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Ac acetyl

Ad Adamantyl

aq. aqueous

Ar aryl

BINAP 2,2’-bis(diphenylphospino)-1,1’-binaphthalene

BINOL 1,1’-bi-2-naphthol

Bn benzyl

Boc tert-butoxycarbonyl

Bpin pinacol borane

BQ benzoquinone

Bu butyl

Bu tert-butyl

Bz benzoyl

cat. catalyst

cbz benzyloxycarbonyl

cod 1,5-cyclooctadiene

CMD concerted metalation deprotonation

Cp cyclopeantadienyl

Cp* pentamethylcyclopentadienyl

Cp™" tetramethyl(zert-butyl)cyclopentadienyl

Cp™ tetramethyl(isopropyl)cyclopentadienyl

CpM tetramethylcyclopentadienyl

Cp’ 1,3-di-tert-butylcyclopentadienyl

CpA 2-(4,6-diphenyl-3,5-dihydro-1H-cyclopenta[c]furan-5-yl)-N,N-
dimethylacetamide

Cp™ 4,5,6,7-tetramethyl-1 H-indenyl

CPME cyclopentyl methyl ether

Cy cyclohexyl

DCE 1,2-dichloroethane

DG directing group

DMAP N,N-dimethyl-4-aminopyridine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

dppp 1,3-bis(diphenylphosphino)propane

dr. diastereomer ratio

DTBM 3,5-di-tert-butyl-4-methoxyphenyl

ee enantiomeric excess

equiv equivalent

er enantiomer ratio



Et ethyl

FG functional group
HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
HPLC high-performance liquid chromatography
HRMS high-resolution mass spectrometry
IBX 2-iodoxybenzoic acid
IR infrared spectroscopy
Me methyl
MS mass spectrometry
molecular sieves
naph naphthyl
NBS N-bromosuccinimide
NHC N-heterocyclic carbene
NMM N-methylmorpholine
NMR nuclear magnetic resonance
PG protecting group
Ph phenyl
Piv tert-butylcarboxylate
iPr isopropyl
nPr propyl
quant. quantitative yield
RE rare earth
Ry retention factor (in chromatography)
t room temperature
TADDOL a,0,0',0'-tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5-dimethanol
Temp temperature
TES triethylsilyl
TDG transient directing group
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
THF tetrahydrofuran
TLC thin-layer chromatography
TMS trimethylsilyl
TIPS triisopropylsilyl
Ts p-toluenesulfonyl

Xylyl 3,5-dimethylphenyl
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O, B7 v ERILEYWIEERMARICBOTEEICERZTH S, 1991 F~2011 FOMITEHE
NHED ) LE 14NN T v EEERTHL VI DL L X DERMEN ) DDPALDH, &7
VERERIIZL DFHE. FRAPNFES L7V AaT ) —LEP M) 7L Aa X FIILTY
—ILEEFFL TS, EERIL) — MELAWITHRT2RERTD )L sp? REDEIED
ZVWIZehs, BRETHERRBRETECp)-FRELAET AWMLY B Csp’)-F 4
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TEESZERITBVT, —ZDHDHEEBEEFLZRVICERTAICTERZLRETH S
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:D PhCOF (2 equiv), HFIP (4 equiv) ]’ 0 =N__N= o
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Scheme 1. Example of fluorination
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BWETHICLREBICREL TWD, BCXTOROEFBRRIGITLY T+ 0 FAERELEL
VXK TV AFLUA~FEEL T\ A, Wang 5 (34K - Jorgensen A% AV, 7 v b A
F L o FmirE KA Liz@afm T IV T & F~NOBELEY BT L XILLRISISE W TEH VIR
£, GUEBRETHWENELSNLZ 2 REL TS (R )™,

Shibata and Toru PHOX (5 mol %)

[Pd(C3Hs)Cl], (2.5 mol %) F. SOzPh

OAc 0,000  Cs,CO; (1.1 eqiuv) SO,Ph
s_s .
+ ph” ~ X
R/\/LR PP Ph chep0°c R ] R
F 52-92%
91-96% ee

Wang 1) cat. (30 mol %)

IBX 2 0 eqiuv) PhOgS SOzPh
CHO O\\ /,O O\\ ,,O toluene 0°C
/\/ + Ph/ \( Ph

2) NaBH,
41-92%
91-96% ee

Scheme 2. Examples of alkylation
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EF~NOBRREETEFET IV F—ILRGICEY, a-7 A ap-E Fax s FATLITINEF~
BRE, VWIS FAERE, VT AT LAZBRETET VS (Scheme 3, & 4)%,
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+ 2 A Al)J\ AT NH N
R™H \ﬁks THF,00r10°c P s cF, O @
45-99% -
62-99% ee S
upto17:1d.r. N OMe
Scheme 3. Example of aldol reaction L cat. )
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F o FAZBRETE TS (X 6™,
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cat. (10 mol %)
NHBoc 0,00, 0 CsOHH,0 (1.2equy)  HHB0C
" pn- 7 Ph S0P
R™ “SO,Ph CH,Cl,, —80 °C
2 F 22 SOLPh
70-98%
87-99% ee
Huang, Lu CFj3
O O
NBoc cat. (10 mol %) '?HBOC
J + Ru)K(U\OEt —_— R COgEt
R toluene, =50 °C E CF3
F COR! —
70-96%
81-97% ee N—?
Scheme 4. Examples of Mannich reaction cat.
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000 o Neatomol) o5 ' so,ph
Y2 toluene, 6-50 °C
RNACHO + S S ————————
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H
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R . 3
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Scheme 5. Examples of Michel reaction
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tetramethylguanidine) %7 T. Cy-Taniaphos * ) 7> FX L THWA Z X THF~FZIRE, g
I UFAZRE GUOYT AT LAZBBRETHMEEZEF TS (Scheme 6, X 9)7, F 7K
A L Ta-70AT-0-F ) 7)bA T A F)ILT I F %A1z Mannich RIS 935412 1% DIPA-
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2T L AZBIRNME T miE 215 T 5 (X 10)%,



Pt o It oy 4
£ 1% =18
Cbz.
Shibasaki o [CU(CH3CN),JPF, (10 mol %) NH O PCy,
(R,Rp)-Cy-Taniaphos (12 mol %) Al)k O @
NCbz %N Barton's base (10 mol %) R N .
E F — " N 2; Y2 (9)
e.
N THF, rt. 51-79% My TS
Y 90-93% ee
up to 10:1 d.r. (R,FRp)-Cy-Taniaphos
o [Cu(CH5CN)4PF, (1.5-10 mol %) R\
DIPA-MeO-BIPHEP (1.8-12mol %) ~ NH O
,l\le CF3\HJ\ N Barton's base (1.5—-10 mol %) RVk N MeO PAr,
+
R) F N THF, r.t. CFs F MeO ‘ PAr2 (10)
\ 73-97%,
90-99% ee DIPA-MeO-BIPHEP
Scheme 6. Examples of Mannich reaction with a-fluoroamide ~ up to >20:1.d.r. Ar = 3,5-(iPr),-4-NMe,CgHs

CHDLEHITET v ENMEYDTREFERDZ L DRENDH AP, 27 vERZA L Ta-7
NAv<wa yBIZATIVERVWAY, TERIN TV ALOFEROZVRISE D, FT:,
C(sp))-F 2B T HLEWEERTHENTE, - 7N ATHILKRVEEP X DFHEENY
FEMBICERTE 5,

Nichols & |2 BOX 2FM T2 ~7 7 427 AICEML I 155k 4 Ay L TRV, o-7))
A2 VBIXTINVERZERI T 5= a7 ILr o ~DFFEF Michael (T RIS I2HV T,
BOIRE, HOBRETHWENELNDL 2L 238R_E L TS (Scheme 7, & 11)%, £ 7=
Rios, Moyano, Vesely & |34k - Jorgensen Ab#E % A\, o- 7)Ao wa VBET X T )L % RAZA|
Y5 ap-TEfaT7ILT & F~DTF Michael RIS ITHE W THVIRE, VB RMETH
MEPIFELNSL Y EREL TV 5 (KX 12)7,

Nichol
fehos cat. (1.0 mol %)
NMM (1.3 mol %) E CO.Et
E 2
o NO, . F_<002 t MS4A EtOZCA&_/NOQ )
PH CO,Et CHClg, r.t. - 3 OTf

85%, 94% ee

Rios, Moyano, Vesely
cat. (20 mol %) F COLEt

CO,Et NaOAc (1.0 mol %
/:/CHO+ F— 2Et NaOAc (1.0 mol %) EtO,C CHO
A co.et  CHoCla, rit. (12)
2 Ar
39-78%

93-96% ee
Scheme 7. Examples of Michel reaction with a-fluoromalonate

Kim 6 (3 F AV L T7ROFEEAEELRA VNS 22T, a-7)bAava BT X7 )L % k%A
¥ L7z Mannich B2 RIS & WVIRE, S\ BIRETETTH I ¥ 2#MEL T 5 (Scheme 8,
A 13)%, F7:z Zhao b IFHEAME LA VLY, -7 A2 VBRI XTIV E RZA C LT
Mannich B RS ICEWVWTHOVIRE, UV EBRETHMENEONL I 2REL TV S (X

14)*),
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CF3
.Boc
N-Boc COEt cat (10mol%) M ot JSL
| + F —_— )\K 2 1
Ar) _<CO gt toluene, —78 °C Ar F N™ °N CF3 (13)
2 CO,Et NMe s
2
81-94% L cat.
93-97% ee
Zhao (
cat. (5 mol %) .Boc Bn S NO:
N,Boc CO,R2 Methyl acrylate (5 mol %) HN LU (14)
I + F A CO:R? "N N
R 2 H
CH,Cly, r.t.
R CO,R? 2Ll COZRZ | PPh2 cat.
82-98%
82-94% ee

Scheme 8. Examples of Mannich reaction with a-fluoromalonate

DL IICa-7NAava BT XTIV C(sp’)-F i r B T AHILEMDERLEILT
17 7ay 7 ThHb, LNL, a7V Ao BIZXTLE2REAC L TRV ERIED
113 £z Michael f$7nRic® L < (& Mannich B RIS ICTRONTE Y, REZHIBDO A% K
LTWb, 2 THRIEE, 2270 A2 VBT XTIV % REA X LI THFRG D RIS R IRK
YBIELAEEIT) T ¥ Lis,

227N Fava BT XTIV ERZAIC LETBFRED RIS APFRICH Y . FAILHFE
FTRELETV)VUVOTRFRRERCSOVFIATE L E AT, TAERETCIIINE TITHR
ZSchif BSE ERM F 2 AVWATEFRICEHEAMEL TER), TD1>¥ L THL L, B
Schiff3& BN F ) MEEN,O,EE (135 (2 La(OiPr)s. FMERO.0.BEML3% [T Yb(OTH); % fA 430 A 12 fid
WN, vOVBIZXTINERERC LT V) VU OTRERBERICICGERATR THSL 2 %
REL., ARILEWESRENDFEICHEVI SV FABRETHE NS EREL T
% (Scheme 9, & 159, ARKITEWT, HUVRIKHE, T+ F4:EBRELF L0 (T,
ZNZNDEMIG [CHAALH LB DAL EDOENFEICERTHAZ YD DI > TV
N

La(OPr)g/Yb(OTf)s/ .
R cot *Micmos T
)N—PG + ( ————= ) _CcoR
CO.R' toluene R
R 2™ 40-80°C, 4-72h COR
PG = 3,5-dinitrobenzoyl (1.5 equiv) up to 99% yield N
97-99.5% ee o Yb—g
Me o ©OThs Oy
La(OPr)g/Yb(OTf)s/

Schiff base = 1:1:1

Scheme 1. Ring-opening reaction of aziridines with simple malonates
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F28 RISKMHORF Y AEERFEEORE, & LURRKORBRRIS

HAZ Schiff SBEMELRAVLT V) VUV OFRFRRERIC TIE, RIS, T+ FA4:2R %
w0, SR 0,0, BRALGIC Lewis BRE 2B 2 MARU L ENH SH, L L, N-TYIILT

VNV RBEICE A XYY ) AN BT A I 0 Mo TS, TN, v VB
IRATUNCRET LT/ TP LY L REAMMEO 2-7 ) A v VBRI XTIV SR E
THL/ 57— F2RVESE TYV)VVORRRIKDAEL LT AXH YY) v~ EMELD
WAL TEITLTLE) 2B LSz, 2OAXHY ) U~ EMELDIFHRIZBEIL L,
Lewis B2Z Uf Bronsted 38 &4 % ¢ 28 O mBLIRIT21T) T ¥ L1z (Table 1), T ET
WEBEYLTO6BIRM|HER LT YY) Y rla, 2-7 Aoy By AF)L 2a x AV, BE
¥ LT hILT Y, Bronsted 8% %% "3 2/& Y L T La(OiPr); # AW THMI D Lewis BR% %R
T 2B DR %1T > 72 (entries 1-6), Lewis BEM£ D55\ La(OT); 2 A 7zx 25 2D, BEyY
3aa DTS U FABREEFEEFEICHVEDD, RISHEIMELBRE(ZL Y E 572 (entry 1),
Lewis BE144% X 1) 3800 GA(OTH): ¥ Sm(OTf)s. Yb(OTH: # A\ =¥ T %, B4 3aa DIRE (3
mELcb DD, XYV v da DERERE T (entries2-4), F 7z, Lewis =D& b
7\ Sc(OTH):; AW 2AA XY v 4a DAHDER LTz (entry5), FAEE WL A ABEME
BT 5 YOTH:; T AVTRICEEY 3aa DRE 45% TIELH, A XH ) > 4a DIRE

Table 1. Optimization of reaction conditions 0 O

RE'(OiPr)3/RE2(OTf)3/ O O

Schiff base = 1:1:1 (10 mol %)

0 CO,Me NH
(:DN% + F—< additive (10 mol %) COZMe EI \>7Ar oRE1 Oo,p
Ar CO,Me i

solvent, 40 °C, 17 h RE2

1 28 3as COZMe Me/O' (OThyg O-M

easi0g Gy (17 ca e
3aa 4a

entry RE'(OiPr), RE2(OTf), additive solvent % yield? % eeb % yield?

1 La(OiPr)3 La(OTf)3 none toluene 15 97 13
2 La(OiPr)3 Sm(OTf)3 none toluene 9 98 25
3 La(OiPr)3 Gd(OTf)s none toluene 22 99 21
4 La(OiPr)3 Yb(OTf)3 none toluene 32 99.5 35
5 La(OiPr)s Sc(OTf)3 none toluene N.D.¢ - 80
6 La(OiPr)3 Y(OTf)3 none toluene 45 99 17
7 Sm(OiPr)3 Y(OTf)3 none toluene 48 99 26
8 Gd(OiPr)3 Y(OTf)3 none toluene 48 99.5 1
9 Y(OiPr)3 Y(OTf)3 none toluene N.D.¢ - 79
10 Gd(OiPr)3 Y(OTf)3 none toluene/Et,O = 1:2 74 >99.5 6

1 Gd(O/Pr), Y(OTf), DMAP toluene/Et,0 = 1:2 919 >99.5 N.D.

12 Gd(OiPr)3 Y(OTf)3 DMAP+MS3A  toluene/Et,0 = 1:2 969 >99.5 N.D.c

aDetermined by "H NMR analysis of crude reaction mixture using 1,1,2,2,-tetrachloroethane as an internal standard unless
otherwise noted. ? Determined by chiral HPLC analysis. ¢ Not detected. d Isolated yield of product 3aa after purification by silica
gel column choromarography.



B1E H2H
D17 YR, R BRTFLEREZT LT (entry 6), RIZIMBID Lewis B4 /8 ¥ L T Y(OTf);
AW TAR D Brensted 3&& %% T H LTIV I X L FDOIRET%21T-> 72 (entries 6-9), &
HEEDIGT Y (OiPr); VT35 E. A X9V 4a DAEIVERL Tz (entry9), BEEDE
La(OiPr); ¥ F42E O Sm(OiPr);. GA(OiPr); # A\V\c X 25, Y D4 B+* A\ T4 BEYY 3aa D
RE, T+ FABREICKELEOVTR SN 5 7295, La(OiPr); v Sm(OiPr); # A\ 7= ¥
E(TEER GA(OiPr)s # AWV IRIT, A XV ) ¥ da DEREIPHIT A 2 ¥ AN T E 712 (entries 6-
8)e HLGDEERD S Bronsted 35A %2 TRT 2B Y L T GA(OiPr)s, VA ABRMEZ R4 2& ¢
L T Y(OTh); Z A\ 5 &fF % Schiff SEEAED RBRIF Y L1z, T DR, BEDRITEITL,
toluene/Et,O = 1:2 DBREEENARICIHRIITH A Z ¥ 2 R L (entry 10), F 738EPLH
MAN L E S AT EIT> 2 4E R, DMAP, MS3A #3352 CIcd ) AXH YY) v 4a
PERT 5 Z ¥ BEY4) 3aa 2 IRE 96%., TFURE>99.5% T155H 2 C ITRRII L 1= (entry 12),
F A AR E (IFRIA 3aa D PO ELBTL, LT p- 7 ELREFRY DMEEICL
DALEH) Saa LR L 7R, X RERBEMRITICL ) REL 12,

€4
A
/

s’@'\?
2 A
s 3 b
K Y-
P . "%A%\ﬂ“w
HN 0 V’@,\v—-b\‘i

TR g
o ) }» *»’0\;
NH

UNH Oél\p-BrCGH“
., _CO,Me
<

F
CO,Me
5aa

Figure 1. ORTEP drawing of 5aa derived from 3aa

RIS, BRI TEE —MREDIKRET 21T > 72 (Table 2), KA D T X TIVERMLYON A F)L
IZTNTRELLLESEBVRYUIINIZITLEFRAVTE RS IIAEIGEITL, BA94 3ab 2 5
WREPDFWL SV FABRMETHESL 2N TET: (entry 2), 5 BIRVBRLTV) Vv
1b TR % KEMZE L1722, GRE, VI v FABRETEEY 3ba 2315 5 417
(entry 3)e A FIEANBRLETV) VY 1e TH, UEEEN NIV EZOFRENDFH T
F 2 FAZRETEE 3ca 1315 547 (entry 4), —F . LEEENKREZVWTOEINLETE
BLET7Y)Yy 1d TEHD REEMET LPEEOREFY LS TLESTRL DD, BEYY
3daxZHVITF U FABRMETEH AT (entryS)e 7 F T UER LT V) Vv 1eld. B
/mA&| % DMAP 76 EGN [TEE L, AEE % 20 mol %X ¥4 X THEEORE, HU\WL+
VFABRETEEYZeak 5 AT (entry6), ¥ 7 a~NXH I T UodkDT V) ¥ IFTIE,
BEyo L+ v FAZBREEISZVE DD, BESMMBRIREICE F 572 (entry 7).
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Table 2. Substrate scope GA(OPN/Y(OTh/ OY Ar
R Schiff base = 1:1:1 (10 mol %)
O COR DMAP (10 mol %) R NH
N4+ FX ]’
R Ar COsR toluene/Et,0O = 1:2 R CO.R
MS3A, 40 °C COFR
1 2 (1.7 equiv) 3 2
Ar =3,5-(NO2)2-CHs 2a: R = Me, 2b: R = Bn
entry 2 time (h) 3 % yield? % ee®
1 0 1a 2a 17 3aa 9%  >995

2 Ar 1a 2b 20 3ab 98 >99.5

3 <> 2a 72 3ba 96 >99.5
Me>

40 2a 48 3ca 84 995
nPr.
5 > 1d 2a 72 3da 49 99
@ONA{ 1e 2a 72 3ea 40 99
Ar
o
7 ON 11 2a 72 3fa 17 >995

a|solated yield after purification by column chromatography. 2 Determined by chiral HPLC analysis.
©1.1 equiv of 2a was used. ? The reaction was run using EtsN (20 mol %) instead of DMAP and 20
mol % of catalyst.

FOVTARICOFRMEEZTT RS T VY VUK 3aa % o-7 VA BT 3/ BREEHEIR
~NYE#HTHZ ¥ L1z (Scheme10), 3 71L!) F7 A % A\ 1=z Krapcho FLREZIC L ) £/ T
AT )L 6aa 21571z, BOoNIE/ ZXTINDEERFT % Boc £ITL-> THR#EL, V= bax
YANEOBREICLY 0-7 N ATy T IV EBEEFEEAER Taa 21 DY T AT LAREY
LTk, L2LERNS, YUATXINVATLIa< T T9 74— V@AY TAT LA

— A 0BETAHAIUNTEL D517, SOoWHEHEEIT) T Lz, BEICL S Boc Dif
. TR TINDMKGEEEIT > 121k, XEREEAE PICfEv, SLRELAVTT 7 Y 4 9aa
KELSZXYT, MYTRATULAY—%2 VAN AT LTI T T T4 —I10L-> THBET
LIYNTER, ZNTHNDYTRATLAZ—E NMR DAy 7)) v 7T EHRICL > TREL
7= (Figure 2),
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O&A" 1) BocyO, EtsN,
DMAP, THF
O/NH Lil, H,O O,NH 1, 24 h O/NHBOC
—_—T -
-, .COMe  pmso, w, »F  2) NaOMe, rmF
g)FM 130°C,1h o (f;; " MeOH, 1t, 1 h 7aa o
3aa “Y2Y€ g3/ vield 2Vie 2\ie

79% yield (2 steps)
Ar = 3,5-(NOy),-CgH3

NH3+Cl- | N+ .-
smwor | (70T ey
- . oF /

90°C, 24 h ~ T CH,Cly, reflux
CO.H 48h 9aa 9'aa
8aa-HCI 24% yield 44% yield
(2 steps) (2 steps)

Scheme 10. Transformation of ring-opening product into a-fluoro-y-lactams.

H H

g g
Lo kHK/@O
H 60°,,
H Jcoupllng r’H
F@mo" H
H F
J=10.9 Hz J=386Hz

Figure 2. Assignment of relative stereochemistry based on 'H NMR analysis

RRIGDIEFE A 71 = X L% AT ITRT (Scheme 11), Schiff 38 B A O ARISE TH 5
Gd(OiPr); ¥ Bronsted 382452 B L. 7Aoo BT XTI 06 7o b b§52
YTGd T/ 77— PPRERLILMEBELIND, T DR, Lewis B RE R R T H5MA D
YOTH: N7 V) ¥V aEH, MEEEMNT S5, TDIR. 7Y L)% Schiff 382 ¥ DR
DUFRBENRE I WA LALL ) WREZ CY HRRISVEDECE AL LS,

NO,

NO,

NH F
MeO
O COzMe N OMe i
Sr ON 0 & N NO,
CO,Me Pt
3aa Gd
05N NG 1a o,

Y-~<
©th, ©
Scheme 11. Proposed mechanism of ring-opening reaction

ARRBICBEWTAX YY) UDNERTAAAZXLITHD0TIE, 28 DFREEEE A T

10



F1E F28
\V 5, Schiff 3 AR (Z/MRI DL A ABEMERBAERML TWAHI DY, AL ThWinH o
DPEARE(CH V), B L TR WL XBEEERBRNT V) VU 2F L TAHXT YY)~
~NEMLTIEHEEA LMD (Scheme 12),
FrAXT V) v DERITIE Schiff SEBEAEF DIV A AEEELB LS L TWAHEEAT
W5, ZAaea BT XTIV RZEEIMEN D, REERET DETIC, L1 AKRELE
DEMILDH TRISHEIT LA XH YY) UNERT HLE A S54L5H (Scheme 13).

Meo ||| F 1a F
< NO, MeO &
7 OMe X OMe
Q-0
Gd

.
Scheme 13. Possible oxazoline formation mechanism 2

BREROMMHARICHOWTIE, RE2FBONELZEEL T 5, 1 2(3EHED Lewis BEE %
B4 AH48RBICERML TBEELERTIE., AXH V) U~ 2 B R TH L, 9 1
(3. Bronsted 35E %+ H T HLBICWML, o-7 N A OO VBRI X TN LEET S Gd

11



I/ 57— DREA T LETEMRTHS, MIEDHRTT V) VU DERCNZ PR T T 5
LD, BEDHRTRISHEIEARAL, RENAEFTAHAEEZL TS,

MS3A DAMARICOVTIIRTOMREBEL TV 5, ELX 27— — 7 X (1520%%
EEIT-> THRRICHELSANVEEDIEDRSHPEAL TWEZ LA F 0, ZTDKIE
YA TA FMTRELTEY, FHEIN TS0, 7Tat oBEENBENRLY) 5
{5 TVWBYEZLNL, 27O brNTVY) Y URREN 7O b (L xwmBy L, IRE
NEtldHEATVS,

12



E2FE Cp*M(I) AR L 5FEF C-H EHILRIS
18 X7 Cp 2FIA L= TF C-HEELRIS

NF BB REAE LAV C-HERLRS ICL ABREBLOMAENEALITITHOIL TV S,
BETETRETHSL CHESZUM LERETRELT AT EHE. 70Xy 7)) v 7ol
KD C-C/IC-X #EETRRIC C LR TREY NI 0K | FLIEZBRIHRTESL707 boxT
3/73-Y X7y 723/ I-YOBREICBEVWTEEICERATH S, — &I C-HEEEH
ERISICAVWOLHNEEBY LTIE, /XY 74 DY, avra MO, 1)o7 4 D7, L
T=7 4 ADW, $E ADY, k ADP. =AY )PV mLNTE Me

Me Me

D, B RERMFE2AVAZEY TRERKGICHVICATES, &IA Me” | Me

M2 M =Ir, Rh, Co
L7 L

T & Figure 3 [Z5RF Cp*Rh(1I1)*2X> Cp*Ir(111)*, Cp*Co(IIT)*" % A\ 1= L

C-H EHILRISHES CREINT D, CpBfn FEEFfr g g Tore CPl complex

E LB DB AFEE L f o, CprERfL T AVEL DG — N

L 7= A X 3R R N5 < RS o T AR wer LT @%R

LIS\, St Cprébiha A7 C-H B "

TLRS (3, B — AR AR EIEZ 50 & TR AL CEE” C-H activation PGy

RIETH B, LALGHS, TN DREE AL y y

7‘: };‘\},’Cg) %’; < T 3 )’y‘\};‘\: ’(“j) U . ;f:%&},tz\a) Figure 4. Two type of enantioselective C—H functionalization

BEEIRERERELTHSH,C-HFRLRRSICE e, 6 o e

M-Cp* M insertion

DTLRE RS U B RIS R (3 2 AR T o 1 ﬁj T ﬁj %F‘%@T%R'

5,1 DI mEIETRAE 55 U 5 RIS (Figure ‘ Mgﬁuwﬁﬁfﬁmﬁwﬂ\ | R

4, LE). L) 1 2L C-HEAVIB D TAFE  Figure 5 Example of reaction with Cp*M(lll) complex

BNELARISTH S (Figured, TE), BIE O RISHERDIFHE. Cp*M(III) (M=1Ir, Rh, Co) fit

BERANERETR, 2B 0VET 5352 ToRMG AV TETT 579 (Figure5). TFA

B FORIHRNESNT, TF U FABREDRANREL 70> T 5,
RRFD—D2X LT, X7 Cp DFIAIHIT 45, Cramer 6T N X ABFEEF

YAVS C-H 7ILXIMLERILRSICEWT, Cp B2 1AL L7 Rh#EELANSL ¥ T,

BWI S FABRENELNS Z Y 2RE L T\ 5 (Scheme 14, R 16)2, £ 613 %x D

%, EFT7FNEREFT S Cp 2EM I RaSEFEEZHITHEL, THEAVTEFRD

XY LBBFEEROTILX IR GWT S U FABRETHEITTAICIREL TV S

(R17)°, COEFT7FNLEKREETSH Cp 2B ILL2BHEFIEE LA L. 2

DEERER VL FEZNTE CHERILREDE K DEIGEED TS D, UKTITX F)L Cp

DREBFN >N THNT 5,

13



Cramer
Phojjxﬁ
Ph Me Rh 2 mol /O) o
o) XX
_OBoc =\ (BzO), (2 mol %) A NH
N N + R3 R2 - || (16)
|// H EtOH, 23 °C /Z R
R1 R Ra
59-91% vyield
up to 94% ee
(0]
(@] R1
OMe
_OMe él\ B N~
YN rReTR A A i)
= S
R R2 R1

66-91% yield
. . . . . up to 95% ee
Scheme 14. Enantioselecive C—H alkylations with chiral CpRh complexes

EF7FNEEETHX TN CplEColiBWTEHERTH > 7z, Cramer 5 (L Cp £IT Bu
ENBHELX TV Cp*Co i lc L A, N-7oa xRV XTI N4 L 74 v OftmRIS%
FEFICHVTF U FABRBRETHEITIES Z X (TR L TS (Scheme 15, X 18),
fz. T A, ST ap-T8fr P DTREFANLKRT I /{LRIGITEWT, Cp LT iPr
NEHELT=X TV Cp*Co At AV A Z T, BEIWNIFEICHG L+ FAZBRMETH
LMNBTYEMEL TS (K19, 1. ARKEFINCpAEEFTHI YT, ap-T
gty P U TR B RAEFREBETAHAAL 70 Y EATREC Y. SRE, HU0
ITFUFABRETALVAT I /ELEBL2 0 TETVS (R20), LorLans, C
CTRVWSLNTWS Cp LITBEHRELZHETSX T7)L CpXCo i lE, TDEMKIT 12 T K
WIEBNLETH Y (Scheme 16), LEZDX TIL AN KR UVELA WA FELY B RETS
WHEDD, =T L) —FHRYEITVE,

14



Cramer ) 0
chiral Cp*Co cat. (5 mol %)
o AgOTF (10 mol %) NN
Cl 2 CsOPiv (1.2 equiv 1
R1 N N + /\R ( quiv) : A = a2
A H HFIP, 40 °C, 18 h R
RS
up to 91%
up t0 99.5:0.5 er
chiral CpXCo cat. (5 mol %)
ONHR? o AgOTf (10 mol %) OH o]
CsOAc (0.5 equiv)
= - 3
R1-— | + \)LRS R1_/ | OR (1 9)
N MS4A N NHR?
HFIP, 30 °C, 14 h
up to 84%
up t0 99.5:0.5 er
chiral CpXCo cat. (10 mol %)
5 AgSbFg (20 mol %)
ONHR CsOPiv (0.5 equiv) OH a
o _ | N | \—R3 KsPO, (0.5 equiv) - (20)
~ = HFIP 40°C,1ah R | Nome
up to 99%
up to 96:4 er

Scheme 15. Asymmetric C—H activation with chiral Cp*Co(lll) catalyst

OMe OMe Co,(CO)g
9 steps 2 steps 1 atm CO
OH DCM 37 °C
.D then EtZO ‘
OMe OMe

; X
Scheme 16. Synthesis of chiral Cp*Co(lll) catalyst chiral Cp™Co cat.

You 5 (AT EREET S Cp VB L7z R AL FHE L. THERWVTEI(LEY T IV
ZIALEITV, BREFEE T ATV IR Z VI F U FABRETELONSL I 2R
& L T\ 5% (Scheme 17, X 21)*7,

You

T Cu(OAc), (20 mol %)
P Ag,CO3 (1.0 equiv)
MeOH, 25 °C

19-97% yield
up to 98:2 er
Scheme 17. Enantioselective alkenylation with spiro chiral CoRh complex

F 7= Antonchick, Waldmann & (3728 D X )L Cp BAML T %4> Rh x4 AT, o
X LBEFEAERCT IV VT ot6%%&[&(:5&\’(%&‘igfl){‘l‘i’(‘ﬁﬁ?%%?%’(k‘é (Scheme
18, X 22), 1= Cp RN BHRELEET A Y| ERORKGICHLERTRETHH I
L TEY, TLVILEATIV T ZIMLRE, YT+ 7 X7 Itk a7 ) —ILERIG

15



CBEVWTEHVERETEOWIEONS 2 2WREL TV 5 (K 23,24)°,

Antonchick and Waldmann

(0]
OBoc /=\
- +
] N RO R
A
R1
o PRGN
OMe K
| = N/ + 2 J\,’)
& H R~

XN
d“ // COR3
A

- -
%2 ERN-7
2-NaphMe
N CO,Me
| 1N
R Me Ve (5 mol %)
XX 0
(BzO), (2 mol %) A NH
- || (22)
CH,Cly, —10 °C N
R :
RS
4-BrCgH, 50-93% yield
- CO,Me up to 96:4 er
|
/Rh\4'FCeH4 (5 mol %)
X B
(BzO), (2 mol %)
CH,CI,/TFE, -10 °C
4-BrCeH, 65-91% yield
CO,Me up to 97:3 er
Rh 4 FCGH4 (5 mol %)
N
B 0), (5 mol %o) R1:_/
Z o,
° o CONHOMe
dioxane, r.t. = OH
RQ/\ COR3
56—93% yield
up to 95:5 er

Scheme 18. Enantioselective C—H functionalization with chiral CpRh complexes

Perekalin & 13, @FELHTHX TV CpRh % FR L.
XY LABRY AL T 1 D RIEH

L T\ % (Scheme 19, X 25)%2,

Perekalin

BRENOZ TS v FAEREY (2

COEKRTAWVAZYTEF
T+ 52 v %8

O O
N N/OH+ 1) Boc,O MeOH N NH
’ -
|// H K\R R)-chiral CpRh (1 mol %) |// 5 ]

R A92003 (2.5 mol %) R R B
CsOAc (25 mol %) R? |
in air, MeOH, 20 °C 55-97% yield (R)-chiral CpRﬁz

up to 97:3 er

Scheme 19. Enantioselective C—H functionalization with a planar chiral CpRh complex

ng6@71Dﬂ7%%%??6@?%?3»Cﬁh%¢%%%bx

INEARWAZYT

RUYZAT I PO FRARENZHRE, RFLI SV FABRETHEITTHAICEAEL TV
% (Scheme 20, =X 26)*>,
Wang
) catalyst (5 mol %) o
s H/OPlv (BzO), (5 mol %) — NH
= R2 HFIP, 0 °C
R2

O
n

X TES
catalyst

57-99% yield
up to 87:13 er
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F2® F18E

Blakey & (372 BICHFEL-BTEHFA VT vy EREZHTHX IV Cp TAVAHLIY T, 7Y
MIDTFHEC-HT I MRS E&HRE, NOFFICHWI F U FABRRETEITILSL Y
[ZRR¥7 L T\ 5 (Scheme2l, X 27)*, LoL. SEBELX T/ Cp %X FI)L HPLC TH
IFroFA~—%58LTEY), RKEGRVHETH A Z UHNRETH S (Scheme 22),

Blakey ﬁ
Ph

Rh -
17\
| |
(5 mol %)
AgNTf, (20 mol %) 0
Re LiOAc (10 mol %) g .

H )& LiNT, (1 equiv) HN

+ N7 O / (27)
R1J\/AR2 oA DCE, rt. R1J\/\R2
0o

13-90% yield
up to >99:1 er

Scheme 21. Enantioselective allylic C—H amidation with a planar chiral CpRh complex

‘!ﬁr ‘!‘hf ‘;kj“ ‘EEFW
| —_— |
Me L e R
: j //: j Semi-prep HPLC : ﬂ |__
(R

Scheme 22. Synthesis of a planar chiral CpRh complex

o

TR, Wang 5 IRV E VFRED CARTRELEE IR BREETHX T Cp &
%L1z, STHERVWAZCTRVAT IR 14NV YR ORI EIREND,
FEFIIHOIF U FABRETHETT LI E2MEL TV 5 (scheme 23, R 28)%,

Wang R
I %

(2.5 mol %)
AcOH (2.5 equw)

° X
CsOAc (50 mol %) R OH (s
- = N (28)
acetone, 0 °C R!

