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Ad
AIBN
tAm
aq.
BINAP
BINOL
BINSA
Bn

Boc
BQ
nBu

{Bu, ‘Bu

cat.
Cbz
cod

Cp
Cp*
Cp*CF
Cp*tBu
CpMet
dr.
DCE
DG
DIBAL-H
DMAP
DMF
DMSO
dppm

cr.orer

acetyl

adamantyl

azobis(isobutyronitrile)

tert-amyl

aqueous
2,2"-bis(diphenylphosphino)-1,1 -binaphthyl
1,1"-bi-2-naphthol
1,1"-binaphthyl-2,2"-disulfonic acid
benzyl

tert-butoxycarbonyl

benzoquinone

normal butyl

tert-butyl

benzoyl

catalyst

benzyloxycarbonyl

1,5-cyclooctadiene

cyclopentadienyl
pentamethylcyclopentadienyl
tetramethyl(trifluoromethyl)cyclopentadienyl
tetramethyl(zerz-butyl)cyclopentadienyl
tetramethylcyclopentadienyl
diastereomeric ratio

1,2-dichloroethane

directing group

diisobutylaluminium hydride
N,N-dimethyl-4-aminopyridine
N,N-dimethylformamide

dimethyl sulfoxide
bis(diphenylphosphino)methane

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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%gGD o1 6 5 #7 #/7%8°2U0BgG 5 I# /% 4 &

# Y4 58é&8+ Dg UoUSKT$SgG 5 G-SnN%E# 24 &h# /%

»HIDKkF /% 4 80 =C a %uwrgs$ G-s$sUa eh# -
a&CekiD™JRek! I % Q1Y | 3J _ORd:RS8D-~ 5 1991
TPHTrost & jy¥s €& (Atom economy) ¥ AY8é® D jy 1&g wuaeUs N
AeB#3# %% 80 éa 4 gaesacU «,B651 Y% &&100%"
#5 (eq. 1) 1 %_T01JBC 5 G-SN8R 5n Uo#Heéegl# 5 ! h
# Diels—Alder tUO9FSkKFEU Michaelz ¢U#""& E=2h$ij% &% 6 EI-
117" OacuUr# 5 # 3 63%cUS$ /7Agh#e¢cU &8AG
5& DR 6 FN8g 5 ! Inh!i# 4 63urFrNGywNAe% g

SU 5 1&+7

Molecular weight

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

(all reactants)
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Scheme 1. Nucleophilic addition to polar electrophiles.
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65 - 9OFDIi%é ' a hNzs$2 CHOFAF ¢U TO 5 % —-8H
4% U=2=8Ug C-HAN= c¢cUWYHTI&PTSTE A #OGTUEUY

89
aa#_ 1 O 6 5Y
(0]
RuH,(CO)(PPhj),
Rl X R RPN (2—6 mol %) /IJ\/\

= toluene, reflux

via: Rz@?

Z Ru

\

H
A #OTUEY $25CHAN= ¢U yH 65s 2007 T$Smdj n3&]ilL
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Y N 36 % —]wr %TICFK\$2 UgTti k hssT_.36 °

(e}
AN COZH [Cp*RhCIZ]Z (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
N COZH [Cp*IrCIZ]Z (05 eqUiV.) R2
R1IL R2 AgCO3 (2 equiv.) i ~
= Rz/ o-xylene, 160 °C = R2 “)
R2
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[Cp*RhCl5], (10 mol %)
AgSbFg (40 mol %)

CH,Cl,, 75 °C
Me Me

[Cp*Rh(MeCN);][SbF¢], :
(5 mol %) © | Me th Me  2SbFg™ |
! HgCCN™" 'y ~NCCHg
. NCCH,

[Cp*"Rh(CH5CN);][SbFglo

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

tBuOH, 90 °C

63ncUnAaA 65¢cUCas8T (Figurel)® & _$ [Cp*RhCL], (2) AgSbF¢H2
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1 Ph” "H 7
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| ~ X
N+ | NP | X
H N / SbFG_ _N /Cp
SbFg™ Rh+ - . Rh*., o _
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|
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Figure 1. Proposed mechanistic catalytic cycle of Cp*Rh-catalyzed C—H addition to N-protected imine.
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electron-deficient aryls
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+ mol %
H N (8)
re” ] R? R CH,Cl,, 40-50 °C rReZ ] R
e enals or enones X

Huang (2012)
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)¢ A o G
+ mol %
7 H RS/\)]\R4 9 & = R4 (9)
R2-— | AcOH, 60 °C Rzl |
. enones SN
203 TBKNWAETIA & B #hil<ay %{o! ©dj¥% 24¢ #HFW
fRY 8g 5 1 © OO%C-HDR 8L S : T 80 Michael ¥A (%z ¢U
$sa (eq. 10, 11)'? Cp*Rh(IINY TO©AS @N7? i R% Cp*CollDyYy EVIDRF Y
Cn 5IN 365 2abdu} Uo1# 5
00 | \N % S
o [Cp*Co(benzene)][PF¢] ~ 'S I e e
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| _N HJ\R1 ; Me™ | "Me
H + : % (PFg)2
| X
(0] [Cp*Co(benzene)][PFglo _N '
re s 5 mol %) T 9 gy i CpCoenzenePra,
THF, 100 °C
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Scheme 2. General reaction mechanism of Cp*M catalyzed C—H functionalization.
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aa #4tl- 4pn

+pn Cmo (p'c £&aT

2012 O Cramer 4~ G, Tk»&Cmo Cp*c £9D RhO 11 9aT xO6 C-H
ESY, —a9 0 w3 (eq. 12)™ 4] @YrSAbéal KNAXg=0C[qgqrUb
OY6 ""%A¥ 6

Me
Ph O
\g Me Rh\
o) <N 0

11 (2 mol %)
B
N H/O oc (BzO), (2 mol %) Xy NH

EtOH, 23 °C, 16 h R2

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

Cramer 4 = rO% ogull& 12 4A0L.&AT9S6 _YaSooC'"1 &RTEDP9
& Cmo Cp'RhDHD 16 9F ) (R)-16c 9AT xO C-H ;0Co "—ag9wn=3
(Scheme 3) ¥ &%= Y Cmo Cp'RhO ()16 9aT GAESXOCHESY, —a
tAKEOosb®%3 %= 7 5" &t1a% 7 CmoCp'Rh()® ' 6 *° uO

476
OMe OMe
1.NBS, AIBN NBS, AIBN
2. CpNa NaH
2 or 3 steps
OMe OM
(R)-14
1. TIOEt R = OMe: (R)-16a
2. [Rh(C2Hy)Cll, OPr: (R)-16b
- OTIPS: (R)-16¢
OTBDPS: (R)-16d
Ph: (R)-16e
H: (R)-16f
i (R)-16¢ (5 mol %) o
oM i o
A NN e R (BzO), (5 mol %) AN OMe
" * R2 ,)\R1 CH,Cl,, —20°C,18 h R_'/ H R
= AN
66-91% L
82:18-99:1 e.r. R® R
Scheme 3. Preparation of chiral Cp*Rh complexes 16 and asymmetric C—H alkylation.
v&Cmo CpFc £ 3} &A%36L 8&9G UU"s$ 5 749Dg

T 1&9kK alFigure2P Cmo Cp*c £~ 3F &A  $8 side wall "" back wall %3
béeagol 4 side wall "gsRH=Dozf 9QUa& 6wWA&c C $H2
TZ7&L — %3 t+-&c UgI1&qsRH=Dozf Y9 F1%nUa 6

7



aa #4tl- 4pn

backwall " —ao B TZ 6+=29hE 6 —acoB L jwl” 6 R 4béj%
c 2¢&K:; LUpAFfs! 6gsRH=Dozf Z9 IUa $ 4a-a b
S 6 O L. béjs—a Eh 6
--------- X Y
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) s 7~ A LT
yd D I subs;ratev sL- B B
D S === g
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‘O Rh ! Perspective !
A R i
side wall
i SS = small substrate A segment :
1 Sk = large substrate A segment ! ‘ sL
' Rg = incoming reactant B - R ;é - >
""""""""""""""" B / ;
SS substrate
\_ A \_/
Figure 2. Design of chiral CpX Igands for enantioselective C-H functionalization.
Youd"+E&L 889G L qoC9a 61 &Cmo(Cp'c A9 Rh O
239F ) (5)-2329aT 6 "1 d @YrSAbEealyxo °g9y 6x06 C-H

;OFZo "—agw=s (eq. 13)'¥  &U1 &awm 9wn= 6"

! COH Pd(OAG): COzH 1 ,\S,gg:?, CHZOH  Culphen _ CH,OH
.Q CoH I0Ac | ! COH 2.DIBALH 2OH ROH,Cs,CO3 032003 2OH

R= OMe S)-20a
OBn: (S) -20b
2steps [, opr (3)-20¢

(e
socl, ’ 1. NaH

N 1. TIOEt
pyridine CHCl  CpNa 2 benzene
—_— + T ——
CHCl, . CH,CI 2. dodecane o 2. [Rh(CoH4)Cll,
Q "
(S)-22 (mixture) R= 8I\B/Ie:((g))-22§g
n: (S)-
OiPr: (S)-23c
! . . H: (S)-23d
Scheme 4. Preparation of chiral spiro CpXRh complexes 23.
R3
“ | = (S)-23a (5 mol %)
X N (BzO), (5 mol %)
R14L Cu(OAc), (20 mol %)
U
~ + o R* MeOH, 25 °C
s
. 19-96%
R2 79:21-98:2 e.r.
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Antonchick, Waldmann 4 = A€A%36L- beéj[6+3Jh™~ ! —agwy"" ijOL_
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Cu-catalyzed R R1/H R R1/H

exo-selective 3 reductive 3
1 [6+3] cycloaddition ~COR amination ~COR
> — >
j ~NH _NR*
1 o 5T
CKL o " re i e

