISITREEA] & LT,
N A E E FRNIEM L LT A B REE WD 2 N TH D, 2o, G
DOTEPMIEL 2D | KSR EFEREOSBENFEEME LTELTLES, 2D LI,
JRFZh R OB TITRET D 2 & NN 2 5% LT\,

X

BrMg .
JL . ™I~y XH
©/Br ©/Mg r electrophlles R1 +H+ R1
w NR  NRoO \'
CHCOR
Mg salts
Metal waste

Scheme 1. Nucleophilic addition to polar electrophiles.

Z O T, WE TEATEMER RFEIKERE 2 MmN T 5 CH BRBLOSITZEN b D
HEZWIRLFD FBERE LTIEREZED TV D,



I

=11}
=

53

1993 FEIZH H: B 1T, LT =0 A(IDEEEZ W C-H 7 A X LG E RS LIz (eq. 2) 2, #7 b
VEERMEE LIEBILIMAINCE D A X2 T4 7 ViR E R L, C-H fE& 2 bt 2 iE M b &
b, W TN DAL, BITHIBEEC X > T CH 7 AXUALIEREITT 5, Z OWE % KL
Iz, BlmiEA sl L C-H BReEbBOG OB ZEIT 2R IC R L, fEx REB SRR % H]
WS ER R E N A ST g 2,

(0]

RuH,(CO)(PPhs)3

AN 1 2—6 mol %

RZ—: R + /\R3 ( b) /

= toluene, reflux
via: Rz@?

Z Ru
\

H

Fex 2B e BRI LD C-H BREILIL AT S D W T, 2007 FI =0 - ek o i3~ ¥
AFNT a2y =)v (Cp*) BN FE2HATHu Y7 AADEEE, b L<ITA Y 27 AMDEEE
ZHWT, REFBEO CHIEWALZ R DRI D v 7 ) v Z RIS Z WS L2 (eq. 3, 4)Y, & HE 11l
D 9 EEJE Cp*ifkZ 7z C-H BREEALSIZI W T, Bl & 70> Tnd, —IIZ C-
H B LS, WM SR G2 LEE T 5808 EL o TWD, 20D, BB EMED
%<W@ﬁ%ﬁ@%ﬁ%9%%ECﬁ%¢ﬁ\GHE%%M&E (23 % b Tl 2 it oo — o
PLTEZLN, ZOWELES < OFTES L — T2 L o TSRS AR iz Y,

(0]
AN COZH [Cp*Rholz]g (05 eql.“V)
R R3 Cu(OAc),*H,50 (2 equiv.) N 0
~ A R'¢ @)
R2 o-xylene, 120 °C FNF > Rs
(1.2 equiv.) R2
R2
X CO.H [Cp*IrCl,), (0.5 equiv.) R2
RiL R2 Ag,CO3 (2 equiv.) N
L + = R (4)
R2 o-xylene, 160 °C = R2
R2

zmwi’&@mnmmM%icwmmm%%%mwézkf(}H%Ek%ﬁk%%%iym@

Hm&ﬁ%ﬁibt(msfh27l%wtj// FERD C-H IEMALIC L v . KFEBEO L& LF
STHE BT I U™ HoND, IZIFFRFFHHIC Sm%%ﬂﬁ®ﬁﬁ%ﬁibfw6(m6wo;ﬂ%®
B, fRBER 72 C-HIEMALIZ X o TKFEBE O L Z W, b FEEREOREZMLIEL L b
B BEIEY & T2 DRI MDE U2, R OBLR Tl TENZKGEE es T\, AS
RRICH T DB 2 & L2BRic, BN RERIEDO—2 L L THEALND,



' Me Me
E Me
[Cp*RNhCll, (10 mol %) iMe=SA cl ¢
AgSbFg (40 mol %) 1 Me Rh™ b Py
- (5) o Me
CH,Cl,, 75 °C Me
Me Me
[Cp*RhCly)]
Me BES |
[Cp*Rh(MeCN);l[SbFel, Me \@Me :
(5 mol %) © | Me” | “Me  2SbFg |
: Rh—_ :
{BuOH, 90 °C ' HsCCN*" '\ "NCCHj3 -
! NCCHS
[Cp*Rh(CH3CN)3][SbFe],

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

IS DRISDORE SN D R %271 (Figure 1), 12 U2, [Cp*RhCL], (2)7% AgSbFy I X
ST a7 b L, WETHD 2-7 =AY Py W) hFA o Eoa—FH 1 7 ik 3
BT D, ZORE 2-7 ==L ¥ ()T L > TR S 715 | Concerted Metalation—Deprotonation
BerE (CMD i) (T K-> T, 7w FALBSEITT 252 L THRIR3 &5, 2D, B V=
U AHE 48 HNMR ICBWTEBBI SN TS, 18ELHAD 3 005 1 ABEEST 5 2 & T, s
HMThHDOOT A 16 BIEEE 5 &0 ABEY 1 7 VRBET 5, 4 I 6 BENLTHZ LT I8
BAEER 7 Ly, B CTHIRE—BHE EEAOHFALKRTIMIA 8 Ld, 0%, 1
& DENLF AR L 0 HPRIKR 9 L7 REBICCMDEEIC L D 7 e R AR k> THE 10 73E
PiLD & EBIT, METEERE 5 S EAT S, Ry PO TER(LETCAELRNY, LRy 7 A=a2— T
NWigF b 7o TN D,

B @ c
N N po
Rh+
Q \NJ\OR
+ [Cp*RhCly) J |
N~ "OR J
2 )J\ Ph
1 Ph” "H 7
AgSbFg 6
AgCl
AN
| A X
_N* N o |
H 2 N\ / SbFG_ =N Cp
SbFg~ Rh - Rhtg, - _
_ | N SbFg
|
4 N ph N 5
3
| X N=
N -
Ny or | _N-Rh  Ph N
. ’\\l O SbFg N
10 Ph OR 1 Ph
9

Figure 1. Proposed mechanistic catalytic cycle of Cp*Rh-catalyzed C—H addition to N-protected imine.
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F4EIZ Li 5%, Cp*RhIIDEEEIZ L 2 2-7 == A v U U FEARD C-H IEMAL 2 /7=, RE I
DEVIEWER T AT & RA~OMNIESZ®E Lz (eq. 7)Y, & 0 AlEMERE T V&2 F - 72
[Cp*Rh(CH;CN);][SbFel, ZHWV5 Z &1k, ERLZNKRTHIEARE SN S,

0 [Cp*Rh(CH3CN)3][SbFgl,
(5 mol %)

CH,Cl,, 50-60 °C

H™ "R8
R3 = -CO,Et or
electron-deficient aryls

F£7-. Li & Huang HI3ZNZIMALIC Cp*Rh(IINEEARIC L D 2-7 ==Y VU iFEKD C-H
TEMEAL &2 % 7= . Michael Z A R~DOMISGZHE L2 (eq.8,9)'"", Bk DA 2 7 L5 B R~
ORI & FRRIZ, =&Y 7 VRS & 72 b KA O L 5 IZHEAE L. Michael Z&E R ~D
IR Z 5.2 2 i & 7e > T b,

Li (2011)
R1 :_/\ R? :_ =
=N 0 [Cp*Rh(CH3CN)5][SbF¢], =Npgs o
+ (5 mol %)
H RS/\)]\R4 7 R4 (8)
R2-— | CH20|2, 40-50 °C R2-— |
enals or enones .

g mmemtmy  Y'r g
+ g 6 mol %
= H R3/\)]\R4 _ Ré )
R2 = | AcOH, 60 °C re” ]
NS enones ~

2013 FFIZEH OFTRTIEE TlX, mffiZe e U0 A8EERORE E LT, FRKEF T L0 2z =2
v RERAE WD Z & T, R CERAD C-H IEM L EZ R TR A I < Michael ZZ B AR~ AN
IR L72 (eq. 10, 11)'2, Cp*Rh(IIDEE{A & FARIZ, T F A4 LMD Cp*Co(IINFE A7 i S iE M & L
THET D L EZEZONDHMN, XV ERKENLEL 2> TV,

00

0.0 [Cp*Co(benzene)][PFgl | N 5§ s e
S S N (10 mol o/o) HN U ' Me o+ .

A U > 10) & me Me

| L DCE, 100 °C R : \@/
~-N H™ "R! ! Me™ | "Me
H + : C;:O (PFg)2
X

o) [Cp*Co(benzene)][PFgl» | _N : '
o, 2 H '
RZ/\)J\RS (5 mol %) Re 0 @) [Cp*Co(benzene)][PFel

THF, 100 °C



LLED X9 70 C-HIEMAL & & 7o SR EE T FE A~ DA IS 2 ARG6 ST C-H AR & BT 5,
AR O C-H AN ITAERRD X T VT 4 —%H L TV L0, KL FOfIEIZS L Tninot
SEOERM 2 G52 DG &> T D, FFRICENT. C-H MINBUE DR 2 Hl 3 5 |
ThRDBLARKE C-H MG & ZERT D 2 LiE, BURDREE G I 2 BB AT DD e DR D £
fii~LfbSEL—cRD B2 BN,

AEIEFIL, F-RFETORE CHAAMBISOFEBZ B L, Cp*Rh(I1)-F 7 /L ¥ A /LR F—
bA T Y REEZBRTE L, 225 LIeAF C-H RIS 2 R Ulc, AR SCTIEARgE
g, T OIETHET S,

R TIE, R R L L CEE I 9 IRER GRS A F o, R C-H BREEALIRICD
WTIRR %,
TETIE, Cp*Rh(II)-F T VAR T — b T U REBED BT IZ DWW Tk %,
SETIEANAAT Yy MEZ WD 2 & TEERR L7, A7 C-H &AM IS IZ DN TR R %,
PUETIiX, R C-H HEAMMEISIZIB1T 5 RISHED B LI >N TR 5,

H ﬁuﬂ 5“&



o BFHR

~ BN 9 RERESREIEAE AW AE CHE

REF LSO~

AR O@ Y | Cp*BhL ¥ & A3 % MRl 9 e BT, C-H BiEHMLiZB W THMRER

SRR TH D, T D ORBEISIZE
2% L. Cp*8&fRs C-

B PORFINENL LKA & 720 | flix ORMICERD Z L TERMBELND, Z O\
1I8FETAEWMI-LTEBY, & Lo 2T EALIREL D, 207D
MR 72 RFBNL - 2 AN BN 2 TH L Bt

W, AR
ARAT 4 VESNHCH AR Y Lo —

SHR S SLAMEZ 2 f 2 Z E B NEE L 72> T,

L L

Me

Me
I "Me M =Co(lll
M Rh((lll))
! Ir(11)

Cp*M catalyst

DG

DG
o'

Cp*M catalyst

©/ FG
g:hiral
Me ligand

AESY AU RS

Me Me
(1

18EFial = BT REGE |

Scheme 2. General reaction mechanism of Cp*M catalyzed C—H functionalization.

ZOHR T, @ FnE 9 REJE Cp*difk 2 JoH L 7oA C-H BRESMLLUSIE. RIS DO HETT

&)@ L OS2 S AT TICAF KIS

AHEGET D F IR AN e A A R D BT

BPRMEZ BB SELZLNEEL R TEY . BICUTORIKIC L > TiERSTE T,

—

¥ 7 )V Cp™ B 1 D St

G Ry EEOIEH
Bronsted F2fififiE & o 174 18)

fiR LR 72 2 Z VL 1) JE D T AR,

B B W W

AW
oom omom

ZNZN DI Z2H5E L AR RSN O T BURISHEIT

T2,

6

T B — %) 7o iR 2 Scheme 2 1O~ R 2 - 7 BAE
H Ul &> TA X T34 7 VRO E KT D, $%%m®%D@Mﬁ
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1fi %7V Cp BUAL T DIt A

i

2012 4F Cramer 5%, Cy &AL Cp™* BifL 1~ % A L 7= Rh &K 11 ZJ5H L=, R# C-H
HRELUG Z WO THE L (eq. 12) Y, MW= F U FARRMET, Yk FuA VX o o FEk
5D IR LTWD,

Me
Ph O
\g Me Rh\
o) <N 0
11 (2 mol %)
B
X H’O o¢ (BzO), (2 mol %) N ONH 2
[ + 2 - [
4 =" "R 4
R(\ EtOH, 23°C, 16 h R?

59-91%
85:15-97:3 e.r.

Cramer HIEFFEI, SCREEA O 12 DO TRROEHR AR T, ©F 7 FVE#H & e OE k%
Ffo¥x 7/ Cp Rh(DEEIK 16 #BIFR L. (R)-16¢c %I L2 AT C-H 7 F ARG &G Lz
(Scheme 3) P, Z O@ELIE, F T /L Cp *Rh #5116 %15 T 5 LR RF C-H B REHEALEUEA,
BEOIZN—FIZkoTHRESNTREY P, PAMICENRTZF TV Cp*RUOEERTH 5 Z & 233780

bivd,
OMe OMe
1 NBS, AIBN
2. CpNa NaH
2 or 3 steps O
OMe OM

1. TIOEt R = OMe: (R)-16a
2. [Rh(C2Hy)Cll, OPr: (R)-16b
I —— OTIPS: (R)-16¢
OTBDPS: (R)-16d
Ph: (R)-16e
H: (R)-16f
0 (R)-16¢ (5 mol %) o
oM i o
R N H/ e R (BzO), (5 mol %) R S N/OMe
L *R2 ,)\R1 CH,Cl,, —20°C,18 h L H\ R!
66-91% 5 o
82:18-99:1 e.r. R® R

Scheme 3. Preparation of chiral Cp*Rh complexes 16 and asymmetric C—H alkylation.

LLEDXZ 0 Cp* BN 1, ZoDBEZ KNSR E M- Teikit L o THY . Th b 2k
b L7zt D739 (Figure2), 7 /b Cp BfL 1% D DBE, 4725 side wall & back wall 12 X -
TEPMEE L 725 F, side wall lX 7 — &3 7 VA Z TR 2 ME A DR (SHR, £
JE0 & DSIRRFEIZ K- T, —HORMEATOr —F %A 7 VHREY Z2BEMICER I 5,

7



Kb B H L

back wall [ZSUSH] B 232 2 501 ZBRIET D0 SUGH] B ASNLARATIZZEWN TV HALIE D) B EIRIC
BALL, B—D YT AT LA~ —Thdu—F¥A 7 VIR Z Z2EfTIER L 720N & BOS 3 1
TT 2720, SLEERN LRSS ERT D,

e X v .
Rs (] “ cjtsrlz;%tgﬁ)n ! ‘. 3Srymnt‘le’11fw
sicie/ wall % T ’ %
QD ? s/$"/‘¥subs;ratev sl-/ Ry
okl NI | o [attovores ) (o)
@ vl B
@ R§?§.Lfﬁ$ﬁ;é// back wall t//
side wall

1 S8 = small substrate A segment :
' St =large substrate A segment ! st
' Rg = incoming reactant B - R : -
______________________________ B % ,'

/ << Rg

substrate
\_u A \_/

Figure 2. Design of chiral CpX Igands for enantioselective C-H functionalization.

You SIEFERED AR R ZIRN, A 0B E AT DA DX T /L Cp* BilLF % E A L 7= Rh #5{K
23 ZBAFE L1z, (5)-23a 952 & T, moyxoF o F B Tl R b AW E 5 2 5 ARF C-H
T = ARG R RS Lz (eq. 13) 'Y, 2k b oS B2 mE L Tns 7,

R= OMe S)-20a

OBh: (S) -20b
2steps [ opr: (5)-20¢

! COH Pd(OAG): COZH 1 ,\3,88:_2, CHZOH  Culiphen _ CH,OH
.Q CoH  10Ac ! COH 2. DIBALH 20H ROH.Cs,C0q 032003 2OH
(8)17

O £ 1. TIOEt
enzene
..D * D 2. [Rh(CHA)Cll

(S)-22 (mixture) R = OMe: (S)-23a
OBn: (S)-23b
OiPr: (S)-23c
H: (S)-23d

(e
socl, ’ 1. NaH

pyridine CHCl  CpNa

E——
CHCl3 CH,CI 2. dodecane

.Q T

Scheme 4. Preparation of chiral spiro CpXRh complexes 23.

= | A (S)-23a (5 mol %)
. _N (BzO), (5 mol %)
Cu(OAc), (20 mol %)
/ A92CO3
~
NN

+ X URY MeOH, 25 °C

@ 19-96%
R 79:21-98:2 e.r.




1 #i

H

Antonchick, Waldmann & [XSfiliIZ X 2 ARSI [6+31BRALAT N & 2l & LT, TR
ZRETR BB G ATREZ: Cp BUAL 0 F 2 — = 7 DR G 2% 7 /L Cp*Rh()EE A 24 ZBIFE LT,
Fa—=r7EN0 24 2SS T5ZLICXY . 35D F C-H HREALAISIZHEM L TWD
(Scheme 5) ', OIS B WME SN TEY D, Bl L i3 —f a2 Lz fiigs L 22> T35,

oas o
- $ 3 reducti $ 3
[6+3] cycloaddition ~CORRE TETLCVE ~COAR
1 —_— —_—
R L _NH L _NR#
1 q - H =
j/‘ﬂ H HEZ H 2,
+  CORS ™|
[ R! R'/H
fN __ CO,R3 reductive
R amination
Cu-catalyzed NH
endo-selective
[6+3] cycloaddition R2
R! CO.R? 1
2 1 1)
1. TIOEt or TIOMe o= | -, 3 o= |
benzene | = N [ COR [ NH
Rh ‘R4 Rh, R2 ‘R4 Rh
2. [Rh(C5H,)CI R R
[Rh(C2H4)Cll2 NS \\ g \\ N \\ ot
2-Na hMe CO.,Me
-,
l Me N\
o Rh Me o)
_OBoc XX
R1;\ N 24a (5 mol %) g1 LY TNH
1 ) I
_ + /\RZ (BzO), (5 Tol/o) AN “R2
R3 CH,Cly, —10°C, 18 h a
50-93%
83-92% ee
4-BF-CGH4
| i COzMe
(0] Rh
N\ 4-F-CH
S _OMe SR o 0
R1 N 24b (5 mol %) § _OMe
T f N RS (BzO), (5 mol%) R N
i 3
Rz Y CH,CI,/TFE (4:1) N X R
R® -20°C,18 h R?2 RS
65-94%
79-94% ee
4-BF-CGH4
2
R ’ | NL COMe R?
Rh
N 4-F-CeH
1 ~ R 64 O
R : 3 “OMe X X . R CONHOMe
o N 24b (5 mol %)
+ 2 o (BzO), (5 mol%) O
CH,CI,/TFE (4:1) O‘
-20°C, 18 h CO.R®
CO,R®
56-93%
79-90% ee

Scheme 5. Preparation of tunable Cp*Rh catalysts and applications.



ZNTUN Tt R

%< OISHN RS N2% 70 Cp RUDEERTIEH 2 b DD, LU EDFITIEF 74 CpXEhL 70
Rh ~DEARALFEMEO X VT L E WD FEN BN E 72> T, U UL LO@EMENHE
LEZEZ BN, ZOHT2017 4£IZ Cramer 1%, B-IRKFEMBELEEGE Licx VU L2 LgnE
TV Cp SR DR IEZ M L7~ (Scheme 6) 2, 47 h > & U THBET 58 =#k 7 /b o — Vi 44
ALT=% T v Cp*FfL T-BiBRIA 25a 25 2 L2 L0 . HIEPESA:E T TO[Rh(cod)OH], & D NEk
BRI LT, F 70 Cp AN B RINRTHEOLN D, F/o, BARLE LT3 vHEICK BN
HERDZ LT, RNERTIIH D HDODOHIDF T L CpCo(IINEEIA 28 DA RKIZHKTH LT,

H
/\ _ O
_RRC_ RN
o Een e o
d%h [Rh(coc)OH], =—Rnh—o_gi | Smnanen 5;&@(
4 ~ 2 \/_L §\<R2 N 1 Ah
“an [Rh(cod)OH] e OYR Ay
25 H0 R2

[M(cod)OH],
Cs,CO3 (1.0 equiv.)

toluene, 70 °C

Ir(27): 87%
COZ(CO)B
Cs,CO3 (1.0 equiv.)
CH,Cl,, 40 °C
thenl,
28
"l "co s2%

Scheme 6. 3-carbon elimination strategy for preparation of chiral Cp*M catalysts.

FRETEEFEARDLT 7r—F L LT, 2018 4FIT Perekalin 51X 7 % 7 /L7 Cp Bl 1 & Ff - 721
RFF Cp*Rh(IIDEE(A 32 ZBH%E L7~ (Scheme 7) %", [Rh(cod)Cl], 7> 5 7 /L= 3L L 7~ Rh #8514 30
N, GBI I URICKIBbERDL Z LT, mAFEAT DT RO Cp*Rh
k32~ T8 I{AO Cp*RhIINEEAR 32 I LTES)-7r Y AL SELZ ik, —JF
DIT AT LA~ —MERMICHEMEL, BonfREa vk Bk~ BT 52 & T,
REFEHTSH X7/ Cp RUIIDEER(R)-32 #FHBL L7z, (R)-32 1L C-H IFEMbIc ks Ve Fr A V¥
B UERIZBWT, @MW U FAEREDRINTND (eq. 14), TR THBERZ VU LEME
HToZ o, ERFHEIEICE > TAFARERF- it e LT, 4% OHER RS
nTna,
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) Bu
ED “BX PF: Bu CaBHACN é/tBu | By
g a 2
\RhéCI A e B, Bu”
y N * 0°C Rh* MeOH/BBuOK Rh I/ \ \
o N N @ boop™
29 ED 30 31 (+)-32
Bu Bu
é _Bu ;
Bu
) Bu | H 1. crystalization -
(S)-proline Rh—§ of diastereomers Y Rh—I
— 17 P - p
KoCO3 o 2.HI 17\
2
33 O (R)-32
Scheme 7. Preparation of planer-chiral CpXRh catalyst.
0 (0]
N N/OH 1. Boc,0, NaOH N NH
R-L H 2. (R)-32 (1 mol%) R—— (14)
% LA Ag,COj3 (2.5 mol%) = :
X CsOAc (25 mol%) | /
in air, MeOH, 20 °C
55-97%
78-95% ee

2019 4E(Z Cramer 1%, JFUEHZ[Rh(cod)OAcl, # WD Z & T, BN TH V= &7 b a— LRt
FICTHRAET 20 TH T Cp AN I D . Fio /2 BIkiE%Z 5 L7 (Scheme 8), Aik%x
WD Z LIS &0 RISEBER T v a— VR HIE, T 0 Cp R IERT TS ED Z &N
ARE L R0 . FHATHEL L 723 7L Cp Rh(DEE(R 16b & LLi LT IRIEFSEDOUCR & B INMETA VA
YR UFEER36 2155 2 LB LTV D (Sceheme 9),

[Rh(cod)OAc], R ==y

or |

[Ir(cod)OAc]» M M =Rh, Ir
=/ VERY
R toluene/MeOH A Y] 83-96% for
23-70°C, 0.25-3 h various chiral complexes

Scheme 8. Mild complexation protocol for chiral CpXM complexes.

O o)

) Chiral Cp*Rh cat.
_OPiv
Z * )Kﬁocw(nvr)2 CH3CN/MeOH (9:1) (.. _OCH(Pr),
34 Me 35°C, 16 h Me I
0 0
35
Chiral Cp*Rh cat. 36

[Rh(cod)OAc]»
(25mol %) T

a9

15b (5 mol %)

16b (5 mol %)
83%, 90:10 e.r. 66%, 95:5 e.r.

Scheme 9. Application of in situ CpXRh catalyst.
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Ki TR
E 512 < T Cramer S 1% % DF 7 /L Cp*37 & Cox(CO)s % — AR FEFIR NI T L,
IURICE DM EFT H 2 & T, HEx REBREEZ X 7L Cp Co(lIEEA 38 % HLATF 2R
TART 5 Z LI L7z (Scheme 10)™), &% L7=F T /L Cp*Co(IEE (A 38a 2 I\ 5 Z & T,
ODTEWEF U TFAERETUE Reag YR ) oV B8 RKE2ETWD,

Co(CO)g, 1atm. CO
CH,Cl,, 40 °C

then |2, Etzo

(J-oned,
_cl |
N 38a (5 mol%) NH
H . AgOTf (10 mol%), CsOPiv

R HFIP, 40 °C _
2 z
R 21-91% R2
78:22-99.5:0.5 e.r.
Scheme 10. Synthesis and application of chiral CpXCo catalysts.

UbEXY, HEOXT L Cp BN DOFZEREBIZO S E L, BEVISHERNSED L & b,
E 7 SR E OB AT 2 LT, 22— —T L R — T LT L TEX T, 5H
TS 9 FER A B EERIZ KX DAL AR CH BRERALS 2 EBT 5, b EAN L TREL -
TU\Z) 24)o
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F2E 2N BEMOIGH

2012 4F Word, Rovis 5%, # > /37 E&fi% i L7 Cp*Rh(IIDEEEREZHND Z Licky, B ReXx
P AT AT A ORF C-H HHEEALIE & #45 L7- (Scheme 11)%, Cp*ifii F-IC B4 F L % U v
— CHEfE L72[Cp*™*"RhCL], 2. AT LA L7 b7 BV (SI12Y-KI21E-tSav) & & S
2 LICR O ARFRIEHEHE L, 2o X BN TRIENEITT 2 2 L TRv=T v FARRET
e REA VX UHEERE LRSS, LLARRE, XU R EEFIHT S 7 bRk b 4
PRI L 2D | OISR ~OIE RN L 72> Tz,

[Cp*biotinRACI,], (1 Mol %)

0 _ S112Y-K121E-tSav 9
S ”/OPN (0.66 mol %) -~ R‘—'/\ NH
L +  ZOR? MOPS Buffer/MeOH > ,
23°C,72h R
30-95%
10:1-32:1 r.r.
56:44-93:7 e.r.
’Engineered streptavidin
S/ _H
Me H ﬁﬁ
N B
Me @/\/ \n/\/\ NH
Me” | Me O HHN— A\
—~Rh—§_ Cp~
Cl / 0 Rh”
Cl— - [Cp*biotinRNCI,],

Scheme 11. Engineered streptavidin-conjugated Cp*Rh catalyst for enantioselective C—H functionalization.