43-82% yield
up to >99:1 er

Scheme 23. Enantioselective allylic C—H amidation with a planar chiral CpRh complex

/

CHEMRLRRBICBWTIREFERPEL DD ) 1| 2ORKRHERTH 5. C-HFEETIM DKM
TAEFENRIT AP Cramer 5 [FFRE L TV 5, o FEF 7 FILEEAAAAT CpRh 5
BERAVWTHRA T4 T IFDTNXVICLBARMARISICEWNT, B Ee T+ F4
BIRMETIHE TV S (Scheme24, X 29)9, THMEICHE KRR T4 A XL PP ZLKx oA
YITEREDRISHIREINTE Y, Cramer LOEF T FILEREETHX T Cp %
RAWAZ YT, fmEEo T+ FABREOHIEIZIT TR TS F A IEY 7 CHE
EDOBRROGVIM LA TH H 2 L AR I 4T,

/44
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Cramer
(5 mol %)
R = OMe o 4 l
N _oT=p1
RS P
R1\/ N\ 9 X R N\ (BzO), (5 mol %) X N-Ar
PN o+ - _[_ 00
NH R2 Ag»>CO3 (2.0 equiv) R R3
Ar K>COs (1.0 equiv) 1
Ar = 3,5-(CF3),-CgH3 tBuOH, 90 °C 37-91% yield

. . A . . up to 92% ee
Scheme 24. Enantioselective C—H activation with chiral CpRh complex

rTRICHITFTHRIAAEDE Cramer LD EF 7 FILEIREHE T 5 X 7)1 CpRh $5iF
I, ZOERITEVWIEREAZL. FHRE L 0FEREIPREBOCA F—E£RWD 5 B0
LY, X DEIBRERBFICHREALIRL T\ 5, £MtD X F)L CpRh AR (L, A5 Z ¥
TELRIAVIROMNTVA ZEHREREAY L THRIT S, REMBBDORENKE L,

18



28 FUNIEZFALLTE CHERILRIS

FUNRTERNDAFRR T RIGHBY L THAALETE CH FHRERIGEMEIN TS
Ward, Rovis & (£ Cp BRfiLic B4 F > % 4&E& 72 Rh(ll) $#fhY, &KE LA ML T FTE
VUERAVWAZIY T, EFOXHABIZATIVEIT ) VICLATREFECHTILXILLRIG: Y
VXZERATIT) 2T, aVERETEY 213 T\ 5 (Scheme 25, = 30)%,

Rovis, Word - 1 .W—
CI/| engineered
0 j streptavidin
_OPiv gz (1 mol %) (0.66 mol %) Ciiil (30)
I/: N * /\[g Mops buffer (pH 5.9) / MeOH, 23 °C R1/ % R

R up to 95% yield
up to 93:7 er

Scheme 25. Enantioselective alkylation with biotinylated Rh(lll) complex

F R ERRR L TE CHER RS X ERDOHINRE SN TR, RORREN
o 12 HY, TK #&if, Rovis, McNaughton & (ZEFED F %2 L 5 FF C-H FELRIG 3R
E LT HHIT BEEFRDOZA ML T T EY Y Cp*PinRh A2 AV T, 7I FY XF L~

FEAEDTHFMMBILRISNGRE, GV T+ FABRETHITTSZ t%ﬁmbt(ﬁ
31)%,

o)
Q bioti R!
R‘THLN/OPN = | N o wt-mSav:Cp™"RhX, | NH (31)
+ D
H = H,0: MeOH R
NaOAc, NaCl pH 7.4 | —TR?
25 °C Z
up to 99% yield

up to 98.5:1.5 er
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F38 XTIWANKRVBEREFIALLTE CHERERR

X707 Cp #RAVAFEYEIERLAT T —Fx LT, XTI VAN KRVEEFIALTK
TEHECHEELRIEHIRE SN T VWS, COFEHFTEICPAAEICE VTHENELTE Y,
Yu SEBAL DT I EEO-AVFIVANKRIIVETHREL - ZERMET 3/ BiFHE
A, Pd(Il) A Y L THRWAZ YT, T+ v FA My 7R CHESEEH T F4:#
REVZT IV XA LT B Z XTI L 7z (Scheme 26, R 32)*), T DR HKS (I T I / Bk
B2 X TR VEERZ OFEMAE, £ FaX Y aBr Az, PdIl) AT L 5 1% C-
HEMEACRKGE ZHREL T\ 52,

Yu COZH
Y:l\ll/ o (20 mol %)

O-(-)-Menthyl
Pd(OAc), (10 mol %)
+ R'B(OH), —
Ag,0 (1 equiv)
BQ (0.5 equiv)
THF, 50-80 °C

up to 91% yield
up to 92:8 er
Scheme 26. Pd catalyzed enantioselective C(sp?)—H activation reaction with amino acid derivatives

XINANKR U BEEMT LI TIS v FABREVRR T AEHIIRDOL)IITEAS
N5, BBLRBAMAICLS CH FMHILRISITE VT, — XA C-H &R0 EIE 137
WRX Y7 — bS5 HHEREIA T ILBR T a b 1t (CMD) #BCTH#ITT A5 Z 9% 0
B, IOl XINEANKVEEFAVNWAIY T, TFYyFAFEY 7L CH 409 b,
1 D% :EREVTYIBT T 5 TF C-H FHECRISHTEE L e H ¥ E A 5415 (Scheme 27),

DG

DG---M—Q DG-M—O0 ™
N — / —_— M_Cp*
i H \O//kR i ’H‘o//LR @/

Concerted Metallation-Deprotonation(CMD)##%
[TF FANE Y oHC-HIEA DHAIA T A
/ \r O R* HO
M-__ |
M---5 b -

oG H oG- M-~

HR ——— HRDG \‘,H —>HR *

Scheme 27. Carboxylate-assisted C—H activation via CMD mechanism.
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XITINANKVEBEERVWSFEIE Cp*s 9 KeBAETHEER TSI AN TE S, Chang
SIEBRMEROX TV AR VEEEZRAVT Cp*lr(Ill) $IRICL AT Y — VKX T4 »F
XY FOTRET I FMERIEZ#E L TV 5 (Scheme28, R 33)™, CHRKICE AL+ F
TEREIBENE DD, Cp*E 9 REBAELTAVERGIZENT, X 7N LANKRVETT
FUFAZBREZRRAILS D TORITH 5,

Chang [Cp*IrCly], (2 mol %)
AgNTf, (8 mol %) NHTs
9 chiral acid (4 mol %) 9
QP@ + ToN, P (33)
| DCE, 60 °C, 18 h i
R R
00 44-84% vyield

HO OH up tp 66:34 er
(0] A 0

o o
BU  chiralacid Bu

Scheme 28. Enantioselective C—H amiation with chiral carboxylic acid

INLOMELBEZTEARED Lin (X, R AEICLAT)V—LTIvoTILX
IALRIG (T U, 2 fEE ) Rt T 3 / BAF %2 BA L -ER. Y5007V K VB %
AOWTHERNTF > F4:BRMEICY Y E 5> TL £ 572 (Scheme 29, X 34)*),

Lin MeO,C.__CO,M
22N P2 ) [Cp*RICI, (2.5 mol %)
N, Ag»>CO3 (6 mol %)
R! + chiral acid (12 mol %)
H o NH H MeOH, 60 °C, 18 h
| = | A 2) decarboxylati
RS / ecarpoxylation
G X
R? R?

/H/NHAC \(":,KNHAC
CO,H

COH :
63% yield 61% yield
43:57 er 54:46 er

Scheme 29. Enantioselective C—H alkylation with amino acid derivatives as chiral carboxylic acid

“ERMET I/ BBFEERTAVCTEROI S U FABREICE Y E S RERITRD LI
2% AT\ 5 (Figure 6), Pd [ZZE XF (5% 4 >BHELTH Y., #ILK VB ZERML LRE
NAESEBEL 2O CHESUMIEITT 52720, 0T+ 0 FAZRETEIYIES
b, =%, Cp*MI) RDAEEIL 3 DDEMFZLIE L T\, C-HEFEETIRT DR,
XINANWR VBRI ZERMATE L BEERMLLTEY ., BELTFS2HBETEI L1
OB TF U FABRECYCES>TLESREEALGIS, F12, Pd ¥ Cp*M(II) T
IIREE L B AL YD S Cp*M(I) (TEBL TH Y, £, BERMTLEESTLIL) L
FMXTIWANKRVETHRRS HLEND - 12,
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Pt o It oy 4
% 2% 3B
Me
L _L Me Me
Pl Me”™ - ».Me
L L Rh
I BT
L
coordination site 4 3
geometry square planar piano stool

DG-..py- O .
PN Pd RALIB A4 DB
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7 e . AR fIgaR 2Tt
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Figure 6. Cp*M(lIl) vs. Pd(ll) with chiral bidentate ligand

% 2 Lin @ ERMETOMET IR IV ANE VB Thbt 2HIETY —LFZ
T4 YFXYF 3MLICDIBM AP ER L FRICEFVXINEF TFNAIKR B EH
L, AROT)=NTIVOTLXIREICER LIz ZA, RE, EZICH T )
v FABRMETB &Y DNF S 4172 (Scheme 30, X 35)%),

Lin
MeOZC\H/COzMe 1) [Co*RhCly, (2.5 mol %)
No Ag,CO3 (6 mol %)
R' + chiral acid (12 mol %)

H NH H MeOH, 60 °C, 18 h

X X
| RS | 2) decarboxylation
/F X R )

R2 R2 50-87% yield . .
up to 98.5:1.5 er L chiral acid J

Scheme 30. Enantioselective C—H alkylation with chiral binaphthyl carboxylic acid

ZOMEEZEYY (T CpMUIY/ X TIL ALK VEENA TY y P AT LICELATEC-HE
LIS O K D0 RE S#7z, T &3, Shi 513 Cp*Co(Ill) X IERAT I/ Bk ¥
TINANKRVEEFRWL 72092 F 47 I FOFREFET I FMERKEZRE L T\ 5 (Scheme
31, R36), 7z0€ 0@FAEFLHEL MO TORETH L), T+ FAZRELF
BEICCCE> TV, ZO®RKS E, BEICHEBLLT I /BHRDOX TV ALK B
FAVWALZYT, 72082 TIFOTRECHT I MURISDNG T F >~ FAZREY(ETT
BIYREHEL: (R3DY., JITAVTVWAX VALK VBRI, 73/ BhSHEEICS
RTELHNIVEKEEEXRA VT P AL 5 Csp’-H 7Y — bl L WERTE 5
(Scheme 32, X 38), L L. 2OFFTIEXTINANKVBERIIERETLMESNT, £7=
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o

F2E FHIE

RERBORHAAOTE IS L FARRESBETLCLED SEARATH 5,

0
Shi
g ., [CoColCHiCN)(sbRg, R M B Ho
o1 R (5 mol %) -R?
==, N-R J~o  chiral acid (20 mol %) y ,':‘ (36) NHBz
e R'" + N /& — R
\ EtOH, rt, 12 h s COH
Rz@ 0" o RS chiral acid
48-97% yield
up to 77.5:22.5 er
0 ) .
PMP
H O [CP*BUINCl,], 25 mol%) AT~ NH O PMR 0 H
Ar AgSDbFg (10 mol %) /
é NR o0 8 NRj
Fle H 2+ N}/\i chiral acid (30 mol %) i H (37) o C/—N
\ 2
, é 0 g Methyl agetate/acetone , Q o
R /Q 0°C,24h R41_98°/ yield chiral acid
o PMP = 4-OMe-CcH, |

Scheme 31. Enantioselective C—H amidation of ferrocene with chiral acids
1) p-OMe-CgHsl (3.0 equiv)

Pd(OAc), (10 mol %)
Ac-Tle-OH (30 mol %

)
2 steps O y KoCOq, AgsPO, PMR Oy
A/ A/ HFIP, 70 °C, 24 h \ﬁ/ o)
—NH, — —N —N
HOZC/_ 2 HOZC/_ 2) BnBr, KHCO,, DMF B n020/_
o H oH

3) Pd/C, Hy, MeOH

L-tert-Leucine >99% ee 9% (3 steps)
0,
Scheme 32. Synthesis of Shi’s chiral acid 97% ee

FIA KA He b 1370 VFEF X TNANLR VB L THWAZ YT, YRVY
WANWEX Y FOTRFC-HT I MEREAZHVWRE, WL+ o FABRETHEITT ALY
%3E L TW5b (Scheme 33, N 39), ¥, Ty FAPEY 7R CHEEGDHIFIZIT TR
CAFERENLRIAILTE Y, TNTHOBWESRE, U+ v FAZBRETESZ
YN TETVDS (K 40)7,

R2 [Cp*BUIrClyl, (5 mol %) [\ coaH
AgBF, (20 mol %) hd N “Me
70 chiral acid (25 mol %)
\O (6] Bu
0 DCE, rt,24h chiral acid
32-86% yield
up to 98:2 er

(O
[Cp*BUIrCl,], (5mol %) R3_O NS

AgBF, (20 mol %) S
70 chiral acid (25 mol %) HN
N — +
0/&0 DCE, r.t., 24 h
R1
up to 43% yield up to 43% yield
up to 99:1 er up to 98:2 er

Scheme 33. Enantioselective C—H amidation of sulfoxide with a chiral acid

XINANKRUVBEFAVWALRERIGIIZ SV FA MYy 774 C-H 60BN ATlEh
W, Ackermann O (3B ICEARBRLEXIIWVAINRVEFRAVWAZ YT, YIS F—I
D C-H 7ILXIWMELRRRZH T+ FAZBRMETHEITT S 2 ¥ 23E L 72 (Scheme 34, X
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F2% B3

410, FMORCESMEETHEMEL TH ), TETHERLXIILEF 7F ALK VB
PAVWALZYT, BEYIVILA Y F=lbe= LA I FOMmRISHRGF R T+ F AR E

TH#ITTHIr %Rl (R4, IHLORKICEFAALEVEIE T b ALICES
THILTTF U FAZBRENVRIAL TWALEA LIS,
Ackermann

Cp*Co(CO)l, (10 mol %)

2
R1mH AgSbFy (20 mol %) R1{I\>_(R
2 chiral acid (20 mol %
XN + AR : id ( 0 NN Me (41)
N
Q

Amberlyst® 15 /N
DCE, 50 °C, 18 h \

up to 74% M©

. up to 93:7 er
urinara [CP*Co(CH{CN)3l[SbFel, o
(5 mol %)
R1—/ | N H Q R? chiral acid (10 mol %) R1—/ | N\
e N + %L/,l BuOK (12 mol %) _ . N
N)/\N \ 0 MS13X >N

AL

TFE/DCM = 4:1 N \
10°C,72h =
up to 99% Me

up to 82:18 er
Scheme 34. Asymmetric C—H alkylation with chiral carboxylic acid

chiral acid

Me

MUED LT CpMI) AT L AFF CH FHILRICORE THA>2h Y, oL F
FTAFMUDERINTE 2, HFICEFT7FNULEEFBTAHX T Cp FFEEFITIAENS

ZDFF CHEFRLRGICAVLWLN TV A, L#La#’\ﬁnﬁ%ém\%7pr%
AWRIE 8O TH C-H FHLRIS IETRFEF Csp))-H FHARISICROMNTE Y AIFE[L
FITBWTER P2 I TOVETRE Csp))-H FHILRISHOME TN -T2, T 2 TEH L.
CpM(III) fd % A\ 12 1 F C(sp))-H FHEILRIS 23ZR T E UL, L )2 (LE 0GR T
RRY W) T INNAR=ZPIEARL, BIENFICLERTEIADTELVWNECEAMKICE
F L 7=,
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E3FE FE1E

B3%F Cp*RhW(IIN)/X FINEFTFNUNANKUENATYy FYATLITLDEAFLY C-
H# & D#EF 21 & C(sp))-H 7 I FMLRIS

F1E  HE

ek U7ci@ Y ST E Tld Cp*Rh(II/ X TV AR VEENA Ty R AT LT ATRE
Cspd)-H FMLREHZER L1225, ZOBKXORKEIEX TV Cp #AVERIEEREINT
Wb, —F T, TFFAIEYTIRAFL Y CH 4D 2149 & Csp’)-H FEAL
RASIE, C(sp?)-H EMLRG Y EE L TRETH H71-0, MEPIVRLNTE ) IO 20
ZLNVPAdAEEFRVERRGTH S, T DRELP|IZATITTRT,

Kiindig 5 (X )L Y A7 FX L TNHC # A\ 5 2 ¥ T, Pd A DBRLEYfTm, HL A F
LY C-H #&D#F %) TF C(sp))-H FHIL - RILDFZRE, FFITHNTF v F4:E
RUETHEITT LI REL T\ 5 (Scheme 35, X 43)%, F 7z, Cramer & [TEIHED RIS
BWT, XTNWANEKVELTAVWAS I THERENDFFICHGVI S FARRETEEY
BLIVICRAHLTVE (R4, Lo Lans, AREIIRGSHEENOHES L, 5FHE
fLOME L 0L, RRADPTROGNTWA Z XL RETH - 1=,

Kiindig

[Pd(n3-cinnamyl)Cl], (5 mol %)
NHC (10 mol %)
Cs,CO3 (1.5 equiv)

B H ﬂ NN
X ' BuCO,Cs (1 equiv) Y
SSWn e 2D L
N n Mesitylene, 160 °C O N "’H " OO O
CO,Me CO,M NHC

e

up to 88%

Cramer up to 97.5:2.5 er

(n8-cinnamyl)PdCp
~ (5-10 mol %)
oTt R’ Ligand (12—20 mol %)

X NazPO, (1.2 equiv) VAN
R = L/R: = R A (44)
N cumene or p-xylene, 135 °C > N l”H
|
Tf

Tf

up to 85%
up to 98:2 er

Scheme 35. Methylene C(sp®)—H annulation via oxidative addition

COREIREAELTANDL I THRRT S )T E 7, Duan & (3 PA(II) ARy R X7 1
YT I RRMFICLS, AF LY C-H £40FBIN %2449 TF Csp’)-H 7V —ILERIS 4R
£ L T\ 5 (Scheme36, R 45, UL, ARRIKGD LS »FAZBRMEFIEEITRAEL, (X
WEDBEEITBOWTHREEDZEIRMEICCL Y E > T 5, BIRHAIC Yu & (&, PAT) Al L 5
RAHLORIG Y, —ERMAMEOXFTIV) A FERVAIYT, RE, T+ FA4ER
BCETTE A I CITRIIL TS (R46)9, 2HLLORKRTIEL S Vv FAZBRENEE
WBETHZIeL, BCACDODEEITEVTHVERELZERL TV 5,
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Duan
PdCI,(CH3CN), (10 mol %)
Ligand (20 mol %) OO
Ar—| (3 equiv) o_,0
HHO Cs,CO3 (1.5 equiv) Ar O O/P\NH
., - o
RMN p-xylene, 140 °C, 12 h R)\/U\N “9) OO
Ho N Ho N
X X .
up to 97% Ligand
63:37-91:9 er
Yu ( A
Pd(OAc), (10 mol %) =
F Ligand (12 mol %) = Et
F CF3 Ar—| 3 eqUIV N
HHO AgZCO3 (2 equiv) tBu
M - J\/U\ 46 AcHN
R N F HFIP, 80 °C, 36 h
H o F
up to 89% L Ligand Bu )
up to 96:4 er

Scheme 36. Methylene C(sp®)—H arylation of amides

Yu & |3 TDG (transient directing group) % A\ 7=, Pd(Il) AREIC L ARV XTILT E F A
FL v CH A0 21 TF Csp’)>-H 7)) = MERIEHFHIRE, H\VWIF > FA4ER
HETHEITTH I EMEL TS (Scheme 37, R 47)%), 7z, TDG *xAWVAFHILT ) —
WAL T TR, AF LY C-H #BED#HFN 24 ) TF Csp’)-H 7y FLRKBICBEVWTHH
HTHY ., FREORETHHLILDDEFICHENLF U FAZBRETEOIYWIELNSL Z L
PIREL TV D (X 48)%, TDG # A\ 7z C-H F ML RIS D RIGH#AE % Scheme 38 137,
F4. IDGTH 5 tert-0 14> DTN TEFERIEL, 43I UDBRINE, TDA I QN
Beaiky U TE s, PdAREEICL D C-HEMLRISER I Y, XTI IH A TUNERT 5, X
D&, T =L, KGRI LY BEIWONE LS,

Pd(OAc), (10 mol %)

L- ten‘ Leucme (20 mol %) |O
AgTFA (2 equiv) X =
R+ /O = R -R® (47)
H,0 (3.0 equiv) N
HFIP:AcOH = 9:1 o
100 °C, 24 h R
up to 88%
up to 98:2 er

Pd(OAc), (10 mol %)
TDG (20 mol %)

o] Me o]
| BF,~ NBUsPFg (50 mol %) |
AN 7 CsF5COzH (5 equiv) AN
R1L Ho+ | RIL (48)
I - I
AN L Me SN” “Me benzene, 70 °C, 24 h ANF
| N
R2 F R2
up to 61%
up t0 99.5:0.5 er

Scheme 37. Methylene C(sp®)—H activation of benzaldehydes with transient directing group

0 0
! HOLC JYO Pd(OAC), \N)\fo arylation :
.
L O R OO ZE OO

H t t hydroly5|s :
R activation A

Scheme 38. Mechanism of asymmetric C—H activation with transient directing group
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E3FE FE1E

F7e. Yu S5IE PdABREICLAFAT I FDAFL Y C-H BEDHESN %) TF C(sp’)-H
TY=ILicBWT, YA P LTEF7F LY VEEXTRAVAZ Y TERE, EFICHV
I FABRETEEWEIE TS (Scheme 39, KX 49)”, F 7z Gong & lIN—7H L v %
FEfiF ¥ L7z Co(lll) $8thr. RX AT 54 PRMAFEEAEDELICT, FATIF
DEDRISHEHRE, DOFFICHVI SV FABRETETTLAIYEREL TS
(R 5000, THNSDMICEH PAAREICL S A F LV C-H #EEDHEKF| 2% & Csp’)-H FE
ERIGITWL 2D |ME SN TE Y | A LTHFRCHITRL o T A,

Yu
R2 Pdy(dba)z (5 mol %) R2
R W H Ligand (12 mol %) R )
~ 1,4-BQ (1.2 equiv) ST TR
iPr N H (HO)ZB | N KHCO3 (20 equiv) Pr N l \/ (49)

g . > X g

@ Xy tAmyIOH, 65 °C, 16 h @S R
Pr iPr Pr iPr

up to 90%

( Ar ] up to 98:2 er
e, O
SOl W

g W
L Ligand |
Gong Pdy(dba)z (5 mol %)
R2 Co(lll) complex (20 mol %) R2

Ligand (50 mol %)

. R D A
|\ 14-BQ (Gequv) Pr N @ (50)

RUNCH
iPr N/\H (HO).B

s * N MS3A s o~
R® tAmylOH, 85 °C, 12 h
Pr Pr Pr Pr
up to 99%
( : CF, |upto99.5:05er

o Bu tBui o

Co(lIll) complex Ligand

C

Scheme 39. Methylene C(sp®)-H arylation of thioamides

7z, Rh(l). Ir(]) AEE= AV RIcHIME T T W5, Glorius 51EX F)ILNHC ) &7~ F
PAVALZYT,Rh]) AEEICLAE8-TY)—=LX /) oDAFL Y C-H £EDHENNEFEI T
F Cspy-H 7Y =L RF e T F v FABIRMETHEITTH I ¥ 28MEL TV 5 (Scheme
40, R 51)°, F71z, B LK Glorius 5 (£ Rh(I) AtEIc L A F AT I FDAF LY CH EED
#WINEEDTE Csp’y-H 7 —fbx, ERDKX T4 )Y FERWS I TEHRE,
FEILHVWIF U FAZBRETEITILL ZCITRIIL TS (R 52)7,
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Glorius
Ar! HH RhCI(PPhg); (5 mol %)  Arl_ .Ar
NHC (5 mol %) '
N NaO1Bu (3 equiv) N
S+ Ar2Br - X
¥z dioxane, 80 °C, 12 h >
up to 86%
up to 90:10 er
R2 [Rh(C2H,)Cll> (5 mol %) R
1 /\H Ligand (30 mol %) .
R\N H NaO#Bu (3 equiv) R\N wpr (52
/g + Arl - /&
Bu” S THF, 100 °C, 14 h B s
up to 87%

up to 98.5:1.5 er
Scheme 40. Methylene C(sp®)—H arylation using Rh(l)

EESIE, TIVXLT I VHREDAF LY CH FEEDHESN %) TF Csp’)-H 7L X
WALRISZ3HE L TV 5 (KR53 ES L2 DMICE UMD RIS E VK 20 RE L TV B 9)%,
HEBASENIIKL . FHLTILXIERISICTR ST 9,

Shibata
QRTIR Q e

m DME, 75 or 85 °C, 24h

up to 89%
up to 95:5 er

2017 . EAS EARRFET IFA PRMAFEAV, BV rBREaEe Lz AFL Y
C-H #£8D#ENEE ) TF Csp-H RVIMERIGSEZ|RE L TV E0, DT H 2 F 4R
PEIXPAEFZ I E > T 7 (Scheme4l, X 54)%, TR, O IIARGERRL, 1A
BB LEZXINV)VA Y FERAVWAZCTERE, OB THWZF o FAZBRETKY
IMMEEDELNDL 22 REL TV B (R 559, 5T, O IIARRGRIBIRL, #2 Wi
EmEATHHEATTGRTHY 9, TP IT TRy TEHIT ) > FAERE L RISHT E
THHICERELI®,

Sawamura

= |N H H [Ir(OH)(cod)], = |N——-—I_3pin N
“ or [Rh(OH)(cod)], “ : OO Ph
R 1 mol % R
(1m ) (54) 0 > "Me

Ligand (2 mol %)

. , | o
Z "N H H + pinB-Bpin - /\N Boin 0
PN H : - "
R N;(RS CPME, 60 °C, 15 h R \)\N)*\Ra g ‘ >_ .
l up to 62% L,
L
¥ upto76:24er R igand ]

1) [Ir(cod)(OMe)], (1.5 mol %)
Ligand (3 mol %)

- CPME, 80 °C, 15 h e OH
Het] "L ping-spin =Q§VA(W :|
R 2) NaBO3-4tH20 (3 equiv) R
THF, 80 °C, 3 h up to 96%
ngand

up to0 99.5:0.5 er

Scheme 41. Ir(l)-catalyzed asymmetric borylation of unactivated methylene C(sp®)-H bonds

K
T
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E3FE FE1E

WUEo L9512, Pd AbEYR Rh(D), Ir(Tl) kY LA F LY C-H #BED#I %) TF
C(sp’)-H FMHARICDIMET L INTE7z, LrLL26, Cp*MUI) A+ AWz A F L
v C-H #8604 % 5 TF Csp’-H FHILRISDIRE T BEDA#®EEL TV 5
ARISHZR T HAUE, Pd ¥ Rh(D). Ir(l) A CIIRELR RS, T4 b C-X TR RIS
DAL el T INNAR=ZAPWIKRTEDHCE AT, T2 T, FEFEX IR VB
CDNA Ty FURTAICLY, RRARORGHERTELDTIELVWNCEAFRITE
F L 1=,

AF LY C-H EED#EIN 2 F ) TE Csp’)-H FHMCRIGITEF T AHICARILL, £TX7
WANKYVEETA T TY) —2REILLIUNRLBTHLEEAL, FIMXITINANLKEED
FEH. BRREIT) 2 Lz, T2 T, ZH X Lin BEDBERBLI-X TRV EEESE
(2. BINOL 53 %T%ﬁ%7wt+7%w%/ﬁw+/%t%Ebtwo;@ﬁ»fzw
F7vax Ay 7))y IRIRE, WIIVKR BEEEREEALY LIzC-HT ) —I)L{blcL 22, RO
3D EHRELENTES (Schemed2), X D1z, 71)LK VEEREY O ILRE), EFEIIRRD
Fa—=VINEETHY, FHRUTEFEMEBE TS S, SERFALEXTINAIVK VB
FRAVWSLIY T, —REOITEHBELINTVEAF LY C-H EEDHI 25 Csp’)-H FM
ERIETHBHWL S VY FABREDERVTRETIE LN EEAL, WIVKVBEDERE LU
74 77) —DHEEXIT) e L,

. . cross coupling C—H arylation
OO CO insertion OO at 2-position OO at 3-position OO o
OH X Ar Ar
] l OH ! l CO.Me O l CO.H OO CO.H

3 Ar

Scheme 42. Synthetic route of 2'-aryl carboxylic acids
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28 FHRXIINEFTFIAILKE U EOEE

F ¥ XERBEFaE 7012\ BINOL 10 O /KEEH % TsCl 1T L V) Tsfb L, VT THO (2L Y
Tfbt+ 52 TEE 11 25 RETH (X 56),

1) TsCl (1.0 equiv)

DMAP (0.15 equiv)
Et3N (3.0 equiv)
OH DCM, rt,1.5h OTs

- (56)

OH 5 71,0 (1.2 equiv) oTf
DCM, 0 °C, 40 min

10 91% 1

RITPdZRAWT COEXNITL B A FIVT X T IVIL % 4T 1= (Table 3), Pd(OAc), A\ 5
COFFXNITH T, iPrNEt % 1.2 HE, DMSO F 80°C T 22 BRI #1T>712 ¥ 2 5., 36%
CARRETEEIWHIE STz (entry 1), BRI Z K ERA L T etz o, RIGER % 49 B
[TRELDRF(IFEEETH -7 (entry2), F7=. A EL Smol % L THRF(TEN
RoON0 57729 (entry3), ZDRDIRFTTIIAEE % Smol %Y L TITH T ¥ L7z,
RIT, BETH 5 iPrNEt % 2.5 BB MEILT- ¥ 2 ARENE L LT (entry 4), iPrNEt
DAMEFX40ZEL L IA, THIIREPEHEL, RERFLRETAFILIZATIV
12 #4537z (entry 5), iPNEt % 40 HEAVALRBFTA T —IL 2 LT TRKE:2IT-TH, K
SRR CEITLEWRETAFILT AT IV 12 %157< (entries 6, 7).

Table 3. Optimization of CO insertion
Pd(OAc),

dppp
ProNEt
MeOH (25 equiv)
OTs Co(lam) OTs
OO OTf bms0, 80 °C, time OO COMe

1" 12
entry mmol time (h) Pd(OAc),, dppp ProNEt % yield
mol % equiv
1 0.5 22 10 1.2 36
2 0.5 49 10 1.2 29
3 0.5 18 5 1.2 40
4 0.5 18 5 25 57
5 0.5 18 5 4.0 66
6 25 22 5 4.0 86
7 10 20 5 4.0 80

RIS T—F 12 [THFTEBKRAy 7)) VT RISITOWTHRET%24T> 7z (Table 4), £ 9
Buchwald & D#R&E Wi 2E (2 AL L T Pd(OAc),. ') #7> F¥ LT XPhos &\ 5 &4
TRIE%1T->12 25, RIciI&LEITL ) 57 (entry 1), TDIR, ') &7~ F ¥ L T XPhos
DR Y [T BrettPhos * AV A ¥, L) RIS E EF 5 2 ¥ HV4RE T 417z P72 9 BrettPhos
TRAVWARBISTERDN Yy T) v T 21T 1D, RISITEKEIT LR > (entry2), Pd %
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B\ 7) v T RIGIZEIT L e 51720, DL BAEY L T C-0 £~ DB bayft
PEIT LR T Ni fdE PRV TA Y 7YY VI RIS%IT) 2 Lz, B LT
NiCl(dppp) 2 AWV THEARA v 7)) v 7 WEIT57 2 25, BEIWIIHRB TE L5 DD,
76 DD RISHIEN T H GHEIT LT (entry 3)e CDFERNSG P T—bDA Yy 7)) v T RIG
I NI #FAVAZRVDTIE WA YE A, RIT Ni(cod)/PCys 2 RAWT8EARA Yy 7)) 7™
2T 2Ah, BEINERL, BITEEWICEOWEESL Z XTI LTz, ARG TILA
WD YT — P ~OBALET DR RERTETH Y | Ni b2 A5 2 ¥ TERALEYfHm o #4T
NEL Lo RDITHRETEYIEONEEAL TS, TDIR, FLHTIAFILITR
TIVEMARSEEL T, BEEEIRE 90% T X T IV ALKV BER1572 (entry 4).

Table 4. Optimization of Suzuki cross-coupling
LI, o LI

OTs O Ph
O l COzMe ! l COzH

12 13a

condmons

KOH (excess)
EtOH/HZO reflux

entry

coditions

% yleld

Pd(OAc), (5 mol %)
XPhos (10 mol %)
K3POy4 (3.0 equiv)
tAmOH, 110 °C, 3 h

No Reaction

Pd(OAc), (5 mol %)
BrettPhos (10 mol %)
K3POy4 (3.0 equiv)
tAmOH, 110 °C, 25 h

No Reaction

Ni(dppp), (10 mol %)
K3POy, (3.0 equiv)
dioxane, 80 °C, 24 h

Not detected

Ni(cod), (10 mol %)
PCys (40 mol %)
K3POy4 (3.0 equiv)
THF, 80 °C, 24 h

90%

PCyZ

l Pr
iPr

XPhos

iPr iPr

l [ _«__OMe|
MeO PCy,

Pr
BrettPhos

R4 U7z Ni(cod), 2t L1z88R7a XAy 7)) v I7RIglE, 7=V Ra BT
2T 7F N AR VBErRAVESETEERETHRT ANV E13b 255 20T
Z 72(X 57),

1) Ni(cod), (10 mol %)
PCy; (40 mol %)

K3POy (3.0 equiv)
THF, 80 °C, 48 h

(I, o (L%
ofs
M
oy e

12 80% 13b

(67)
2) KOH (exess)
EtOH/H,0, reflux

RICHIWAVEE3MD C-H 7 Y — LT OV THRET 21T > 72 (Table 5), ETIVEE Y L
T, 2fLICPh ANEBRLIANARVEE13a ¥ 1-7 9 E3,5-tert-7 FINR LV FRANWT
Wt EAT 572 PAID) AEEZAVWAERGFE O TRIE T2 25, RIGIEELETLLD S
7z (entry 1), Pd(Il) AR W C-H 7 ) —IL{LDERVF L Lh-1z0, FlEr L
TNT =V LEYRAVSCHT ) =it xiRXA b5 v Lz, E9@mXEEaE I
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F3E F2H
W, AV FY L TPCys #AAVWTRIERIT- 1 ¥ 25, RIGITEIT LI D DREBNEAF
LTLEFCFEEDOREL L 5T (entry2), FID@XE=E2E(T™) A F L TPEs * A
WTRREIT>R Y IAHARMAIVERL, &WIRETHEYY 14aa ©157< (entry 3).