+  COR3 ]
r R!' R'/H
fN __ CO,R3 reductive
R amination
Cu-catalyzed NH
endo-selective
[6+3] cycloaddition R2
R! CO.R? 1
< i -
1. TIOEt or TIOMe o7 -, 3 2 U
benzene | R-1N | N, COR | NH
> Rh ‘R4 Rh, R2 ‘R4 Rh
2. [Rh(C5H,)CI R R
[Rh(C2H4)Cll2 X \\ X \\ X A "
2-Na hMe CO.,Me
N
: .
Me "~
0 Rh o)
N Me
_0OBoc \/ X
R1;\ N 24a (5 mol %) g1 LY TNH
L + /\RZ (BzO); (5 mol%) = s
3 CH,Cl,, —10°C, 18 h o R
50-93%
83-92% ee
4-BF-CGH4
| NL COMe
(0] Rh
\ 4-F-CgH
S _OMe <X N 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
4BF-CGH4

R? | COzMe
H
R1/©/\’(N\ \/R \4F06H4
OMe NN CONHOMe

24b (5 mol %)

+ N2 o (BzO), (5 mol% 0
CH,CI/TFE (4:1) O‘
—20°C,18 h COR®
COR3

56-93%
79-90% ee
Scheme 5. Preparation of tunable Cp*Rh catalysts and applications.
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Scheme 6. 3-carbon elimination strategy for preparation of chiral Cp*M catalysts.
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) Bu | H 1. crystalization -
(S)-proline Rh—§ of diastereomers Y Rh—I
—_— | I —_— e \
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33 O (R)-32
Scheme 7. Preparation of planer-chiral CpXRh catalyst.
o) (0]
S N/OH 1. Boc,0, NaOH N NH
R 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 O% Cramer 4 = —O®%[Rh(cod)OAc, 9T 6 "I U 6K@r" ;oGsoGA
Zz% Wé& 6&_ICmoCp'd YA476 6 FAEI9KL=S (Scheme 8)* gE9
T 6 ""%35-—aGA ;o0GsoN$4( Cmo ¢p'd 9—-anzitua 6 "
TS5 | £U0T Cmo Cp*Rh(DD 16b ""EY + , +N&®H""beéeal=0=
rxXgrip 369Y6 ""%a¥ 6 (Sceheme 9)

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

or [

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

Scheme 8. Mild complexation protocol for chiral CpXM complexes.

0
? oPi Chiral Cp*Rh cat.

NN v N, (B2O); (5 mol%) NH
S n * )Kﬁocw(nvr)2 CH3CN/MeOH (9:1) (.. _OCH(Pr),

34 Me 35°C, 16 h Me I

o) o

35
Chiral Cp*Rh cat. 36

[Rh(cod)OAc]»
(25mol %) ¥

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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BRTCETO9E Cmo CpCo(llDD 38 9SAS®H

A 6 "TTWA¥ (Scheme 10)> <&  Cmo Cp*Co(lID® 382 9T 6 ""I C
d @YrSAbéal'kKn"Xg=0C[qrUp 9Y 6
Co(CO)g, 1atm. CO
CH,Cl,, 40 °C
then |2, Etzo
. (omed,
N 38a (5 mol%)! i
a (5 mol%
Hoo, AgOTf (10 mol%), CsOPiv ©)\j‘“*
7R HFIP, 40 °C it
R? 21-91% R2
78:22-99.5:0.5 e.r.
Scheme 10. Synthesis and application of chiral CpXCo catalysts.
v35 z0O&Cmo (' £&FJLJIN"O0 -— Ox aTNF b/ 1%
$€AUTE&F)11b: "1 kslilsaprXns$segE"™ KL al—

120blLQ08 U3G6EAFJXOCHESY, —a9Eh 6 Alvaj$beE"$
6 24)
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42n Qr]DW e&arw

2012 O Word, Rovis 4~ Qr]DW ©69g Cp*Rh(IIN® 9T 6 ""%35 ~XqC
HhD@LUO&XSO C-H ESY, " —a9w=3 (Scheme 11)® Cp*c® £%_ASr9OnrB
stice [Cp*""RhCLL,9O —~O © LWpbWw ;
6 ""U3I5xO60-—-awuocCn Qr]DW ¥

__Kr (S112Y-KI121E-tSav)""E <
—a bS 6 ""I1J @YrSAbeéea!rt
KAXg=0C[grUb Y476 $ 4 Qr]DW9O;T 6 0Gbs-ac

RT""$5 &—-ahn)&aiNF _K"$

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

) §112Y-K121E-tSav
o 0N N - OFV (066mol %) N
S " r AR MOPS Buffer/MeOH > ,
23°C,72h R
30-95%
10:1-32:1 r.r.
56:44-93:7 e.r.

’Engineered streptavidin

s
M H H />
Me @e/\/N \[]/\/\\“‘Q<NH
Me” | “Me o) HHN—{ \

C|/F/§h\ . ¢ e

*

Cl— - [Cp*biotinRNCI,],

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

2019 O% McNaughton, Rovis 4 = *&&eae T 1 AL Apa<r&xO C-HESY, "9Ba

ajeq. 15P° =2d &LWpbW;: Kr (mSav)"" Cp*™"RhO 9| £%ES €AOT
6 ""%35 ::Dno:gXUP 39""LSprUb 409vW"" C-Hea """ h
T d @YrSAbéealbsS 6 g-—-a% mSav = 7 L béa '$ ®
H&=2v%l1Ty 6
O
1 2 OPi wt-mSav:Cp*PiotinRhCl, R?
R ﬂ)kN/ iv (3 mol %) N | NH 5)
; 7 | g H,O:MeOH 7™ | N
= NaOAc, NaCl, pH 7.4 e
39 40 Pl PP N>
8-99%
53-96% ee
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& 3 N Bronsted DEA""&©
41,2Nn'" Cpc A% 691 6 ""IxO60-a¥9Cn 6Gxl! 74"
"TSHS5AC 4ACmo Brensted DEAQE ! x69UwWw 6é&E bN 6 20150%
Chang 4~ @YrSAW - TD$} & (Csp)-H9a 6dLa<rACIX 42 9VW""
Cp*Ir ©® %36 C-H ;gX —a% @YrSAbéar - 61&&xo6UwWot
(Scheme 12) D pIDTE& CmMoBoeCImsW Concerted Metalation—Deprotoation
dC (CMD dC) %3 @Y rSAW™TDS C(sp)-H E=9U C-HE= & bS
6 ""! iQmH=Dozf Uay%xoUw Jh 6 iQmH=Dozf 4#4&EIl
Ix6 Uw 76 O &U&-aBL% C NU$Bzf 96T 1 @YrSA
bé

oY

ORé ———a bs L bej%uljg43 YA76

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

HOC_  CO.H
H o NHTs TsHN o H

i ' > O (4 mol %) I, M,
,3 + TsNs PivO OPiv o /P + IP
R DCE, 60 °C,18 h R R

42 44-91% enantiomers 43
11-32% ee

Me
Cp*Ir cat. Me Me
H o H

0
r~—o_nR Me” | "Me TN H o NHTs
\ 3

I —OJkR* 7)/

/ —_—— H o ‘\ H_,.

Concerted Metallation—Deprotonation_ pathway

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

CmoBoeCImsW& CMD dC%36 @YrSAbéj$HSCHES 690 xXO
C-HESY: "—a~™ 2008 O% Yu4%3 O %= 7 (eq 16)® PO ""Cmos$
u:g[D459T 6 "I Jd @YrSAbéal! C-H :oCo —ag9bsa 6
&¥%H=3 Y PdO 9T 6-—-an% JL b. € $ uy:glD2CmonrD9a
T %3 7 6%  %Z* Chagd&%3%35 J-4£ *#90Cp*© 9T
6—ahn% 1 N &avT AU 7

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

Agzo, BQ \f
+ R2B(OH) (16)
® " THF, 50-80 °C, 20 or 40 h 45 O-C)Mentyl
43-96% \ MonoProtected Amino Acid !
54-95% ee | (MPAA)
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2017 O% Cramer 4= Cmo CpIr(IIDD 46 ""CmoBoerD 47 9© dLa<
rACJX 48 &6 C-H ; gX "—ag9w=3 (Scheme 13)*”  ; Cmo$B[Cp*IrCL], ""Cmo
BoerD472 Cmo CpIr(IlD® 46"~ \oD""&O_.°8 1~ 7 béagk
Cmos¥} 96.°8 6 "1 @YrSAbéa Eh 6

46 (2 mol%)
chiral acid 47 (24 mol%

R3
) “NH Q.
AgNTf (8.5 mol%) AN FI’ N
tAmOH/dioxane, 0 °C R’ @/RZ\Q R
50

12-95%
70:30-99:1 e.r.
E ' Control datas
| tBu (__CO.H i [CpICll, + 47 :3%, 5248er.
E NPhth | 46  + PivOH: 19%, 65:35 e.r.

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

2018 OWNF&E&COFL I I ™ ;CmoS$Cp*Rh(IIND ""CmoBoerD9OT X6 C-
HESY, "—agown=s (Scheme 14)*Y ; Cmo$ Cp*Rh(IIN)D 1 = CpM™'RhIIDD **
UOSS JsSZrE9Qo CmoBoerD 53 9T 6 ""! @YrSAW TD$S} &
C(sp)-HE<9a 6:gr51&CH 6 L béjwb. gsRH=Dozf 9U&a
6 D K:P@LUO52 7T 6 ""I(CH:0Co bBS ® h %355"
$5 AULSHGD HW3 hg:grs55 d @YrSAbeéealvya7ze

[Cp*RhCI2]2 or

MeO,C COsMe [CpMe4RhClI ],

R2 Lr (1-2.5 mol %)
H NHH o 5; 53 (4.8-12 mol %)

Ag,COj3 (2.4—6 mol %) or

N X % LiCl, H,O
e S R L AgOTf(12mol %) 2
> DMSO

R MeOH, 60 °C, 18 h
. 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.
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v Y :Cmo$d ""CmoBoeCJImsW& CMDdCOaTw
TT_A&F LT azwbN

xXO C-H ESY,

6 he—1% cOFLI% ;Cmos Cp ™ Co(ll)dD

g[DTE&CmoBoerD 56 90 . <8 SA:;gXUPb &x06 C(sp’)-H ; gX
—a2 (eq. 17)*? Cp*Rh(IIND "*_ YaSooC9& CmoBoerD5790.°8
8-;0COCI[NrUP &x6 C(sp’)-H ; gX ~—agwn= (eq. 18)*Y A|—£ &2 Cp*
o 1" _K'$ Csp)-HESY, "—a9 xo-—-ad)""bN

6

1as "'

S [CP*BUCO(CHSCON)a][SbFS]Z S NHCOR?2
] JL (5 mol %)
O\j %{W (OJN© chiral acid 56 (10 mol %)
+ _

> N “, _R1
4R2 1,2-Cl,-CgHy, MS13X, 40 °C -
H

H
50-99%
90:10-946 e.r.

