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AIBN
t-AmOH
Ar
BINAP
BINOL
Bn

Boc

Bu
(BzO),
Cbz
cod

Cp
Cp*
Cp*

Cy
DCE
DFT
DG
DIBAL-H
DKIE
DME
DMF
DMSO
DPE-phos
EDG
Et
EtOH
EWG
FG
equiv
HFIP
Het
Hex
HMPA
i

Ind

acetyl

2,2’-azobis(isobutyronitrile)

tert-amyl alcohol

aryl or argon
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
1,1'-bi-2-naphthol

benzyl

t-butoxycarbonyl

butyl

benzoyl peroxide

benzyloxycarbonyl

1,5-cyclooctadiene

cyclopentadienyl
1,2,3,4,5-pentamethylcyclopentadienyl

1,3-di(ethoxycarbonyl)-2,4,5-trimethylcyclopentadienyl

cyclohexyl

1,2-dichloroethane

density functional theory
directing group
diisobutylaluminium hydride
deuterium kinetic isotope effect
1,2-dimethoxyethane
N,N-dimethylformamide
dimethyl sulfoxide
bis[2-(diphenylphosphino)phenyl] Ether
electron-donating group

ethyl

ethanol

electron-withdrawing group
functional group

equivalent
1,1,1,3,3,3-hexafluoro-2-propanol
hetero

hexyl

hexamethylphosphoric triamide
iso

indenyl



IEF integral equation formalism

KIE kinetic isotope effect

LG leaving group

Me methyl

MeOH methanol

MOM methoxymethyl

MOPS 3-(N-morpholino)propanesulfonic acid
MS molecular sieves, mass spectrum
n normal

NBS N-bromosuccinimide

NBP N-bromophtalimide

NMM 4-methylmorpholine

0 ortho

OMe methoxy

p para

PCM polarizable continuum model

PG protective groups

Ph phenyl

phen 1,10-phenanthroline

PPTS pyridinium p-toluenesulfonate
Piv pivaloyl

Pr propyl

pTsOH p-toluenesulfonic acid

rac racemic

RT room temparature

SgAr electrophilic aromatic substitution
SEGPHOS 5,5'-bis(diphenylphosphino)-4,4'-bi-1,3-benzodioxole
t tertiary

TBDPS tert-butyldiphenylsilyl

Tf trifluoromethanesulfonyl

TFE 2,2,2-trifluoroetanol

THF tetrahydrofuran

TIPS triisopropylsilyl

TLC thin-layer chromatography
TMEDA N,N,N',N'-tetramethylethylenediamine
TMS trimethylsilyl

Ts tosyl, p-toluenesulfonyl
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B A RS A2 W Te RNTEMERS 6 O 20 F BSOS, TERIE TIXE IR 22 LB DAY
RAREAREE LTE ), ABEBILFHICB W CIEFICEE RGO 1 > Th b, FFio, A
ST HICSEATIET B R FE — KFAE S ONLE BRI 72 BB AU SUS T A THSE M T T\ 5 43
Bch ol

[RFE—IKFHREG DG & 1 5 RN T, @mWR T, B LR r T AR 2 BEIEY) &
LTHETICHIMA SR Z N TE 5720, BEFMAORISE L GEFEEREZED TWD, FF
IZRUERATFANT a2 V= (CpMEi 2 AT 5 v T AXDFHEAER(Cp*Rh $58) XA S 1T
AFAHETH Y | IRF—AKBEABRMEINCB W TE WABEM 2~ 720 ., 28O IR0 H
HEnTHSE,

SEBR Zp ity & L, 2007 IR, =IH 51X, Cp*Rh SR L OWR{LAl & LT Cu(OAc),*H,0
ERAWD Z LT, BREFHEFEMRENET VX & DRFB—IKERE VI 28 5 BB G %
WELTHAE DY, 2 ORIEIE Cp*Rh #5 A2 il & U TRF—KFERA B IRIEEOSICHWZIX
COTORTHY, ROL I REENRBINTND, T, ZEFHRN 0 Uy MIENM L, RFE
—IKFBREGEYINrT 5 L RFFCTER O XA 7 VRREZIEAR L, N7 L3 2 2R - AT
HZET, LERRIIA I NERRT D, £O%, BIUOBRBESETT 52 L THIET A V7
~ U UBEEMELND EHEE LTV D,

R2——=——R3 (0.9 equiv) R ' Me
1 mol % [Cp*RhCly], o3 | Meﬁ'\"e
1 5 mol % Cu(OAc),*H,0 X + Me Me
R OH ~ R Lo
DMF, 120 °C, 2 h ° C'Z
under air |
° o [CP*RACI,,
up to 96%
~ _ (1)
2
Rh RZ—=——R3 =
R O —— R Rh—Cp*
o]
0o o

7, FWSOT T, 727 UABT AT VHERERIGH L LTHWESAIC S, RE—KEHE
TEMAL &R D T A = MEOSSEITT 5 2 & 28 LT A 2P, SR & LTk, %
BEN T DY MIEL L, RE—ARBEREE LT 2 L RIC TR Z %A 7 L PREZ TRk
L. 727 UABT AT RN - AL, CEBRu XA 2 V%2R T 5, Kikic, B-KEBBEN
HWEATT 2 2 L TENENIET D =17 2 U REEEENELND &0 S FBNIRE Sh T 5,



P 4 (2.2 equiv 4
CO,R* (2.2 equiv) CozR Me

1 mol % [Cp*RhCl,], Me
R14@(OH 5 mol % Cu(OAc)*H,0
o-xylene, 120 °C, 10 h : 771

o under air '
C02R4 " [Cp*RhCly];
up to 76%
= (2)
COZR“

CO,R*
R Rh—-Cp* —

o] COOH

o]
002R4

F 72, 2008 I Fagnou & (%, [Cp*RhCL], $fifkds X UMb Eam @ o bl & L CHERRER (D)
Cu(OAc)*H,0, 1 T4 L ERIE AgSbFs #IINT 522 LT, 7 b7 =V RFEERENTT L ¥ &
DR F— K FERE TR &7 D B LA [32] B LSO % i L 72(3X 3, condition A)Y, = uLidh F 4
P Cp*Rh $ERZ il & U CHW RO TOFITH 5, Z O TIE 120 °C O FEiRINES: 4¢foﬂ.3
THA R=ABIOE e — LFHEERNEWVIERTELNTEBY , RICHEEE LTI T X )1
WARTWD, Bk T[Cp*RhCL ], 575 11 F 4 L MEGRtE AgSbFe & Kt L. TEMFECTH 5 H F 4
PR YT AR AR T D, RICTE RN T =Y RODANELAALER DT AL, rY Y
LN RF—IKFRE G YIS 5 L RIRFZ 6 BB XA 7 L ETER, D% T V% o MBENCFA L,
IR ITCHI B A R T LA o R — VBB AR T D, — &L Sz e ¥ 7 Al Cu(OAc),*H,0
WXk oTRibSh =flior o0 AR FAT L, S HIHELIE, 2010 Fioo B FA e v L
(IIT) & 14 ([Cp*Rh(MeCN)s][SbFelo) #8 L N iF e fb Al & L TR T OmEL M5 & BibH o
Cu(OAc)*H,0 % 20 mol %, IGREZE 60 °C £ TR F S TH LTI 5 2 & 2 L72(GU
3, condition B)[S]O

condition A

2.5 mol % [Cp*RhCl,],
10 mol % AgSbFg

H R? 210 mol % Cu(OAc),*H,0 R?
1 tAmOH, 120 °C, 1 h
| S
N condition B N
Ac R® 5 mol % [Cp*Rh(MeCN);][SbFgl, Ac
20 mol % Cu(OAc)y*H,0
(1.1 equiv) ynder O, (1 atm) condition A/ 62-83% 3)
{AmOH, 60 °C, 16 h condition B / 7-90%
Cp* R2
y 3
N Rh ©® o — ps N R
|
E :[ Rh
N)\Me l}l Cp*
H Ac




T H DOFERRRY AR S LR [Cp*RhCL, S5 A il & U CHW o RFB—KFEEE BRI LSUGIE
PRRINTIAE Y . BEDRBHEIZ 200 A2 X 2 MEN 2SN TV D (Figure 1), LLARRGL,
% < DAL ER SN TV D — 7T, Cp*Rh(IIDEERD W OO REFREN H - 72, T
bbb, OFEiRE LA ONSGEELELE L TWDH Z &, OME K ONARAERENZ L 2
&L @FEEBEAFANR SN TNWD Z D 3 ANET LN,

250
Me
200 _—Meﬁ/Me
|
Me Rh Me
Cl él
150 —F———— 5
[Cp*RhCI;],

100

50

Figure 1. Number of publications for Cp*Rh(IlI)-catalyzed C-H functionalization (including cationic
Rh, SciFinder, 2019/12/25)

D3 EOMBEITK LT, WL O0DifZE 7 V—7 L, Effiz i L7- Cp*Rh $5A % fiffit & LT
Ansd 2 &, OfBEMEOM EIZE) L6, O 7-ALE & OSSR E 72 BOG O LY
AL FIRPED ] BT L7 B3 HE ST & TV D, BARE, (&8 Cp*Rh(LI)RiE 2 Fv 7o fr 38 —
KEFEA B RERALEUSIZ W TR 5,



B Cp Rh il A2 2 R — K FEREA B RERM LS
Cp*Rh filftix, BIELRBIAS ANWSLNAENT B TH L — T, W OPOMENRH 5 Z &
R, __%L?ﬁﬁ WL DDDOHFFE Y V—T7 1%, Cp BN ICEHIL A E A L 72 &4 Cp*Rh 5K %
W5 & B 7 fibiEbERE R 21T 2 5 2 & 285 LTV D (Figure 2)° 2 b ok 1x, mik L7z
I, REL 3 DEKITHTHZENTED, T720b, OMBGEMEDM ., @QENIfrEs
FONIREPED R E, ORI EICaET 52 nTE S, LT, 3218biFtEne

NORFEIZ SNV TR D,

Rh
cl aj

[CP*RACI,]; (R = Me)
[CpC®F3RhCI,]; (R = CF3)
[Cp*BYRNCI,], (R = tBu)
[Cp*®YRhCl,], (R = Cy)
[cp(CF3)2ArRhc|2]2

[R = 3,5-(CF3)CgHa]
Rovis (2011, 2015)
[Cp*P"RhCL,]; (R = Ph)
Wang (2015)

[RhCI(cod)],/

Me
Meﬁph
Ph\Q/Ph Me Ph
Rh
Cl 2
Ph Ph Clj

2
[Cp*PM2RhCl,],
Rovis (2014)

0

Satoh, Miura (2008)

[RhCI(cod)]Z/

d\L

tBu tBu
[CP®YRAKCI,],
.Rh Comlmboeuf, Cramer (2014)
Cl élj
5 iPr
[Cp'RICI,], Rh
Rovis (2011) Cl*
(Julzi 1998) Cl

[Cp™'RNCI,],
Rovis (2014)

Ph

Rh Ph
cl Clj
2
[Cp®YPM2RKCI,],
Rovis (2017)
Me

Me Me
Me Me

Me Rh Me
cl Clj
2

[Ind*RhCl,],
Rovis (2017)

[CPRNCI;],

Wen, Zhang (2018)

Me
EtOZC@/COZEt
Me Me

R3
Rh .Rh
e C"dj et
2 2 2
[CPERNKCI,], [Cp”RhCl,], [IndRhCl,],

Tanaka, Shibata (2011) Tanaka, Shibata (2017) Tanaka, Shibata (2018)

Figure 2. structure of modified Cp*Rh(III) complexes.



@ 1&ffi Cp U H > K& WG om

2008 fEICHERE, =W OITY Y FAT AT B REEERENET L& 0 &L ORI » 7Y 708,
TATE RO C-H AU &> THEITL, ZeTrHEfkisigons L2 _RHLTWS, &t
BRETO T, [Cp*RhCL], Z AWV 7HA1E, 150 COERSEM T THL BNOZ 0 € UFERIT 6% D
IZIZHE & > 7= DIZxF LT, [RhCl(cod),] & 1,2,3,4-tetraphenyl-1,3-cyclopentadiene (CsH,Phy) % LA 5 4
DL, METDEEME 8% DR THOLND Z L ERELTWHEHT, ZOKIETIE, K&
RETT T T z=Avyardvmray AOSESERL, TBEIER L 720 RS
T35 LBRENTNWD, BEREN L2, IRINAIZNZZ20NGEC RN 7=y 7 a X gy
T U(CsH3Phy) o X 7 == b7 m R H VU 2 (CsHPh) Z N L7235 B ISR ME 5 2
EMIBREINTEY . CsHPhy ZRI L725E 1IN m E LBl & LT, Cp SR EICE I
SRBZE RN = S VNS R A L EL T D720 LR RT VWD,

[RhCI(cod)], / CsH,Phy o)

| | Cu(OAc)*H,0 (2 equiv) Ph
H +
o-xylene, 150 °C, 2-4 h | Ph (4)
OH Ph o

under N,

88%

F2EEEIC, TR, SO IXEEOMEEOMAEDEEZHNT, M) 7 2=/ A X ) — LEFER
ENET LR L DRIT, C-HFES & C-CHAD 2 a2t L, bt b7 7% L U aFEE)y
KEIEONDZEZHEL THHEESHE

oh Ph Ph [RhClI(cod)], / CsHoPhy Ph
Cu(OAc)*H,0 (1 equiv) Ph
on | 9
o-xylene, 170 °C, 4 h Ph 6]
Ph
H under N, Ph

99%

2015 4E1Z Rovis 513, Cp*Eifir 7O A FARD 1 5% R U 7 m A F LRI B LT Cp™ Fifr
T ARV ap—REIFIA X DL 1,12 BT L7 v & OFLIIBRLG 2 S LT\ 5, AR
[ SIRE AT 2 — =2 7 2l L Cp*™ AT X Y b BT 2 — =2 7 % ffi L7z Cp ™ BT
DFBEDEERERE LTINS 2 EE2RLTN5E6)Y,

OPiv 5 mol % Rh (1ll) Me. N f Me
Me._N | J\/\ 200 mol % CaOAc I/\L //COzMe MegR
L Me CO;Me HFIP,60°C,16h e X\ I Me Me
Me '
Me | CprCF3: R =CF, (6)
' CpBY: R=1Bu

Cp°F3Rh(0OAc), 99%
Cp*Rh(OAc), 81%
Cp*BYRh(OAc),  91%

F72. Rovis HIZT =Y —LiFEKE TNV A T ILFX Ak LT, EFARE Cplr A EH &
FHIET, 7=V =L ED C(sp’)-H & A MFT D C(sp’)-H DU Z L, ‘ST 527 0 X U3

9



BANELND I EEWRE LTS, Cp REOETEEL TT YV RefllAhibtdZ & T,
WRBL HMESD Z IR LTEY, A MU EZEMILE Lz C-H BRERALSUE 2 2% L
72 (X DL

5 mol % [CpXIrCly] .

OMe 12 mol % DMSO ;
/@: CsOAd (3.0 equiv) L F4C Me CF,
FsC H  Me,Si(OAc), (1.0 equiv) o ;
Cu(OAc), (0.25 equiv) P Me Me
* FsC ZnBu |

p-Xylene, 85 °C, 24 h,

F nBu under O, (1 atm) nBu F [Cp**"RACl]
Z | )
nBu [Cp*IrClo], 57%
QP @ [Cp*AIrCly), 69%
) 00,0s [Co™AIrClyl, 2 75%

Cp*RhCI t
L1 CsOAd [Cp™RhClal race

@ L1 was used instead of DMSO.