Table 5. Optimization of C—H arylation

L, eom o L
Ph coditions Ph

CoH * —_— CO,H
I 4. I
H Ar
13a 14aa
Ar = 3,5‘tBU2‘CGH3
entry coditions % yield
Pd(OAc), (5 mol %)
Ag,CO3 (0.55 equiv)
1 K>COj3 (0.5 equiv) No Reaction
AcOH (4.5 equiv)
120°C, 24 h
[Ru(p-cymene)Cls], (5 mol %)
PCy3 (10 mol %)
2 47°O
K>CO3 (1.0 equiv) A
NMP, 100 °C, 27 h
[Ru(p-cymene)Cls], (5 mol %)
3 PEty*HBF, (10 mol %) 879%

K>CO3 (1.1 equiv)
NMP, 100 °C, 24 h

et ¥ U T[Ru(p-cymene)Ch],. ) 7> F¥ L TPEt; # AV ARG TRE —REORIT %
T->7z (Table 6), £ 3. 2D ERENPhEDAIN KR VBEEEZRE L L THWRE, BiEd
Ph # (entry 2) ¥ p fiLICEFHEE (entry 3). DTBM % (entry ) C-H 7 ') —IL{L RIS A
ZNTNEZRETHEIT LI, o MITEREL AT S 2,4,6-Mes-Cet, ZDEXNEZRALTDY, R
RS lE 2K ETL D 57 (entry 5), E 7z, 2 Ph AL T TR 2-F 7FNETE ARG
([ZEATL., BRETIMICDIBM ELBEXNT S Z O TE 7 (entry 6).
Table 6. Substrate scope of C—H arylation

Ar'Br (3,0 equiv)
[Ru(p-cymene)Cl,],

(5 mol %)
OO PEtz*HBF4 (10 mol %)
Ar K>CO3 (1.1 equiv) Ar

OO COH  NMP, 100-120 °C OO COH
Ar'

13 14

entry Ar13 Ar'14 % yield
1 Ph 13a 3,5-Bu,-CgHj 14aa 87
2 Ph 13a Ph 14ab 82
3 Ph13a 4-MeO-CgH, 14ac 76
4 Ph13a DTBM 14ad 69
5 Ph 13a 2,4,6-Me3-CgH, 14ae N.R.2
6 2-naphthyl 13b DTBM 14bd 89

For detailed reaction condition, see the experimental secction.
4No reaction
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FIE FHIE
%380 Cp*Rh(II/X FIWANKUENA Ty FYRATALICLS8TILXILX/ )V OT
A7 I FMERIS

FRXTIWANKRVEDEREVZDTATT7) —DFENTERDT, RITAFL Y
C-HEADHEI%H ) TECp’)-HERLRGICEFTAHI Y Lz, T2 TEEIL
2015 FITLi GHOREL 8- FILX /) v 15a DT I FLRIE (R 58 [T&B LT, &
RISTIEAIWRVBEEN I TEY, THEXITILLANKRVBE~NCEETAHI YT
T U FABRODLRISNCRBEICHLIUNTELCE L, ARRCOFMLRITZIT)I 2 ¥
L7,

[CP*RhCly, (4 mol %)  Me. .NHCOR

AgSbFg (16 mol %) '
AgOAc (8 mol %) N
- N (58)
DCM, 80 °C, 5 h P

16f 17af
83%
R = thienyl

T, XTNAINVKVEBEDRIT 1T 572 (Table 7). 3 i@ EEDX FILEF 7 F LA
RUBE13a VWY 25 6832 DL F U F A —tb BV 6§ T 0 FABRENHE
B L 7= (entry 1), 3 fiLlZ Ph #&° p-OMe-CeHs 7Y B L 72 77 )L 7K » BX 14ab, 14ac A\ 72 ¥ C
A, 3MUNBEEBRDY X YRIZFDERNE ST (entries 1-3), 3D EHREY L TmLlcE
BWVWMBUENEHRLLT) —IVEPFENTH S Z )Y (entry 4, 14aa), DTBM %O)Ffr
SMBRAORFTOF TRE RIF LTSV FAZBRETENWE1572 (entry 5, 14ad), &R
Tﬁ@Eﬁ%%Ph%#%}f7+w%«ziibkt:6\lf?%ﬁ%ﬁ%ﬁ%h@i
L. 85150+ v FAZBIRMETEEIY %155 Z ¥ AT X7 (entry 6, 14bd),

Table 7. Screening of chiral acid
: LI
: * e._ .NHCOPh Ar

Me i H [Cp*RhCl,], (4 mol %) Me_
AgSbFg (16 mol %)
é/\"‘j . N/\o chiral acid (8 mol %) Ny OO COH
Z O’J\\o DCM, 80 °C, 5 h Z R

15a 16a 17aa chiral acid
1.2 equiv
entry chiral acid % yield? erb
1 Ar=Ph, R =H (13a) 90 68:32
2 Ar=Ph,R=Ph (14ab) 73 71:29
3  Ar=Ph, R =4-MeO-C¢H, (14ac) 83 69:71
4  Ar=Ph,R=35-Buy,CgHy (14aa) 68 78:22
5 Ar=Ph, R=DTBM (14ad) 78 81:19
6  Ar=2-naphthyl, R = DTBM (14bd) 75 85:15

aDetermined by 'H NMR analysis of crude reaction mixture using
dibenzylether as an internal standard. “Determined by chiral
HPLC analysis.
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F3FE H3E
RIS, 7VE B 14bd 2T Cp DARET 54T - 72 (Table 8), Cp* ¥ bL#k L T ILikey(2 1
T M FAWRERICIERGHE, EBRMECHITIET LIz (entry 1), Cp*rL W3 LESV
Cp*™ % Cp*™, T RTHOBRENEt XETER I Cp** 2 AW 2 A, Cprx AV Y
EFULEGBIRPEI R X 0 EALD D 5 7298, WREHMET L 7= (entries 2,3,5), 7=, Cp** AW
172356 1TIRE, BRMY HITKE KT Lz (entry4d), fl2H . Cp'. Cpt. Cp* 2B Fr L
7= Rh A2 AV TRIS 21T 729, BEV X Z Y A CFER S 5 2 ¥ N TE ) - 72 (entries
6-8) 1T AN CPBRMFEETHRMVBELXAVTRISEITH>PNREIHETH Y,
F I BIRMIFAEE T T E 572 (entry 9).

Table 8. Screening of Cp part
H [CP*RNCl,], (4 mol %)
Me-H Ph AgSbF, (16 mol %)~ Me~_..NHCOPh
N )\ chiral acid 14bd (8 mol %)
N + N7 (6] N\
P \O/&o DCM, 80 °C, 5 h P
15a 16a 17aa tBu
1.2 equiv 14bd
chiral acid
entry CpX % yield? er?
0 R = Me (Cp*) 75 85:15
1 H (CpMe4) 24 80:20
R
2 Me Me  jpr (Cp*Pr) 49 85:15
Me Me
3 Ph (Cp*Ph) 7 83.5:16.5
4 Bu (Cp*BY) 7 56.5:43.5
Et
5 Etﬁa (CpE™) 33 84:16
Et Et
6  Bu~Bu (CpY N.D.
Me
7 EtOZC\Q/COZEt (CpF) trace
Me’ Me
Ph |
8 OWYN\ (CpM) N.D.
PhO

Me
9 ﬁMe (Cp'nd) 8 74:26
Me

aDetermined by "H NMR analysis of crude reaction mixture using
dibenzylether as an internal standard. Determined by chiral
HPLC analysis.
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AdiE Y L T[Cp*RhClL]ss X T ALK VBRY LT 14bd AV TE &40 5 MR 21T
7= (Table9), £ ¥\ RISEHr LTy 7margons,7aaxy Lo~ ER LY 25,
RESME %815 2 ¥ 5o T+ F4BREAE L Lz (entry 1), RIZ. RISEE % 80 °C B
530°C ~NYIRTIEAH Y TEIGERMENE L LT (entry 2), Fe\» THRmAIC U TREESR
M T LY, TFUFABRMELZENS L RGENRIICE LT E 22 Rt LT:
(entry3), TH YT, RIGREZX 4°C F TRT I LA ZUNTE, 93%IRE, 92:8 D:ERE
B &4 17aa 235 5 4172 (entry 4), RERIRDBPMARIT 2 2FATHE Y, 1. AP 2RI
TH5ICT X/ ) rn7a b AL HPHI S Rh AR ICERRMA LT, ZILKRX Y T —
POERILE R LTz, 2. BRAA DL A ABEC L THREL VA X/ 82 16a D RISTED
Bk L7zt REPRIEVICRE LI E AT\ A, 72, [Cp*RhCL], DX 4> ) [T Cp*Colo(CO)
FRAVWTT I MR EIT-129%, RIS E2<K#EITL LD 572 (entry 5). Co [ Rh X EEE L
TRFEEINTL, IFBENRET ELLOITRISVETL LN 5T EEAL TV 5,

Table 9. Optimization of reaction condition

H [Cp*RNCly), (4 mol %)
Me i H AgSbFg (16 mol %) Me._ ..NHCOPh
Ph chiral acid 14bd (8 mol %)
Ny )/\ o additive (4 mol %) Ny
+ N
Pz \0/&0 solvent, temp, 5 h Pz
15a 16a 17aa
1.2 equiv
temp 14béBu
entry solvent (°C) additive % yield? erb chiral acid
0 DCM 80 none 75 85:15
1 PhCI 80 none 69 87:13
2 PhCI 30 none 53 90:10
3 PhCl 30 Ag,CO;4 93 91:9
4¢ PhCI 4 Ag,CO3 93 92:8
59 PhCI 4 Ag,CO3 0

aDetermined by 'H NMR analysis of crude reaction mixture using
dibenzylether as an internal standard. ®Determined by chiral
HPLC analysis.c18 h. 9Cp*Col,(CO) was used instead of [Cp*RhCl,],.

R TRAEBERFHE ORI 21T > 7 (Scheme43), BMEENX /) L IFTh KL 6,4
fLlCEFHGENBEHRLIX /) 2 15b, 15d AV TRFLRER UG T+ > F AEBRME
THEH 17ba, 17da 27135 20 TE e, RICEFRIIMENEHR LX) L ITHO0TRK
HETo, TNHDX ) VIIRGSBOBEE N LR Lizzod, RISGRE %-10°CE T
TEIETERCHEIT LI, 5-79FX /) > 15¢c 2 HBEY L TRIEZIT->722 25 99%UR
F, 919 DT U FAZRETEEY 17ca 2551z, 4 ITEFRIIENEHRLIX/
VU ERWAYMDX /) VERWRSAEYEEERL T, Bl FAEREIEMEST S
CERE L7 (15e-15i), 4 fiLlca’7 PN E#RLX /) 0 Ph ENEHR LX) ¥
15e, 15f, 15g 2 A\ 12X 2 A, RIFLWREND 94:6 D T F > FAZRMETHEEIYY 17ea, 17fa,
17ga #1572, 4 LICAFINZXTIVEEXETHX /)~ 15h AV FRIL, Rh AREDEMAL)Y
AL, BEYW 17Tha DURE (L 46% C FREED T T 5108, TEFILENER L
7=x /) 151 AV AIE 85%IRE, 046 DT F U FAV—tb TEE 17ia 2155 2 ¢
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<t = st

E3FE FE3HEH

WCET, £ 4y T /2 ENER LX) V15 TIEEE D ARE (CE L ARE N RE
LTLES>REODRISHDLEITLL -T2,

H [Cp*RNCly], (4 mol %)

Me. .H Ph chiral acid 14bd (8 mol %) Me._ .NHCOPh
)\ AgSbFg (16 mol %)
_ | Ny L N0 Ag,COj3 (4 mol %) _— | N«
SN \O’&o PhCI, 4 0or ~10°C, 24-48 h 4\~
X 15 16 X 17
Me._..NHCOPh Me._..NHCOPh Me._.NHCOPh
N N N
=
7 MeO 7
Br
17aa 17ba 17ca?
87%, 92:8 er 62%, 919 er 99%, 91:9 er

Me . .NHCOPh X =OMe, 17da, 87%, 91:9 er

' =Cl, 17ea? 74%, 94:6 er

= Br, 17fa?, 61%, 94:6 er

=Ph, 17ga? 76%, 94:6 er

= CO,Me, 17ha?, 46%, 93:7 er

X = COMe, 17ia?, 85%, 94:6 er
=CN, 17ja% N.R.

a-10 °C.
Scheme 43. Scope of quinolines.

RISV X7 VORFTDBICRVEREZ T LI 47 oo EzNEHR LX)V 15e &
AWTYA X4 DRt %24T-> 7z (Scheme44), o-. m-F VILENEHR LA XH Y m
¥ 16b, 16¢c AW X 2 A, GRENHDH WL+ FAZBRETEHI 17eb. 17ec 2°15 6
iz, p-OMe-CHs WNER Lz AXHVar16d AV TR ®IT-1:¥ 2 A, RIGRE %
20°C FTIERTIEALZUNTE, 64%IRE, 937 DT+ v FA4<—tb TEE 17ed 2315 5
Nz, OV AXH Y Y LTEERPLPTILXILVENEHR LIV A XY 2 (16e-16h)
FRAVTHERGIIARICGEITLHRE, 0T+ FABRMETT I MULERFE S LD
(17ee-17eh), Bu ENEHE L7V AXH VL 16i TlE, TDESTDTODNRISHHEIT L &
N Tz,

36



[Cp*RhCly]5 (4 mol %)
chiral acid 14bd (8 mol %)
AgSbFg (16 mol %)
Ag,CO3 (4 mol %)

PhCl, —10 °C, 24-48 h

Cl
17eb 17ec 17ed?
98%, 93:7 er 90%, 92:8 er 64%, 93:7 er

R = 2-furyl, 17ee, 79%, 94:6 er
= 2-thienyl, 17ef, 78%, 93:7 er
= nPr, 17eg, 90%, 93:7 er
= iPr, 17eh, 97%, 94:6 er
= tBu, 17ei, N.R.

Scheme 44. Scope of dioxazolones.

XL AREBERABEILANTI- O, 8-7TOEIL X/ ) v 15k 2 EEB Y LHAETH, AR
JSOSERATTREN Y ) R AR LT (Table 10), VA X H VO v ORIFDEICRVWEREZ T L
o-FVIVENEBERLIVAXH YL 16b 2RV, T, RICHDBETRFRINIZZHOR
FSRE % 30 °C, RUSHEFMZ 48 Bl L TR 21T 72, T DER. REFL TS F4ER
ETEEM 17Tkb MEFS N DD, T DIRE (L 36N L MR (T Y FE 572 (entry 1), %
T, REESRDFIE % 4 mol %D 5 30 mol % ~CmIdlir IATF v FAERMELZIEN
5Tt REAEE LT (entry 2), RESROFMEB R HMIL L VA XY oLy iR
PUREST B Z Y DN HNMR OFHTICL VFIBAL 7z, VA XH Y 2 15 48NS 304E
NEHMELTL A, RENE(CHLE LT (entry 3), RICHENXELT-ORGEEY R
TETIEALIUNTE, 4°C LT 52T FABRENKRE LTz, BRIEKIT, RIGH
Mz 7285 E THETH X TO9%IRE, 93:7 DL ) v FA~<—tbTEEH 17kb 27155 C
CNTET,
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(8]
3
B
(8]
=

Table 10. Optimization of amidation with 8-propylquinoline.

[Cp*RNCl,], (4 mol %)
AgSbFg (16 mol %)  Et
chiral acid 14bd (8 mol %)
Ag,CO3 (Y mol %)

R
Fo

(0] o) PhCI, temp, 48 h

15k 16b -
X equiv R = 0-Me-CgH,4
entry Ag,CO3 dioxazolone  temp % yield? erb Bu
(mol %) (equiv) (°C) 14bd
chiral acid
1 4 15 30 36 90.5:9.5
2 30 1.5 30 55 90.5:9.5
3 30 3.0 30 73 90.5:9.5
4 30 3.0 4 56 93:7
5¢ 30 3.0 4 69 93:7

aDetermined by 'H NMR analysis of crude reaction mixture using
dibenzylether as an internal standard. ®Determined by chiral HPLC
analysis. ¢72 h.

REFMFICTERABEBE DRI 21T > 72 (Scheme45), £ITR L= 8-7mEIL X/ ) v 15k 72
FTHRYFILX /) 15l EAVTERISHETL 70%IRE, 937 DxF v FA4w—
BETT 3 FALR 17D 2455 Z XN T & 12,

JH [CP*RNCl,], (4 mol %)
RULH

R2 chiral acid 14bd (8 mol %)
)\ AgSbFg (16 mol %)
N\ + N 70 Ag2CO3 (30 mol o/o) N\
= ‘O"l\\o PhCI, 4 °C, 72 h =
15 16b R? = 0-Me-CgH, 17

R' = Et, 17kb, 72%, 93:7 er
= Bu, 17Ib, 70%, 93:7 er
Scheme 45. Substrate scope of 8-alkylquinolines.

RARIGD LS v FAREEWNCHBEVMOER THS 2T ERRXLERY
4T—> 7= (Scheme46), 8-TFILX /1) > 15a DT I FILRIGIIAX L, BRI EDEEBRR N EK
FISNIXTNANRUVEETIN L TRISEIT->7: ¥ 24, 7 3 F{tiE 17aa RUEMR L 7=
BA 152 YL L 6 Y A CERENRIN T A otz, Fh2o (b) ISFRT LI @) 206
VAXHyBa s 16a xRV RGFTRE T 25, BRLUZEFIIEAKRENL I TYD
hote, TORRDNG, ARKD C-HREEBVMOERMEIZIEICALACTTETHY, =+ F
T REKRME L C-HERVMOBIETH 5 2 L IURE T4,
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(a) H/D exchange experiment in the presence of 16aa
[Cp*RhCl,]5 (4 mol %)

H CH3CO,D (5 equiv) H (<5% D)
Me/ n Ph  chiral acid 14bd-D (8 mol %) Me.| NHCOPh Me.__H (<5% D)
N )\ AgSbFg (16 mol %)
. N\/ o) AgeCO3 (4 mol %) Ny . Ny
= 0o PhCl, 4 °C, 24 h = =
15a 16a 17aa recoverd 15a
24% 43%

(b) H/D exchange experiment in the absence of 2a

[Cp*RhCl,], (4 mol %)
CH3CO,D (5 equiv)

Me H chiral acid 14bd-D (8 mol %) Me H (no D)
H AgSbFg (16 mol %)
N\ Ag,CO3 (4 mol %) Ny
_ PhCl, 4 °C, 24 h _—
15a recoverd 15a

87%
Scheme 46. H/D exchange experiments to check the reversibility of the C—H activation step.

Cp*RhCI
Me ‘\NHCOPh[ pRNCL]
' AgSbFg
N R*COZH Me _: H
N
N
/ Cp* N
17 |
aa Rh\ _
R*CO.H o’\(/‘o%& 15a
R* R* s
I QAO
Me ‘\|'_.|_Ré/Cp*
Enantioselective ,\/l
C-H activation s
=
Cp*
M Rt< o.__R*
e. _Rh—
| Y
N\ o)
| H
Cp* Ph ; _—
Rh N\/i
0" >0 Ph

Scheme 47. Proposed catalytic cycle
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ARG DIEE S NLALEY 1 7))L % Scheme 47 ST F, 7. Fmlzoy 7 A RENK
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ZDERBINEEDIF U FAIEY IR 200 4AF LY C-HEGDHEINE1TH) 2T,
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FAFE F1E

B 4T Cp*Co(lll/X TINAINKYEENA Ty P AT LICLEFAT I FOTRE C(sp’)-
3 FILRS

F18 Hx
e AR - S AE Cp*M(III) B A N - A Asymmetric methylene C(sp®)-H activation
FL ¥ C-HESDHI %) TF C(sp’)-H ETEIL RIS DG H H - Coman) Tj{G
FER LT, RICEZE. 39 1 DOFRAE Csp)HE R R R
HEARCODTBRXTH AL AFILEDOEI =2H) TF

Asymmetric methyl C(sp®)—H activation

DG H DG FG
Cop)-H LRSI HB LT (Figure 7). 2H 50T aine ML e
ADRICHREFI IR SN TEY . KTITZX D& H H
%n N ‘J‘ 2% 3 Figure 7. Enantioselective C(sp®-H activation

Yu GEEA Y DT IV EEBO-ACFUANRINVETHREL 2 ERMET 3/ B
Bk, mm)%@ﬁZLmeé YT, AFIVEDES| Z 4 ) T F Csp’)-H 7L X L{b
RIGDEITT A2 ARELEMEVWT F U FAZBIRMICY ¥ E 5 Tz (Scheme 48, X
500, T DK, KO IEIARKERRL, 1 VEBEBROAEITHL, 73I /ENLFHEIN
HAXHY) )AL P Pd RV Csp’)-H 7 ) —IbbicbnWT, BaEsmRE, &
WIS U FABRETHETWS (KX 60, £REHORE (TS Csp’y-H 7L =)Lk
L. VAVREEESTLICT, VT U FABRETEOWIEONL ZC2REL T
W5 (X 61),

Yu CO2H
m o (20mol%)

O-(—)-Menthyl =

74
T Pd(OAC), (10 mol %) | "eu
SN + BuB(OH), — SN (59)
Ag,0 (1 equiv)
H BQ (0.5 equiv) Me
THF, 100 °C, 6 h 38% yield
68:32 er

\Oj (20 mol %)
AcHN N~ ~Ph

Pd(CH3CN),Cl, (10 mol %
+  Ar-l (60)
Ag,CO3 (2.0 equw
NaTFA (2.0 equiv)

toluene, 60 °C

up to 85%
up to 98:2 er
oh P
4 (20 mol %)
F AcHN N~ "._-Ph
oF CFs g1 | Pd(OAc), (10 mol %) 61)
M + = =
e N F R2 RS Ag,CO3 (2.0 equiv) R2
H toluene, 50 °C
Me F
up to 65%
up to 97:3 er

Scheme 48. Enantioselective C(sp®)-H functionalization using Pd catalyst
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FAFE F1E

Baudoin & |4 Pd At D EEILEY o0, 5K A FILEDET | %4 ) TF C(sp’)-H EMEfL - 3L

AN

RETHEITT A2 REL TV 5 (Scheme 49, K 62) 8,
RICBWT, HBICHRBRLEAFAHARRXT7 4

IO FERWACZ

T FABRETEY B TVDE (X 63)%,

Baudoin
NC

=
RT |
NS

Br

Cramer

Tf
T
Br H

Pd(OAC); (2.5 mol %)

EF7FNEEETLERRXTA VAV FERVAE I TEHRE, RIFL IS 54
F 7=, Cramer 5 [IEHDTFR

CTHmIRE, RIFLD

iPr Ligand (10 mol %) NC P CO
K>CO3 (2.0 equiv) = D
>R | Me (62)
H DMSO, 140 °C S
up to 95%
76:24-90:10 er
Ligand

Pd(dba), (5 mol %)
Ligand (12 mol %)
PivOH (30 mol %)
Cs,CO3 (1.5 equiv)

.

Tf

mesitylene, 130 °C, 12 h

N

96%
85.5:15.5 er

Scheme 49. Enantioselective intramolecular C(sp®)-H arylation using Pd catalyst

A FIVEDEIN %) TF Csp')-H FMEL RIS

RAWrzRic b #RE
FEENDERALEY S Am |

THTW A

213 Pd k%72 1T T2 < Rh(I) ¥ Ir(1) Ak %
o BMAGIEIERT 4 ) A FERWT, Rh(I) DT A4 EFIKE
HEK A FIVEDHES | 2 C(sp’)-H FHEIL - RILDTFLEIT-> T

BHOMEVERMEIT L ¥ FE 5 T 7z (Scheme 50, R 64)*), Hartwig & (B D RIG % Ir(l) ki
CEBRMTERAVA Y TERE, FRICHEVWT S FAEBRETETIES X ITRY)

L7z (X 65,

Takai

Hartwig

RZ
R1—/ |
X Si”

\
Me/ Me

[RhCl(cod)], (1.5 mol %)
Ligand (4.5 mol %)
3,3-dimethyl-1 butene
(1 equiv)

1,4-dioxane, 50 °C, 24 h

[Ir(OMe)(cod)], (2.0 mol %)
Ligand (4.5 mol %)
norbornene (1.2 equw

Et,0, 50 °C, 24 h

MeO
MeO

g -

Mé
83%

#

(7

tBu

68.5:31.5 er OMe
Ligand
| X
= (0]
- Ve
1~ N—/
Me/ .
up to 97% Ligand
up to 98:2 er

Scheme 50. Enantioselective intramolecular C(sp®)—H arylation using Rh(l) or Ir(l) catalysts

Ezzo L9 (2 Pd ¥ Rh(I), Ir(DERE (S L B A FILEDBEN %2 # ) TF C(sp’)-H FHEILRIS

(L$RE
LRI DE T\,
C(sp’)-H ‘FEIL R

JSRACIN:Y]

ﬁﬁﬁtrﬂﬁ <
ERTENE, CN

[T BDT (iﬁ?k‘é‘t%zf:o

EFRRICD L ) 4 C-C 4

TNTWABEDD, Cp*M(II) AL ATz XA FILEDBE %49 TF C(sp’)-H EF%E
Cp*M(III) FRE % Rtz A FILE DB L) TF

BT RIS AN D R



FAFE F1E

T K &iff, Dixon, Seayad 5 (&, Cp*Co(Ill) %ty L7z A XH Vs 2RAWAFA47T 3
Fo C(sp’)-H 7 3 FMERISEZ#E L T\ 5 (Scheme 51, R 66)%, ARIGIIIEF (TR %K
HFTRISVETL, P~BRETEOIWELEA TS, TORKTIEAIVKR VBRI S
NTHBY, TNEXTNANKVENCERE LTENTRENCRE TEHUL, Cp*Co(ll) fik
BWICLBAFNEDBIN 2H ) FTF Csp’-H EEMVWERTE, FHLERRTREREZLES
[THETELEH X AT,

Dixon and Seayad
[Cp*Co(CH3CN)3][SbFel>

, S H F; (5 mol %) S NHCOR,
R o, 1
\N)ﬁng . N/i PhCOZNa (10 mol %) R\NW (66)
F'pH 0Ny DCE, 40°C,24h dime R
32-86%

Scheme 51. Co(lll) catalyzed C(sp®-H amidation
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%4 E 3R

-t

/

B8 Cp*Co(lllNA 7V FY AT LITLBF4T I FOTRE Csp))-H 7 I FILRIG

FTEHE ERLAFATIFDCp)»-H T I FMERISDEITICA N KRV ENEE L T
WANFEE Ltz, Tablell (SRS RE L TWAERE T, 7ILR VEER LK VEBE L H
m$H Y THEWDOIRENEmEL TWA (entry | vs.entries2-4) 2 X0 6, 77V KR VEBEN
C-H #£ AT ICES L T\ 5 2 XASTRR I #7:,

Table 11. Additive effects in catalyzed C—H amidation of thioamide (Dixon/Seayad's data)
S H Ph [Cp*Co(CH3CN)s][SbFelo

) (5 mol %) S NHBz
O\l . N\/ i additive (20 mol %) NW
H 0”0  DCE, 40°C,24h Me Me
entry additive % yield?
1 - 56
2 PivOH 79
3 PhCO,H 84
4 PhCO,Na 89

aDetermined by "H NMR analysis of crude reaction mixture
using CH,Br, as an internal standard.

CORERENLERIT. XTNANKRUVEBETRAVINEARRICETERICNCREIESLZ Y
WCELLEAT, LHALLDS, Table 1l DERTEAN RV BEE ML LORETTER
e EITL TEY #IVARVEED S L WEBHE T C-HEEDWMNEITL TL £ ) TR
Wb, T TET. Bn ENEHRLIZFAT I F18a 2 AR, #ILKUVBEEE Fome T
[CRICSHEITT 5 0MRET L7z (Table 12), EIR. 30°C. 40°C TRIS #1T> 129, Y DBET
LAWK VDL LKEANKRVESEE DML L OWRETRRGIIIEICACETL R0 - 12
(entries 1-3)e RICAFICLREFHR L PIMLER TR 2IT-o1¥ 25, RiclIEITLLD
DIBRFEIZL T E 572 (entry 4)s THNSDFFERNSSRDRITIL 30 °C H LK (L 40 °C TIT
)Zrrlt,

Table 12. Condition screening to suppress C—H amidation without carboxylic acid participation
[CP*Co(CHsCN)3][SbFgl>

(5 mol %) S NHBz
)H( %o additive N M
Bn +
Q ‘ DCE, temp, 24 h Q Me Bn
16a 19aa
1.2 equiv
entry additive temp % yield?
1 none r.t. N.D.
2 none 30 °C trace
3 none 40 °C <5
4 PhCO,H (16 mol %) rt. 23

aDetermined by 'H NMR analysis of crude reaction mixture
using 1,1,2,2-tetrachloroethane as an internal standard.
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FAT7IF18a DT I FLRIGIE, 7NV A VERIFFAET TRIELATEITL LN >TD T,
RISXTNAIWKVBEDRIF 21T -7z (Table 13), T X TN EF T FILHILEK VBEITONT
et 24T 57, 2MICPh ENEBR L AN A VB Ba AV TR EIT->¥ 25, )
FABIRE(L 72228 YPREEOEREZ T LT (entry 1), 2-F 7 FIVENBEHR LIV KRB
13b ZRAW35E, NIV ARVEE 13a 2RV YL L TIRE(IET Lz o, ZBRME
[TRELEVITR ONL D572 (entry2), 2NN OMe ED L) W NS WEBBREL BT H7)
RUBE20 AV 2 A, BREFIEICALACERIAL LD 57 (entry3), RIT, 3MlCEHRE
YRTHANEUVEEFRVWTRIS ZIT> 72, 220 Ph &, 31198 3,5-Bu-CHs ZATER I N
T2V ER VB 1daa 2 LRIS%2 1T 25, RiFIIXACEITL LD 572 (entry 4).

Table 13. Investigation of carboxylic acids in C—H amidation

[CP*Co(CHsCN)3]ISbF gl
Ph (5 mol %) S  NHBz

I S
N)H(B .\ N\/i chiral acid (10 mol %) NJ)’»)
n 0 o Me Bn
16a

DCE, 30 °C, 24 h
18a 19aa

1.2 equiv

entry chiral acid % yield@ erb OO
1 13a 51 72:28 R
2 13b 35 70:30 OO COH
3 20 51 R

52:48
13a:R=Ph R =H
4 14aa trace - 13b : R = 2-naphthyl, R’ =H

- - - - 20:R=0OMe,R’=H
aDetermined by '"H NMR analysis of crude reaction mixture 14aa : R = Ph, R' = 3,5-1Bu,-CgHs

using 1,1,2,2-tetrachloroethane as an internal standard.
bDetermined by chiral HPLC analysis.

RhASEICB VW TRVERE T LEXIILVEF 7FUANKRVEEEZRVTYE, T+ 0 F4:#
REGFEECZCEFS>TLESTED, RITHEDAINERVBEEL L TEHHAREE CHRDOH S
tert-00 4 ¥ VHEED X TIL A IVEK VBEEARET L 72 (Scheme 52), B THEEST 5 L tert-00 A
DT IVEMIE 7 A IVEATHRELIX TV ALK VB (PTTL, 21a) 2 AV TR %
otz 2A, BN S T 0 FAZBRMENEIRL 7z, RITL Y E&H\V TCPTTL 21b
NTTL2lc #AVTRIS 21T 7120, T+ U FABREIFEZEICcCE -1, T ITHERILE
BVER B EREETHX TN AINKRVEEBHTL 21d * AV TRE 21T 25, 1
I FEMIANF@ET X L7 LR VB (21a-21¢) ZRAWVIBRYERER L TERMEE® L 72,
F7z. BHTL 21d ® a fir% iPr &(TZEE L7z BHV 2le 2 A\ 12X 2 AT F v FABREDK
T U7z, BHTL 21d O —E4E A A 238 7T L 7= Ho-BHTL 21f 2 AV /TR IR § RAFAWERE
THEIWHIIE G,
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[Cp*Co(CH3CN)3][SbFel

S H pg\ (5 mol %) S NHBz
/ chiral acid (10 mol %) )S)
O%” "N i O wed B
H 0 g DCE, 40 °C, 24 h n
18a 16a 19aa
1.2 equiv
o} o ¢ o}
Bu, Bu, Cl Bu, O
—N —N —N
HO,C HO,C cl HO,C O
(0] cl (0]
21a 21b 21c
67% yield 47% yield 66% yield
68:32 er 60:40 er 75:25 er
(PTTL) (TCPTTL) (NTTL)
O H O H O H
Bu iPr, Bu
SCUNINE ORI eY)
HO,C HO,C HO,C
o H o H o H
21d 21e 21f
60% vyield 70% yield 93% yield
85:15 er 78:22 er 87:13 er
(BHTL) (BHV) (Hy-BHTL)

Scheme 52. Effect of tert-leucine derivatives as a chiral acid

RIT Co A Cp BRLICT DV THRET%21T > 72 (Table 15), Cp* &L V) & ILiFEY (T T 0
CpM*Co(Ill) * AVWTRIS%2IT> X 2ARER UL S » FAZBRMEIIET L7z (entry 1),
Cp*D 1 2D A FILED Bu B TER I Cp*™'Co(lll) * AV Y ZARFFIKT LD
DTS FAZRMEII®ELT (entry2), Cp*L )t &EZH WV Cp FAVWLEBICRVWEREZ T
L7z T, BuEt ) EHVTMS B AdE, BuXRREEDOES T THL PrENEHRLT:
CpCo(Ill) #AVWTRIG%21T> 7108, ¥ Cp #AWTH Cp*™'Co(lll) x AWTFFDOLS v F

A:ZREL TE - 72 (entries 3-5),

Table 14. Effect of Cp part

S H Ph Co cat. (5 mol %) S NHBz
) Hp-BHTL 21f (10 mol %)
y DCE, 40 °C, 24 h vd Bn
H 0/&0
18a 16a 19aa
1.2 equiv
( 7
R entry R % yield? erb
M M
e ° 0 Me 93 87:13
Me Cl Me
L~~~ (SbFe)2 1 H 38 84:16
L
| Co cat. (L= CHZCN) | 2 Bu 30 90:10
( 7
0 H 3 ™S 33 87:13
Bu
—N 4 Ad 28 89:11
HOLC
o H 5 iPr 63 87:13
Hp-BHTL 21f aDetermined by 'H NMR analysis of crude

reaction mixture using 1,1,2,2-tetrachloroethane
as an internal standard. ®Determined by chiral
HPLC analysis.
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st r L T Cp*®'Co(Ill). ¥ TV 77)LK VBEY LT Hy-BHTL 21f 2 AV T 6 40 5 KRR

T 72 (Table 15), . X DBRMAIDRIT 21T > 4R, MSI3X =Fm L 1=FRIcT+
YFABREEAZENDL LS RENRETHICFRE LT (entry 1), T#UIE Co (T
LTWATE2FZb)ILEREL, BEETEEZRELPT A LoORENRELTY
EZTW5, RILRGHEHEORT%1T-12, DCEXN S 7aaxy Ly p-7aax s £~
CERLTeIA, T FAZRMEIIDCE *AVEBCREE TH-TE DD, IRE(IK
T L7z (entries2,4), MY 7N Aa bLIT U 2AVWeIATF U FAEREIDOTNIEHL
L (entry 3). o-7 @RV E Uy 2AVERICRY RIFLRE, 'O+ v FAZBRETT 3
F{tiR 19aa 2155 2 ¥ 93T X 72 (entry 5).

Table 15. Optimization of reaction conditions

[Cp*®“Co(CHaCN)3][SbFgl,
(5 mol %) S NHBz

S H Ph
Jjg Yo HeBHTL21F (10 mol %)
N + N > N™
Bn - 5
Q ., \O/&O additive Me Bn

solvent, 40 °C, 24 h

18a 16a 19aa
1.2 equiv
entry additive solvent % yield? er?
0 none DCE 30 87:13
1 MS13X DCE 68 90:10
2 MS13X PhCI 20 89:11
3 MS13X CF3CeHs 69 91:9
4 MS13X m-CloCgH, 33 90.5:10.5
5 MS13X 0-ClyCgHy 81 92:8

aDetermined by 'H NMR analysis of crude reaction mixture using
1,1,2,2-tetrachloroethane as an internal standard. ®Determined by
chiral HPLC analysis.