2019 4| McNaughton, Rovis 53, FEOIE TRIGA L7 1 O C-H BREMAL 2k L7z
(eq. 15) *9, HIEIKDA M LT b7 BV (mSav) e Cp*"*"Rh #&1K & FalIHE & & W7o bl 2 v
BILICED. TZUAT I FHEEAKI L AFLUHEA40 LT LT, CH IR L i< 5
b3 @ =T o F AR CTHEITT 5, ABRISIZEBWT mSav [FEAL/Z EARBEIRPEZ T T2 <L Y
EOM LICb %G L TN D,

0 t-mSav:Cp*PictinRh(Cl R1 i
R _OPi wt-mSav:Cp 2
Tﬁku i (8 mol %) s (15)
YO g H0:MeOH . " N
Pz NaOAc, NaCl, pH 7.4 e
39 40 25 °C a1 P
8-99%
53-96% ee
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% 3 Hii Bronsted Fafilit & o Hfd)

51,28 TIE, Cp BN FITEMZMA D Z & TRERISHEZMET DHIETH 723, Zib L
FE 72 VAN D T /L Bronsted FEARIE 2 N LA A 255 S &2 FENER L TV 5, 2015 I
Chang 5%, TF > FA FE Y772 DD Csp)-HE2HTHHRAT 4 U AF T R 42 2HEE Lz,
Cp*Ir $81K12 X% C-H 7 2 MEISIZBW T, R o FARIETIEH D2 L ODORFFHRZ H
H L7 (Scheme 12)*", EAEEH KD X T /LR ¥ T — RS, Concerted Metalation—Deprotoation
FERE (CMD HH%) 1K > T, =F U F A4 B v 77 Csp’)-H fEE 2kl LT C-H &5 A Uk 34T
THZLT, AZTYA 7 NVHRUKE AR ICARFHENRET 5, A X T WA 7 )VHREIE 44 O BRE
TARENHFBEIND 2D, TO®ROKSBRRICB W MM AR FRAEZERLTH, =T
BPEZHERF L7 E EROGHEIT L, SCRRIRIC B 43 56N 5,

[Cp*IrCl5)5 (2 mol %)
AgNTf, (8 mol %)

HO,C.  CO.H
H H H NHTs TsHN H
(l? (4 mol %) 9 9
. . 3k %
,3 s TeN, PivO OPiv _ /P + IP
R DCE, 60 °C, 18 h R R
42 44-91% enantiomers 43
11-32% ee
— Me -1
Cp*Ir cat. Me Me Me — —:DMe \/Me
0 Me Me
H e} H J’\ |!’ —0 R* Me | Me TsN H e} NHTs
T ~ " . Y Ir 3 I
P 0" R H ' o H o —_— p*
/ —_— | 0 | 2-- —_—
R TR s lFl * R/
f’ £, O
43
R
HO R* 44

Concerted Metallation—Deprotonation_ pathway

Scheme 12.Chiral carboxylate-assisted CMD pathway for enantioselective C—H functionalization.

FINVHNVRFTT— O CMD BEIZ LD, =) F A RN C-H KA U2 B L7 R
C-H BEREZLUSIE, 2008 4EIC Yu HI2 Xk » THID THE Sz (eq. 16) %, Pd #EA L % T L 70 (%
T4 2N DH LT, s T o FAEIET C-H TV F MBS ERR L TS, 2
DOELIE, Pd#EERZ WD IS RICEB WD TN ER, ix RRET X/ BOX T V) V%S
H LT BIA#E ST g 2, SEICif~7- Chang 5 OEEIZ LV . SRS 9 1 Cp* 8k %2 v
D IGRIZBWT G, FHEIOIS AR S iz,

Pd(OAC), (10 mol %)
45 (10-20 mol %)

Agzo, BQ
+ R2B(OH) (16)
?  THF, 50-80 °C, 20 or 40 h 45 O-()-Menthyl .
43-96% \ MonoProtected Amino Acid !
54-95% ee | (MPAA)
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Ahw B 3H

2017 4E1Z Cramer 51X, ¥ 7 /L Cp Ir(IIDEE(K 46 & T VLR Ul 47 2B S w7, mA 7 4
VA XY R 48 DAF C-H 7 I MMES 284 L7 (Scheme 13)°Y, 7 % F L 72[Cp*IrCL], & F T /L
TIVIR R AT R, F TV CpIr(IDEEE 46 & B LR & OFLAA E TITEN @R 2R &9,
XFINRCOEMBEDLEDLZ L TRV T FABPENEB L TV D,

3
o ~46(2mol%) R ‘NH ©
II:I’ chiral acid 47 (24 mol%) Il:l’*
P N |2\\®\ . RN, AgNTf, (8.5 mol%) o )= N0 \\
R1{S R \FR' tAmOH/dioxane, 0 °C R RE\( R
49
48 12-95% 50
70:30-99:1 e.r.

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

Control datas
[Cp*IrClo), + 47 @ 3%, 52:48 e.r.

tBu (_COH !

NPhth 46 + PivOH: 19%, 65:35 e.r.

Scheme 13. Cooperative effects between chiral CpXIr catalyst and chiral carboxylic acid.

2018 FEIZEF OFTBMZEE TlX, 7 % 7 /b7 Cp*Rh(IINEE(R & TV H VR Vi E V= A7 C-
H BRI S &2 4 L7- (Scheme 14)°), 7 % 5 /L7 Cp*Rh(IIDEEIA S L < 1% CpM*Rh(IID B4 & |
MR T 22— = TR LTI ADNREE 53 AHWHZ LT, =2 TFA Ny I o0
Csp»HAEAZAT DT I 51 O C-H YIS LABRICH#EL, v —& 1 7 VhRRE RS
Do TN VT EZRATANMMEATHIETCHT AT IR EITL, fit<BRILICKD 54 &

720 | TR ORI X5 TEURT I v 55 VT L F AR TR bR S,

[Cp*Rhclg]z or
MeO,C \ﬂ/ COsMe [CpMe4RhClI ],
R2 N (1—2.5 mol %)
H NHH o 5; 53 (4.8-12 mol %)
Ag,COj3 (2.4—6 mol %) or

N 1Y AgOTf (12 mol %) LiCl, H,O
R! ’/\/ R3 Q _R! > 5
MeOH, 60 °C, 18 h DMSO
i 130 °C, 3 h

51

R2 =Me : 59-87%
90.5:9.5-96:4 e.r.

R2=H :55-84%
90:10-97:3 e.r.

Scheme 14. Achiral CpXRh/chiral carboxylic acid-catalyzed enantioselective C—H functionalization.

15



Ahw B 3H

RO, TR TARGERE XTI AADNRF LT — N CMD A IGH Lo, A& C-H B
LG OB I EZ0E ISR LT\ 5, BIEE T, FTBATZEEICTT % 7 /17 Cp ®'Co(IIDEE (A
ET 2 BEERDOX T VAR VEE 56 A DE T, FAT I NBEAROARFE Csp)-H 7T IR
TEE SR (eq. 17)°2. Cp*Rh(IIDEE(A & ©F 7 FIVEH &2 H O X F L VR Uik 57 G-,
8-TNFNF ) U UFEROARF Csp))-H 7 2 RMEE 28 Lz (eq. 18)>, MR 1l 9 fE Cp*
SR CIXIREE L 72 o Tz Cp))-H BREALIUE 2. AFRG~ &R S A e fl & 2o T
%,

Cp*BuCo(CH3CN)3][SbF,
f H fL [ p (é mo3| 0/0))3][ 6]2 S NHCOR2
N %{Fﬂ o0 O chiral acid 56 (10 mol %) N J?) R
+ N 1,2-Cl-CaHa, MS13X, 40 °C i a7
H R2 H
50-99%
90:10-94:6 e.r.

Me — ey B Bu o

o Me” T Me 1 PN Ho
| |HeCcoN~FO~Ncen, oL |
[ HsCCN [SbFela ;56 O |

! [Cp*BUCO(CHZCN)3]ISbF¢l

[Cp*RhCly]5 (4 mol %)
chiral acid 57 (8 mol %)

JIy AgSbF (16 mol %)
o O Ag,CO3 (4-30 mol %)
+ N %
R2 PhCI, ~20-4°C
46-99%
91:9-946 e.r.

F72. Shi 52X > T Cp*Co(IINEEIR L RFET 2 /I 58 ZflAGDLE, 7=t 8RO
RF Csp)-H 7 I MRS b #ME SN TWD (eq. 19) ¥, KISICHIT DT o F ARMEITER NG
DD, ERRIIFRERBIEICL D EML 255 2 ENAREIZ 2> TV 5,

S s
H NR 0 [CP*Co(CHSCN)5lISbFel, i NR! ;U NHBz
¥ 1 (5 mol %) T NHCOR® : °
. 0" 0 chiral acid 58 (20 mol %) : E COH!
Fe + N . EtOH, 25 °C Fe (19 i
R 48-97% Ho %8
R2 68:32-77.5:22 5 e.r. R e

— 5T, FTIVANVR ERIT CMD B Tl VI AE D R ST b, 2017 4FIC Ackermann
5. Cp*Co(IEEIAIZ L DA > R—/A§EEAR 59 @ C-H 7 VX ML IZB W T, BILR VRO
Mz kv B HEmmRESND 2 L% RH L7 (Scheme 15)°), /LR U ERINIFEIE LR WS T T
IXESIL DALY 61 B3 S AL, BAVR UEEEIRINT 5 & IRl O A Y 62 BMESIZE LN,
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Ahw B 3H

DFT FHRIC KD A = X BRI LD AN R U ERIET 7 b ALOBRRICE S LTV D E B 2 b,
SHBT DR K 65 & BRI 7 1 b oAb 5 EES TN D,

[ [ B
_N [Cp*Co(CO)l,] (10 mol %) _N _N
AgSbFg (20 mol %) Me
N additive N nHex N
)/ : + 2 nHex / + / nHex
DCE, 20 h

59 60 61 62
additive temp (°C) % yield 61:62
none 120 82 >99:1
1-AdCO,H 50 80 5:95

1-AdCOH

B Me :/
p=——

1-AdCOH

T

Scheme 15. Selectivity control in Cp*Co catalyzed C—H alkylation.

FUEICFE 7 N—7 12, EERORISICR L TR IV B VR R 68 Z WD Z & T, A% C-H 7 /L
FOALBGZER L7z (eq. 20) 9, SLARELE O B re 2 4F AP RIAS AT AR L, 68 23— 7125t
L CRPICHRE L 7 1 b AL EITT 5 2 & T, ML= T o F A RPETHINE 69 25545 &
ZxbhTnb,

Me [Cp*Co(CO)l,] (10 mol %) Me
AgSbFg (20 mol %)
\ Ph, Bz A
| N ©, N | N
7 >—CO,H “ Me
N :
N Ph 68 N R2
H X Bz
4 \ / + \/\RZ (20 mol %) o 4 \ / (20)
R e Amberlyst 15, DCE, 50 °C R1 e
66 67 41-73% 69
75:25-98:2 b/l ratio
83:17-93:7 e.r.

Bk 9 HEF OMFIEIL. Ackermann & D (eq. 20) &AL L7 E 22 D3, T 0B VR SR
TR F TNV AVRBREFELIZ S DIZR> T D,
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564 E A 72 2 T OVECIE R DT AL

2019 2 Wang H %, MIGARF T T UREL A EAMBEICERESEL 2 LT, 7707
Cp* ™ Rh(IIEE K % JH W 7= AR5 C-H B RERALEUS 2 Wi L7z (eq. 21)77, flEAYIC % T L 7Aa kil i) J &
JER S D FIEIZ, 2016 4FIZ Yu HIT K- THE 7z, PAdSEIRIC L2 AR C-H BB LS TF
AR SN ENTWS ¥, Wang H1Z, 7AFTERT0 22X TLT7 I 12 Ik THRHPTA 2
YNEEEL. AFF C-H BRERALBUS 2R L TV D,

[Cp*PRNCly], (1 or 4 mol %) LR

0 TDG-72 (20 or 70 mol %) 0 ! CF3 NH,
N o AgBF, (8 or 32 mol %) N : : !
Rt Ho, ! )LRz Ag,CO3 (0.7 or 1.4 equiv.)  R'{- P AT Et
= > | i
1,4-dioxane, 70 °C R2 ! F
70 7 73 : .
15739 | TDG-72

61-99.9% ee

Wang © O OFRE Z 45 RS % Figure 3 12”7, 7/LV7TERT0 EXT7 L7 I 7205
R ENDXT A 22 74 25, M Cp*™Rh $8KMIC L D C-H FMHALIC L > Cu—&% A 71
FRMARADZ R T D, F T ARELMIEICE 5T, 74T & RaOfHNAT I o F A RIRAICHEAT L
VR & 72 5, PRI, C-N AL BARBERBELZETA I (V)ERY . REICF T L
TIVOMBEEC X > TERM 73 L7025, FTVT 20 72 OMBERERAREECTH D . Cp* iRz W
D BOSFRITIENTIE, AR 722 2% Z VB A R XA 7S IR 72 b B IZ > Ty,

Cp*P'RhCI (0]
,E-\FI)BF * Lpe JE b 0
gbF, H_'R
AgBF,, COy, H0 i\AgCI A |N ' N
2Agr_—~ [CoPRMBF,, ( RIE_JFeC 7 = P
Ag,CO X H50
o / () 74 z 70
HBF "
* « [Cp*PRh] Ag,CO; AgBF,
e} H p—— 02
o H,0
o R2
& Me
[Cp*PRhIH][BF,] R 73 Me Pr
Me Me
H.O F Et “‘Rh”'
FsC N TDG-72 N’ |
Et o) FaYy N H R2
N 2 /< ()
" R R
R? (V)
Me

Figure 3. Proposed reaction mechanism.



Al BT L

TF Cp*Rh(IID)-F 7 VY AR F— b 7Y Rl o BE 5%

?“ﬁ
f

F1E AR C-HATINEOS & e

L, B 9B Cp*EBIRIC KD C-H IGMHL 2 R T- RE TR~ INBE (C-H (IR %, fif
B PIEIC L > TARBFKIG~ERBESE L Z L2 B LRICAE T Lz, Cp*EiRic X b C-H £
B D —#% ) 72 4%4% % Scheme 16 (273, C-H YIKHZE > TAE L D A X T VA 7 L FRIIR@IC R L
REFFESENL L CEAL BTN RARAD E 72D . 220 DMAZRCTHREAEMNE 725, KZICT 0
R AE-BE A 2 AGIZ X o TR G Hav, R HEAET 5, 7 u b U BEIOH % o - G iEBE
THY ., R HEROBRTHD TENZSE S X5, L LR, B MAEAD &S L
2T AUTELT LR T2, — RN A FEAL O EINC £ D2 AR F RIS ~D REIXEREE & 70> Tz,

Me

Me Me
Me™ |1 "Me M =Co(lll)
DG L L Rh(llT) DG XH
H X L
Cp*M catalyst R
Cp*M catalyst | ¢C—H activation Proto-demetalation ‘H*
Me
X = "
Me | Me JIy Me ™ 1 ~Me Me
M M .

Me
l\lll Me
oG L H™ "R g ~ X SN
H—4 DG X
R
Coordination Insertion R

(U] (W] ()

Scheme 16. General reaction mechanism of Cp*M catalyzed C—H addition reaction.

Ellman 5%, ¥ 7 /L7 N-ALVT 4 = A I 76 ZRETHEELTHNWDLZ LT, VT AT LA
BRI C-H MG KB LTz (eq. 22)*, i BifR#IC L0, =F o FABRRWICT =
LHE 78 155 Z LN TE 5, Cp*RhIIDSEIRE FH W =A% C-H SIS DRI DOEI T 25, {bFE
HED AN T 4 =) A 276 DLELIR->TND,

rmu

C\ (CF).CF (CF2)sCFs
N__O 2)3CF3 C\ : C\
! [Cp*RNCly], (10 mol %) N_O & N__O

S5 NH4Cl
HN (0] NH3
W, oW AGB(CeF <) (40 mol %) 9 _no e
R1-— L, DCE, 50 °C ri S R? . cH,Cl, 0°C R
- H R |/

75 76 R2 = anyl >99:1 dr 77 78
-CO.Et 99:1eur.
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i o E 1

A 72 N7 C-H IS X, 7L Cp*Rh $5AZIGHT 2 Z Lz kv ER ST\ 5, 2015
fEIC Cramer B, B F 7 FVEHEZRT 5% 70 Cp*RhDESER 79 VD Z LIk, 717tk
RO FNARF C-H MG Z 8 Lz (eq. 23)*, 2017 4£121% Ellman & &, [AEED B 2 AT
%% 7 /L Cp*Rh(IIDEER 82 2 VT, = b 7 /b4 8la-d ~D4yFRIAF C-H NG & Ak L
TS (eq.24)*), B~ 7205 R ASHE A TUN D % T L Cp*Rh $ERICHB VT H . RFF C-H IS
~OIBAIZZN OO ZFOHRE EE-TEY, BHORMAZEL Tz,

o _OiPr
N _OiPr HN
Rt N 79 (5 mol %) 5 e
¥z (BzO), (5 mol %) R
> AN O0H (23
0 \/\fo DCE, 23 °C 5
H 98%
92:8e.r.

C[\\j le) 82 (5 mol %) Cl‘\] oR1

AgSbFg (40 mol %)
é + g X N0 DCE. 80°C N0 (24)
1 Y 2
80 81a-d 83a (R = (CH,)oPh) 60% yield, 84:16 e.r. ! N f 5
83b (R =Ph) 68% yield, 90:10 e.r. | 82 (R = OMe) ;

83c (R' = 4-OMePh) 73% yield, 91:9 er. _____ € YT TX"= ;
83d (R' = 4-CFzPh) 60% vyield, 90:10 e.r.

FEHL. AH C-H NS 2 LB 2 B/ 2 iEGH & LT, Cp*ifRicxt L% 7 st 7 =4
DEANARETH D &&E 2T, 1EENG%Z Scheme 17 |Z/” T, BV VNS LR = VI Lo Tz,
BN RN EDOGEITIX, R SILD A X T3 A 7 VR RERD-(ID)IE 8 F 4 o EofkfiE &
2%, DFFNMEDOAZ T A 7 VHBRICRLX T ART =4 28 AT 52 LT, KISHETIC
VERERE LORMSEE EAET 52 e SRERMICKOG A HIE T & 5 LAE Lz,

DG . DG XH
X Cp*M catalyst
H R :' """""""""""""" J

Cp*M(lll)-chiral counterion hybrid catalysis

Me Me
Me \,@fMe Me éTMe Meﬁ/Me
X
Me” I ~Me \° . JIy Me™ 1T ~Me \O . Me™ | SMe o .
M@ chiral MO Ty chiral M chiral
gl L counterion| H 'R pop >~ counterion TN counterion
— H—A4 —» DG X
R R
(U] (U)] (UL}

Scheme 17. Working hypothesis of Cp*M(lll)-chiral counterion hybrid catalysis.
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Al EE 2

H2E ERBAREKICIHT IR TIANT =4 DI

X T tT =A%, 2000 FRPEICHEAEEZ HWTERSND, A I =0 LfF 00 FY
=T LA F TR E~DIEANEANHIZEES TR Y 2, ZO%O 2007 FEICEB A BRI 54
FMED R S 37z, 2007 4RI Toste HIE, AudiADOK T =A L L LTHFINANRAT =— b &S L

ARFSFHNT 3 X ARG & M L2 (Scheme 18, eq. 26)*, @ DX T L7k 2 7 ¢ AT
IFERNWZF U FARIRVEICE EEDE DD (eq. 25). dppm $EEDK T =AU NZF FARAT = — b
86 #MATHZ LT, BN U FARRMEICTHBY 85 NEOND (eq.26), E7-. KOG
DREFI D DRRIEEBE O = h o X 2 T 18% ee L7210 | FEMMIEH DR EBLTIT% ee LD T &
BT 2> TN D, USIEBRRICB W TE T 47 FRK 87 2k L. FEMIEIREEHIC T
EIEMAZZ T CWina s 27 "M AU _T 2T 5 2 &, BRI REIRMELZ BT 5 1T
FBETHDLEEZLN TS, ARUSTIEF TR A7 = — M Au lTlNLT D Z 72 <, BaeRt
T =AY ORETHEL TV EEESND,

(R)-3,5-xylyl-BINAP(AuUCI),
(3 mol %)

N OH Ag(p-nitrobenzoate) H o]
(3 mol %) o ~ (25)
84 89%, 8% ee 85

dppm(AuCl), (2.5 mol %)
Ag-(R)-TRIP (86) (5 mol %)

84 85 (26)
solvent, rt

solvent
benzene 90%, 97% ee

THF 83%, 76% ee
CHCl, 76%, 65% ee
acetone 71%, 37% ee '
CHgNO,  60%, 18% ee ! (86)

(\c;m(';glp_ Q9 O Q OO Q OO
<é§ii%] g;g%%? CX:)3<:> <:>

contact ion pair solvent-shared solvent-separated
chiral ion-pair lon pair lon pair
intermediate less-polar solvent more-polar solvent

Scheme 18. Au-TRIP-catalyzed asymmetric hydroalkoxylation.

—J7C, RIFEIZ List 513 Pd $5KICRABEOXF T NAAR AT = — b &2ISH LTz, AFiE-ba 2 MK
&2 L7~ (Scheme 19, eq. 27) *Y, Pd(0)& TRIP (90) fFE . 7 U /LT 22 89 %27 U ALANCH
WHZET, AT VT e K 88 OIS v F AN o -7 VLIS EITT 5, BESND
FOSHERETIX, 1L U DIZ TRIP (Q0) Ml L CTEH L, 77 B R88 L7 I8 b E=
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TAhRAT 2= DA T RPN SIND, A A HAOO =0 ARGEER E 720 Pd0)2
BB T 22T FTINLRRAT2— e N Lizn-T UV ANRT DT LEE {ZJK(II)E b, BE
RAD D = F o F AR /e C-C FEETERPEITT 52 LT, MOVEERIEIC T, I =0 A8
BRI & 720 | e <KD IR X » TERY 91 BNESN D, JD Toste H DML & 1T R | A
FOSTIEER -7 UV ANRT T AEAEERANDOEPBESIZHB W T, PAI)EF T LR AT =— MIA 4
PRETEMR LTS b L<IIEAL L7TREBICH 202 & 0 9 JUEHH B 2272 > TuhZely, List B
X DX BB EEHDOICHLED T, X TAKT =42 Zs T ikt )G % Asymmetric
Counteranion-Directed Catalysis (ACDC) & E AT T % 2,

R [Pd(PPhg),] (3 mol %)
R / (R)-TRIP (90) (1.5 mol %)
o Ph MeO1Bu, MS5A, 40 °C
R2 + o N
Ph” N then 2N HCI
H H
88 89 45-89%
85:15-98.5:1.5e.r.
Ph <*o OH
P
91 H,N"Ph o ‘o 88 + 89
(R)-TRIP (90)
H,0 H0
’ *
G0 5
0-fp-0¢@ 0-P-00©
R8O pn N Hj’\h
H® )\ R3ﬂN
m Wm

o o

©]

RS Ph
Pd H
‘w\
an H

Scheme 19. Pd—-TRIP-catalyzed enantioselective Tsuji—Trost a-allylation of a-branched aldehydes.

TRIP (90) 2 FH AIZHME T 5 Z & T, AFFEORIZE EE L RWVEIR RS RS Tnsd,
List 51X 2011 412, e DO ARF L -Trost ST H VT, TRIP (90)NBAIFSEE 2 B7- T B 2 # & L
TU % (Scheme 20, eq. 28)™), JEDUSRICH L, B0 LTT7 I3 2 M2 58T, 7
YT na—n 92)&7 UALFIE LTEARF -7 VIBRIGNEBR T 5, 7 I Ml 93 13, 71
FE N8I L TRIERE L 725 =F 2 > 95 2T 5, —J5C TRIP (90)iF, ¥ T A%f7 =42
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ELTx=T I EDBEER 96 DIERIC L 0 LRI 22441 &2 IR 9~ % 7213 T72 < | Bronsted & fik

Pl U CHET D Z & CRIBECTH DT U AT L a— L OIEH LIS HF S L CTW\5b, Pd kK -

v« TRIP LW o2 = OOz L5, SEICHKF SNIZKIGARDOH T, TRIP IIXF T NA%tT =4
L Brensted BEfitiiE D> — >0 &RE |2 B LT\ b,

Pd(PPhsg), (1.5 mol %)
(S)-TRIP (90) (3 mol %)

" Ph . 7
_ 1 93 (40 mol %) Rl
, JYO Ph” > NH, A£L_0O
R T * Ho toluene, MS5A, 40°C__ R? (28)
then 2 N HCI
88 92 Y
Ph /*\
o Ph” "NH ° o\P,o
0" o
X ® »
H JK( H /j\( . Pd‘ - Hzo
Ph 95 Ph K
.8 99
* *
0_.0 5 o
Ph o /P: /—* Pdo \P,
Ph /kNH 2o 27
®5, F
93 - K/ Pd H‘&N J\Ph Hoo-H

\/\%H \) 98
(0]

;@\ + HQO
Ph /94 X /b\ / \ O .0
A 92

TRIP 90
Scheme 20. Pd-TRIP-catalyzed enantloselectlve a-allylation of aldehydes with aIIyIaIcohoIs

UEzIZL®E LT,

38)

BERBREBEIRICHT AT ART =4 2 O RITE: 2 72 FI B35 ST
BT, REFEL T CRWEBIERELZ LR CE D, HAHRFEO—D Lo TWD,

EZHRFOMEEZWF L, C-H IS ~Dm A FIA3 2y Cp*Rh(IIEHAIZ

IxFLT, T %7
=F L DEANERAT,
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H 38 Cp*Rh(II)-F T /LT ZLRF— bong 7 U Rl o BR %

Cp*Rh(IIDFERICHF L, FTAxT =F 2 E AT HFEFT OB X 55 (Scheme 21), — D%
Bl LA FF O E 4. [Cp*RhCLy, & ¥ T LT =4V HROMIEF/E FICTHT S 2 & T, KEHR
HCA AR EBRSEDTHETHD (Method 1), H O — 7%, Cp*Rh(IINEEAE T LT =F 0 %
FANEERR STz, A7V » Nl A2 32 FETH D (Method 2), HAEA LV flfE 7281
Z % Method 1 12KV | FIHiOKF 2D 5 Z L & LT,

M M
5 Mo~y Me A==
, e |@Me hiral
DG . chiral Me Me \© ® ClE] DG
[CP*RNCloly + 2Ag ) o | o chiral LR~ counterion
i H @ 77 e Rh_ counterion \|_ ©/ H

. DG L -
Method 1 \ / Method 2
In situ generation AgCl L |Using pre-activated catalyst

Scheme 21. Introduction of chiral counterion to cationic Cp*Rh complexes.