F7o. CH L7 0 AMERINIELN DT AT AL, 77 UNAMBZ AT ILVRATF L e EDE
RE72 TN i3 < OV HALTW 23, 2018 4R121E Wen, Zhang HIZ K> T, B EERT V7 v
& DR C-H A L 7 o ARG E A LT 5 (8!, AfE Tld, &5 CFH% A E72[CpRhL,],
3 L O[Cp “™RICL], $5fk73, Bt =/, =F I FARLOREICHATES 2 L2 RH LTV,
[Cp*RhCL], D% VI 2 6 DOE A R[Cp RhCL], AW HAIZIE, C-HEAEOUINBE L Un &
YA TN EAEE ST DT T, AV 7 4 OFAREREZ T 5 &l TW\5,

Me

5 mol % [Cp*RhCl,], ' Me CF;
Cu(OAc),*H,0 (1.1 equiv) , : Rh
oyt = NP : Gt
©)LN(’P”2 7" "OAC TrF 80 °C, 12 h 2 Cl
under air / OAc : 2

| [Cp*°F°RNCly], ®)
[Cp*RhCly], 21% (E/IZ=13:1) .
[Cp*°F3RhCLl,  81% (EIZ=14:1) |
[CpRhly], 86% (E/Z=10:1) Rh
[CpRhl],

T, Rovis B, N-E "B A A%y b7 2 RE 4 RFIRE L THESICATATRERR
TEARR T L v & O 7 [4+1BAL R &2 S LT 5 (R 9, RIS T, 77 UEL
2% LT Rh(IDfBEIZ L0 . 72U D UBROEHEE., Uk BRI K DBRAR E AT D LR
AFHD 12-8 R R T "ERDLZETHICTHER Y DUFEEREHF TS, filliio =21
—V T EATo BRI, BT EE A Cp*Rh, BT 2 —=2 7% i L7= Cp“ Rh (2T, &
FTARZEZ Ind*Rh Z# WD L en U O VRS ARNINER <A LITN DA, FEIC W TIEH 5 M
T2 o TR,

10



2.5 mol % [Rh],
10 mol % 082CO3 Ts
. TfOH (2 equiv) I
A~ ~Me  + Ts-NHOPiv  _N ,
. HFIP (0.1 M), 22 °C QA :
(1.3 equiv)

[Cp*RhCl,], 15%
[Cp**F3RNCll,  40%
[Cp*PP"RhCI,], 17%
[Cp*P'RhCl,], 10%
[Ind*RhCl,], 66%

[Ind*RhCIz] 9)

— 7. BAFIEETIT 2011 4FIC, MBI LIZEFREIETH D= P DR =VHEN 2 DE
S NT-BN A2 AT 50 Y0 AMDREECP Rh i 2 VW5 28T, 7=V RENTTLF &
D[3+2]E% mﬁm TEWTEIMICA R 2\ E S5 Z LIk L TWb, T2, [Cp*RhCL],

% N3 iﬂﬁ#é%/%~w%%%@ﬂéﬁ%%f%é® 12t LCL 7 %%Em&maﬂ
%mwfﬁm%ﬁot ZiE, HIEPICBWCHINT DA v R— Vs, 1ZIEEENICE D

mé’kﬂ&ibﬂ\éﬁ 1)1, BOGHER A B LB R & LT, EFRE CpERhﬁﬂaiz;t%ﬁHu\zh
LT VEFAERYEFEFRAET L OBRVMEAEAETTEY SREFHIRAZVEPMEESND T2
R —IKFHREG OUBBEBE NI SN D E B X TWD, Z0d, FiRF B L OER ¢@M$%M

mﬁkbf%wégkwf%éioLkok&%zfmé T, REHEHFEAORAEDOH T, &

FARRIRIRF—KBREE LB LT, ETEERKRZ —KBHEEOHINEINE LT W &5
ICLTW5D,
2.5-5 mol % [CpERNCI,], COR'
COR" R®  10-20 mol % AgSbFg N
P NH . | | 20-40 mol % Cu(OAc),*H,0 R? _{_ ~| P
Rz_'_ |]: acetone, RT, 16-72 h RN
TSy R4 under air R
up to >99%
R? (10)
| | (I;OR1

L 4 ~ _N. E
wuxp s rETUT R VR
|_'| Cp “1:\ - .0 R _e: |
. ®,,o @RN SN R
O:/< CpE R4

WHFFER TIL, ZOMRELZZE L LU CTHAEE TIZ, xR E~DREICHRII L TW\b, 2014 4
i, EFAIE Cp Rh it 2 VT, KR A R MR S TR T I a—)L ENERT L
OB v 7 ) o ZRISb#E L TR Y, =i - ZRFEHKTORMARENE T T Y 7 ak 5
ERNEWILRTE S 7= 1),

11



2.5-5 mol % [CpERNCI,],

5
H RS  10-20 mol % AgSbFg R
R 20-40 mol % Cu(OAc),*H,0 R
on + || - R
X, acetone, RT, 72 h O (11)
R?2 R R4 under air AT
up to 96%

2015 FE121E, B R Cp'Rh filtlit, 7 F A4 L MEERIE AgSbF 177E . iR OE(LF 2 A5 =
LT, TR N =V FFEERO AN MMLRE — KBRS OUIWAET L, IBVIET v o L ot
(T N = AR ER, KA T CTHEITT 52 & 2HAE L T0naEt 1), RSHEIC oW T 55
IToTER Y | BHKFEHE R FENLEZNE(DKIE)DMIE S X 0 REE-IK A 0BT By P73 s By
B L CWAZ EEALMITHE & HIT, £ DKIE 2> 5 SpAr #RER I CIRFE-S B A DO F
PR & R FKFHREA OUIBAEIT L CWAFARESERE W EZH LM LTS, 2B, ARG
T[Cp*RhCL], ZEA & 7=8E121X. HIOT V7 = UABRIZE G570,

R'] E R1
2.5 mol % [CpERNCI,],
O)\NH 12.5 mol % AgSbFg O)\NH
) 20 mol % Cu(OAc),*H,0 2 5
R + /\RS > R xR
acetone, RT, 16 h
R3 (1.1 equiv) under air R3 (12)
R R*
up to 85%

RS = alkyl, Ph, CO,Me

Flz. ZOBEHIT VT = AL Z 8t & T B B EAH)(+)-fusarochromanone O fEi {4 Ak~ i
FIZHREE LT B 1), @S THE NTEFAT I ) Za~ /) b= d X3 Y
Y OBALII T~ 7Y IR ER, KA T CRMICEITL, BROD v 7Y U 7R EENETEHE 2T
W5 IRIECTIRIFEEI CH DT X 7 7 a~ 7 Ui BRRIE 30%, 7 X 7 703 — /i BRI 31%
C(+)-fusarochromanone DAL A R LT 5, F 7=, fusarochromanone DIEFKIAA L Z HHLEFIZ
SEIEREETCORBLT VT =k FEm L, N-T8FAT I/ ra~v /) v ERETE N =
U RESHEREBIRIELZHT 2T NV v EOBALIT Vo = )AL EITT 5 2 & bHIH T LTz,

12



NH O
2.5 mol % [CpERNCL,], 0
Me 12.5 mol % AgSbFg Ac.
0" e “ 20 mol % Cu(OAC),*H50 o>L NH NH O
- =
0 acetone, RT, 16 h
>¥ under air Me
o N 0" Me
NANF 78%, 99% ee (13)
NH, O NH, O
HO_ -~
Me
o Me

(+)-fusarochromanone
48%, 97% ee (2 steps)

2016 5121, 1-B7 Y ULV 2B DL Po~T aBREN A E AV, B A E CpRh flit
FAET CIRIRT Vs & RO SET5GE6, BILr 7T UV ERSDEITT 5 2 L 23E LT 5 (R
1M A RRIRYE (T v =k vs T U UE) 1220 T HEBREIT, B EORNHE, B X
YT N ARAE DR XA 7 VDKW XY A 7 0D flexibility (T2 L, #5FRAIZ B-K 3R DB
DOACEEIRYE, T2 bR ERMEICTF LG L TNDH EER L TND,

Het cat. [CpERNCl,], Het
o X" R ot CuOAHo0 < x" /R6
\)\Rs acetone, 40 °C, 16 h - R® (14)
R R4 under air R? R4
R3 R3
up to 95%
F LRI, BB L OT 7 U VIR ER & T L3 o & OFREIIBRAL IS A3 IR &

40@\kﬁ¢*#Tf@ﬁL\ﬁm¢54/avJ/$%mmmwm¢vﬁgmé LEMELT
W5 (15 Kﬁmi ZHCEFEE RN Y m— FRERT D70, WED Cpt & 7 fil

RS & [FIERIZ BT ER LB R Cp R $EAfREE L DMAADEIC LY | RUSTEMES
thkkﬁzghéo
2.5 mol % [CpERCI,],
, 12.5mol % AgNTf, o
o R 520 mol % Cu(OAc),*H,0 R
o (20 mol % NaOAc) J (¢}
RIE fLOH + RE [ (15)
S 3 (CH,CI), or acetone RN R2
=~ H R RT-40 °C, 24-72 h R3
(1.1 equiv) under air
up to 99%

2018 fEITIE, WRFEME 1 55+ L WNERT VX 0 2 90 F & OELEIR 221 B LSS ST L, L iEH#
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FTIHVFEEERFOEND ZEEREL TV D, 10RO Cp*a WG E I e R RO R
FICEIRINELE (160°C) BAUETH 573, T OILEITH LT Cp Rh(UDIEZ 1EI S5 &
PeR R HAT. BRbA 2 Al & F IR T, SR 5 80 CTRISHEIT L, 774 L UiFERn
BonsdZ xR LEGE16)M,
2.5 mol % [CpERhCI,], R2(R3)
H R2 10 mol % AgOAc R3(R?)
R1 10 mol % CU(OAC)Q‘H2O 1
oH + || - R (16)
PhCI or toluene R2(R3)
o) R3 RT-80°C,24-92h R3(R?)
under O,
(0.6 equiv) up to 98%

F72, 2019 FEITITT 7 VLT R RFEREE T REB L ONVE B ERELRT V7 Vi8R L O
Lroh > 7V v 7RO EHE LT E P, ARG, BER O 1 LA~ AR 80 C)
T, KIGBEIT L, Y= I FFEREBVIETHL Z LN TE S, o, ERATOmE LR
FlE L THWDZ & T, bR EREU EXEETE - 7= BRI 2 il & £ TR 5 Z L Icbkzh L
TW5, F£72. DKIE EBROFEENS, B AL Cp*Rh $5A % V5 Z & TRE A A Z LR
RESND72D, X CDHO C—HFHEEUIWBEREZIE L T b LT 5,

R 1-5 mol % [CPERNCI,], R
| 4-20 mol % AgOAc {

R? 0 . SRS 4-10 mol % Cu(OAc)p*H0 RZ»N o
o . 5
RN (CH,Cl), ,80 °C, under air RS Ny R (17)

R* R*
R', R? = alkyl/alkyl, R5 = EWG, up to 84%
alkyl/H, H/H aryl, alkyl

BT T, WHFEREZT Tl o 7 v —712BW0 T HEFAE[Cp " RhCL], EA AV B D
£ 912725 T&ETW5H, Zhou, Li blE, BERTEZNLEY =TT AX L E2WET =V K
FERICKT LT NV RISDORTH D, BEFALE [Cp'RhCL],. T A RS AgSbF /77E T, fillit
BEOBLAIZ WD Z & THTNBRILUGEIT L, #I5T 5 3481 > R— A iBEEknEsn
HZERRELTWAHEI, k. UhF AU YT AXMIDEEA(Cp*Rh(MeCN);][SbFs],) %
WA, 60 COMBSRENRLETH D,
2.5 mol % [CPERNCI,],

o/\/\ 10 mol % AgSbFg
20 mol % Cu(OAc),*H,0

Ph

acetone, 20 °C, 15 h

Ph (18)
NHAc under air

> LS

70%

2018 4|21, Mascarenas, Gulias B 2-7 /L7 =)L ) )7 = RENET /LF L L DOMEIT, &
A2 RU VHEEROERUZHKL) LT D ABRUE T, Cp*Rh ARBHIRINERICE £ > 72 DIZx LT
BT Cp"Rh filliE 2 V5 Z & T, @WIETHIMOERA > R VFEERES TN D, HEK
JEHERE L L CiE, KA LT 4 D (sp)C-H FEADIRMEN S | XM 1,5-KFBEE LS TN
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Rh BEI 2R CTHEITT 5 & ZEZ LTV AR 192,

Ns 2.5 mol % [CpERNCI,],
“NH RZ  0.25 mol % Cu(OAc),*H,0
H,0 (5 equiv)

| toluene, 80 °C, 16 h

(19)

up to 89%

Vb X oz, FICE RS IMEEILZEA L& Cp Rh il 2 FV 5 2 & T, €3k Cp*Rh
filit 2 W= G512 T, C-H #A 00N 2T 2 Z & T, u XA 7 VPR OAE R %2 H D
%R0, RULAIDOFEABERE D= RV X —[FREA T 570 EOMANEOLNTE TS, ZOREER,
Cp*Rh(II) & V2 & ETHAT, IR RISEAETEIT L, X0 ®mWINERTHO AR 1315 5 i
Do FTBal, BAYLER TS S E A E[Cp RhCL], fBEAHIIR S 47z 2 & T, Kix 7245
BT N—TH o TE D75 IR OGBS & OB &P O R A TR E D,
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@EffiCp V > REHWTALE R L ONLARERMED [
& Cp*Rh(IDfiliE 2 = & & D 2 S H 0K E LT NLE L ONAREIR M o [\ B2 pkzh LT
WAHHERIN D D, LTS, sz~ 5%

Rovis B 2011 FFIZ, 727 U AT I REFFERICK LT, O F A M RhSERIAE T, W L%
v LR EA & U THEREER(ID) Cu(OAc),"H,0 #2555 NWTIRISESED &, Iy 7Y IS
TL, BV FUBEERPEOND Z L 2MELTVAGE 202, ZofEoh T, Ly K&
Y RTHD 13-di-tert-7 F )N 7 a X H T =) (CpHiE, TV OFFAEBREIZ ISV T Cp*a
AL bEVMIERIRE A oo T 2 L2 LTS,

o)
o Ph 5 mol % [Rh] M
Ve + || Cu(OAc),*nH,0 (2.1 equiv) | N V€
-Me -
N o
ﬁH DCE, 80 °C Zph (Me)
Me (Ph) (20)

Cp*Rh(MeCN)3(SbFg), 90% (rs = 6:1)
Cp'Rh(MeCN)5(SbFg),  86% (rs = 14:1)

F7- . F U< Rovis HIX 2015 I N-T2ax o _Xo X7 I RENENiGE—B®T V7 2%t LT,
{EAF[CpRIhCL], ZEH & B7-L 2 A, 4 (MORIIZARERILOGNEI T LY KA VX /U )

VB EARZ SO EE DD Cp*Rh $5KZ WG G 12N TEWLEIRIN SN TE 5 2 & 2
LTWABGE 2D, F72, BHEWZ L1, B okl HicT7 iy o Eifitoy o
AR R LTHEITIE, Cp'iE 3 u@?ﬁﬂﬁ ZHETT L, WO EEIRMEZ T2 e LTV 5D,
O 1 mol % [Cp*RNCl] O ;tB” ‘@ Bu
N/OPiV Cu(OAc),*nH,0 (228 equiv) NH
+ =N > , Rh
H 7 "CaHir MeoH, 23 °C .l Clj
L ; 2 1)
17 1 [CpRnCl,l,

[CP*RhCL],  90% (rs = 2.4:1)
[CPRhCL,  92% (rs = 15:1)

F 72 2014 41T Cramer 51X, N-7 2B F R X7 2 RiFR L 2T L U FER & OBRLI[4+2]
BALBUSIZBWT, 7 a T U LnMEER Lz Cp BN+ 249 5 1 ¥ v ADEAR(Cp™YRh) % fiftfi
ELTHWD Z & T, Cp*Rh $51KX° Cp'Rh (KA filfil & U CHWZIGE & g LT, W7 [E SR
PEEELRLTHEZDZ EE2RELTHADE 220, FEEOIT, FANCEY H LY 7 B i
P T MFXTVIINRNIEEDNREEIZL > TIOL ) RBRMEEZ G425 EBLE LTS,
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o 5 mol % (0]
[CP*Rh(OBz),]
N,OBOC + 2> ph >~ NH -, NH
H EtOH, RT
Ph
Ph (22)
@ [Cp*Rh(0Bz),] 92% (rs = 88:12)
[Cp'Rh(OBz),] 16% (rs = 50:50)
cp® [CP®YRh(OBz),]  53% (rs = 4:96)