BRI TERE —EEDORIT 24T > 72 (Scheme53), £3. FA4AT7 I P afid EHREIC
DVTHREIT 21T o7z, BRAY L GRED Ph AL T TR, FHER LTIy P
PUZNABXAFINELLTDOEFRIIEL, A PXVERLCODEFHREENERL T RIS
IABICETL, NI NGEREPD>HVWI S U FAZRETEOWIIG S LT
(19ba,19¢a,19da,19ea), 7=, FHFERLEDAFMIC L) 7 AOAFINENBEHRLI-FA4T 3
F18e # A5 X S1%IRFE, 9119 DT+ v F 42—tk T7 I FILIE 19fa M5 S 47z, F 7=,
2,6-Mer-CoHa A+ 7 F LA TILXILENEHR L 7<F 47 I F 18g,18h,18i,18),18k T Ric
LEITL., TN I NRFBRETEEWIE N, i, REEBAYPESWFAT 3
F 18g,18h A \\/<FRIT, D F A7 I FEAVRY TR L THVERETEEY G
5Tz,
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[Cp*®BUCo(CH5CN);][SbFgl,

(5 mol %) NHBZ
Jj< Ho-BHTL 21f ( o ol %)
+ N - 2
'R O& NS Q o
1

40°C,24h

8a 19aa
1.2-1 5 equiv

19aa 19ba 19ca 19da
82%, 92:8 er 81%, 91:9 er 91%, 91:9 er 89%, 92:8 er

O Q p @,
—§ OMe ‘§ —§ §

CF3

19ea 19fa 19ga 19ha
88%, 92:8 er 81%, 91:9 er 73%, 93:7 er 87%, 946 er

19ia 19ja 19ka
93%, 92:8 er 76%, 91:9 er 50%32, 90:10 er

248 h
Scheme 53. Scope of thioamides

RIS, VAXHYV O DBEBRED—FHMEIT OO TRITE4T > 7= (Scheme 54), p-OMe-CeH,
HEP p-Cl-CHy ENEBR L7V AXH VT (16d,16). o- MV IVENE#RL VA XH YO
> 16b AV TH RIGITHEIT L, HVEBRMETEEYY 19ad,192j,19ab 27155 2 e N T E 7,
ICEBERBECLTILXIVENER LA XY 2 16e,16f,16k,16i & ARRc (CHEATTRET
HY)., aNITNGZHTF o FARBIRITT I FMERISHHEIT L 1=,

[Cp*®BUCo(CHZCN)3][SbFgl,

S H R (5 mol %) NHBZ
N >/\o Ho- BHTL21f(10 mol %) _
+ N\ /g ,
18a 16 19aa
1.2-1.5 equiv
Me
O O D)
19ad 19aj 19ab
90%, 92:8 er 86%, 93:7 er 65%, 91:9 er
O S
1 +J e -
19ae 19af 19ak 19ai
96%, 92:8 er 99%, 92:8 er 55%, 92:8 er 73%, 92:8 er

Scheme 54. Scope of dioxazolones

e, 1-F 7 FNUENERLIZFAT I F18h ¥ p-Br-CHy WNEBR LIV A XH 16l
THVCTRIEZIT>122 25, 63%IRE, 94:6 DT F v FABRUETHIGET 57 3 F{Lik 19nl
%457z (Scheme 55, X 67), BIMEDF AT I FY LTT I FEUNVIZFLTIFDEDF
A7 IPF181 2 HEY L THVWTIRIK 2T 25, T2%IRE, 89:11 DBRME L RIF LS

/

/
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R THEHY 191a 575 5 4= (R 68),

[Cp*BUCo(CH3CN)3][SbFel, S NHCOR

Br
S H (5 mol %)
N . Hy-BHTL 21f (10 mol /o)= N)S) o
H 7~0 MS13X, 0-Cl,CgH, me ~ Q
O N, A 40°C, 24 h
"o )
18h 161

19hl
63% yield
94:6 er
R = p-Br-CgH,4
[Cp*®UCo(CH3CN)3][SbFel
S H Ph% (5 mol %) S NHBz
Hy-BHTL 21f (10 mol %
/\N)ﬁan . N\/ o 2 ( o)= N ) (68)
0 MS13X, 0-Cl,CgHy md Bn
) H © 40°C, 24 h )
181 16a 19la
72% yield
Scheme 55. Other sbstrate scopes 89:11 er

ARRIGITAWTWS Co AECX TIVAINKVERIE, X DOERNIEE ICHEL T X7 —
NTy 7T8RE T, J7ILAT =N THIRSIIAFEICEITL, aRE, 50T+ F4ER
MHTEE %5 A £ L7 (Scheme 56, =X\ 69), 71z, 5541727 I F{LiR 19aa (7 3 F 22,
TIV23 TILTEF2~DE®ERY S Z ¥ T =1z (Scheme 56, TER).

[Cp*®UCo(CH3CN)3][SbFgl,

S H Ph (5 mol °/o) S NHBz
N J~0  HeBHTL21f (10 mol %) N N)S') (69)
Bn + N /g » -
o MS13X, 0-Cl,CgHy Me Bn
H o] X
40°C,24h
18a,1.05 g 16a 19aa
92%, 1.39 g
92.5:7.5 er
O NHBz
AgCO3 . N/U>)
CH,Cl, Me Bn
22, 85%
S NHBz NiCl,*6H,0 H H NHBz
)S) NaBH, )V
N - N™
Q md “Bn MeOH/THF Q Me Bn
19aa 23, 66%
O NHBz
1) MeOTf
> H
2) LIAIH(OtBu), Me Bn
24, 73%

Scheme 56. Gram-scale reaction and transformation of product

RICRRISITEITA CMD ([T 5FEEE1T>7z, CMD [FAREZL 5T T 24EHY . Co (<
B L TOWAANKVENRED CHESEFI Xk » ¥ —F )L CMD (Figure 8, LE) ¥,
Co ITEMILL TR WHILEKR VB C-H 6 %571 2KRE T 7 X ¥ —F )L CMD [T5EETHLAH
(Figure 8, T #X). Dixon, Seayad 5(IF 47 I FO7 I FMLRIKD RicHAEIC >\ T DFT &t
HA1T->1v s, CHEAWIEIT/ XY —F )L CMD THEITL TWADTlEHwhrrst
NTW5,
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Cp*tBu

\ O
co |
2B

s O

Internal CMD

R | ¥

i
=

R‘COH -

S H
H
18a

N

Figure 8. Variation of CMD

S—~Co

N
Me Bn
Cp*tBu t

\ O
e
s” “H.

Nﬂfjoﬁ
Me Bn 0

External CMD

R’ R'CO.H

Lt LARKGONLTY XY —F )L CMD THEITL TWASE, FBEHIRPELNLDTIER
WONCHARF L, BRI O N AR L, X TV AIVEKR U BED T F o FA:8F|F % 20, 40,
60, 80, 100 ¥ ZLI BB B D T+ > FABRELRD, X TNANKVBEHOT S~
FABRECBOIWDO LSV FABREL 7T 7107y LIz Ih, FBEBHRIEIRS

Nl -7z (Figure9), DR G

ITJ7 XY —F)ILCMD IT LA C-HIZEEHDOTREME %

TR TETERLVWEDD, A7 —FILCMD 1245 T C-HEAYWIEITL TWATF

RETEDURR S #7<,

S H Ph
N >/\o H-BHTL 21f (10 mol %) NJ))
Bn + N, A o Me Bn
H o) o) MS13X, O‘C|206H4

18a

100

[Cp*®UCo(CH3CN)3][SbFg],

(5 mol %) S NHBz

40°C,24h
19aa

80 4

60

40 1

204 e

% ee of product 19aa

40 60 80 100

% ee of chiral acid 21f

Figure 9. Relationship between % ee of chiral acid and % ee product
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RRIGDIL SV FAREEBNC-HBEVIMDERMETHSH I i TT R EKRKRILERY
1T-> 17z (Scheme57), ¥4 7 I F18a 7 I FMLRIGIIH L, BRI EDEEEL % Hm L TRIS
EIT-722 25, 7 3 F{tfh 19aa RUER L 7<RH 182 B 56 3 FL AT EARE(LINT
WA H 5 72 (Scheme 57, LEX), 7. LEEDRIGSEMEN S VA XH Y O 16a 2R\ T & 4F
TR ZIT->1:2 25, BRLEEHITIIEFZLACERZLIN T LD 572 (Scheme 57, T
BB), CORRNGL, RRIGD C-HEAMMOEMRTIILACTTETHY), T+ FARE
R L C-HZEVMOBIZTH S Z ¥ ISTRR T4,

[CP*BUCO(CH:sCN)sl[SbFelz
(5 mol %) NHBz

%o CH3CO,D (500 mol %)
Bn + N Bn
MS13X, o—CIZCGH4 Me Bn
40 °C, 24 h noD noD
18a 19aa 18a
2 equiv 80% 56%
[Cp*®BUCo(CH5CN)3][SbFgl,
S H (5 mol %)
N CH4ZCO,D (500 moI %) <5% D
Q Bn MS13X, 0-Cl,CeH B
0-CloUgHy
H 40°C, 24 h "VD
18a 18a

93%
Scheme 57. H/D exchange experiments to check the reversibility of the C—H activation step.

WEISNAERES A 7L % T (Scheme58), FFAm ULz N0 MRS Y 7))L KV BEY
DAY PRAEICEL Y AREEEMEE 1T 0VERT 5, COFRENFATINOZF U FAMEY
T2O2DAFINEEZHEH N L, T+ 0 FAZREYL CHEMRARI Y, TINILIHA 7))
IH2ELCA, ZOANNI A TNIIIAXTH Y BB L, ZBILRELRELLAS
TA R L HE ISR S, ENT LR (ETT 53Ry ZBILREEZRE L DD
WBEROIHENT HXZADEL L0 EBEL, RRICTO I TAI L -2 a V2R TEOYN
BONLYEEL WA,
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[Cp*BUCo(lll)(CH3CN)3](SbFg),

S NHBz
WA
Me Bn
19aa |
. 2
R*CO,H o o
R*
|
[Ce---0
s NA
Ph
N
Me Bn
CO,
S- -[Co] ~
N};O

Cd

N
Me Bn

Scheme 58. Proposed catalytic cycle

co,
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U EFEH T, X 7 IVEAZ Schiff SEAE L A\ Tz meso-T ) ¥ vV DFRFHBERICE UL, X
FIWNEFTFILHANKRVEBOBIE, XTI AHINKUVEEYE I ELABMETRAV-TF C-HE
PEILRISIC OV TR 21T -7, BONTIERIZRET I RDL ) T 5,

. a7 Aa2a BIXTINVOL) 77— F2RZRICT S meso-7 V) ¥V DIEFHRR
RIGICBWT, 27 V) VUt 0 THBEEE>99.5-99% ee THEAHZ YN T X1z,
FHRABRBE2ERL T a7V A 0y-T I /VBBEERL, DRI I I L~CEE ¥
TATLAZ= ) AN Ia<w b 7774 —CL>THBTEL L) T 5789,

2. HRXTINEFTFIANKRUEEZERL. X DOMREEBITREL ARV — F ZFEIL
LTze 2OFFETIE ARBEICHEARN Yy T VT CHTY) =L EIT> T WA,
INZNFRO VBEREVRILT ) — VA2 EEFTH2 0T, 2ESELATIVE VBEEZ BRI
ERTDHICNTEL, RIEIARFEERVCTHRANLKRVEBEDTA 77 ) —HBELIT-
72

3. Cp*Rh(Ill) %Y L7z 8-TILXILX /) 15 DAF L UEADEN L) TF
Csp’>-H 7 3 FERIGITBEWT, B2xDX I IWEFT T7FIUANKR U BEERIT LSRR, 3
fiL(c DTBM, 2° il 2-F 7 FILEEZENLTcEFT7FILE/ ALK B 14bd 2V D
Y. & 94:6 DT F v FAZBIRETEY 17 M5 6112 Y7,

4. Cp*Co(lll) kxR VT A FIVEDENEZE) FAT7 I FD C(sp’)-H 7 I FERIGICEH
WT, T3/ BEAERDODXITINANEKUVENEHI THAZ 2 REL, RIKFEHHEET
AZYTREM6DIF v FAZBIRMETT I FMUE19 24155 Z v TR L 12 %,

ARG T Cp*MY/ X TV AWKV BENA T )y FU AT ALICLY 2 2OTF C(sp’)-H &
PEILRISHZERT X1z, SRX TIUAINKRVBEEFR VAL 0 TAEF CHERLRG, FITF
FCsp)H FRMRISVHR TRESIN TV EDLEA TS, ZHOXTILAILK VB
DNAT)y FYZATLALX TV CP #AVEFELBRHOYICAVLICT, HL5OLTE
RISHEREY b L), BEDERWANZTO—BY b I %FE),
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Experiment Section

General

Reactions were carried out under argon atmosphere unless otherwise noted. Enantioselectivities were
determined by high performance liquid chromatography (HPLC) analysis using 4.6 nm x 25 cm Daicel
Chiralpak columns. NMR spectra were recorded on JEOL JNM-ECS400 spectrometers operating at 391.78
MHz for 'H NMR and 98.52 MHz for '*C NMR, JOEL JNM-ECX400 spectrometers operating at 396 MHz
for 'TH NMR and 99.55 MHz for '*C NMR, and JNM-ECAS500 spectrometers operating at 500.16 MHz for
'H NMR and 125.77 MHz for '*C NMR. Chemical shifts were reported in the scale relative to TMS (0.00
ppm for 'H NMR in CDCls), CHCl; (7.26 ppm for '"H NMR in CDCl3), CHD,CN (1.93 ppm for 'H NMR in
CD;CN), DOH (4.65 ppm for '"H NMR in D,0), CDCl; (77.00 ppm for '*C NMR in CDCls), CD;0D (49.50
ppm for C NMR in D,O/CD;0D), PhCF; (-63.72 ppm for '°F NMR in CDCl;) as an internal reference,
respectively. ESI mass spectra were measured on JEOL JMS-T100LCP spectrometer. Optical rotations were
measured on a JASCO P-1010 polarimeter. Column chromatography was performed with silica gel Kanto
Silica gel 60 N (40-50 mesh) or Yamazen YFLC AI-580 using Universal Column SiOH. Visualization was
accomplished with ultraviolet light and anisaldehyde or phosphomolybdic acid stain, followed by heating.
Analytical high-performance liquid chromatography (HPLC) was performed on a JASCO PU-1580
intelligent HPLC pump with JASCO UV-1575 intelligent UV/VIS detector. Detection was performed at 254
nm. Chiralpak IA (0.46 cm x 25 cm), Chiralpak IB (0.46 cm x 25 cm), Chiralpak IC (0.46 cm % 25 cm),
Chiralpak ID (0.46 cm x 25 cm), Chiralpak IE (0.46 cm x 25 c¢cm), or Chiralpak IF (0.46 cm x 25 cm) from
Daicel was used. Retention times (fr) and peak ratios were determined with a JASCO-ChromNAYV analysis
system. Hexane was HPLC grade, and filtered and degassed prior to use. All non-aqueous reactions were
carried out in a flame-dried glassware under argon atmosphere unless otherwise noted or in a argon-filled
glove box. 1,2-Dichloroethane (DCE, dehydrated grade) was purchased from Kanto Chemicals and used as
received. Chlorobenzene and o-dichlorobenzene were dried and distilled over CaH, under argon.
Dichloromethane (CH2Cly), tetrahydrofuran (THF), diethyl ether (Et,0), and toluene were purified by Glass
Contour solvent purification system before use. [Cp*Co(CH3;CN);](SbFs),*, 8-Ethylquinoline 15a°”, 8-
pentylquinoline 151°V, dioxazolones 16°» were synthesized according to the previously described methods.

All other reagents were commercially available and used as received unless otherwise noted.
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Chapter 1 Section 2

Preparation of Gd(O-iPr)3/Y(OTf)s3/Schiff base 1 =1:1:1 Complex and General Procedure for Catalytic
Asymmetric Ring-Opening of meso-Aziridines with 2-Fluoromalonate: A test tube charged with MS 3A
(40.0 mg, 200 mg/mmol) was flame-dried under reduced pressure using a heat gun. After cooling to room
temperature, argon was re-filled, Schiff base (11.1 mg, 0.02 mmol), THF (0.2 mL) and Gd(OiPr); (0.2 M
THF solution, 0.1 mL, 0.02 mmol) were added. The mixture was stirred at room temperature for 30 min to
afford yellow suspension. THF was, then, removed under reduced pressure. To the test tube were added
Y (OTf), (10.7 mg, 0.02 mmol) and THF (0.20 mL), and the mixture was stirred at room temperature for 30
min to afford the Gd(OiPr),/Y(OTf),/Schiff base = 1:1:1 catalyst in THF. Then, DMAP (2.4 mg, 0.02 mmol)
was added, and THF was removed under reduced pressure. After drying the residue under reduced pressure
for 1 h at room temperature, toluene (0.2 mL) and Et,O (0.4 mL) were added. To the resulting red suspension
were added 2-fluoromalonate 3 (0.35 mmol, 1.7 equiv) and meso-aziridine 2! (0.20 mmol, 1.0 equiv), and
the mixture was stirred for 17-72 h at 40 °C. After the mixture was cooled to room temperature and diluted
with AcOEt, saturated EDTA<2Na ag. was added. The organic layer was separated, and the aqueous layer
was extracted with AcOEt and the organic layers were washed with brine. The organic layers were dried over
NaySOs4. After filtration and evaporation, the obtained crude mixture was purified by silica gel column

chromatography (AcOEt/hexane/CH>Cl,) to give a corresponding product.

Dimethyl 2-((1R,2R)-2-(3,5-dinitrobenzamido)cyclohexyl)-2-fluoromalonate (3aa): a colorless solid;
MP = 184.0-185.0 °C; IR (KBr) 3263, 3103, 2948, 1762, 1742, 1649, 1542, 1342, NO,
1296 cm™'; 'TH NMR (CDCls, 400 MHz) 1.29-1.59 (m, 4H), 1.67-1.75 (m, 1H), 1.77- OY©\N02
1.91 (m, 2H), 2.16-2.25 (m, 1H), 2.63-2.78 (m, 1H), 3.70 (s, 3H), 3.88 (s, 3H), 4.11- NH

4.22 (m, 1H), 6.62 (d, J = 8.6 Hz, 1H), 8.95 (d, J = 2.0 Hz, 2H), 9.17 (t, /= 2.0 Hz, O’:,Iﬁ?:OQMe
1H); 13C NMR (Acetone-dg, 100 MHz) 25.8 (d, Jcr = 21.3 Hz), 27.2 (d, Jer = 2.3 Hz), COMe
34.1,47.0 (d, Jcr =20.5 Hz), 49.2 (d, Jcr = 3.8 Hz), 53.5, 53.6, 96.8 (d, Jcr = 206 Hz), 121.7, 128.0, 138.5,
149.6, 162.1, 166.8 (d, Jcr = 25.8 Hz), 167.4 (d, Jcr = 26.6 Hz); HRMS (ESI): m/z calculated for
CisH2009N3FNa" [M+Na]": 464.1076, found: 464.1076 HPLC (chiral column: DAICEL CHIRALPAK IC;
solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm): fr = 16.1 min (major) and
25.9 min (minor);

[a]p 25° =-38.2 (c = 1.02, acetone).

Dibenzyl 2-((1R,2R)-2-(3,5-dinitrobenzamido)cyclohexyl)-2-fluoromalonate (3ab): a colorless solid; MP

54



EERDER FE1FE F28

=122.8-123.1 °C; IR (KBr) 3268, 2943, 1764, 1742, 1651, 1540, 1343, 1281, 1158, NO2
701 em™; "H NMR (CDCls, 400 MHz) 1.60-1.89 (m, 4H), 1.89-2.02 (m, 1H), 2.22- ¢

237 (m, 1H), 2.98-3.18 (m, 1H), 3.7 (s, 3H), 3.87 (s, 3H), 4.37-4.52 (m, 1H), 7.16 (d, NH
J=7.2 Hz, 1H), 8.98 (d, J = 2.0 Hz, 2H), 9.14 (t, / = 2.0 Hz, 1H); 3C NMR (CDCl;, O:ﬁCOan
100 MHz) 22.7, 25.7 (d, Jer = 2.9 Hz), 33.6, 48.8 (d, Jor = 21.0 Hz), 51.8 (d, Jor = 2.8
Hz), 53.6, 53.7, 94.8 (d, Jor = 208 Hz), 121.0, 127.2, 137.8, 148.6, 162.3, 166.2 (d, Jer = 22.0 Hz), 166.5 (d,
Jor = 22.0 Hz); HRMS (ESI): m/z calculated for C17H;s09N3FNa*™ [M+Na]": 450.0919, found: 450.0920;

NO,

F
COZBH

HPLC (chiral column: DAICEL CHIRALPAK IB; solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min;

detection: at 254 nm): fr = 10.9 min (major) and 25.5 min (minor); [a]p 25° = -22.2 (¢ = 0.99, acetone).

Dimethyl 2-((1R,2R)-2-(3,5-dinitrobenzamido)cyclopentyl)-2-fluoromalonate (3ba): a colorless solid;
MP = 139.2-139.8 °C; IR (KBr) 3347, 3083, 1761, 1742, 1647, 1542, 1343, 1248, 729 NO2
cm’'; TH NMR (CDCls, 400 MHz) 1.66-1.85 (m, 4H), 1.90-1.97 (m, 1H), 2.26-2.33 (m, OY@

1H), 3.03-3.13 (m, 1H), 3.77 (s, 3H), 3.87 (s, 3H), 4.42-4.46 (m, 1H), 7.16 (d, J= 7.2 NH
Hz, 1H), 8.98 (d, J= 1.8 Hz, 2H), 9.14 (t, /= 2.0 Hz, 1H); *C NMR (CDCls, 100 MHz) g,ﬁione
22.7,25.7 (d, Jer = 2.9 Hz), 33.6, 48.8 (d, Jor = 21.0 Hz), 51.8 (d, Jor = 2.8 Hz), 53.6, COMe

53.7,94.8 (d, Jcr = 207.9 Hz), 121.0, 127.2, 137.8, 148.6, 162.3, 166.2 (d, Jcr = 22.0 Hz), 166.5 (d, Jor =
22.0 Hz); HRMS (ESI): m/z calculated for C17H1s09N3FNa* [M+Na']: 450.0919, found: 450.0920 HPLC
(chiral column: DAICEL CHIRALPAK IB; solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min;

detection: at 254 nm): g = 10.9 min (major) and 25.5 min (minor); [a]p 25° = -22.2 (¢ = 0.99, Acetone).

Dimethyl 2-((/R,2R)-3-(3,5-dinitrobenzamido)butan-4-yl)-2-fluoromalonate(3ca): colorless solid; MP =
144.6-145.5 °C; IR (KBr) 3399, 1759, 1735, 1667, 1543, 1455, 1347, 1265, 1170, 719 NO2
cm’'; "TH NMR (CDCl3, 400 MHz) 1.13 (d, J = 6.8 Hz, 3H), 1.33 (d, J = 6.8 Hz, 3H), o

2.87-3.05 (m, 1H), 3.87 (s, 6H), 4.33-4.45 (m, 1H), 6.63 (d, /= 8.6 Hz, IH), 8.96 (d,J Mme_ _NH

=2.0 Hz, 2H), 9.18 (t, J=2.0 Hz, 1H); 3*C NMR (CDCl;, 100 MHz) 11.4 (d, Jcr = 4.8 Me >
Hz), 18.4 (d, Jcr = 1.9 Hz), 41.9 (d, Jcr = 20.0 Hz), 47.6, 53.7, 96.9 (d, Jcr = 204 Hz), COMe

121.1, 127.1, 137.7, 148.7, 161.7, 166.0 (d, Jcr = 25.7 Hz), 166.7 (d, Jcr = 25.7 Hz); HRMS (ESI): m/z
calculated for Ci6HisO9N3FNa* [M+Na]*: 438.0919, found: 438.0920; HPLC (chiral column: DAICEL

., _CO Me

CHIRALPAK IC; solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm): g = 11.9

min (major) and 13.5 min (minor); [a]p 2>! = 5.6 (c = 1.02, acetone).

Dimethyl 2-((4R,5R)-5-(3,5-dinitrobenzamido)octane-4-yl)-2-fluoromalonate 102

(3da): a colorless slid; MP = 103.5-106.0 °C; IR (KBr) 3241, 2966, 1764, 1742, 1649, OY@NO
2

1551, 1344, 1169, 920, 729 cm™'; "H NMR (CDCls, 400 MHz) 0.93 (t,J= 7.8 Hz, 3H), nPr._NH

0.94 (t, J = 7.4 Hz, 3H), 1.30-1.69 (m, 8H), 2.77 (ddt, J = 28.7, 9.0, 3.1 Hz, 1H), 3.87 nprI/ﬁione
CO,Me
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(s, 3H), 3.90 (s, 3H), 4.45-4.57 (m, 1H), 6.95 (d, J = 9.9 Hz, 1H), 9.01 (d, J = 2.0 Hz, 1H), 9.18 (t, J = 2.0
Hz, 1H); *C NMR (CDCls, 100 MHz) 13.7, 13.9, 19.9, 20.8, 30.3 (d, Jcr = 3.8 Hz), 36.0 (d, Jor = 1.9 Hz),
46.2 (d, Jcr=19.1 Hz), 49.9, 53.6, 53.8, 97.3 (d, Jcr = 202 Hz), 121.0, 127.2, 137.8, 148.6, 162.3, 166.3 (d,
Jor = 25.7 Hz), 167.5 (d, Jor = 26.7 Hz); HRMS (ESI): m/z calculated for CoH2609N3FNa™ [M+Na]*:
494.1545, found: 494.1541; HPLC (chiral column: DAICEL CHIRALPAK IB; solvent: hexane/2-propanol
2.1 _

= 2/1; flow rate: 1.0 mL/min; detection: at 265 nm): fr = 7.3 min (major) and 9.4 min (minor); [a]p

+8.1 (¢ = 1.02, acetone).

Dimethyl 2-((2R,3R)-3-(3,5-dinitrobenzamido)-1,2,3,4-tetrahydronaphthalen-2-yl)-2-fluoromalonate
(3ea): a colorless solid; MP = 161.5-162.0 °C; IR (KBr) 3309, 2957, 1763, 1742, 1648, 1543, 1344, 1265,

(dd, J=16.0, 5.2 Hz, 1H), 3.81 (s, 3H), 3.92 (s, 3H), 4.64-4.75 (m, 1H), 6.79 (d, J

= 8.6 Hz, 1H), 7.07-7.23 (m, 4H), 8.91 (d, J = 2.4 Hz, 2H), 9.15 (t, J = 2.4 Hz, NH
1H); *3C NMR (CDCl3, 125 MHz) 29.4 (d, Jcr = 3.6 Hz), 36.2, 43.7 (d, Jcr = 20.4 @ij |C:02'V'e
Hz),47.2 (d, Jer=2.4 Hz), 53.9,95.9 (d, Jor =206 Hz), 121.1, 126.8, 126.9, 127.2, COMe

128.3, 128.5, 133.5, 133.8, 137.7, 148.7, 161.8, 166.3 (d, Jcr = 26.4 Hz), 166.7 (d, Jcr = 26.4 Hz); HRMS
(ESI): m/z calculated for C22H2009N3FNa* [M+Na]*: 512.1075, found: 512.1076; HPLC (chiral column:
DAICEL CHIRALPAK IB; solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm):

731 em’'; '"H NMR (CDCls, 400 MHz) 2.82-2.96 (m, 4H), 2.98-3.17 (m, 4H), 3.24 NO>
OY@NOZ

fr = 12.9 min (major) and 21.0 min (minor); [a]p 2 =-39.4 (c = 0.64, acetone).

Dimethyl 2-((1R,6R)-6-(3,5-dinitrobenzamido)cyclohex-3-en-1-yl)-2-fluoromalonate (3fa): a colorless
solid; MP = 182.0-184.0 °C; IR (KBr) 3266, 3100, 1762, 1647, 1542, 1343, 1298, NO»
1152, 719 cm™; 'TH NMR (CDCl3, 400 MHz) 2.08-2.23 (m, 2H), 2.36-2.49 (m, 1H),
2.66 (dd, J=16.6, 4.9 Hz, 1H), 3.02 (dtd, J = 24.0, 10.8, 5.6, 1H), 3.79 (s, 3H), 3.90 NH
(s, 3H), 4.41-4.52 (m, 1H), 5.66-5.73 (m, 2H) 6.73 (d,/=9.0 Hz, 1H), 8.95 (d,/=2.4 EjlﬁCOQMe

Hz, 2H), 9.19 (t, J = 2.4 Hz, 1H); *C NMR (Acetone-d6, 100 MHz) 27.1, 32.9, 43.5 Coge

(d, Jer = 20.5 Hz), 46.7 (d, Jcr = 3.0 Hz), 53.7, 96.3 (d, Jcr = 206 Hz), 121.7, 125.7, 128.1, 138.5, 149.6,
162.5, 166.6 (d, Jor = 26.6 Hz), 167.3 (d, Jcr = 25.8 Hz); HRMS (ESI): m/z calculated for CisH;509N3FNa”*
[M+Na]": 462.0921, found: 462.0919; HPLC (chiral column: DAICEL CHIRALPAK IC; solvent: hexane/2-

o)
NO,

propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm): fr = 19.0 min (major) and 25.2 min (minor);

[a]p 227 =-52.9 (¢ = 0.98, acetone).

dimethyl 2-((1R,2R)-2-(3,5-bis(4-bromobenzamido)benzamido)cyclohexyl)-2-fluoromalonate
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COF COFM F
2Me 2Me COMe
3aa 5aa

To a stirred suspension of 3aa (37.1 mg, 0.084 mmol) in MeOH (1.5 ml) was added NiCl*6H,O (40 mg, 0.17
mmol) at 0 °C. Then, the mixture was added NaBH4 (64 mg, 1.7 mmol) in several portions and stirred for 5
min at 0 °C. The reaction mixture was quenched by NH4Cl and diluted with CH>Cl,. The organic layer was
separated, and the aqueous layer was extracted with CH>Cl,, AcOEt. Combined organic phases were dried
over NaxSOy, filtration and evaporation. The obtained crude mixture dissolved in THF, and the mixture was
added p-Bromobenzoic acid (38 mg, 0.19 mmol) and EDCIHCI (48 mg, 0.25 mmol) at 0 °C. Then, the
mixture was allowed to reach room temperature and stirred for 24 h. The reaction mixture was diluted with
AcOEt and H,0O. The organic layer was separated, and the aqueous layer was extracted with CH2Cl», AcOEt,
then combined organic phases were dried over Na;SO4. After filtration and evaporation, the obtained crude
mixture was purified by flash silica gel column chromatography (AcOEt/hexane) to afford a product Saa
(39.4 mg, 60% yield in 2 steps) as a colorless solid.

"H NMR (CDCls, 400 MHz) 1.05-1.44 (m, 4H), 1.44-1.83 (m, 4H), 2.50-2.71 (m, 1H), 3.43 (s, 3H), 3.76 (s,
3H), 3.87-4.00 (m, 1H), 6.77 (d, J=9.5 Hz, 1H), 7.49 (d, J = 8.2 Hz, 4H), 7.70 (d, J = 8.2 Hz, 4H), 8.02 (d,
J = 1.2 Hz, 2H), 8.38 (brs, 1H), 9.35 (brs, 2H); 3*C NMR (CDCls;, 100 MHz) § 24.7, 25.0, 26.4, 33.9, 46.6
(d, Jcr=21.0 Hz), 48.2, 53.5, 96.0 (d, Jcr = 209 Hz), 115.0, 115.5, 126.7, 129.0, 131.7, 133.2, 135.2, 139.2,
165.7, 166.0, 166.2 (d, Jcr = 25.7 Hz), 167.4 (d, Jcr = 24.8 Hz); HRMS (ESI): m/z calculated for
C32H3007N3BrFNa* [M+Na]™: 768.0327, found: 768.0331.

Methyl 2-((1R,2R)-2-(3,5-dinitrobenzamido)cyclohexyl)-2-fluoroacetate (6aa):

O._Ar O.__Ar
NH Lil, H,0 NH
—_—
-, .COMe DMSO, U F
éFM 180°C,1h o (f;; "
3aa “Y2Y€ g3/ vielq 2\ie

Ar = 3,5'(N02)2'CGH3

To a solution 4aa (177.3 mg, 0.40 mmol) in DMSO (0.6 mL) in a test tube were added H,O (8 uL, 0.44
mmol, 1.1 equiv) and Lil (112 mg, 0.84 mmol, 2.1 equiv), and the reaction mixture was stirred for 1 h at
130 °C. After cooling down to room temperature, the reaction mixture was diluted with water, extracted with
CHCl; (x 3). Combined organic phases were dried over Na,SQOy, filtration and evaporation. The residue was
purified by silica gel column chromatography (hexane: AcOEt = 4:1 to 2:1) to afford 7aa (142 mg, 93%
yield) as a ca. 1:1 mixture of inseparable diastereomers; colorless solid; IR (KBr) 3268, 2943, 1764, 1742,
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1651, 1540, 1343, 1281, 1158, 701 cm™'; "H NMR (CDCl3, 500 MHz) 1.22-1.59 (m, 8H), 1.67-1.75 (m, 3H),
1.80-1.90 (m, 5H), 2.03-2.36 (m, 4H), 3.68 (s, 3H), 3.79 (s, 3H), 4.04-4.23 (m, 2H), 4.89 (dd, J =47.3, 3.2
Hz, 1H), 5.06 (dd, J = 48.4, 1.4 Hz, 1H), 6.68 (d, J = 8.6 Hz, 1H), 6.84 (d, /= 8.6 Hz, 1H), 8.96 (d, /= 1.7
Hz, 2H), 9.01 (d, J = 2.3 Hz, 2H), 9.11-9.19 (m, 2H); 3C NMR (CDCl;, 125 MHz) 24.8 (d, Jcr = 3.6 Hz),
25.0, 25.1,25.3 (d, Jcr = 4.8 Hz), 28.5, 33.3, 33.4, 44.5 (d, Jcr = 19.2 Hz), 45.4 (d, Jcr = 19.2 Hz), 50.1,
52.5, 52.6, 89.0 (d, Jcr = 190 Hz), 91.0 (d, Jcr = 185 Hz), 121.0, 121.1, 127.2, 127.3, 137.9, 148.6, 161.9,
162.4, 170.1 (d, Jcr = 24.0 Hz), 170.3 (d, Jcr = 24.0 Hz); HRMS (ESI): m/z calculated for Ci6H;507N3FNa”*
[M+Na]": 406.1021, found: 406.1018 [M+Na']: 406.1021.