WIHARRET & L C Cp*Rh(IINEEIRICHT L T X T AT =4 v L BB A RER L O AGHE Tk
72, FTVERAT 2 — hOBEAEZRRT, Li ' Huang "5k > TT & I USHHE ST
5.2-7 =BV WEEEE L, = o ~OBA ISR 25 H 2 07 L7z (eq. 29).
X TIHR AT = — b 101 243 & L C[Cp*RhCL], L MlAG LY TN E T2 2 A, RINEKTT
T IRDO AR 102 21572,

| ) | ~ 0
_N 0] [Cp*RhC|2]2 (2.5 mol %) _N E OO E
+ Ag-(S)-101 (10 mol %) : O\Pf,O |
H | 0
DCE, 60 °C, 19 h (29) | 0" o-!
1 OO
(

100 26% ! S)-101 l
2 equiv.) 50:50 e.r. 102 (A (S101

(€q.29) ICBWTIRINEIZE EE - BN EBLE LI, A X TV A 7 AFREICRL, =/ 2> 100
EARAT = — M CRNLHES L, SUOSOETZE L2 L& X 547 (Scheme 22), &V EALRE DK
WERTAT =AU FETDHI LT, KnEMBICEITSES 2N TED EHBE LR,

[Cp*RhClyl,
Ag-(S)-101
14100 —————

Desired

Unproductive intermediate
Scheme 22. Coordination competing of enone and chiral phosphate.
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FEFX, LVBNBEDO/NSWFEFINAT =AU FEE LT, ¥ 70U UKD HILD0ITEBEE O E
W, FILLDI-EF T T2 - ALK UEE (BINSA 103) (2% H L7= (Figure 4), % /L BINSA
AR - 28 S Ko THAMEN R SALTE Y | % 7 VAR A E 72 130 B AR & U CThk~
RIS BRE ST 5 %,

OO SO3H // AN OO CO H O
_SO,CF
H obFs > H
OO 803 z zo OH COZ

(S)-BINSA (103) (S)-101 BINOL (104)
acidity

Figure 4. Chiral binaphthyl Bronsted acids and their acidity.

2008 FEIZAJR - JZE DI, T BINSA U U= Al A V7 B H AR Mannich Y
RIS ZHE LTV (eq. 30) 7, (R)-BINSA ((R)-103)& 2,6-27 ==L U 2 (107)7>5. BINSA
B Y=y AEMBEE SOSRTTIET 5 2T, 7Y I 105 & 1,3-U 7 b2 106 O EERIR
# Mannich B S N LB 5,

(R)-BINSA (103) (1 mol %)

ﬁ
.
R! “ (2 mol %) NHR

. Ph” N Ph :
N 0O O 2
M LI (30)
Ar” H R2 R2 CH,Cly, MgSO,, COR?
105 106 0°C, 30 min 108
(1.5 equiv.) 91-99%
84-98% ee

KIS DI TR TlE. (R)-BINSA ((R)-103)& 2,6- 7 = =/LE U 2 (107)D Y &b & #id4
LRk BEOMBLEVERE S LU CTHEET S BINSA B U U= AEOMHEEIC O TERL TN D
(Table 1), FTOFER, 107 % 1.5-2.5 YEMZ 7ZBRIC, BRIEIREZ "7 2 EBRP LN ERoT,
BV =0 AMERRPA S TH D Z L b, BOFEWHMT 11 THAGD IS o2&/ 109 T
boEHEEINTND,

Table 1. Effect of ratio (R)-BINSA (103) to 107.

NP2 0 o (R-BINSA(103)(5mol %) NHCbz 5 x .
b - 11 107 (X mol %) oA : L
Ph”  H CH,Cl,, 0°C A = Ph™ Ne Ph:
105 1o 30 min 108 5 oM :
(1.1 equiv.) ' : N SO,
(R)-BINSA:107 % yield % ee ! (R)-BINSA:107 % yield % ee ; SOsH
1:0 81 17 ‘ 1:15 84 90 : OO
1 :05 83 34 1:2 74 92 :
1 :0.75 81 79 1:25 76 95 Proposed
1 01 82 84 1:3 68 86 ' active speacies 109
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PLED X 912, BINSA ITHHAGDLEAT I o0 U D UEAEYICRIRL, FNb0 LB %3
95 & Ty SR TRIEEDOFHENKS I TE S (Figure 5), £7-. [T 3,3 (Lo E#

WG T DN D F 2—= 7 h iRt 0 L0 | fERfh 2 7 ) — = 7 N[ RE 7 i i 5%
H o TWND,

R
R\B,R R.I R
N® N® Ar
T, o Q04 e, T CO
803H > SO3 > SOS SOSH
SOgH <—— SO4H I 8Os = SOzH
SRR -
N® Ar
(S)-BINSA (103) R‘#R

Figure 5. Design of chiral BINSA ammonium salts.

—7J7 T BINSA @JBHEARGEIL, 2009 A - WL S0 AHAER RS TWS, BINSA
& La(OPh); 7> & is 5 H CHERAEE 2 FE A L . Z 4% - W T2 AR5 Strecker BUES 2 #5 L7 (eq. 31)
B SERBBEIE T, FUAFALUATT =R (M) & 70 hUigr LS 7 ALKEEFESE D
ZET, AT AV N0 OEmTFrFAERN LT LA EITT D, BINSA 78 ZJE TR
L 72 La(IID)E&ERDY, % T /L Lewis FRfillft & U CTHERE L 72 G & 72 > T 5,

Ph (R)-BINSA (103) (10 mol %)

I La(OPh)s (10 mol %) j\h
AcOH or iPrCO.H
N~ Ph ool HN " Ph
) +  TMSCN (10 mol %) Y (31)

R H EtCN, —20 °C R % CN
110 m. 112

(1.5 equiv.) 28-99%

33-92% ee

Flo, FTRT =42 L LTBINSA Z)GH L7l b3 ST, 2010 412 Toste H X7 L
YEFLN-TAFE Frd T I N30 0FNARFE Rr T b ax AuhOsz2 8 Lz (eq.
32) ¥, Au BBIKICF T T =4 VA LS E > TWDH, filliix 7 ) —=2 7128\ T
3,3"-7 U —/L BINSA #HE K 115 Z it L TV 5, REFEIIHER SN TND HOD, FisRif &7z
-7z Ag-(S)-TRIP (86) & ¥ 2 LKW = FABmRMEICE EF - Tz,

Pr
BocN -OH dppm(AuCl), (3 mol %) BocN - !
Ag salt 1
S - * (32) : iPr
Y toluene, 23 °C, 15 h : o .0
' “O-Agt |
113 114 ; OAg :
Ag salt |
Agr-(S)-115 (3mol %)  98% yield, 65% ee | Pr Pr

Ag-(S)-TRIP (86) (6 mol %) 98% yield, 98% ee Agy(S)-115 CF, Ag-(S)-TRIP (86)
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IAHFEIZBNTH, AR D DOITE 7 LV — 7128\ T BINSA FHER L 70 U &g &A= fil
BEROS IS S ST 5 Y, LasL7ea 5. BINSA #FEK 2 BB A BRI L, &k
BPRMEA L U 72013 23727 o 72, BINSA B8RO 2R HIEDBRI L 705 2 L b HIFF L,
F5 13 Cp*Rh(IDFEIAIZXT L, BINSA OXfIid %5 AL+ — kT 5H BINSate DA % ik ATz,

-7 =BTy )Dx= /2 100 ~O C-H H&EMIMEISIZEB W T, [Cp*RhCL], &
Ag,-(R)-BINSate (116a)% W TG EIT -T2 & ZAVRINETIEIH D H DD RFFHEZ MR L2 (eq.
33), ARSI &0 $RIE 116a DNIAMRMEICEN TOWRWZ EBRH LN E o772, Cp*Rh(IINEEA
& BINSate Z$EE L ST A 7V v RO TR EF LT,

E OO SO3Ag* E

[Cp RhCl,], (2.5 mol %)
Ag,-(R)-BINSate 116a (5 mol %) ' S9sAg” |
DCE(0.2 M), 60 °C,18 h (33) 5 OO 3 Ag i

100 33% 102 i Ag,-(R)-BINSate 116a
(2 equiv.) 60:40: e.r. . I

BINSA #%E(K 103a-¢ 28R & L=k, [Cp*RhCL], & 7 h=hF U /LR THETLZ LT, fEx
@ BINSate H B8R ZE A L7z 7V » Rl 117a-¢ 2 55 L7= (Scheme 23), /~A 7 VU v Kfilijtt
117 (38R 116a & EL#R L T, flix OFREEICR U C R REEMMEZ R LTz, RROLEEZ1TS 2
& T Cp*Co(IINEEMRIZIBNT H A 7 U v N Z RG22 = LN T 0%,

004 L
SOSH AgZCO3 SOSAg [Cp*RhC|2]2 _ [Cp*RhLN]
l l SOH —————> ! I SO5Ag CHLON [6,6-X,-(S)-BINSate]
X R X R

117a: 80%
117b: 68%
103a: X=H,R=H 116a-c 117¢c: 70%
103b: X=Br,R=H
103c: X=H, R =Ph

Scheme 23. Preparation of [Cp*RhLy][(S)-BINSate] 117a-c.

* Cp*Co(CO)I, 118 L 44 116b # 7 & b=k U LI CH#ET 5 = & T, EIRTIEH 2 b DD Cp*Co(lINEEA
LRI A T2 [Cp*CoLy][6,6’-Bry-(S)-BINSate] (119)% FHH&+ % = L M TX 7= (eq. 34),

RO®
SOSAg

. SOzAg [Cp*Coly]
ook ' OO CHaCN, 40 °C, 24 h [6,6'-Bry-(S)-BINSate] @
Br

118 116b 29% as dehydrate 19
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— T, AT Uy R 117 OFESAEERATIIREECTH o772, EfEEEIC OV TIEH S
DN TETUVARYY, [Cp*RhLy][(S)-BINSate] (117a)7> '"H NMR %<2 kLD % % Figure 6 (2777,
117a TR OSPTOFREENS —AFm Szt oD, 'TH NMR 227 LIZHEWTIE 2.7 ppm
N7 e =R L= BRN50HTHY  GHlEEOREL LTHWET 8 F= KUK
DBEN ST E— 73R TE R oTo, A FIZOWTIZHLNZTE o7 0D, K
ELTHTFEEZREN LERT 2SI WERICER BN 2o 72l KiackBnTiEng 7
U Rt 2 [Cp*RhLx][(S)-BINSate] & &il T 5, /A 7 U » N 117a Z W T, flix o C-H
MBS ~DiE AR R 2D 5 Z & & Lz,

15.318

6.089

1.943
2.020
2.082

————_ 2.370
— 2429

LUULLM e
PPM
\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\
" A " |
OO WMOO N THDOD [--] - -~ o
TANONMNNMNUOUNOTOMO O NLW N n © (=3
WWOMNNSMNNMNNMNNMNNNNN O © ~ ~ - =

Figure 6. "H NMR spectrum of [Cp*RhLy][(S)-BINSate] (117a).
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HAF ATV N wE RS

ST L2 7Yy Pl 117a 2, 2-7 == ) V0 EEE L L=/ 2 100 ~D C-
HAEATIISITIE@H L7e (eq. 35), HAREE QIR THMY 102 235 b AL, DT 07R0N 6 ARFFHEN
R TE 7/, —FH T, MOREFFE~OMMEE TIEARFHZEIIMR T e oTo*,

[Cp*RhLy][(R)-BINSate] 117a
(5 mol %) o
DCE(0.2 M), 60 °C, 21 h

100 44%
(2 equiv.) 54:46 e.r. 102

SORLEREDN LA BEL, =/ OMERELEAZIT > 72 (Table 2), fEix OBEHER A £
(E)- RO ) o EBFILIZEZ A, 100 &g U CRIRERMm EL7ZH 00, afiiey (712 Ph H%
45T/ 120-123 TIHIRIRIZ E Y £ o572 (entries 1-4), — 5T, #ko= /> 124 TIIENT
TF U FAEPRMEEZ R T L L BID, SR THINAD R HAL72 (entry S)e FUGNHMLToH 5 v LA
92 EBPER DT I T U(entry 6), 43 U 72 R 38 TIIUE « 8P & LUK T L7z (entry 7),

(35)

Table 2. Substrate scope of enones in asymmetric C—H conjugate addition reaction.

[ [
2N o) [Cp*RhLN][(?)or(Ffl)-}B)INSate] 117a N R O
5 mol %
H * N >

acceptor

1 equiv.

1(1.5 equiv.) (1 equiv.

acceptor
entry R1 R2 catalyst T°C time h % yield erc¢
12 120 Ph H (R)-117a 40 46 8 71:29
2 121  Ph Ph (R)-117a 40 26 17 70:30
3 122 Ph Me (R)-117a 60 24 22 72:28
LA 123 Me __Ph_______(A-M7a | LS 2 28 . 71:29

5 124 Me Et (S)-117a rt 24 86 81:19
6 125 Et Me (S)-117a rt 24 98 71:29
7 126 iPr Me (S)-117a rt 24 21 66:34

a1 (1 equiv.), acceptor (1.5 equiv.). ® The yields were determined by 'H NMR of crude mixture with dibenzyl ether
as an internal standard. ¢Determined by HPLC analysis.

*MOREFFEELTCN-FIAAI 12T, p-= buaRXUXTATE R 1292 LT, EH5LIENET
7 & RO KN ST,

X . X X
| [Cp*RhLy] | [Cp RhLy] |
=N _Ts [(S)-BINSate] 117a ~=N NHTS S)-BINSate] 117a ~ =N 5,
H o+ )NL (5 mol %) (5 mol %)
Ph~ “H DCE(0.25 M) Ph NO, DCE(0.25 M) O O
127 90 °C, 20 h 129 60 o 20 h NO,
1 (2 equiv.) 8%, 50:50 e.r. 128 1 (2 equiv.) 22%, 50:50 e.r. 130

29



Al ETE AR

T 7 2124 ~O C-H BN ZIB N T, flix OfRIEZ FFORLE ORI Z#1T > 72 (Table 3),
2-7 ==Y (1)OHIZ, Chang HIZ X > T C-H EHEMKIE~OHEMAN R S 6-7 Y
— 7V UHEAR 131V T Y, B R U FAEIRME CHINMARN G b, — 0T, JELE
ED 2-7 =LY IV I3 TIHERMENKEIETFTL, AU LR ETORMIETE S
-7 2= BT Y = (133) TR T & IROERM RGOz, £, BFE ETORMAEZ bb
NRUAT I R 134 T, ISHETT LR o7, LEDOKRF LD, 2-7 =TV ()X 6-T Y
—TV UHEAR 31 AT AEELE LT, N 7Yy R X 5 RFF C-H RIS O fxci
EBFHCER Y MieZ & & LTz,

Table 3. Directing group screening.

DG [Cp*RhLyJ[(S)-BINSate] 117a DG Me O

(0]
H o,
+ (5 mol /o) % Et
Me /\)J\Et
DCE (0.2 M), rt
(1.5 equiv.) 124
DG, yield, e.r.
Bn
X N N X
(N <N B m L\ HI\{IB ] o)
7 NN h N h
b s I I ~
1 131 I 132 133 134
86%, 81:19 e.r. 49%, 85:15 e.r. 39%, 60:40 e.r. 22%, 51:49 e.r. No reaction
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B =%  Cp*Rh(Ill)-F 7 /LT AR T — honAg 7 U RAMELZ X 5 AR5 C-H A AT IS D B %

FB1E 2-7 =B VUFERDOARE C-H &I

-7 2= LBV MEEELE LZ, =/ 2 124 ~DOARF C-H HBAIBISIZ oUW TS5
bz BHEE L. MUSERBEOMG 21772 > 7= (Table 4), FEMMERBECH 5 bz o ik, KL
BB FARRMEICE EE o7 (entry 1), Y= F LT —F )L CTiE88:12 er. & BAF72 =)
VI A —bEIR LI, WERNBER LD L5702 (entry 2), T AU D ORIt o A fR it
PHENZD RIRICE EE o7 8B X DD, THF W & 55 LIRS s S Rz m b L.
BWisERMES R L7z (entry 3), CHCLX° DCE & 9% & SOUNMTEEMICHEIT L, Mmoo F~v—L
THHIW 135 M5 572 (entries 4, 5), FE7 10 b UMEMBRMEIEIECH L 7 b Pz TH ., B
IS« BRIEZ R L2 (entry 6). A 4 J — /VIRBEF CIILER « IR & HICIK T L7 (entry 7).
UL EOEtD XV, DCE ZiciliiFit & L TR 2kt 52 L & Liz,

Table 4. Screening of solvents.

| AN | X
2N o [Cp*RhLN]([EESrT)]-C:?Iy)Sate] 117a ~N Me O
H o+ >
Me /\)J\Et solvent (0.2 M), 35 °C Et
124
1 (0.05 mmol) 135
(1.2 equiv.)
entry solvent % yield? e.rb

1 toluene 21 66:34
2 Et,O 3 88:12
3 THF 79 80:20
4 CHCl, quant. 80:20
5 DCE quant. 81:19
6 acetone quant. 81:19
7 MeOH 12 63:37

aDetermined by "H NMR spectroscopic analysis of the crude reaction
mixture with dibenzyl ether as an internal standard. ® Determined by
HPLC analysis.

SCHRBESN O 13672705 5 TRED LA R T(R)-135 Z Ml % = L T Mk SLRRLE 2 P78 L 7= (Scheme 24),

L
Br  Me 1) TsCl, DMAP Br Me 1) EtMgBr Br Me O N~ "SnBug
- OH  pyridine, CH,Cly, rt CN Et,0, reflux ~ Et PdCIx(PPhg),, LiCl
—_— —_—
2) NaCN, DMSO 2) 2N HCI, rt toluene, 110 °C
80 °C
90% 22% 48%
136 137 138 (R)-135

Scheme 24. Determination of absolute configuration of 135.
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BINSA & OEERIARIC LD SRR MED [ E2 MR L, AMERZRINAIE L ChRE21T- 72
(Table 5), WIMNMENZWHEIZIFPEEOK N BRI 72O T IINEIT 20 mol % & [E7E LG %

FhE L7=, DIPEA (139)CHMZ2 Y 22 (140) 2 W L 72BRI2iE, BOSHEIT L2 v > 7=, Rh H1.b»
~NERS AL L, MOSOHEITEZILE LB 2 bz, 2,6-VF T2 (141)E T 5 & BRI DO SIREFE
(X VENCREAME T L7720y, RO SE & RO [ LR T 72, S5, 4 fiicELs
WA LFNREEZRELIZE ZA, INRICHEZDEENEE TH o7 (142, 143), 2,6 L) Bu £k & o>
SE 144 TiX, TEMICHODPEON T LD OBRIRMEICEZ D HEBENNEL ooty /U
¥ (145-147) 2 et L2 2 A, 2-AF /U v (146) 2 M 2 T2 BRICUER & 3 IRME o i CHENL 7
FERER LT, 727U T (48)IZONTHMET L7eA, 2-AF/F 7 U v (146) TOREIRMEZ [-[A]
L2 L3 ol UEOBETEAFORG S HEEE R 2-AFLF 7 U 2 (146) % FoliE 72 il &
L7,

Table 5. Screening of organic bases.
~

AN
N [Cp*RhL\](S)-BINSate] 117a |
& (5 mol %) N
0 " o Me O
H 4+ /\)}\ additive (20 mol %)
Me Et DCE (0.2 M), 35°C,16-19 h Et
1 124 135
(1.2 equiv.)
additive, yield, e.r.b
Ph
Et
1 AN AN
N AN
Pr - Ry O )L/j\ /fj\ /@\
N N z =
none N N
139 140 141 142 143
uant. : .
81q'19 o, Noreaction  No reaction 47% trace 71%
e - - 87113 eur. 86:14 e.r. 88:12e.r.
Ph
O CO OOl COLCCs
Bu” N> 1Bu Nl N N Z N7
144 145 146 147 148
97% 13% 86% 89% 85%
83:17 e.r. 84:16 e.r. 87:13 e.r. 84:16 e.r. 85:15e.r.

aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture with dibenzyl ether as
an internal standard. © Determined by HPLC analysis.
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*2,6-LF T2 (141) % AWV CTHRIMEORGF 24T > 7= (Table 6), HHIEAY 40 mol %L ETlid, BUGHEM AN K &
SIERL7ZICHBEDL L TIRINRIZE EF D, SERMEICHEZDEBIINTEAEED L) o= (entries 2-4), LA
XD, IRINEIX 20mol % & L CTHEREAMEIRORTN 21T -7,

Table 6. Investigation of additive's amount.
~

X
N [Cp*RhL\JI(S)-BINSate] 117a |
“ (5 mol %) =N
Q 141 (X mol %) Me O
H + °
= e
| Me/«\/JLEt DCE (0.2 M), 35°C Et
N
1 124 135
(1.2 equiv.)
entry X mol % time (h) % yielda e.rb
1 20 16 47 87:13
2 40 48 43 88:12
3 60 48 34 88:12
4 100 48 21 87:13

aThe yields were determined by 'H NMR spectroscopic analysis of the crude reaction mixture
with dibenzyl ether as an internal standard. ® Determined by HPLC analysis.

HIIRREHZ B W TEN R R 2 R E R o T BHITH L Th, AREEORIMNZIA ZFHA L7z (Table 7).
2-7 2= Y I VY (I3D)EEE L LEHAICIE, 2,6-0F V0 141)E 22AF LX) Vv 146)DEL L%
A THBERPED M\ LR TE 7= (entries 1-3), 2-7 = =/LE U v (D)IZBIT HMFE R, 2-AF L%
Uy (146) B3R LB O TR b RWiERZ R LT (entry 3), —F T, 1-7==/LET Y —/L (133)
TIEWTNOBRMA Z M2 THZREOR LITERCTET, JEIRKOAERIPBELNDL DA TH T

(entries 4-6),

Table 7. Effect of organic bases with other starting materials.

Cp*RhLy][(S)-BINSate] 117
DG [Cp N%g n)10| %) ate] 2 DG Me O
H 0] i N
+ /\)J\ additive (20 mol %) o Et
Me Et DCE (0.2 M), 35°C, 18-24 h
(1.2 equiv.) 124
DG entry additive % yield? e.rb
N 1 - 35 71.5:28.5
N \fN 2 2,6-lutidine 141 trace 79.5:20.5
v 132 3 2-methylquinoline 146 24 80.5:19.5
Y 4 - 22 50:50
N 5 2,6-lutidine 141 24 54:46
N:w 133 6 2-methylquinoline 146 45 50:50

aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture with dibenzyl
ether as an internal standard. ® Determined by HPLC analysis.
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FOGB I BICFIET D KOBREZHOE LT 2-AF X U 146)2HRMLTI=RMEDL &
FLF 2T =V —T ADOMBPEIT o772 (Table 8), W TN ZMA THHOT M HEIRMEN A L L
(entries 2-4), HFFIZ MS3A Z IR L 72FXIZ 90:10 er. TH MW DMG HALT2 (entry 4),

Table 8. Effect of molecular sieves.

e [Cp*RhL\][(S)-BINSate] 117a N
| (5 mol %) |
=N 2-methylquinoline 146 (20 mol %) _N Me O
drying agent (40 mg/mmol
_ H 4+ /\)]\ ying agent ( g )
| Me Et DCE (0.2 M), 35°C,16-19 h Et
N
1 124 135
(1.2 equiv.)
entry drying agent % yield? erb
. nome .8 8713 .
2 MS5A 80 88:12
3 MS4A 64 89.5:10.5
4 MS3A 58 90:10

aThe yields were determined by "H NMR spectroscopic analysis of the crude reaction mixture with
dibenzyl ether as an internal standard. ? Determined by HPLC analysis.

AR O, HERRE OUINERIZ OV T H A L7z (Table 9), FEREHHI(DSCHEREHR(D) A2 W L 72 BRIZ,
2-AFNF Y 2 (146) L IZIERIFO =) FARRMETHIIW R E G (entries 6, 7). L L7en b, HE
FRER(DE 2-AFLF 7 V2 146)2 EH LNz izt 2 A, IREBERMEFIKE KT LR (entry 8), 7=,
HERRER(D) & MS3A ZRIFFICIN X 72 & TIZB W TH, BWKER AR IR0 572 (entry 9), BEEEHE 2N L 7= %
HITIE, BELF 27— —T R OBPFUEICHT HHBARNGONRDST720, 2-AF L% 7 U 2 (146)
ERGEIRIRINA & LU ORE 2D 7,

Table 9. Effects of metal acetates.