E : A Ho
HSCCN’(?O\NCCH;; HOLC™ N
[ HsCCN [SbFela ;56 O

! [Cp*BuCO(CHZCN)g][SbFel,

(17

[Cp*RNCly], (4 mol %)
chiral acid 57 (8 mol %)
JIy AgSbF (16 mol %)
o O Ag,CO3 (4-30 mol %)
+ N=(

PhCI, —20—4 °C
46-99%
91:9-946 e.r.

Shi 4%3 Cp*Co(llDS ""

y:g[bs890.-8
xO C(sp)-H ; gX "—alwn=3 7

a?gNrUp &A
6 (eq. 19)*
&& Tag-

—a% 6@YrsAbear 1
EYSO %35 ENI9OY6 "  S»uS$ 6
H K H 3
NRT O [CP*Co(CH,CN)IISbFgl, 2:;j£i‘NR1 foonennn e
(5 mol %) ' NHBz |
@ﬁH oJLo chiral acid 58 (20 mol %) > —NHCOR? : cout
Fe + N=( EtOH, 25 °C Fe (19 i
== R? 48-97% = 1HO 58
R2 68:32-77.5:22.5 e.r. R2 e
t=! CmoBoerD" CMDAC!"$ avTeELT 7 6 2017 O% Ackermann
4% Cp*Co(l)o %36=rXsoUPp 59&C-H::oCo —a% BoerD&E
I%35TH6TAg Y476 "ot (Scheme 15)™ BoerD C2 $ C w!
"1E»&TAJg6l Y47 BoerD9OE! 6" O»&TAgae6 1nYAa7z6
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ad #tcl-

+3n

6""R 47

O»&1 zZf 659bej%bgWr " 6""aeE 7 6
[ [ [
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 Vo ; /

1-AdCOH

T

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

row+Eosb -

Co "—ag9ba (eq. 20)°% L=

béjwnds bgwr - bS

R 47 6

N
/\/H+\/\R2
R!

66 67

Uz 6NF&pL -
I1"$S CmoKLodrD9O

vi&—axnl

CR&TH6T
6 "1

[Cp*Co(CO)l,] (10 mol %)
AgSbFg (20 mol %)

Bz
Ph. RN
):%mw

N 68

Ph
BZ (20 mol %)

CmoBoerD 68 91 6
zrf
d @YrSAbea''! ! ¢ Y4a476""

Amberlyst 15, DCE, 50 °C

41-73%
75:25-98:2 b/l ratio
83:17-93:7 e.r.

Ackermann 4 & (eq.20)""N
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2019 O% Wang 4~ —anNz1CmoBc=2UuU9OEAFWUA 6 "1 ;Cmo$
Cp*"Rh(IIN® 9T XOC-HESY, —ag9y=3 (eq. 21)*” €A FWHCmMmobc=2149
Ua 6eE" 20160% Yu4%3 %S 7 PO WU3I6XOC-HESYW —avta
Ta 04 % 7 6% wagd~" oVAXT709Cmoizgr 72 %3 Nnz1=g

r)""AT XxXOCHESY —agba 6
[Cp*PrRNCl], (1 or 4 mol %)
0] TDG-72 (20 or 70 mol %) O + CF3 NH,
N H e} AgBF, (8 or 32 mol %) N 1 :
" Ag;COj3 (0.7 or 1.4 equiv. R 0 Et
R1 1 P + HJJ\RZ J2 3( quw) . 1 P (21) I
1,4-dioxane, 70 °C R2 ! F
70 71 73 , .
15-73% L. PeT2

61-99.9% ee

Wang 4& —A&AE 76—adC9 Figure 3 %k ;OVAXT70""Cmo;gr72 4
Ua 76Cmo=gr 74 eas Cp*™Rh® (%36 C-Hea %3 gsRH=Do
zf AHQUA 6 Cmo$sc=2YU%n3 ;OVAXD)& ! @YrSAbéjgwubsS
Zzf IDH""$H6 zf dI) 4 CN1IT " EOSH#96 =gr(V)'"$5 AU%»Cmo
:gr&SH+%3 TAg73""$6 Cmo:;grN&EA-Y _KI! 5 (p*@ 9T

6—an% " €®AJBCmoc=2wu~"a =<xNBaTNF»sS $
Cp*P'RhCI (0]
,E-\FI)BF o X 2 BtF 0
H R
AgBF,, COp, H,0 9 4i\AgC| "
PN TDG-72 _ N H
2Ag* [Cp*PrRhINBF,], S s
Ag,CO X H50
T o / M 74 2 70
HBF .
*\ [Cp*PRA] Ag,COs AgBF,
e} F4 —_— 002
H,O
(0]
f AN R2
2=l 73 Me
[Cp*PRhNIH][BF,] R? Me Pr
Me | Me
F F Et I
Hzo \\\\ Rh\o
F3sC N TDG-72 N g
Et o) Fa ' X H™ "R2
=
f N R2 R1/ ()
e
R1 V)
Me
Me\‘*/lPr
Me™ | "Me Me
F Ry Me — &=,
F3C N/H F Me | Me

Figure 3. Proposed reaction mechanism.
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NzN Cp*Rh(Il)-Aj IHI IcVgTY ;_ kKQUTA&d
NWH vy C-H—!-arcAot

NnR~ NOa(p*c $O3 CHGx=O70 gFALI&—I-A CH—-!-&) 7 n

#1GH0 vy—-a&110 3 17Jo TI-BkKi Cp*c O3 C-H — 1!
—A&rrIJ#EE7 Scheme16 501 C-H p$ T 3gO0jF:BIxd (O$sT
gFAL B B 1 -xd (ID1#2 16 70 xd (IIH1#3 Cas ™ n
To©-RgO1©%0 —~1 alga tA T 3 "nTolL "&+7 —azr

2 «<A8T&3Sh &- 4 -&rT1T 3 # 1 B 01 -xa an7zoj
# A(=zS # — rrid#vyB A&GI$F03vy—-aAD&KOA~1E1#
Me
Me Me
Me™ 1 "Me M =Co(lll)
DG L L Rl DG XH
©/H X I-C M catalyst
p*M catalys R
* HJ\R =
Cp*M catalyst | (C—H activation Proto-demetalation H+
Me Me Me
Me \,éfMe Me éﬁMe Me \/@Me
Me~ | "Me jj(\ Me~ | "Me Me l\lll Me
“‘\M\ H R ‘\\‘M\ X SN\
DG L DG H"/< DG X
Coordination R Insertion ©/< R
U] ()} (n

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

Ellman 1= AJE#N-11~-WH ;eo0 76 7gFAL ! ] 3 1 HO IRmM?
FTIJ#C-H— ! -asé¥ (eq. 22)* O R G$BO02 =VoP?2rITlI$9o0hw<
FAT87a3 1 3 Cp*RW(IHlc 7] VvyCH—~—!-A& & 3 ©Cb
Ub&II~-WH;eo076 asi# 3

C\ (CF1)oCF (CF2)sCF3
N__O 2)3CF3 C\ : C\
! [Cp*RhCI,] (10 mol %) NO S N2 NHgl

Q o-S N AGB(CF )4 (40 mol %) : HCI -
R * J DCE, 50 °C TN "R2 . GH,Cl, 0°C e (22
N H” “R2 ' R? T 2Cla,
75 76 R2 = anyl >99:1 dr 77 78
-CO.Et 99:1eur.
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TCAI#VY C-H — 1=~ Ajl (p'Rh 7A&J 3 1$02zé& 4 3 2015
BB Cramer L= \VAPIKE7E 3AJI1 R 7973 3 1502 9IS
UD& A vy CH—!-&7%pn (eq.23)*” 2017 DB~ Ellman 1 . =2&&KE7&

3A§ 1 CP RO 827 WTN9OIDo81a-d )& Advy C-H—!'-A&7¥%pn
3 (eq.24)" & #&)0a =z8 3BAJICpRhe S - VyCH—~-!-&
D&AJ " 41&z &+FPI1"* 2 dd& »7é&
o) _OiPr
Ay 0P HN
R1:_/ H (B%(f(??#;f’l/o) R1!—\ ©

O (0] DCE, 23 °C
\/Y 0

H 98%
92:8e.r.

C[\\j le) 82 (5 mol %) Cl‘\] oR1

AgSbFg (40 mol %)

. NO >

+ ORtTYT2 DCE, 80 °C N0 (24
80 81a-d 83a (R = (CH,)oPh) 60% yield, 84:16 e.r. !
83b (R' = Ph) 68% yield, 90:10 e.r. |

83c (R' = 4-OMePh) 73% yield, 91:9 e.r.
83d (R' = 4-CFzPh) 60% vyield, 90:10 e.r.