Methyl 2-((1S,2R)-2-(tert-butoxycarbonylamino)cyclohexyl)-2-fluoroacetate (7aa):

OYAF 1) Boc,0, EtgN,
DMAP, THF

UNH rn, 24 h ONHBOC
g F 2) NaOMe, ,oF
r‘” MeOH, rt, 1 h [N“
6aa CO,Me 7aa  CO,Me

79% yield (2 steps)
Ar = 3,5'(N02)2'06H3

To a solution of 3 (115.0 mg, 0.30 mmol, a ca. 1:1 mixture of diastereomers) in THF (0.6 mL) were added
Boc,0 (589.3 mg, 2.70 mmol, 9 equiv), NEt; (46 pL, 0.33 mmol, 1.1 equiv) and DMAP (7.3 mg, 0.06 mmol,
0.2 equiv), and the mixture stirred at room temperature for 24 h. The volatile material was removed under
reduced pressure and the residue was purified by silica gel flash column chromatography (hexane: AcOEt =
10:1) to afford N-Boc protected intermediate as an amorphous solid. The intermediate was dissolved in
MeOH (1.0 ml), and NaOMe (1.0 M MeOH solution, 0.33 mL, 0.33 mmol, 1.1 equiv) was added at room
temperature. The resulting mixture was stirred for 1.0 h at room temperature. The reaction was quenched
with citric acid (120 mg, 0.62 mmol, 2.1 equiv) and then the volatile material was removed under reduced
pressure. The residue was taken up in H,O, and the organic material was extracted with CH>Cl, (x 3). The
combined organic layers were dried over Na,SO,, filtered, and evaporated. The residue was purified by silica
gel flash column chromatography (hexane: CH2Clo: AcOEt = 8:9:1) to afford 4 (68.5 mg, 79% yield in 2
steps) as a ca. 2:1 mixture of inseparable diastereomers. ; colorless solid; IR (KBr) 3384, 2979, 2936, 2858,
1748, 1699, 1523, 1234, 1175 cm™'; '"H NMR (CDCl;, 400 MHz) 1.15-1.36 (m, 7H), 1.39-1.59 (m, 22H),
1.73-1.84 (m, 6H), 1.94-2.07 (m, 4H), 3.49-3.64 (m, 2H), 3.80 (s, 3H), 3.81 (s,3 H), 4.32 (d, /= 9.9 Hz, 1H),
4.49 (d, J = 9.0 Hz, 1H), 4.80 (dd, J = 47.6, 2.2 Hz, 1H), 5.13 (d, J = 48.9 Hz, 1H); 3*C NMR (CDCl3, 100
MHz) 24.9, 25.0, 28.3, 28.6, 34.1, 45.5 (d, Jcr = 19.7 Hz), 45.9 (d, Jcr = 21.6 Hz), 48.8 (d, Jcr = 4.7 Hz),
49.3,52.3,79.2,79.4, 88.1 (d, Jcr = 188.9 Hz), 90.3 (d, Jcr = 189.8 Hz), 154.7, 155.2, 170.4, 170.7; HRMS
(ESI): m/z calculated for C14H2404NFNa" [M+Na']: 312.1582, found: 312.1578.
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(3S, 3aR, 7aR)-3-fluorooctahydro-2H-indol-2-one (9aa), 3R, 3aR, 7aR)-3-fluorooctahydro-2 H-indol-2-
one (9’aa)

one (6°); Ester 4 (44.5 mg, 0.15 mmol, ca. 2:1 diastereomixture) was stirred with HC1 (4 M, 2 mL) at 90 °C
for 24 h. The reaction mixture was concentrated under vacuum afford 8aa. The resulting solid 8aa was
dissolved in CH>Cl, (20 mL) and 2-chloro-1-methylpyridinium iodine (157.4 mg, 0.62 mmol, 4.0 equiv) was
added, then NEt3 (172 pL, 1.23 mmol, 8.0 equiv) in CH2Cl, (0.5 mL) was slowly added over 2 h. The reaction
mixture was refluxed for 48 h with the exclusion of light then cooled and concentrated. The residue was
purified by flash silica gel column chromatography (AcOEt/hexane = 1:1 to 1:0) to afford a lactam 9aa (5.9
mg, 24%) and 9’aa (10.7 mg, 44%). ; about 9aa; colorless solid; IR (KBr) 3235, 3140, 2933, 2864, 1716,
1278, 1091, 970, 937, 748 cm™'; "TH NMR (CDCl3, 400 MHz) 1.25-1.44 (m, 4H), 1.86-2.10 (m, 5H), 2.96-
3.03 (m, 1H), 4.77 (dd, J= 53.0, 10.9 Hz, 1H), 6.73 (brs, 1H); 3C NMR (CDCls, 100 MHz) 23.9, 25.2, 26.0,
30.7, 51.0 (d, Jcr = 17.2 Hz), 53.6 (d, Jcr = 9.5 Hz), 91.8 (d, Jcr = 194.5 Hz), 173.0 (d, Jcr = 21.9 Hz);
HRMS (ESI): m/z calculated for CsHj;ONFNa* [M+Na*]: 180.0795, found: 180.0795; [a]p *7 =—54.8 (¢ =
0.65, CHCls).; about 9’aa; colorless solid; IR (KBr) 3266, 3941, 3862, 1719, 1688, 1445, 1291, 1124, 1087,
746 cm™'; "TH NMR (CDCls, 400 MHz) 1.25-1.42 (m, 3H), 1.53-1.74 (m, 2H), 1.85-1.90 (m, 3H), 2.07-2.18
(m, 1H), 3.43-3.49 (m, 1H), 4.69 (dd, J = 53.5, 3.6 Hz, 1H), 6.91 (brs, 1H); *C NMR (CDCls, 100 MHz)
22.6 (d, Jcr=2.9 Hz), 24.0, 25.6, 30.7, 49.5 (d, Jcr = 20.0 Hz), 57.3, 90.9 (d, Jcr = 181.2 Hz), 172.7 (d, Jcr
= 17.2 Hz); HRMS (ESI): m/z calculated for CsH;;ONFNa" [M+Na*]: 180.0795, found: 180.0796; [a]p 224
=+111.4 (¢ = 0.84, CHCl).
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Chapter 3 Section 2

Synthesis of carboxylic acids

Pd(OAc), (5 mol %)
TsCl (1.0 equiv) dppp (5 mol %)

Et3N ( 3 0 equiv) ProNEt (4.5 equiv)
MeOH (25 equiv)
OTs 1 (1 atm)

DMAP (0.15 equiv) O
OH then Tf,0 (1.2 equiv) OO ot DMSO, 80 °C, 18 h

OH CHuCly, 0°Ctorit., 15h
0 °C, 40 min

10 1"

1) ArB(OH), (3 equiv)
N|(cod)2 (7 5 mol %)

PCys (30 mol %)
K3POy4 (3.0 equiv) OO
OTs THF, 80 °C, 48 h Ar
COMe 2) KOH (excess) COH
EtOH/H,0, reflux

12 13
(8)-2'-(((trifluoromethyl)sulfonyl)oxy)-[1,1'-binaphthalen]-2-yl-4-methylbenzensulfonete (11)

To a solution of (S)-BINOL 10 (5.7 g, 20 mmol), Et;N (8.4 mL, 60 mmol), and DMAP (367
mg, 3.0 mmol) in CH>Cl, (60 mL) was added p-toluenesulfonyl chloride (3.8 g, 20 mmol) OO OTs
in several portions at 0 °C. Then, the mixture was allowed to reach room temperature and OO or
stirred at the same temperature. After 1.5 h, the reaction mixture was cooled to 0 °C, and

T£,0 (4.0 mL, 24 mmol) was slowly added to the mixture over 5 min. After stirring at 0 °C for 40 min, the
reaction mixture was quenched with ice, and extracted with CH,Cl, (x 3). The combined organic layers were
successively washed with HCI aq., NaHCOz3 aq., brine, and dried over anhydrous Na,SOy4. After filtration and
evaporation in vacuo, recrystallization of the crude material from hexane/CH,Cl, afforded 7 (1st crop: 4.8 g,
41%; 2nd crop: 3.6 g, 28%). The remaining filtrate was concentrated and purified by silica gel column

chromatography (hexane/EtOAc = 9:1 to 4:1) to provide 7 (2.5 g, 22%) as a colorless solid (total: 10.9 g,

91%). The '"H NMR spectrum was in agreement with that in the previously report®®.

methyl (S)-2'-(tosyloxy)-[1,1'-binaphthalene]-2-carboxylate (12) OO

OTs
A mixture of (S)-2'-(((trifluoromethyl)sulfonyl)oxy)-[1,1'-binaphthalen]-2-yl  4- CO,Me
methylbenzenesulfonate 11 (5.7 g, 10 mmol) and /PrNEt; (7.1 mL, 40 mmol) in DMSO O

(30 mL, degassed by freeze-pump-thaw cycles before use) was charged with Pd(OAc), (112 mg, 0.5 mmol),
1,3-bis(diphenylphosphino)propane (206 mg, 0.5 mmol), and anhydrous MeOH (10 mL). The resulting
suspension was purged with CO gas for 1 min and then stirred under CO (1 atm) at 80 °C for 18 h. The
mixture was diluted with water, extracted with AcOEt (x 3), and dried over Na;SO4. After evaporation,
purification by silica gel column chromatography (hexane/toluene/Et;O = 5:15:1) afforded 8 (3.9 g, 80%) as
a colorless solid. MP 118-123 °C. IR (KBr) 3053, 1725, 1361, 1243, 1175, 971, 821, 808, 708 cm™. 'H
NMR (CDCls, 400 MHz) 6 2.26 (s, 3H), 3.49 (s, 3H), 6.79 (d, J = 8.0 Hz, 2H), 6.95-7.07 (m, 4H), 7.14-7.25
(m, 2H), 7.41-7.46 (m, 1H), 7.47-7.53 (m, 1H), 7.73 (d, J=9.0 Hz, 1H), 7.86 (d, /= 8.2 Hz, 1H), 7.91 (d, J
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=5.5Hz, 1H, 7.93 (d,J= 5.3 Hz, 1H), 7.99 (d, J= 9.4 Hz, 1H), 8.06 (d, J = 8.6 Hz, 1H). 3C NMR (CDCls,
100 MHz) § 21.5, 52.0, 112.2, 125.9, 126.0, 126.2, 126.7, 126.8, 127.1, 127.5, 127.6, 127.9, 128.0, 128.2,
128.3, 128.6, 129.0, 129.5, 131.5, 132.5, 133.0, 133.5, 134.5, 134.7, 144.2, 144.8, 166.8. HRMS (ESI): m/z
calculated for CooH»,0sNaS™ [M+Na]*: 505.1080, found: 505.1083. [a]p *'* = +21.7 (¢ = 0.10, CHCl3). Rf
0.47 (hexane/AcOEt = 2:1).

Preparation of 2’-aryl binaphthyl carboxylic acids (General Procedure A)

In a grove box filled with argon, to a mixture of arylboronic acid and K3POys (3 equiv) in THF (0.25 M) were
added bis(1,5-cyclooctadiene)nickel(0) (5 or 7.5 mol %, purchase from Aldrich) and tricyclohexylphosphine
(20 or 30 mol %). After stirring at room temperature for 5 min, tosylate 12 was added, and the mixture was
stirred at 80 °C for 48 h. After quenching with water, the mixture was extracted with CH>Cl.. The organic
layer was washed with brine, dried over Na,SQOy, and filtered. The solvent was evaporated under vacuum,
and the residue was purified by silica gel column chromatography (hexane:AcOEt = 6:1 to 4:1) to afford the
corresponding methyl ester. The ester intermediate was dissolved in EtOH/H>O, and an excess amount of
KOH was added. The mixture was stirred at reflux overnight. The reaction mixture was evaporated under
vacuum, diluted with HCI aq., and extracted with CH,Cl, (x 3). The combined organic layers were dried over
NaxSOq4, filtered, and evaporated under vacuum. The residue was purified by silica gel column
chromatography (hexane/AcOEt/AcOH = 80:20:1). The obtained carboxylic acid was converted to the
corresponding Na salt by NaOH and further purified by reversed phase column chromatography (ODS
column, MeOH/H»0). The obtained pure Na carboxylate was acidified with HCI aq. and extracted with

CH2Cl. The organic layers were dried over Na;SOs4 and concentrated to give 13 was isolated.

2'-phenyl-[1,1'-binaphthalene]-2-carboxylic acid (13a)*
The title compound was synthesized according to General Procedure A from tosylate 12 OO Ph
(48 mg, 0.1 mmol) and phenylboronic acid (36.4 mg, 0.3 mmol) as a colorless solid (37 mg, OO coaM
90% in 2 steps).

(S)-[1,1':2",2"-ternaphthalene]-2-carboxylic acid (13b)

The title compound was synthesized according to General Procedure A from OO OO
tosylate 12 (97 mg, 0.20 mmol) and 2-naphthylboronic acid (103 mg, 0.6 mmol) as .~ O COH

a colorless solid (68.1 mg, 80% in 2 steps). MP 118-121 °C. IR (KBr) 3053, 1688, =

1281, 1246, 815, 766, 742 cm™'. "TH NMR (CDCl3, 400 MHz) & 7.04 (dd, J = 8.6, 1.8 Hz, 1H), 7.10 (d, J =
7.7 Hz, 1H), 7.23-7.33 (m, 4H), 7.34-7.51 (m, 6H), 7.60 (d, /= 7.7 Hz, 1H), 7.63 (d, J = 8.6 Hz, 1H), 7.78
(d, J=8.6 Hz, 1H), 7.81 (d, J=8.2 Hz, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.99 (d, /= 8.2 Hz, 1H), 8.05 (d, J =
8.6 Hz, 1H). 3C NMR (CDCls, 100 MHz) § 125.5, 125.6, 125.7, 126.1, 126.3, 126.4, 126.8, 127.0, 127.3,
127.86, 127.91, 127.95, 127.98, 128.03, 128.3, 128.4, 131.8, 132.5, 132.7, 132.9, 133.4, 134.3, 135.0, 138.7,
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139.1, 140.6, 171.9. Several aromatic signals were missing probably due to overlapping. HRMS (ESI): m/z
calculated for C31H190>” [M-H]: 423.1391, found: 423.1397. [a]p 2*7 =—149.4 (c = 0.075, CHCl3). Rf 0.34
(hexane/AcOEt = 2:1, AcOH 1%).

Preparation of 3-aryl binaphthyl carboxylic acids (General Procedure B)

Ar'Br (3.0 equiv)

[Ru(p-cymene)Cl,], (5 mol %)
PEtg,*HBF4 (10 mol %)
Ar K>CO3 (1.1 equiv) Ar
H
OO COH NMP, 100 °C, 48 h OO C0s
Ar'

To a screw capped vial with a stirring bar were added a binaphthyl carboxylic acid, aryl bromide (3.0 equiv),

[Ru(p-cymene)Clz]» (5 mol %), triethylphosphonium tetrafluoroborate (10 mol %), KoCOs3 (1.1 equiv), and
NMP (0.25 M) under argon atmosphere. The vial was capped and the mixture was stirred at 100 °C for 48 h.
After cooling down to room temperature, the reaction mixture was diluted with HCI aq., extracted with
AcOEt or CH,Cl; (x 3). The combined organic layers were dried over Na,SQyg, filtered, and evaporated. The
residue was purified by silica gel column chromatography (hexane to hexane/AcOEt/AcOH = 80:20:1).

(8)-3-(3,5-di-tert-butylphenyl)-2'-phenyl-[1,1'-binaphthalene]-2-carboxylic OO

acid (14aa): The title compound was synthesized according to General Procedure EZZH

B from (S)-2’-phenyl-[1,1’-binaphthalene]-2-carboxylic acid 13a (187 mg, 0.50 O‘ tBu
mmol) and 1-bromo-3,5-di-tert-butylbenzene (404 mg, 1.5 mmol) as a colorless O

solid (246 mg, 87%). MP 131-135 °C. IR (KBr) 2964, 2899, 2868, 1699, 1589, 760, Bu

750, 698 cm™. "TH NMR (CDCls, 400 MHz) & 1.23 (s, 18H), 6.84-6.91 (m, 2H), 6.92-7.01 (m, 3H), 7.19-7.36
(m, 7H), 7.42-7.52 (m, 2H), 7.63 (d, J = 8.5 Hz, 1H), 7.81 (s, 1H), 7.84 (d, /= 8.3 Hz, 1H), 7.96 (d, J=8.2
Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H). 3C NMR (CDCl;, 100 MHz) & 31.4, 34.8, 121.0, 123.3, 125.8, 126.3,
126.4,126.6,127.1,127.3,127.4,127.8, 128.1, 128.4, 128.7, 129.1, 129.3, 131.5, 132.0, 132.4, 132.8, 133.1,
133.2,136.1, 137.9, 139.3, 140.0, 141.2, 150.3, 171.5. One of the aromatic signals was missing probably due
to overlapping. HRMS (ESI): m/z calculated for C41H370,” [M—H]: 561.2799, found: 561.2807. [a]p 2*° =
—10.8 (¢ =10.075, CHCI3). Rf 0.42 (hexane/AcOEt = 4:1).

(S)-2',3-diphenyl-[1,1'-binaphthalene]-2-carboxylic acid (14ab): The title compound
was synthesized according to General Procedure B from (S5)-2’-phenyl-[1,1’- OO Ph
binaphthalene]-2-carboxylic acid 13a (18.7 mg, 0.050 mmol) and bromobenzene (15.7 OO coaA
pL, 0.15 mmol) as a colorless solid (18.5 mg, 82%). MP 195-198 °C. IR (KBr) 3053, O
1702, 1495, 1452, 1192, 1138, 821, 764, 743, 701, 692 cm™. "H NMR (CDCl3, 400 MHz)

8 6.79-6.87 (m, 2H), 6.88-6.99 (m, 3H), 7.22-7.40 (m, 9H), 7.44-7.52 (m, 2H), 7.63 (d, /= 8.5 Hz, 1H), 7.81
(s, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.97 (d, J = 8.2 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H). *C NMR (CDCl3, 100
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MHz) & 125.8, 126.4, 126.5, 126.9, 127.1, 127.2, 127.3, 127.4, 127.8, 128.2, 128.3, 128.4, 128.5, 128.7,
128.8, 129.1, 131.6, 132.30, 132.34, 132.6, 133.1, 133.3, 136.0, 136.9, 139.7, 140.5, 141.0, 172.9. One of
the aromatic signals was missing probably due to overlapping. HRMS (ESI): m/z calculated for C33H2102~
[M—H]": 449.1547, found: 449.1554. [a]p 2** = —42.5 (¢ = 0.05, CHCl;). Rf 0.38 (hexane/AcOEt = 2:1 with
AcOH 1%).

(S)-3-(4-methoxyphenyl)-2'-phenyl-[1,1'-binaphthalene]-2-carboxylic acid OO
(14ac): The title compound was synthesized according to General Procedure B e
from (S)-2’-phenyl-[1,1’-binaphthalene]-2-carboxylic acid 13a (37.4 mg, 0.10 OO
mmol) and 4-bromoanisole (38 pL, 0.3 mmol) as a colorless solid (36.5 mg, 76%). O OMe
MP 120-123 °C. IR (KBr) 3053, 1698, 1514, 1245, 830, 762, 698 cm™'. 'H NMR

(CDCls, 400 MHz) & 3.81 (s, 3H), 6.76-6.88 (m, 6H), 6.90-6.98 (m, 1H), 7.20-7.35 (m, 6H), 7.44-7.51 (m,
2H), 7.63 (d, J=8.5Hz, 1H), 7.77 (s, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.96 (d, /= 8.2 Hz, 1H), 8.07 (d, /= 8.4
Hz, 1H). 3C NMR (CDCl3;, 100 MHz) & 55.2, 113.7, 125.8, 126.41, 126.44, 126.7, 127.1, 127.2, 127.3,
127.4, 127.8, 128.1, 128.56, 128.62, 128.7, 129.1, 129.6, 131.7, 132.2, 132.3, 132.7, 132.9, 133.1, 133 .4,
135.9, 136.5, 139.7, 141.0, 159.0, 173.2. HRMS (ESI): m/z calculated for C3sH2302~ [M—H]™: 479.1653,
found: 479.1660. [a]p 2% = -35.1 (¢ = 0.085, CHCl3). Rf 0.32 (hexane/AcOEt = 2:1 with AcOH 1%).

COH

mg, 0.10 mmol) and 5-bromo-1,3-di-tert-butyl-2-methoxybenzene (90 mg, 0.3
mmol) as a colorless solid (40.3 mg, 68%). MP 122—-125 °C. IR (KBr) 2956, 2903, tBu

2866, 1700, 1450, 1411, 1394, 1263, 1221, 758, 699 cm™'. '"H NMR (CDCls, 400 MHz) & 1.38 (s, 18H), 3.67
(s, 3H), 6.92-7.03 (m, 3H), 7.09-7.14 (m, 2H), 7.25-7.38 (m, 6H), 7.42-7.51 (m, 2H), 7.64 (d, J = 8.4 Hz,
1H), 7.80 (s, 1H), 7.84 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 8.2 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H). 3*C NMR
(CDCl3, 100 MHz) 8 32.0, 35.8, 64.2, 125.8, 126.37, 126.40, 126.6, 127.16, 127.19, 127.3, 127.8, 128.0,
128.3, 128.6, 128.8,129.3, 131.5, 131.8, 132.4, 132.8, 133.1, 133.2, 134.4, 136.2, 137.4, 140.1, 141.3, 143.3,

159.0, 170.5. Two of the aromatic signals were missing probably due to overlapping. HRMS (ESI): m/z
calculated for C42H3903~ [M—H]™: 591.2905 found: 591.2915. [a]p 2! = —4.8 (¢ = 0.06, CHCl;). Rf 0.37
(hexane/AcOEt = 4:1).
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(8)-3-(3,5-di-tert-butyl-4-methoxyphenyl)-[1,1':2',2""-ternaphthalene]-2-carboxylic acid (14bd): The
title compound was synthesized according to General Procedure B from (S)-
[1,1":2',2"-ternaphthalene]-2-carboxylic acid 13b (219 mg, 0.50 mmol) and 5-
bromo-1,3-di-fert-butyl-2-methoxybenzene (449 mg, 1.5 mmol) as a colorless solid
(285 mg, 89%). MP 131-135 °C. IR (KBr) 2958, 1701, 1448, 1260, 1223, 1116,
1011, 883, 810, 743 cm™. '"H NMR (CDCls, 400 MHz) § 1.34 (s, 18H), 3.64 (s, Bu

3H), 7.19-7.46 (m, 12H), 7.46-7.53 (m, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.64 (s, 1H), 7.69-7.75 (m, 2H), 7.79
(d, J=8.2 Hz, 1H), 7.95 (d, J= 8.1 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H). *C NMR (CDCl;, 100 MHz) § 32.0,
35.8, 64.2, 125.5, 125.9, 126.4, 126.58, 126.64, 127.2, 127.3, 127.5, 127.9, 128.0, 128.1, 128.46, 128.49,
128.7,128.9,131.6, 131.7, 131.9, 132.5, 132.6, 133.0, 133.1, 133.2, 134.4, 136.1, 137.4, 138.8, 140.0, 143.2,

158.9, 170.8. Several aromatic signals were missing probably due to overlapping. HRMS (ESI): m/z
calculated for C4sH4105~ [M—H]: 641.3061, found: 641.3073. [a]p 2 = +78.6 (c = 0.10, CHCl3). Rf 0.37
(hexane/AcOEt = 4:1).

The optical purity of 14bd was determined by chiral HPLC analysis after the conversion into the
corresponding methyl ester by TMSCHN; in MeOH/DCM.

HPLC (chiral column: DAICEL CHIRALPAK IE; solvent: hexane/2-propanol = 99/1; flow rate: 1.0

mL/min; detection: at 254 nm): tg = 6.7 min (R) and 10.8 min (S).
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Synthesis of 8-ethylquinolines

8-ethyl-6-methoxyquinoline (15b): To a mixture of FeSO4¢7H>0 (200 mg, 0.72 mmol),
2-ethyl-4-methoxyaniline’® (915 mg, 6.0 mmol), and nitrobenzene (440 mg, 3.6 mmol) S
was added B(OH)3 (370 mg, 6.0 mmol) and glycerol (2.2 g, 24 mmol). The mixture was MeO

cooled in an ice-water bath, and concentrated sulfuric acid (1.9 g) was slowly added. The resulting mixture
was stirred at 150 °C for 20 h, and cooled to room temperature. The mixture wans poured into ice/water,
neutralized by the addition of NaOH, and then extracted with Et,O (x 3). The combined organic layers were
washed with brine, dried over MgSQOs, and concentrated under vacuum. The residue was purified by silica
gel column chromatography to give 15b as a red solid (610 mg, 54%). MP 43—44 °C. IR (KBr) 2962, 2923,
1617, 1593, 1495, 1448, 1425, 1374, 1333, 1265, 1247, 1213, 1159, 1052, 897, 849, 788 cm™". '"H NMR
(CDCls, 400 MHz) 6 1.38 (t,J=7.5 Hz, 3H), 3.27 (q, /= 7.5 Hz, 2H), 3.92 (s, 3H), 6.91 (d, /=2.8 Hz, 1H),
7.24 (d, J=2.8 Hz, 1H), 7.34 (dd, J=8.2,4.2 Hz, 1H), 8.02 (dd, /= 8.2, 1.7 Hz, 1H), 8.79 (dd, /=4.2, 1.7
Hz, 1H). *C NMR (CDCl3, 100 MHz) § 14.6, 24.3, 55.3, 102.9, 120.5, 121.2, 129.5, 135.1, 143.1, 144.6,
146.7, 157.5. HRMS (ESI): m/z calculated for Ci1oHisON" [M+H]": 188.1070, found: 188.1071. Rf 0.38
(hexane/AcOEt = 6:1).

5-bromo-8-ethylquinoline (15¢): To a solution of 8-ethylquinoline 15a (14.7 mmol) and silver
sulfate (2.29 g, 7.35 mmol) in concentrated sulfuric acid (15 mL) was added dropwise bromine

(0.76 mL, 14.7 mmol) over 15 min. The reaction mixture was stirred for 30 min at room  Br
temperature, and then poured into water, and basified by NaOH aq. The mixture was extracted with Et,O (x
3) and the combined organic layers were washed with brine, dried over MgSQs, filtered, and concentrated.
The residue was purified by silica gel column chromatography to give 1c¢ as a colorless oil (3.7 g, 94%). IR
(neat) 2968, 2932, 1589, 1565, 1491, 1458, 1344, 956, 896, 832, 790 cm™'. '"H NMR (CDCls, 400 MHz) §
1.35 (t, J= 7.6 Hz, 3H), 3.25 (q, J = 7.6 Hz, 2H), 7.42 (d, J = 8.0 Hz, 1H), 7.48 (dd, J = 8.6, 4.0 Hz, 1H),
7.74 (d, J = 8.0 Hz, 1H), 8.52 (dd, J = 8.6, 1.7 Hz, 1H), 8.93 (dd, J = 4.0, 1.7 Hz, 1H). 3C NMR (CDCls,
100 MHz) & 14.8, 24.5, 119.2, 121.9, 127.5, 128.2, 130.1, 135.7, 143.1, 147.4, 149.7. HRMS (ESI): m/z
calculated for C;;Hyj;ONBr* [M+H]": 236.0069, found: 236.0070. Rf 0.59 (hexane/AcOEt = 6:1).

Meldrum acid (1.1 equiv) o 0\’/\
NH, CH(OMe)3 (100 equiv) H;/H(o microwave (300—400 W) \ R= 8|M$5:_5d
DMF, reflux, 3 h o PhOPh, 250 °C, 30 min Br (15f)

S1 S2
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8-ethylquinolin-4(1H)-one (S3): A mixture of trimethyl orthoformate (50 mL) and Meldrum’s acid (7.9 g,
55 mmol) were refluxed for 1 hour and slowly cooled to ambient temperature. After the addition of 2-
ethylaniline S1 (6.2 mL, 50 mmol) and DMF (50 mL), the resulting mixture was heated to reflux for 2 h. The
mixture was cooled to room temperature, and then poured into water (150 mL). The resulting precipitates
were collected by filtration and purified by recrystallization from MeOH for three times to afford S2 as a
colorless solid. All of the intermediate (S2) was mixed with diphenyl ether (110 mL) in a round flask for
microwave equipped with a stirring bar. The mixture was heated to 250 °C for 30 min with microwave
irradiation (300400 W). After cooling to room temperature, the mixture was diluted with hexane and stirred
for 5 min at ambient temperature. The resulting brown precipitates were collected by filtration and washed

with hexane to afford S3 (6.73 g, 77%, 2 steps), which was directly used for synthesizing 15d, 15e, 15f.

8-ethyl-4-methoxyquinoline (15d): A mixture of §-ethylquinolin-4(1H)-one S3 (480 mg,

N
2.8 mmol), Mel (173 pL, 2.8 mmol), and anhydrous K»COs (580 mg, 4.2 mmol) in DMF (10 | _
mL) was stirred at 80 °C for 5 h. After the reaction mixture was cooled to room temperature OMe

followed the addition of water, the mixture was extracted with CH,Cl, (x 3). The organic layers were dried
over Na;SO4 and evaporated under reduced pressure. The residue was purified by silica gel column
chromatography to give 15d as a colorless solid (363 mg, 69%). MP 28-31 °C. IR (KBr) 2965, 1593, 1577,
1507, 1407, 1301, 1272, 1166, 1057, 1020, 815, 770 cm™'. "H NMR (CDCls, 400 MHz) & 1.38 (t,J = 7.5 Hz,
3H), 3.28 (q, J= 7.5 Hz, 2H), 4.02 (s, 3H), 6.73 (d, J=5.2 Hz, 1H), 7.43 (dd, /= 8.3, 7.1 Hz, 1H), 7.53-7.58
(m, 1H), 8.07 (dd, J= 8.3, 1.7 Hz, 1H), 8.78 (d, J = 5.2 Hz, 1H). '*C NMR (CDCls, 100 MHz) § 15.0, 24.8,
55.6, 99.8, 119.5, 121.3, 1254, 128.2, 142.3, 147.6, 150.1, 162.4. HRMS (ESI): m/z calculated for
C12H14ON™ [M+H]*: 188.1070, found: 188.1071. Rf 0.21 (hexane/AcOEt = 6:1).

4-chloro-8-ethylquinoline (15¢): A mixture of 8-ethylquinolin-4(1H)-one S3 (1.7g, 10 mmol)

/

and POCIs (7.5 mL, 80 mmol) was heated at 80 °C for 3 h with stirring under argon flow. The |
mixture was cooled to ambient temperature, and poured onto ice. The mixture was neutralized cl
by NH3 aq. and extracted with CH>Cl, (x 3). The organic layers were combined, dried over Na;SOs, and
evaporated under reduced pressure. The residue was purified by silica gel column chromatography to give
15e as a colorless solid (1.5 g, 78%). MP 32-34 °C. IR (KBr) 2957, 2925, 2870, 1583, 1488, 1388, 1097,
862, 816, 792, 760 cm™. "H NMR (CDCls, 400 MHz) & 1.38 (t, J = 7.5 Hz, 3H), 3.31 (q, J = 7.5 Hz, 2H),
7.49 (d, J=4.7 Hz, 1H), 7.57 (dd, J = 8.2, 7.1 Hz, 1H), 7.61-7.66 (m, 1H), 8.11 (dd, J = 8.2, 1.6 Hz, 1H),
8.80 (d,J=4.7 Hz, 1H). 3C NMR (CDCl3, 100 MHz) § 15.1, 24.9, 121.0, 122.0, 126.5, 127.4, 128.9, 142.8,
143.4,147.6, 148.5. HRMS (ESI): m/z calculated for C;;H;;ONCI™ [M+H]*: 192.0575, found: 192.0577. Rf
0.59 (hexane/AcOEt = 6:1).
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4-bromo-8-ethylquinoline (15f): To a solution of 8-cthylquinolin-4(1H)-one S3 (3.5 g, 20 mmol)

N
in degassed DMF (100 mL) was added PBr3 (3.8 mL, 40 mmol) dropwise at 0 °C under argon. | P
The mixture was stirred overnight at room temperature, and then quenched with NH3 aq. and Br

NaOH aq. The mixture was extracted with CH>Cl, (x 2). The organic layers were dried over Na;SO4 and
evaporated under reduced pressure. The residue was purified by silica gel column chromatography to give
15f as a colorless oil (4.38 g, 93%). IR 2965, 2929, 2871, 1579, 1566, 1483, 1463, 1386, 1341, 1200, 1095,
833, 818, 757 (KBr) cm™'. '"H NMR (CDCls, 400 MHz) § 1.38 (t,J = 7.5 Hz, 3H), 3.30 (q, J = 7.5 Hz, 2H),
7.55(dd, J= 8.2, 7.2 Hz, 1H), 7.59-7.63 (m, 1H), 7.68 (d, J = 4.7 Hz, 1H), 8.05 (dd, J = 8.2, 1.6 Hz, 1H),
8.67 (d,J=4.7 Hz, 1H). *C NMR (CDCl3, 100 MHz) § 15.1, 24.9, 124.7, 124.8, 127.6, 127.9, 128.9, 134.4,
143.5,147.5, 148.5. HRMS (ESI): m/z calculated for C1;H;;ONBr* [M+H]*: 236.0069, found: 236.0069. Rf
0.58 (hexane/AcOEt =9:1).

4-phenyl-8-ethylquinoline (15g): A shield-tube was charged with 4-bromo-8-ethylquinoline

/

15f (472 mg, 2.0 mmol), and EtOH (2 mL), water (4 mL), toluene (8 mL), phenylboronic acid i |
(366 mg, 3.0 mmol), K-CO3(1.10 g, 8.0 mmol, 4.0 equiv.), PPh3 (88 mg, 0.30 mmol, 15 mol%), Ph
and Pd(OAc) (22 mg, 0.10 mmol, 5 mol%). The reaction mixture was heated at 100 °C for 24 h. After cooling
to room temperature, the biphasic solution was diluted with saturated NH4Cl aq. and CH>Cl,. The aqueous
layer was extracted with CH>Cl, (x 2). The combined organic layers were dried over Na;SO4 and filtered.
The filtrate was concentrated in vacuo and purified by silica gel column chromatography to afford 15g as a
colorless solid (553 mg, quant.). MP 41-43 °C. IR (KBr) 2971, 2925, 1561, 1509, 1489, 1445, 862, 826,
801, 765,701 cm™'. "TH NMR (CDCl;s, 400 MHz) § 1.43 (t,J= 7.5 Hz, 3H), 3.37 (q, J = 7.5 Hz, 2H), 7.32 (d,
J=4.4Hz, 1H), 7.42 (dd, J= 8.4, 7.0 Hz, 1H), 7.45-7.55 (m, 5H), 7.57-7.61 (m, 1H), 7.76 (dd, J=8.4, 1.5
Hz, 1H), 8.97 (d, J = 4.4 Hz, 1H). '*3C NMR (CDCls, 100 MHz) § 15.1, 25.0, 121.1, 123.8, 126.3, 126.8,
127.8,128.2,128.5, 129.6, 138.5, 143.1, 147.1, 148.7. One of the aromatic signals was missing probably due
to overlapping. HRMS (ESI): m/z calculated for Ci7HiN" [M+H]": 234.1277, found: 234.1276. Rf 0.38
(hexane/AcOEt = 9:1).

methyl 8-ethylquinoline-4-carboxylate (15h): A dry and argon-filled flask equipped with a

N
magnetic stirring bar and a septum was charged with 4-bromo-8-ethylquinoline 15h (1.2 g, | /\
5.0 mmol)  dissolved in dry THF (5 mL). A solution of iPrMgCI-LiCl (4.2 mL, 1.3 M in CO,Me

THF, 5.5 mmol)was added slowly at —78 °C. After stirring at room temperature for 2 h, ethyl cyanoformate
(476 pL, 6 mmol) was added to the reaction mixture. After 24 h at room temperature, sat. NH4Cl aq. solution
was added and the mixture was extracted with AcOEt (x 2). The organic layers were combined, dried over
NaySOs4, and evaporated. The residue was purified by silica gel column chromatography to give 15h as a
colorless oil (322 mg, 30%). IR (neat) 2972, 1720, 1504, 1431, 1268, 1240, 1216, 1196, 1110, 777 cm’". 'H
NMR (CDCls, 400 MHz) 6 1.38 (t,J= 7.5 Hz, 3H), 3.32 (q, /= 7.5 Hz, 2H), 4.04 (s, 3H), 7.58 (dd, J = 8.4,
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7.0 Hz, 1H), 7.61-7.65 (m, 1H), 7.86 (d, J= 4.4 Hz, 1H), 8.57 (dd, /= 8.4, 1.6 Hz, 1H), 9.03 (d, /J=4.4 Hz,
1H). 3C NMR (CDCls, 100 MHz) § 15.1, 25.0, 121.7, 123.3, 125.1, 128.0, 128.3, 135.2, 143.4, 147.6, 148 4,
167.0. HRMS (ESI): m/z calculated for Ci3Hi4ON™ [M+H]": 216.1019, found: 216.1019. Rf 0.38
(hexane/AcOEt = 9:1).

1-(8-ethylquinolin-4-yl)ethan-1-one (15i): To a mixture of 4-bromo-8-ethylquinoline 15f

N
(1.1 g, 5.0 mmol) and K>COj3 (691 mg, 5 mmol) in DMF (15 mL) was added CuCN (896 mg, | /\
10 mmol). The mixture was heated to reflux overnight, cooled to room temperature, and COMe

filtered through a pad of Celite. After the addition of water, the mixture was extracted AcOEt (x 2). The
organic layers were combined, dried over Na>SOs, and evaporated under reduced pressure. The residue was
purified by silica gel column chromatography to give 4-cyano-8-ethylquinoline 15j, which was directly used
for the next step. To a solution of the intermediate in anhydrous THF (10 mL) was added dropwise a solution
of MeMgl (6.6 mL, 1.0 M in Et,O, 6.6 mmol) at 0 °C. The reaction mixture was warmed to room temperature
and stirred for 20 h. Then water was added, and the resulting mixture was further stirred at room temperature
for 3 h. The mixture was diluted with AcOEt and filtered through a pad of Celite. The filtrate was extracted
with AcOEt (x 2), and the combined organic layers were dried over Na;SO4 and evaporated under reduced
pressure. The residue was purified by silica gel column chromatography to give 15i as a colorless oil (234
mg, 27%, 2 steps). IR (neat) 2966, 2929, 2872, 1693, 1505, 1464, 1354, 1263, 1236, 1190, 849, 825, 768,
593 cm™'. "TH NMR (CDCls, 400 MHz) § 1.38 (t,J = 7.5 Hz, 3H), 2.73 (s, 3H), 3.32 (q, /= 7.5 Hz, 2H), 7.52-
7.59 (m, 2H), 7.60-7.64 (m, 1H), 8.22 (dd, J = 8.4, 1.6 Hz, 1H), 9.03 (d, J= 4.3 Hz, 1H). *C NMR (CDCls,
100 MHz) & 15.1, 25.0, 30.3, 119.1, 123.1, 123.6, 128.1, 128.4, 143.3, 143.4, 147.6, 148.4, 201.8. HRMS
(ESI): m/z calculated for C13H14ON* [M+H]": 200.1070, found: 200.1071. Rf 0.29 (hexane/AcOEt = 4:1).