X [Cp*RhLy][(S)-BINSate] 117a N
| N (5 mol %) |
0 MOAG (5 mol %) N ve o

H + additive .
Me /\)LEt Et

DCE (0.2 M), 35°C, 17 h

1 124 135
(1.2 equiv.)
entry MOAc additive % yield @ e.rb

R e S quant. 8119

2 LiOAc - 56 84:16

3 NaOAc - 63 84.5:15.5

4 KOAc - 37 77:23

5 CsOAc - 88 86:14

6 CuOAc - 90 87:13
7. AQOAc - e 88 8713

8 AgOAc 2-methhylquinoline 146 (20 mol %) 19 60:40

9 AgOAc MS3A (200 mg/mmol) 10 60.5:39.5

aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture with
dibenzyl ether as an internal standard.  Determined by HPLC analysis.
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BINSate |ZE#FLAE AT 5 Z LT, il EDF 2 —=2 7 %47 - 72 (Table 10), LIRR) 725 %5
MREL 2D EE X BHILD, [Cp*RhLy][3,3-Phy-(S)-BINSate] (117¢) TIIULR & BIMEN & HIz k& <
N L7 (entry 2), A/LART— NELOSARIINISONN BB Z 5. 2 5 LB L, 6,6'-( 1 & #h
HEEANTHZ LT, BrIMEORELZIN-T-, £ DfE%. [Cp*RhLy][6,6 -Br,-(S)-BINSate] (117b)
ZHWSHZ LT, 928er., THHWMAZGD Z LITHPI LT (entry 3), FLE DY Eif#k & SRR & 4t
ET5HFICLD, BIRMEZRE<SER ) FRIIEEN 4% E THELZDOT (entry 4), ZHHD5
iz m gt & L CRE —REORELED L Z L & Lz,

Table 10. Effect of BINSate derivatives.

AN
| [Cp*RhLy][(S)-X-BINSate] | =
N o (5 mol °/o) ~N Me O
2-methylquinoline 146 (20 mol %)
H + /\)J\
Me Et  DCE (0.2 M), MS3A, 35 °C Et
1 124 135
(1.2 equiv.)
entry X-BINSate time (h) % yielda e.rb : X 36 X
1 BINSate 117a 17 58 9010 | g E
2 3,3-Ph,-BINSate 117¢ 17 5 46:54 ; 03 s '
3 6,6-Br,-BINSate 117b 17 60 92:8 A
4°  6,6-Br,-BINSate 117b 48 84 91:9 ;
! X3 6 X

aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture
with dibenzyl ether as an internal standard. ® Determined by HPLC analysis.c1 (0.1 mmol), 124 .

(1.1 mmol), isolated yield.

i L L7zt b &, fixD2-7 == U UFERICRT D AR L7- (Table 11),
FEICE > TRIGHENR R 572720 BT /> 124 QY EFHE L OS2 R 325 2 & Tk
7 2-7 ==Y VURRERICEWNWT, BRI E = U FAEPWETHIINE A S Z LN TE
Too XUB VB EOEMILIT, A XL RTAICTE A OFE 7G5 - BRI ENEAFRETH V|
B REIEAEALZBEICOT MR WERPELZ R L (135d-f, i-m), &1t 5- 52 RO E Tl
BN ISR AR L, NI E TG ERFET 256 IR RIRS Uz ZBEAIRD AR,
B E T HMIMRDOINRIK FIZ 272N o 72720, = /7 > 124 DY EZJ S L TR 2 30 L7z (135g,
h), £70. A ZNLITEBRL A FFOSE IR IE ZlET 2 K 9 ICROGSHEET L, FeBE 27 s R M
THIMELS S 7= (135b-f, n-p), FLMEOE Y VU EOBEHRILE A LRG LR R, B0 v
B SALIC Me 22 £, HHEER EAXACZ AT VA ZEAN LG 1p 2 AW 2B, K& &R
% 95:5er. R L2 (135p),
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Table 11. Scope of 2-pheylpyridine derivatives.
X X
Rt '_/\ [Cp*RhLy][6,6'-Bry-(S)-BINSate] ﬁ

R1
~N o 117b (5 mol %) ~N e o
2-methylquinoline 146 (20 mol %)
H * x >~
Re Me /\)LEt DCE (0.2 M), MS3A, 35 °C Raf Et
A 124 A
(

1a-p 1.1-1.3 equiv.) 135a-p

AN - .
= R=H  135a 84%0919er || R=Me 1359 80% 90:10e.r.

| M 135b 89%. 90:10 N OMe 135h 660/0, 919eu.r
=N e oo e e Me O ¢ 135i 75% 92:8 e.r
Me O OMe 135c 89%, 90:10 e.r. ! o, 920 E.I.
o . Cl 135j 77%,92:8 e.r.

cl 135d 89%, 92:8 e.r. Et Lo 9
Et CF 135e 62%, 93:7 e.r. CF3 135k 66%, 92:8 e.r.
3 ’ CO.Me 1351 81%, 92:8 e.r.

R CO,Me 135f 71%,93:7 e.r. 2 ’

Ac 135m 65%, 92:8 e.r.

Me
Me | \ | N
N Me O N Me O
Et
Et Et
MGOZC MeOQC

135n 69%, 919 e.r. 1350 70%, 93:7 e.r. 135p 93%, 95:5 e.r.

ROLBWERREZ R L 1p ZHWT, =/ OEBEXOKRGF 217 -7 (Table 12), o (LD RHE
PR 2o TG B ITITEN TS RE TROIMA DG H AL (149), Zeiiic Ph B o O FEVEHL L
A, BIMEE AR ) Fh IR ESS Z LA TE R (150, 151), —J5 THUSEAL O f FEEH
F O RBICRSTEHEITE, DT ITEIEME T L7z b O 0 BIF 2GR THINAR S bz (152,
153),

Table 12. Scope of enones.

Me Me
AN AN
| [Cp*RhLy][6,6Br,-(S)-BINSate] |
2N 0 117b (5 mol %) 2N o
y o+ /\)L 2-methylquinoline 146 (20 mol %)
R2 R1 o R
DCE (0.2 M), MS3A, 35 °C
MeOZC (1 3 eqUiV-) M602C

1p
Me Me Me

[ [ B

N N N
“ " Me O " Me O Z" Me O
nBu Ph ~OTBS
M902C M902C MeO2C
149 95%, 95:5 e.r. 150 88%, 95:5 e.r. 151 76%, 93:7 e.r.
Me Me
| A | A Ph
Me Me
MeO,C MeO,C
152 89%, 88:12 e.r. 153 87%, 88:12 e.r.
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B2 6-7 VU — TV UHEROARFE C-H IBAINEG

MIREHI B W T 2-7 == B P () ERIFEOBRBRMELZRLTWe, 6-7 U — 17U VEFER
BLIZOWT HEREIRFICEF LT, £D2-7 == V) D UFEIK TRl L5 %, 6-7 1
— A7) UREER 131 ~EH L7 2 A RINERDD 78:22 e & MMM A FTHIZFERZ R LI
(Scheme 25), 131 (IZ>W T bR bmatZEDH Z & & LT,

Bn‘ Bn‘
NN NN
Y P conditions N"Y me O
o _conditons__
Me /\)J\ Et £t
124
131 154
(1.2 equiv.) -
conditions
[Cp*RhL\J[(S)-BINSate] _
117a (5 mol %) ‘ég°/;:5ylec}elrd
DCE (0.2 M), rt, 24 h 5er.
[Cp*RhLy][6,6"-Br,-(S)-BINSate]
117b (5 mol %) 23% yield
2-methylquinoline 146 (20 mol %) 7829 e.r.

DCE (0.2 M), MS3A, 35 °C, 48 h

Scheme 25. Asynmmetric conjugate addition of 6-arylpurine derivative.

BRI ORI BN TE /2 2d . [Cp*RhLy][(S)-BINSate] (117a) 7E(E FiZ T MS3A % ¥
MU 7= S TR F ) H ST L7- (Table 13),2-7 = = /L B° U P U FEK TOMFNTIRB VTR WL
RER LT a7 U R 2 RDICHRET 21T > 7223, DCE 2T 32 LRI D F5RITE L7k
Do Tz, filfiE A [Cp*RhLy][6,6"-Br,-(S)-BINSate] (117b) & L7223, K& REWIIMEER TE o7z

(entry 8),
Table 13. Screening of solvents.
Bn\ Bn\
N N\j N N\j
S Sy
N7 O CoRhcat5mol%) N ) Me O
p*Rh cat. (5 mol %
H + /\)J\
Me Bt solvent (0.2 M), MS3A Et
124 . 35°C,17 h
131 (1.5 equiv.) 154

entry Cp*Rh cat. solvent % yield @ e.rb
1 [Cp*RhLNJI(S)-BINSate]  117a DCE 40 84:16
2 117a CH,Cl, 51 79:21
3 117a CHCl3 25 74:26
4 117a CeHq1Cl 22 76:24
5 117a CeHsCl 14 69:31
6 117a THF 1 64:36
7 117a acetone 27 66:34
8 [Cp*RhLy][6,6"Br,-(S)-BINSate] 117b DCE 44 85:15

aThe yields were determined by "H NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHCI, as an
internal standard. ? Determined by HPLC analysis.
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[Cp*RhLy][6,6 -Bro-(S)-BINSate] (117b) f#7E FIZ T, ELbLF 27— —T7 AZTUOH & LA
DRt #1T > 72 (Table 14), MS3A & MS4A [L[R% OERM:Z 7R L (entries 1, 2), MSSA TixbH ¥ 2
(ERENME T L7z (entry 3), £ DO OEEEA HF LR, BIEIIET T 205 TH o2
(entries 4, 5), kT, HIEAIZINZ oW Z2R AT E Z A, IZIEREORIET 154 BELND
ZEMHBINE TR 5T (entry 6),

Table 14. Screening of drying agent.

Bn Bn
\ N ) N
ST ) <IN
NN o  [CP'RhL\I6,6%Br(S)-BINSate] N~ Nve o
117b (5 mol %)
H + /\)J\
Me Et  solvent (0.2 M), drying agent Et
124 . 35°C,17 h
131 (1.5 equiv.) 154
entry drying agent % vyield @ erb

1 MS3A 44 85:15
2 MS4A 59 85:15
3 MS5A 75 83:17
4 DRIERITE® 72 82:18
5 MgSO, 62 81:19
6¢ none 79 84:16

aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture
with CHCI,CHCI, as an internal standard. ? Determined by HPLC analysis.¢ 131 (0.12 mmol),
124 (0.10 mmol), 48 h

PLEX Y, BINSate iFERZEAN LT NA 7V v FABECIIiE 85:15er il & EFE D, H L&A
D 7RUNVRIL & 7o TN,

* PRSI CHICRBE SN, AR EATHX 7LV ANk — hThD SPISate & HEA L
72[Cp*RhLy][(R)-SPISate] (117d) Z % Z &I1T XV | flf#iEod 7 2N 2 72 BOGSAFIZ IR T 87:13 er. THHINA
154 235 5317- (Scheme 26), & HIZHEERHMNEZED D Z LI2X 0, Km 919 er. THMEEZS2 Z LTk L
TWn3 Y,

Bn\ Bn\
NN NN
<1 <1
N\ _N \N _N
N o N Me O
N+ [Cp*RhLy][(R)-SPISate] 117d
Me /\)I\Et (5 mol %) _ Et
124 DCE (0.2 M), 35°C, 48 h
131 (1.5 equiv.) 154

62% yield, 87:13 e.r.
Scheme 26. [Cp*RhLy][(R)-SPISate] (117d) catalyzed asymmetric conjugate addition of 131.
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H3H N-B°U Ay R—AFEEROREF C-H LIS

NAT Y RABEZ X 5 R C-H EMIMBED & 572 5 ARIEEAZ BfE L, A >~ K—L 34
R~ H %4 L 7=, [Cp*RhLy][(S)-BINSate] (117a) 1F7E FIZEBW T, N LOBELAIEOBFT 24T -
7= (Table 15), C-H BREEAL T—RIIZHWLND N-EY I A » R— (155) #E L L=
A, B E T 5 IMEMEBINENLD T B IR TH LN (entry 1), B U UAKEERMIEE T 5
& (156), RABEZRBE L THIMARE LT (entry 2), ALl ikZ 2-7 = =L B ) U iFEKO K
FHZBWTHLHEN TH o7 5-AF Y Ul Uiz 157 28 32 & 2 B CEEMIC MG
DHELT L 83:17 er. TH MMM H L7 (entry 3), [Cp*RhCl,], & Agy-(S)-BINSate (116a)iZ & ¥ JiE MR
ERPBEIEDLFEE Lo 2 A, 86:14er. T TIEIRMEN A L L7 (entry 4), 157 €T VEE
E LT RET A ED D Z L L LT,

Table 15. Screening of N-substituted indole derivatives.

DG DG Me O
N (0] * N
H Cp*Rh cat. (5 mol %) - Et
R | > /
Me ™ 7 CEt DCE (0.2 M), 40 °C
(1.5 equiv.)
DG entry Cp*Rh cat. time (h) % yield @ erb
Y
N \?N 1 [Cp*RhLy][(S)-BINSate] 117a 17 12 50:50
~W 155
| X
~N 2 [Cp*RhLy][(S)-BINSate] 117a 2 70 76:24
" 156
Me
| X 3 [Cp*RhLy]I(S)-BINSate] 117a 2 quant. 83:17
Z N157 4 [Cp*RhCly], + Ag,-(S)-BINSate 116a 2 quant. 86:14
J\.If\/\l

aThe yields were determined by "H NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHClI,
as an internal standard. ® Determined by HPLC analysis.

[Cp*RhCl,], & Ag,-(S)-BINSate (116a) % I 2. 725D & & | KSR % M5t L 7= (Table 16),
87 RIRIE A ISR IS < MR L7223, DCE % LAl 5@ ML fGEE T& oo, 2-7 ==L E
Uy (ITET D5 E RIS, FEMIERLLO b ro o TIIRVIRBIRMEAZ R L7z (entry 6), LML
TRING . MBMEEBECTH DT ' B W TIE, DCE % FEID2|INVEL 72 572 (entry 9), 157 IZHW
T% DCE Z st & L CE bR oMt &7z,
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Table 16. Screening of solvents.

Me Me
X X
N [CP*RhCl,], (2.5 mol %) | N
0 Ago-(S)-BINSate 116a Me O
N + (5 mol °/o) N
) H Me /\)J\Et solvent (0.2 M) JE Et
124 40°C, 2 h
157 (1.5 equiv.) 158
entry  solvent % yield @ erb entry solvent % yield @ erb
1 DCE quant. 86:14 : 6 toluene 47 67:33
2 DCM quant. 85:15 : 7 Et,O ND -
3 CHCl, 82 71:29 ! 8 THF 66 85:15
4 CeHsCl quant. 77:23 9 acetone quant. 79:21
5 oDCB quant. 82:18 ! 10 tAmylOH 75 64:36

aThe yields were determined by 'TH NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHClI, as an
internal standard.  Determined by HPLC analysis.

FHNWT, TLXaTd7—v—T 2ADOFEBETA LI (Table 17), WITHOLDEMZTYH, G
ITICRHBE 525 Z L1380 b 00 BIRMEOLE(L bR SN oTo, RBUSRIZEBWTIE, £
VX 27—y =7 ZDRRIT R0 LM LT,

Table 17. Screening of drying agents.

Me Me
AN X
LN [CP*RhCl,], (2.5 mol %) LN
o) Ago-(S)-BINSate 116a Me O
N (5 mol °/o) o N
H + X
Q_/f Me /\)J\Et DCE (0.2 M), 40 °C, 2 h J* Et
124
157 (1.5 equiv.) 158
entry MS (5 mg) % yield @ erb
0 - quant. 86:14
1 MS3A quant. 85:15
2 MS4A quant. 84:16
3 MS5A quant. 84:16
4 MS13X quant. 86:14

aThe yields were determined by TH NMR spectroscopic analysis of
the crude reaction mixture with CHCI,CHCI, as an internal standard.
bDetermined by HPLC analysis.

DCE VA 2B W TR DO MFT 24T 5 72 (Table 18), SUGTRE Z Mt L7ZBRICIEZ 0.1 M &3
% & RIS B CIAME L, WEROBIRMEN L E L 2 & D, I 0.1 M O TR 2o
72*, BINSate i B8R ZHEEG L7223, @M EIZR 570 o7 (entries 2-4), Cp BL 11238
AR B E BB L, HEEN 159 ° Me B3 —2D 7200 160 23 L7223, BIRENMK T 5
DIHTIH -7 (entries 5, 6), T R/E&7 Rh bk L7z 161 Tik, IR EBPEN L HITIK T L
(entry 7), IREEE L7122 &nb, ~NA 7V » Nl 117a ZFERK L7 & 2 AT ITEIVEN L
L. 87:13 er. CHMMY 158 2 457= (emtry 8), 6-7 U — /L7 VU VFHEEKR TR WEREZ R LT
[Cp*RhLN][(R)-SPISate] (117d) & 7T L 72 28R D[] EITHEFR T & 72> 72 (entry 9),
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SOSAg

SO3Ag
O Ago-(S)-Hg-BINSate
116e

Table 18. Screening of BINSate derivatives and Cp ligands.
Me

[ [
N
2 o Cp*Rh cat.
N (5 mol %)
H o+ N
p ve S8 TooE @i (0.1M) / *
124 40 °C 4h
(1.5 equiv.)

5 ()
)

<

©

157 Me th Me

Cl— !

*tBu '

entry Cp*Rh cat. % yield @ erb Clj [Cp 15§h0|2] !
2 '

1 [Cp*RhCl5]» + Ag,-(S)-BINSate 116a quant. 86:14 Me Me :

2 [CO*RhClyl,  + Ag,-6,6-Bry-(S)-BINSate 116b 98 82:18 Mee ;

3 [Cp*RhCl5], + Agy-3,3'-Phy-(S)-BINSate 116¢ 60 33:67 Cl _Rh i
A [Cp'RNCloly __ +  AQy(S):HgBINSate 116 quant  70:80 AZHWW%%M
5 [Cp*BURNCI,] 159 + Ag,-(S)-BINSate 116a 50 77:23 ' > 160 !

6 [CpMe4RhCl,), 160 + Ag,-(S)-BINSate 116a 72 78:22 ' CF3
7. [OpCTRNCII 161 +  Ag(S)}BINSatelt6a L razs Mo —gmyMe |
8 [Cp*RhLyJ[(S)-BINSate] 117a quant. 87:13 1 Me th Me !

9 [Cp*RhLy](R)-SPISate] 117d quant. 85:15 cl- é}l [Cp*CF3RNCI,),
aThe yields were determined by TH NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHClI, as E > 161 '
an internal standard. ® Determined by HPLC analysis. R !

* [Cp*RhCl,], & Agy-6,6"-Bry-(S)-BINSate (117b)Z M 2. 725D b & T, KIGNRE DfF 24T > 7= (Table 19),
TREEDS 0.2 M T, RO AR <SOSR > TOIRBE L 72 V) | FUSITE RAITHEST L7z b O DR M
PR T 2MHM AR S37 (entries 1, 2), JREZ 0.1 M IZ R 72 & 2 AMMBEAECHCEEM L, SRS SGE
STz (entry 3), LML S | FUSRE 28 L T b IERLERMEIC G IT MR TE R0 > 72 (entries 3-6),

Table 19. Screening of temperature.
[Cp*RKCl5], (2.5 mol %)
Ag,-6,6'-Br,-(S)-BINSate 116b

157  + 124 (5 mol %) 158
(1.5 equiv.) DCE
entry temp. (°C) conc. (M) time (h) % yield 2 e.r.b
1 0 0.2 21 quant. 74:26
2 4 02 2 . quant. 1 80:20 _
3 0 0.1 12 quant 81:19
4 rt 0.1 12 quant 81:19
5 40 0.1 12 98 82:18
6 60 0.1 12 98 82:18

aThe yields were determined by 'TH NMR spectroscopic analysis of the crude reaction mixture with
CHCI,CHCI, as an internal standard.  Determined by HPLC analysis.
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%12, [Cp*RhLy][(S)-BINSate] (117a) il f7/E T2 W T, AIEEZTIINAI L L THRET 21T
7= (Table 20), Rh HF.LA~DELIZ K HZICRIK T EZZE L, 117a & REOAEEILZ 2 HRE LT,
WO b DEMATHE DICEERLEIIEDZLITIF L A EERTE T, ARIELORIMIHEN
mNWEEZ BT,

Table 20. Screening of orgaic bases. [Cp*RhLyJ[(S)-BINSate]

117a (5 mol %)
157 + 124 additive (5 mol%)

(1.5 equiv.) DCE (0.1 M), 40 °C

158

additive, yield?, e.r.b

- AN QL QL OO OO0

quant. 139 141 142 146 148
87:13 e.r. 94% 92% quant. quant. quant.
87:13 e.r. 87:13 e.r. 87:13 e.r. 86:14 e.r. 86:14 e.r.

aThe yields were determined by "H NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHCI, as an internal
standard. © Determined by HPLC analysis.

VL E O E R OfE 5B [Cp*RhLy][(S)-BINSate] (117a) filtfiod 7x & 00 2 7= 5 & Fcidi i & L C
B 284 L= (Table 21), A > R— L 14, 5, 6 (L3~ RBEHENEARETH Y | =
PMEZRESHER ) ZERIBEERNICEMNYZGD Z LN TE 2 (162-167), B —/LiFERT
XL BRSNS D FREOIRICR D OO, BARERMEZ R LT (168), —/H T, 7 h7E R
2A 2 R—/LFFEAR 169 °. AN b —/LFFER 170 TITERRMENK T Lz,

Table 21.Substrste scope and limitations.

Me
[ ®
_N
0 [Cp*RhLy][(S)-BINSate]
N o
. H + /\)J\ 117a (5 mol %) o
e\ Me Bt "DCE (0.1 M), 40°C, 6h S N /
R .. 124
(1.5 equiv.)
Me Me Me Me
® [ B [ B
N ~-N N ~N
Me O Me O Me O Me O
N Et N Et N Et N Et
*® * * * *
/ / / y/ /
158 162 163 164 165
99% 94% 99% B 99% E 98%
87:13 e.r. Br 83:17 e.r. OMe 86:14e.r. r 86:14 e.r. 86:14 e.r.

¢ > @ ¢
/
Et MeO,C * *
/ 166 z 157 \ / 168 / 169 / 170
97% 90% 60% 62%

Me quant.
85:15 e.r. 84:16 e.r. 85:15 e.r. 75:25 e.r. 73:27 e.r.




Ry H=% F3f

%< OIEE TENTINEREZ R LD T, Bt &K Z R 272 (eq. 36), &% 0.5 mol % E T
WO LizE 2 A, JOGHBSERE L2 b OO EBEIICIESEIT L, BIREEZREERY 2 &k
< 85:15 er. THIIMA 158 2155 Z &N TE 1o, ABUSIZRIT 2 i mIEEIT, BEAF DS 9 Ik Cp*ét
RIC X DARF CHBREMUEMUG & T 5 &, O TEWETH - 7=,

Me Me
[ [
~-N _N
Me O
O [Cp*RhLy][(S)-BINSate]
N o N
; H o+ Ve /\)LEt 117a (0.5 mol %) P Et 36)
124 DCE (0.1 M), 40 °C, 96 h
157 (1.5 equiv.) 98% yield 158
85:15 e.r.

ToReTE—EnbT ) COMMIEEZHEL, Y2 VT ~OEAERE LI A, 20 3L TH
BT INEOS ST U T2 172 23 B A 72 IR T 5 472 (Scheme 27), D3 M2 & S L= RIS OfEE 5| 2
T C-HMMEIERETTLIZDE, 3L TORIEPEITL TNDEBEZ LD, FABEOEBEDHERTE TV
HH0D, VT AT UABERME - = U F AR L ICHEORMAEK L TV D,

Me

Me

O

| > M
e
N

2

/

[Cp*RhLyJ[(S)-BINSate]

N/ H + 117a(5mol %)
Q_Z; Me DCE (0.1 M), 60 °C, 24 h

157 o 90% yield
171 74:26 d.r.
(1.5 equiv.) 7624 e.r.

Scheme 27. C-H addition/cyclization cascade reaction of indole derivative 157.
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FIE ARF C-H BT IMBEIT 39 % SOGHEME D %5 42

5 1HT BUGTRAEARAT KR

FAZH AT, 2-7 ==Y U W)ELE L LIEAHK C-H RIS OB BRIV T,
FERBPEE I CITIRVEIREZ R U, P CRORBIRETH 72, 2OZ MG, FTART
=AU DINHAT R THoToa X7 b A T XT OIERN . ARSI T D SRR D FE B
TIHFNIFEEEETIERWEEZ SN (Figure 7),

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

X ;
| ' toluene DCE acetone
N i
N N ; 21% quant. quant.
[Cp*RhLy][(S)-BINSate] 117a | ' 66:34 e.r. 81:19 e.r. 81:19e.r.
+ (o) (5 mol %) _N Me O

1 /\)J\Et solvent (0.2 M), rt

(1.2 equiv) e
' ' 124 GE — @ @

(0.05 mmol) 135

, solvent-separated
' ntact ion pair
1 contact ion pa ion pair

Figure 7. Solvent effects of asymmetric C-H conjugate addition reaction. BT

RGBT 1L, m— &A1 Z L HREK L BINSate 254 427 BB L. RIS & R4
LTWHEWHIHEETH T, T2, BUNEA L XT ORI LV REFERGEHEE L, F
MARAD 2 S = F o F AR 72 ANEITT D &5 2 Tz (Figure 8a), L L7235, EFEOE
BERET ORERIT, SEASEIRVEN BB 2 BPEICR T, A AT 2R LARAVEEZLHFTH0
EEZ LN, ZORE, PREADD S A ADETT LA B rac-(M & 720 . — 5D
SEARRLIE 2 RO A REIARMINIZ ) L, 77 ki {k L7 BINSate 2% Rh .0 2Bz L7 fRBET, =)
YFABRER T v S AEDET L. — O VARERE 2 RO IR RSB L TR LD & ) BT
IREERENEE STz (Figure 8b), ZHHD A= R AZOWTHEMIZH LN T HZ &1, N7
Uy R S 6722 2 I HEICEH 532 & B 2T RICEF LT,

a). Enantioselective-insertion mechanism b). Enantioselective-protonation mechanism
[Cp RhLN] Enantioselective [Cp RhLN]
H [(S)-BINSate] o _ Protonation q) piNsate]
117a 117a
Cp* e,s CP* oe,s
Nt 038
N / Rh—" >3 ) O HO3S HO
HO3S Et

/Rh O 3
\ /N

Et

) Me ent-(lln) Me rac-(i) (U]
\\ © ©0,8 y
124 O 033 -0 /> o
= Cp* = OCp

AN |'® HOSS e HO5S 124

Me/\)]\Et \ 7 N\Rh 0 Enantioselective Reversible \ /N\ 0 Me/\)]\Et
M

Rh
Et ; y Et

Figure 8. Two patterns of proposal reaction mechanism.
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IZUOIC, MOFTNVT =AU EMAGDEIESEA & DA 1T > 7= (Table 22), [Cp*RhCly],
1F1E T, Agy-BINSate (116a) & iRINT 25 Z & T, KISHRH CHBYEEFEZ R S &2 FihEz o7 &
ZA 35 YRR T L= RIMEE 72 0 Z e enolalod, oF T 07 =4 L Fi b R &
L OMAAEREZLRE LTz, 7 =4 FELTEFINTAONRBE 173 #0222 A, 78
KOBHPMEIECTH LN, RAT =2— F2II UL LEEROT ) 7T =4 MA#A L2,
HEMPHFONLGEITHDL 00, WTN b AFFHEITITE AL MR TE 2 >72 (101, 86, 174),
AT BV TIEL, BINSate DAREWTF U F AR UEZ 726 Z EBRAL N E o T2,

Table 22. Evaluation of other chiral anions.

| X | X
N N
& o [Cp*Rh(qug]z (21.;3 mol%) © Me O
H g sa
+ Et
Me /\)J\Et DCE (0.2 M), MS3A
35°C, 36 h
1 124
(1.3 equiv.) 135

Ag salt, yield, e.r.