F72, 2014 FZ Rovis B, N—=oFF 7 XA I REBTRET VT o & ORAININER
FISIZBWT, E@m iso-7 1 EVIENEA SN Cp B +2 AT 5 1 2w A(DEEACP Rh) %
fifft & U CHWS & Cp*Rh $5{A<° CpRh $&5AZ il & L CHWHA LR L TEWY T AT L
TBFPENIEBLT 5 2 L 2 LT aE 230 Z o ISIZE VT, Cp*Rh $5ACRTR D Cp'Rh
PEREZHWTHIZE ALY T AT UABIPER BRI LW 2 E ARG STV D,

5 mol % [Cp*RhCl,],

o)
o)
Ph.__O. CsOAc (2.0 equi @
N v Pcoe 22AC20equv) ~CO,Et !
2 o Ph - 1 A-Rh
TFE, 21°C crn
o Z Cl

Yield / dr (trans:cis) :

(26)

[c:p'F’thC|2]2
[CP*RhCly],  63% (dr = 2:1)

[CP'RhClyl,  22% (dr = 1:1)

[CPP'RNCL,], 79% (dr = 12:1)

2018 21, [FIEEIZ Rovis HIZL - T, AR L7ZHETHDL N—= /) F T 7 XA I REELR
T VA K LT, EAf Cp*Rh(II) Z V3T D 2 & Ty cis B8 X W trans BEHRMIC Y 7 v 7 a Xy
RIS HEITT 2 Z &2 R LT 5K 24)P7,

5 mol % @/Pr
iPr|
[CP™'RNCL], \COZEt a
CsOAcC (2 equiv) Cl élj
e) TFE, 23 °C trans 5

Ar O. up to >20:1 dr : P
\W N + 2 Ewe P ! [CPP'RNhC,l,
(24)
0 5 mol %

[Cp*cthCIZ]Z )VCO2Et ﬁ
NaOAc (2 equiv) ' Rh
TFE, 23 °C cis ; 'é|
33-88% . 2
upto>1:20dr
[Cp*®YRhCl,],

X Bz, < i Rovis B, RAEEOFRZIZHH L TT U ATV a— L8k a2 EH SE 52 & T,
/7XTVﬁ@ﬁm&/7n7nA/Mﬁm#L TT5ZEEWMELTHDHEE 255 ﬁm@/Y
AT UVABIRMEIL, T U AT a— L OEWISHEIZ D . 7204 X REROBRE T 2 ki
THERSNDFREENSAELT S EHEHIL T D,
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OH O HO

R O 2 R_R  5mol % [Cp**F3RhCl,],
7‘/ N . LR KOPiv (2.0 equiv) RjA ﬁ
R o .
TFE, O C, 16 h R : j (25)

44-95% | [Cp*°F3RnCl,l,
>20:1 d.r.

F72. Rovis HI1E 2017 FiZ, N-7 3B F o R_RUORT I Ry r7uaraXr o7 A7 LA ER
7e s > 7V v RO E WA LT 5 26007, flix ofEfliz i LY 7 RE A CTRata17-
T A AT HEATFNA T =VEMLf-(Ind*) &2 T 5 Rh(IDSEAR Z il & L-CHW D & BT
FEEIVEWC T AT LRI THIIW 2152 Z IR LTV 5, BRI ORI, v
JuaraXr ORI EF D% OB ARMEOmEIRMEICHEE L, BE Lo Na A VEEZIT tert-T7
MY NV R= VI L A T = VENL F-(Ind*) & DSIARKFIZ L » TEWY T AT L A TRIRPE R FE
Bld o LBLELTWD,

0
0 1 mol % [CP*RhCl,],
N’OPiV . y 0.25 mol % CsOPiv - NI::H
H Ph" Me MeOH (0.1 M), 23°C, 18 h S
H T Ph
Mé
Me Me Me Me (26)
=" Me‘“ﬂe [CP*RhCl], 63% (dr = 6.3:1)
Me Me [Cp'RNhCL,], 82% (dr = 5.0:1)
*bisCF3Ar o, - .
T Ind™* [Cp RhCl,], 80% (dr =7.0:1)
8&55@#{\(‘ ?R = 3,5-CF4CqHs [Cp*BUYRNCI,], 64% (dr = 8.8:1)
: ’ * 0 = .
Cp*®U: R = 18U [Ind*RhCl,], 90% (dr = 15.2:1)

F 72, 2018 4FIZ1Z Perkalin HIZ K- T, tert-7 T NT BT L G DOR2+HININBRILE G LD &
f% L 72 Rh(IIDEEIA[(CsHa(1Bu),CH,Bu)RhCl, ], % filfiil & L CH =452 Biiid L 7= Rovis B O
LT, mWIER B BAPEREEN 20:1 22 2B ALESIRETEIMD G LD Z & 2is
LTWBE 27, F7-, GLEYE FaAg Vx ) arDn Ot MR E R R HE
Al LTiEEEZ R LTS,

2 mol %
O [(Cst(tBU)ZCHztBU)RhC|2]2

25 mol % CsOAc
N,OBoc + A R é/
N MeOH, 20 °C , (27)

! &
70-97% 5 [(CsH(tBu),CH,tBU)RNCI,],
rs.=>2011 .

NS DRSO ERIRVEIL, T v EHBIL L BT Foe Suf LB LU0 IE0n Y 7
VAT =N By REOSNMAEK I L S TT A OFADRIINIREINS EHTEL TS
(3 28),
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=X

R A\AR/::z

favored disfavored

Fo, EREEEA~DICHE WS BAEDG 2019 F2IXT7 7 A F—DR AMZEHTD Patman 512 K-
T N-TYRFIRUOXATIRE | [REOTaX HBAEBEREELZ LT, 4-AFLEBHRIE R
aA VXY UHEERNEVLERIRETH LN Z EERE L T0AER 29)PY, R, B
I EBARYEIC N Z T, 3mmol A7 —/LCOT 7Y r—a VEMRICEKSI L TE Y, EHELEK
WZRWTHUEZR 7 u VG~ 5 & RBURER N 7 0 2B ~OICHZ G S D LR~ T

W5,
OBn O X mol % [CpXRhC|2]2 OBn O OBn O
-OPiv base (2 equiv)
N NH NH
H + Me/\ > +
solvent, 23-40 °C M
(1 atm balloon) e

F F Me F (29)

1.0 mol % [Cp*RhClyl, / MeOH 11% (rs = 1.3:1)
1.0 mol % [Cp'RhCl,], / MeOH 5% (rs = >20:1)
2.5 mol % [Cp'RhClyl, / TFE  68% (rs = 11:1)

UEDEX I, BCOIEWVERILETHD Bu &2 EALZ[CpRhCL], ZHW 5 & HVE &l
W CONARI) 72 ) FEIZ LV | [Cp*RhCly], (2 TN - E 3 L ONZRERE DS R BL T 5 Z & 23
HBENTWD, BEEEGOHE LT, Cp' 2lict b L, Efais 2 DEA L& E iy b E
WABSITWRNIDOHET EDRE EOENEETH Y | Z OFEPLERPUE 2 3 3 5B,
HE L RISHIDOM D AR—=ZIZ AV ATy Z & T, BNIAERREDBI L TNWD B2 615,
W E R R O R BUZ DWW TR RSN LV, MR EZEAER TN Z & TR0
PR ORSREBRARIC DT N D LB X DD,
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@& Cp*Rh(II) & FH N b s R v oo )

&R Cp*Rh il 2 F - & & OFF# D 3 oA & LT AR ED [\ BB 55, (&4 Cp*Rh
filfit 2 N5 Z & T, Cp*Rh fillii A F 2 & & L3RRS OS2 789 2 L1, RS T
EWGHEZ HE T L CEHEERT —~ W25, LLaensb, ZiaEs L fEplEdERwic
fRSILTN S,

Rovis HIFRNHR L7ZBY N-m ) 23 7 Z LA I REBFARL 2 BEHNELT V7 2%k L CER % i
L=V hF A M Cp*Rh 5K 20T D 2 & T, 7 m 7 a AL EST L2+ 1B ik & v
RT L AED 2 DZ1ED 5310 5 Z L ATEEN LT 5 (K 30)P2, %ﬁ@@ﬁi#ﬁ’i%fum}
Ny vt axy ) —/W(TFE)Z AW 8aI12iE, 7 a7 a N AbEMZ 5 2 7-012xf LT,
MeOH &Mt | (&6 Cp RhIISERZ it & U CIERH S E 2 &, HART 2 ALRIGNEITT 5, £
7o, a7 a U AUEORIZA R T o 7= Cp'Pr <2 Cp' & AW T2 HA12 X, MeOH AL H T2z EE
PENTZD . ROSEMEN &< TV 5,

[1((3) XRrﬂzéH CN)3](SbFg) O CO,Me
\H/ p 3CN)s 6)2 2

= CO,Et
CsOAc (2.0 equiv) h)WCOZM Ph%“\ 2

MeOH, RT, 16 h NPhth
then stirred in toluene (0.2 M) 30
then stire CO,Et (30)
MeO,C._~ * 9
&P coe
Cp™r 0% 0%
Cp*®BY  72% 12%

F7-. Chang 5D I N—TTIE, N-ToaF IR XTI R oA 7 v EORIGIZEWT,
Cp Rh fili it 2 R4 2% = LI ;D ﬂﬁ#éwﬂitimmﬁMEm%®zo®¢© FHZEE
wELTnD, BRmic B2V RTHDH Cp*ORh 5 L4218 LIk % 5.2 5 D
lZxk LT, @%Tﬁﬁ)ﬁ/bfhéqﬁm%ﬁ%%wék B RGIEHREOEEIZL Y | B
H72 T VR BBENINHEST L 72 [4H1BRLIR S BN D Z L 2 mE LT b 3Dy,

FNENOFERE ML L U THWE KIE EBRE1T - 72 85A121%, Cp*@Rh 1% C-H fE A O I A
HTH oDk LT, Cp'Rh 1E, C-H FEAOUIWAEM TN L35 TW5, Cp'Rh
filb it 2 N2 G828V T SRTHIBERT O PR 2 X BRiE i EfTic LV RETE TR Y., &
TR N ER CH D L HEI L T D, F7o. ZOfBRIRMIERT Cp V > Rov V0 A%
DA ABPEIZER L TWD EEXTEY . SRR ERIZZIUT EZEN W BTN D,
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Oy

. Me
OPi | MeﬁR
P v '
N 4 mol % [Cp*RhCly], Q Me o NH : Me Me
H 20 mol % CsOAc N . o CIBh\zZ
N CH4CN, RT-60 °C P/ PR )—Me: cl

Me . 2
o 0 Ph Cp*: R=Me
Me :  Cp¥: R Cy
Me Me O
_ [Cp*RhCl,], 73% 22% EtozC COzEt
Ph 4 [Cp*®YRNCl,], <1% 73%
[CPERNCI,], 89% 7% ; 77[
[CpERthh

—J7, WHFEETIE, BT Cp'Rh i, o F A4 VEERE AgNTE {778 T, fillii & OfR{LAl %
m“%:&f%ﬁ\kﬂT*#LkWT\Tf%T%)k&—A%@7W%/i*F&@%kmg
BSOS EIT L, Ry A v Fa VR ERR VIR TR LD Z & & R LT 5(032)R,
Frad & Z & & LT, RIS TICp*RhCL], 2B SETZHEICIE, BRON Y A v Fr v
FEMRICINZ T, BRI HEIT LA v R iFE R L E 5 < Ao T, BT A2 Cp'Rh
iz WD Z & THID CER TE DG TH B,

10 mol % [CPERNCI,], CO.R®

R2 40 mol % AgSbFg
R1@ H + | | 20 mol % Cu(OAc),*H,0
N

CH,ClI, / acetone = 1:1, RT

(32)
Ac CO,R® 72 h, under air

(3 equiv)

up to 71%

2019 FEICIE, EERE LB ENAATH VA 2 RBEICH WS Z & T, Bk L2228 bR
T :tte< 7»9?/@ FAE OB E Lo T2 2412+ BRALBUS AT T 5 Z L A R L=, Bl
T D 2+2021BR bR & OIBIRVEICOWTIEL, VA DA ONEETERS L OT AN DR Y
U LEEROBEITTHIMBEOR Z VT S Lo TRIT D EZEX TS, S HIT, 1ERETITEGMNR
WHEEZRAMEERT NI 7 V=T 7 Z LU DOEMICHRIILTEY | GEFR2G A R bahbE
T 5 (K 33))

5 mol % [CPERNCI,],
H Ar—e=e 20 mol % AgOAc |
” @i . : 10 mol % Cu(OAQ)Hz0 . {I\
COzH Ar—— fj?]gé?zla)izrﬁo_so © T/ Ar (33)
Ar

up to 61%

PLED X 9z, ROENTZMET N—T12 LT, DEOERGINDNRE I TWDN, SR
% (& fifi CpXRh(HI)ﬁEﬁ% ko Tary ha— L LTWAHNIWETZIEFITD 720N, Rovis DR TlE
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EHIEO SRR 72 FITIN 2T IS8T D8RO ENEN OSSR 2 BT 5 ECTEET
H5HZ D, £, Chang DL TIE, SRR EL Y § Cp B EOE THIEREE DS Ui
RELFE L TWD LR TWND, 2D X1, (bPEIEZ G2 BT, HERZ & L LT
KRB L OVE TI07d08 % 1| DOMBER TITV., 22 OREICHBECE 5 Cp*Rh il & W C
RARAN e DO MEE 2 B9 5 Z & T, HHRKCOBRSREICET B DD, BEL OFHR
TG AT LT, EBMAES il 2 O CRISEIREZ o> o —u4 5 2 Lid, ARk
2 EEES T D—DOThDHEVNZD,
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fifee —

B AR OMES JOH

MR T, B FA AT Y MO E RNV Y AT EF LY E T AR UBEAT AL D
R2HIBE = RIERISIZ LV D5 2 D AT ATk L, ke Yy A& =4 /) — L
60 CTMATHZ LT, 200 hF T IR NETERINZETF ALY 700 FPT=)L
B Yy AUDEER ([Cp"RhCLL) 233D 2 & A LT 534,

3 Me  5mol % (PPr)sSi RhClgenH,0 Me— L0 Co,Et
Si(iPr)s [Rh(cod),]BF, | (1 equiv) 7§$§f
‘ « Me COEt — "' , EtO,C Me
I 1,4-dioxane, 40 °C EtOH, 60 °C cRh (34)
COEt 161 Et0,C Me 16 h Cl C
80% (E/1Z = 3:1) [CPERNCI,], / 88%

ZOFEEEBIETIE, YUV T RO U A EIZ T2 O SRS EIT T2 2 & T
[CP"RhCL], $5ABZF NS LB X TS, T, HEOBEELZ L2135, Wilko= % /—Liin
U LTEANL L, B BKEDLBEIZ X > TRHPCR(II)-E FY RRERAERKRT D, KIZ, BOSRTIC
FAELIEBRIZE > T U AT AR OBLY Y AR EIT L, 74 02% LT Rh(Il)-& KU RFEA
MMT5ZE2E0, YUV AFUVUENR A TFIVIEICEBR SN, 2 OO AT VN EBTH2 7
0 H DT BERN RSN EEZTNDEN 35), R L2k HiC, Z DE A E[Cp"RhCLy],
PR 2 -V TL BEEIRUG DR # IS L OE 2 28T AR S OB A =R L TV 5,

RhCl3*H>0 [Rh]-O

TN »—Me [Rh]—H
EtOH H —MeCHO

HCI

Si

(35)
| Me CO,Et Me

Me CO,Et
EtO,C  Me ElO,C  Me

Rh

Fio. BB INRETNIA T ) =TT DB TTHISETE I O W T OMmET A 1T -
el A, FaxDOEBEEZRT XY TARUFERETIZA VT 7 —/VEFEERIZH LT, EtOH
W . RhClyenH,0 & OEITCHIBEIERL AT 9 Z &2 L o T, B A T = VRN G TE 5
AR LTV E36)P,

O

J

H™°R® R RhClgsnH,0
.- . 3" 3
R2 pyrroridine (1.1 equiv) / (1 equiv) R R R (36)