FR™ vy CH-—!-A7ET 3y #tAUOt! Cp*c ST AjJITOW?O
&P °F 3le E U7 Schemel17$501 JkHEI%/@Q1IdWIY:!
FAUUSXxEe#B3%&: x5~ Y@ 43gOjF:;BIxd DI~ @PPoxz&Tel
#3 @P?70x2&gOjF:BiIxd $T1T Aj1ITOW?0o7D 3 1 — $
as#O0t&B ¢c732¢€ 3 1'# ¥ TIJI$s-az a 31

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

1))

z

Qo

m

Cp*M(lll)-chiral counterion hybrid catalysis

Me Me Me

Me ﬁ Me Me Me Me ﬁ/Me

X @
Me |\|,|®Me 3 chiral J\ Me ‘,\|,|®M§ X chiral Me J\l/l®'vIe ¥ chiral
DG L counterion| H R el \‘/< counterion DG‘\ \X counterion
—_— H —_—
U] (m (m

Scheme 17. Working hypothesis of Cp*M(lll)-chiral counterion hybrid catalysis.
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vy A 9I1EAGO-A7¥%n (Scheme 18, ¢q. 26)” YO&AjJjHIclI™-oC

- >VoP?2rITae$!""*3_&& (¢q. 25 dppmc &KTOW2PoSBAjIcI~=qT

867D 3 1 4 =>VoP?rfta$ IJIT8 Aala3 (eq26 > —-aAHA
&eF 1&xzHAKWTNgOOo 18%ec 1#2 fé&xzHA&aoLO 97%ee 1#3 1
Al $# 3 -azrs Ajl ;?0b9xd 877Yé& [fé&xHAXS
HA -7 # EoOOBT;;?0b97Yé 3 1! 4 #% MTe7ET 3t

bs 31 14 3 ¢—-& "AjliclI™~=qQT~"Au$SB 3 1# E #1I1
ow?o&Té EF 31eE 43

(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

CH,Cl, 76%, 65% ee
acetone 71%, 37% ee '
CH3NO, 60%, 18% ee ! (86)

(
QU Q9 OOOOO

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

Scheme 18. Au-TRIP-catalyzed asymmetric hydroalkoxylation.

rA =23CS$lListl”Pdc $=Ze&AjlclN=qT74aj) vyW-TniIT-
A7V (Scheme 19, eq. 27) *  Pd(0) ¥ TRIP (90) £A<u 9k 19e€089 79k H1©i$])
3 1 Ov:9I1S[U 88 &=>VoP?rITlJ# 9kl1©o-& =zS 3 &E 43
—A&EE " " —3$TRIP(Y) BEA! ] | OIS[USs I19e089 1=>Vhw
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—a "bs# 9O9kI1IZJH<TFSx (INH&GoS$ PAMHTAFRICIN™N=T " ;7?7
or7zvyeé 3 - "B TEeHS 3 1 h-Al $# #  List 1
" &0 #CEAHKL J&a) .7 - AJITOW?07a&)] 3TtA—-A7 Asymmetric
Counteranion-Directed Catalysis (ACDC) ¥ EE— 3

Ra
R3
[Pd(PPhs),] (3 mol %) y
R’ = (R)-TRIP (90) (1.5 mol %)
o Ph MeO1Bu, MS5A, 40 °C Rt
Re Y Pn )\N then 2N HCI }‘\fo
H H R2 !
88 89 45-89% 91
85:15-98.5:1.5e.r.
Ph C"o OH
P
91 H,N"Ph o ‘o 88 + 89
(R)-TRIP (90)
H,0 H0
’ *
: 0
0-fp-0¢@ 0-P-00©
R8O pn N H Ph
!
N H \?\l )\Ph Ri—/ N~ “Ph
1
y Pd(0) RNy
R? R R2 ()

()

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

TRIP (90)7 O+ B+ 3 1 vwyalU&+$I1""*1# CcelJ#EF.S 4 3
List L= 2011 @5 & vy W-Trost ~&$ TRIP (90) Y IEF7d URYL7 ¥
3 (Scheme 20, eq. 28)* &—&ANST NsS&KLA! 9eo0937! 3 1 o
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Y >Veol&S+ 9%6&YéeHs0o2#* ITI#—-17 =z 3 #  Bronsted B
Al Er 3 1 Go 39KIQIEqI &GOS - Tw 3 Pdc p9e
OPTRIP 1! s &TCA$03 KUSUL 4 —-a&N&x TRIP "AjITOW?O
! Bronsted BLA&zZ &RE7A 3
Pd(PPhg), (1.5 mol %)
(S)-TRIP (90) (3 mol %) J
Ph
R = 1 93 (40 mol %) R!
ZJYO J/ Ph~ “NH, Lo
R " Ho toluene, MS5A, 40°C  R? (28)
H then 2 N HCI H
88 92 94
Ph

N P
0o 0O
Ph o P /—* PdO O\P,O
Ph/kNH 20 Jpj Q/ 0
2 ® g5 W
93 k/F’d H‘&N Ph oM
X =

e

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

€7 -1

ZLL0O0c BT
3 38) Jo -

SAJITOW?0&A) " #

Yar 4
vy ab # YIEF7_.Ca 3 Co#iG&r 1# 3
NR_2e&8d7Ca CCH-'-a)&Z2]) A  Cp*Rh(IIhc BT AjgiITO
W?20&PD 70+
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cU NzN N3n”

NNMA Cp*Rh(I)-A§ IHI IcVqTY ; _kQUTA&I

Cp*Rh(II) ¢ 1T AJITOW?0o7D 3iG"z o 143 (Scheme2l) r -~
B3w»7in U7 [Cp*RhCL], TAJ IOW?0jiE&CALCUS =7 3 I —-an
x ;?ol7Yé 373G 3 (Method1) - rA~ Cp*Rh(llc YAjIOW?0O7
v S$cyeé Y: KQUETA7 J 3iG 3 (Method2) @ oz2n #CA
731 3 Method1 502 C&é&F7z-3 11

Me
Me Me Me

5 Me @ Me M\Q/ : o
. e” | o Me i
* chiral ©) chiral
DG [Cp R2hC|2]2 + 2Ag )counterion Me™ | oMe \® chiral L‘“‘RQ\L counterion DG
©/ H (2 _— Rh_ L /counterion L ©/ H
Method 1 \ d / Method 2
In situ generation AgCl L |Using pre-activated catalyst

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

ce¥! Cp*Rh(Il) BT AJITOW?01ZI'00Cc 1&O0+=+6 rr
J# Ajlci~=qT&P 70+ Li'"”/Huang'’1$50 jJKe—-a& % 4
3 22~=WIlJ]kHo 1)7%U01 >X0)& R—!-AT 3Z)7ub (eq. 29)
Ajllci™~=qT 101 7CA! [Cp*RhCL], ¥ ©6++6 —=A7S 1 5 -T 3

Ke &TéTrT1027a

| _N 0 [Cp*RhCl,l, (2.5 mol %) | _N ; OO |
. Ag-(S)-101 (10 mol %) ! 0.0

H : o

DCE, 60 °C, 19 h (29) 5 OO 0" o

100 26% ; }

1 (2 equiv.) 50:50 e.r. 102 [ (_‘?)__121_______:
(eq.29) B —THL"> s_7cl gOjF:BIxd $T1T =Xol100
IciI~=gT B N+ —a&zs7it Tce 14 (Scheme22) O2B F&
AjlIow?ol-1 3 1 -&7 h$szs 3 1 31eE

[Cp*RhClyl,
Ag-(S)-101
14100 —————

Desired
Scheme 22. Coordination competing of enone and chiral phosphate.

Unproductive intermediate
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cU NzN N3n”

NnR~" 02B F&N AjIow?ol. 1! AJjlkobB02._. "3 $bxU&K

Al LUN\VAPIL-22-HI 1 cOBEBINSA 13A$SKI (Figure 4) A j 1 BINSA
" L«<pgAbl1$0 Clae S 4 2 AjJIEGEALA> "DO0ATCA! e
#a) Yap 4 39

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 BBL<pgAbl ™ Ajll BINSA JkHW<FATA7] JFe&llvy Mannich ¥4
—&7¥%pn 3 (eq. 30) " (R)-BINSA ((R)-103)¥ 2,6-H~=W N JkHoO (107) 1 BINSA
TK<KHW<FACA7-aNx Yé& 3 1! 9lHeo 105 ! 13-HDToO 106 &g ellv
Yy Mamnich ¥a—& ET 3

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

X
| NHR!

R o o Ph” N">Ph (2 mol %)

N _~__COR2

)J\ + lJ\/U\ 107 Ar Y (30)
Ar” H R2 R2 CH,Cl,, MgSO, COR?

105 106 0°C, 30 min 108
(1.5 equiv.) 91-99%

84-98% ee

Cc-A&&CZO©ZN1 = (R)-BINSA ((R)-103)Y 2,6-H~=W Il ] kHo (107)&Ubg7e¥F

3 1502 K&LtAGel ! E¥ 3 BINSA JkHW<FA&EZS$ el 3
(Table1) éF&Od 107 7 1.525Ub s 4 rre7l 1 Al 1
JKkKHW<FAYé xSs-a 3 ! 1 k&Gl " 111 Oo+x6 S+ 109

3I186E 4 3

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

NP2 0 o (R-BINSA(103)(5mol %) NHCbz 5 x .
)iy + 1L 107 (X mol %) Ph/'\(Ac : | E
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 3 1:15 84 90 : OO
1 :05 83 34 ! 1:2 74 92 :
1 :0.75 81 79 ! 1:25 76 95 Proposed
1 :1 82 84 | 1:3 68 86 ' active speacies 109
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cU NzN N3n”

t&0O $ BINSA "O6++6 339eo/]JkHoh7Z $IT 41&Ubg7a
n 3 1 —anNx bxzU&UGO Tass 3 (Figure 5 >~ =23%$33- &60%

$U 3% SA&PIigWoOC. % _&I#2 N #LAIBkqWoC < fF#tAU
CI# 3

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

Figure 5. Design of chiral BINSA ammonium salts.

rA BINSA DOACTA™ 2009 BFL<pgAblBO2&)e S 4 3 BINSA
¥ La(OPh); 1—-&Nx < TA7Yé Vivd | VY Strecker ¥4a— &7 a4 (eq. 31)
¥ o €tAA2uU TkgPIGKIGOWU (111! "NnTob 1G90©Gn7i1Tv 3

1 & #91Heol1ll0 &k=>VoP?ITIJ#GOX©®© =zS 3 BINSA zU B

La(lll)cr AjJl Lewis BELAY EF &1 # 3
(R)-BINSA (103) (10 mol %)
i‘ La(OPh)s (10 mol %) j\h
N Ph Ac(?H or /PIrC/)?QH HN Ph
+  TMSCN 10 mol %
RJ\H EtCN, —20 °C R)*\CN (1)
110 1 112
(1.5 equiv.) 28-99%
33-92% ee
> AJITOW?O! BINSA 7& ) Yar 4 3 2010 DB Toste L = 9Om
O7  .NOIAINI[UNAGIEI9Qeol113& A vy[UN9IEAGO-A&7%NM (eq.
32)* Au BAJEITOW?Oo7a) & V# 3 tTAIBkgWoCs
33-9kqgl BINSAGP 1157&F 3 vwyub~"LU 4 3.&& CZC 11#

Ag-(S)-TRIP 86) T g 31 >VoP?2ITae$l ">~

Pr
BocN -OH dppm(AuCl), (3 mol %) BocN - !
Ag salt 1
S - * (32) : iPr
Y toluene, 23 °C, 15 h : o .0
i “O-Agt |
113 114 ; OAg :
Ag salt |
Ag,-(S)-115 (3 mol %) 98% vyield, 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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cU NzN N3n
wWsB . Lx1&TI-CIg™$ BINSAGPD 191@kD0O706++6 ¢
A-& Aa¥%p 4 3 # 1 BINSAOGP 7ZL.00c $a) < ¥
ae7S T #H# BINSA 0P &Yy #A)JG&ADI#3 1 _Ca

NR ™ Cp*Rh(IIc ST

2-N"=WIl ] kHo 1)&=Xo 100 )& C-H
Ag,-(R)-BINSate (116a)7 §
33) ¢—aA$s02 CA1l16a
Y: KQUTLA&Y USHKi

¥ BINSate 7Y é

AN
_N o

s

100
(2 equiv.)