8-propylquinoline (15k): To a mixture of FeSO4*7H>0 (556 mg, 2 mmol), 2-propyl-aniline (2.3

mL, 16 mmol), and nitrobenzene (1.2 g, 10 mmol) was added B(OH)3 (1.0g, 16 mmol) and Ny
glycerol (6.0 g, 65 mmol). The mixture was cooled in an ice-water bath, and concentrated Z
sulfuric acid (5.2 g) was slowly added. The resulting mixture was stirred at 150 °C for 20 h. After cooled to
room temperature, the mixture was poured into ice water. The mixture was neutralized by the addition of
NaOH, and extracted with Et;O (x 3). The combined organic layers were washed with brine, dried with
MgSO4, and concentrated under vacuum. The residue was purified by silica gel flash chromatography to give

1k as a yellow oil (2.4 g, 88%). The '"H NMR spectrum was in agreement with that in the previously report.”

Rhodium(III)/chiral carboxylic acid-catalyzed enantioselective C(sp®)-H amidaiton of 8-
alkylquinolines

General Procedure C
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In an argon-filled glovebox, a screw-cap vial was charged with 8-ethylquinoline 15 (0.20 mmol, 1.0 equiv),
dioxazolone 16 (0.24 mmol, 1.2 equiv), chiral acid 14bd (10.3 mg, 0.16 mmol, 8 mol %), [Cp*RhCl]> (4.92
mg, 0.08 mmol, 4 mol %), AgSbFs (11.0 mg, 0.32 mmol, 16 mol %), Ag>CO3 (2.2 mg, 0.08 mmol, 4 mol %),
and chlorobenzene (1 mL). The vial was capped, and then brought out of the glovebox. The reaction mixture
was stirred at 4 °C. After 24 h or 48 h, the reaction mixture was directly purified by silica gel column

chromatography (hexane/AcOEt) to afford 17.

General Procedure D

In an argon-filled glovebox, a test tube was charged with 8-ethylquinoline 15 (0.20 mmol, 1.0 equiv),
dioxazolone 16 (0.24 mmol, 1.2 equiv), chiral acid 14bd (10.3 mg, 0.16 mmol, 8 mol %), [Cp*RhCl]> (4.92
mg, 0.08 mmol, 4 mol %), AgSbFs (11.0 mg, 0.32 mmol, 16 mol %), and Ag,COs (2.2 mg, 0.08 mmol, 4
mol %) before the test tube was brought out of the glovebox. The reaction mixture was cooled to —10 °C and
then chlorobenzene (1 mL) was added. After stirring at the same temperature for 48 h, the reaction mixture

was directly purified by silica gel column chromatography (hexane/AcOEt) to afford 17.

General Procedure E

In an argon-filled glovebox, a test tube was charged with dioxazolone 16 (0.24 mmol, 1.2 equiv), chiral acid
14bd (10.3 mg, 0.16 mmol, 8 mol %), [Cp*RhCl:]2 (4.92 mg, 0.08 mmol, 4 mol %), AgSbF¢ (11.0 mg, 0.32
mmol, 16 mol %), and Ag,COs (2.2 mg, 0.08 mmol, 4 mol %) before the test tube was brought out of the
glovebox. The reaction mixture was cooled to —10 °C and then 8-ethylquinoline 15 (0.20 mmol, 1.0 equiv)
in chlorobenzene (1 mL) was added. After stirring at the same temperature for 48 h, the reaction mixture was

directly purified by silica gel column chromatography (hexane/AcOEt) to afford 17.

Me ._ .NHCOPh

(S)-N-(1-(quinolin-8-yl)ethyl)benzamide (17aa): Prepared according to General
Procedure C (24 h) using 8-cthylquinoline 15a (0.20 mmol, 27.2 pl) and 3-phenyl-1,4,2- %I\jj
dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17aa was isolated as a colorless solid (48.0 mg, e
87%). MP 154-156 °C. IR (KBr) 3319, 1631, 1577, 1528, 1491, 1320, 1175, 797, 693 cm™'. "H NMR (CDCls,
400 MHz) 6 1.77 (d, J="7.0 Hz, 3H), 5.87 (dq, /= 8.9, 7.0 Hz, 1H), 7.36-7.50 (m, 5H), 7.68 (dd, /=17.1, 1.4
Hz, 1H), 7.72 (dd, /= 8.2, 1.4 Hz, 1H), 7.81-7.87 (m, 2H), 8.18 (dd, J= 8.3, 1.8 Hz, 1H), 8.94 (dd, J=4.2,
1.8 Hz, 1H), 9.47 (d, J= 8.9 Hz, 1H). *C NMR (CDCl;, 100 MHz) § 23.7, 51.0, 120.9, 126.5, 126.9, 127.4,
128.3, 128.6, 129.1, 131.0, 135.1, 137.1, 139.9, 146.3, 148.8, 165.9. HPLC (chiral column: DAICEL
CHIRALPAK IA; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 6.2
min (minor) and 9.6 min (major). HRMS (ESI): m/z calculated for Ci;sH;7ON>" [M+H]": 277.1335, found:
277.1337. [a]p 26 =—125.3 (¢ = 0.09, CHCl3). Rf 0.27 (hexane/AcOEt = 2:1).
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Me . .NHCOPh

(S)-N-(1-(6-methoxyquinolin-8-yl)ethyl)benzamide (17ba): Prepared according to
General Procedure C (48 h) using 8-ethyl-6-methoxyquinoline 15b (0.20 mmol, 37.4 /CBLNJ
mg) and 3-phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ba was isolated as MeO g

a colorless solid (53.0 mg, 87%). MP 128-131 °C. IR (KBr) 3308, 1633, 1534, 1334, 1157, 839, 798, 695
cm™. '"H NMR (CDCls, 400 MHz) & 1.66 (d, J = 7.0 Hz, 3H), 3.81 (s, 3H), 5.72 (dq, J = 8.9, 7.0 Hz, 1H),
6.88 (d, J=2.8 Hz, 1H), 7.23-7.39 (m, 5H), 7.72-7.78 (m, 2H), 7.98 (dd, J= 8.3, 1.7 Hz, 1H), 8.69 (dd, J =
4.2, 1.7 Hz, 1H), 9.38 (d, J = 8.9 Hz, 1H). *C NMR (CDCl;, 100 MHz) § 23.6, 50.8, 55.4, 104.4, 121.2,
121.3, 127.0, 128.3, 130.5, 131.0, 135.0, 135.8, 141.5, 142.5, 146.2, 157.3, 165.9. HPLC (chiral column:
DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tr = 7.6 min (minor) and 15.8 min (major). HRMS (ESI): m/z calculated for C1oH19O,N>" [M+H]": 307.1441,
found: 307.1441. [a]p 2 = —74.0 (¢ = 0.30, CHCl3). Rf 0.38 (hexane/AcOEt = 1:1).

(S)-N-(1-(5-bromoquinolin-8-yl)ethyl)benzamide (17ca): Prepared according to General Me . NHCOPh

N

S

Procedure D using 5-bromo-8-ethylquinoline 15¢ (0.20 mmol, 47.2 mg) and 3-phenyl-
1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ca was isolated as a pale yellow solid
(70.3 mg, 99%). MP 166-171 °C. IR (KBr) 3308, 1631, 1578, 1530, 1488, 1338, 1313,
1275, 1163, 1001, 786, 692 cm™. "H NMR (CDCl3, 400 MHz)  1.67 (d, J= 7.0 Hz, 3H), 5.76 (dq, J = 9.0,
7.0 Hz, 1H), 7.28-7.40 (m, 3H), 7.46 (dd, J = 8.6, 4.2 Hz, 2H), 7.47 (d, J = 7.6 Hz), 7.68 (d, J = 7.6 Hz),
7.70-7.75 (m, 2H), 8.50 (dd, J = 8.6, 1.7 Hz), 8.88 (dd, J = 4.2, 1.7 Hz, 1H), 8.99 (d, J = 9.0 Hz, 1H). 3C
NMR (CDCl;, 100 MHz) & 23.5, 50.4, 121.1, 122.0, 126.9, 128.3, 128.4, 128.9, 130.3, 131.1, 134.9, 136.5,
140.2, 147.0, 149.4, 166.0. HRMS (ESI): m/z calculated for CisHisON,Br" [M+H]": 355.0441, found:
355.0440. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 4/1; flow rate:

Br

1.0 mL/min; detection: at 285 nm): tg = 7.0 min (minor) and 10.8 min (major). [a]p *'* = —89.0 (c = 0.23,

CHCIl3). Rf 0.36 (hexane/AcOEt = 2:1).

(S)-N-(1-(4-methoxyquinolin-8-yl)ethyl)benzamide (17da): Prepared according to
General Procedure C (48 h) using 8-ethyl-4-methoxyquinoline 15d (0.20 mmol, 37.4 mg)

and 3-phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17da was isolated as a
colorless solid (37.7 mg, 62%). MP 146-148 °C. IR (KBr) 3314, 1632, 1577, 1530, 1507,
1400, 1319, 1270, 1180, 1011, 807, 768, 692, 669 cm™'. '"H NMR (CDCls, 400 MHz)  1.75 (d, J = 7.0 Hz,
3H), 4.04 (s, 3H), 5.80 (dq, J = 8.9, 7.0 Hz, 1H), 6.77 (d, J = 5.3 Hz, 1H), 7.36-7.48 (m, 4H), 7.66 (dd, J =
7.1, 1.3 Hz, 1H) 7.81-7.87 (m, 2H), 8.14 (dd, J = 8.4, 1.3 Hz, 1H), 8.78 (d, /= 5.3 Hz, 1H), 9.71 (d, /= 8.9
Hz, 1H). 3C NMR (CDCl;, 100 MHz) § 23.8, 51.3, 55.7, 99.9, 121.3, 122.3, 125.5, 127.0, 128.3, 129.1,
130.9, 135.2, 139.3, 147.2, 149.8, 162.9, 165.8. HRMS (ESI): m/z calculated for Ci19H;9O,N," [M+H]":
307.1441, found: 307.1440. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-

OMe
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propanol = 4/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 7.1 min (minor) and 9.3 min (major). [a]p

22— _104.6 (c = 0.14, CHCl3). Rf 0.29 (hexane/AcOEt = 1:1).

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)benzamide (17ea): Prepared according to General Me . .NHCOPh

Procedure D using 4-chloro-8-ethylquinoline 15e (0.20 mmol, 38.3 mg) and 3-phenyl-
1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ea was isolated as a colorless solid solid
(45.8 mg, 74%). MP 161-166 °C. IR (KBr) 3319, 1633, 1575, 1528, 1486, 1307, 766, 717,
694 cm™'. "TH NMR (CDCls, 400 MHz) § 1.76 (d, J = 7.0 Hz, 3H), 5.89 (dq, J = 9.0, 7.0 Hz, 1H), 7.36-7.48
(m, 3H), 7.53 (d, /=4.7 Hz, 1H), 7.58 (dd, J = 8.4, 7.1 Hz, 1H), 7.75 (dd, J= 7.1, 1.4 Hz, 1H), 7.78-7.85
(m, 2H), 8.17 (dd, J= 8.4, 1.4 Hz, 1H), 8.82 (d, J= 4.7 Hz, 1H), 9.10 (d, J= 9.0 Hz, 1H). 3*C NMR (CDCls,
100 MHz) § 23.6, 50.7, 121.1, 123.7, 126.9, 127.4, 127.6, 128.4, 129.6, 131.1, 135.0, 140.6, 143.6, 147.2,
148.3, 165.9. HRMS (ESI): m/z calculated for C1sH;60N,CI™ [M+H]": 311.0946, found: 311.0946. HPLC
(chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;

Cl

detection: at 285 nm): tg = 9.7 min (minor) and 17.2 min (major). [a]p 2** =-90.5 (¢ = 0.18, CHCl;). Rf 0.38
(hexane/AcOEt = 2:1).

(8)-N-(1-(4-bromoquinolin-8-yl)ethyl)benzamide (17fa): Prepared according to Me _ .NHCOPh

General Procedure E using 4-bromo-8-ethylquinoline 15f (0.20 mmol, 47.2 mg) and 3-
phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17fa was isolated as a colorless
solid solid (43.6 mg, 61%). MP 171-174 °C. IR (KBr) 3313, 1630, 1577, 1531, 1484,
1309, 836, 762, 697 cm™'. "TH NMR (CDCls, 400 MHz) § 1.76 (d, J = 7.0 Hz, 3H), 5.89 (dq, J = 9.0, 7.0 Hz,
1H), 7.35-7.49 (m, 3H), 7.58 (dd, J = 8.5, 7.1 Hz, 1H), 7.72-7.78 (m, 2H), 7.78-7.84 (m, 2H), 8.14 (dd, J =
8.5, 1.3 Hz, 1H), 8.71 (d, J = 4.7 Hz, 1H), 9.07 (d, J = 9.0 Hz, 1H). '*C NMR (CDCl;, 100 MHz) & 23.6,
50.7,125.1, 126.5, 126.9, 127.8, 128.4, 128.8, 129.7, 131.1, 135.0 135.2, 140.6, 147.0, 148.2, 166.0. HRMS
(ESI): m/z calculated for Ci1sHicON2Br™ [M+H]": 355.0441, found: 355.0443. HPLC (chiral column:
DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tg = 10.0 min (minor) and 17.9 min (major). [a]p 2** =—79.3 (c = 0.095, CHCl3). Rf 0.36 (hexane/AcOEt =
2:1).

Br

(S)-N-(1-(4-phenylquinolin-8-yl)ethyl)benzamide (17ga): Prepared according to General NHGOPH

Procedure D using 4-bromo-8-ethylquinoline 15g (0.20 mmol, 46.7 mg) and 3-phenyl-
1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ga was isolated as a colorless solid solid
(53.6 mg, 76%). MP 152—154 °C. IR (KBr) 3310, 1631, 1529, 1488, 1337, 853, 825, 768, Ph

699 cm™'. "TH NMR (CDCls, 400 MHz) § 1.82 (d, J = 7.0 Hz, 3H), 5.90 (dq, J = 9.0, 7.0 Hz, 1H), 7.34-7.56
(m, 10H), 7.70 (d, J = 6.8 Hz, 1H), 7.80-7.89 (m, 3H), 8.98 (d, /= 4.5 Hz, 1H), 9.50 (d, J= 9.0 Hz, 1H). ¥C
NMR (CDCl;, 100 MHz) 6 23.7, 51.2, 121.2, 125.5, 126.5, 127.0, 127.7 128.3, 128.4, 128.5, 128.7, 129.4,

71



EBRDES E3E FE3E

131.0, 135.1, 138.0, 140.1, 146.7, 148.2, 149.5, 165.9. HRMS (ESI): m/z calculated for C24H,1ON," [M+H]":
353.1648, found: 353.1649. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol
= 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 9.4 min (minor) and 12.8 min (major). [a]p 2% = —

59.4 (¢ =0.065, CHCl3). Rf 0.27 (hexane/AcOEt = 2:1).

methyl (S)-8-(1-benzamidoethyl)quinoline-4-carboxylate (17ha): Prepared according to
General Procedure D using 4-bromo-8-ethylquinoline 15h (0.20 mmol, 43.1 mg) and 3-

phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ha was isolated as a colorless
solid solid (30.5 mg, 46%). MP 158-160 °C. IR (KBr) 3313, 1724, 1633, 1539, 1268, 778,
692 cm’'. "H NMR (CDCls, 400 MHz) § 1.76 (d, J= 7.0 Hz, 3H), 4.04 (s, 3H), 5.84-5.99 (m, 1H), 7.33-7.49
(m, 3H), 7.60 (dd, J=8.6, 7.1 Hz, 1H), 7.76 (dd, J="7.1, 1.2 Hz, 1H), 7.78-7.83 (m, 2H), 7.92 (d, /= 4.4 Hz,
1H), 8.65 (dd, J= 8.6, 1.2 Hz, 1H), 9.00 (d, /= 9.0 Hz, 1H), 9.06 (d, /= 4.4 Hz, 1H). 3*C NMR (CDCls, 100
MHz) & 23.6, 50.7, 52.8, 121.8, 125.0, 125.9, 126.9, 128.1, 128.4, 129.0, 131.1, 135.0, 136.0, 140.5, 147.1,
148.1, 165.9, 166.5. HRMS (ESI): m/z calculated for C20H190sN2" [M+H]*: 335.1390, found: 335.1392.
HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 12.0 min (minor) and 21.6 min (major). [a]p 22 = -89.0 (¢ = 0.065, CHCl;). Rf
0.17 (hexane/AcOEt = 2:1).

CO-Me

(S)-N-(1-(4-acetylquinolin-8-yl)ethyl)benzamide (17ia): Prepared according to General
Procedure E using 4-bromo-8-ethylquinoline 15i (0.20 mmol, 38.9 mg) and 3-phenyl-

1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 17ia was isolated as a colorless solid solid
(54.1 mg, 85%). MP 145-147 °C. IR (KBr) 3330, 1694, 1633, 1578, 1527, 1355, 1336,
1265, 766, 696 cm™. '"H NMR (CDCls, 400 MHz) § 1.76 (d,J = 7.2 Hz, 3H), 2.73 (s, 3H), 5.91 (dq, J = 9.0,
7.2 Hz, 1H), 7.35-7.49 (m, 3H), 7.54-7.60 (m, 1H), 7.62 (d, J=4.5 Hz, 1H), 7.76 (d, /= 7.2 Hz, 1H), 7.78-
7.85 (m, 2H), 8.28 (dd, J = 8.5, 0.9 Hz, 1H), 8.98 (d, J = 9.0 Hz, 1H), 9.06 (d, J = 4.5 Hz, 1H). 3C NMR
(CDCls, 100 MHz) & 23.5, 30.2, 50.7, 119.1, 124.4, 124.8, 126.9, 128.2, 128.4, 129.0, 131.1, 135.0, 140.5,
144.1,147.1,148.2,165.9, 201.3. HRMS (ESI): m/z calculated for C20H;90,N," [M+Na]*: 319.1441, found:
319.1442. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate:

COMe

1.0 mL/min; detection: at 285 nm): tg = 17.4 min (minor) and 27.0 min (major). [a]p *'* =-89.3 (c = 0.07,
CHCI3). Rf 0.16 (hexane/AcOEt = 2:1).

General Procedure F

In an argon-filled glovebox, a test tube was charged with 4-chloro-8-ethylquinoline 15e (0.20 mmol, 1.0
equiv), dioxazolone 16 (0.24 mmol, 1.2 equiv or 0.30 mmol, 1.5 equiv), chiral acid 14bd (10.3 mg, 0.16
mmol, 8 mol %), [Cp*RhCl]> (4.92 mg, 0.08 mmol, 4 mol %), AgSbFe (11.0 mg, 0.32 mmol, 16 mol %),
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and Ag>CO3 (2.2 mg, 0.08 mmol, 4 mol %) before the test tube was brought out of the glovebox. The reaction
mixture was cooled to —10 °C or —20 °C and then chlorobenzene (1 mL) was added. After stirring at the same
temperature for 48 h, the reaction mixture was directly purified by silica gel column chromatography

(hexane/AcOEt) to afford 17.

General Procedure G

In an argon-filled glovebox, a test tube was charged with 4-chloro-8-ethylquinoline 15e (0.20 mmol, 1.0
equiv), chiral acid 14bd (10.3 mg, 0.16 mmol, 8 mol %), [Cp*RhCl]» (4.92 mg, 0.08 mmol, 4 mol %),
AgSbF¢ (11.0 mg, 0.32 mmol, 16 mol %), and Ag>CO3 (2.2 mg, 0.08 mmol, 4 mol %) before the test tube
was brought out of the glovebox. The reaction mixture was cooled to —10 °C and then dioxazolone 16 (0.30
mmol, 1.5 equiv) in chlorobenzene (1 mL) was added. After stirring at the same temperature for 48 h, the

reaction mixture was directly purified by silica gel column chromatography (hexane/AcOEt) to afford 17.

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)-2-methylbenzamide (17eb): Prepared according N:J@
o]

to General Procedure F (—10 °C) using 4-chloro-8-ethylquinoline 15e (0.20 mmol, 38.3
mg) and 3-(o-tolyl)-1,4,2-dioxazol-5-one 16b (0.30 mmol, 53.1 mg). 17eb was isolated as
a colorless solid solid (63.5 mg, 98%). MP 145-146 °C. IR (KBr) 3279, 1636, 1529, 1488,
1388, 1174, 1140, 765, 724 cm™. "H NMR (CDCls, 400 MHz) § 1.75 (d, J = 7.0 Hz, 3H), cl

2.40 (s, 3H), 5.90 (dq, J=9.0, 7.0 Hz, 1H), 7.12-7.20 (m, 2H), 7.23-7.30 (m, 1H), 7.34 (d, /= 7.5 Hz, 1H),
7.49 (d,J=4.7 Hz, 1H), 7.59 (dd, J=8.4, 7.1 Hz, 1H), 7.77 (dd, /= 7.1, 1.2 Hz, 1H), 8.18 (dd, /= 8.4, 1.2
Hz, 1H), 8.40 (d, J=9.0 Hz, 1H), 8.71 (d, J= 4.7 Hz, 1H). 3*C NMR (CDCls, 100 MHz) & 19.8, 23.4, 50.3,
121.1,123.7,125.6, 126.8, 127.3,127.5, 129.4, 129.5, 130.8, 136.0, 136.8, 140.5, 143.4, 147.1, 148.3, 168.7.
HRMS (ESI): m/z calculated for C19H1sON>C1" [M+H]": 325.1102, found: 325.1104. HPLC (chiral column:
DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tg = 10.7 min (minor) and 12.4 min (major). [a]p 24 =-97.4 (¢ = 0.11, CHCl3). Rf 0.34 (hexane/AcOEt =
2:1).

(S)-V-(1-(4-chloroquinolin-8-yl)ethyl)-3-methylbenzamide (17ec): Prepared
according to General Procedure F (—10 °C.) using 4-chloro-8-ethylquinoline 15e (0.20
mmol, 38.3 mg) and 3-(m-tolyl)-1,4,2-dioxazol-5-one 16¢ (0.30 mmol, 53.1 mg). 17ec
was isolated as a colorless solid (58.8 mg, 90%). MP 154-156 °C. IR (KBr) 3323, 1631,
1585, 1525, 1489, 1311, 1143, 759, 694, 674 cm™'. "TH NMR (CDCls, 400 MHz) § 1.75
(d, J=7.0 Hz, 3H), 2.37 (s, 3H), 5.89 (dq, /=9.0, 7.0 Hz, 1H), 7.23-7.31 (m, 2H), 7.53 (d, /= 4.7 Hz, 1H),
7.55-7.61 (m, 2H), 7.65 (s, 1H), 7.76 (dd, J=7.1, 1.4 Hz, 1H), 8.17 (dd, J = 8.5, 1.4 Hz, 1H), 8.81 (d, J =
4.7 Hz, 1H), 9.04 (d, J = 9.0 Hz, 1H). 3C NMR (CDCl;, 100 MHz) § 21.3, 23.6, 50.6, 121.1, 123.6, 123.8,
127.4,127.6,127.8, 128.2, 129.6, 131.8, 134.9, 138.1, 140.6, 143.5, 147.1, 148.2, 166.2. HRMS (ESI): m/z
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calculated for CioHijsON,CI™ [M+H]": 325.1102, found: 325.1105. HPLC (chiral column: DAICEL
CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 9.7
min (minor) and 14.6 min (major). [a]p 4 =-91.7 (¢ = 0.08, CHCl;). Rf 0.38 (hexane/AcOEt = 2:1).

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)-4-methoxybenzamide (17ed): Prepared
according to General Procedure F (—20 °C) using 4-chloro-8-ethylquinoline 15e
(0.20 mmol, 38.3 mg) and 3-(4-methoxyphenyl)-1,4,2-dioxazol-5-one 16d (0.24
mmol, 46.4 mg). 17ed was isolated as a colorless solid (43.6 mg, 64%). MP 167—
169 °C. IR (KBr) 3334, 1628, 1609, 1528, 1505, 1490, 1307, 1256, 1182, 1031, 817,
769 cm™. "TH NMR (CDCl3, 400 MHz) § 1.75 (d, J = 7.0 Hz, 3H), 3.82 (s, 3H), 5.88
(dq, J=9.0, 7.0 Hz, 1H), 6.86-6.93 (m, 2H), 7.53 (d, /= 4.7 Hz, 1H), 7.58 (dd, J = 8.4, 7.1 Hz, 1H), 7.72-
7.81 (m, 3H), 8.17 (dd, J = 8.4, 1.3 Hz, 1H), 8.82 (d, J = 4.7 Hz, 1H), 8.98 (d, J = 9.0 Hz, 1H). 3C NMR
(CDCls, 100 MHz) & 23.6, 50.6, 55.3, 113.5, 121.1, 123.6, 127.3, 127.4, 127.6, 128.7, 129.6, 140.7, 143.6,
147.2, 148.2, 161.8, 165.5. HRMS (ESI): m/z calculated for C1oH;s0:N,C1" [M+H]*: 341.1051, found:
341.1054. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 4/1; flow rate:

1.0 mL/min; detection: at 285 nm): tg = 9.5 min (minor) and 15.8 min (major). [a]p *"* = —55.6 (¢ = 0.13,

CHCI3). Rf 0.22 (hexane/AcOEt = 2:1).

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)furan-2-carboxamide (17ee): Prepared according
to General Procedure F (—10 °C) using 4-chloro-8-ethylquinoline 15e (0.20 mmol, 38.3
mg) and 3-(furan-2-yl)-1,4,2-dioxazol-5-one 16e (0.30 mmol, 45.9 mg). 17ee was isolated
as a colorless solid solid (47.6 mg, 79%). MP 144-149 °C. IR (KBr) 3314, 2975, 1631,
1593, 1567, 1526, 1490, 1474, 1190, 1312, 1193, 837, 767 cm™". '"H NMR (CDCl;, 400
MHz) 6 1.76 (d, J= 7.0 Hz, 3H), 5.88 (dq, /= 9.0, 7.0 Hz, 1H), 6.45 (dd, J= 3.4, 1.7 Hz, 1H), 7.07 (dd, /=
3.5,0.8 Hz, 1H), 7.43 (dd, /= 1.7, 0.8 Hz, 1H), 7.53 (d, /= 4.7 Hz, 1H), 7.57 (dd, J= 8.4, 7.1 Hz, 1H), 7.74
(dd, J=17.1, 1.2 Hz, 1H), 8.16 (dd, J= 8.4, 1.2 Hz, 1H), 8.84 (d, /= 4.7 Hz, 1H), 8.89 (d, /= 9.0 Hz, 1H).
13C NMR (CDCl3;, 100 MHz) § 23.4, 49.5, 111.9, 113.8, 121.1, 123.7, 127.3, 127.5, 129.2, 140.5, 143.3,
143.6, 147.1, 148.4, 148.5, 157.3. HRMS (ESI): m/z calculated for C16H;30,N>CINa" [M+Na]*: 323.0558,
found: 323.0558. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow

rate: 1.0 mL/min; detection: at 285 nm): tg = 9.8 min (minor) and 13.1 min (major). [a]p *'* = —46.8 (c =

0.06, CHCLs). Rf 0.26 (hexane/AcOEt = 2:1).

(S)-V-(1-(4-chloroquinolin-8-yl)ethyl)thiophene-2-carboxamide (17ef): Prepared o@
according to General Procedure F (—10 °C) using 4-chloro-8-ethylquinoline 15e (0.20 mmol,
38.3 mg) and 3-(thiophen-2-yl)-1,4,2-dioxazol-5-one 16f (0.30 mmol, 50.7 mg). 17ef was
isolated as a colorless solid (49.2 mg, 78%). MP 155-156 °C. IR (KBr) 3323, 1616, 1536,
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1487, 1308, 1271, 1149, 763, 735 cm™. "H NMR (CDCls, 400 MHz) & 1.75 (d, J = 7.0 Hz, 3H), 5.83 (dq, J
=9.0,7.0 Hz, 1H), 7.03 (dd, /= 5.0, 3.8 Hz, 1H), 7.41 (dd, J= 5.0, 1.4 Hz, 1H), 7.48-7.61(m, 3H), 7.73 (dd,
J=17.1,1.2 Hz, 1H), 8.17 (dd, J = 8.5, 1.2 Hz, 1H), 8.82 (d, J = 4.7 Hz, 1H), 9.06 (d, J = 9.0 Hz, 1H). 3C
NMR (CDCls, 100 MHz) 6 23.6, 50.7, 121.2,123.7,127.37,127.40, 127.5, 127.7, 129.5, 129.6, 139.8, 140.3,
143.6, 147.1, 148.2, 160.6. HRMS (ESI): m/z calculated for C;6H;4ON,CIS™ [M+H]": 317.0510, found:
317.0514. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate:
1.0 mL/min; detection: at 285 nm): tg = 10.5 min (minor) and 16.3 min (major). [a]p ¥ =-96.0 (c = 0.12,
CHCI3). Rf 0.33 (hexane/AcOEt = 2:1).

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)butyramide (17eg): Prepared according to General o] \\l/\/
Procedure G using 4-chloro-8-ethylquinoline 15e (0.20 mmol, 38.3 mg) and 3-propyl-
1,4,2-dioxazol-5-one 16g (0.30 mmol, 38.7 mg). 17eg was isolated as a colorless solid (49.8
mg, 90%). MP 150-151 °C. IR (KBr) 3293, 2961, 1642, 1548, 1489, 1391, 1177, 1147,
832, 816, 763 cm™. "TH NMR (CDCls, 400 MHz) § 0.90 (t, J = 7.4 Hz, 3H), 1.65 (d, J = 6.9
Hz, 3H), 1.57-1.70 (m, 2H), 2.17 (ddd, J=17.5, 7.5, 2.6 Hz, 1H), 5.72 (dq, J= 8.9, 6.9 Hz, 1H), 7.52 (d, /=
4.7 Hz, 1H), 7.57 (dd, J=8.5, 7.1 Hz, 1H), 7.70 (dd, /= 7.1, 1.4 Hz, 1H), 8.04 (d, /= 8.9 Hz, 1H), 8.16 (dd,
J=8.5, 1.4 Hz, 1H), 8.77 (d, J = 4.7 Hz, 1H). 3C NMR (CDCls, 100 MHz) § 13.7, 19.0, 23.4, 39.0, 49.8,
121.1, 123.6, 127.3, 127.5, 129.3, 140.9, 143.4, 147.1, 148.2, 171.7. HRMS (ESI): m/z calculated for
C15H170N,CINa* [M+Na]": 299.0922, found: 299.0922. HPLC (chiral column: DAICEL CHIRALPAK IA;

solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 7.6 min (major) and

14.9 min (minor). [a]p 22*=-148.5 (¢ = 0.10, CHCl;). Rf 0.30 (hexane/AcOEt = 2:1).

(S)-N-(1-(4-chloroquinolin-8-yl)ethyl)isobutyramide (17eh): Prepared according to
General Procedure G using 4-chloro-8-ethylquinoline 15e (0.20 mmol, 38.3 mg) and 3-
isopropyl-1,4,2-dioxazol-5-one 16h (0.30 mmol, 38.7 mg). 17eh was isolated as a colorless
solid solid (53.5 mg, 97%). MP 158-160 °C. IR (KBr) 3304, 2967, 1643, 1543, 1489, 1390,
1241, 1180, 1144, 836, 765 cm™'. '"H NMR (CDCl;, 400 MHz) § 1.10 (d, J= 6.8 Hz, 3H), 1.16
(d, /= 6.8 Hz, 3H), 1.64 (d, J= 7.0 Hz, 3H), 2.38 (sept, /= 6.8 Hz, 1H), 5.69 (dq, /=9.0, 7.1 Hz, 1H), 7.52
(d, J=4.7Hz, 1H), 7.57 (dd, J=8.4,7.1 Hz, 1H), 7.69 (dd, J="7.1, 1.3 Hz, 1H), 8.04-8.24 (m, 2H), 8.77 (d,
J = 4.7 Hz, 1H). 3C NMR (CDCls, 100 MHz) § 19.5, 23.4, 35.8, 49.8, 121.1, 123.5, 127.3, 127.5, 129.4,
140.9,143.4,147.1, 148.1, 175.6. HRMS (ESI): m/z calculated for C;sH;sON>CI* [M+H]": 277.1102, found:
277.1104. HPLC (chiral column: DAICEL CHIRALPAK IC; solvent: hexane/2-propanol = 9/1; flow rate:
1.0 mL/min; detection: at 285 nm): tg = 20.0 min (minor) and 29.9 min (major). [a]p 2 =—-147.4 (¢ = 0.08,
CHCI3). Rf 0.32 (hexane/AcOEt = 2:1).

General Procedure H
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In an argon-filled glovebox, a screw cap vial was charged with 8-alkylquinoline 15 (0.2 mmol, 1.0 equiv),
dioxazolone 16 (0.6 mmol, 3 equiv), chiral acid 14bd (10.3 mg, 0.16 mmol, 8 mol %), [Cp*RhCl:], (4.92
mg, 0.08 mmol, 4 mol %), AgSbFs (11.0 mg, 0.32 mmol, 16 mol %), Ag>CO; (11.0 mg, 0.06 mmol, 30
mol %) and chlorobenzene (2 mL). The vial was capped, and then brought out of the glovebox. The reaction
mixture was stirred at 4 °C. After 72 h, the reaction mixture was purified by silica gel column chromatography

(hex/AcOEt) to afford 17.

(S)-2-methyl-N-(1-(quinolin-8-yl)propyl)benzamide (17kb): Prepared according to Me
General Procedure H using 8-propylquinoline 15k (0.22 mmol, 37.0 mg) and 3-(o-tolyl)- op
1,4,2-dioxazol-5-one 16b (0.60 mmol, 106.3 mg). 17kb was isolated as a colorless solid Et._.NH
(47.5 mg, 72%). MP 112-116 °C. IR (KBr) 3281, 2960, 2927, 1639, 1527, 1496, 1137, 824, N«
793, 730 cm™. "TH NMR (CDCl3, 400 MHz) § 0.94 (t, J = 7.4 Hz, 3H), 2.03-2.30 (m, 2H),
2.41 (s, 3H), 5.57 (ddd, J=9.2, 7.6, 7.6 Hz, 1H), 7.11-7.21 (m, 2H), 7.23-7.30 (m, 1H), 7.32-7.37 (m, 1H),
7.39(dd, J=8.2,4.2 Hz, 1H), 7.50 (dd, /= 8.2, 7.1 Hz, 1H), 7.68 (dd, J=7.1, 1.1 Hz, 1H), 7.75 (dd, /= 8.2,
1.1 Hz, 1H), 8.17 (dd, /= 8.3, 1.6 Hz, 1H), 8.75 (d, J=9.2 Hz, 1H), 8.80 (dd, J=4.2, 1.6 Hz, 1H). *C NMR
(CDCls, 100 MHz) & 11.5, 19.9, 30.2, 56.7, 120.8, 125.6, 126.3, 126.9, 127.5, 129.1, 129.4, 129.6, 130.8,
136.0, 136.9, 137.2, 138.4, 146.4, 148.7, 168.9. HRMS (ESI): m/z calculated for C20H>ON," [M+H]":
305.1648, found: 305.1653. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol
= 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 9.9 min (minor) and 15.0 min (major). [a]p 2! = —

178.6 (¢ = 0.10, CHCl3). Rf 0.33 (hexane/AcOEt = 2:1).