B ———
i MeOH or CH,Cl, ’ R*  EtoH, 80 °C C|F/{h\zZ

reflux, then HCI Cl
R! n

ZDOBRRUT=A T = BERORBLE 27 = U K & T 0% 2 DOBR2IEALE G DRI B TR
LR, 7B R T7=U RE -7 2= —-1-7F 0 EDORISITBWT, A 7 = LS 2 it &
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L CTHWS Z & T[Cp RhCL], il & Vo & & L R TEWINEZ R Lz, ZHUdA T =Lk

DEWAZENELE, A VT =V 7 =7 MK DENL RGO E D EONERDT=HTH D
LEZTWAHE3T),

Ph 2.5 mol % [IndRhCl,],

NHA 10-20 mol % AgSbFy Ac 5 ‘
c | | 20 mol % Cu(OAc),*H,0 N | EtO,C Me
R - )—ph | BOLCT g (37)
e CHaClz 40°C, 16 : i) ]f
under O, Me 2
(1.1 equiv) up to 84% [IndRhCl,],

Flo, mALICA MR VEEFTAHT =) R T 2= AT EF LU EDRIBICH L, 4 VT =L
PEARZ L U CHWD Z & TREROABE LV b @V E SR EE 5 272, ZhUE, A T =Rl
N ED 1AL E 2NDONAREREEDZEIZ LD . BIRENFELL T D LB L TV AR 38),

‘ OMe

-
EtO,C Rn O
I\/ZL

2

2.5 mol % [IndRhl,], Ac Ph
Ph  10-20 mol % AgSbFg |

Ph
MeO N — (38)
MeO NHAc 20 mol % Cu(OAc),*H,0 mph * MeO N-Ac
+ 1 -
\©/ [ CH,Cl, 40 °C, 16 h

pPh  under O, Ph

major minor

up to 93% yield
up to 92:8

2017 21X, v v A E AW -4 v v /e el T U7 R T I REOZF LD
AR 2 1 o 7o [2 2 T SINBRAL B & D5 < =Hifbr 7 A L OBITLHISEHATERIZ L D . R Z B

TN AERT DY 7 v o= rn Py AMD[Cp " RhWIMBEERNEKR TED Z L 2HEL
TV 395,

1 R' R®
— g2 10mol % R RhCl3:nH,0

|
[Rh(cod),]BF4/segphos R s (1 equiv) zmkw
* (CH,CI),, 40 °C, 16 h z - N'R EtOH, 60 °C o Rh ° (39)
o ~H,C=CH, R2 g Rt 16h CI77Z
.R3 2
[ [CPARNCI,],

ZOFH Cp"RAIIEEERIL, XU XT =V REWNET LT v & OB21BRALIE 230 T v il
EEZR L, BROZERA  R—VFEERPNEL L GLN T D 40P Rz v 73
R EOBRFORER, N-7 = =V IV RE A JVENL 2B A LTIZGAIC, RO ERAR LT, EAL
PEDBENT F 2 HOWEHGEICOIERER BN E LT Z L b BB QR - O ik H
e ST=72, SOSAIE L7z L HEE LT 5D,
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2.5 mol % [Cp”RhCl,],

H R2 10 mol % AgSbFg Ph Ph 'TI
o . - N
AL | Rercionene s oSSR Ny e
N” acetone, RT, 16-40 h N ; o R o} (40)
Ac R3 Ac : c;|77Z
' 2
(1.1 equiv) up to 99% [CPARNCL,],

F7-. Cp"ROIIAEAFIE T, R X7 I RIFFRE TV v L OB L7 ¢ ALBIGH BAT
AT T2 2 &2 A LTV AEN4DPY, Ko, CpBR EICA bR U ARV EEHTHE AL
Cp"Rh(II)fMflE 2 V5 &, BWIEMEZ R L, AF LU0 @B T V7 O X ) I st DR T L
AR LT, A EOSBIBACHIGFIE T, BREBIbAl & 3 DML CRICDETTT 5 2
EERRAM LT, A=A LEORER, C-H #EG OUIREREONMEHZ T T < FE & AR Old
AP 2 HIE L, T v v O & AR OfRBEZRE L TV D EHEE L TV 5,

R 1-5 mol % [Cp RhCl,], R COoMe H
! 4-20 mol % AgSbFg | ' N.
r2N~ 0 AT 20 mol % Cu(OAckH,0  R2N~© e : O oh Ph
+ R ' Rh o 41
H 5 . RE Cl (41)
R (CH,Cl),, 60-80 °C N , ¢
R® under air R® RS 5
R* R%®=Me or H ; [CP*RhCl,],

Cp"Rh(IIfMEDOF] S & LT, Cp BREBI O 7 2 R EOBHIBEANES TH 580
HIF bbb, Cp B EOBEHILIT, 1,601 L ORMOBHILIZHK L, XUF 2 7 I N EOEH
HiIvrzue7avVrore b7 RFERICHKXT D, 60 OB A 5 ([RHE D T 6E
THY DA T ) —= TR D 2 E NSNS, ORFGE S L— 73 & Cp*Rh(IID)
W EBEOR 2 RS LT 20, o) =— a3 30 E 7207 < 1 DOfER TEER e
TAT TV —REENTE D ZOAIE, it e LW D BRICRFERIICHE 2 T 5 8 CHEH 7
BTG~ BETEZ D% ZO TWD, £, RERZEATLHIZ LIZE ST, HFi#lxo v
Cp Rh(IIf A pl 5 L OVR A C-H BREFALIUG ~DISH b #IfF S 2,

ZOXIREENS, EHIIZOUF Y NT R REMLE A L& Cp Rh filflii 2 VT, 4%
TORER TIEZR LSRR o T BRI OB Z B L, a2 & & L, ZUDIT N-
TIRFIARUATIRBEOT ZIAT I RENET VXU L DRINICBW TR 21T/ &
A, L RE LI Lossen B507 & [3R2IBRIGES N HEIT L2 ZEHLA » R—/L, B u—/L§
EREFAEBDE L THEZD Z LN LI 42), sElRREHI DWW TEHE TR TR 5,
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0 5 Ph Me
o OMe
opi R%2 2.5 mol % [Cp"RhCl,], ~ 5” g N.
2 N-OPV 30 mol % CsOPiv N 10 Ph Me
E TN RE [ ot o
S MeOH, RT, 16 h N : CI'C'IJZ
R3  under air R2 5
formal Lossen rearrangement/ A
[3+2] annulation cascade - [CP"RNCL;],
(42)
O
I
e ,Ql\ _OPiv
RN
k\\:i/' = R3
R2

F2, BRZED T FIT, N7 vafioango—IL ENET L Tk L CER Cp*Rh(II)
it ER STz & 2 A, HD 55888 BH2IBRILIRITBIAI S N2> T b DD JEARY7R Lossen
WAL D, 78 R AT LT v =T e FERICEWZ FARD E LT 252 L 2H
O LT, £, DEBWEBREEZE LN T VX2 AN E 2 A, 55-MER[BRERLA %
FEMME LTHEZ DD oTc, ZOHBLNTT VT =A~T a5HRB LD 55-ME8R[3+2]
BRALRITREZARRERC C AT RIER EICHHRE#ICEE L, 7 7aiic b EHA R TH
%o EHIZ2RREHZ DWW TR —FE TR 5 (5N 43),

Ar
formal Lossen rearrangement/ Cl)OzR
oxidative alkenylation NH Y Ar “Ph
o (R%,R3 = compact group) | ! CI,R/’h o
, |j
| JL N-OPV 7 R? c

Z-T

2
H R3 | [Cp”RhCL,],
H —1  modified CpARh(lIl) catalyst . [Ar=3,5-(CF3),CgH3] (43)
* COR COo,Me Me
2_— R3 : N
formal Lossen rearrangement/ % Rh (0]
oxidative [3+2] annulation R3 Cl dj
(R?,R® = bulky group) ! 2

[CP"RhCI,],

EHIC, A F—VBLOE R — LA VRF T 2 R ETFATK LT, Ef Cp Rh(II)fik i %
TEH &% 2 & T Lossen $5A7 i & [BR2)BRALIG AT LTI T Y — Vi8R 255 2 L 2 HIY
ELTHFIEIT- 72, ZOREE. Lossen | T#EITH T, © 7 Y — VFEIRIIGES Z LT TS Zen
ST, fEffi Cp*Rh(III) & Cp*Rh & DHLERIC K 2 EHEE R 2 MGE LTz, SRR REHERIC VT
135 = FE Tl 5 (K 44),
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(0]
Y N)J\N,OPIV
— H
H

+

R R2

[CP"RKCL,],

Cp*Rh'"" catalyst
"no rearrangement”
"C-H clevage is not rate-limiting"

0
/~N” "NH

Cp”3 and Cp”? (R? = H)
CpAB (RZ = H)

Rh'" catalysts (this work)
"no significant rate
enhancement but improved
regioselectivity (R2 = H)"

[CP*3RhCL,],: R® = Ph, R* = NHPh
[CPA?RhCl,],: R® = Ph, R* = NMe,
[Cp"8RhCL,],: R® = Me, R* = NMe,
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R2

(44)

Me
EtOzc\QCOZEt
Me M
R
&7
2
[CpERACI,],
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B Cp*RhIID I Z WV N-T o e F L _RUXT7 I RBLXOT 7 U AT 2 RERNET IV
X & O Lossen Ba(7 & #8179~ 2 WL AI[3-H2 1B L SO

2
]

o —fii

ERRFEZEZLA~T OROBELE LT, xR G RECEIIGE ANVEN BT £ TICE2HHE
ENTVWDN, FERERXG T OBEITIID D TUIISFREDRR LW ORUETH 7o, THITH
LC, ITFECIIERSRBALZ A\ C-H #E 08l & ki< C-N #EE& DOFRKRIC L 5 AT
ERHRESNTEY, MEOFEFNEH (L2 MLEE LR WAHRFIEE L TURAICHE M T Ty
%=y

Z 0 BARH 2 L LT, R, =S 1-DM Fagnou(X 1-2 B X QMo BFZE 7 0 — 713 %8 35
GRSy FELMEE U THOW-ERREEKGSE RS LT 5D,

2 mol % [Cp*RhCl,],

N 8 mol % CsH,Ph, N
\ Cu(OACc)*H,0 (1 equiv) )
+ Ph—————~Ph > N (1_1)
N DMF, 80 °C, 4 h —

Ph Ph

1 equiv 1 equiv 86%

INOOFET ETEREGHB Y ZEIMMESE LT C-HEANDLDO Y7 v A 2 UL EITT 5,
ZDh, TIAX U OMARIGETHIBEEZRED 2 & T, CNEAZER LN S, HOBEHRREZ
2%, Z0OL X BTN X > TAE LS RUDREEE Rh(IfREE~ & FAET 5720, b Eim
BEOIEEELA] Cu(OAc), - H)O B EThH o7z, T ORI LT, 2010 422 Fagnou bk, ¥'7%
F A M VT AMDEER(Cp*Rh(MeCN);][SbF],) 3 L OVFER (LAl & L CER P OfRFEZ VD =
L CHEREHA(IN Z 20 mol %, KSR A 60 °C % TR S W T b MISNHEITT 5 = L 28k L=k
122 )Y, Zo%#E LI KIGERGED T, Sl v R—UFEERIT TR, =3 RFEEERS
DB3+2BALRIE T L2 LB e v — LB b IER L T 5,

Fagnou group's conditions

2.5 mol % [Cp*RhClyl,
Cu(OAc),*H,0 (2.1 equiv) R3

H R®  £AmOH, 120 °C, 16 h
R2~©[ . || under Ar =2 - (12)
N’H Improved reaction conditions N
| 1 R4 5 mol % [Cp*Rh(MeCN);][SbFg], \ 1
COR 20 mol % Cu(OAC),*H,0 COR
t-AmOH, 60 °C, 16 h up to 90% yield

under O,

1.1 equiv

D OWEZRE L LT, Cp*RUIDIE, EREEMICB W THHRMBTH D 2 L3bir D |
ERHNCIRE ST, BUEE TITA v F— AP f v Yo Bl v % ) AR — p BT
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REOIFE I ERBHRBAMIEPFHFE SN TS, 72720, T LK TIL, C-H K& DR LIREE
DAL Z B[ L, Rh il 2 55423 2 72 DI LRI S W T o T2, T DOfRIZE L LT, Fagnou
51X Hartwig 5 23588 L2 BVEIZE 05 N-O & 2 W EAl & L CTHWA > R— V&I
HL7ZGE 13, KGofe LT, REPICHE L N-O A LSOl S, SN LA

DARBNZI D Z ERET o5,
H
N
@E%Me

1 mol % Pd(dba),
Cs,CO3 (1 equiv)

(1-3)

_OA
N OAC
|
Me toluene, 150 °C, 24 h

Ph Ph

ZOHELE S LIZ, Fagnou B35 FHNIZ N-O fia ZMAA AT, WEER LAl LM AL & L
Tt Fo X9 AREHERE redox neutral 72 B & L CTHW=, TOMBOREE., WET/LE L &0
[A-R2]BRAL S S HZHEA L, T D4 VX /7 U UFEERBIERI GO Z L 2®RE L
(R 1-4, BPL BHEWZ L2, ZOBRMEEZHWERES, v Yy Ml A BAT D OIS ER
S TAEBAV TN I BL 22 v o Ty F7-. 2011 AEICIE, B S LT oA VAR ET L Z LI
L0, RIBTICCRIGDEITT 22 L b WE L TR Y, ISEIFo R bl L OE A #PE o ik
RIZHHEM L TWBHE 14, T F7-, REST L U2 TR, RITAF 07 VT v &K
JEAIE LTCHBAMEETH S 2 & b THEL TV S,

(0]
_OMe
R ”
H
(0]

R? 2.5 mol % [Cp*RhCl,],

CsOAc (0.3 equiv)
MeOH, 60 °C, 16 h

N o

R3  under air
- ﬁ; -
:o\\ b 7 -
Sy - R2
R? 0.5 mol % [Cp*RhCl,], R
N,OPiv + | | CsOAc (2 equiv) R = alkyl, aryl, H
R’ H MeOH, RT, 16 h
H R3 under air

—H T, ZTON-TaFT_XURT I RFERISR LT, @iREM: £ 723 M2 &4 Cp*Rh #
KAt L U CE &85 Z & T, Lossen B\ &2 & T Ar— RGNS TT 5 2 ENEE ST

W5,

ZOFHID1->E LT, Li,Wang (X, N7 v BFXF T RXUXTI RERHT LR ELTTLFH=

WWIRAT 4V ANT 4 REFix O Cp*Rh $5EZEH S5 &, Cp*Rh 2 HW 723540

ZIE. 4218

mﬁmhﬁﬁbt4/%/J//%ém%zim%&bfﬁxéw CRILT. 5 OoODAFLEEDH

t 1 2% Ph %EiZ
< [342]

& X 8 % 72 [Cp*™ " RhCL,], 8514 % FAV =45
%mﬁm#@ﬁbt&ﬁﬁ4/k—wm%%%ﬁzé_&%ﬁ%bfw5@n5W£

TiE. IR 23 6 Lossen H5\7 & 0D
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Me

0 o) o) ;
opiy 5 mol % [Cp*RhCl], YOMe ; MeﬁPh
N~ CsOAc (2 equiv) NH N | Me Ve
H

H - + Bh . Rh
MeOH/TFE, 40 °C b Y, . cCl Clj
+ = Ph,P=g |
S !
Fh—="FP": [CP*RhCl],  93% (rs = 3.2:1) 5%
[Cp*P'RACL,], 63% (rs = 6.8:1) 35%

—J7, FFim Cik 7= | FEHOFRMEECIIMBAICRB LI X F T FEEF LR
T U ADESAR [Cp*RhCL], & AW 2 RFKFHEA OBEREMESIS 28 L v s, o7& b
T=U RERNET A F L OBILEB3R2]BRLRE (1> F—/LE k) 1280 TICp*RhCL], 1,
[Cp*RhCL], & b_T, =IRH, K& T ORI 54 CRIGDEITT 5,