2 4 6- IPr3 CGHZ
I SO3Ag I CO.Ag
S0O5Ag CO»Ag OAg
(10 mol%)
(5 mol%) (5 mol%) (10 mol%) 2,4,6-Prg-CaHy 10 mol%)

S)-116a (S)-173 Ag-(S)-101 S)-174
40% 90 10e.r. 10%, 50:50 e.r. 25%, 53:47 e.r. No react|on 49% 50 50 e.r.

Yields were determined by 'TH NMR analysis of the crude mixture using dibenzyl ether as an internal standard. Enantiomer ratios were determined by
chiral HPLC analysis.

Agy-BINSate (116a) % FV T fillt & A= sl 135 & O O IERRIE D B O A #5414 L 7= (Figure 9),
0.1 mmol A7 — L2 T, (S)-K - (R)-KD 116a 2 ELT272DOARNy hOTHIFR OGN DD, —
DO FEME IR BIBURIC D D Z L B D L ol LIzio T, m—& %A 7 L iifiifk s

BINSate (% 1 %f 1 DfFFELTHEHAEKREZEA L., KIGHEITL TS EBE X LT,
[Cp*RhCl,], (2.5 mol%)

1 . 124 Agz-(S)-/(R)-BINSate 116a(5 mol %) 135
(0.1 mmol) (1.3 equiv.) DCE (0.2 M), 35 °C, 36 h
100
80
T 60
ES
n
@ 40
20 ®
0
0 10 20 30 40 50 60 70 80 90 100

116a (% ee)
Figure 9. Evaluation of non-linear effect.
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E=0

HKERBEREIT 72 (eq.37), BAKFELLIZ2-7 ==Y PV ([D]s-DZHNT, ~NA TV
v Rt 117a & 2-AF 0% 7 U > (146)fFE F. DCE/A ¥ J — WRGRBETIC TS EIT - 72, 2
RER CROR 212 Ik S /72 & 2 A 22%DFHINER 135 235 B, REISOFEE 1 23 63%[FIX S juiz, [\
W ENT2 1 OSSO BEKRFBIR TR, A X 7 —WMZHET HKREIR T L 48% I TNDH &
DERTE 7o, LEDORER LY . ARG T C-HIEHLIZRIHETH S Z L BN R I LTz,

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

DCE/MeOH (4:1), t, 2 h

[D]s-1 124 135
(1.2 equiv.) (0.05 mmol) 22%, 82:18 e.r.

AT Yy Rl & 7 % Z 4 7g Cp*Rh(IDAREE 2 Nz 2 00 L O il SO I 2D T R A A
AARZIR (KIE) Of &2 FHfl L 72 (Figure 10), /~4 7 U » Rt 117a 2 W72 AR5 C-H LA
FOSTIE (eq.38). kwkp =141 LR SiL72*, —F T, 7% 7 /L 72[Cp*Rh(CH;CN);][SbFe], % FHV 72
F ¥ IRUSOEAIE (eq. 39). WTND 2-7 ==L P ([Hs)[Ds]-D)EFEE L L THIZIER UK
JEIEFEZ R U kwlkp =1.00 & 72 o7z, FTo, SUSOBEITHELS 220 | IINAID 146 % [k & SUSRE &2
60°C £ CTHIR L7 LT, IGKMAIERE T2 Z LICK YV RAIFORERIZE L, 202D, X
JEHEITIIRERENDR S D Z ENHALNIIR S TNDE*, DLEOREIZL Y, ZOOfBEKIST
IISCHEN 72 5 Z E R HEER S, A 7Y RAMEEC X 2 A5 C-H &IOS TliE, kB
BEICKSER 78 B, b L <IXMEMICE G LT 5 aTREMEAV IR ST,

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

1 [Cp"RN(CHSCN),IISbFel
(0.05mmol) __ (Bmol%)

+ o DCE(0.2M),60°C H4/D4—\

1
(0.05mmol) "7 77
+ o DCE(0.2M),35°C H4/D4—\

2 NN
Ma““ka Kukp = 1.41 135 MV““kH Kifkp = 1.00 135
124 124

(1.1 equiv.) (1.1 equiv.)
0.025 0.025

0.02 ® [H]5-1 0.02 ® [H]5-1
@ [D]:1 -
— 0015 (Dl _ 0015 O D1
S =
£ £
£ oo £ om
o o
0.005 0.005
0 0
0 05 1 15 2 25 0 5 10 15 20 25 30
time (h) time (h)

Figure 10. KIE for asymmetric and racemic C—H conjugate addition reaction.
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* ALK A SRS OB - AR E Z 256 % —WRIANAEZ R L RS, —RENAZNR BB S 56 & L
T, BHADPDHEEB ~07 v N BEIEEET ML LT (eq.40), ZORf, FENESREZFHRT 5 ETIX
EBRETOMRHMEEINEE CHLZ LML TEY . A-H & H-BBTHOEHDELL 20 EHHn
SERICHKIFRIC I o T2 BRIS, RN DK & 725, (eq. 40) TIL HA & HB @ pKa 3% L < 2o 2512,
KR7RBREEE D & B2 DI kulkp DK & 725 Z & D3END BTV S (Figure 11), — T, 20D
pKa DENKE 25 LENEAERI RTINS 720 | kylkp DIER/ NS L 725,

1
A—H + B H{A----H----B}

A + H—B (40)

A---H---B : SRS
pKa (AH) = pKa (BH) =—=> kylkp = max

knfko

U5 = 5 REFHEE BAHEZE (E—R),
ApK, RRIEZRA, p.180.

Figure 11. 7OV BENRIGIZH T 2R ERMRF CLANR

ERLEEE A ARSI ST kykp =141 LW O MEEZ BT 5, A7 C-H HRAMAMBISIZH VT C-H KA T
X, 2-AF X D VHEDOF ) V=T L5176 )»5 Rh-=/ T — M 175 ~O 7 1 h U BEIICL D lisid &8
ELTW5D (Figure 12), ¥/ U =7 A 176 AW D7 k2135 O pKa Z e d 25 £ T DOEITRE W=D,
kulkp =141 LW O /NS RETHRI S NIZ LB b,

| X
~N
pKa=ca.10
H  [Cp*RhLy][(S)-BINSate]
117a (5 mol %) KD | N
2-methylquinoline X
N
1 146 (20 mol % A Me” No 2N e o
(0.05 mmol) ( ) {/,ﬂ. 176 | ek = 1.41
+ 0 DCE(0.2M),35°C £t
Me - E H 135

124
(1.1 equiv.) pKa = ca. 20

Figure 12. Proposed protonation pathway of asymmetric C-H conjugate addition reaction.
** Huang HIZ K- T, SUSKRF D pKa BILRIZKE S EET L ENRESN TN D, BEICHND LR
VRO pKalZ XY | ATIMADINRN R D Z L AHEND HIL TS (Table 23) ', A [EN RO 7= 1 Fbt 4
HICCTRISEAT o 1ol IR EBE T T 25 RIChRoTmEEZ BT,

Table 23. pKa effects of C—H conjugate addition reaction.

entry solvent pKa % yield
| N 1 CF4COH 0.23 2
N [Cp*RNhClz], A 2 CH,COCO,H  2.25 0.2
(2.5 mol %) N 3 HCO,H 3.75 0.1
H AgSDbFg ZN ph 0O 4 PhCH,CO,H 4.28 81
(10 mol %) 5 PrCO.H 4.69 84
+ 0 solvent, Ph 6 CH3CO.H 4.76 79
60 °C, 16 h 7 nBuCO,H 4.81 25
Ph /\)J\Ph 8  CH4CH,CO,H  4.87 30
9 PivOH 5.01 31
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C-H BIBHZ WAL 2 7' m b DBl Z HIZ, [D]s-1 ZHE & L TR LD MK 135 Offt
%177 (Scheme 28), /~A 7 VU v Ml 117a Z HW 72355121, 135 12805 afiO—FH DOKFE
JRFR, PT AT UABRIRMICEAFL SN TS Z L%, 'H NMR A7 MUIZ X DR L7
(Scheme 28, eq. 41), — 5 T, [Cp*Rh(CH3;CN);][SbFe], Z FW 7= BRIZ1X, 135 D o (L3 T > & AIZEK
FIEINTWLET TR, b9 —HD a O EKFEL L ZI7- (Scheme 28, eq. 42), /A 7'V
v RAREE 1172 12 X 5 A% C-H WEMMBIGETIE, 7 a hAbOBERENKE B b EE 2 bz,

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

DCE (0.2 M), 35°C, 24 h
o 73%
80:20 e.r.
+ Me/\)J\Et
124 21%D
(1.1 equiv.) [Cp*Rh(CH3CN)3][SbFgl, /
(5 mol %)
. e (42)
DCE (0.2 M °C,48h
CE (0.2 M), 60 °C, 48 42%D 40% D
48% [D]n'135

Scheme 28. C-H conjugate addition of isotopically labeled compound.
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28 SUSHERE DB

AT DR 2 I F 2. HET D KGN % Figure 13 (ZR”3, A 7 U v Nl 117a 12 L 5, 2-
7x= VBT )OI C-HIEM L ER T, v—& A 7 VHEEOB RS ILD, D
e, C-H BIBC WAL 27 1 boidr — 21 7 VR A £ 220 1 23 L. Rh H0C
Bz L 7= BINSate & AR ZEKT 5 LB 2 b5, FREMIZH L=/ 124 3l $ 25 Z & T,
B F A oM ORA AR RO & 72 D, Z O BINSate-t' VU =7 AEAIEIL, ST T =F
DIRBEIC /2% EHELTWD, it T, PRRAD S = ) O AR AN ETTH 2 L T, 2
FEFE O NLARBLE & R 8 A H BRI 23 4 CIFE7E L. BINSate-t U =7 A A KITHE Rh H.0

(ZEL L72RRE & 72 D, %12, BINSate-B' Y =0 AEGEN X T V77 1 b Ui e L THEEE
— 7 OSLAREL B 2 FE O AP R D 7 1 R I ALPMBERMICHEITTT 5 2 & T, M v F AR
(IR 135 NG5, IRINAIE LTI T2 2-AF 0% 7 U2 (146)1%, 1 ERERIC T 1 b o &2
L. BINSate & EHAEKRZEH L TVDHEEZTVND

[Cp*RhLy] =
[(S)-BINSate]
117a

Enantioselective
protonation C—-H activation

Chi= A2gas -
p* ;Ocis QO ng* HO,S ‘O

rac-(lll)

Reversible inati 0
insertion
/ Me /\)J\ Et
124

Figure 13. Proposal reaction mechanism of asymmetric C—H conjugate addition.
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2-AF X 7 U v (146)7 BINSate & AR Z R LTRAE T, = F A IRIRMEN I BL T 25 BeE
IR 2 Y T X % Figure 14 (2”3, A A2 X7 Lo EfFRAIN E . — SO A
AR AR EE L 70 D, Z O, HFREMERES)-ID)IZIHB W THF /U =7 A-BINSate FHEKA 7 1
FoRE LTHEREL . BEMIC T 1 F AMEDRETT T2 B2 TWD, 2-AFF 7 U (146) D IR
R D—2 L LT Al 72 LA & D BINSate EERETERT D L0 9 HMA2BEZL L TW5 (Figure 14,
effect 1), LL2RA5, 6-7 U =7V UFEEZIE L L2GE1iE, BRMOm L3 T &
ol Z ENBRIOELE X BT,

COHDOBMRE LT ERE LT e e ALE Il T 208N D5 L BELE LT, T7hbb,
Weflis CIAAET DA RIE (R)-(UD2xH D7 1~ Akz il 2208 T 5, (R)-(II) Tix, BINSate
BAIEICE D70 b AL RBER TWARWEZD, 2-7 ==L Y P (1) & OFRL AT ST
L. BINSate 237 =F > L 2o = HREUA (R)-AVZ BT 5, DR, (R)-AV)H)25H 1 O C-H ik
PEARIZfE > T 1 oAU HEIT S % 2 & T WOSNARRLE 2 AR (R)-135 SERRT 5 &% %
oo LIERST, 222FNAF 7V (46)ZIRNT52LI2KD, 2-7=2=1EU T 1)L 146 &
T Rh FLA~DENNFHET D720, EAHh b LRWR)-AV) LD 7 v kAL &, (R)-135 D
R L2 &8 2 BT (Figure 14, effect 2),

1+124

117a
2-methylquinoline 146

Reversible
insertion

HO,S ﬁg
N\ O

S04 ©|/\)/ 0

e :

Me( S)-(m) effect1 (R)-(m)
Selective l

ogs

HO3S

==

N- Rh
Reversible
msertlor/

protonation

H (8)135 (R)-135

Figure 14. Proposed enantioselective protonation pathway and 2-methylquinoline effects.
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RO 7 1 b AR Z, 2-ATFF ) U ORIIIRDBHR TERDP -T2 6-7 V=TV 5%
B 131 12OV T hiEamT 5 (Figure15), 2-7 = = /LB Y U0 (1) & [FEEIC, SEHARRRE THEAET D5
RECE DR 2 Z OO APHERVDO 5 b (S-(VD)TEEMIZT 7 F AR EITT 52 LT, =
FUFARIRERRELT 5, EAHE LAWY R-(VDIHDO T 1 hAbEE 2 ZBRIZ, 6-7 VU — /7Y
VHBEMR131 TIE, 2-7 == BV VY (DEREBELThEIEL IR FEIZE 5T (R)-(VD)~DHL
NMNAF]E 720 . BINSate 2367 =4 72572 (R)-(VIDZEHL LICS WEEBZ LN, Lizdi-o
T, (R)-(VID2>5 131 O C-HIEMALIZ LD 7 v N ALOEITH., IRINFIOF D & 3 0H S
TIREETH 722D 2-AFF ) U v (146)@@111%5&73%%%a%imf»ot&% RCTX 5, TORER,
6-7 V=7V UBER131 ZHE E LRSI F T AP AR T — FOSAREEREE L 720 |
SPISate Z W\ 5 Z L2 L W EWRERM B LN EE 2 bz,

131 +124

l 117a
N Rh Et 038
Reversible ? Reversible
insertior/ HO3S insertion

. - l HO5S CQ

_N 0,8
e ’
N=R0=0

SOH

Selective
protonation
R
N_ N,
<1
N N Me O

Et
H (s)-154 H (R)-154
Figure 15. Proposed enantioselective protonation pathway of 6-arylpurine derivative 131.
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PLEEEIL, IFETORE C-H MINEJSDFEB 2 His UIFFE 2 it L C& 72, AWFZED R %
PLFICHREET D,

1.  Cp*Rh(IIDEERZ WD AR S 2 RO~ E BB I G D7 ik LT, AF A HD
Cp*Rh(IINEER L X TR T =L THDLF TNV ANK T — NG bEiong 7T v
R Cp*RhLN][(S)-BINSate] # BA%E L 7=, Hix 72X 7 VT AR — b LA G DR T AT
Uy REEA RIS S & L bIC, FTNATRNKRT — FDOEAFIELEHSL LT,

2. [Cp*RhLy][(S)-BINSate] % Jix H L 7=, Michael 52K ~DARF C-H LEAMKISEBA%E Lz, 2-
Tx= VY PUFER, 6-7 VAT VB A 2 R VERER L o TR AW EEE A~
DA E L SR ZREET 2 2 L0 L ViRE 95:5erlC CHM ET AR A2 = &
IZREh L7z Y,

3. [Cp*RhL\J[(S)-BINSate]il & 2, 2-7 ==Y DU &2 E & Lo ARF C-H HBAHMESIZ D0
T, fix ORCHERIRNT R 21T o 7o, @V T > F AR IWEN BINSate (A THDH Z & %
B9 2 & L blT, AMGNZE T D BINSate DEE % 2 A LN Lz, D OMR %I
(2. ARFF C-H AT ISR D BS B 2 HEE L 72,

LLEDORERIE, R THEEN -y AL S LT ER L T & 72, Cp*Rh(IIDEHKIC
£ D CHMMEISE BiTe 2 FEC L > TAREFERIS~ERBE ST O TH H, AW Cp*Rh(1ID-
XTNWTAVKRFT— AT Yy R XA RFEICOBmE LT, 57250 HERA~DZEN
MY LD Z LT BURORE GBI 2 BRE AR OV Wk RO EF~ L R S 2 ik
DL EMRT D,
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Experimental Section

General Information

General: Reported melting points were uncorrected. Optical rotations were measured on a JASCO P-1030
digital polarimeter with a sodium lamp (589 nm). 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 JNM-ECP400 spectrometers operating at 399.78 MHz for 'H NMR and 100.53 MHz
for C NMR, JEOL JINM-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 °C
NMR, and INM-ECA500 spectrometers, operating at 500.16 MHz for '"H NMR and 125.77 MHz for "°C
NMR and 470.54 MHz for "’F NMR. Chemical shifts were reported in the scale relative to tetramethylsilane
(0.00 ppm for 'H NMR), CHCI; (7.26 ppm for 'H NMR), CH;0H (3.34 ppm for 'H NMR), CDCI; (77.0
ppm for *C NMR), C¢F(~164.9 ppm for '°F NMR), CcHsCF; (~63.72 ppm for '’F NMR) as an internal
reference, respectively. GC/MS analysis was performed on Shimadzu GC-MS QP2010 Ultra using capillary
column (DB-5ms, 30 m x 0.25 mm, 0.25 pm), and the GC/MS yields were calculated based on TIC area
values (EI-mode) by fitting with a calibration curve (internal standard: n-dodecane). ESI mass spectra were
measured on JEOL JMS-T100LCP spectrometer. ESI mass spectra were measured on JEOL JMS-T100LCP
spectrometer. Column chromatography was performed with silica gel Kanto Silica gel 60 N (40-50 mesh) or
Yamazen YFLC AI-580 using Universal Column SiOH. TLC analysis was carried out on Merck Kieselgel
60 Fus4 plates with visualization by UV light, anisaldehyde stain solution or phosphomolybdic acid stain
solution. Gel permeation chromatography (GPC) was performed with YMC LC-forte/R using CHCI3 as an
eluent. Chiral HPLC analysis was performed on a JASCO PU-2080 intelligent HPLC pump with JASCO
MD-4017 intelligent UV/VIS detector using DAICEL Chiralpak ID and IE columns (0.46 cm x 25 cm).

Materials: 1,2-dichloroethane was distilled from CaH,, purged with argon for over 30 min, and stored over
activated molecular sieves 124 under argon atmosphere before use. Commercially available toluene, THF,
CH,Cl,, MeOH (Wako Ltd., deoxidized grade) and Et,0, acetone (KANTO Chemical Co., Inc., dehydrated
grade) were used without further manipulation unless otherwise stated. All other reagents were commercially

available and used as received.
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Chapter 2 Section 3: Preparation of Cp*Rh-BINSate catalysts
Preparation of (5)-6,6’-Br,-BINSA 103b
(5)-6,6’-Br,-BINSA (103b) was synthesized as shown in Scheme S1 according to procedures reported in the

literatures.*” 4% 3

Br B
s ' o)
NaH JJ\ JJ\
OH CIC(=S)NMe, NMe, 1,2,4-trichlorobenzene S NMe,
OH  DMF, 85°C NMe 230°C, 15 h S._ _NMe,
g E OO R Y
Br N 92% ] 60% Br (0]

(5)-6,6'-Br,-BINOL (S1) s3
Br
cnoreon T
CH20|2, rt, 12 h = 803H
2. Amberlite® IR-120H OO SOzH
99% Br

103b
Scheme S1. Synthetic route of 103b.

($)-0,0’-[6,6’-dibromo-(1,1’-binaphthalene)-2,2’-diyl] bis(dimethylcarbamothioate) (S2) (SS06019)
To a solution of 6,6’-dibromo BINOL (S1, 2.66 g, 6.0 mmol) in DMF (12 mL) was
S
OO PIg added NaH (960 mg, 24.0 mmol, 60% oil dispersion) at 0 °C. The reaction mixture
il
S

0 Em:i was immediately warmed to room temperature, and stirred for 30 min. To the
r OO resulting solution was added N,N-dimethylthiocarbamoyl chloride (3.3 g, 24 mmol),
and the solution was stirred at 85 °C for 12 h. The reaction mixture was cooled to room temperature, and
poured into 1% aqueous KOH (50 mL). The colorless precipitates were filtered, washed with water, and
dissolved in CH,Cl,. The solution was washed with brine, dried (Na,SO,), and evaporated. The residue was
purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 3:1) to give S2 (3.42 g, 92%).
Colorless solid. "H NMR (500 MHz, CDCls): 8 2.64 (s, 6H), 3.12 (s, 6H), 7.25 (d, J = 8.8 Hz, 2H), 7.36 (dd,
J=8.8, 1.9 Hz, 2H), 7.61 (d, J = 9.2 Hz, 2H), 7.87 (d, J = 9.2 Hz, 2H), 8.07 (d, J = 1.9 Hz, 2H). *C NMR
(125 MHz, CDCl;): & 38.2, 42.9, 120.0, 123.7, 124.8, 127.6, 128.5, 129.80, 129.84, 131.7, 132.5, 149.7,
185.9. [o]p"’=—=76.1 (c 0.97, CHCls). HRMS (ESI): m/z Calcd for Co6H,,0,N,Br,S;Na" [M+Na']: 638.9382,

found: 638.9391.

(8)-S,8’-[6,6’-dibromo-(1,1’-binaphthalene)-2,2’-diyl] bis(dimethylcarbamothioate) (S3) (SS06022)
A solution of S2 (1.23 g, 2.0 mmol) in 1,2,4-trichlorobenzene (10 mL) was refluxed

€2

o
OO )LNMG at 230 °C for 15 h with stirring. The reaction mixture was cooled to room
O T( temperature, and directly purified by silica gel column chromatography
0

r g

(hexane/AcOEt = 7:1 to 1:1) to give S3 (756 mg, 60%).

54



EEROE B 3

Colorless solid. '"H NMR (500 MHz, CDCls): 8 2.74 (brs, 6H), 2.85 (brs, 6H), 6.93 (d, J=9.2 Hz, 2H), 7.30
(dd, J = 9.2, 2.0 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.88 (d, J = 9.0 Hz, 2H), 8.07 (d, J = 2.0 Hz, 2H). ®*C
NMR (125 MHz, CDCl;): & 36.8, 121.1, 127.3, 128.5, 129.1, 129.87, 129.91, 131.5, 134.3, 140.4, 165.6.
[a]p'’= —10.7 (c 0.99, CHCl;). HRMS (ESI): m/z Calcd for CasH,,0,N,Br,S;Na” [M+Na']: 638.9382,
found: 638.9393.

(8)-6,6’-dibromo-(1,1’-binaphthalene)-2,2’-disulfonic acid (103b) (SS06025)
. A performic acid solution was prepared by mixing and stirring 30% H,O, (3.5 mL, 36
OO souH mmol) and formic acid (35 mL) at room temperature for 30 min. To this solution was
OO SOsH  added S3 (618 mg, 1.0 mmol) in CH,Cl, (35 mL) dropwise. After stirring at room
Br temperature for 10 h, MnO, (17.4 mg, 0.2 mmol) was added, and the mixture was stirred
at room temperature for further 6 h until the peroxides were completely decomposed (checked by KI starch
paper). The reaction mixture was filtered through a plug of Celite, and washed with CH,Cl,. The filtrate was
concentrated in vacuo to furnish the crude product, which was subjected to silica gel column
chromatography (CH,Cl,/MeOH = 4:1). The obtained salts of 103b was dissolved in water and passed
through a cation exchange column (100 cm’, Amberlite IRI20H ion-exchange resin from Aldrich). The
eluent was concentrated in vacuo. The residue was dissolved in H,O, and passed again through a cation
exchange column. The filtrate was concentrated in vacuo to afford 103b (570 mg, 99%).
Red solid. '"H NMR (500 MHz, CD;0D): § 6.93 (d, J = 9.2 Hz, 2H), 7.35 (d, J = 9.2 Hz, 2H), 8.02 (d, J =
9.2 Hz, 2H), 8.16 (s, 2H), 8.19 (d, J = 9.2 Hz, 2H). ®C NMR (125 MHz, CD;0D): § 122.5, 127.0, 128.7,
130.8, 130.9, 131.0, 133.2, 134.9, 136.5, 141.4. [a]p'’ = 13.3 (c 1.11, CH;0H). HRMS (ESI): m/z Calcd for
C20H1106S,Br;” [M-H]: 568.8369, found: 568.8369.

Synthesis of [Cp*RhLx][(S)-6,6’-BINSate] (117a) *° (SS05099)

OO 1. Ag,CO5 (1.1 equiv.
SOH g2C03 ( quiv.)