BINSA b
& BINSate b 7B
117 " CA 116a ' gy
! Cp*Co(llhc S

I
SO4H
SOH

S

103a: X=H,R=H
103b: X=Br,R=H
103c: X=H, R =Ph

103a-¢c 7CA 1 a

BINSA&T& 3101cvqgT

3 BINSate &b 704G+

R— 1! -Aas [Cp*RhCl,], ¥
—-a7zs 1 5 T T 3_.&&vyuld7LU (eq.
HTes 4 # 1 Al 1# — Cp*Rh(Ihc

[Cp*RhCl5]» (2.5 mol %)
Ag,-(R)-BINSate 116a (5 mol %)

DCE(0.2 M), 60 °C, 18 h

33%
60:40: e.r.

Y :; kQUTAI117a-¢c 7x&

[Cp*RhCL], " OKTWTk I x

OO SO5-Ag*
(33) OO SO37Ag+

| Agy-(R)-BINSate 116a |

=1 3 1 L
(Scheme 23) Y ; KQUTA

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

* Cp*Co(CO)I, 118 1 CA 116b 7OKTWTk I

T0++6

L & EEHAST RA#HT271 =2&& 17S
-Y:; kKQUTLA7US 3 1 *
L
Ag,COs SO3Ag [CP"RhClal.  — [Cp*RhLy]
SO,4Ag CHLCN [6,6'-X,-(S)-BINSate]
X ‘ ‘ R 117a: 80%
117b: 68%
116a-c 117¢: 70%
1 3 1 -T = 3_.&&Cp*Collhc
[Cp*CoLy][6,6’-Bro-(S)-BINSate] (119)7 011 3 ¥ (eq. 34)
RGP
SOSAg
[Cp*Coly] (34)
CH3CN, 40°C, 24 h [6,6'-Br2-(S)-BINSate]

Cp*CO(CO)|2 + OO SO3Ag
Br

118

116b
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cU NzN N3n”

rA Y: kQUTA 117 &SCEZTD~"21€g — EL#EZS$ Al
$ baa [Cp*RhLy][(S)-BINSate] (117a)& 'HNMR 1 bBT 1 &6 d'7 Figure 6 $ 11
1172 " n D&oOd 1zG-T'é 4 _&& 'HNMR 1bBTIS = 2.7 ppm
Muss_NnquU JagB S143&+ 2 usSg&HA! ] | OKTWTKIEI/G
&3J%+% JgB~-LU #H B As$ "TAl1L $ # -&& zG-T
Y Ab7N avy 3-ass]) AbchG # — culuss Y
KQUTA7[Cp*RhL\][(S)-BINSate] ¥ S€ 3 Y:; kKQUTA117a7]) L &C-H~—

1 a)&Z)6072z-3 11

15.318

6.089

2.000

—
————_2.370

Ty L

L L L B L O LB BB B L BB B
9.0 8.0 7.0 6.0 5.0 4.0 3.0

PPM
‘\\\\\\\\\‘\\\\\\\\\‘\\\\\

2.0 1.0 0.0
TTO0OMOOIT T D OD © - - o
TANSKRNULUKNOYTMOT O KD < 0 © =3
TEONRRIITANNT O R ~ e ] =3
BB OINMNNMNMNNNNNNGO© o~ o~ - =3

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

28



Nen Y: kQUTETA&ZJINSO

BUS Y KQUEA117a7 22~=WIJkHo 1)7.01 =>Xo0100 )& C-

H R—1'-&$2] @q%)er&—T JUJuri102 aila 6 # 1wvyad
LU rA JI&&JIFALD&—!-A& ~“vyuad~LU # *
% [Cp*RhLy][(R)-BINSate] 117a
(5 mol %)
ﬁj DCE(0.2 M), 60°C, 21h (35)
(2 ;88.\,) 544446:/2 r. 102
1#3MMTe&31t7J0 =Xo&EZCZ07S (Table2) L= &&66eU7hR

(E)- &=Xo7é&¥F ' 5 100 'y M 3t -&& /  $Phw7
C 3=>Xo0120-123 = —0T$HL1""> (entries 1-4) rA DT&>Xo124 = 4
>VoP?rIte7l "'1_$ K-T —! ala (entry 5 —ab 3

D 31T 6 $ u (entrys) O HNP "—Tpflfita!_$ u (entry 7)

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

[ [
2N o) [Cp*RhLN][(?)or(FfI)-E;)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 er¢
14 120 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.

* FKGFAL Y N-TGHl ;eo 127/ pWTnNaoJdOIS[U (12970 1. -1

jKe &—! a1

X X
| [Cp*RhLy] 1 [Cp RhLy] |
=N _Ts [(S)-BINSate] 117a N whTs | >N 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°C, 20 h NO,
1 (2 equiv.) 8%, 50:50 e.r. 1 (2 equiv.) 22%, 50:50 e.r. 130
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>X0124)&C-H R—!-a$ L &B3w»7iA »U&eF7S (Table 3)
2~=WIJkHo (1)&3%$ Chang 150 C-H EF0-&)&Z) S 4 69k
gl " kouab 131 - RA#>VoP?rITae —! aia rA h E
Z& 2~=WIl]lkeHo (132) "It A u = Nt &B Ca 3
I-~*=WI1]gNqgl (133) "jKe &TéT aia * bnt &B @« 143
aoJd9eU134 - & =S # t&eF02 22~2=WIl]kHo 1)/ 69k
gl " koab 131 7hsi1»U01! Y: kKQUETA$SO3VvYCH R—!-&A&CZz

ceFTFs®20, 11

Table 3. Directing group screening.

DG o [Cp*RhLy]I(S)-BINSate] 117a DG Me O
H (5 mol%)
+ ES Et
Me /\)J\Et
DCE (0.2 M), rt
(1.5 equiv.) 124
DG, yield, e.r.
Bn
X A X
) ST ) I, N
he N X N >
b - b i ~v
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

30



cl GgG GUG
GgG Cp*Rh(I)-<~"AB~XMeKP7U_HLJE""-OjJO@C-H As AE#Rd

GUG 2-T8N™S_ACK°X#JDBCH As [

22T8N"S_Ac 14 L O0C 124 #JD C-H As £ Aéu
#an 4dN EPEH#TJ4A5 ! (Table4) STCpE OK™9cm $ w
C w 9McG:-niICc" C (entry 1) A9G - 9Qel ™ $812er. TEC19OM
cG:-Yeodeée C Ev+# 1 (entry 2) 1 _-#pEm SIEH#DPIJC
E *w C C T .10 THFp£ O pijc O 1 C$ h
T nNniIc+ée (entry 3) CH,Cl, , DCE o AoOP"'nj t 9McGYeod
dbai13s A.1 (entries4,5 SVbKcCiICp£ 0O6CKcm" + Ta¢!
Cdni1c4ae (entry 6) [FOe~p£m $ CAnNnIC +""wi (entry 7)
Tth#ig#—/ DCE4anp£ tS#ig4d4h O

Table 4. Screening of solvents.

[ [
=N o [Cp*RhLN](gsrzl;Elsly)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.
<CEPE#136” _5 E# O4H (R-1354Li O H &x0T460
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
T ——— — T
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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cl GgG GUG

BINSA #1 X¥%E""—0&éexniIC# hd4x:A ao 40 Ti§43
(Table5) O O " CHwi Ek 1 # * 0 OF20mol% © TF4
«U DIPEA (139), G!S__Ac (140040 S"$s £ nj 1! Rh mA
%Ys Owv EHNIAT — T -1 26"GAc (141) O TO #éx d
—/70VvT wi * C#0 nNnIC# h Ek T 4AVvTTO 4
< ovrT4aLo 2 C"k 0¢c.S 3] (142, 143) 2,6\ (Bu

t 14 $ oOb"dba A.1 +##NIC"k 0¢cS = | <O_c
T (145-147) AT F 2 2-[G~<O__c (146)4 S C nic#ls 3}1
héae 6=__AcC (148)"" +i gy 2-[G~<O__c (146) #nIC4h
o $1 Tth#iyg [1#®a 4r( 2-[G <O0O_c (d4e4anta

Table 5. Screening of organic bases.
~

AN
| [Cp*RhL\](S)-BINSate] 117a |
_N o N
o (5 mol %) 2N e o
H + /\)}\ 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 N AN
X
N N N/
140

none N/
139 141 142 143
81q'l1%n<ta'r No reaction  No reaction 47% trace 71%
TR - - 87113 eur. 86:14 err. 88:12 e.r.
Ph
0L OO COL C0L GO
Bu” N7 > Bu N7 N N7 AN
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. 85:15 e.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- - GAC (141)4& a O#ijg4aj (Table6) O O 40mol%th $ Far j