(S)-2-methyl-N-(1-(quinolin-8-yl)pentyl)benzamide (17lb): Prepared according to
General Procedure H using 8-pentylquinoline 151 (0.20 mmol, 34.2 mg) and 3-(o-tolyl)-
1,4,2-dioxazol-5-one 16b (0.60 mmol, 106.3 mg). 171b was isolated as a colorless solid
(46.3 mg, 70%). MP 99-102 °C. IR (KBr) 3308, 2950, 2923, 2869, 1637, 1526, 1497,
1338, 1308, 825, 721, 693 cm™". "TH NMR (CDCl3, 400 MHz) § 0.85 (t, J = 7.2 Hz, 3H),
1.17-1.53 (m, 4H), 2.01-2.13 (m, 1H), 2.14-2.27 (m, 1H), 2.40 (s, 3H), 5.64 (ddd, /J=9.4, 7.6, 7.6 Hz, 1H),
7.11-7.21 (m, 2H), 7.23-7.30 (m, 1H), 7.31-7.37 (m, 1H), 7.39 (dd, J = 8.3, 4.2 Hz, 1H), 7.49 (dd, J = 8.2,
7.1 Hz, 1H), 7.68 (dd, J = 7.1, 1.2 Hz, 1H), 7.74 (dd, J = 8.2, 1.2 Hz, 1H), 8.17 (dd, J = 8.3, 1.8 Hz, 1H),
8.72(d,J=9.4 Hz, 1H), 8.81 (dd, J=4.2, 1.8 Hz, 1H). 3C NMR (CDCl;, 100 MHz) § 14.0, 19.9, 22.4,29.2,
37.0,55.2,120.8, 125.6, 126.3, 126.9, 127.4, 129.1, 129.41, 129.45, 130.8, 136.1, 136.9, 137.2, 138.8, 146.4,
148.7, 168.8. HRMS (ESI): m/z calculated for C2xHpsON,"™ [M+H]": 333.1961, found: 333.1967. HPLC
(chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 11.9 min (minor) and 13.9 min (major). [a]p 2*5 = -124.3 (c = 0.16, CHCl;). Rf
0.43 (hexane/AcOEt = 2:1).
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H/D exchange experiments
In the presence of 16a and 14bd

[Cp*RhCl,], (4 mol %)

CH4CO,D (5 equiv) H/
Me Ph CCA14bd-D (8 mol %) Me< ] NHCOPh Me.H/D
N )\ AgSbFg (16 mol %) N
X /~0  Ag,COj; (4 mol %) N N N
= ‘o/&o PhCl, 4°C, 24 h — =
15a 16a 17aa recoverd 15a

To a screw-cap vial were added chiral acid 14bd (5.1 mg, 0.08 mmol) and CH3CO:D (ca. 0.2 mL), and the
mixture was stirred for 30 min at room temperature. The reaction mixture was concentrated in vacuo, and
CH3CO:D (ca. 0.2 mL) was added to the residue. After stirring 30 min, the reaction mixture was concentrated
in vacuo, and the vial was moved into an argon-filled glovebox. The vial was charged with 8-ethylquinoline
15a (13.6 pl, 0.10 mmol), dioxazolone 16a (19.6 mg, 0.12 mmol), CH3CO,D (28.5 pl, 0.50 mmol),
[Cp*RhCLl]2 (2.5 mg, 0.04 mmol), AgSbFs (5.8 mg, 0.16 mmol), Ag,CO3 (1.1 mg, 0.04 mmol), and
chlorobenzene (0.5 mL). The vial was capped, and then brought out of the glovebox. The reaction mixture
was stirred at 4 °C for 24 h. The reaction mixture was directly subjected to silica gel column chromatography
(hexane/AcOE) to afford 17aa (6.6 mg, 24 %) and 15a (6.7 mg, 43%). The 'H NMR analysis of 15a and

17aa indicated <5% D incorporation.
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In the presence of 14bd

[Cp*RhCl,], (4 mol %)

CH3CO,D (5 equiv)
Me CCA14bd-D (8 mol %) Me~-HD
AgSbFg (16 mol %) N
AN AngO3 (4 mol %) AN
= PhCl,4°C,24 h =
15a recoverd 15a

To a screw-cap vial were added chiral acid 14bd (5.1 mg, 0.08 mmol) and CH3CO:D (ca. 0.2 mL), and the
mixture was stirred for 30 min at room temperature. The reaction mixture was concentrated in vacuo, and
CH3CO:D (ca. 0.2 mL) was added to the residue. After stirring 30 min, the reaction mixture was concentrated
in vacuo, and the vial was moved into an argon-filled glovebox. The vial was charged with 8-ethylquinoline
15a (13.6 pl, 0.10 mmol), CH3CO;D (28.5 pl, 0.50 mmol), [Cp*RhCl2]z (2.5 mg, 0.08 mmol), AgSbFs (5.8
mg, 0.16 mmol), Ag>CO;3 (1.1 mg, 0.04 mmol), and chlorobenzene (0.5 mL). The vial was capped, and then
brought out of the glovebox. The reaction mixture was stirred at 4 °C for 24 h. The reaction mixture was
directly subjected to silica gel column chromatography (hexane/AcOEt) to afford 15a (13.7 mg, 87%). The
"H NMR analysis of 15a indicated no D incorporation.
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In the presence of 16a
[Cp*RhCly], (4 mol %) H/D
Me Ph CH,CO,D (5 equiv) Me[ NHCOPh  Me. H/D
N J§ AgSbFg (16 mol %) N
N 4+ 7O _AgCO; (4 mol %) Ny . N
= ‘o/&o PhCl, 4 °C, 24 h _ =
15a 16a 17aa recoverd 15a

In an argon-filled glovebox, a screw-cap vial was charged with 8-ethylquinoline 15a (13.6 pl, 0.10 mmol),

dioxazolone 16a (19.6 mg, 0.12 mmol), CH;CO,D (28.5 pl, 0.50 mmol), [Cp*RhCl:]> (2.5 mg, 0.08 mmol),

AgSbF¢ (5.8 mg, 0.16 mmol), Ag,COs (1.1 mg, 0.04 mmol), and chlorobenzene (0.5 mL). The vial was

capped, and then brought out of the glovebox. The reaction mixture was stirred at 4 °C for 24 h. The reaction

mixture was directly subjected to silica gel column chromatography (hexane/AcOEt) to afford 17aa (3.5 mg,
13 %) and 15a (12.2 mg, 78%). The "H NMR analysis of 15a and 17aa indicated no D incorporation.
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In the absence of 16a

[Cp*RhCly]» (4 mol %)
Me CHyCOLD (5 equiv) e~/
N AgSbFg (16 mol %) N
B Ag,CO3 (4 mol %) B
= PhCl, 4 °C, 24 h =
15a recoverd 15a

In an argon-filled glovebox, a screw-cap vial was charged with 8-ethylquinoline 15a (13.6 pl, 0.10 mmol),
CH;CO:D (28.5 pl, 0.50 mmol), [Cp*RhCl,]» (2.5 mg, 0.08 mmol), AgSbFs (5.8 mg, 0.16 mmol), Ag,CO3
(1.1 mg, 0.04 mmol), and chlorobenzene (0.5 mL). The vial was capped, and then brought out of the glovebox.
The reaction mixture was stirred at 4 °C for 24 h. The reaction mixture was directly subjected to silica gel
column chromatography (hexane/AcOEt) to afford 15a (12.1 mg, 77%). The '"H NMR analysis of 15a

indicated no D incorporation.
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Determination of absolute configuration

A single crystal of 17ca suitable for X-ray crystallography was grown by slow vapor diffusion of pentane to
a solution of 17c¢a in CH>Cl,. The crystallographic information file (CIF) is available from CCDC (deposit
number: 1950998).

Table Crystal data and structure refinement for shelx trans_modified.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method

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

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

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

shelx_trans
CisH15BrN2O
355.23

133(2) K

1.5418 A
Monoclinic

P12:1
a=5.03820(10) A
b=18.2861(3) A
c=16.8360(3) A

a=90°.

v=90°.
1545.67(5) A3

4

1.527 Mg/m3

3.643 mm!

720

0.540 x 0.100 x 0.100 mm?3
3.575 to 68.239°.

-6<=h<=5, -22<=k<=22, -20<=1<=20
17826

5459 [R(int) = 0.0326]

99.5 %

Semi-empirical from equivalents
1.0000 and 0.6272

Full-matrix least-squares on F2
5459/1/436

1.025

R1=0.0277, wR2 =0.0711
R1=0.0287, wR2 =0.0720
-0.016(6)

n/a

0.362 and -0.265 e.A-3
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Chapter 4 Section 2

Synthesis of catalysts
Synthesis of (S)-H.-BHTL (21f)

0 N\ 5% Pd/C @)
H, (baloon)
Bu. N Bu., N
I THF, 40 °C, 24 h r

CO,HO CO,HO

BHTL 21d°¥ (1.0 g, 3.6 mmol) was dissolved in THF (20 mL), and 5% palladium on carbon catalyst (300
mg) was added. The mixture was stirred at 40 °C for 24 h under H> atmosphere. The solution was filtered
through a pad of Celite and the filtrate was concentrated. The crude product was purified by recrystallization
(hex/AcOEt) to afford (S)-H,-BHTL 21f was as a colorless solid (603 mg, 60%). MP 179-181 °C. IR (KBr)
2962, 1744, 1685, 1387, 1169 cm™'. "H NMR (CDCls, 400 MHz) § 1.12 (s, 9H), 1.28-1.73 (m, 6H), 2.79 (s,
2H), 3.12-3.20 (m, 2H), 4.53 (s, 1H). 3C NMR (CDCls, 125 MHz) § 24.6, 28.0, 35.4, 39.3, 39.5, 42.6, 48.9,
60.0, 172.4, 178.1, 178.2. HRMS (ESI): m/z calculated for C15H2004N [M—H]~; 278.1398, found: 278.1401.
[a]p 2 =-71.5 (¢ = 0.43, CHCL).

Preparation of [Cp*™®"Co(CH;3CN);3][SbFe]2

To a well-dried 2-necked 100-mL flask was added Co2(CO)s (1.38 g, 4.05 mmol) and CH>Cl, (10 mL). The
solution of Cp*®"H (isomeric mixture, 1.66 g, 9.31 mmol)’> in CH,Cl, (5 mL) and 1,3-cyclohexadiene (0.57
mL) were successively injected. The mixture was refluxed under argon stream for 3 h, and then cooled to
room temperature. The solvent was removed in vacuo. The residue was dissolved in Et,O (10 mL) and then
iodine (2.1 g, 8.3 mmol) in EtO (15 mL) was added dropwise at room temperature with stirring. After the
mixture was stirred at room temperature for 1 h, resulting dark purple precipitates were collected by filtration,
washed with Et,O and hexane, and dried in vacuo to affored Cp"®"Co(CO)I; as a dark purple solid (2.58 g,
61%). To a stirred solution of Cp®"Co(CO)I> (1.04 g, 2.0 mmol) in CH3CN (80 mL) was added AgSbFs
(1.38 g, 4.0 mmol) at once. After stirring at room temperature for 1 h, gray precipitates were filtered off
through a pad of Celite, and washed with CH3CN. The filtrate was evaporated. The resulting dark purple
solid was dissolved in CH3CN, and then Et;O was added to form precipitates. The resulting red-purple
precipitates were collected by filtration, washed with Et,O, and dried in vacuo to afford
[Cp*™B*Co(CH3CN)3](SbFs), as a red-purple solid (1.41 g, 87%). '"H NMR (CD;CN, 400 MHz) § 1.36 (s,
6H), 1.50 (s, 9H), 1.59 (s. 6H), 1.95 (s, 9H).

[CpVM**Co(CH;3CN);3][SbF]2: The title compound was prepared from Cp™**Co(CO)L°® (0.3 mmol) and

AgSbFs (0.6 mmol) as described above, and obtained as a red purple solid (74%). '"H NMR (CDsCN, 400
MHz) 6 1.37 (s, 6H), 1.46 (s, 6H), 1.97 (s, 9H), 5.78 (s, 1H).
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Synthesis of thioamides

General Procedure A°”
LDA (1.1 equiv) Lawesson's reagent
JH/ THF _78°C %( (1.5 equiv) %(
Q then R—X (1.5 equiv) Q R toluene, 100 °C Q

-78 Ctort

To a solution of diisopropylamine (1.7 mL, 12 mmol) in THF (20 mL), nBuLi (2.6 M in hexane, 4.2 mL, 11
mmol) was slowly added at —78 °C, and the resulting reaction mixture was stirred for 1 h at the same
temperature. To this LDA solution was added 2-methyl-1-(piperidin-1-yl)propan-1-one (1.55 g, 10 mmol)
dropwise at —78 °C. The mixture was warmed up to 0 °C, stirred for 2 h, and then cooled to —78 °C. Then,
alkyl halide (1.5 equiv) was added dropwise. The reaction mixture was warmed up to room temperature, and
then stirred for 24—66 h. The reaction was quenched by aq. NH4Cl, and poured into AcOEt. The organic layer
was separated and dried over anhydrous Na>SOs. After the solvent was removed in vacuo, the crude product
was purified by silica gel column chromatography to give the corresponding amide. To the intermediate (5.0
mmol) in toluene (30 mL) was added Lawesson’s reagent (3.0 g, 7.5 mmol), and the mixture was stirred at
100 °C for 24 h. The reaction mixture was cooled to room temperature, and purified by silica gel column

chromatography for three times (hex/AcOEt X2, toluene) to afford the corresponding thioamides 18.

2,2-dimethyl-3-phenyl-1-(piperidin-1-yl)propane-1-thione (18a)°”: The amide was
prepared by using benzyl bromide, and obtained as a colorless oil (83%). The amide Q J‘>£<j>

was subjected to the thioamidation to give the title compound as a yellow solid (82%).

3-(4-chlorophenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione (18b):

The amide was prepared by using 4-chlorobenzyl bromide, and obtained as a Ok@—m
colorless oil (91%). The amide was subjected to the thioamidation to give the title

compound as a yellow solid (28%). MP 81 °C. IR (KBr) 2931, 1466, 1221, 997, 846 cm™'. '"H NMR (CDCl;,
400 MHz) ¢ 1.39 (s, 6H), 1.67-1.82 (m, 6H), 3.03 (s, 2H), 4.07-4.27 (m, 4H), 7.04-7.09 (m, 2H), 7.20-7.26
(m, 2H). *C NMR (CDCls, 100 MHz) § 24.2, 26.1, 29.8, 46.0, 47.5, 54.3, 128.0, 131.6, 132.2, 136.4, 210.1.
HRMS (ESI): m/z calculated for C1sH22NCINaS [M+Na]": 318.1054, found: 318.1050. Rf 0.32 (hex:AcOEt
=6:1).

3-(4-bromophenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione (18c¢): S

The amide was prepared by using 4-bormobenzyl bromide, and obtained as a O\‘J N <:> B

colorless oil (85%). The amide was subjected to the thioamidation to give the title

compound as a yellow solid (65%). MP 100 °C, IR (KBr) 2930, 1488, 1218, 1105, 1069, 844 cm™. "H NMR
(CDCl3, 400 MHz) 8 1.38 (s, 6H), 1.67-1.82 (m, 6H), 3.01 (s, 2H), 4.08-4.26 (m, 4H), 6.99-7.04 (m, 2H),
7.35-7.40 (m, 2H). 3C NMR (CDCls, 100 MHz) § 24.2, 26.0, 29.7, 46.0, 47.4, 54.2, 120.3, 130.9, 132.0,
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136.8, 210.0. HRMS (ESI): m/z calculated for CisH22NBrNaS [M+Na]": 362.0549, found: 362.0546. Rf
0.32 (hex:AcOEt = 6:1).

2,2-dimethyl-1-(piperidin-1-yl)-3-(4-(trifluoromethyl)phenyl)propane-1-thione (18d): The amide was
prepared by using 4-(trifluoromethyl)benzyl bromide, and obtained as a colorless S

oil (83%). The amide was subjected to the thioamidation to give the title O\‘ k@_m:a

compound as a yellow solid (61%). MP 60 °C. IR (KBr) 2940, 2857, 1420, 1322,

1157, 1115, 1062 cm™. "H NMR (CDCls, 500 MHz) § 1.41 (s, 6H), 1.70-1.81 (m, 6H), 3.13 (s, 2H), 4.01-
4.35 (m, 4H), 7.26 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H). 3C NMR (CDCl;, 126 MHz) § 24.3, 26.2,
29.8,46.7,47.5,54.4,124.2 (q, 'Jer = 273.9 Hz), 124.8 (q, *Jcr = 3.7 Hz), 128.7 (q, 2Jcr = 32.5 Hz), 130.7,
142.2, 210.0. YF NMR (CDCl3, 372 MHz) § —63.4. HRMS (ESI): m/z calculated for C;7H23NF3S [M+H]":
330.1498, found: 330.1496. Rf 0.25 (hex:AcOEt = 6:1).

3-(4-methoxyphenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione (18¢): The amide was prepared
by using 4-methoxybenzyl chloride, and obtained as a colorless oil (91%, S

containing some impurities). The amide was subjected to the thioamidation to give O\‘ N ::> oMo
the title compound as a yellow solid (47%). MP 44 °C. IR (KBr) 2928, 1606,

1416, 1241, 1176, 1023, 996 cm™'. "TH NMR (CDCl3, 500 MHz) § 1.39 (s, 6H), 1.65-1.80 (m, 6H), 2.98 (s,
2H), 3.79 (s, 3 H), 4.01-4.34 (m, 4H), 6.78-6.84 (m, 2H), 7.04-7.08 (m, 1H). *C NMR (CDCl;, 125 MHz)
524.3,26.2,29.9,45.5.47.9,54.3,55.2, 113.3, 130.0, 131.3, 158.2, 210.9. HRMS (ESI): m/z calculated for
C17H2s0ONNaS [M+Na]": 314.1549, found: 314.1546. Rf 0.25 (hex:AcOEt = 6:1).

3-(3,5-bis(trifluoromethyl)phenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1- 3 Fs
thione (18f): The amide was prepared by using 3,5-bis(trifluoromethyl)benzyl Okd
bromide, and obtained as a colorless oil (53%). The amide was subjected to the CF,4
thioamidation to give the title compound as a yellow solid (45%). MP 71 °C. IR (KBr) 2944, 1418, 1276,
1170, 997, 906, 681 cm™. "TH NMR (CDCl3, 500 MHz) § 1.43 (s, 6H), 1.70-1.83 (m, 6H), 3.22 (s, 2H), 4.01-
4.35 (m, 4H), 7.57 (s, 2H), 7.74 (s, 1H). 3C NMR (CDCls, 100 MHz) § 24.3, 26.1, 29.8, 47.1, 47.5, 54.4,
120.5, 123.3 (q, "Jer = 272.2 Hz), 130.4, 131.1 (q, *Jcr = 32.9 Hz), 140.6, 209.0. ’F NMR (CDCls, 372
MHz) 6 —63.6. HRMS (ESI): m/z calculated for calculated for CisH22NF¢S [M+H]": 398.1372, found:
398.1370. Rf 0.29 (hex:AcOEt = 6:1).
3-(2,6-dimethylphenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione (18g): 3

The amide was prepared by using 2,6-dimethylbenzyl chloride, and obtained as a

colorless solid (81%). The amide was subjected to the thioamidation to give the title

compound as a yellow solid (86%). MP 96 °C. IR (KBr) 3485, 2934, 1421, 1244, 998, 778 cm™'. "TH NMR
(CDCls, 500 MHz) 8 1.37 (s, 6H), 1.72-1.81 (m, 6H), 2.29 (s, 6H), 3.18 (s, 2H), 4.00-4.38 (m, 4H), 6.96-7.04
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(m, 3H). 3C NMR (CDCls, 125 MHz) § 21.4, 24.4,26.3, 32.1, 39.6, 47.3, 54.4, 126.1, 128.1, 136.9, 137.4,
212.8. HRMS (ESI): m/z calculated for Ci;sH»;NNaS [M+Na]": 312.1756, found: 312.1754. Rf 0.35
(hex:AcOEt =6:1).

2,2-dimethyl-3-(naphthalen-1-yl)-1-(piperidin-1-yl)propane-1-thione (18h): The i O
amide was prepared by using 1-(bromomethyl)naphthalene, and obtained as a colorless ) O
0il (91%). The amide was subjected to the thioamidation to give the title compound as a

yellow solid (49%). MP 110 °C. IR (KBr) 2941, 1424, 1245, 1105, 1013, 776 cm™'. '"H NMR (CDCl;, 400
MHz) § 1.47 (s, 6H), 1.62-1.73 (m, 6H), 3.57 (s, 2H), 3.88-4.34 (m, 4H), 7.34-7.42 (m, 2H), 7.43-7.52 (m,
2H), 7.74 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 8.11 (d, J = 8.6 Hz, 1H). *C NMR (CDCls, 125
MHz) 6 24.2,26.1,30.7,41.9,48.9,54.5,124.7,125.0, 125.4, 125.7, 127.2,128.5, 128.7, 133.2, 133.9, 134.7,
211.3. HRMS (ESI): m/z calculated for CoH2sNS [M+H]": 3121781, found: 312.1779. Rf 0.29 (hex:AcOEt
=6:1).

2,2-dimethyl-3-(naphthalen-2-yl)-1-(piperidin-1-yl)propane-1-thione  (18i): i

The amide was prepared by using 2-(bromomethyl)naphthalene, and obtained as a O\l
colorless oil (89%). The amide was subjected to the thioamidation to give the title

compound as a yellow solid (71%). MP 65 °C, IR (KBr) 2928, 1422, 1228, 1000, 823 cm™.. "H NMR (CDCl;,
500 MHz) & 1.44 (s, 6H), 1.71-1.79 (m, 6H), 3.22 (s, 2H), 4.05-4.38 (m, 4H), 7.29 (dd, J= 8.0, 1.7 Hz, 4H),
7.40-7.48 (m, 2H), 7.61 (s, 1H), 7.74 (d, J = 8.6 Hz, 1H), 7.76-7.82 (m, 2H). *C NMR (CDCl;, 125 MHz)
824.3,26.2,30.0,46.6,48.0,54.4,125.4,125.9,127.3,127.5, 127.6, 128.9, 129.0, 132.1, 133.2, 135.6, 210.8.
HRMS (ESI): m/z calculated for C20H26NS [M+H]": 3121781, found: 312.1779. Rf 0.29 (hex:AcOEt = 6:1).

3-cyclohexyl-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione (18j): The i
intermediate was prepared by using (bromomethyl)cyclohexane, and obtained as a OJKO
colorless oil (66%). The amide was subjected to the thioamidation to give the title

compound as a yellow oil (85%). IR (Neat) 2922, 1418, 1248, 1220, 1018 cm™. '"H NMR (CDCls, 500 MHz)
5 0.83-0.95 (m, 2H), 1.04-1.15 (m, 1H), 1.17-1.28 (m, 2H), 1.40-1.52 (m, 1H), 1.41 (s, 6H), 1.54-1.66 (m,
5H), 1.66-1.77 (m, 8H), 3.81-4.42 (m, 4H). 3C NMR (CDCls, 125 MHz) § 24.3, 26.0, 26.2, 26.3, 31.9, 34.6,
35.0, 47.1, 48.6, 54.0, 210.9. HRMS (ESI): m/z calculated for C16H20NNaS [M+Na]": 290.1913, found:
290.1910. Rf 0.55 (hex:AcOEt = 6:1).

2,2,4-trimethyl-1-(piperidin-1-yl)pentane-1-thione (18k):
To a stirred solution of 2,2,4-trimethylpentanoic acid®® (433 mg, 3.0 mmol) in CH>Cl, (10 =
mL) was added oxalyl chloride (515 pL, 6.0 mmol) dropwise at 0 °C. After the addition of k<

a few drops of DMF, the reaction mixture was stirred at room temperature for 2 h. Upon
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completion of the reaction, the solvent was removed in vacuo to give the corresponding acid chloride. The
crude acid chloride was then added dropwise to a stirred mixture of piperidine (593 pL, 6.0 mmol) and NEt3
(836 pL, 6.0 mmol) in CH2Cl> (15 mL) at 0 °C. The reaction mixture was then warmed to room temperature
and stirred for 2 h. Upon completion of the reaction, the crude mixture was quenched with sat. NaHCOj3 and
extracted with CH>Cl,. The combined organic layers were washed with 10% aq. HCI, brine, dried with
Na,SOs, evaporated in vacuo. The resultant crude amide was dissolved in toluene (15 mL), and Lawesson’s
reagent (1.5 g, 4.5 mmol) was added. The reaction mixture was heated to 100 °C for 24 h with stirring. The
reaction mixture was cooled to room temperature, and purified by silica gel column chromatography to afford
the title compound. IR (Neat) 2934, 1418, 1248, 1227, 1019 cm™'. "TH NMR (CDCl;, 500 MHz) § 0.90 (d, J
= 7.0 Hz, 6H), 1.45 (s, 6H), 1.65 (d, J = 5.5 Hz, 2H), 1.67-1.77 (m, 6H), 1.77-1.86 (m, 1H), 3.90-4.45 (m,
4H). 3C NMR (CDCls, 125 MHz) § 24.2, 24.5, 25.3, 26.0, 31.9, 47.2, 50.0, 54.0, 201.7. HRMS (ESI): m/z
calculated for C13N2NS [M+H]": 228.1781, found: 228.1778. Rf 0.45 (hex:AcOEt = 6:1).

N,N-diethyl-2,2-dimethyl-3-phenylpropanethioamide (181): The title compound was synthesized from
2,2-dimethyl-3-phenylpropanoic acid (1.2 mmol) and diethylamine according to the previously described
method””, and obtained as a yellow oil (28%). IR (Neat) 2974, 1454, 1412, 1271, 1009, 741, 702 cm. 'H
NMR (CDCl3, 400 MHz) & 1.28 (t, J= 7.0 Hz, 6H) 1.43 (s, 6H), 3.02 (s, 2H), 3.33-4.40 (m, 4H), 7.12-7.18
(m, 2H), 7.19-7.30 (m, 3H). *C NMR (CDCl3, 100 MHz) § 10.5, 13.8, 30.5, 47.1 (2C), 48.0, 49.6, 126.4,
127.9,130.3, 137.8,209.9. HRMS (ESI): m/z calculated for C;5sH24NS [M+H]*: 250.1624, found: 250.1627.
Rf 0.48 (hex:AcOEt = 6:1).

S
Cobalt(IIT)/chiral carboxylic acid-catalyzed enantioselective C(sp®)-H amidaiton “N
of thioamides )
General Procedure B
In an argon-filled glovebox, a screw cap vial was charged with thioamide 18 (0.20 mmol, 1.0 equiv),
dioxazolone 16 (0.24 mmol, 1.2 equiv), (S)-H-BHTL 21f (5.6 mg, 0.02 mmol, 10 mol %),
[Cp*™BU*Co(MeCN)3][SbFs] (8.46 mg, 0.01 mmol), activated MS13X (40 mg), and o-dichlorobenzene (1 mL).
The vial was capped, and then brought out of the glovebox. The reaction mixture was stirred at 40 °C. After

24 h or 48 h, the reaction mixture was cooled to room temperature and purified by silica gel column

chromatography (hex/AcOEt) to afford 19.

(S)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19aa): S NHCOPh

Prepared according to General Procedure B, using 2,2-dimethyl-3-phenyl-1- OM
O

(piperidin-1-yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-phenyl-1,4,2-

dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19aa was isolated as a pale yellow solid (66.5 mg, 82%). MP
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88°C. IR (KBr) 2940, 1657, 1509, 1283, 1154, 1007, 706 cm™". "H NMR (CDCls, 500 MHz) & 1.39 (s, 3H),
1.66-1.84 (m, 6H), 2.98 (d, J=14.2 Hz, 1H), 3.20 (d, /= 14.2 Hz, 1H), 3.91 (dd, J=13.4, 4.7 Hz, 1H), 3.98
(d,J=13.4, 8.4 Hz, 2H), 4.01-4.72 (m, 4H), 7.20-7.27 (m, 3H), 7.27-7.33 (m, 2H), 7.38-7.42 (m, 2H), 7.44-
7.49 (m,1H), 7.74-7.79 (m, 2H), 7.85 (brs, 1H). 3C NMR (CDCls, 125 MHz) § 22.3, 24.1, 26.1, 43.4, 51.4,
52.9, 544, 126.9, 127.0, 128.3, 128.4, 130.3, 131.2, 134.7, 136.2, 167.2, 207.4. HPLC (chiral column:
DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tr = 20.4 min (minor) and 26.4 min (major). [a]p 2*7 =+31.9 (¢ = 0.30, CHCl;).

(S)-N-(2-(4-chlorobenzyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ba): Prepared
according to General Procedure B, using 3-(4-chlorophenyl)-2,2-dimethyl-1- S NHCOPh
(piperidin-1-yl)propane-1-thione 18b (0.20 mmol, 59.2 mg) and 3-phenyl-1,4,2- N e C N
dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ba was isolated as a pale yellow solid

(67.0 mg, 81%). MP 40 °C. IR (KBr) 2936, 1659, 1324, 1217, 1162, 1006 cm™. "H NMR (CDCls, 400 MHz)
6 1.38 (s, 3H), 1.65-1.83 (m, 6H), 2.94 (d, /= 14.3 Hz, 1H), 3.16 (d, J = 14.3 Hz, 1H), 3.86 (dd, J = 14.3,
4.9 Hz, 1H), 3.93 (dd, /= 14.3, 8.2 Hz, 1H), 3.98-4.92 (m, 4H), 7.13-7.18 (m, 2H), 7.23-7.28 (m, 2H), 7.37-
7.43 (m, 2H), 7.44-7.49 (m, 1H), 7.74-7.79 (m, 2H), 7.84 (brs, 1H). *C NMR (CDCl;, 125 MHz) § 22.4,
24.0, 26.1, 42.6, 51.1, 52.6, 54.3, 126.8, 128.4, 131.2, 131.4, 132.8, 134.5, 134.7, 167.2, 206.9. One of the
aromatic peaks was overlapped. HRMS (ESI): m/z calculated for C23H,70N>CINaS [M+Na]™: 437.1425,
found: 437.1420. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow
rate: 1.0 mL/min; detection: at 285 nm): tg = 21.6 min (minor) and 30.9 min (major). [a]p 24 =+15.7 (c =

0.18, CHCLs). Rf 0.23 (hex:AcOEt = 2:1).

(S)-N-(2-(4-bromobenzyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ca): Prepared
according to General Procedure B, using 3-(4-bromophenyl)-2,2-dimethyl-1- S NHCOPh
(piperidin-1-yl)propane-1-thione 18¢ (0.20 mmol, 68.1 mg) and 3-phenyl-1,4,2- O\l e OBr
dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ca was isolated as a pale yellow solid

(83.9 mg, 91%). MP 80 °C. IR (KBr) 2935, 1654, 1507, 1486, 12215, 1009 cm™. "TH NMR (CDCls, 400
MHz) 6 1.38 (s, 3H), 1.65-1.89 (m, 6H), 2.92 (d, /= 14.4 Hz, 1H), 3.15 (d, /= 14.4 Hz, 1H), 3.85 (dd, J =
13.4, 5.1 Hz, 1H), 3.93 (dd, /= 13.4, 8.1 Hz, 1H), 3.98-5.00 (m, 4H), 7.06-7.13 (m, 2H), 7.38-7.50 (m, 5H),
7.73-7.80 (m, 2H), 7.84 (brs, 1H). *C NMR (CDCl3, 125 MHz) § 22.3, 24.0, 26.0, 42.6, 51.1, 52.5, 54.3,
120.9, 126.8, 128.4, 131.2, 131.3, 131.8, 134.5, 135.2, 167.1, 206.8. HRMS (ESI): m/z calculated for
C23H270N,BrNaS [M+Na]*: 481.0200, found: 481.0918. HPLC (chiral column: DAICEL CHIRALPAK IF;
solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 23.2 min (minor) and

33.6 min (major). [a]p ! = +13.7 (¢ = 0.18, CHCl3). Rf 0.23 (hex:AcOEt = 2:1).
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(S)-V-(2-methyl-3-(piperidin-1-yl)-3-thioxo-2-(4-(trifluoromethyl)benzyl)propyl)benzamide  (19da):
Prepared according to General Procedure B, using 2,2-dimethyl-1-(piperidin-1- S NHCOPh
yl)-3-(4-(trifluoromethyl)phenyl)propane-1-thione 18d (0.20 mmol, 65.9 mg) and O\‘ ;eg) <:> .y
3-phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19da was isolated as a
pale yellow solid (80.1 mg, 89%). MP 43 °C. IR (KBr) 2943, 1662, 1517, 1485, 1278, 1009, 681 cm™. 'H
NMR (CDCls, 500 MHz) & 1.41 (s, 3H), 1.68-1.82 (m, 6H), 3.04 (d, /= 14.3 Hz, 1H), 3.27 (d, /= 14.3 Hz,
1H), 3.87 (dd, J=13.4, 5.1 Hz, 1H), 3.95 (dd, /= 13.4, 8.1 Hz, 1H), 3.99-4.71 (m, 4H), 7.35 (d, /= 8.2 Hz,
2H), 7.37-7.44 (m, 2H), 7.45-7.50 (m, 1H), 7.55 (d, J = 8.2 Hz, 2H), 7.73-7.78 (m, 2H), 7.83 (brs, 1H), 1*C
NMR (CDCls, 125 MHz) § 22.6, 24.1, 26.2, 43.1, 51.2, 52.6, 54.4, 122.2 (q, 'Jcr = 207.5 Hz), 125.2 (q, *Jcr
=3.6Hz), 126.9, 128.5,129.2 (q, 2Jcr=32.3 Hz), 130.5, 131.3, 134.5, 140.5, 167.3, 206.8. Y'F NMR (CDCls,
372 MHz) § —63.5. HRMS (ESI): m/z calculated for C24H>70N>F3NaS [M+Na]™: 471.1688, found: 471.1685.
HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 16.3 min (minor) and 22.3 min (major). [a]p 22! = +11.3 (¢ = 0.14, CHCl;). Rf
0.20 (hex:AcOEt=2:1).

(S)-N-(2-(4-methoxybenzyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ea): Prepared
according to General Procedure B, using 3-(4-methoxyphenyl)-2,2-dimethyl-1- 7 HcoPh
(piperidin-1-yl)propane-1-thione 18e (0.20 mmol, 58.3 mg) and 3-phenyl-1,4,2- O\l Me 2’;@—01\49
dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ea was isolated as a pale yellow solid

(72.0 mg, 88%). MP 45 °C. IR (KBr) 2938, 1652, 1509, 1416, 1244, 1008 cm™". "H NMR (CDCls, 400 MHz)
6 1.37 (s, 3H), 1.65-1.85 (m, 6H), 2.91 (d, /= 14.4 Hz, 1H), 3.13 (d, /= 14.4 Hz, 1H), 3.78 (s, 3H), 3.88 (dd,
J=13.4,4.9 Hz, 1H), 3.95 (dd, J = 13.4, 8.3 Hz, 1H), 4.00-4.66 (m, 4H), 6.80-6.86 (m, 2H), 7.10-7.17 (m,
2H), 7.37-7.50 (m, 3H), 7.74-7.80 (m, 2H), 7.87 (brs, 1H). 3C NMR (CDCls, 125 MHz) § 22.1, 24.0, 26.1,
42.4,51.2,52.9,54.3,55.1,113.7,126.9, 128.1, 128.4, 131.2, 134.6, 158.4, 167.1, 207.4. One of the aromatic
peaks was overlapped. HRMS (ESI): m/z calculated for Co4H30O.N>NaS [M+Na]": 433.19202, found:
433.1916. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate:
1.0 mL/min; detection: at 285 nm): tg = 30.8 min (minor) and 43.8 min (major). [a]p 2* = +25.4 (c = 0.26,
CHCI3). Rf 0.20 (hex:AcOEt = 2:1).

(8)-V-(2-(3,5-bis(trifluoromethyl)benzyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide

S NHCOPH
Fa

(19fa): Prepared according to General Procedure B, wusing 3-(3,5-
bis(trifluoromethyl)phenyl)-2,2-dimethyl-1-(piperidin-1-yl)propane-1-thione ~ 18f )N Me' *

(0.20 mmol, 79.5 mg) and 3-phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). CF,
19fa was isolated as a pale yellow solid (83.7 mg, 81%). MP 44 °C. IR (KBr) 2941, 1660, 1513, 1483, 1230,
1010 cm™. "TH NMR (CDCl3, 500 MHz) § 1.51 (s, 3H), 1.68-1.84 (m, 6H), 3.13 (d, J = 14.5 Hz, 1H), 3.37
(d, J = 14.5 Hz, 1H), 3.81 (dd, J = 13.3, 4.9 Hz, 1H), 3.96 (dd, J = 13.3, 8.4 Hz, 1H), 4.00-4.78 (m, 4H),
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7.38-7.43 (m, 2H), 7.44-7.49 (m, 1H), 7.64 (s, 2H), 7.71-7.77 (m, 4H). *C NMR (CDCl3, 125 MHz) § 23.1,
24.0,26.1,43.7,51.3,52.7, 54.4,120.9, 123.2 (q, 'Jcr = 207.5 Hz), 126.9, 128.5, 130.1, 131.3 (q, 2Jcr=32.4
Hz), 131.4, 134.3, 138.9, 167.3, 205.6. ’F NMR (CDCls, 372 MHz) § —63.5. HRMS (ESI): m/z calculated
for C2sHa6ON2FsNaS [M+Na]": 539.1562, found: 539.1558. HPLC (chiral column: DAICEL CHIRALPAK
IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 8.5 min (minor) and

11.2 min (major). [a]p 27 = +9.5 (¢ = 0.27, CHCls). Rf 0.20 (hex:AcOEt = 2:1).