EtOH (0.1 M), rt, 12 h [Cp*RhL,]
SOH - 3.
3 5 [Cp*RhCI,), (0.48 equiv) L(S)-BINSate]
CHCN (0.1 M), rt, 24 h 17a

(S)-BINSA (103a) 80%

To a stirred solution of (S)-BINSA 103a (107 mg, 0.25 mmol) in EtOH (2.5 mL) was added Ag,CO; (75.8
mg, 0.275 mmol) at room temperature. After stirring for 12 h in dark, the reaction mixture was filtered
through a Celite pad, and washed with MeOH/CH;CN (1:1). The filtrate was evaporated in vacuo to furnish
Agy-(S)-BINSate (152 mg, 96%) as a colorless solid, which was directly used for the next step without
purification. To a flame-dried Schlenk flask were added [Cp*RhCl,], (71.7 mg, 0.116 mmol),
Agy-(S)-BINSate (152 mg, 0.24 mmol), CH;CN (2.5 mL) in a glovebox. The flask was taken out of the
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glovebox, and the mixture was stirred at room temperature under argon atmosphere. After 24 h, the resulting
precipitates were removed by filtration through a Celite pad, and washed with CH;CN. The filtrate was
concentrated in vacuo, and the residue was dissolved in CH;CN (1 mL). To this solution was added Et,O
dropwise, and the resulting orange precipitates were collected by filtration, washed with Et,0, and dried in
vacuo to afford [Cp*RhLy\][(S)-BINSate] 117a (138 mg, 80% as dihydrate).

Orange-solid. IR (KBr): v 3399, 3234, 3060, 1626, 1590, 1563, 1504, 1454, 1376, 1307, 1257, 1132, 1063,
1015, 943, 872, 818, 776, 752, 701, 686, 660, 603 cm™'. "H NMR (400 MHz, CDCLs): 8 1.56 (s, 15H), 6.97
(d, J=8.1 Hz, 2H), 7.22 (dd, J = 8.1, 8.1 Hz, 2H), 7.46 (dd, J = 8.1, 8.1 Hz, 2H), 7.86 (d, J = 8.1 Hz, 2H),
7.99 (d, J = 8.8 Hz, 2H), 8.13 (d, J = 8.8 Hz, 2H). *C NMR (100 MHz, CDCl;): & 8.7, 92.9 (d, 'Jeg,= 11.4
Hz), 123.6, 127.1, 127.5, 127.6, 127.8, 128.4, 133.0, 133.5, 133.9, 139.6. Anal. Calcd for C;,H3O3RhS;
(dihydrate): C, 52.48; H, 4.55. Found: C, 51.88; H, 4.03, N, <0.30.

Synthesis of [Cp*RhLx][(S)-6,6’-Br,-BINSate] (117b) * (Procedure A) (SS06035)

Br
OO 1. Ag,CO3 (2.0 equiv.)
CH,Clo/CHsCN (0.05 M)
SOzH

SOH —20°C.24h . [CpRhL,]

3 !

O 2. [Cp*RNCl,, (0.4 equiv)  (S)66-BroBINSate]

Br CH3CN (0.1 M), rt, 48 h 117b
S)-6,6-Br,-BINSA (103b) 68%

To a stirred solution of (S5)-6,6’-Br,-BINSA 103b (114 mg, 0.20 mmol) in CH,Cl,/CH3;CN (1:1, 4 mL) was
added Ag,CO; (110 mg, 0.40 mmol) at 40 °C. After stirring for 24 h in dark, the reaction mixture was
filtered through a Celite pad, and washed with CH,Cl,/CH3CN (1:1). The filtrate was evaporated in vacuo to
furnish Ag,-(5)-6,6’-Br,-BINSate (142 mg, 90%) as an orange solid, which was directly used for the next
step without purification. To a flame-dried Schlenk flask were added [Cp*RhCL;], (50 mg, 0.081 mmol),
Agr-(5)-6,6’-Br,-BINSate (142 mg, 0.18 mmol), CH;CN (1.8 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 48 h, the
resulting precipitates were removed by filtration through a Celite pad and washed with CH;CN. The filtrate
was concentrated in vacuo and the residue was dissolved in CH;CN (1 mL). To this solution was added Et,O
dropwise, and the resulting orange precipitates were collected by filtration, washed with Et,0, and dried in
vacuo to afford [Cp*RhLy\][(S)-6,6’-Br,-BINSate] 117b (115 mg, 68% as dihydrate).

Orange solid. IR (KBr): v 3067, 1608, 1558, 1487, 1450, 1247, 1169, 1140, 1078, 1060, 1020, 876, 806, 718,
697, 680, 668, 623, 608 cm'. "H NMR (500 MHz, CDCl3): 8 1.54 (s, 15H), 6.80 (d, J = 9.2 Hz, 2H), 7.29
(dd, J=9.2, 1.7 Hz, 2 H), 7.91 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 1.7 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H). *C
NMR (100 MHz, CDCL): § 8.7, 93.1 (d, 'Jegn= 10.5 Hz), 122.3, 124.9, 127.7, 129.4, 129.9, 130.7, 131.4,
133.1, 135.1, 140.1. Anal. Calcd for C;oH,9Br,OgRhS, (dihydrate): C, 42.67; H, 3.46. Found: C, 42.48; H,
3.04; N, <0.30.
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Synthesis of [Cp*RhLN][(R)-3,3’-Ph,-BINSate] (117¢) (SS06152)

Ph
=

O 1. AgyCOj (2.0 equiv.)
X SOH CH,Clo/CHCN (0.05 M)

ol 40°C, 16 h _ [Cp*RhL,]

o .

O 2. [Cp"RNCl, (0.4 equiv) . [(A)-8:3-Phz-BINSate]
o CHZCN (0.1 M), rt, 24 h 117¢

(R)-3,3-Ph,-BINSA (103c) 70%

Following the Procedure A, (R)-3,3°-Ph,-BINSA 103¢  (32.4 mg, 57 umol), Ag,COs5 (30.3 mg, 110 wmol),
and CH,Cl,/CH;CN (1:1) were stirred at 40 °C for 16 h in dark. The reaction mixture was filtered and
evaporated in vacuo to furnish Ag,-3,3’-Ph,-BINSate (38.6 mg, 87%) as an colorless solid, which was
directly used for the next step without purification. Ag,-3,3’-Ph,-BINSate (38.6 mg, 50 umol), [Cp*RhCl,]»
(13.6 mg, 22 umol) and CH;CN (1 mL) were stirred at room temperature for 24 h. The reaction mixture was
filtered and concentrated in vacuo. The filterate was further dried in vacuo at 40 °C to afford
[Cp*RhLy][(R)-3,3’-Ph,-BINSate] 117¢ (33.5 mg, 70% as dihydrate) without recrystallization.

Orange solid. '"H NMR (400 MHz, CDCl;): § 1.47 (s, 15H), 7.01 (d, J = 8.1 Hz, 2H), 7.22-7.26 (m, 2H),
7.37-7.48 (m, 8H), 7.70 (d, J = 6.7 Hz, 4H), 7.79 (d, J = 6.7 Hz, 4H). Anal. Calcd for C4,H3903RhS;
(dihydrate): C, 60.14; H, 4.69. Found: C, 59.84; H, 4.33; N, <0.30. No assignable BC NMR spectrum was

obtained because 1¢ was scarcely soluble in non-polar solvents and coordinatively unstable in polar solvents.
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Chapter 3 Section 1: Asymmetric C—H conjugate addition of 2-phenylpyridine derivatives

Preparation of 2-phenylpyridine derivatives **

2-Phenylpyridine derivatives 1b-p were synthesized according to the following procedure.® A mixture of
2-chloropyridine (1 mmol), the corresponding arylboronic acid (2 mmol), Pd(OAc), (11.2 mg, 5 mol %), and
K;5POy4 (650 mg, 3 mmol) in iPrOH/H,0O (1:1, 4 mL) was stirred at 80 °C overnight. The mixture was poured
into brine and extracted with AcOEt. The organic layer was dried over Na,SO,4nd evaporated. The crude

product was purified by silica gel column chromatography.

Methyl 3-(4-methylpyridin-2-yl)benzoate (10)
Colorless oil (264 mg, 58% yield). TLC: Ry = 0.41 (hexane/AcOEt = 3:1). "H NMR (500

X

\
N MHz, CDCls): § 2.40 (s, 3H), 3.94 (s, 3H), 7.07 (d, J = 4.6 Hz, 1H), 7.53 (dd, J = 8.0, 8.0 Hz,

1H), 7.59 (s, 1H), 8.07 (ddd, J = 8.0, 1.7, 1.7 Hz, 1H), 8.22 (ddd, J = 8.0, 1.7, 1.7 Hz, 1H),
Me02C 8.55 (d, J = 4.6 Hz, 1H), 8.62 (dd, J= 1.7, 1.7 Hz, 1H). 3C NMR (125 MHz, CDCL): & 21.0,
52.0, 121.4, 123.4, 127.8, 128.7, 129.7, 1304, 131.2, 139.6, 147.8, 149.4, 156.0, 166.8. HRMS (ESI): m/z

caled for C4H;4,0,N" [M+H]: 228.1019, found: 228.1020.

Methyl 3-(5-methylpyridin-2-yl)benzoate (1p)
Colorless solid (195 mg, 43% yield). TLC: Ry = 0.47 (hexane/AcOEt 3:1). "H NMR (500
| _~ MHz, CDCls): 8 2.36 (s, 3H), 3.94 (s, 3H), 7.53 (dd, J=7.4, 7.4 Hz, 1H), 7.56 (dd, J= 7.7, 1.7
Hz, 1H), 7.67 (d, J= 7.7 Hz, 1H), 8.06 (ddd, J = 7.4, 1.7, 1.7 Hz, 1H), 8.20 (ddd, J = 7.4, 1.7,
MeO,C 1.7 Hz, 1H), 8.53 (s, 1H), 8.62 (dd, J= 1.7, 1.7 Hz, 1H). *C NMR (125 MHz, CDCl;): § 18.1,
52.0, 119.9, 127.6, 128.7, 129.5, 130.5, 131.0, 132.0, 137.3, 139.6, 150.1, 153.5, 166.9. HRMS (ESI): m/z
caled for C14H;4,0,N" [M+H]: 228.1019, found: 228.1020.

Optimization of reaction conditions

To a dried screw-capped vial were added 117a (2.5 umol, 5 mol %), MS3A (0 or 2 mg), solvent (0.25 mL)
under argon atmosphere in a glovebox. To the resulting mixture were successively added 2-phenylpyridine
(1) (8.6 uLL, 0.060 mmol), an additive (0 or 0.01 mmol), and enone 124 (5.5 uL, 0.050 mmol). The vial was
capped, taken out of the glovebox, and the mixture was heated at 35 °C with stirring under argon atmosphere
for 16-18 h. The resulting mixture was filtered through a short silica gel pad, and washed with AcOEt. The
filtrate was concentrated to afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely
weighted in each reaction) and CDCI; were added to the crude mixture, and the yield of 135 was determined
by '"H NMR analysis. An aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric

ratio of 135 was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm).
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General procedure of asymmetric conjugate addition via C—H activation (Table 11, 12)

X X
RPN 117b (5 mol %) RN s
o 2-methylquinoline o
+ 146 (20 mol %)
RiC ] A R R
x R R*  DCE (0.2 M), MS3A, 35 °C ~

1a-p

To a dried screw-capped vial were added 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), and DCE (0.5
mL) under argon atmosphere in a glovebox. To the resulting mixture were successively added
2-phenylpyridine derivative 1 (0.10 mmol), 2-methylquinoline (2.7 uL, 0.02 mmol, 20 mol %), and enone
124 (0.11 or 0.13 mmol). The vial was capped, taken out of the glovebox, and the mixture was heated at 35
°C with stirring under argon atmosphere. Upon completion, as judged by TLC analysis of the reaction
mixture, the reaction mixture was directly purified by silica gel column chromatography to afford the desired

product 135a-p, 149-153.

(S)-5-[2-(pyridin-2-yl)phenyl]hexan-3-one (135a) (SS06098)
N Following the general procedure, 2-phenylpyridine 1a (14.4 uL, 0.10 mmol), enone 124
| “Nme o (12.6 uL, 0.11 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg),
2-methylquinoline (2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 48 h,
and the mixture was purified by silica gel column chromatography (hexane/AcOEt = 6:1
to 3:1) to afford 135a (22.8 mg, 93%w/w purity, 84% yield, 91:9 er), which was further purified by GPC.
Colorless oil. TLC: R;= 0.38 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): 8 0.95 (t, J= 7.5 Hz, 3H),
1.20 (d, J=6.8 Hz, 3H), 2.27 (q, J = 7.5 Hz, 2H), 2.54 (dd, J = 15.9, 9.1 Hz, 1H), 2.83 (dd, /= 15.9, 5.4 Hz,
1H), 3.52-3.63 (m, 1H), 7.23-7.29 (m, 2H), 7.32 (dd, J = 6.8, 0.9 Hz, 1H), 7.33-7.41 (m, 2H), 7.43 (dd, J =
7.7,0.9 Hz, 1H), 7.76 (ddd, J= 7.7, 7.7, 1.8 Hz, 1H), 8.65-8.69 (m, 1H). *C NMR (100 MHz, CDCl;): § 7.7,
21.7, 30.7, 36.0, 50.8, 121.8, 124.3, 125.9, 126.0, 128.6, 129.9, 136.2, 140.0, 144.1, 149.1, 160.0, 210.4.
HRMS (ESI): m/z caled for Cj7H,ON' [M+H']: 254.1539, found: 254.1543. [a]p'” = 18.9 (¢ = 0.72, CHCL,).
HPLC: 91:9 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 6.6 min, tg (minor) =

7.4 min).

(S)-5-[4-methyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135b) (SS06059)

X Following the general procedure, 1b (15.6 uL, 0.10 mmol), enone 124 (14.9 uL, 0.13
_N

|
Me O mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL,

0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 36 h, and the mixture was
Me purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford

135b (23.7 mg, 89% yield, 90:10 er): Pale yellow oil. TLC: R,= 0.31 (hexane/AcOEt = 3:1). "H NMR (500
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MHz, CDCls): § 0.94 (t, J = 7.4 Hz, 3H), 1.18 (d, J = 6.9 Hz, 3H), 2.26 (q, J = 7.4 Hz, 2H), 2.35 (s, 3H), 2.53
(dd, J = 16.0, 8.6 Hz, 1H), 2.80 (dd, J = 16.0, 5.7 Hz, 1H), 3.47-3.56 (m, 1H), 7.14 (s, 1H), 7.19 (d, J = 8.0
Hz, 1H), 7.22-7.29 (m, 3H), 7.44 (d, J = 7.7 Hz, 1H), 7.77 (ddd, J = 7.7, 7.7, 1.7 Hz, 1H), 8.68 (d, J = 4.6 Hz,
1H). ®C NMR (125 MHz, CDCL): § 7.7, 20.8, 21.8, 30.4, 36.0, 50.8, 121.7, 124.2, 125.8, 129.3, 130.5,
135.4, 136.1, 139.8, 141.0, 149.0, 160.0, 210.5. HRMS (ESI): m/z caled for CisH,ON' [M+H']: 268.1696,
found: 268.1696. [a]p> = 19.0 (¢ = 0.99, CHCls). HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0

mL/min, 254 nm, tg (major) = 6.5 min, tg (minor) = 7.7 min).

(S)-5-[4-methoxy-2-(pyridin-2-yl)phenyl]hexan-3-one (135¢) (SS06063)

N Following the general procedure, 1¢ (15.8 uL, 0.10 mmol), enone 124 (14.9 uL, 0.13

|
“Nme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 pL,

0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 48 h, and the mixture was
MeO purified by silica gel column chromatography (hexane/AcOEt = 3:1 to 1:1) to afford
135¢ (26.6 mg, 89% yield, 90:10 er). Colorless oil. TLC: R, = 0.38 (hexane/AcOEt = 3:1). "H NMR (400
MHz, CDCl5): 6 0.94 (t, J = 7.3 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H), 2.26 (q, J = 7.3 Hz, 2H), 2.52 (dd, J =
16.1, 8.4 Hz, 1H), 2.79 (dd, J = 16.1, 5.9 Hz, 1H), 3.41-3.51 (m, 1H), 3.81 (s, 3H), 6.86 (d, J = 2.9 Hz, 1H),
6.95 (dd, J = 8.4, 2.9 Hz, 1H), 7.26 (d, J = 8.4 Hz, 1H), 7.31 (dd, J = 7.7, 5.1 Hz, 1H), 7.47 (d, J = 7.7 Hz,
1H), 7.80 (ddd, J=7.7, 7.7, 1.5 Hz, 1H), 8.69 (d, J = 5.1 Hz, 1H). ®C NMR (100 MHz, CDCl;): 7.7, 22.0,
30.2, 36.1, 50.9, 55.3, 114.6, 114.9, 121.9, 124.3, 127.0, 136.2, 136.4, 140.8, 149.0, 157.4, 159.6, 210.6.
HRMS (ESI): m/z caled for CigHp,O,N™ [M+H']: 284.1645, found: 284.1646. [a]p™ = 19.0 (c = 0.87,
CHCIl;). HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 9.7 min, tg

(minor) = 14.4 min).

(S)-5-[4-chloro-2-(pyridine-2-yl)phenyl]hexan-3-one (135d) (SS06059)
N Following the general procedure, 1d (15.0 uL, 0.10 mmol), enone 124 (14.9 uL, 0.13
| Nwve o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL,
0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 60 h, and the mixture was
“ purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford
135d (25.5 mg, 89% yield, 92:8 er). Colorless oil. TLC: Ry = 0.30 (hexane/AcOEt = 3:1). "H NMR (500
MHz, CDCls): 6 0.95 (t, J = 7.3 Hz, 3H), 1.17 (d, J = 6.9 Hz, 3H), 2.27 (q, J = 7.3 Hz, 2H), 2.53 (dd, J =
16.0, 8.6 Hz, 1H), 2.79 (dd, J = 16.0, 5.7 Hz, 1H), 3.49-3.58 (m, 1H), 7.28-7.32 (m, 3H), 7.34 (dd, J = 8.0,
2.3 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 7.78 (ddd, J = 7.4, 7.4, 1.7, 1H), 8.67 (d, J = 4.0 Hz, 1H). *C NMR
(100 MHz, CDCl5): 6 7.7, 21.8, 30.3, 36.1 50.5, 122.3, 124.3, 127.5, 128.6, 129.8, 131.5, 136.5, 141.6, 142.7,
149.3, 158.5, 210.0. HRMS (ESI): m/z calcd for C,7H;0ONCI” [M+H"]: 288.1150, found: 288.1151. [at]p>' =

15.8 (¢ = 0.73, CHCIl;), HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major)
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= 6.5 min, tg (minor) = 8.7 min).

(S)-5-[2-(pyridin-2-yl)-4-(trifluoromethyl)phenyl|hexan-3-one (135¢) (SS06067)
| SN Following the general procedure, 1e (17.4 uL, 0.10 mmol), enone 124 (14.9 uL, 0.13
“Nme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 pL,
0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 84 h, and the mixture was
F purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 7:3) to afford
the mixture of 135e (21.0 mg, 95%w/w purity, 62% yield, 93:7 er), which was further purified by GPC.
Colorless oil. TLC: Ry= 0.36 (hexane/AcOEt = 3:1). "H NMR (500 MHz, CDCl;): § 0.96 (t, J= 7.2 Hz, 3H),
1.21 (d, J=6.9 Hz, 3H), 2.30 (q, /= 7.2 Hz, 2H), 2.58 (dd, J = 16.5, 8.6 Hz, 1H), 2.85 (dd, /= 16.5, 6.0 Hz,
1H), 3.58-3.67 (m, 1H), 7.32 (dd, /= 7.4, 5.4, 1.5 Hz, 1H), 7.46 (d, J= 8.0 Hz, 1H), 7.48 (d, /= 8.0 Hz, 1H),
7.59 (s, 1H), 7.62 (d, J = 7.4 Hz, 1H), 7.81 (ddd, J = 7.4, 7.4, 1.5 Hz, 1H), 8.69 (d, J = 5.4 Hz, 1H). ®C
NMR (125 MHz, CDCls): § 7.6, 21.6, 30.7, 36.1, 50.2, 122.4, 124.1 (q, 'Jer = 272.3 Hz), 124.3, 125.2 (q,
*Jor = 4.9 Hz), 126.5, 126.8 (q, *Jer = 3.6 Hz), 128.3 (q, “Jor = 32.4 Hz), 136.5, 140.6, 148.4, 149.3, 158.6,
209.7. "F NMR (470 MHz, CDCl;): 8 —63.4. HRMS (ESI): m/z calced for CsHONF;" [M+H']: 322.1413,
found: 322.1419. [a]p>* = 9.1 (¢ = 0.61, CHCL;). HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0

mL/min, 254 nm, tg (major) = 4.8 min, tg (minor) = 5.3 min).

Methyl (5)-4-(4-oxohexan-2-yl)-3-(pyridin-2-yl)benzoate (135f) (SS06057)
X Following the general procedure, 1f (21.3 mg, 0.10 mmol), enone 124 (14.9 uL,
| “Nwme o 0.13 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline
(2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the
MO mixture was purified by silica gel column chromatography (hexane/AcOEt = 4:1 to
3:2) to afford 135f (22.1 mg, 71% yield, 93:7 er). Pale yellow oil. TLC: R,= 0.21 (hexane/AcOEt = 3:1). 'H
NMR (400 MHz, CDCls): 6 0.95 (t, J= 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H), 2.28 (q, J = 7.3 Hz, 2H), 2.57
(dd,J=16.2, 8.2 Hz, 1H), 2.85 (dd, J=16.2, 5.9 Hz, 1H), 3.58-3.68 (m, 1H), 3.90 (s, 3H), 7.31 (ddd, J = 7.7,
4.8,1.1 Hz, 1H), 7.43 (d, J= 8.1 Hz, 1H), 7.48 (d, /= 7.7 Hz, 1H), 7.81 (ddd, /= 7.7, 7.7, 1.5 Hz, 1H), 8.00
(d, J= 1.8 Hz, 1H), 8.04 (dd, J = 8.1, 1.8 Hz, 1H), 8.68 (d, J = 4.8 Hz, 1H). ®C NMR (125 MHz, CDCl;): §
7.6, 21.6, 30.9, 36.1, 50.3, 52.0, 122.2, 124.4, 126.2, 127.9, 129.7, 131.2, 136.6, 140.1, 149.0, 149.7, 158.9,
166.7, 209.8. HRMS (ESI): m/z caled for C1oH,,05N" [M+H']: 312.1594, found: 312.1597. [at]p>> = 18.2 (¢
= 0.82, CHCl3). HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 17.2

min, tg (minor) = 24.2 min).
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(S)-5-[5-methyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135g) (SS06073)
N Following the general procedure, 1g (15.6 uL, 0.10 mmol), enone 124 (12.6 uL, 0.11
| “Nume o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the crude mixture was
Me purified by silica gel column chromatography (hexane/AcOEt = 5:1 to 3:2) to afford the
mixture of 135g (23.9 mg, 93% w/w purity, 83% yield, 90:10 er), which was further purified by GPC.
Colorless oil. TLC: R,=0.31 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): § 0.95 (t, J = 7.4 Hz, 3H),
1.19 (d, J= 6.8 Hz, 3H), 2.27 (q, J = 7.4 Hz, 2H), 2.39 (s, 3H), 2.54 (dd, /= 15.9, 8.6 Hz, 1H), 2.81 (dd, J =
15.9, 5.4 Hz, 1H), 3.52-3.63 (1H, m), 7.08 (d, J= 7.7 Hz, 1H), 7.15 (s, 1H), 7.20-7.27 (m, 2H), 7.40 (d, J =
7.7 Hz, 1H), 7.74 (dd, J = 7.7, 7.7 Hz, 1H), 8.66 (d, J = 4.1 Hz, 1H). *C NMR (100 MHz, CDCls): 8 7.7,
21.4,21.6,30.6, 36.0, 50.9, 121.6, 124.3, 126.6, 126.8, 129.9, 136.1, 137.2, 138.2, 144.0, 149.1, 160.1, 210.6.
HRMS (ESI): m/z caled for CsH,,ON [M+H']: 268.1696, found: 268.1700. [a]p>’ = 26.7 (¢ = 0.71, CHCly),
HPLC: 90:10 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 6.7 min, tg (minor)

= 7.5 min).

(S)-5-[5-methoxy-2-(pyridin-2-yl)phenyl|hexan-3-one (135h) (SS06073)
N Following the general procedure, 1h (18.5 mg, 0.10 mmol), enone 124 (12.6 uL, 0.11
| “Nme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the crude mixture was
OMe purified by silica gel column chromatography (hexane/AcOEt = 5:1 to 3:2) to afford 135h
(18.8 mg, 66% yield, 91:9 er). Colorless oil. TLC: R, = 0.19 (hexane/AcOEt = 3:1). "H NMR (500 MHz,
CDCl;): 6 0.96 (t, J = 7.4Hz, 3H), 1.19 (d, J = 6.9 Hz, 3H), 2.28 (q, J = 7.4 Hz, 2H), 2.53 (dd, /= 15.8, 9.2
Hz, 1H), 2.82 (dd, J = 15.8, 5.4 Hz, 1H), 3.58-3.66 (m, 1H), 6.81 (dd, J = 8.6, 2.3 Hz, 1H), 6.88 (d, J=2.3
Hz, 1H), 7.24 (ddd, J=7.4,5.2, 1.1 Hz, 1H), 7.28 (d, /= 8.6 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.75 (ddd, J
=8.0, 7.4, 1.7 Hz, 1H), 8.66 (d, J = 5.2 Hz, 1H). *C NMR (125 MHz, CDCL;): & 7.7, 21.6, 30.8, 36.0, 50.8,
55.2,110.7, 112.1, 121.5, 124.4, 131.3, 132.7, 136.3, 145.9, 149.0, 159.7, 159.8, 210.3. HRMS (ESI): m/z
caled for CigH»O,N™ [M+H']: 284.1645, found: 284.1649. [a]p'” = 21.7 (c = 0.94, CHCl;), HPLC: 91:9 er

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 10.5 min, tg (minor) = 12.4 min).