_F ""+R3_. w C- (/ NIC"K 0:.,S$H& 5 3.1 (entries 2-4) T«
h—/ a O$20mol% edd #ijJ4aj
Table 6. Investigation of additive's amount.
= X
| N [Cp*RhLy][(S)-BINSate] 117a |
7 o) (5()r?ol O/T) ) “Nye o
H 4+ S 141 mol %
7 Me /\)LEt DCE (0.2 M), 35 °C Et
AN
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.
eig" 31 hédae 1 L + & #0 éealLe (Table 7)
22T8N~S_ZAc (1324 L "$ 26-"GAC (141) 2-[G~<O_ c (146)# -4
+NIC# h Ek (entries 1-3) 2-T8N~S_Ac ()" Oig 71" 2[G™ <

O__c (146) C nNnicC#lIs a+1 heé4de (entry 3) FU I-T8N~-S~Ee ™ (133)

$ 1#0Q 4 +NTC# h$EkK NCzx#CEa A_.10#)

(entries 4-6)

Table 7. Effect of organic bases with other starting materials.
DG [Cp*RhLy][(S)-BINSate] 117a

H o (5 mol %) DG Me O
+ /\)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? erb
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
/ \N 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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cl GgG GUG

Egm A0 ¥ OO6#HS 4a4db 2-[G " <O__c (146)4Q eu#H+
\Na<]~e@eUB#i1j34]3 (Table 8) 14 +3 I _niC h
(entries 2-4) A"" MS3A 40 S 90:10er. dBa A_.1 (entry4)

Table 8. Effect of molecular sieves.
[Cp*RhL\][(S)-BINSate] 117a

= X
| (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.

as #r' o0 #a e +Leé (Table 9) OOE&E(), 006(1)40 St
2-[G~<O_c (146) &~ Jg#OMcG:nIC dba A._1 Fentries 6, 7€ ' _ O
O6() 2-LG~<O_ c (146)4 -+ 2 C nNniICSi wi (entry 8)
o06() MS3A4 atr eui" + T héae 1 (entry9) 6O 40
"$ \a<]e@eUB #nIC"®™ OEn & A_11! * 2-LG™<O__c (146)
4anra TA#TFAN™
Table 9. Effects of metal acetates.
X [Cp*RhLy][(S)-BINSate] 117a e
PN (5 mol %) |
Z 0 MOAc (5 mol %) 2N e o
H 4+ . additive .
Me /\)LEt DCE (0.2 M), 35 °C, 17 h Et
1 124 135
(1.2 equiv.)
entry MOAc additive % yield @ e.rb
S S . R 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 AgOAc L ; R 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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cl GgG GUG

BINSate ""TO 4° o JETN#G]JeNc=>4] (Table 10) &xP .S
i YO T .10 [Cp*RhLy][3,3'-Ph,-(S)-BINSate] (117¢) $ C nIC  +""j
wi (entry 2) BT XMeK tL#&x d$ A£""EcLS4k O U 6,6'-\v""TO
a4-< o SabClL#LOAaC #hé& [Cp*RhLy][6,6 -Br,-(S)-BINSate] (117b)
4& O 92:8er. dBba4AO "E (entry 3) L#»OLO Ear4d._
Fr Op""—/ NiIC4j o1 p1! C s4a%C O #  (entry 4) -#He

udan eu LFTC#Léan>*0

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 ;
! X 3 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 :_ o E._S}-_)S-_I?I_l\!?a_t(_e _____
(1.1 mmol), isolated yield.

an eu#+ e #2 T8N~ S_Ack®x"" oOonc4alLeée (Table 11)
L — EC D1 * A290c 124 #»LOLO FZ£ar4da_F O T
I 22T8N~S_ACK®X"" 31 C 9McG:-nNnTIC s x4A0
wWecDeceh#T0O $ [Fv QNVv''e #Saozk dSaode < T 7
Sade 4-< S'3 T nic4e (135d-f, i-m) Sozk 4b L $
31 £ Cae Qv ''Saozk ¥ o "N A qos x#CE
ab Os x# Cwi™ 1 * 90c 124 #2040 . T §4«<U (135g,
h) [FVv'"TO 4b $&x d4nNn O—- " £ N} ECIvINniIC
s x A_1 @35bf, np) O #S_Acch#I0O ° +iF hé S _Ac
chs5v™"Me 4B Ttch[Fv'"'9BIl1~ 4° Lip4ae S at 1

0 95:5er4nE (135p)
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Table 11. Scope of 2-pheylpyridine derivatives.
X X
Rt '_/\ [Cp*RhLy][6,6'-Bry-(S)-BINSate] —'/\

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 o R=Me 1359 80%,90:10e.r
R=H 135a 84%,919er. | = g 807, 99:10 e.r.
| N Me 135b 89%. 90:10 e.r. N OMe 135h 66 /o, 919eu.r
“N've o o a0 ey Me O F 135i 75%, 928 e.r.
e OMe 135c 89%, 90:10 e.r. . :
o oo cl 135] 77%, 92:8 e.r.
Cl 135d 89%, 92:8 e.r. Et K :
Et CF 135e 62%, 93:7 e.r. CF3 135k 66%, 92:8 e.r.
3 ) o .
CO-Me 135f 71%, 93:7 e.r COQMG 1351 81 %, 92:8 e.r.
R 2 P Ac 135m 65%, 92:8 e.r.
R

Me
Me | \ | N
N Me O N Me O
Et
Et Et
MeOZC MeOQC

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

a+1 nic4de Ip4ac QO0CHTO%AIH#1J4] (Table 12) wv#ag
R F 1 "$31 NIC s x A_1 (1499 —§g""Ph ,@b<@ TO
+ NTc4a0! p! s x4A0 (150,151) FU Anv#agRr
—/FR"" 1 s 3 ""NIC wi +##I¢c! C s x A_1 (152,
153)
Table 12. Scope of enones.

Me Me

AN AN

| [Cp*RhLy][6,6Bro-(S)-BINSate] |

2N 0 117b (5 mol %) 2N o

y o+ 2/\)J\R1 2-methylquinoline 146 (20 mol %) 1
R DCE (0.2 M), MS3A, 35 °C R
MGOZC (1 3 eqUiV.) M902C
1p
Me Me Me
[ [ B
/NMe (0] /NMe (0] /NMe (0]
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
B B
Me Me
MeO,C MeO,C
152 89%, 88:12 e.r. 153 87%, 88:12 e.r.
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GUG 6-6_e~V_cCk°x#jJOC-H As /E

eig - 2-T8N " S_Ac (1) g#nic4ae 6-6_e V_CcK®X
131" +an ig-rel ~#2 T8N~ S_AcK®Xx an eud 6-6__
e~ V_ckK®x 131 %Ac 2 w C 7822 er. @i j4d Ohéae
(Scheme 25) 131 °*© +an 1J4n*o0
Bn Bn
b N\ \N N\
¢TI <1
7 Q conditions N [ Me O
+
H e Sy : Et
124
131 154
(1.2 equiv.) "
conditions
[Cp*RhL\][(S)-BINSate] o
117a (5 mol %) ‘ég_/;’g"g'rd

DCE (0.2 M), rt, 24 h

[Cp*RhLy][6,6"-Bry-(S)-BINSate]

117b (5 mol %) 23% yield
2-methylquinoline 146 (20 mol %) 7829 ar.
DCE (0.2 M), MS3A, 35 °C, 48 h

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

ad #O & @A 1 * [Cp*RhL\J[(S)-BINSate] (1172a) ¥ &"° MS3A 40

éu pb£Eig -éel (Table13) 2-T8N~S_ AcCK®Xx #ij " T h
édqe Pb?cgpb£4mA""ig4aj DCE ™" oNnTC4a4h OhésA .1t
J £A4[Cp*RhLy][6,6"-Br-(S)-BINSate] (117b) i 'N S$SEkK |
(entry 8)
Table 13. Screening of solvents.
Bn\ Bn\
N N\j N N\j
& &l
NN O CpRhcat Gmol%) Mwe o
H + /\)J\ P i >
Me Et  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*RhL][(S)-BINSate]  117a DCE 40 84:16
2 117a CH,Cly 51 79:21
3 117a CHCl4 25 74:26
4 117a CeH11Cl 22 76:24
5 117a CeHsCl 14 69:31
6 117a THF 11 64:36
7 117a acetone 27 66:34
8 [Cp*RhLy][6,6'-Bry-(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 -Br-(S)-BINSate] (117b) ¥ &"" \a<]~e@eUB4$ = oA

H#1J4] (Table 14) MS3A MS4A S g#NICAe (entries1,2) MS5A $3

"NIC wi (entry 3) H#Hr#oA +iJg NTICHwiE O#)D

(entries 4, 5) AA"" OA 4 I eu4K) 2 & g#niIC 154 A_10
a. L] (entry 6)

Table 14. Screening of drying agent.

Bn Bn
) N ) N
Y ST
N—~zN [Cp*RhLy][6,6'-Bry-(S)-BINSate] N —~2N
0 117b (5 mol %) Me O
H + /\)J\ >
Me Et solvent (0.2 M), drying agent Et
124 35°C,17 h
131 (1.5 equiv.) 154
entry drying agent % yield @ e.rb

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

th-/ BINSate K©Xx4° P7U_HLJ£E s$at’gslser"" / AL

/1 g+ 1 *

* T3@E—-"" U ""Rd 1 BSb Té&4a O<~"AB XMeK O SPISate '4<

[Cp*RhLy][(R)-SPISate] (117d) 4& O /s JEHDA Eeu"" 87:13er. S X
154 A _1 (Scheme 26) T Lig4an>o "/ atolYer. s x4A0 E
0] 54)
Me
Me Me| |

Bn\ Me\@‘Me OsS Bn\ N
3 L\N\ha\" N 3
& N |_l ) 5, N

NP o] . F-SPIS N " Me O
+ [Cp*RhL\]J[(R)-SPISate] 117d
H 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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GUG NS A~ 7clLe kK°x#jJQOCH As £

P7U_HLJE" —-OjJOCH As A# _.10A&EgI»4dN 7clLe k<

<WH#ENSAL e [Cp*RhLx][(S)-BINSate] (1172) ¥ & "" Nh#0O #ig4j

(Table15) C-H T FID""€& _10NS_AZ 7clLe™ (155 4 L
"$ db Os x w C ~CzZx A_1 (tryl) S_A~ 40

O

(156) kBl AaAdC s x A_.1 (entry2) O 42-T8N S ACK®X#1

3 +3 5-[G~S_A" 157 4 L o 2ar oop"