(S)-N-(2-(2,6-dimethylbenzyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ga): Prepared

according to General Procedure B, using 3-(2,6-dimethylphenyl)-2,2-dimethyl-1- 3 N':Azoph
Ny

(piperidin-1-yl)propane-1-thione 18g (0.20 mmol, 57.9 mg) and 3-phenyl-1,4,2- Me -

dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ga was isolated as a pale yellow solid Me

(59.8 mg, 73%). MP 70 °C. IR (KBr) 2938, 1655, 1507, 1482, 1242, 1009 cm™". "H NMR (CDCls, 400 MHz)
5 1.58 (s, 3H), 1.63-1.80 (m, 6H), 2.39 (s, 6H), 3.25 (s, 2H), 3.63 (dd, J = 13.4, 3.2 Hz, 1H), 3.84 (dd, J =
13.4, 9.3 Hz, 1H), 3.38-4.45 (m, 4H), 6.99-7.07 (m, 3H), 7.36-7.49 (m, 3H), 7.70-7.80 (m, 3H). 3C NMR
(CDCls, 125 MHz) 6 21.5, 24.1, 25.6, 26.2, 39.1, 50.7, 52.2, 54.5, 126.7, 126.9, 128.4, 128.5, 131.2, 134.6,
134.9, 137.8, 167.2, 209.3. HRMS (ESI): m/z calculated for C,sH320N,NaS [M+Na]*: 431.2128, found:
431.2122. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate:
1.0 mL/min; detection: at 285 nm): tr = 15.6 min (minor) and 19.5 min (maor). [a]p 31 =-2.6 (¢ = 0.17,

CHCL). Rf 0.31 (hex:AcOEt = 2:1).

(S)-V-(2-methyl-2-(naphthalen-1-ylmethyl)-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ha):
Prepared according to General Procedure B, using 2,2-dimethyl-3-(naphthalen-1-yl)-1- S NHCOPh
(piperidin-1-yl)propane-1-thione 18h (0.20 mmol, 62.3 mg) and 3-phenyl-1,4,2- O;eg) O
dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ha was isolated as a pale yellow solid 1
(75.1 mg, 87%). MP 111 °C. IR (KBr) 2934, 1662, 1511, 1434, 1236, 1007, 783, 711 O
cm’'. "H NMR (CDCl3, 400 MHz) & 1.59, (s, 3H), 1.36-1.74 (m, 6H), 3.47 (d, /= 14.5 Hz, 1H), 3.65 (d, J =
14.5 Hz, 1H), 3.69-3.83 (m,, 2H), 4.03 (d, /= 6.9 Hz, 2H), 3.21-4.75 (m, 2H), 7.35-7.53 (m, 7H), 7.65 (brs,
1H), 7.65 (t,J= 6.5 Hz, 1H), 7.83 (dd, J= 8.2, 1.1 Hz, 2H), 8.14 (d, J = 8.5 Hz, 1H). *C NMR (CDCl;, 125
MHz) 6 22.7,23.8, 25.9, 40.4, 52.9, 54.4 (2C), 124.3, 125.0, 125.5, 126.0, 126.8, 127.7, 128.4, 128.6, 128.7,
131.1, 132.8, 133.1, 133.8, 134.5, 167.0, 207.2. HRMS (ESI): m/z calculated for C27H30ON>NaS [M+Na]":
453.1971, found: 453.1971. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol
208 _

= 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 12.7 min (minor) and 17.0 min (major). [a]p

+51.8 (¢ = 0.24, CHCI3). Rf 0.29 (hex:AcOEt = 2:1).
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(S)-V-(2-methyl-2-(naphthalen-2-ylmethyl)-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ia):

Prepared according to General Procedure B, using 2,2-dimethyl-3-(naphthalen-2- j  HeoPn

yl)-1-(piperidin-1-yl)propane-1-thione 18i (0.20 mmol, 62.3 mg) and 3-phenyl- Ofneg)
1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2 mg). 19ia was isolated as a pale yellow Q

solid (80.0 mg, 93%). MP 65 °C. IR (KBr) 2933, 1658, 1512, 1009, 714 cm™. '"H NMR (CDCls, 400 MHz)
5 1.44 (s, 3H), 1.64-1.86 (m, 6H), 3.13 (d, /= 14.3 Hz, 1H), 3.37 (d, J = 14.3 Hz, 1H), 3.96 (dd, J = 13.4,
4.8 Hz, 1H), 4.03 (dd, J =13.4, 8.3 Hz, 1H), 4.08-4.75 (m, 4H), 7.32 -7.49 (m, 6H), 7.68 (s, 1H), 7.72-7.82
(m, 5H), 7.85 (brs, 1H). '*C NMR (CDCl;, 125 MHz) § 22.4,24.0,26.2,43.6, 51.4, 52.9, 54.3, 125.6, 126.0,
126.8, 127.5, 127.6, 127.8, 128.2, 128.4, 128.9, 131.2, 132.2, 133.2, 133.8, 134.5, 167.1, 207.1. HRMS
(ESI): m/z calculated for C27H30ONzNaS [M+Na]*: 453.1971, found: 453.1967. HPLC (chiral column:
DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tr = 28.3 min (minor) and 34.8 min (major). [a]p 2 = 12.5 (¢ = 0.29, CHCl3). Rf 0.23 (hex:AcOEt = 2:1).

(S)-N-(2-(cyclohexylmethyl)-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)benzamide (19ja): Prepared
according to General Procedure B, using 3-cyclohexyl-2,2-dimethyl-1-(piperidin-1- S NHCOPh
yl)propane-1-thione 18j (0.20 mmol, 53.5 mg) and 3-phenyl-1,4,2-dioxazol-5-one 16a O Me' ~ @
(0.24 mmol, 39.2 mg). 19ja was isolated as a yellow oil (59.8 mg, 73%). IR (Neat)

2925, 1661, 1516, 1480, 1228, 1134, 1011 cm™'. "H NMR (CDCls, 400 MHz) & 0.80-1.03 (m, 2H), 1.03-1.17
(m, 1H), 1.17-1.33 (m, 2H), 1.38 (s, 3H), 1.51-1.83 (m, 14H), 3.31-4.97 (m, 6H), 7.37-7.44 (m, 2H), 7.44-
7.50 (m, 1H), 7.77-7.82 (m, 2H), 7.94 (brs, 1H). *C NMR (CDCl;, 125 MHz) § 22.5, 24.0, 26.0, 26.2, 33.9,
34.7,35.4,45.7,51.4,52.3,54.0, 126.9, 128.4, 131.1, 134.7, 167.1, 208.1. HRMS (ESI): m/z calculated for
C23H340N,NaS [M+Na]"™: 409.2284, found: 409.2281. HPLC (chiral column: DAICEL CHIRALPAK IF;
solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 14.9 min (minor) and

19.8 min (major). [a]p 3% = +55.8 (¢ = 0.30, CHCl3). Rf 0.49 (hex:AcOEt = 2:1).

(S)-V-(2,4-dimethyl-2-(piperidine-1-carbonothioyl)pentyl)benzamide (19ka): S NHCOPh
Prepared according to General Procedure B, using 2,2 4-trimethyl-1-(piperidin-1- O\l e 4<
yl)pentane-1-thione 18k (0.20 mmol, 45.5 mg) and 3-phenyl-1,4,2-dioxazol-5-one 16a

(0.24 mmol, 39.2 mg). 19ka was isolated as a yellow oil (34.8 mg, 50%). IR (Neat) 2941, 1660, 1514, 1483,
1230, 1010 cm™'. "TH NMR (CDCls, 500 MHz) § 0.95 (d, J = 6.6 Hz, 3H), 1.00 (d, J = 6.6 Hz, 3H), 1.41 (s,
3H), 1.61 (dd, J = 14.9, 5.7 Hz, 1H), 1.55-1.80 (m, 7H), 1.88-1.98 (m, 1H), 3.93 (dd, J = 13.3, 8.9 Hz, 1H),
4.02-4.45 (m, 5H), 7.38-7.51 (m, 3H), 7.77-7.83 (m, 2H), 7.94 (brs, 1H). *C NMR (CDCls, 125 MHz) &
22.9,24.1, 243, 24.8, 24.9, 26.0, 47.2, 51.4, 52.6, 54.1, 126.9, 128.4, 131.2, 134.8, 167.2, 208.0. HRMS
(ESI): m/z calculated for CzoH30ONzNaS [M+Na]*: 369.1971, found: 369.1966. HPLC (chiral column:
DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm):
tr = 16.2 min (minor) and 18.6 min (major); [a]p >*! = +54.4 (c = 0.37, CHCl;). Rf 0.40 (hex:AcOEt = 2:1).
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(S)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)-4-methoxybenzamide (19ad): Prepared

according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin-1-
yl)propane-1-thione 18a (0.20 mmol, 52.3 mg mg) and 3-(4-methoxyphenyl)- i TIN )k©\OMe
1,4,2-dioxazol-5-one 16d (0.24 mmol, 46.4mg). 19ad was isolated as a pale Q Me' Bn

yellow solid (74.1 mg, 90%). MP 81 °C. IR (KBr) 2937, 1653, 1489, 1251, 1178, 1009, 844, 766 cm™". 'H
NMR (CDCls, 400 MHz) 6 1.38 (s, 3H), 1.64-1.82 (m, 6H), 2.97 (d, /= 14.3 Hz, 1H), 3.18 (d, /= 14.3 Hz,
1H), 3.82 (s, 3H), 3.88 (dd, /= 13.8, 5.7 Hz, 1H), 3.95 (dd, J = 13.8, 8.3 Hz, 1H), 4.00-4.55 (m, 4H), 6.85-
6.92 (m, 2H), 7.19-7.32 (m, 5H), 7.70-7.78 (m, 3H). *C NMR (CDCls, 125 MHz) § 22.3, 24.1, 26.1, 43 .4,
51.2, 52.9, 54.3, 55.3, 113.6, 126.9, 127.0, 128.3, 128.6, 130.2, 136.3, 161.9, 166.7, 207.5. HRMS (ESI):
m/z calculated for C24H3002N2NaS [M+Na]": 433.1920, found: 433.1917. HPLC (chiral column: DAICEL
CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 18.7

min (minor) and 24.0 min (major). [a]p 2’* =+13.9 (¢ = 0.23, CHCl3). Rf 0.10 (hex:AcOEt = 2:1)

(S)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)-4-chlorobenzamide  (19aj):  Prepared
according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin-1- o
yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-(4-chlorophenyl)-1,4,2- J HN)KQCI
dioxazol-5-one 16j (0.24 mmol, 39.2 mg). 19aj was isolated as a colorless solid Me Bn

(71.2 mg, 86%). MP 104 °C. IR (KBr) 2942, 1655, 1479, 1226, 1012, 760 cm™". 'H NMR (CDCls, 400 MHz)
6 1.36 (s, 3H), 1.67-1.80 (m, 6H), 2.95 (d, /= 14.3 Hz, 1H), 3.18 (d, J = 14.3 Hz, 1H), 3.87 (dd, J = 13.4,
5.0 Hz, 1H), 3.93 (dd, /= 13.4, 8.3 Hz, 1H), 4.00-4.60 (m, 4H), 7.17-7.31 (m, 5H), 7.31-7.39 (m, 2H), 7.65-
7.73 (m, 2H), 7.81-7.92 (m, 1H). *3C NMR (CDCl;, 125 MHz) § 22.2, 24.0 26.1, 43.3, 51.4, 52.8, 54.4,
126.9, 128.3 (2C), 128.6, 130.2, 133.0, 136.1, 137.3, 166.0, 207.2. HRMS (ESI): m/z calculated for
C23H270N,CINaS [M+Na]": 437.1425, found: 437.1421. HPLC (chiral column: DAICEL CHIRALPAK IF;

solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 20.1 min (minor) and

23.5 min (major). [a]p 24 =+12.2 (¢ = 0.12, CHCl3). Rf 0.23 (hex:AcOEt = 2:1)

(S)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)-2-methylbenzamide  (19ab): Prepared

according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin-1- O Me
yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-(o-tolyl)-1,4,2-dioxazol-5-one 7 M

Ny
16b (0.24 mmol, 42.5 mg). 19ab was isolated as a colorless solid (51.3 mg, 65%). Me Bn

MP 115 °C. IR (KBr) 2938, 1649, 1481, 1226, 1006, 705 cm’'. "H NMR (CDCls,

500 MHz) & 1.45 (s, 3H), 1.64-1.80 (m, 6H), 2.43 (s, 3H), 2.97 (d, J = 14.2 Hz, 1H), 3.19 (d, J = 14.2 Hz,
1H), 3.90 (dd, J = 13.4, 4.7 Hz, 1H), 3.96 (dd, J = 13.4, 8.7 Hz, 1H), 4.01-4.50 (m, 4H), 7.14-7.32 (m, 9H),
7.35(d, J=7.5 Hz, 1H). ¥C NMR (CDCls, 125 MHz) § 20.1, 22.5, 24.1,26.1, 43.7, 51.4, 52.8, 54.3, 125.7,
126.8, 126.9, 128.3, 129.6, 130.2, 130.9, 135.9, 136.2, 136.9, 170.0, 207.2. HRMS (ESI): m/z calculated for
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C24H300ON,NaS [M+Na]": 417.1971, found: 417.1967. HPLC (chiral column: DAICEL CHIRALPAK IF;
solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 18.7 min (minor) and

23.5 min (major). [a]p 27 = +31.6 (¢ = 0.16, CHCl3). Rf 0.21 (hex:AcOEt = 2:1).

(S)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)furan-2-carboxamide (19ae): Prepared

according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin-1- o

)S HN Y O/

. | Y
one 16e (0.24 mmol, 36.7 mg). 19ae was isolated as a colorless solid (71.0 mg, 96%). Me Bn
MP 110 °C. IR (KBr) 2930, 1656, 1428, 1011, 772 cm™.. '"H NMR (CDCl3, 500 MHz) § 1.37 (s, 3H), 1.66-
1.80 (m, 6H), 2.96 (d, J = 14.3 Hz, 1H), 3.16 (d, J = 14.3 Hz, 1H), 3.85-3.95 (m, 2H), 3.95-4.60 (m, 4H),
6.45 (dd, J= 3.4, 1.6 Hz, 1H), 7.03 (d, J = 3.4 Hz, 1H), 7.18-7.25 (m, 3H), 7.26-7.31 (m, 2H), 7.42 (d, J =
1.6 Hz, 1H), 7.77-7.89 (m, 1H). *C NMR (CDCls, 125 MHz) § 22.2, 24.0, 26.0, 43.3, 50.7, 52.8, 54.2, 111.7,
113.6, 126.8, 128.2, 130.2, 136.2, 143.8, 148.1, 158.5, 207.2. HRMS (ESI): m/z calculated for

C21H2602N,NaS[M-+Na]": 393.1607, found: 393.1601. HPLC (chiral column: DAICEL CHIRALPAK IF;

yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-(furan-2-yl)-1,4,2-dioxazol-5-

solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 19.7 min (minor) and

23.2 min (major). [@]p 3 =+20.1 (c = 0.33, CHCI;). Rf 0.10 (hex:AcOEt = 2:1).

(S)-IV-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)thiophene-2- )O S
S HN

carboxamide (19af): Prepared according to General Procedure B, using 2,2- N L/

dimethyl-3-phenyl-1-(piperidin-1-yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and Me' Bn

3-(furan-2-yl)-1,4,2-dioxazol-5-one 16f (0.24 mmol, 40.6 mg). 19af was isolated as a colorless solid (77.6
mg, 99%). MP 97 °C. IR (KBr) 2927, 1645, 1282, 1006, 854 cm™. "H NMR (CDCls, 400 MHz) § 1.38 (s,
3H), 1.64-1.90 (m, 6H), 2.95 (d, J = 14.2 Hz, 1H), 3.17 (d, J = 14.2 Hz, 1H), 3.81-3.97 (m, 2H), 3.98-5.01
(m, 4H), 7.03 (dd, J = 4.9, 3.7 Hz, 1H), 7.18-7.32 (m, 5H), 7.41-7.46 (m, 2H), 7.74 (brs, 1H). *C NMR
(CDCls, 125 MHz) 6 22.1, 24.0, 26.1, 43.2, 51.2, 52.8, 54.3, 126.9, 127.3, 127.4, 128.3, 129.7, 130.2, 136.1,
139.6, 161.8,207.1. HRMS (ESI): m/z calculated for C21H260N>NaS, [M+Na]": 409.1379, found: 409.1371.
HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 22.2 min (minor) and 28.1 min (major). [a]p ?*° =36.2 (c = 0.36, CHCl3). Rf0.18
(hex:AcOEt =2:1).

(S)-V-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)acetamide (19ak): o

Prepared according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin- e
1-yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-methyl-1,4,2-dioxazol-5-one Q Me' Bn

16k (0.24 mmol, 24.3 mg). 19ak was isolated as a pale yellow gum (34.8 mg, 55%). IR (KBr) 2940, 1662,
1428, 1219, 1010, 702 cm™. "TH NMR (CDCl3, 400 MHz) & 1.34 (s, 3H), 1.65-1.81 (m, 6H), 1.95 (s, 3H),

2.91(d, J= 143 Hz, 1H), 3.12 (d, J = 14.3 Hz, 1H), 3.65-3.80 (m, 2H), 3.90-4.50 (m, 4H), 6.89 (brs, 1H),
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7.13-7.20 (m, 2H), 7.21-7.30 (m, 3H). *C NMR (CDCls, 125 MHz) § 22.4, 23.7,24.1,26.1, 43.5, 51.3, 52.6,
54.3,126.8, 128.2, 130.1, 136.2, 170.3, 207.3. HRMS (ESI): m/z calculated for C13H2sON,NaS [M+Na]":
341.1658, found: 341.1654. HPLC (chiral column: DAICEL CHIRALPAK IB; solvent: hexane/2-propanol
232 _

= 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 11.1 min (major) and 13.7 min (minor). [a]p

+56.7 (¢ = 0.45, CHCL3). Rf 0.18 (hex:AcOEt = 1:2).

(S)-V-(2-benzyl-2-methyl-3-(piperidin-1-yl)-3-thioxopropyl)pivalamide (19ai): 0
Prepared according to General Procedure B, using 2,2-dimethyl-3-phenyl-1-(piperidin- S HN™ “tBu
1-yl)propane-1-thione 18a (0.20 mmol, 52.3 mg) and 3-(tert-butyl)-1,4,2-dioxazol-5- N v’ Bn

one 16i (0.24 mmol, 34.4 mg). 19ai was isolated as a colorless solid (52.8 mg, 73%).

MP 136 °C. IR (KBr) 2942, 1658, 1512, 1427, 1248, 1007, 709 cm™. '"H NMR (CDCls, 400 MHz) & 1.13
(s, 9H), 1.29 (s, 3H), 1.66-1.82 (m, 6H), 2.93 (d, J = 14.3 Hz, 1H), 3.10 (d, J = 14.3 Hz, 1H), 3.68 (dd, J =
13.4, 4.6 Hz, 1H), 3.76 (dd, J = 13.4, 8.2 Hz, 1H), 3.98-4.45 (m, 4H), 7.16-7.31 (m, 6H). *C NMR (CDCls,
125 MHz) & 22.1, 24.1, 26.1, 27.5, 38.7, 43.3, 50.6, 52.7, 54.3, 126.8, 128.3, 130.2, 136.3, 178.6, 207.7.
HRMS (ESI): m/z calculated for C,1H3,0ON;NaS [M+Na]*: 383.2128, found: 383.2124. HPLC (chiral
column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 19/1; flow rate: 1.0 mL/min; detection: at
285 nm): tr = 8.8 min (minor) and 9.9 min (major). [a]p 2 = +56.9 (¢ = 0.21, CHCl3). Rf 0.18 (hex:AcOEt
=2:1).

(S)-4-bromo-N-(2-methyl-2-(naphthalen-1-ylmethyl)-3-(piperidin-1-yl)-3-

thioxopropyl)benzamide (19hl): Prepared according to General Procedure B, \ Ql J\©\Br
using 2,2-dimethyl-3-(naphthalen-1-yl)-1-(piperidin-1-yl)propane-1-thione 18h Q Me " O

(0.20 mmol, 62.3 mg) and 3-(4-bromophenyl)-1,4,2-dioxazol-5-one 161 (0.24
mmol, 58.1 mg). 19hl was isolated as a colorless solid (64.1 mg, 63%). MP 73 °C.

IR (KBr) 2936, 1654, 1476, 1238, 119, 778 cm™'. "H NMR (CDCl;, 400 MHz) § 1.36-1.73 (m, 6H), 1.57 (s,
3H), 3.47 (d, J=14.5 Hz, 1H), 3.64 (d, J = 14.5 Hz, 1H), 3.69-3.83 (m, 2H), 3.99 (d, /= 7.0 Hz, 2H), 2.89-
5.06 (m, 2H), 7.35-7.43 (m, 2H), 7.43-7.55 (m, 4H), 7.56-7.61 (m, 2H), 7.63-7.71 (m, 1H), 7.76 (d, J = 8.6
Hz, 1H), 7.81-7.85 (m, 1H), 8.12 (d, J = 8.5 Hz, 1H). 3C NMR (CDCls, 125 MHz)822.7, 23.8, 26.0, 40.3,
52.9, 543, 54.5, 124.2, 125.1, 125.6, 125.8, 126.1, 127.8, 128.5, 128.6, 128.8, 131.6, 132.8, 132.9, 133 .4,
133.9, 166.0, 207.0. HRMS (ESI): m/z calculated for Co7H30ON,BrS [M+H]": 509.1257, found: 509.1252.
HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 16.7 min (minor) and 26.8 min (major). [a]p ?**=17.3 (¢ =0.16, CHCl3). Rf 0.23
(hex:AcOEt =2:1).

(S)-V-(2-benzyl-3-(diethylamino)-2-methyl-3-thioxopropyl)benzamide (191a): S NHCOPh

Prepared according to General Procedure B, using N,N-diethyl-2,2-dimethyl-3- /)“Me @
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phenylpropanethioamide 181 (0.20 mmol, 49.9 mg) and 3-phenyl-1,4,2-dioxazol-5-one 16a (0.24 mmol, 39.2
mg). 191a was isolated as a pale yellow oil (50.8 mg, 72%). IR (Neat) 2976, 1657, 11475, 1277, 1121, 1027,
921 cm™. '"H NMR (CDCls, 400 MHz) § 1.27 (t, J = 7.0 Hz, 6H), 1.46 (s, 3H), 3.02 (d, J = 14.0 Hz, 1H),
3.11(d,J=14.0 Hz, 1H), 3.31-3.47 (m, 1H), 3.62-3.77 (m, 1H), 3.79-3.94 (m, 1H), 3.98-4.03 (m, 2H), 4.28-
4.46 (m, 1H), 7.17-7.21 (m, 2H), 7.21-7.32 (m, 3H), 7.38-7.51 (m, 3H), 7.70-7.80 (m, 3H). 3*C NMR (CDCls,
100 MHz) 6 10.4, 13.7, 22.6, 44.6, 47.1, 49.7, 52.4, 53.4, 126.8, 126.9, 128.2, 128.4, 130.2, 131.2, 134.6,
136.2,167.1, 206.7. HRMS (ESI): m/z calculated for C22H2sON,NaS [M+Na]": 391.1815, found: 391.1819.
HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tg = 17.8 min (minor) and 23.8 min (major). [a]p ¢ = +48.3 (c = 0.11, CHCl;), Rf
0.29 (hex:AcOEt=2:1).

Procedure of gram-scale reaction

In a argon-filled glovebox, an oven dried 250-mL pressure reaction vessel was charged with thioamide 18a
(4.0 mmol, 1.045 g), dioxazolone 16a (4.8 mmol, 783 mg), (S)-H.-BHTL 21f (112 mg, 0.4 mmol, 10 mol %),
[Cp*™B*Co(MeCN)3][SbFs]» (166 mg, 0.2 mmol, 5 mol %), MS13X (800 mg), and o-dichlorobenzene (20
mL). The flask was tightly shielded, and then brought out of the glovebox. The reaction mixture was stirred
at 40 °C for 24 h. The reaction mixture was cooled to room temperature, and purified with silica gel column

chromatography to afford the resultant product (1.39 g, 92% yield, 93:7 er).

2.5 Transformation of product

Synthesis of (5)-N-(2-benzyl-2-methyl-3-0x0-3-(piperidin-1-yl)propyl)benzamide (22)

S NHCOPHh O  NHCOPh
A92C03
Ny — Ny
Me Bn CH,Cly, r.t. Me Bn
19aa 22

To a solution of 19aa (50.0 mg, 0.13 mml) in CH>Cl, (1.6 mL) was added Ag>COs (108.7 mg, 0.39 mmol)
at room temperature. After 1 h, the resulting mixture was filtered over a pad of Celite, and concentrated in
vacuo. The crude mixture was purified by silica gel column chromatography (hexane/AcOEt) to give 22 (40.5
mg, 85%) as a colorless oil. IR (Neat) 2936, 1610, 1511, 1119, 1014 cm™. '"H NMR (CDCl3, 400 MHz) §
1.34 (s, 3H), 1.52-1.74 (m, 6H), 2.88 (d, /= 14.5 Hz, 1H), 3.19 (d, J= 14.5 Hz, 1H), 3.47-3.76 (m, 6H), 7.16-
7.32 (m, 5H), 7.35-7.49 (m, 3H), 7.71-7.77 (m, 2H). '*C NMR (CDCls, 100 MHz) § 21.2, 24.5, 25.9, 42.0,
46.3 (brs), 48.0, 48.6, 126.8, 126.9, 128.4, 129.9, 131.1, 134.8, 136.5, 167.4, 174.3. One of the aromatic
peaks was overlapped. HRMS (ESI): m/z calculated for C23H230>N>Na [M+Na']: 387.2043, found: 387.2036.
[a]p 23 =-36.5 (¢ = 0.06, CHCl3). Rf 0.63 (hex:AcOEt = 1:2).

Synthesis of (5)-N-(2-benzyl-2-methyl-3-(piperidin-1-yl)propyl)benzamide (23)
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S NHCOPh NiCly*6H,0 NHCOPh
NaBH,
N ;. - N 4
Me Bn MeOH/THF, 0 °C Me Bn
19aa 23

To a solution of 19aa (50.0 mg, 0.13 mmol) and NiCl,*6H,0 (237.7 mg, 1.0 mmol) in MeOH/THF (1:1, 30
mL) was slowly added NaBH4 (112.5 mg, 3.0 mmol) over 10 min at 0 °C. After 15 min, the resulting mixture
was warmed to room temperature and concentrated in vacuo. To the residue was added CH>Cl,, and the
mixture was filtered over a pad of Celite. The filtrate was concentrated in vacuo, and the crude mixture was
purified by silica gel column chromatography (toluene/AcOEt) to give 23 (30.3 mg, 66%) as a colorless oil.
IR (Neat) 2932, 1658, 1523, 1288, 1100, 702 cm™. '"H NMR (CDCl3, 400 MHz) § 0.95 (s, 3H), 1.29-1.67
(m, 6H), 2.35-2.64 (m, 7H), 2.84 (d, J = 13.6 Hz, 1H), 3.30 (dd, J = 13.5, 3.9 Hz, 1H), 3.41 (dd, J = 13.5,
4.1, 1H), 7.10-7.16 (m, 2H), 7.18-7.32 (m, 3H), 7.39-7.51 (m, 3H), 7.83-7.89 (m, 2H), 9.28 (brs, 1H). 1*C
NMR (CDCl;, 100 MHz) 6 21.9, 23.6, 26.4, 37.7,44.5, 49.4, 57.4, 70.8, 126.3, 127.1, 128.0, 128.2, 130.5,
131.0,135.3,137.2, 167.4. HRMS (ESI): m/z calculated for C23H310N, [M+H"]: 351.2431, found: 351.2427.
[a]p B1=-2.1 (¢ =0.14, CHCl3). Rf 0.55 (hex:AcOEt = 1:2)

Synthesis of (5)-N-(2-benzyl-2-methyl-3-oxopropyl)benzamide (24)

S NHCOPh
1) MeOTf NHCOPh
NN, OHC%
v Bn 2) LIAIH(O1Bu), v Bn
19aa 24

To a solution of 19aa (50.0 mg, 0.13 mmol) in CH3CN (1.3 mL) was added MeOTf (42.7 mg, 0.26 mmol) at
0 °C. The resulting mixture was warmed to room temperature and stirred for 30 min. The solvent was removed
in vacuo, and THF (1.3 mL) was added. After cooling to —78 °C, LiAIH(O#Bu)z (1.0 M solution in THF, 0.33
mL, 0.33 mmol) was added, and then stirred for 1.5 h at the same temperature. The reaction was quenched
by the addition of silica gel (soaked with Et;O) and warmed to room temperature. After filtration and
evaporation, the crude mixture was purified by silica gel column chromatography (hexane/AcOEt) to give
24 (26.7 mg, 73%) as a colorless oil. IR (Neat) 3029, 2930, 1725, 1644, 1538, 1293, 702 cm™'. 'H NMR
(CDCls, 400 MHz) 5 1.16 (s, 3H), 2.88 (d, J = 13.7 Hz, 1H), 2.95 (d, /= 13.7 Hz, 1H), 3.57 (dd, J = 13.8,
5.9 Hz, 1H), 3.65 (dd, J=13.8, 6.8 Hz, 1H), 6.53 (brs, 1H), 7.13-7.17 (m, 2H), 7.22-7.34 (m, 3H), 7.38-7.43
(m, 2H), 7.45-7.52 (m, 1H), 7.64-7.70 (m, 2H), 9.62 (s, 1H). 3C NMR (CDCls, 100 MHz) § 17.7, 40.7, 43.3,
51.6,126.8,127.0,128.5,130.2, 131.5, 134.2, 135.5, 167.5, 206.0. One of the aromatic peaks was overlapped.
HRMS (ESI): m/z calculated for C1sH1002NNa [M+Na']: 304.1308, found: 304.1305. [a]p 22 =-17.1 (c =
0.05, CHCIL3). Rf 0.34 (hex:AcOEt = 1:2)
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2.6 H/D exchange experiments

S H Ph [Cp*®¥Co(CH3CN)3][SbFg, S H S NHCOPh

>\o CH,CO,D )Sg )S)

+ 7 +
H 0o MS13X, oDCB Me Bn Me Bn
40°C, 24 h

18a 16a recovered 18a 19aa

To a dried screw-capped vial equipped with a stirring bar were added 18a (52.3 mg, 0.20 mmol, 16a (16.3

mg, 0.10 mmol), [Cp*®"Co(CH3CN)3](SbF)2 (4.2 mg, 0.005 mmol, 5 mol %), MS13X (20 mg), 0-Cl,CsHa

(0.50 mL) and CH3CO:D (30.5 mg, 0.50 mmol) under argon atmosphere in a glove box. The vial was capped,

taken out of the glovebox, and the mixture was heated at 40 °C for 24 h with stirring. After the mixture was

cooled to room temperature, the obtained crude mixture was purified by silica gel column chromatography

(hexane/AcOE) to give recovered 18a (29.5 mg, 56% recovered) and 19aa (30.5 mg, 80%). The '"H NMR

analysis of 18a and 19aa indicated no D incorporation.

S  NHCOPh

no D incorporation
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Cp*BUCo(CHZCN)3][SbFgls

CH3CO,D
Q en Q o
MS13X, oDCB

40°C,24h

recovered 18a

To a dried screw-capped vial equipped with a stirring bar were added 18a (26.1 mg, 0.10 mmol),
[Cp*™®"Co(CH3CN)3](SbFs)2 (4.2 mg, 0.005 mmol, 5 mol %), MS13X (20 mg), 0-C.C¢Hs (0.50 mL) and
CH3CO:2D (30.5 mg, 0.50 mmol) under argon atmosphere in a glove box. The vial was capped, taken out of
the glovebox, and the mixture was heated at 40 °C for 24 h with stirring. After the mixture was cooled to
room temperature, the obtained crude mixture was purified by silica gel column chromatography
(hexane/AcOEt) to give recovered 18a (24.3 mg, 93%). The '"H NMR analysis of 18a indicated that deuterium

incorporation occurred in less than 5%.
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Determination of absolute configuration

S NHBz 1)conc. HCI NH, 225
120 to 130 °C [o]p “=° = +19.3
N _ HO,C
Q M Bn 2) DOWEX 50Wx8 ME /"Bn (S) configuration
3) NH3 aq.

19aa s4
To a pressure reaction tube were added 19aa (50.8 mg, 0.13 mmol) and conc. HCI (3 mL). The mixture was
heated at 120 °C for 40 h, and then at 135 °C for further 24 h with stirring. After evaporation, the residue
was dissolved in water, and loaded onto an ion-exchange column (DOWEX 50Wx8, successively washed
with MeOH, 2 M HCI, and water before use). The column was first washed with water, and then the product
was eluted with diluted aq. NH3 (ca. 1.5 M). After concentration, the residue was dissolved in water, and
washed with Et;O twice. Evaporation of the aqueous layer provided S1 as a colorless solid (11 mg, 43%). 'H
NMR (D20, 500 MHz) & 1.09 (s, 3H), 2.69 (d, /= 13.6 Hz, 1H), 2.77 (d, /= 12.8 Hz, 1H), 2.85 (d, J=13.6
Hz, 1H), 2.96 (d, J = 12.8 Hz, 1H), 7.09-7.13 (m, 2H), 7.16-7.21 (m, 1H), 7.22-7.26 (m, 2H). 3C NMR
(D-0/CD;0D, 125 MHz) § 22.5, 44.9, 47.5, 47.6, 128.4, 129.9, 131.5, 138.5, 183.2. [a]p **° = +19.3 (c =
0.23, H,0). The 'H and '*C NMR spectra were in agreement with those reported in the literature.”*!%?
Comparison of the observed specific rotation (+19.3) with the reported values (+17.8°” and +24.7'% for the
(S)-isomer) indicated the absolute configuration of S4 was (S). Accordingly, the absolute configuration of

19aa was determined to be ().
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A single crystal of 19ea suitable for X-ray crystallography was grown by slow vapor diffusion of pentane to
a solution of 19ea in CH>Cl,. The crystallographic information file (CIF) is available from CCDC (deposit
number: 1880679).

Table Crystal data and structure refinement for shelx trans_modified.

Compound 19ae

Identification code shelx_trans

Empirical formula C24H30N2OS

Formula weight 394.56

Temperature 1332) K

Wavelength 1.5418 A

Crystal system Orthorhombic

Space group P2:242

Unit cell dimensions a=10.0086(2) A o=90°.
b=23.3715(4) A B=190°.
c=9.2486(2) A v=90°.

Volume 2163.40(7) A3

V4 4

Density (calculated) 1.211 Mg/m3

Absorption coefficient 1.442 mm-1

F(000) 848

Crystal size 0.506 x 0.146 x 0.143 mm?3

Theta range for data collection 3.783 to 68.160°.

Index ranges -11<=h<=11, -28<=k<=28, -11<=I<=11

Reflections collected 22909

Independent reflections 3927 [R(int) = 0.0808]

Completeness to theta = 67.680° 99.3 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.0000 and 0.4975

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3927/0/255

Goodness-of-fit on F2 0.998

Final R indices [[>2sigma(])] R1=0.0491, wR2 =0.1399

R indices (all data) R1=0.0519, wR2 =0.1441

Absolute structure parameter 0.040(14)
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