(S)-5-[5-fluoro-2-(pyridin-2-yl)phenylhexan-3-one (135i) (SS06054)
X Following the general procedure, 1i (17.3 mg, 0.10 mmol), enone 124 (14.9 uL, 0.13
| “Nme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 120 h, and the crude mixture was
F purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the

mixture of 135i (21.0 mg, 97% w/w purity, 75% yield, 92:8 er), which was further purified by GPC.
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Colorless oil. TLC: Ry= 0.30 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): § 0.96 (t, J= 7.2 Hz, 3H),
1.18 (d, J = 6.8 Hz, 3H), 2.29 (q, J = 7.2 Hz, 2H), 2.53 (dd, J = 16.3, 8.6 Hz, 1H), 2.80 (dd, J = 16.3, 5.4 Hz,
1H), 3.53-3.63 (m, 1H), 6.96 (ddd, J = 8.6, 7.7, 2.7 Hz, 1H), 7.03 (dd, J = 10.9, 2.7 Hz, 1H), 7.25-7.32 (m,
2H), 7.42 (d, J = 7.7 Hz, 1H), 7.77 (ddd, J = 7.7, 7.7, 1.8 Hz, 1H), 8.66 (d, J = 4.5 Hz, 1H). *C NMR (125
MHz, CDCl;): & 7.6, 21.5, 30.7, 36.1, 50.4, 112.7 (d, *Jcr = 21.6 Hz), 112.9 (d, “Jcr = 20.3 Hz), 121.8, 124.3,
131.6 (d, *Jor = 8.4 Hz), 136.1 (d, *Jor = 2.4 Hz), 136.3, 146.9 (d, *Jor = 7.2 Hz), 149.1, 159.0, 162.9 (d, "Jcr
= 247.1 Hz), 209.8. YF NMR (470 MHz, CDCly): & —116.4. HRMS (ESI): m/z caled for Ci7H;oONF"
[M+H"]: 272.1445, found: 272.1449. [a]p'’ = 11.9 (¢ = 0.99, CHCl;). HPLC: 92:8 er (Chiralpak ID,

hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 6.3 min, tg (minor) = 7.3 min).

(S)-5-[5-chloro-2-(pyridin-2-yl)phenyl]hexan-3-one (135j) (SS06075)
N Following the general procedure, 1j (18.9 mg, 0.10 mmol), enone 124 (14.9 uL, 0.13
| Nme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.68 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 96 h, and the crude mixture was
a purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the
mixture of 135j (24.1 mg, 92% w/w purity, 77% yield, 92:8 er), which was further purified by GPC.
Colorless oil. TLC: Ry= 0.29 (hexane/AcOEt = 3:1). "H NMR (500 MHz, CDCl;): § 0.97 (t, J= 7.2 Hz, 3H),
1.19 (d, J=6.9 Hz, 3H), 2.29 (q, J = 7.2 Hz, 2H), 2.55 (dd, J = 16.0, 8.6 Hz, 1H), 2.81 (dd, /= 16.0, 5.7 Hz,
1H), 3.53-3.61 (m, 1H), 7.23-7.29 (m, 3H), 7.31 (d, J= 1.7 Hz, 1H), 7.42 (d, /= 8.0 Hz, 1H), 7.77 (ddd, J =
8.0, 8.0, 1.7 Hz, 1H), 8.67 (d, J = 4.0 Hz, 1H). *C NMR (100 MHz, CDCls): § 7.7, 21.6, 30.6, 36.2, 50.4,
122.1, 124.3, 126.2, 126.2, 131.3, 134.5, 136.4, 138.4, 146.4, 149.2, 158.8, 209.8. HRMS (ESI): m/z calcd
for Cy7H;0ONCI" [M+H']: 288.1190, found: 288.1155. [a]p" = 23.8 (¢ = 0.50, CHCl;). HPLC: 92:8 er

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 6.5 min, tg (minor) = 7.2 min).

(8)-5-[2-(pyridin-2-yl)-5-(trifluoromethyl)phenyl|hexan-3-one (135k) (SS06071)

e Following the general procedure, 1k (22.3 mg, 0.1 mmol), enone 124 (14.9 uL, 0.13

“Nme o mmol), 117b (4.3 mg, 5 wumol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL, 0.02

mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the crude mixture was

CFs purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford the
mixture of 135k (22.0 mg, 96% w/w purity, 66% yield, 92:8 er), which was further purified by GPC.
Colorless oil. TLC: R,=0.31 (hexane/AcOEt = 3:1). "H NMR (500 MHz, CDCl;): § 0.97 (t, J= 7.3 Hz, 3H),
1.22 (d, /= 6.9 Hz, 3H), 2.30 (q, /= 7.3 Hz, 2H), 2.59 (dd, J = 16.4, 8.3 Hz, 1H), 2.84 (dd, J=16.4, 5.2 Hz,
1H), 3.59-3.66 (m, 1H), 7.32 (ddd, J = 8.0, 4.9, 1.1 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz,
1H), 7.53 (d, J = 8.0 Hz, 1H), 7.58 (s, 1H), 7.81 (ddd, J = 8.0, 8.0, 1.7 Hz, 1H), 8.69 (d, J = 4.9 Hz, 1H). *C
NMR (125 MHz, CDCLs): & 7.7, 21.6, 30.5, 36.2, 50.2, 122.4, 122.7-122.9 (m, 2C), 124.1 (q, 'Jer = 272.3
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Hz), 124.2, 130.4, 130.6 (q, Jcr = 32.4 Hz), 136.5, 143.4, 145.4, 149.3, 158.6, 209.7. ’F NMR (470 MHz,
CDCLy): & —63.5. HRMS (ESI): m/z caled for CsH;0ONF; [M+H]: 322.1413, found: 322.1419. [a]p' = 7.5
(c = 0.68, CHCI;). HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) =

4.7 min, tg (minor) = 5.2 min).

Methyl (5)-3-(4-oxohexan-2-yl)-4-(pyridin-2-yl)benzoate (1351) (SS06057cd)
SN Following the general procedure, 11 (21.3 mg, 0.10 mmol), enone 124 (14.9 uL, 0.13
| “Nwme o mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.68 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the crude mixture was
CO,Me purified by silica gel column chromatography (hexane/AcOEt = 4:1 to 3:2) to afford 1351
(25.1 mg, 81% yield, 92:8 er). Colorless solid. TLC: R,= 0.21 (hexane/AcOEt = 3:1). "H NMR (400 MHz,
CDCl3): 6 0.96 (t, J = 7.3 Hz, 3H), 1.22 (d, /= 6.6 Hz, 3H), 2.30 (q, J = 7.3 Hz, 2H), 2.62 (dd, /= 16.5, 8.4
Hz, 1H), 2.87 (dd, J = 16.5, 5.9 Hz, 1H), 3.55-3.65 (m, 1H), 3.95 (s, 3H), 7.31 (dd, J=7.7, 4.4 Hz, 1H), 7.40
(d, J=8.1 Hz, 1H), 7.48 (d, J= 7.7 Hz, 1H), 7.81 (ddd, J = 7.7, 7.7, 1.8 Hz, 1H), 7.93 (dd, J = 8.1, 1.5 Hz,
1H), 8.04 (d, J= 1.5 Hz, 1H), 8.70 (d, J = 4.4 Hz, 1H). *C NMR (125 MHz, CDCls): § 7.6, 21.8, 30.5, 36.2,
50.3, 52.1, 122.3, 124.2, 127.1, 127.3, 130.1, 130.1, 136.4, 144.3, 144.7, 149.2, 158.9, 166.9, 209.9. HRMS
(ESI): m/z caled for CoH,O3N" [M+H']: 312.1594, found: 312.1595. [a]p> = 26.6 (c = 0.69, CHCly),
HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 13.0 min, tg (minor)

= 18.3 min).

(S)-5-[5-acetyl-2-(pyridin-2-yl)phenyl]hexan-3-one (135m) (SS06072)
Following the general procedure, 1Im (21.3 mg, 0.10 mmol), enone 124 (14.9 uL, 0.13

Me O mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL, 0.02
mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the crude mixture was
purified by silica gel column chromatography (hexane/AcOEt = 2:1 to 1:1) to afford

© 135m (20.3 mg, 65% yield, 92:8 er). Colorless oil. TLC: R, = 0.40 (hexane/AcOEt =

X:X). "H NMR (400 MHz, CDCl3):  0.96 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H), 2.30 (q, J = 7.3 Hz,

2H), 2.63 (dd, J = 16.5, 8.4 Hz, 1H), 2.65 (s, 3H), 2.88 (dd, J = 16.5, 5.9 Hz, 1H), 3.56-3.67 (m, 1H), 7.31

(ddd, J=7.7,5.1, 1.1 Hz, 1H), 7.43 (d, J = 7.7 Hz, 1H), 7.48 (d, J= 8.1 Hz, 1H), 7.79 (dd, /= 7.7, 1.8 Hz,

1H), 7.84 (dd, J = 8.1, 1.8 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 8.70 (ddd, J = 5.1, 1.8, 1.1 Hz, 1H). *C NMR

(125 MHz, CDCl,): 6 7.7, 21.8, 26.7, 30.5, 36.2, 50.3, 122.3, 124.2, 125.7, 126.2, 130.3, 136.4, 137.0, 144.6,

145.0, 149.3, 158.9, 198.0, 209.9. HRMS (ESI): m/z caled for C19gH;0,NNa" [M+Na']: 318.1465, found:

318.1469. [oc]D26 =24.6 (c =0.93, CHCl;), HPLC: 92:8 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min,

254 nm, tg (major) = 17.5 min, tg (minor) = 29.4 min).
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(8)-5-[3-(pyridin-2-yl)naphthalen-2-yl|hexan-3-one (135n) (SS06075)

Following the general procedure, 1n (20.5 mg, 0.10 mmol), enone 124 (14.9 uL, 0.13
mmol), 117b (4.3 mg, 5 wmol, 5 mol %), MS3A (4 mg), 2-methylquinoline (2.7 uL,
0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 96 h, and the crude mixture

was purified by silica gel column chromatography (hexane/AcOEt = 9:1 to 7:3) to

afford the mixture of 135n (30.5 mg, 91% w/w purity, 91% yield, 91:9 er), which was
further purified by GPC. Colorless oil. TLC: R,= 0.24 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl5):
6 0.95 (t,J=7.3 Hz, 3H), 1.28 (d, /= 6.8 Hz, 3H), 2.28 (q, J = 7.3 Hz, 2H), 2.60 (dd, J = 16.2, 8.8 Hz, 1H),
2.95 (dd, J = 16.2, 5.4 Hz, 1H), 3.68-3.79 (m, 1H), 7.32 (ddd, J = 7.7, 4.6, 0.9 Hz, 1H), 7.43-7.51 (m, 2H),
7.56 (d, J = 8.2 Hz, 1H), 7.78-7.85 (m, 5H), 8.72 (d, J = 4.6 Hz, 1H). ®C NMR (125 MHz, CDCl;): 8 7.7,
21.7, 30.7, 36.0, 51.0, 121.9, 124.5, 124.7, 125.7, 126.3, 127.3, 127.8, 129.3, 131.7, 133.3, 136.3, 139.0,
142.5, 149.1, 160.0, 210.4. HRMS (ESI): m/z caled for C,H,,ON' [M+H']: 304.1696, found: 304.1696.
[oc]D23 =31.7 (c = 0.71, CHCI;). HPLC: 91:9 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm,

tr (major) = 9.9 min, tg (minor) = 15.1 min).

Methyl (5)-3-(4-methylpyridin-2-yl)-4-(4-oxohexan-2-yl)benzoate (1350) (SS06093)
Me Following the general procedure, 1o (22.7 mg, 0.10 mmol), enone 124 (14.9 uL,

x
| N 0.13 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline

N Me o

(2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the

MeO,C crude mixture was purified by silica gel column chromatography (hexane/AcOEt
= 3:1 to 1:1) to afford 1350 (22.9 mg, 70% yield, 93:7 er). Colorless oil. TLC: R;= 0.19 (hexane/AcOEt =
3:1). "H NMR (400 MHz, CDCls): § 0.96 (t, J = 7.3 Hz, 3H), 1.21 (d, J = 6.6 Hz, 3H), 2.29 (q, J = 7.3 Hz,
2H), 2.43 (s, 3H), 2.57 (dd, J=16.1, 8.8 Hz, 1H), 2.86 (dd, J = 16.1, 5.9 Hz, 1H), 3.58-3.68 (m, 1H), 3.90 (s,
3H), 7.12 (dd, /= 5.1, 0.7 Hz, 1H), 7.28 (s, 1H), 7.42 (d, /= 8.1 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H), 8.03 (dd,
J=8.1, 1.8 Hz, 1H), 8.52 (d, J = 5.1 Hz, 1H). ®C NMR (125 Mhz, CDCl;): & 7.7, 21.3, 21.4, 30.9, 36.1,
504, 52.0, 123.2, 125.2, 126.2, 127.8, 129.5, 131.2, 140.2, 147.7, 148.8, 149.8, 158.8, 166.8, 209.9. HRMS
(ESI): m/z caled for CsHyOsN" [M+H']: 326.1751, ound: 326.1756. [a]p®™ = 16.9 (¢ = 1.14, CHCL).
HPLC: 93:7 er (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 20.5 min, tg (minor)

=26.8 min).
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Methyl (5)-3-(5-methylpyridin-2-yl)-4-(4-oxohexan-2-yl)benzoate (135p) (SS06090)
Following the general procedure, 1p (22.7 mg, 0.10 mmol), enone 124 (14.9 uL,

Me
| N 0.13 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg), 2-methylquinoline
“Nme o (2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C for 72 h, and the

crude mixture was purified by silica gel column chromatography (hexane/AcOEt

MeOL =4:1 to 3:2) to afford 135p (30.2 mg, 93% yield, 95:5 er). Colorless oil. TLC: Ry
= 0.23 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): § 0.96 (t, J = 7.3 Hz, 3H), 1.21 (d, J = 6.2 Hz,
3H), 2.29 (q, J = 7.3 Hz, 2H), 2.41 (s, 3H), 2.58 (dd, J = 16.5, 8.4 Hz, 1H), 2.85 (dd, J = 16.5, 5.5 Hz, 1H),
3.58-3.68 (m, 1H), 3.89 (s, 3H), 7.37 (d, J = 8.1 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.61 (d, J= 8.1, 1.8 Hz,
1H), 7.99 (d, J = 1.8 Hz, 1H), 8.02 (dd, J = 8.1, 1.8 Hz, 1H), 8.51 (dd, J= 1.8, 0.7 Hz, 1H). ®C NMR (125
MHz, CDCl;): 8 7.7, 18.2, 21.5, 30.8, 36.1, 50.3, 52.0, 123.7, 126.1, 127.8, 129.4, 131.3, 131.6, 137.0, 140.2,
149.6, 149.7, 156.2, 166.8, 209.9. HRMS (ESI): m/z calcd for CyH0,N" [M+H']: 326.1751, found:
326.1756. [oc]D18 =19.5 (c = 1.24, CHCl;). HPLC: 95:5 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min,

254 nm, tg (major) = 16.5 min, tg (minor) = 20.0 min).

Methyl (5)-3-(5-methylpyridin-2-yl)-4-(4-oxooctan-2-yl)benzoate (149) (SS06117)
Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone

Me
| N (18.2 uL, 0.13 mmol), 117b (4.3 mg, 5 wmol, 5 mol %), MS3A (4 mg),
“Nwme o 2-methylquinoline (2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35

°C for 72 h, and the crude mixture was purified by silica gel column
MeOL chromatography (hexane/AcOEt = 3:1 to 2:1) to afford the mixture of 149
(36.2 mg, 93% w/w purity, 95% yield, 95:5 er), which was further purified by GPC. Colorless oil. TLC: R,=
0.38 (hexane/AcOEt = 3:1). "H NMR (400 mHz, CDCl;): § 0.86 (t, J = 7.3 Hz, 3H), 1.22 (d, J = 7.0 Hz, 3H),
1.18-1.27 (m, 2H), 1.41-1.51 (m, 2H), 2.27 (t, J = 7.5 Hz, 2H), 2.41 (s, 3H), 2.57 (dd, J = 16.4, 8.6 Hz, 1H),
2.85(dd, J=16.4, 5.5 Hz, 1H), 3.61-3.72 (m, 1H), 3.91 (s, 3H), 7.37 (d, /= 8.1 Hz, 1H), 7.42 (d, /= 8.4 Hz,
1H), 7.60 (d, J = 8.1 Hz, 1H), 8.00 (d, J= 1.8 Hz, 1H), 8.03 (dd, J= 8.4, 1.8 Hz, 1H), 8.51 (s, 1H). *C NMR
(100 MHz, CDCls): 6 13.9, 18.4, 21.6, 22.4, 26.0, 30.9, 42.9, 50.8, 52.1, 123.9, 126.3, 127.9, 129.6, 131.4,
131.7, 137.2, 140.3, 149.7, 149.9, 156.3, 166.9, 209.8. HRMS (ESI): m/z calcd for CpH;O3N" [M+H:
354.2064, found: 354.2062. [at]p'® = 8.1 (¢ = 1.47, CHCl;). HPLC: 95:5 er (Chiralpak ID, hexane/i-PrOH =
9:1, 1.0 mL/min, 254 nm, tg (major) = 14.4 min, tg (minor) = 20.0 min).
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Methyl (5)-3-(5-methylpyridin-2-yl)-4-(4-oxo0-6-phenylhexan-2-yl)benzoate (150) (SS07038)

e Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone
X
| Nue o (22.4 uL, 0.13 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg),
ph  2-methylquinoline (2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35
MeO-C °C for 72 h, and the mixture was purified by silica gel column chromatography

(hexane/AcOEt = 8:1 to 3:2) to afford 150 (35.3 mg, 88% yield, 95:5 er). Colorless oil. TLC: R, = 0.26
(hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): § 1.19 (d, J = 6.6 Hz, 3H), 2.38 (s, 3H), 2.50-2.62 (m,
3H), 2.79 (t, J = 7.7 Hz, 2H), 2.85 (dd, J = 15.9, 6.0 Hz, 1H), 3.58-3.69 (m, 1H), 3.89 (s, 3H), 7.09 (d, J =
7.3 Hz, 2H), 7.15-7.20 (m, 1H), 7.22-7.28 (m, 2H), 7.32 (d, J = 8.1 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.58
(dd, J=8.1, 1.7 Hz, 1H), 7.98 (d, /= 2.1 Hz, 1H), 8.01 (dd, J= 8.1, 1.7 Hz, 1H), 8.45 (s, 1H).>C NMR (100
MHz, CDCly): & 18.4, 21.6, 29.7, 31.0 44.5, 51.2, 52.2, 123.9, 126.2, 126.3, 128.0, 128.4, 128.6, 129.6,
131.4,131.8, 137.2, 140.2, 141.1, 149.7, 149.8, 156.3, 166.9, 208.6. HRMS (ESI): m/z calcd for C5sH,503N"
[M+H']: 402.2064, found: 402.2062. [a]p' = —4.8 (¢ = 0.68, CHCl;). HPLC: 95:5 er. (Chiralpak IB,

hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 8.6 min, tg (minor) = 11.3 min).

Methyl (S)-4-(6-((tert-butyldimethylsilyl)oxy)-4-oxohexan-2-yl)-3-(5-methylpyridin-2-yl)benzoate (151)

(SS07006)

Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone

~ (32.3 uL, 0.13 mmol), 117b (4.3 mg, 5 umol, 5 mol %), MS3A (4 mg),
2-methylquinoline (2.7 uL, 0.02 mmol), and DCE (0.5 mL) were stirred at 50

OTBS

°C for 84 h, and the mixture was purified by silica gel column

chromatography (hexane/AcOEt = 6:1 to 2:1) to afford 151 (34.6 mg, 76%

MeOQC

yield, 93:7 er). Colorless oil. TLC: R,= 0.30 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl5): 8 0.00 (s,
6H), 0.84 (s, 9H), 1.19 (d, J = 6.8 Hz, 3H), 2.38 (s, 3H), 2.47 (t, J = 6.3 Hz, 2H), 2.62 (dd, /= 16.4, 8.8 Hz,
1H), 2.88 (dd, J = 16.4, 5.4 Hz, 1H), 3.59-3.70 (m, 1H), 3.79 (t, J = 6.3 Hz, 2H), 3.88 (s, 3H), 7.35 (d, J =
8.2 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.58 (dd, J = 8.2, 2.3 Hz, 1H), 7.98 (d, /= 1.8 Hz, 1H), 8.01 (dd, J =
8.2, 1.8 Hz, 1H), 8.50 (d, J = 2.3 Hz, 1H).”C NMR (100 MHz, CDCl;): 8 5.5, 18.2, 21.5, 25.8, 30.5, 45.7,
51.7, 52.0, 52.0, 58.6, 123.8, 126.2, 127.8, 129.5, 131.3, 131.6, 137.0, 140.1, 149.6, 149.8, 156.1, 166.8,
208.2. HRMS (ESI): m/z calcd for CogH3g04NSi™ [M+H']: 456.2565, found: 456.2566. [a]p'* = 9.5 (c = 1.14,
CHCIl;). HPLC: 93:7 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 8.7 min, tg

(minor) = 10.4 min).
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Methyl (5)-3-(5-methylpyridin-2-yl)-4-(5-oxohexan-3-yl)benzoate (152) (SS06119)
Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone (14.7
uL, 0.13 mmol), 117b (4.3 mg, 5 wmol, 5 mol %), MS3A (4 mg),
Me 2-methylquinoline (2.7 pL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C

MeO,C for 96 h, and the mixture was purified by silica gel column chromatography
(hexane/AcOEt = 3:1 to 1:1) to afford 151 (29.1 mg, 89% yield, 88:12 er). Colorless oil. TLC: R, = 0.19
(hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): § 0.66 (t, J = 7.3 Hz, 3H), 1.53-1.65 (m, 2H), 2.03 (s,
3H), 2.40 (s, 3H), 2.66 (dd, J=16.3, 7.7 Hz, 1H), 2.87 (dd, J = 16.3, 6.4 Hz, 1H), 3.40-3.47 (m, 1H), 3.90 (s,
3H), 7.36 (d, /= 5.1 Hz, 1H), 7.38 (d, /= 5.1 Hz, 1H), 7.59 (d, /= 8.1 Hz, 1H), 8.00 (s, 1H), 8.03 (d, /= 8.1
Hz, 1H), 8.50 (s, IH).”C NMR (100 MHz, CDCl;): & 12.0, 18.3, 29.0, 30.4, 37.8, 50.5, 52.2, 124.0, 126.5,
127.9, 129.5, 131.2, 131.7, 137.1, 141.4, 148.2, 149.7, 156.4, 166.9, 207.8. HRMS (ESI): m/z calcd for
CaoHpO3N" [M+H']: 326.1751, found: 326.1751. [a]p'™ = 22.9 (¢ = 1.50, CHCl;). HPLC: 88:12 er.

(Chiralpak IE, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (minor) = 27.9 min, tg (major) = 31.5 min).

Methyl (5)-3-(5-methylpyridin-2-yl)-4-(5-oxo-1-phenylhexan-3-yl)benzoate (153) (SS06193)

e Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone (21.6

| /\N Pho uL, 0.13 mmol), 117b (4.3 mg, 5 wmol, 5 mol %), MS3A (4 mg),

Me 2-methylquinoline (2.7 pL, 0.02 mmol), and DCE (0.5 mL) were stirred at 35 °C

MeO,C for 72 h, and the mixture was purified by silica gel column chromatography

(hexane/AcOEt = 6:1 to 3:2) to afford 153 (34.9 mg, 87% yield, 88:12 er). Colorless oil. TLC: Ry = 0.21
(hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCls): & 1.87-1.93 (m, 2H), 2.00 (s, 3H), 2.35 (t, J = 8.0 Hz,
2H), 2.40 (s, 3H), 2.70 (dd, J=16.3, 7.7 Hz, 1H), 2.92 (dd, J = 16.3, 6.0 Hz, 1H), 3.55-3.62 (m, 1H), 3.91 (s,
3H), 6.97 (d, J= 7.4 Hz, 2H), 7.11 (dd, J = 7.4, 7.4 Hz, 1H), 7.17 (dd, J = 7.4, 7.4 Hz, 2H), 7.31 (d, J= 8.0
Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.55 (dd, J = 8.0, 2.0 Hz, 1H), 8.02 (d, J = 1.7 Hz, 1H), 8.06 (dd, J = 8.0,
1.7 Hz, 1H), 8.46 (d, J = 2.0 Hz, 1H). ®C NMR (100 MHz, CDCl;): 8 18.2, 30.1, 33.4, 35.7, 37.5, 50.5, 52.0,
123.8, 125.6, 126.4, 128.0, 128.1 (2C), 129.5, 131.3, 131.5, 136.9, 141.1, 141.7, 147.8, 149.4, 156.0, 166.7,
207.3. HRMS (ESI): m/z caled for Co6Hps05N" [M+H']: 402.2064, found: 402.2063. [at]p>' = 63.8 (c = 0.65,
CHCIl;). HPLC: 88:12 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (minor) = 22.4 min,

tr (major) = 27.4 min).

68



EBROH B OE2H

Chapter 3 Secion 2: Asymmetric conjugate addition of 6-Arylpurines

Optimization of reaction conditions

To a dried screw-capped vial were added model substrate 131 (14.3 mg, 0.05 mmol), 117a or 117b (2.5
umol, 5 mol %), MS (2 mg), solvent (0.25 mL) under argon atmosphere in a glovebox. To the resulting
mixture were successively added enone 124 (8.6 uL, 0.075 mmol). The vial was capped, taken out of the
glovebox, and the mixture was heated at 35 °C with stirring under argon atmosphere for 2-4 h. The resulting
mixture was filtered through a short silica gel pad, and washed with AcOEt. The filtrate was concentrated to
afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely weighted in each reaction)
and CDCl; were added to the crude mixture, and the yield of 154 was determined by 'H NMR analysis. An
aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric ratio of 154 was
determined by HPLC analysis (Chiralpak AD-H, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results are

summarized in Table 13, 14.