INLOWMEEEZD &, IR LER-5)D KL 9 72, Bl ER % i L 7-[Cp* "RhCL,], &4
WIS E THIRVERIRMEZR DS & SAEFBIREN BB L -2 LD HHIC Cp R EB LY
Z2 b7 X R EONARIE JOE FRIBREE & B HDE A DMT 2 D166 Cp*Rh $EKA il & L-CH
WAL, £ D ENTALTFRIMETHBID Lossen #5007 & [3H21BRILEUG A HEST L 7= LA o R—/L
FHEARNEOEND DO TRV E BB LT,

ZOEBOT, EHIIZORUKX Y NT 2 RN EA L4 Cp*RhIESARE VT, N-7 &
X I AN_RUXTIRBLRTZUAT I RERTHT VR & ODELFE BWTHF 21T > 72(3 1-6),

0 OMe | \
A opy 2 2.5mol % [Cp*RhCl], 5” ; oﬁ}("‘m
7 ]I\)LN v 30 mol % CsOPiv N : Ph o
H

R1'f— = R1‘f_ | R3 E Rh
Sy | MeOH, RT, 16 h “‘~:~,Q . c Clj
R3  under air k2 >
: A
formal Lossen rearrangement/ ' [CP™RhCI,],
[3+2] annulation cascade (1—6)
(0]
Il
\_OPiv
’ R1_,';'/ | “[Rh]
k\‘::, = R3
RZ
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F7o. EH O ORI LOEFTTIC, Feng Hid. N7 F I _U X7 2 FiFEKE 2 o077
VENEBR LT T NAANE T VR K LT, Cp*Rh(IIZ1EH S5 &, Lossen Hnfif & o5
< 7a R ALBHEIT LT A = VERBRICEM A 525 2 L2 RELThBaE DB s o
FOGTHWTWONET VF %27 v RINHAKBICEESHZ ZEETIL, XU XT I REDRMT
[A2)BRALPOEEITT 2 2 &b 7 v REHEOE FRGMPEICERT 2505 & Wk D,

O._OMe
O F F 2 mol % [Cp*RhCl,], Y
OPiv 30 mol % CsOPiv NH
N~ + = Ph > (1-7)
H By MeOH, RT, 12 h = Ph
Bu F F

92%

EBIT, I Dai HICES>TTZ7 VAT RFEKRE DT VA F A2 F—LIiZx LT,
Cp*RUIIEEEZEASHH L, AT BAF AL Rt on v FEENELNE 2 L 2WiEL
TWBHE -8, A =X AEBROFER., HARAFBADLIHET LT D, BRI Lossen fiz7
ERDHZET, MIETAERMEEZDEBEZ LTS,

H
. N, N | Me Me
, 2.5 mol % [Cp*RhCl,], N HN |
N N CH,;CN, —20 °C, 5 h 0 o (1-8)
H I\/Ie n N
Me Me
72% Not obtained
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BH OSSR ORES

BRGSO 2D D12 T= > T, H—F THW &R Cp*Rh(IINE4{A % Figure 1-1 (2787,

R2 [CPA'RACL,], [R! = Ph, R2, R® = <(CH,),-]

R1
, [CP”?RhCl,], (R' = Ph, RZ = R® = Me)
o R R [Cp*3RhCL,], (R' = Ph, RZ = Ph, R® = H)
Rh O [CP**RhCL,]5(R" = Ph, R2 = Bn, R® = H)
Cl’élgZ [CP”°RhCL,], (R' = Ph, RZ = RS = H)
5 [CPACRhCI,]5(R" = 3,5-Me,CgHs, R? = R® = Me)

[CPARhCL,], [CPA"RhCL,]; [R! = 3,5-(CF3),CeH3, R% = R® = Me]

Ph

COzEt
EtOZC Ph
h Rh
Clj cl cnj cr |j
2

2 2

[CpERNCL,], [Cp®PM?RhCL],  [Cp*P"2RhCI,], (R! = R2 = Ph)
[Cp*P"RhCl,], (R'=Ph, R? = Me)

Figure 1-1. Structures of modified Cp*Rh(III) complexes.

F— T, B L < BA%E L7z Cp*Rh(IIEEIA[Cp*°RhCl,], 38 L TNCp*RhCL], 1%, LARTIZ S AFFEE N
W L FEPE nic Al L2 19), £, L6V A 1lab Ly /7oy F o7 h7 R
K 2a & DA F A M RADABEZ X D202+ 1EBRILEINIC L D . R T DL EH 7 /LX 3aa, 3ba
AR, OB, BEH T LYY A2 ) — )L 60 CIZTC 16 FERMET 5 = L1
XV, %G5 Cp*Rh(IIEER[Cp *RhCLL], 3 L O[Cp ' RhCL ], & BIF /2R TH-, 2 b DOHH
Cp Rh(IIEEIRZ 5D T, GO 4 Bith Lz,

10 mol % 1
0 [Rh(cod),]BF,/ R
—
S — R Me segphos
o + N~ o —  Me
o pt | e DCM/DCE, 40 °C N
16-40 h g2 d Me
1a (R" = 3,5-Me,CgH3) 2a (R® =R* = Me) 3aa/34%
1b [R" = 3,5-(CF3)CgHy] (1.1 equiv) 3ba/ 85%!"2
(1-9)
RhClz+nH,O | EtOH
<O O (1equiv) | 60°C, 16 h
O PPh2 R1 |Y|e
0 PPh, o N,
{ O [CPASRNCl,], / 45% rR2 [ ©
o [CPARACl,l, / 71% o Rn
segphos Cl

2

FP. N-ERB AR XT I Rda)b V7 ==L 7EF L (Sa)llxt LT, LLAT Fagnou 512 X
S THE INTERHZSEITL T, Cp*RWIDEHEADR DV IZ, 2 007 2=k vn ) V=17

35



3 NEBALZ AT 5 [Cp ' RhCL], Z W THiET 21T o 72, MatofE . Lossen #a07 & #¢ < [3+2]BR{LX
ISHELT L= 2 @A v R—)L 6aa & FAEFRM & L TH X [ARIBLEISPET LA VX /U )
¥ Taa ZRINGETH 2, HJE LWL FERIRER B L 208 b ROGHEIT 35 Z L b o T
(Table 1-1, entry 1), ZEH#aA > K—/L 6aa DIEZH ESE L7200, HEDAT )V —=2 7 %47
STAER, CsOPiv Z W e & Z 12 b mWIEE T H Y % 5 2 7= (entry 2), LB Z & 12, CsOPiv
DEZP ST L 6aa/Taa DRI L L2y, FUSEAEERITARTT U (entries 3—6), 0.3 4 &3 R 72
B\ THDHZ &N T (entry 3),

WIZ, CpBRDA v b T 2 REMLOMFH([Cp** RhCly],, entries 7-10) 21T - 72 fEH, NN- A
FIT 2 RN EFFO[CpMRhCLL, VD & i 2 S @A > K—/L 6aa MM b \WILR T
Bohni(entry 7)., £72. Cp R EDOT U — VILIZB L TR 21T o T2 R, 3,5-Me,CeH 23N E 2 L 72
[Cp**RhCL], Z AV 5 & | 6aa/Taa DELENBE T L7z (entry 11), FEF A EEHILTH 5 3,5-(CF3),CeHs
ZIE A L7Z[CpYRhCL], 1T EHA > R—)L 6aa D% 5 2 7278, UG LRITIRVMEICRE £ - 72
(entry 12), 2T, 6aa/Taa DILZFNE - 72 entry 5 3 L Wentry 12 Tl il &% 20 mol% [Rh,]
F CHI°T L 6aa/Taa DL T L7720, entry 7 & imscfh & L7,

F 7o WEICHE ST E Cp RhIDESAIZEI L C b Fili S T it 217 - 7= (entrie 13-17),
ZORER, CpBREZT XU HNVARNVEFENT T = =V TEBT S & Cp*Rh(IINEE A Z
A X0 b, 6aa/7aa O ELERIIHIN L7= A3 (entry 13—16), [Cp™*RhClL], & IV 7= entry 7 DOFE R % #
25 DTIERNoT=, EBIT, 22007 == )VIHEAT 5V 7 o~ Ui fEeR Lz "B Cp
SRR HIRW IR L OUCRICE £~ 72720 (entry 17), Cp B EDT U — /LI 1T TRV F U b
7 2 REALOFIE D S A > F—/L 6aa DA RET D= OICEE L EZ N5,

BRI, 2R T CORIGHRMEND T T T o T2 GE 1R, WERDOIR T 232 b i(entry 18).,
Cu(l)DEALAN ZUINT 5 Z L12 L0, IZFRSGEOIEE THWE T (entry 19), 7 /L3 HITK
ISEATO T2 EITIE, N-T oo _RUXT 2 Rda BEbAlE L THERT 52 & T, ZE#A( v

R—=n%b272EB25 2 L0nT&5, BRMITIE., EohMEEIC X v 4 U7z Cp*Rh(I)2 N-O #i
BTN E 7 b AR A 2 b A8 D Z L T Cp"RhAINFAET 5 L RIFHZ R X7 2 R
B R D0 WEROBPBRAONIZEZEZBND, 6T, T/T o PICBW TR EinE O
bAIZ RN % 2 & T, BRHITo 72356 L R L CREREOREE G272 L2 n | BITHI
Bl & 0 4 Uz Cp*Rh(DFES 22K DEEFEIC X - THER{L &4 C CpRh(IIN) 23 AL 3 2 fl e i i 23
TT5Z L HTEBLTND,
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Table 1-1. Optimization of reaction conditions.™

(@]
o] Ph 2.5 mol % [Rhy] }—OMe Q
_OPiv | | Base (0-2 equiv) N NH
N + +
| H MeOH, RT, 16 h @Ph A
H Ph under air
Ph Ph
4a 5a 6aa 7aa
(1.1 equiv)
Entry [Rh,] Base (equiv) Yield [%]™
6aa Taa

1 [Cp*'RhCL,], CsOAc (2) 45 18
2 [Cp*'RhCL,], CsOPiv (2) 57 23
3 [Cp™*'RhCL], CsOPiv (0.3) 66 23
4 [Cp*'RhCL,], CsOPiv (0.2) 49 26
5 [Cp*'RhCL,], CsOPiv (0.1) 28 (57 0 (21
6 [CpAthCIZ]z none 0 0
7 [Cp**RhCl,], CsOPiv (0.3) 78 20
8 [Cp™RhCL], CsOPiv (0.3) 71 16
9 [Cp™*RhCL,], CsOPiv (0.3) 40 29
10 [Cp*RhCL,], CsOPiv (0.3) 56 40
11 [Cp"°RhCL,], CsOPiv (0.3) 70 22
12 [Cp*"RhCL,], CsOPiv (0.3) 39 (621 0 (12!
131 [Cp*RhCl,], CsOPiv (0.3) 0 74
14 [Cp"RhCl,], CsOPiv (0.3) 50 25
15 [Cp*™™RhCl,], CsOPiv (0.3) 16 82
16 [Cp*™RhCl,], CsOPiv (0.3) 31 49
17 [Cp© ™ RhCL,], CsOPiv (0.3) 29 52
18L [Cp™RhCL,], CsOPiv (0.3) 44 11
19tefl [Cp™RhCL,], CsOPiv (0.3) 70 28

[a] [Rh;] (0.0025 mmol), base (0.030-0.20 mmol), 1a (0.10 mmol), 2a (0.11 mmol), and solvent (0.5 mL) were used. [b] Isolated

yield. [c] [Rh,] (0.0050 mmol) was used. [d] At 60 °C. [e] Under Ar. [f] Cu(OAc),*H,O (0.21 mmol) was added.

Ph Me
==
Ph Me R2
_Rh Rh
cIy, j crg, J
2

R R2  [CPATRNCIy], [R! = Ph, RZ, R® = -(CH,),-]
N , [CP”?RhCl,], (R' = Ph, R = R® = Me)
o R R® [CpA3RhCly], (R' = Ph, R? = Ph, R® = H) 2
Rh o) [CpA4Rhc|2]2(R1 = Ph, R2 = Bn, R3 = H) [CprPhZRhC|2]2 [Cp*PhZRhC|2]2
CI’C'|77Z [CPAPRACI,], (R = Ph, R2 = R3 = H) (R' = R2 = Ph)
5 [Cp:‘7‘RhC|2]2(R11 = 3,5-Me,CgH3, R? =2R3 =3Me) [Cp*P'RACl,],
[CpARhC|2]2 [Cp Rhc|2]2 [R = 3,5-(CF3)2C6H3, Rc=R°= Me] (R1 = Ph, RZ - Me)
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oFH R O

W FTRER N AT X FFERZ D720 Fa b U7zt CHE R FME O 217> 70
(Table 1-2), £\ N BUBR EONRIAICEREZ TN LIBEOMEMZHHA Lz, EFitG 0
THDHAFNHRA FF VBN LG EITIE, ZEHA » F—/L 6ba 35 LT 6ca 73\ T
HBohic, £lo, BFREIETHL v T VRS EZEAN LGS HIGEER < HAY(6da, 6ea, 6fa)
EFDHZENTE, LLARDBS, SHICETF RS NDOEmNT AT IVEIR = kv EEOSGE 1T,
IR S HREOINECTHIMIISE D Z LN TE D00, [4R218(LA(Tga, Tha) 13 % < 15
LD Z EBbhol,

WIT, AZPATEBILZBEAN LT L & ORE— kML RF L, EFt5Eo A F M A R
VOB AR E L TN ENEEHA  R—/LiFEIK 6ia, 6ja 2155 Z LN TE, AFLHED
LA EBRRE S EVEEZ R LTz, e P AL ClREZ TSR, 7o B2 EA LY
BTV, BUS RO AV M 872 2 EFTCARUS BRI HEIT L, (EEIRIEA WL L 72 6ka %15
Too Fio, MBEZEALLGA BHREOIGEL KON ERFWETHY 6la 2 527, h) 7L
Fu AFNEOGEIIEN TN EEREZ T H OO0, RWIET 6ma 21572, = hrEoRE
HNTALTORES & FRRIARWIERICRE £ 0 | PREONEIZERYET 6na 235 bz, £z
T\ 3SACICEBEAGA LG A I BICRRS SEHA » F— 255 2 ENTE, HNDOLE
A > R—/LFHE(K 60a, 6pa 3T DTz, 7B, ZD35-VAFNOIEIX, 7=V FaHFREE
ELTHWEEA LY BIRB S HEMZED Z LN TE (79 vs 44%)1), /v MLIC E #2038
AL7HEAICH,. BRI 6qa & BAF/RINERCTH 2 72,

AT V3 B U C VR I #EPH O FRit 21T - 72 (Table 1-3), SCARRIIZ > S @V 5§ OROGENE
BNWbDOD, V7 2= AT EF LU 8alZif Tl SE I E RS L OIESFRT L% Sb-1 &
FAWTGEIT, A 2 R—JL 6cb-cl Z @\ OUERE K OB ERIE T 2 7o, FFETRx L&
LT ABUSEMAE T TIEM S VI UCAERD Z TR T 5 Z & 72 < mWIERTY Y LA v R—)L
6ck/6ck’ & 5 2 1= HER DIV A AFRME D E CpPRYIIDEER Z FAWTC . 7 b7 =1 K& 5k & D[3+2]
BALEUOS AT o 1o B Iid, B U BRI DG DL D T2 SR SG & o To AR A r— K
RS DEBALFHIREE LR LSRR TH D L2 b,
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Table 1-2. Scope of benzamides.