£

Nl 83:17er. DA A_.1 (entry3) [Cp*RhCL], Ag-(S)-BINSate (116a)""—/01Ce

4gmdcC oloa 2 86:l4er.( NIC h (entry4) 1574AN\J "~ L
an ig4n>o
Table 15. Screening of N-substituted indole derivatives.
DG DG Me O
N H 0 Cp*Rh cat. (5 mol %) N
Q—/?/ Me /Efka DCE (0.2 M), 40 °C J
(1.5 equiv.)
DG entry Cp*Rh cat. time (h) % yield @ erb
Y
N \?N 1 [Cp*RhLyJI(S)-BINSate] 117a 17 12 50:50
v 155
,,,,|,,< ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
=N 2 [Cp*RhLyJ[(S)-BINSate] 117a 2 70 76:24
L
Me
| x 3 [Cp*RhLy]I(S)-BINSate] 117a 2 quant. 83:17
/ N157 4 [Cp*RhCly], + Ag,-(S)-BINSate 116a 2 quant. 86:14
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)4 Su#H+ EpbEATTY (Table 16) P
b?cgp£4mA " pT iy DCE 4h ONITCS$SEK | 2-T8N™S
_Ac (D) OIFF 7T STCpE#K ™ 9c $w niIc4eée (entry 6)

' _ TCpE O0O6CKc"™ $ DCE4§E OniIC ! (entry 9) 157 "*
+ DCE 4anp£ _107g34h
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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.

h \a<]~e@eUB#:S4Lé&  (Table 17) 1#+#A4 +  En
1"eSak O $Y +## NnIGC# +Ek 11 c EG" s N\
a<]Ne@eUB# e$1! U

Table 17. Screening of drying agents.

Me Me
X X
LN [CP*RhCl,], (2.5 mol %) LN
o) Ago-(S)-BINSate 116a Me O
N (5 mol °/o) o N
H + X
p Me/“\/J\Et DCE (0.2 M), 40 °C, 2 h O 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 p£m"" JEH#T 4] (Table 18) £y -4 S""A-401M
O J£ ¥, "pij C.niIC "o - TAB01 M#A- 14N>
* BINSate k=>4 1 OK NIC# h$iJ_11 (entries 2-4) Cp Owvo"*
0exbsS4aA4TE T 159 , Me £ =1 160 4K niIC wi O
#) (entries 5, 6) ST L= ¥ Rh mA 161 $ C niIcC +""wi
(entry 7) A- & - P7U_HLJE£1172a4 -K 23 ""NniIC h

R 87:13 er. dPba 158 4A (emtry 8) 6-6_e " V_ck<x 1 héage
[Cp*RhLy][(R)-SPISate] (117d)+ W §~ NIC# h$Ek | (entry 9)
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Table 18. Screening of BINSate derivatives and Cp ligands.

Me Me ‘O

| | : SOzAg !

N N | '

=z o ?p*RhI ca;[. = Me O : ‘O Agg-(S);l;lg-eBlNSate:

5 mol % I .

N N I !

H + —_————— ! tBu |

) Me /\)LEt DCE (0.1 M) J* Et ! Me Me :

124 40°C, 4h ; :

157 (1.5 equiv.) 158 + Me | "Me '

oA . :

! *tBu H

entry Cp*Rh cat. % yield erb : Clj [Cp 15|;hC|2] :

: 2 '

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

2 [CP*RhCl,l,  + Agy6,6-Bry-(S)-BINSate 116b 98 82:18 ! Mee ;

3 [CP*RNClyl,  + Ago-3,3-Phy-(S)-BINSate 116¢ 60 33:67 ; o-Rh :

* (S)-Ha- . ' \ :

R Co'RNCloly _ +  Agyr(S)HyBINSatet16e quant 7080 | C.j (CoMeHRNC ) |

5 [Cp*BURNCI,] 159 +  Ago-(S)-BINSate 116a 50 77:23 5 2 160 ;

6 [CpMe4RhCl,], 160 +  Age-(S)-BINSate 116a 72 78:22 : CFq |

7. [OpCTRNCII 161 +  Ag(S)}BINSatelt6a L razs Mo —gmyMe |

8 [Cp*RhLyJ[(S)-BINSate] 117a quant. 87:13 1 Me th Me 5

9 [Cp*RhLy][(R)-SPISate] 117d quant. 85:15 Gl \ol [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], Agr-6,6"-Br,-(S)-BINSate (117b)4 euH+ Y -Hi1343 (Table 19)
A- 02M $ JE#DPIiJC E ZAZpa Yy agE '/ E£E$soOb'"'hj +##NITC

wi O] IJ_.1 (entries1,2) A-401M""& 23£ ¥, ""pij nIc O

1 (entry3) ' . Ey-4 a + C,niIc"" S$EkK | (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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aA"" [Cp*RhLy\][(S)-BINSate] (117a) JEX¥ & "" as 40 Ti§43
(Table 20) Rh mA%#Owv""—O Cwid4dTE 117a O#ao 4 Iy
1H#+#HA + C.,nIC# $& 5 Ek as #a $s é
| T -1
Table 20. Screening of orgaic bases. [Cp*RhLyJ[(S)-BINSate]
117a (5 mol %)
157 + 124 additive (5 mol%) 158
(1.5 equiv.) DCE (0.1 M), 40 °C
additive, yield?, e.r.b
P et 0L OO0 000
quant. 139 141 142 146 148
87:13 e.r. 94% 92% quant. quant. quant.
87:13 e.r. 87:13 e.r. 87:13 e.r. 86:14 e.r. 86:14 e.r.
aThe yields were determined by "H NMR spectroscopic analysis of the crude reaction mixture with CHCI,CHCI, as an internal
standard. © Determined by HPLC analysis.
th#an TF#hé [Cp*RhLy][(S)-BINSate] (117a) JEH#DI 4 eudanéu
LFrTCc4alLé (Table 21) 7cLe " h456v™"$T ITO e T /7 n
TC4ij (@) | 1 &~00Pb""dba4Ao (162-167) Sbe  K°x

$ N E"—/mME-# C""10+## 1¢InicC4e (168) ¥U 1 KN"RL

b7cLe  kK°x169, B:Ke kK°x170 $NnIC wi

Table 21.Substrste scope and limitations.

Me
| X
_N
0 [Cp*RhLy][(S)-BINSate]
N 117a (5 mol %)
H +
7N\ Me/\)LE‘ DCE (0.1 M), 40 °C, 6 h
R .. 124 S ’
(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.

® B
| _N _N |
Me O
E N N Et
* t MeO,C * * ”
/ 166 z 167 \ / 168 /. / 170
97%

69
90% 60% 62% Me quant.
85:15e.r. 84:16 e.r. 85:15e.r. o) 75:25 e.r. 73:27 e.r.
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# L ¥4 Cae #  JEOH#WIUAK) (eq.36) TJEOA 0.5 mol %
r

U 2 [Ea _F  +##OO0OP"" £ N} NnITC4j or |
85:15 er. S X158 4A0 c £ OJ£ LOS bx#GaY (Cp*e
X""—OJTC-HT £ ol- O i~ t {
Me Me
X X
| _N | N
| 0 [Cp*RhLy]I(S)-BINSate] | Me O
H 117a (0.5 mol %
o ey (0.5 mol %) R @
124 DCE (0.1 M), 40 °C, 96 h
157 (15 equiv) 98% yield 158
85:15 e.r.
6=CVFe 1090c#nN&T1>»4dN A9O0c17l1 %u#n&alLé 2 2v 3v
As £ nj 172 Tac® C A_.1 (Scheme2?) 3 AL CEa#TN . 2v
CHs £ nNnj # 3v #C Nnj O T .10 jgxI#dé Ek
O+## A6BlIla-nNnICd9OMcG:-nNIC +""0 #y 40 (@)
Me
Me
(0]
| = Me
/N
/

[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.) 76:24 e.r.

Scheme 27. C-H addition/cyclization cascade reaction of indole derivative 157.
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aT J= J1k

J=21J miCH Bbv O#A 4 OCawnA

Jl1k OCaRyv.3

#O)D 2-W=SdVcFg (1)8®t’ mi C-H Bv O%EJAF#
Dax<gEq &3} Zpbx=8T ax<Eq DU ""Zpx % 2 AbdA-:
S?2gndg Jng DgJBP ;?2gZ:-%1U ua O# 41—Zbx<x%nGG

H#H& 5*1Zke & n 25 (Figure7)

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

| toluene DCE acetone
_N i
H N ' 21% quant. quant.
[Cp*RhLy][(S)-BINSate] 117a | ' 66:34 e.r. 81:19 e.r. 81:19e.r.

(o) (5 mol cVo) _N
1 /\)J\Et solvent (0.2 M), rt

(1.2 equiv) e
' ' 124 GE — @ @

(0.05 mmol) 135

Me O

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

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

riI9sRéc & TFiIKE;:;Bdpb— BINSate 3;?2gZ:-81TU mi O<°8ak

4 D> 7 1 &:?729Z:-%1U#13mi1 O°8ak P
b—1) 2=>=RgL?Zbg a Uo 4 n (Figure 8a) 2 KS%E
MAF%I-p& 1—Zbx GG 4&c# :?29Z2:-8TU " g8é&éa 40%

n 25 Wl-p pb—1) Z2ijag#a UYUo a pb—rc-(Ill) "3 Ja%
1—=zN8a a pb—(Ih#A Y FPg BINSate Rh pO#= | EU >R
gL?Zpg""YFPg Uo JhR%wr—=N8a v — 0254 S
"Ca O>» 5 (Figure8b) 52% @SH_# SI'862 # 4 & U;zX
CcMQrvI% 2""40gAb#¥%Nn 4 n Ry i#AU

a). Enantioselective-insertion mechanism b). Enantioselective-protonation mechanism

[Cp RhLN] Enantioselective [Cp RhLN]
H [(S)-BINSate] protonation - _(s) BINSate] H
117a 117a
1
(llp* 3s /> <|3p /oas ?p*
\ N —Rn— 03 *) R O HO3S - N \//N——Rh/ossj\*
HO3S ¢ HO3S
U] Me ent-(Il) rac-(lll) (U]
k

1i4\)OL — o 90 ) = op % 0
X I ® H03S | ® HO3S 124
Me Et \ 7 N ~Rh N 0 Et Enantioselective \ 7 N Rh N © Et Me /\)]\Et

Me mn Me m

Figure 8. Two patterns of proposal reaction mechanism.