(8)-5-(2-(9-benzyl-9H-purin-6-yl)phenyl)hexan-3-one (154)
Bn Yellow oil. TLC: R,= 0.35 (hexane/AcOEt = 1:1). "H NMR (500 MHz, CDCly): &
<\N | N\WN 0.93 (t,J=7.3 Hz, 3H), 1.23 (d, /= 6.9 Hz, 3H), 2.26 (q, J = 7.3 Hz, 2H), 2.58 (dd, J
VY e 9 =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, J =
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,

Et

J=17.4Hz, 1H), 8.03 (s, 1H), 9.07 (s, 1H). ®C NMR (125 MHz, CDCl;): & 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.
HRMS (ESI): m/z caled for C,4H,sON," [M+H']: 385.2023, found: 385.2027.
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Chapter 3 Section 3: Asymmetric C—H conjugate addition of indole derivatives

Optimization of reaction conditions

To a dried screw-capped vial were added model substrate 157 (10.4 mg, 0.05 mmol), Cp*Rh catalyst (2.5
umol, 5 mol %), MS (0 or 2 mg), solvent (0.25 mL) under argon atmosphere in a glovebox. To the resulting
mixture were successively added additive (0 or 2.5 wmol) and enone 124 (8.6 uL, 0.075 mmol). The vial was
capped, taken out of the glovebox, and the mixture was heated at 35 °C with stirring under argon atmosphere
for 17 h. The resulting mixture was filtered through a short silica gel pad, and washed with AcOEt. The
filtrate was concentrated to afford the crude mixture. 1,1,2,2-Tetrachloroethane (internal standard, ca. 10 mg,
precisely weighted in each reaction) and CDCl; were added to the crude mixture, and the yield of 158 was
determined by "H NMR analysis. An aliquot of the crude mixture was purified by preparative TLC, and the
enantiomeric ratio of 158 was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0

mL/min, 254 nm). The results are summarized in Table 16-20.

General procedure of asymmetric C—H conjugate addition of indole derivatives (Table 21)

Me Me

[ B
o [Cp*RhLyJI(S)-BINSate] Me O
N 117a (5 mol %) N
H +
Z N\ Me/\)kEt DCE (0.1 M), 40°C, 6 h N =
R . 124 S ’ R e
(1.5 equiv.)

To a dried screw-capped vial were added 117a (3.1 mg, 5 umol, 5 mol %), indole derivatives (0.10 mmol),
and DCE (1 mL) under argon atmosphere in a glovebox. To the resulting mixture were successively added
enone 124 (17.2 uL, 0.15 mmol). The vial was capped, taken out of the glovebox, and the mixture was
heated at 40 °C with stirring under argon atmosphere for 6 h. The reaction mixture was filtered through a
short silica gel pad and washed with AcOEt or directly purified by silica gel column chromatography to
afford the desired product 158-169.

5-(1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (158) (SS09108)

Me Following the general procedure, applicable indole derivative (20.8 mg, 0.10 mmol),
| = 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1 mL) were
N

Me O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and
J* Bt washed with AcOEt to afford 158 (30.1 mg, 98% yield, 87:13 er). Yellow oil. TLC: Ry
= 0.49 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCL3):  0.99 (t, J = 7.2 Hz, 3H),
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1.22 (d, J= 6.7 Hz, 3H), 2.35 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.57 (dd, J = 16.6, 8.5 Hz, 1H), 2.95 (dd, J =
16.6, 5.4 Hz, 1H), 3.60-3.71 (m, 1H), 6.42 (s, 1H), 7.07-7.14 (m, 1H), 7.18-7.24 (m, 1H), 7.37 (d, J = 8.1 Hz,
1H), 7.53-7.59 (m, 1H), 7.71 (dd, J = 8.1, 3.1 Hz, 1H), 8.47 (d, J = 2.2 Hz, 1H). ®C NMR (125 MHz,
CDCls): 8 7.9, 18.2,20.9, 27.1, 36.4, 49.6,99.7, 110.3, 120.1, 120.6, 121.4, 121.8, 128.4, 132.4, 137.6, 139.2,
146.0, 149.0, 150.1, 210.2. HRMS (ESI): m/z caled for Cy0Hp;0N," [M+H']: 307.1805, found: 307.1804.
[o]p™> = 5.1 (c = 1.15, CHCls). HPLC: 87:13 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm,

tr (major) = 9.7 min, tg (minor) = 13.9 min).

5-(4-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (162) (SS09123)
Me Following the general procedure, applicable indole derivative (28.7 mg, 0.10 mmol),

X 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1 mL) were
~-N

|
Me O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and

" Jx Bt washed with AcOEt to afford 162 (36.2 mg, 94% yield, 83:17 er). Yellow oil. TLC: R,

= 0.38 (hexane/AcOEt = 3:1). "H NMR (500 MHz, CDCl;): § 1.00 (t, J = 6.9 Hz, 3H),

1.23 (d, /= 6.9 Hz, 3H), 2.36 (q, J = 6.9 Hz, 2H), 2.44 (s, 3H), 2.62 (dd, J = 17.2, 8.6

Hz, 1H), 2.97 (dd, J = 17.2, 5.4 Hz, 1H), 3.54-3.64 (m, 1H), 6.46 (s, 1H), 6.95 (dd, J = 8.0, 8.0 Hz, 1H), 7.12
(d, J=8.0 Hz, 1H), 7.27 (d, /= 8.0 Hz, 1H), 7.35 (d, /= 8.0 Hz, 1H), 7.71 (dd, J = 8.0, 2.3 Hz, 1H), 8.47 (d,
J =23 Hz, 1H). "C NMR (125 MHz, CDCls): § 7.9, 18.3, 21.0, 27.0, 36.6, 49.4, 99.7, 109.6, 114.0, 121.5,
122.7, 123.4, 129.0, 132.9, 137.8, 139.3, 147.0, 148.6, 150.2, 209.9. HRMS (ESI): m/z calcd for
C2H2ON,Br” [M+H']: 385.0910, found: 385.0911. [a]p"” = 17.7 (c = 1.51, CHCl;). HPLC: 83:17 er.

(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 6.7 min, tg (minor) = 9.5 min).

5-(4-methoxy-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (163) (SS09113)

Me Following the general procedure, applicable indole derivative (23.8 mg, 0.10 mmol),
| \ 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1 mL) were
N
Me O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and
N

J* Bt washed with AcOEt to afford 163 (33.4 mg, 99% yield, 86:14 er). Yellow oil. TLC: Ry
= 0.42 (hexane/AcOEt = 3:1). "H NMR (500 MHz, CDCLy):  0.99 (t, J = 7.4 Hz, 3H),
1.21 (d, J= 6.9 Hz, 3H), 2.34 (q, J = 7.4 Hz, 2H), 2.43 (s, 3H), 2.56 (dd, J = 16.7, 8.6
Hz, 1H), 2.95 (dd, J = 16.7, 5.4 Hz, 1H), 3.57-3.66 (m, 1H), 3.96 (s, 3H), 6.53 (s, 1H), 6.55 (d, J = 8.0 Hz,
1H), 6.84 (d, J = 8.0 Hz, 1H), 7.03 (t, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.69 (dd, J = 8.0, 2.3 Hz,

OMe

1H), 8.46 (d, J = 2.3 Hz, 1H). *C NMR (125 MHz, CDCl;): § 7.8, 18.2, 21.0, 27.0, 36.5, 49.7, 55.5, 96.7,
100.6, 103.9, 118.7, 121.4, 122.6, 132.4, 138.8, 139.1, 144.6, 149.1, 150.0, 152.7, 210.2. HRMS (ESI): m/z
caled for CyH,50,N," [M+H]: 337.1911, found: 337.1911. [a]p™ = 13.5 (c = 1.24, CHCl;). HPLC: 86:14
er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 10.5 min, tg (minor) = 18.6 min).
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5-(5-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (164) (SS09116)

Me Following the general procedure, applicable indole derivative (28.7 mg, 0.10 mmol),

| /\N 124 (17.2 pL, 0.15 mmol), 117a (3.1 mg, 5 wmol, 5 mol %), and DCE (1 mL) were

N Yo O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad

I | and washed with AcOEt to afford 164 (38.0 mg, 99% yield, 86:14 er). Yellow oil.

Br TLC: R;= 0.37 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCls): § 0.99 (t, J =

7.2 Hz, 3H), 1.21 (d, J= 6.7 Hz, 3H), 2.34 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.58 (dd, J = 17.1, 8.3 Hz, 1H),
2.93 (dd, J=17.1, 5.4 Hz, 1H), 3.55-3.66 (m, 1H), 6.35 (s, 1H), 7.06 (d, J = 8.5 Hz, 1H), 7.17 (dd, J = 8.5,
1.8 Hz, 1H), 7.34 (d, /= 8.1 Hz, 1H), 7.67 (d, /= 1.8 Hz, 1H), 7.72 (dd, /= 8.1, 1.8 Hz, 1H), 8.47 (d, /= 1.8
Hz, 1H). *C NMR (125 MHz, CDCl;): 87.8, 18.2, 20.9, 27.1, 36.5, 49.4, 99.1, 111.8, 113.7, 121.4, 122.5,
124.5, 130.1, 132.8, 136.3, 139.3, 147.4, 148.6, 150.2, 209.9. HRMS (ESI): m/z calcd for CyH,ON,Br *
[M+H']: 385.0910, found: 385.0910. [o]p™’ = 12.6 (¢ = 1.29, CHCL;). HPLC: 86:14 er. (Chiralpak ID,
hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 10.6 min, tg (minor) = 15.5 min).

5-(5-fluoro-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (165) (SS09109)

Me Following the general procedure, applicable indole derivative (22.6 mg, 0.10 mmol),

| /\N 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1 mL) were

N Ve % stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and

I = washed with AcOEt to afford 165 (31.8 mg, 98% yield, 86:14 er). Yellow oil. TLC:

F R;=0.34 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl;): 8 0.99 (t, J = 7.2 Hz,

3H), 1.21 (d, J= 7.2 Hz, 3H), 2.35 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 2.58 (dd, J = 17.1, 8.3 Hz, 1H), 2.94 (dd,
J=17.1, 5.4 Hz, 1H), 3.56-3.65 (m, 1H), 6.37 (s, 1H), 6.83 (ddd, J = 9.4, 9.0, 2.2 Hz, 1H), 7.11 (dd, J = 9.0,
4.0 Hz, 1H), 7.19 (dd, J = 9.4, 2.2 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.71 (dd, J = 8.1, 1.8 Hz, 1H), 8.47 (d, J
= 1.8 Hz, 1H). ®C NMR (125 MHz, CDCl;): § 7.6, 18.2, 20.9, 27.2, 36.5, 49.5, 99.6 (d, *J ¢ = 3.5 Hz),
105.0 (d, *J cr = 23.9 Hz), 109.8 (d, *J ¢r = 26.4 Hz), 111.0 (d, *J cr = 9.6 Hz), 128.7 (d, *J ¢r = 9.6 Hz),
132.7, 134.1, 139.2, 147.7, 148.8, 150.2, 158.5 (d, 'J ¢ = 232.7 Hz), 210.0. HRMS (ESI): m/z calcd for
CaoH,,ONLF © [M+H']: 325.1711, found: 325.1709. [a]p'® = 7.3 (¢ = 0.99, CHCl;). HPLC: 86:14 er.
(Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 9.2 min, tg (minor) = 13.2 min).

5-(6-bromo-1-(5-methylpyridin-2-yl)-1H-indol-2-yl)hexan-3-one (166) (SS09117)

Me Following the general procedure, applicable indole derivative (28.7 mg, 0.10

| /\N mmol), 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1

Me O mL) were stirred at 40 °C for 6 h, and the mixture was filtered through a short

Br N/ * Bt silica gel pad and washed with AcOEt to afford 166 (37.4 mg, 97% yield, 85:15 er).

Yellow oil. TLC: R,= 0.34 (hexane/AcOEt = 3:1). '"H NMR (400 MHz, CDCl,):
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6 0.99 (t,J=7.4 Hz, 3H), 1.20 (d, J= 6.7 Hz, 3H), 2.34 (q, J = 7.4 Hz, 2H), 2.45 (s, 3H), 2.57 (dd, J = 16.8,
8.3 Hz, 1H), 2.92 (dd, J=16.8, 5.6 Hz, 1H), 3.56-3.64 (m, 1H), 6.38 (s, 1H), 7.20 (dd, J = 8.1, 1.8 Hz, 1H),
7.33 (d, J=1.8 Hz, 1H), 7.35 (d, J = 1.8 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.73 (dd, J = 8.1, 2.0 Hz, 1H),
8.48 (d, J=2.0 Hz, 1H). ®C NMR (125 MHz, CDCl;): § 7.8, 18.2, 20.9, 27.0, 36.5, 49.4,99.7, 113.3, 115.3,
121.2, 121.4, 123.8, 127.2, 132.9, 138.4, 139.4, 146.8, 148.4, 150.3, 209.9. HRMS (ESI): m/z calcd for
CaoH,,0ON,Br * [M+H"]: 385.0910, found: 385.0910. [a]p”’ = —1.4 (c = 0.79, CHCl;). HPLC: 85:15 er.
(Chiralpak IG, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) = 8.7 min, tg (minor) = 9.6 min).

Methyl 1-(5-methylpyridin-2-yl)-2-(4-oxohexan-2-yl)-1H-indole-6-carboxylate (167) (SS09124)

Me Following the general procedure, applicable indole derivative (26.6 mg, 0.10

| /\N mmol), 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE

Me O (1 mL) were stirred at 40 °C for 6 h, and the crude mixture was purified by

MeO,C " JF Bt silica gel column chromatography (hexane/AcOEt = 7:1 to 3:2) to afford 167

(32.7 mg, 90% yield, 84:16 er). Yellow oil. TLC: R,= 0.33 (hexane/AcOEt =
3:1). "H NMR (500 MHz, CDCl;): 8 0.99 (t, J = 7.4 Hz, 3H), 1.23 (d, J = 6.9 Hz, 3H), 2.35 (q, J = 7.4 Hz,
2H), 2.45 (s, 3H), 2.60 (dd, J=16.9, 8.3 Hz, 1H), 2.96 (dd, J = 16.9, 5.4 Hz, 1H), 3.58-3.68 (m, 1H), 3.87 (s,
3H), 6.46 (s, 1H), 7.39 (d, /= 8.0 Hz, 1H), 7.57 (d, /= 8.0 Hz, 1H), 7.75 (dd, J = 8.0, 1.7 Hz, 1H), 7.81 (dd,
J=28.0, 1.7 Hz, 1H), 7.90 (s, 1H), 8.48 (d, J = 2.3 Hz, 1H). ®C NMR (125 MHz, CDCL;): § 7.8, 18.3, 20.8,
27.2,36.4,49.4,52.0,99.9,112.6, 119.6, 121.6, 121.8, 123.4, 132.1, 133.0, 137.0, 139.4, 148.3, 149.7, 150.3,
168.2, 209.8. HRMS (ESI): m/z caled for C5,H,505N," [M+H]: 365.1860, found: 365.1858. [a]p™’ = 0.2 (¢
= 1.92, CHCIl;). HPLC: 84:16 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm, tg (major) =

22.1 min, tg (minor) = 24.6 min).

5-(1-(5-methylpyridin-2-yl)-1H-pyrrol-2-yl)hexan-3-one (168) (SS09122)

Me Following the general procedure, applicable indole derivative (15.8 mg, 0.10 mmol), 124
| \N (11.5 uL, 0.10 mmol), 117a (3.1 mg, 5 wmol, 5 mol %), and DCE (1 mL) were stirred at 40

7 Me O

N © °C for 6 h, and the crude mixture was purified by silica gel column chromatography
W * Et

(hexane/AcOEt = 9:1 to 7:3) to afford 168 (15.5 mg, 60% yield, 85:15 er). Yellow oil.
TLC: R;= 0.43 (hexane/AcOEt = 3:1). "H NMR (400 MHz, CDCl3): § 0.99 (t, J = 7.3 Hz, 3H), 1.17 (d, J =
6.7 Hz, 3H), 2.33 (q, /= 7.3 Hz, 2H), 2.37 (s, 3H), 2.49 (dd, /= 16.3, 8.8 Hz, 1H), 2.85 (dd, J=16.3, 4.9 Hz,
1H), 3.71-3.82 (m, 1H), 6.08 (dd, J = 3.6, 1.8 Hz, 1H), 6.21 (dd, J= 3.6, 3.1 Hz, 1H), 6.88 (dd, /= 3.1, 1.8
Hz, 1H), 7.23 (d, J = 8.1 Hz, 1H), 7.60 (dd, J = 8.1, 1.8 Hz, 1H), 8.32 (d, J = 1.8 Hz, 1H). *C NMR (125
MHz, CDCl;): 8 7.8, 18.2, 20.9, 27.0, 36.5, 49.4,99.7, 113.3, 115.3, 121.2, 121.4, 123.8, 127.2, 132.9, 138.4,
139.4, 146.8, 148.4, 150.3, 209.9. HRMS (ESI): m/z caled for C;sHyON,  [M+H']: 257.1648, found:
257.1649. [a]p™ = —6.0 (c = 1.14, CHCl;). HPLC: 85:15 er. (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0
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mL/min, 254 nm, tg (minor) = 6.1 min, tg (major) = 6.7 min).

Asymmetric C—H conjugate addition of 157 with 124 catalyzed by 117a (0.5 mol %). (eq. 36) (SS09141)

Me Me
® ®

~N _N

N 0 [Cp*RhLyJ[(S)-BINSate] N Me O

; Hoow o /\)LEt 117a (0.5 mol %) P Et (36)
124 DCE (0.1 M), 40 °C, 96 h
157 (1.5 equiv.) 98% yield 158
85:15 e.r.

To a dried screw-capped vial were added 157 (20.8 mg, 0.10 mmol), and DCE (950 uL) under argon
atmosphere in a glovebox. To the resulting mixture were successively added enone 124 (17.2 uL, 0.15
mmol) and 1 M DCE solution of 117a (0.5 umol, 50 uL). The vial was capped, taken out of the glovebox,
and the mixture was heated at 40 °C with stirring under argon atmosphere for 96 h. The reaction mixture was

filtered through a short silica gel pad and washed with AcOEt to afford 158 (30.2 mg, 98% yield, 85:15 er).
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Chapter 4 Section 1: Experiments for mechanistic study

Evaluation of Other Chiral Organic Anions (Table 22)

Preparation of Ag salts

Ag-BINSate 116a was prepared as described above, and used without further purification.

173, 101, 174: To a stirred solution of the corresponding chiral acid (0.10 mmol) in CH,Cl,/CH;CN (1:1, 2
mL) was added Ag,CO;3 (0.10 or 0.20 mmol), and the mixture was stirred at 40 °C for 12 h in dark. The
reaction mixture was filtered through a Celite pad, and washed with CH,CI,/CH3;CN (1:1). The filtrate was
evaporated in vacuo, and the obtained Ag salts were used without further purification.

Ag-TRIP 86 was prepared according to the literature.*

General procedure (SS06099, 06101, 06102, 06106, 07180)

To dried screw-capped vial were added [Cp*RhCl;], (0.77 mg, 1.25 umol), Ag salt (2.5 or 5.0 wmol), MS3A
(2 mg), and DCE (0.25 mL) under argon atmosphere in glovebox. To the mixture were successively added
2-phenylpyridine 1 (7.2 uL, 50 umol) and enone 124 (7.5 uL, 65 umol). The vial was capped, taken out of
the glovebox, and the mixture was heated at 35 °C with stirring under argon atmosphere for 36 h. The
reaction mixture was filtered through a short silica gel pad, and washed with AcOEt. The filtrate was
concentrated to afford the crude mixture. Dibenzyl ether (internal standard, ca. 10 mg, precisely weighted in
each reaction) and CDCl; were added to the crude mixture, and the yield of 135 was determined by "H NMR
analysis. An aliquot of the crude mixture was purified by preparative TLC, and the enantiomeric ratio of 135
was determined by HPLC analysis (Chiralpak ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results

are summarized in Table 22.

Nonlinear effect study (Figure 9) (SS07137)

Six parallel independent reactions of 1 (14.2 uL, 0.1 mmol), 124 (15.0 uL, 0.65 mmol), [Cp*RhCl,], (1.5 mg,
2.5 pmol), MS3A (4.0 mg) and Ag,-(S)/(R)-BINSate 116a (10-100% ee, 3.2 mg, 5.0 pumol) were heated at
35 °C in DCE (0.50 mL) for 48 h. The filtrate was concentrated to afford the crude mixture. Dibenzyl ether
(internal standard, ca. 10 mg, precisely weighted in each reaction) and CDCl; were added to the crude
mixture, and the yield of 135 was determined by 'H NMR analysis. An aliquot of the crude mixture was
purified by preparative TLC, and the enantiomeric ratio of 135 was determined by HPLC analysis (Chiralpak
ID, hexane/i-PrOH = 9:1, 1.0 mL/min, 254 nm). The results are summarized in Figure 9 and Table S1.
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Table S1. Nonlinear effect study.
[Cp*RhCl,], (2.5 mol%)

1 . 124 Ags-(S)-/(R)-BINSate 116a(5 mol %l 135
(0.1 mmol) (1.3 equiv.) DCE (0.2 M), 35 °C, 36 h
entry % ee of 116a % ee of 135
1 10 7.6
2 20 14.9
3 30 16.5
4 40 29.0
5 80 71.0
6 100 80.7

H/D-exchange for the asymmetric C—H conjugate addition (eq. 37) (SS09014)

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

DCEMeOH (4:1), 1t, 2h

97% D

[D]s1 124
(1.2 equiv.) (0.05 mmol)

To a dried screw-capped vial were added 117a (5.0 umol, 5 mol %), DCE (0.4 mL) and MeOH (0.1 mL)
under argon atmosphere in a glovebox. To the resulting mixture were successively [D]s-1 (13.5 uL, 0.12
mmol), 146 (2.7 uL, 0.02 mmol), and enone 124 (11.5 uL, 0.10 mmol). The vial was capped, taken out of
the glovebox, and the mixture was stirring at room temperature under argon atmosphere for 16-18 h. The
resulting mixture was filtered through a short silica gel pad, and washed with hexane/AcOEt (1:1). The
filtrate was concentrated to afford the crude mixture. 1,1,2,2-Tetrachloroethane (internal standard, ca. 10 mg,
precisely weighted in each reaction) and CDCl; were added to the crude mixture, and the yields of 135 and
recovered 1 were determined by '"H NMR analysis. The '"H NMR spectra of [D]s-1 and recovered 1 were

summarized in Figure S1.
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[Cp*RhLyJ[(S)-BINSate]

0 117a (5 mol %)
/\)J\ 2-methylquinoline
+ Me” X gy 146 (20 mol %) (38)
124 DCE (0.2 M), 35 °C
(1.1 equiv.)

(0.05 mmol)
kH/kD = 141

To a dried screw-capped vial were added 117a (5.0 umol, 5 mol %), DCE (2.5 mL) and n-dodecane as
internal standard (45.4 uL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting mixture were
successively 1 or [D]s-1 (0.5 mmol), 146 (13.5 uL, 0.1 mmol), and enone 124 (63.1 uL, 0.55 mmol). The
vial was capped, taken out of the glovebox, and the mixture was heated at 35 °C. An aliquot of the reaction
mixture (ca. 250 pulL) was taken after each time (30 min, 1 h, 2 h), and filtered through a short pad of silica
gel washed with AcOEt. The obtained crude mixture was analyzed by GC/MS using n-dodecane as an

internal standard. The results are summarized in Figure 10.
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KIE for racemic C—H conjugate addition (eq. 39) (SS09135)

0 [Cp*Rh(CH3CN)3][SbFg],

/\)I\ (5 mol %)
+ Me = Et

DCE (0.2 M), 60 °C
124
(0.051mmo|) (1-1 equiv) ku/kp =1.00

To a dried screw-capped vial were added [Cp*Rh(CH;CN);][SbFs], (5.0 umol, 5 mol %), DCE (2.5 mL) and

n-dodecane as internal standard (45.4 uL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting
mixture were successively 1 or [D]s-1 (0.5 mmol) and enone 124 (63.1 puL, 0.55 mmol). The vial was capped,
taken out of the glovebox, and the mixture was heated at 60 °C. An aliquot of the reaction mixture (ca. 250
uL) was taken after each time (6 h, 24 h, 48 h), and filtered through a short pad of silica gel washed with
AcOEt. The obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. The

results are summarized in Figure 10.

C-H conjugate addition of isotopecally labeled substrates (eq. 41, 42) (SS09131, 09135)

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

Et (41)

D _
DCE (0.2 M), 35 °C, 24 h N H H%% b
73% [D],-135
0 80:20 e.r.
T Me /\)LEt S
124 21%D
(1.1 equiv.) [Cp*Rh(CH3CN)3][SbF¢l, /

(5 mol %)
DCE (0.2 M), 60 °C, 48 h

42%D 40% D
48% [D],-135

(eq. 41) To a dried screw-capped vial were added 117a (5.0 umol, 5 mol %), DCE (2.5 mL) and n-dodecane
as internal standard (45.4 uL, 0.2 mmol) under argon atmosphere in a glovebox. To the resulting mixture
were successively [D]s-1 (0.5 mmol), 146 (13.5 uL, 0.1 mmol), and enone 124 (63.1 uL, 0.55 mmol). The
vial was capped, taken out of the glovebox, and the mixture was heated at 35 °C. An aliquot of the reaction
mixture (ca. 250 uL) was taken after 24 h, and filtered through a short pad of silica gel washed with AcOEt.
The obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. An aliquot of

the crude mixture was purified by preparative TLC, and '"H NMR analysis was performed.

(eq. 42) To a dried screw-capped vial were added [Cp*Rh(CH;CN);][SbF¢]» (5.0 wmol, 5 mol %), DCE (2.5
mL) and n-dodecane as internal standard (45.4 uL, 0.2 mmol) under argon atmosphere in a glovebox. To the

resulting mixture were successively [D]s-1 (0.5 mmol) and enone 124 (63.1 uL, 0.55 mmol). The vial was
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capped, taken out of the glovebox, and the mixture was heated at 60 °C. An aliquot of the reaction mixture
(ca. 250 pL) was taken after 48 h, and filtered through a short pad of silica gel washed with AcOEt. The
obtained crude mixture was analyzed by GC/MS using n-dodecane as an internal standard. An aliquot of the

crude mixture was purified by preparative TLC, and '"H NMR analysis was performed.
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