5 Ph Me
@ Ph 2.5 mol % [CPA?RhCl,], COMe i
_OPiv CsOPiv (0.3 equiv) N e} “Me
. N I R’ )—Ph | Ph
R MeOH, RT, 16 h : cRh
H ph under air bh C|772Z
4 5a 6 : [CP*?RhCl,],
(1.1 equiv) '
CO,Me CO,Me CO,Me CO,Me
N N N N
/ Ph Y Ph / Ph / Ph
Me MeO F
Ph Ph Ph Ph
6aa/78% 6ba / 82% (22 h) 6ca/ 90% 6da/66%
(7da / 25%)!
CO,Me CO,Me CO,Me CO,Me
N N N N
/ Ph / Ph Y Ph / Ph
Cl Br MeO,C O,N
Ph Ph Ph Ph
6ea/ 73% 6fa/71% 6ga/ 56% 6ha/28%
(7ea / 26%)l (7fa / 28%) (7ga/ 35%) (Tha / 71%)el
/COZMe /COZMe /COzMe
(H) Me N (H)MeO N HF N
,)—Ph )—Ph mph
(Me)H  Ph (Me) H (Fyn Ph

6ia (6ia") / 70% (rs = 95:5)

/COZMe
(H)cl N

/) Ph
(chn  Ph

6la (6la") / 55% (rs = 67:33)
[71a (71a") / 40% (rs = 90:10)]1]

6ja (6ja") / 77% (rs = 64:36)

6ka (6ka') / 57% (rs = 29:71)

CO,Me CO,Me
(H) F5C | (H)O,N q
3 N 2 N
)—Ph mph
(CF3) H (NO2) H Ph

6ma (6ma') / 33% (rs = >20:1)
[7ma (7ma’) / 49% (rs = >20:1)]1@

6na (6na') / 28% (rs = 75:25)
[6na / 70%(rs = >20:1)]

/COzMe /COzMe Me CO,Me
Me N MeO N ’\i
—Ph ) Ph ) —Ph
Me Ph OMe Ph Ph
60a/79% 6pa /61% 6qa/73%

[Cp**RhCl,], (0.0050 mmol), 4 (0.022 mmol), 5a (0.20 mmol), CsOPiv (0.060 mmol), and MeOH (1.0 mL) were used.

Cited yields were of the isolated products. [a] NMR yield.
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Table 1-3. Scope of alkynes.

CO,Me

1 A2 Ph Me
9] 2.5 mol % [Cp”?RhCl,], , N
OPiv CsOPiv (0.3 equiv) N o) “Me
N” + |l )R Ph
H MeOH, RT, 16 h MeO 5 ci-Rh
MeO H R2 under air R2 | Cl
' 2
4c 5 ‘ [CP"?RNCl,],
(1.1 equiv)
CO,Me COzMe COzMe
N
/ Ar / Ph
MeO
Ar
6¢cb / 87% (22 h) 6cc/71% 34 h [bl 6¢d (6¢d’) / 94%
(Ar = 4-MeCgH,) (rs = 55 45)
(Ar = 4-OMeCgH,)
/COzMe COzMe COzMe
N
/ Ph / Ph /
e [(CHz 3Cl]
Me CH2)3C| (Ph
6ce / 84%"! 6¢f (6¢f') / 65% 6¢g (6¢g') / 67%
(rs =90:10) (rs =92:8)
pOZMe /C:O2Me COQMe
N N
) Ph ,)—Ph(Cy) / Ph (tBu)
eO eO
OH Cy (Ph) tBu (Ph)
6ch / 84% 6ci (6¢i') / 90% (45 h) 6cj (6¢j') / 27% (36 h)lP<l
(rs = 87:13) (rs = 95:5)
CO2Me COzMe
mPh (SiMes) mMe (Cy)
SiMe; (Ph) Cy (Me)
6ck (6¢k') / 74% (45 h) 6cl (6cl') / 67%°
(rs = 93:7) (rs = 72:28)

[Cp**RhCl,], (0.0050 mmol), 4 (0.022 mmol), 5 (0.20 mmol), CsOPiv (0.060 mmol), and MeOH (1.0 mL) were used.

Cited yields were of the isolated products. [b] NaOAc was used instead of CsOPiv. [c] At 40 °C.



Fio. RAAT— REOSE, REERT V¥ NVERTF I RIBLO0T 2 7 ~7 72— 09%
T [BR21BRALSUE TIHERL T E RN o T2 T L F VBRI L OANT it B 1 — /L O G R~ H 25 7]
HETd 5 (Table 1-4), £kx 72 o, [EHL(8a—c)I L N a— A F/LEHL(8d) N- A LT 7 U7
RiZ, NaOAc ZHizke LTI T L v 8a &G L, FRREND BAFRIGECLER Y 0 — /L5
HiRKaa—-da)x 527, ZDOLE, T7INATIRSOEL 2YEFTHOT L, bR —
JVEBELK 9ba, 9da DILEA ] - L7-, ARIGICIE, o-7 = =/LEHEGe)IC bE T 5723, p-—F
BT 7 UNT R SEIINEET ¥ 2 Sa EIISURIEHETT Le o To, EIALEEIMEIR N S D 0D
IERIFRT L2 2 (8d—g) & DIISIZ O T2 Z LN TE T,

Table 1-4. Scope of pyrrole synthesis.

2.5 mol % [Cp”2RhCl,],

(@] R3 1 h |
NaOAc (0.3 equiv) RN N
R! _OPiv -2 € ; . O "Me
N + |l | )—R® Ph
| H MeOH, RT, 16 h 5 | Rh o
R2 H R4 under air R R4 cl C§I77Z
: 2
8 5 9 [CP*?RhCl,],
(1.1 equiv)
CO,Me CO,Me CO,Me CO,Me

N N Me N Me N
th | )—Pn jl/\/kph vPh
Me
Ph Ph Ph Ph

9aa/64% 9ba / 52% (65%!3]) 9ca/61% 9da / 56% (64 %2l
CO,Me CO,Me CO,Me CO,Me
Ph N N N S—_N
| )—Pn | )—Ph | )—Ph | )—Ph
Me N
/
Ph Ph Me Ph Ph
9ea / 46%!@lb] 9fa /0% 9ga /49% 9ha/ 14%
CO,Me CO,Me CO,Me
N N N
| )—Ph(An) C‘l/\/g~Ph (Me) %Ph (nBu)
Ar (Ph) Me (Ph) nBu (Ph)
9ad (9ad’) / 62%4I°] 9ae (9ae') / 28%!®P! 9af (9af') / 37%alb]
(Ar = 4-OMeCgHy, rs = 51:49) (rs = 50:50) (rs =70:30)
CO,Me CO,Me
| ) | )
/ Ph / Ph (Me)
[(CH2)sCl] /N
(CH,)5Cl (Ph) Me Me (Ph)
9ag (9ag') / 32% 9ge (9ge) / 43%@b]
(rs = 63:37) (rs = 57:43)

[Cp**RhCl,], (0.0050 mmol), 8 (0.22 mmol), 5 (0.20 mmol), NaOAc (0.060 mmol), and MeOH (1.0 mL) were used.

Cited yields were of the isolated products. [a] 8 (2 equiv) was used. [b] [Cp**RhCl,], (0.020 mmol) was used.
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£, KFEZHWT, 5-HT6 BB INEZ RS 7-7 X/ A & F—/VEHE~OFE(C I

AT

572K 1-10), NI vnkE2HTHN-T L aF T _ X7 2 Kde 2% LT, Glorius & 234k
& LTV 5D Cp*Rh(IINfiki & W= AL MO T 2 JALRISIC L D Bk Y 2B ALY, 55
N7 2 BEPREBR LI AT I RN 4 2HOT, Cp* RN E 7 == LT 2F L DA
o P Y U TRISIEIT L, s d % 7-7 2 ) A v R—/ViEEIK 6ia 2457~ AV MILOCHT 2/
LRSI X7 I RFEAROLTHRRTH Y, 72 7=V NFEERTILERL TERWFIETH
Do ZDHAT— FRDORISZMHG DR IZFELOSIE, AFEDOE LA LR~ b

DTH D,

CI—N 0 H O
~—/ _OPiv
(2 equiv) ”
5 mol % cl
[Cp*RhCI2]2 . 4de
CsOAc (2 equiv)
MeOH, RT, 16 h

(Glorius' method)

(0)

Ph—=—=—Ph (3 equiv)
5a

o) 5 mol % [CPpA3RhCl,], N" coMe
30 mol % NaOAc N !
MeOH, RT, 16 h ) Ph
under air Cl
Ph
6ia / 35%

42
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SBUUET  BUCEEAE O E 5

ZDART— RIED AT = AL HENZT B0, LTFOFEBRZIT- 72N 1-11), KSH
MEE L TEZLNDT =Y RI0BLOT ==L A V7 53— b 111K LT, ffb U725
fF(condition A) TS EAT o T2, T DORER, XIET DL EHA  R—LFERITE -T2 HoHNT
ZTNENEEE L THWET =Y F10aB X7 = =/bA ¥V ¥ 7 31— hZxt L TMeOH 23N L 7=
7 =Y K10a 3% 5 7-(X 1-11a), F7z, xHET 57 =V K235 D Cp"Rh(II) % AW 72 [3+2]B (LK
Jix(condition B)Z1T>7235A 21T, WIN b I A — RIS EITo 7286 K0 HIRWIRICE £ -
72 1-1la), F/o, V7 2= AT BF LU MR TS EAT > T2 HEIE, 18H O Lossen Ha(Z
DHPEITL7Z7 =Y K 10a DA% 5 2 CpMRh(IIDEEARD D 0 12 Cp*Rh(IDEE(A, RhCly-nH,O
ZRAWIESEITE, B EIL S 72 (G 1-11b),

WIZ., condition A S:{F T, CD;OD HTO7 =Y F10a (IZxXf L TT AT ZMAT I EITHo
TG AITIE, BI L 72 JFUEH IS B W T EAKRFE O IARITBIH S e - 723 1-11c), £ D— 7T,
N-73aFx i _" X7 3 N 4allxt L THRBROSFETITo7c & 2 A, [N L72JER 4a-d 1288V T
HKF DT I EY IAB B S 41, Lossen A SUSAHET L7727 =V K 10a [FE/AKFZOHY A
IR SN2 - 72 1-11d), 2N DOFEERN S, KU A — RRIGEN-T v XX X7
2 Na D OBSUENHEIT L. 7 =V R 10a (TS 1 7 /WZE L ThRnZ Epnbnpo iz,
F72. G 1-11d)DOH T, Lossen B3 T L7277 =V K 10a I[ZBW T, XUEB U EICBWTE
RFOE IABNIR SNIRINoToZ Enb, AZTHA 7V ERRBE TN Lossen a7 G ETT
LTWbEEZXDBND,

S DA SOGHERE~DBF 2 VRO 5 7o 8, B/KFRE B FR I RN L) R (DKIE) DMIE I L 0 ik B Rg
ERETDHZ L E LN BRI 11208 & 5 7. (@) SUawIEE O BRI EF L Ob) H
KD R ZIRA L CTIT 9 0 TSt 32 2 FHOFEBRIZ L Y DKIEfEZHIET 5 Z & T, C-HiES
DY 2 AR B IC B L TV A2 HE LTz, 9. G 1-12a)OEBIHIE 21T > 72561, kwko =
31 THY ., HIKE DIEDORISHNRE A BEEDHD bz, RIZ, 4a & da-ds & 0.5 BETOIRE
L7z, (R 1-12b) -390 TR A BB 2 AT - 7238 123, BRI I3 H ARDMESE L | 6aa/6aa-d, = 4.7:1
Epote, L EORER LY, RFEIKERHEOUMNHEEERE CTH D LRETE T, £, (X 1-12a)
OARFIRIE DRI, 4a-ds B L O 6aa-d, FIZBWT H/D OB S x> &Enh, C-H
FEAOIBNRFE IR AT TH D Z ENbnol,

—J7. H#ERR S LT, [Cp"RhCL], & AW 7234 ® DKIE OfiE, N2 kylkp=1.4 B LW
6aa/6aa-d, =3.9:1 ThH 272, HIKL DEROKISHIEEIZZITRD iz b DD, [Cp*RhCly], % H
WA & DRKIEEZ R Lo & & HiRA/NS W DKIE RSN Z &b, KRE TR A X
MARIZ LY C-H KA OUIBTEBERE A I S iz & & 2 b p!> )
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5a
condition A
2.5 mol % [Cp*?RhCly],

O\ 0R
10a (R = Me) CsOPiv (0.3 equiv) YO
10b (R 1BU)  MeOH, RT, 16 h, under air N
(1.1 equiv) Ph
condition B Y
2.5 mol % [CpERNCI,],
10 mol % AgSbFe Ph
20 ftnol /OI_ETU(%*ﬁ 2* 5 6aa / 0% (condition A, from 10a,10b and 11)
acetone under air  gaa / 30% (condition B, from 7a)
6aa-tBu (R = tBu) / 72%
1 equiv) (condition B, from 7b)
10a / 74%

H ; A2
(0%, without [Cp™“RhCl,];)
OPIV condltlon A N\n/OMe (0%’ [Cp*Rth
0 instead of [Cp~4RhCl,],)
(0%, RhCl3*nH,O

(1-11)
instead of [Cp*?RhCl,],
condition A
: (in CD30D) : \ﬂ/
10a
98% recov (0% D)
d) O condition A
dN,OPiV (in CD;0D) ©\)L _OPiv @: \H/OCDS
H
H H/D H/D (0%D)
10a
63% recov (12% D) 12%
(a) parallel reaction
2.5 mol % )
0 P [Cp¥RhCI,], )OMe
N/OPiv + |‘| CsOPiv (0.3 equiv) N
>  DyH Ph
Ds/Hs H MeOH, RT, 30 min e 7/
Ph under air
4o ora Ph
aor E_"d5 5a 6aa/6aa-d,
(1.1 equiv)
[CPXRhCL,], 6aa 6aa-d, k./kp
[CP*?RNhCly], 56% 18% 3.1
[CPERNCL], 21% 15% 1.4 (1-12)

(b) competitive reaction 2.5 mol %

Ph [Cp"2RhCl,],
CsOPiv (0.3 equiv)
da  + dads + || 6aa + 6aa-d,
MeOH, RT, 30 min
(0.55 equiv)  (0.55 equiv) ~ Ph underair

5a [CPXRhCl,], 6aa 6aa-d, 6aa/6aa-d,
[CP*?RNhCly], 31% 7% 47
[CPERNCL,], 13% 3% 3.9
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G - 1) B LG 1-12)DOBREIFFE EBRICFE S W T, HEE UG A B = X 2% LI 12779 (Scheme
1-), EEIND 5 DOART v 7T &N L THREEE da D LEHA >V F—L 6aa 2 525 L HE % T
Wb, T78bb, (@N-HIE7a koAb, (b)C-HfEEDOUIW, ()7 /L% OELfLF A, (d)Lossen #x
A, B Z(e)MeOH IR DIBIENE SN D, U, T O DOUSEREAZRE DS FHEE LT 10a B
FOMN»o0FMKGHBE ORI ZfHE L2 EWA > R—1 %5 2 2RISR EZHE LT,
FT. AT TF— M1 ETHEEH X MeOH & H0MICHIGE LT, 7=V K 10a 8L OHFHIAT
EERTDHEZEZLND, £72. X 1-11e)R L2 X 912, CD;OD H condition A 5 F T 4a
DORIETIE, 7=V K 10a OEAKFEORVIALNEZ o 7o72D, 11 B LU 10a 2> b OHE K
GAEF BEOI ZRHAT DMV EEBZ NS, TNHOEBRFERNS, LEHA 2 F—
MV 6aa TLLF O X 5 ISR CHEIT L TWD B X TnD, £3. LR VBEORNL & 4V
MO C-H &G Oullr (THK G) T, LEEr I A I VA ZE2D, TOK, TIF
DENFFAZR T, TERuZ YA I NVBEHZ2 D, AN=RALFEROBERENL, ZOLERRS
P A 7 VHRIR B 225 B ZRAIC Lossen B UGS EITL TWVWDH EE X TEBY, 4 V7 F— K
[ C 35 LU MeOH DM A T /REBR 7 # A 7L D 7 G eHitEE 2 % T H %) 6aa % 5- 2
DR A AR E LT 5 P