44



aT J= J1k

& /# u%Abd:-S?gj I'-¢7 <¢ %Cu8o (Table 22) [Cp*RhCL],

_— 0 Ag-BINSate (116a)8d 4 OfIp rY&ex<i8Tu 40cCs
6 135% &&3FI1 Zbxg8é"" " /7 U%Abd:S?gjOb=+
I-pb8Cut F-S?93 AbdF@d\gZ=+ 173 89 6 bI™

—%HggE 3 & 025 [GW=1P8& / ETwaT:-S?gi8vyg
HgE 0254<¢& 40%% 50mMisF&> 9ITS i (101, 86, 174)
a O# & BINSate%— © =RgL?Zbx80 2 o2 "
Table 22. Evaluation of other chiral anions.

AN AN

| N | N
4 o [Cp*RhCl,], (2.5 mol%) 7" Me O
H Ag salt
Ve /\)J\Et DCE (0.2 M), MS3A Et
35°C,36h
1 124
(1.3 equiv.) 135

Ag salt, yield, e.r.

2 4 6- IPrs 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 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.

Ag,-BINSate (1162)8 g r19 GUEI135 %b%DNT pPp%OES3Y (Figure 9)
0.lmmol GCad# (5)-—hR)-—%116a 8T /GIMP% 5&R2540%% r
% TLE&ASC O # 4 o2 T FTiIiKE ;Bdpb—
BINSate & 1A1%_—C E¢—8TU O Yo 4 n 25

[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

60

135 (% ee)

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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Zcllséewxw3dI80o (eq.37) Zc1 2-W=SdVcFg ([D]s-1)8g U;:Xc
MQr9 117a 2-"LdATcg (146)_ — 1 DCE/~"JTadDCcETp# 0806 2
Oob o8 C 6 22%%v —135 025 O O% T1 63%< 5 <«

5 1% OZ1%=zcl - TJTEd#GU 4cl - 48%seée 5 4

TS xk»l-p13 a O &CHeEx &jtag 4 TOo 5

[Cp*RhLy][(S)-BINSate]
117a (5 mol %)

0 2-methylquinoline 48% D
146 (20 mol %) H/D H/D
T Me /\)J\Et DCE/MeOH (4:1), 1t, 2 h T op, L @7
[D]s-1 124
(1.2 equiv.) (0.05 mmol)
U;:XcMQrv :-Abd" Cp*Rh(IIrvI8g 5 5%rq O# UETgE
- b KIE) %OE8S (Figure 10) U ; XcMQr v 117a 89 mi CH Bv
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& OCa g4 eA 5 U;:;XcMQrY#14miC-H bv O & OUe
c#cl - hc O &bgcdg#0n 4ijAx< T 5
[Cp*RhLy][(S)-BINSate]
117a (5 mol %)
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+ O DCE(0.2M), 35°C H,/D,— + O DCE(0.2M), 60°C H,/D,~—
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Figure 10. KIE for asymmetric and racemic C—H conjugate addition reaction.
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AHB
pKa (AH) = pKa (BH) ——> ky/kp = max

95 5 i 0o0oooooooolo@on),
ApK, goooooo, p.aso.
Figure 11.
kS8U, t«K 5 [lykp=141 8NA 4 miCH bv O# C-HI-¢TU

& 2-TLAATcgGU®WATCcS<_ 176 2Rh>TbiP 175 (Y FPgT #13U 54 O
> 4 (Figure 12) ATcS<_ 176 GUE%CPg135%pka8Cu 4 %AE&™ 7/
kulkp =1.41 A T K 5 n 25

~
~N

pKa ca.10
H  [Cp*RhLy][(S)-BINSate]

117a (5 mol %) /
2-methylquinoline
1 146 (20 mol %) Z
(0.05 mmol) Et H 176 kulkp = 1.41
+ O DCE(0.2M),35°C \/ H™D
Me ~ Et

124
(1.1 equiv.) pKa = ca. 20

Figure 12. Proposed protonation pathway of asymmetric C—H conjugate addition reaction.

** Huang 2#1 O N p% pKa &~ Ta a4 T 5 4 Eq#9 4@d\
9Z%pKa#13 v —~% & g4 T /25 4 (Table23)'? €t«<&Ca% /x®x<Q
YV 086 7/ O & 1 4al-p#" n 25
Table 23. pKa effects of C—H conjugate addition reaction. entry solvent pKa % yield

| N 1 CF4COH 0.23 2

_N [Cp"RhClo], X 2 CHCOCOH 225 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  PrCOH 4.69 84

+ o solvent, Ph 6 CH;CO.H 476 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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(Scheme 28, eq. 41) FFA  [Cp*Rh(CH;CN);][SbF¢, 89 DB#& 135% | bgK_#zZc&
| 5 a4 " O Jin%w J%zcl OTS 5 (Scheme28,eq.42) U ; Xc

MQrq117a#14miC-H Pbv O & YFPg %W] ~ g4 n 25

[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][SbF¢l, ,/ ’
(5 mol %)
. — (42)
DCE (0.2 M), 60 °C, 48 h
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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Figure 13. Proposal reaction mechanism of asymmetric C—H conjugate addition.
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Figure 14. Proposed enantioselective protonation pathway and 2-methylquinoline effects.
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Figure 15. Proposed enantioselective protonation pathway of 6-arylpurine derivative 131.
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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%).
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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.)
SO-H CH,CI,/CHZCN (0.05 M)

SOH 40°C, 24 h [Cp*RNL,]

3 > - l_ -

O 2. [Cp*RhCl,], (0.4 equiv)  (5)-6.6-Brz-BINSate]
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 .
1. Ag,CO3 (2.0 equiv.)
X CH,CI,/CH;CN (0.05 M)
coy _d°csh [Cp*RhL,]
3 > - - -
O 2. [CP*RNCl,], (0.4 equiv.) [(R)-3,3-Ph,-BINSate]
(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
2
R™1 ~N 117b (5 mol %)
o 2-methylquinoline
- + 146 (20 mol %)
R1— | RS/\)J\Rzl
X DCE (0.2 M), MS3A, 35°C
la-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
| “Nve 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

|
N me 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

“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 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
N wme 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
FoC 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
ez 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 CoH,,05N" [M+H"]: 312.1594, found: 312.1597. [a]p>> = 18.2 (c
= 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
_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 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;): 8 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
_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 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
| “Nye 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
| “Nye 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

CF, 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

2Npve 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,
e

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

“Nme o (2.7 pL, 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

Meo2C =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),
“Nme 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
MeoaC 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)

N 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)

Me 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),
N

Ye o 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%

MeO,C

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)

e Following the general procedure, 1p (22.7 mg, 0.10 mmol), applicable enone (14.7

| /\N MeJ uL, 0.13 mmol), 117b (4.3 mg, 5 wmol, 5 mol %), MS3A (4 mg),
me 2-methylquinoline (2.7 puL, 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

Xy Ph
| _N o 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).
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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
Y e § =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, IH). ®C NMR (125 MHz, CDCl;): 8 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*RhLy][(S)-BINSate] Me O
N 117a (5 mol %) N
H +
Z N\ Me/\)kEt DCE (0.1 M), 40°C, 6 h ave =
R .. 124 s ' R ..
(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),
| /\N 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE (1 mL) were
Me O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and

N/ ! 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, CDCLy): § 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)
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
Me O stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad and
b 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, J = 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=8.0Hz, 1H), 7.27 (d, J= 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=2.3 Hz, 1H). ®C NMR (125 MHz, CDCl;): § 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, 1393, 147.0, 148.6, 150.2, 209.9. HRMS (ESI): m/z calcd for
CaoH,,ON,Br™ [M+H']: 385.0910, found: 385.0911. [a]p'’ = 17.7 (¢ = 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

/ ! 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 '\:Ie i . stirred at 40 °C for 6 h, and the mixture was filtered through a short silica gel pad

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

J l = 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 " / ! 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
| = mmol), 124 (17.2 uL, 0.15 mmol), 117a (3.1 mg, 5 umol, 5 mol %), and DCE
~N
Me O (1 mL) were stirred at 40 °C for 6 h, and the crude mixture was purified by
N
! Et

MeO,C )/ 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 calcd for Cp,H,503N," [M+H]: 365.1860, found: 365.1858. [a]p™’ = 0.2 (c
= 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

4 o)

N e °C for 6 h, and the crude mixture was purified by silica gel column chromatography

\_/ ! = (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
B ®
~N _N
I ) [CP*RhLyJI(S)-BINSate] ! Me O
H + 117a (0.5 mol %) 36
p Me /\)]\Et - ) ! 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*RhCI,], (2.5 mol%)

. 124 Ag2-(S)-/(R)-BINSate 116a(5 mol %) 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 %)

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

97% D

[D]s-1 124 135 recov. 1
(1.2 equiv.) (0.05 mmol) 22%, 82:18 e.r. 63%

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*RhLy][(S)-BINSate]
117a (5 mol %)

/\)?\ 2-methylquinoline
+ Me X" gy 146 (20 mol %) 38)
124 DCE (0.2 M), 35°C

1.1 equiv.
(0.05 mmol) ( )
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 puL) 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)

o [CP*RN(CHZCN)3][SbFe],

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

DCE (0.2 M), 60 °C
124
(0.05 ]r-nmol) (1.1 equiv) ko = 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

Et (39)

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]I(S)-BINSate]
117a (5 mol %)
2-methylquinoline
146 (20 mol %)

Et (41)

D —_
DCE (0.2 M), 35°C, 24 h N H H’f;% 5
73% [D],-135
o 80:20 e.r.
.
Me /\)J\Et
[D]s-1 124 21% D
(0.5 mmol) (1.1 equiv.) [CP*Rh(CH3CN)][SbFgl, /-

(5 mol %)
DCE (0.2 M), 60 °C, 48 h

H/D H/D (42)
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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Figure S2. Comparison of each *H NMR spectra.
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