F72. (X 1-11D)B I OGEK 1-11d)DOFERENS . CpMRh 2 WA, FRE HI BL O 11
ZREBHLTT =Y F10a #525LB20615, BRPIZENT Cp*Rh & SUG S B 7256 1213,
7=V F10a GO NRN-7T2Z L6, 4a EFRIIK G & DOVfifiT da LfR->TWVWDH 2 ERTRS
b, Tk LT, _RUF Y b TR REMra A Lz CpYRh(I) % AWV 7=54121E, Cp BLEMN
Cp*Rh(IINIZ IR TE AR TH D Z Lamzx TP ik G @ OPiv 71 /LR = )LEEFE D Rh ~D
BAALDIEDNT, X Z v b7 X N & Rh ~DOFLD 2 SOHEZENDO T EEZE XD T LM
T&E D, TOH, FHEURBIZIIT D 4a & FEA G & OFHEHREEIZI N T Cpr Wz & & LY
H. FREE G WEEALSINFIRFICB VT Lossen BBV NN EIT L7ZD TE W EE 2 TV
5o
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(d) Lossen

rearrangement (e) MeOH addition
% cal H
opiy  [RATX: @NCO MeOH N.__OMe
™ e S Y
4 —PivOH H @ o)
H H
4a 11 10a
[Rh]"X, ! [Rh]X(OPiv) [Rh1"X,
-HX Y —HX
(a) N-H 0
deprotonation ) ] OYOMe
e tBu I Os_-tBu !
N N, Y MeOH N
o) -0 S Rh
yRA] - ©/ [Rh] —PivOH [, ]
G H 1
= L
(b) C-H TLHX i —-HX ¥ —HX
cleavage o
i : MeOH OYOMG
N’OYtBU ——————————— > ,I\II OYtBu .._-(.:} ______ . N
[ N .0 —PivOH \
[Rh]---O [Rh] [Rh]
(_c) alkyne A E F
insertion Ph—=—ph :
5a V
@)
I o Bu OYOMG
Il Y N
N. _0 MeOH ~[Rh
_ —PivOH >
Ph Ph
Reductive Ph
elimination Ph
(o4 D
‘—[Rh]I
Rh] = Cp”Rh
[Rh] = Cp SO
NH N o
Y
= Ph
Ph Ph
7aa 6aa

Scheme 1-1. Proposed reaction mechanism
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Fio. SEBEa XA 7 LHRK A DD Lossen S5 23EIT L7- 6 BERA Y V7 % — MK C
~ORSRREE A ONCT B2, ETAEEELTN-T v rF I R_RUXT I RBL O 2-7F
& Cp*Rh & OFAEHLEZFHERS L L, DFT(0B97X-D)i% % VT RS P MR 69 5 it 247
- 7= (Figure 1-2), A& J — )VOEEHZNRIT, F855 7 REFIEIEF-PCM) 23 H L 72 73 fimiEfye i /5 (4
T HPCM) & AW CRHE Z1T - 72, FBEBEIT e ¥ v A% L T Stuttgart-Dresden (SDD), & DAt
DIFFIZB LTI 6-31G(dp) Zii fH L7z, S5, BEBRIRENEY & ERIIC DTN D E D )
R T D7D, EARSEREIRC)F R 21T o 7o, T XTOFHEIL, Gaussian 09 7' 12 7 F L%
Az,

HEORER, PHEA G, TS-GBB L UB'Z N L5 BEu XA 7 LKA NS 7 BB0 &
A 7 NVHBAB ~ONET L% Offi AL, TS-BK, 7A F LU HA K, BLOTS-HC 4 L
72 Rh ~OFUMIIZ L 57 & b v EOBUBERRA ) F U7z PR 218 D 87 72 72 SUS RS MR S 47,
10T LT RS (-0.1 keal mol )i, A B?2> 5 HEAR C ~D TS-B”C % H 3 5 R4 TR
L= 0972 1,2-B@)(14.6 kcal mol ) K ¥ H =R ALX—MIZHF] &V D Z L AURENT,

AFHE TIX Cp*Rh 5K Z VT WD 720, XU F U b7 2 ROBRICHONWTIIEBEETE TV
W23, (R 1-11D) B LGN 1-11) DB END | ALFEIRER BT 2 & & B2 b2 A B O
NRUH L NT 2 RICEBEESIHERI &5, CpMPRhIDZE AW -3HAIE, _XUF U R TR
Rh ~OFUIIZ L 0 A B N E S, 74 b LUK K 2882 Lossen 5N 03MESE L CHEST
L7ZDOTiEenntELT\5,

F7o. TEBRe Z YA ZIVRREE B 0 DAL EITT LTC, A4 Y x /Y ) UiBEIK Taa &
B 2 EICONWTH DFT 3R A T o7, ZORER, MO TRLIEA VX U 7 VFERZTER
T DHHEEE(11.1 keal mol YD A3, Lossen LSS HEITT 2RI L 0 &, =R A=A F]TH
DIERE G 2712, ARG TIZ, 7TBBEAY 7 A 7 VR REIR B 2> DI e B T 79 5 1R & 5t
Sl LTV DA, HFRIIC OPiv OB Z (L 7228 5 Rh(ID S FAE 4 2 8RB0 kLo ik
K25 OB TN ORI HEZ 52N TELP, b E2BE LA A VX /) /v
IR Z TR T 5 [4R2) B LSS = L B — AR R 2 R T O TR VWt E 2T 5,
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Z 2 ETOERMSERB X OGHELERM NG . KT 20— REUS O A 2 /VIX % (Scheme
122" L7z, (3K 1-12) DKIE FEEBROFER) S, CMD #iEIC L D07 = ~ Ab(FEE G)& C-H
FEEOUMNERR(FME M EZR T, SBRe XA 7 LVFRIKA 2525, TO%, 7% O/
AARABME(PEAE DERB L, 7 BREue XA 27 VB 25 %2, 74 FLUHRIK K 2/ 25 s
7% Lossen BEAVL AT L, A Y o7 F— MK C 7>5 MeOH HIN(FRIHA D) & & 5o i 2 88 H
THZETEERA L F—/b6aa 525, (LFEIRMEOHBUEAL TiX, 78R e XY A 7L B
DN Z 2 BT 2 REALO Rh ~OBENIC KL D2HEN O LS 2T 5 B2 D52 LN TE D,
ZOREFGICTE O BITHBEES IS S D Z & THEMZR Lossen LG H#EIT L2 &35
ZTW5, B, ExlBEEC XV AT Cp*RUDEEIRITZELR T OEEFEIC L » TRk S h.
Cp"Rh(IIEEENFHAET D EEZTWD, Fio, [AR21BALSISAHEITT 5 BUNEEE & LCiE, F1H
EBMNLIET TR A B L UHRIR K BETHIBBENEIT T AR b E 25 2 Ly Tca b,
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NCOZMG RCO,H Ph Me H
H,O
)—Ph 2 oﬁ/ﬁ(N*Me 4a
Ph
Rhll (@]
Ph PivO™ " OPiv \ o)
6aa _OPiv
! 7\ _OPi
Rh O ....... H OPiv
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« P }\‘
PivOH

O

N\ /OPiV _0
Rh \CpA /N />/tBU
=
Ph Rh—Q
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A\
(0]
©]
N N
\'\?hi(c):;:v N—OPiv
—_—
Ph Ph

Scheme 1-2. Proposed reaction mechanism using a Cp*Rh(III) catalyst.
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7o, BR U7z OGRS ITINZ T, AR FICB W TR Z 2 b7 2 R Oofiid 7 m K
VEIEHREFICE Y | ARE A ReOFEA B G 2 RS & B 2 bivlc, & 5725 MUGTEMEREIZ B
TOMAEGDLI-0, BEFEEREZLITIT) Z& & L, 2TUSRFITEO T, RhDFEH AR
LTCWADERIET A0, EDON-7TIa X _ X7 2 F4a 2k LT, SED[CpRhCL],
& CsOPiv Z A & /) — VHIE S 72(3 1-13), ZOFER, 7ARXU 3 BLORUXT I MG
GID T LD binol, B, RURTO MS HIE 21T i R, H/D 528 L7 7 W~ §ER D &
A~—0EHl SNz, o, HH4a 22 TICIEET>T2HEITIE, 70Xy 3 3Bl S e
Mo T2 (R 1-14), T DFERID . RU(D)D 7 /R EEEN I 4a O N-O #5E12%F L THLA9fT
MUTt%, 7a R iAb-il A Z AL EIT LR E 7R Rh(IID)-7 LR SERNERT 5 2 & T, 70
ARU 3N RhDSEMNREE L= B2 b D,

[Cph? RhCI2]2

(0.5 equiv) NM62
@) CsOPlv

N/OPN (1 equiv) NMe2+ Rh D
H CD,0D, RT )Sh (1-13)

1 h, under air (@)
4a 3:15% Benzamide : Ph
11% ,
0.014 mmol 0 ! NMe,
Ph A2 )
[Cp™“RhNCl5], (0.5 equiv) (@)
9) ph )—NMe, 30 mol % CsOPiv o Ph NMe,
cl F/”)‘Zg o CD;0D, RT, 1 h = (1-14)
Cl under air Ph

[CpAZRhC|2]2 3:0%

I, RJEAl Rh(D)FE CTRUS S EIT L TW A0 EREES 5728, [Cp™*RhCL ], $5A D RITEEA TH
57»&y3&mmmmﬁm%MwH¢1%%ﬁ#Lk%<M7vm%yxyf7*ku&y7
=T EF LU 8a EDORILEIT- T2 1-15), TORER, T AT R RIEEIT-> T HEICIE, £
ﬁ@%VF*W%EW&mE4V%/)//%%%%m%%h%hA%&9%®W¢Tﬁz6:k
NP0z, ZHITHA T, 4a D N-O A EIWT S 4L, PivOH 2 REEL 72~ X7 X R4 41%D
IR TH 27z, ZAuZ, ROSFHRH Tl U 72 KR Ru(DFEIZ 3t LC 4a @ N-O & 03 (LA AHN
Lz e, 7a b Al A ZARIZ E D RaAIDFED LR L L bicEbn-tEx 5n 58 kic
2R CRINEIT o T2 & TAWCROYGEN R b, ZEA » F— L iFgKke6aa L VX /1 /v
BN Taa 2NN 70%, 12%TH 2. [CpM™RhCL], $51K % vz & & & [FIRRE DR TS
1T L7, Zhuid, Rl Ra(DFENS 22 ORRFEIC K - TERb S 4L Rh(IIDFE AR L, OS2
AT LT le RO R LR RN EZE2 biLd, £, XUAT I B I%EDVERN L HED
N2 EMB, RS d4a loxt LT, BRGNS 7' m b AL A # Akiz K 0 ARk L 72 Rh(IIT)FE
DO HBEIGHEITL TS Z L 2RI LTV 5,

%

@
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Ph

o}
10 mol % NMe,

3 PhoO
o) 5 mol % [Rh(CzH4)2C|]2
OPiv MeOH, 1h, rt, under Ar
: /U\N/
H l
CO,Me o
4a . - N 9 (1-15)
1.1 equiv 30 mol % CsOPiv NH
/ Ph + + NH2
+ MeOH, RT, 16 h P Ph
Ph———Ph conditions Ph Bh
5a
0.10 mmol Conditions 6aa 7aa Benzamide
under Ar 44% 9% 41%
under air 70% 12% 9%

TN DOEBRFERNS ., AW A — RS Cp*Rh(IIN 721 T2 < Rh(I)- 7 bR D 225l
LIZ & 0 A U7z Rh(II)- 7 R U SERDSEMRE & 72 2 ROSRIE bIFET D 2 Edbh o7z, LR
ST, \BEMEHETIZBNT, XUy b7 X R OO 7 v kgl & HhiL, Rh()-7 X
VEERAARR L, BRI OFIC L o TEb & D Z & T, Rh(II)- 7 U gERNIEVERE & e o 72
SO BB 2D Z N TE L 1-16, FH), F7o. WEICEANL L% ICREEL -7 vy 3 1%t
L C Rh(IIDFE A3 & e s L. @mmm%ﬁéﬁé%%%%zé:aﬁfééﬁﬁn46E)
MeOH HiE SCHISETE R & 1T - T2 BB VIS R T R EMEE T 5 Z L 1T A TLUEH 60 THh 680 C
@%#T%%W%ﬁofwétb\%%Lt7wNy3#6CﬁMﬂmﬁé@ﬂﬁéTéﬁ%®ﬁ
BIZ/NS WO TIHRWhEZEZXTND,

Ph
ﬁ/&( —PivOH P|vOH o _
"Me S
Ph NMe “under air Ph NMe, (1-16)
h' o ? (I}

PlvOH

PIVO “OPiv PlvO PiVO/c')p\i\(,)PiV
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COEIN- T

BB CHETMREUTICEE DD, EHT, X2 N7 2 RELE A L7 Effi Cp Rh(IIl) %
AT, 73X _XU XTI RENET VXV E DRSO EIT> T2, BMatOfEE, [4+2]
BALIIG LT LTeA V& 2 U 7 ViFERE 52 5 O TliEe < BN 72 Lossen 507 & BREAY[3+2]
BALBOG S B AICHET T L, XG9S @A v R—VFERNEAERY E LTHOND Z L&A
HL72(K 1-16), B4 &8 Cp*Rh(IID R L OSSR 2 et Lz s 2 A, i 94%IURTH
W a0 Z LITHRP Uiz, SMEEMEH AR L7 L 2TA FRA R N-T7oa XU X7 X R
WHARETH D, FIUTMZ TIERFFRT L 2 HWTESEIT S R RINEER L O E IR TH
W % 1577,

: Ph Me
0 R" 2.5 mol % [CPA2RhCl,], NCOZ'V'e : N
; Base (0.3 equiv) o) "Me
1 N/OPIV . | | ~ R! p R! ! Ph o
R H MeOH, RT, 16 h . g Rh (1-16)
H R2 under air R?2 : cl
: 2
4 i 5 6 | [CPMRNCL,
(1.1 equiv)

up to 94%

F7o, NURXT I RFERZT TR, 727 IUA7 I FFERICH L TOBET 27728 2 A,
JE )72 Lossen Hafz & FRALAY[3+2]BRALSUG S HEAEHIIC HEETT L, i g™ 5 S v m — VR8RS
BoindZ & xR LG 1-17), Cp*Rh Atz AV 2 9EIE T, RLERT T I R 3 IEE
ELTHWTWER, KRFETEHZERFERTHLT7 7 INVT I NFEEKEELT 47 TRy
ELTEHMATAZ ENTE, AL ZRA AN LRO ALY D, REE A2 RE Lz &
A BEARRT 7 VT R RFEERICEFATTRETH 0 | @R 65% DOIE T H ) & 157, FExt
7 AF A L THOREZITo72, BIIIHREDOIRTCH LN OO, (LB RFWEILIK
Nl

0 RS 25mol % [CPARNCLI, o £OMe | Ph Me

R OPiv NaOAc (0.3 equiv) N | OmN\Me

N W Ph
| MeOH, RT, 16 h ! Rh o] (1-17)

H R2 ' .

R2 H R4  under air R4 ; cl CI:I77Z

. 2
8 5 9 : A2
(1.1 equiv) up to 65% [Cp™“RhCl,],

B A =R LCIE, 4], #H O Lossen B NI T L, WNERT /L& > & D[3+H2]BR LU A3
HEAT 9 2 BEBE 72 SO 2 F8E L Tz, Lv L, A = X AFERRE L OGHEALEA A BORE 3,
7 BERw XY A 7 VR BIERRYZR Lossen B3 AT L, MeOH DA K UNE JTH I Bl
17952 L THMDOZERA  N—NAFEKRE 52 5 1 DO A 7 Vi TORISHEER 2 B 5>
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I Lz, U H Y BT R RELORENC OV Tk, Rh &R OIS L TEALT 5 2 L1 & 0 i
RERZENT D LT, FA LR EZRET 2 B NOSZRE L TV 2D O TidZeunan L #E
MUTWD, F7o, HIEMERMET, <0 Xy 872 ROofio 7 m b of k2L v ART 5
Rh(DFEAS G- L7 RUSKRBEIC DWW T IR Lo & 2 A Rh(D-7 /b~ B R & IR VERERTEMA & 9%
FOSRRIE b IFET 5 2 L 2 B2 Lie, 2 OWEMRERIERAIE, 7 3 ROl A F L o EAL O #E L
BEPERE IR L CAERR LT b DT 0 AU b7 X R A AT B I8 Cp*Rh it o803 i
FIHZb D LN B, Fho, SEBT AN L [RW(CH,),CLL 2> 5 F S L 7= Rh(D)-7 L 4k %
JAWTEUSZAT o A1 S HEOIER R < B O 72 2 L, BTissimIc & v sEAmaE 217
D THRIEMRR 2 KSR CRAES®D Z L 2R LTHEY . ABILERI @ EED 5 5,
A %1%, Cp Rh(IRET G2 < . ARl Rh(D2> B4Rk % Rh(IDTEMERRR K & 558 L7
DFT FHHIC &Y | EEARSUSREOMH? RO bt s,
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I. General

Anhydrous MeOH was obtained from Aldrich (No. 32,241-5) used as received. Solvents for the
synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to use. Rh(III) complex
[CpMRhCLLY  [CpMRhCLLM  [Cp™RhCLLM  [Cp™RhCLL!M  [Cp*RhCL],M
[Cp*™RhCL]L,H [Cp*™RhCL]L,P! [Cp@T™RhCL],,P! [Cp*RACLL,™ 1,6-diynes 1a,%) 1b,!!
cyclopropylideneacetamides 2a,[6] fluvenes 3ba,[1] benzamides 4a,[7] 4b,[8] 4c,[7] 4d,[9] 4e,[8] 4f,[8]
4g. 4n" 4i7 4" 4k 4m,®! 40, 49, alkynes 5d,!'" 5g.'Y 541 55,14 5 11 5[]
acrylamides 8h,"”! were prepared according to the literatures. All other reagents were obtained from
commercial sources and used as received. 'H and *C NMR data were collected on a Bruker
AVANCE III HD 400 (400 MHz) at ambient temperature. HRMS data were obtained on a Bruker
micrOTOF Focus II. All reactions were carried out in oven-dried glassware with magnetic stirring.

I1. Synthesis of Substrates

2-14,6-Bis(3,5-dimethylphenyl)-1H-cyclopenta|c]furan-5(3 H)-ylidene]-NV,/NV-dimethylacetami
de (3aa)

@) Me
O Me
Me

Segphos (12.2 mg, 0.0200 mmol) and [Rh(cod),]BF4 (8.1 mg, 0.0200 mmol) were dissolved in
CH,Cl; (2.0 mL) and the mixture was stirred at room temperature for 10 min. H, was introdced to
the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
mixture was concentrated and dissolved in (CH,Cl), (0.5 mL). To the solution were added a
solution of corresponding cyclopropylideneacetamides (27.5 mg, 0.220 mmol) in (CH,CI), (0.5
mL) and 1,6-diyne 1a! (60.2 mg, 0.200 mmol) in (CH,Cl), (1.0 mL) in this order and the resulting
mixture was stirred at 40 °C for 16 h. The resulting solution was concentrated and purified by a
silica gel preparative TLC (eluent: EtOAc), which furnished fluvene 3aa (27.2 mg, 0.0680 mmol,
34% isolated yield) as a red oil.

'H NMR (CDCl3, 400 MHz) § 6.96 (s, 3H), 6.92 (s, 2H), 6.88 (s, 1H), 6.56 (s, 1H), 4.79 (s, 2H),
4.74 (s, 2H), 2.61 (s, 3H), 2.38 (s, 3H), 2.35 (s, 6H), 2.33 (s, 6H); °C NMR (CDCls, 100 MHz) ¢
166.9, 150.7, 150.3, 146.4, 138.3, 137.4, 134.2, 133.8, 129.7, 128.9, 128.7, 127.0, 126.7, 126.3,
124.2, 66.7, 66.5, 37.9, 33.5, 21.4, 21.3; HRMS (ESI) calcd for Co7H,0NO,Na [M+Na]" 422.2091,
found 422.2115.

[Cp**RhCL,];
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Ar Me

|
N.
oﬁ;}( Me
i ©

2
[Ar = 3,5-M9206H3]

To a solution of RhClsenH,0O (39.15 wt% Rh, 17.7 mg, 0.0680 mmol) in EtOH (1.0 mL) was
added a solution of fluvene 3aa (27.2 mg, 0.0680 mmol) in EtOH (1.0 mL) and the mixture was
stirred at 60 °C for 16 h. The resulting mixture was concentrated under reduced pressure and the
residue was diluted with CH,Cl, (2.0 mL) and filtered. The filtrate was poured into n-hexane (10.0
mL) and the resulting precipitates were collected, washed with Et,O (2.0 mL) twice and dried in
vacuo to give [CpA6RhClz]2 (17.4 mg, 0.0151 mmol, 45% isolated yield) as a red solid.

Mp >300.0 °C; 'H NMR (CDCls, 400 MHz) 6 7.34-7.28 (m, 8H), 7.08-7.02 (m, 4H), 4.84 (d, J =
13.6 Hz, 4H), 4.16 (d, J = 13.6 Hz, 4H), 3.88 (s, 4H), 3.09 (s, 6H), 2.89 (s, 6H) 2.31 (s, 24H); "°C
NMR (CDCls, 100 MHz) ¢ 168.9, 136.4, 131.9, 127.6, 127.1, 102.3 (d, /= 8.0 Hz), 94.3 (d, /= 8.0
Hz), 94.0 (d, J = 7.0 Hz), 65.3, 37.9, 35.5, 33.0, 21.2; HRMS (ESI) calcd for C,7H3,CINO,Rh
[1/2M—CI]" 538.1015, found 538.0994.

[Cp*"RhCL,];
Ar 'Yle
oﬁ;}( N"Me
i ©
cnv?Z
2
[Ar = 3,5-(CF3)2C6H3]
The title compound was prepared from

2-[4,6-bis(3,5-dimethylphenyl)-1 H-cyclopenta[c]furan-5(3 H)-ylidene]-N,N-dimethylacetamide
3bal' accroding to the procedure of complex [Cp**RhCl,],.

Red solid; 93.1 mg, 0.586 mmol, 71% isolated yield (from 0.165 mmol of the corresponding
fulvene); mp >300.0 °C; 'H NMR (DMSO-ds, 400 MHz) ¢ 8.40-8.35 (m, 8H), 8.33-8.28 (m, 4H),
471 (d, J = 13.1 Hz, 4H), 4.53 (d, J = 13.1 Hz, 4H), 3.65 (s, 4H), 2.75 (s, 6H), 2.61 (s, 6H); "°C
NMR (DMSO-ds, 100 MHz) 6 166.7, 130.7 (q, J = 33.3 Hz), 130.6, 130.3 123.6, 1229 (q, J =
272.9 Hz), 111.9 (d, J=6.4 Hz), 111.5 (d, /= 7.2 Hz), 88.2 (d, J = 6.7 Hz), 64.4, 36.7, 34.6, 29.8;
HRMS (ESI) calcd for C7H gCIF1,NO,Rh [1/2M—CI1]" 753.9884, found 753.9848.

3-Chloro-N-(pivaloyloxy)benzamide (41)
0]

CI\©)‘\N/OPN
H

Oxalyl chloride (1.22 g, 9.61 mmol) was added to a solution of 3-chlorobenzoic acid (1.25 g,
8.00 mmol) and DMF (2 drops) in CH,Cl; (30 mL). The mixture was stirred at room temperature
for 1 hours and then concentrated to afford the crude acid chloride. Thus obtained acid chloride was
added to a solution of Na,CO; (1.26 g, 12.0 mmol) and hydroxylamine hydrochloride (0.662 g, 9.53
mmol) in EtOAc (20 mL) and H,O (10 mL) at 0 °C. The mixture was stirred overnight at room
temparature. The reaction was diluted with saturated aqueous NaHCO; (30 mL) and EtOAc (30
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mL). The organic layer was separated, washed with brine (30 mL), dried over Na,SO,, and
concentrated to afford the crude hydroxamic acid. The crude hydroxamic acid was dissolved in
THF (10 mL) and added to a solution of containing pivalic anhydride (1.56 g, 8.40 mmol) and Et;N
(1.21 g, 12.0 mmol) in THF (20 mL). The resulting mixture was stirred at room temperature for 16
hours. The reaction was quenched with saturated ag. NaHCOs;. The organic layer was separated,
dried over Na,SQOy, and concentrated. The residue was purified by a silica gel flash chromatography
(eluent: n-hexane/EtOAc = 80:20) to give 4l as a colorless solid (1.42 g, 5.55 mmol, 69% isolated
yield).

Mp 102.5-104.3 °C; '"H NMR (CDCls, 400 MHz) 6 9.45 (br, 1H), 7.79 (m, 1H), 7.68-7.66 (m,
1H), 7.54-7.51 (m, 1H), 7.39 (t, J = 8.0 Hz, 1H), 1.35 (s, 9H); *C NMR (CDCls, 100 MHz) 6 176.9,
165.4, 135.0, 132.7, 132.6, 130.1, 127.8, 125.5, 38.5, 27.0; HRMS (ESI) calcd for C;,H;4sNO3CINa
[M+Na]" 278.0554, found 278.0569.

3-Nitro-/NV-(pivaloyloxy)benzamide (4n)
O

O,N _OPiv
N
H

To a mixture of EtOAc (20 mL), H,O (10 mL), and Na,CO; (1.26 g, 12.0 mmol) was added
hydroxylamine hydrochloride (0.662 g, 9.53 mmol). The mixture was cooled to 0 °C and
3-nitrobenzoyl chloride (1.48 g, 5.00 mmol) was added to the mixture. It was then allowed to stir
overnight at room temparature. The reaction was diluted with saturated aqueous NaHCO3 (30 mL)
and EtOAc (30 mL). The organic layer was separated, washed with brine, dried over Na,SOj, and
concentrated to afford the crude hydroxamic acid. The crude hydroxamic acid was dissolved in
THF (10 mL) and added to a solution of pivalic anhydride (1.56 g, 8.40 mmol) and Et;N (1.21 g,
12.0 mmol) in THF (20 mL). The resulting mixture was stirred at room temperature for 16 hours.
The reaction was quenched with saturated aqueous NaHCOs. The organic layer was separated, dried
over Na;SOy, and concentrated. The residue was purified by a silica gel flash chromatography
(eluent: n-hexane/EtOAc = 80:20) to give 4n as a colorless solid (1.58 g, 5.93 mmol, 74% isolated
yield).

Mp 149.3-150.5 °C; '"H NMR (CDCls, 400 MHz) 6 9.59 (br, 1H), 8.65 (m, 1H), 8.43-8.40 (m,
1H), 8.18-8.15 (m, 1H), 7.68 (t, J = 8.0 Hz, 1H), 1.37 (s, 9H); *C NMR (CDCl;, 100 MHz) 6 176.9,
164.4, 148.3, 133.5, 132.6, 130.2, 127.1, 122.5, 38.5, 27.0; HRMS (ESI) calcd for C;,H14N>OsNa
[M+Na]" 289.0795, found 289.0799.

3,5-Dimethoxy-/N-(pivaloyloxy)benzamide (4p)

(@]
M _OPi
eO NO iv
H

OMe

The title compound was prepared in 45% isolated yield from the corresponding benzoyl chloride
according to the procedure for 4n. colorless solid; Mp 124.6-126.3 °C; 'H NMR (CDCls, 400 MHz)
8 9.20 (br, 1H), 6.93 (d, J = 2.0 Hz, 2H), 6.63 (t, J = 2.4 Hz, 1H), 3.82 (s, 6H), 1.36 (s, 9H); °C
NMR (CDCls, 100 MHz) 6 177.0, 166.5, 161.0, 132.7, 105.2, 105.0, 55.6, 38.4, 27.0; HRMS (ESI)
calcd for C14H9NOsNa [MJrNa]+ 304.1155, found 304.1159.
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N-(Pivaloyloxy)cyclopent-1-ene-1-carboxamide (8a)
O

7 P.
N OPiv
< :} H

Oxalyl chloride (0.381 g, 3.00 mmol) was added to a solution of 1-cyclopentenecarboxylic acid
(0.224 g, 2.00 mmol) and DMF (2 drops) in CH,Cl, (10 mL). The mixture was stirred at room
temperature for 3 hours and then concentrated to afford the crude acid chloride. Thus obtained acid
chloride was added to a solution of Na,CO; (0.252 g, 2.40 mmol) and hydroxylamine hydrochloride
(0.166 g, 2.41 mmol) in EtOAc (20 mL) and H,O (10 mL) at 0 °C. The mixture was stirred
overnight at room temparature. The reaction was diluted with saturated aqueous NaHCO; (30 mL)
and EtOAc (30 mL). The organic layer was separated, washed with brine (30 mL), dried over
Na,SOy4, and concentrated to afford the crude hydroxamic acid. The crude hydroxamic acid was
dissolved in THF (5 mL) and added to a solution of containing pivalic anhydride (0.388 g, 2.10
mmol) and Et;N (0.212 g, 2.10 mmol) in THF (10 mL). The resulting mixture was stirred at room
temperature for 16 hours. The reaction was quenched with saturated aq. NaHCOj3. The organic layer
was separated, dried over Na,SQO4, and concentrated. The residue was purified by a silica gel flash
chromatography (eluent: n-hexane/EtOAc = 80:20) to give 8a as a colorless solid (0.229 g, 1.08
mmol, 54% isolated yield).

Mp 151.2-153.0 °C; '"H NMR (CDCls, 400 MHz) ¢ 8.94 (br, 1H), 6.70-6.67 (m, 1H), 2.62-2.57
(m, 2H), 2.54-2.49 (m, 2H), 2.03—-1.95 (m, 2H), 1.33 (s, 9H); °C NMR (CDCls, 100 MHz) 6 177.0,
164.6, 141.2, 135.6, 38.4, 33.3, 31.2, 27.0, 23.0; HRMS (ESI) calcd for C;;H;7NO3;Na [M+Na]"
234.1101, found 234.1120.

N-(Pivaloyloxy)cyclohex-1-ene-1-carboxamide (8b)
O

-OPi
[::j/J\N iv
H

The title compound was prepared in 29% isolated yield from the corresponding acrylic acid
according to the procedure for 8a. Colorless solid; mp 122.0-122.8 °C; 'H NMR (CDCls, 400
MHz) ¢ 8.88 (br, 1H), 6.75-6.73 (m, 1H), 2.28-2.24 (m, 2H), 2.20-2.16 (m, 2H), 1.70-1.63 (m,
4H), 1.33 (s, 9H); °C NMR (CDCls, 100 MHz) 6 177.2, 167.8, 136.4, 130.7, 38.4, 27.0, 25.4, 23 8,
21.8, 21.3; HRMS (ESI) calcd for C,H;oNO3;Na [M+Na]" 248.1257, found 248.1276.

(E)-2-Methyl-N-(pivaloyloxy)but-2-enamide (8c)
O

Me _OPiv
N
T8

Me
The title compound was prepared in 29% isolated yield from the corresponding acrylic acid
according to the procedure for 8a. Colorless solid; mp 59.1-60.4 °C; '"H NMR (CDCl;, 400 MHz) o
8.99 (br, 1H), 6.56 (dq, J = 6.8, 1.2 Hz, 1H), 1.87 (s, 3H), 1.79 (d, J= 7.2 Hz, 3H), 1.32 (s, 9H); "°C
NMR (CDCls, 100 MHz) 6 177.2, 168.6, 133.7, 129.2, 38.4, 27.0, 14.0, 12.0; HRMS (ESI) calcd
for C1oH;7NO3;Na [M+Na]" 222.1101, found 222.1121.

N-(Pivaloyloxy)methacrylamide (8d)
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Methacryl chloride (400 mg, 3.82 mmol) was added to a solution of Na,COs (0.441 g, 4.20
mmol) and O-pivaloylhydroxyamine triflic acid™® (1.07 g, 4.08 mmol) in EtOAc (10 mL) and H,O
(5 mL) at 0 °C. The mixture was stirred overnight at room temparature. The reaction was diluted
with saturated aqueous NaHCO; (30 mL) and EtOAc (30 mL). The organic layer was separated,
washed with brine (30 mL), dried over Na,SQy4, and concentrated. The residue was purified by a
silica gel flash chromatography (eluent: n-hexane/EtOAc = 80:20) to give 8d as a colorless solid
(0.197 g, 1.07 mmol, 28% isolated yield).

Mp 94.1-96.0 °C; '"H NMR (CDCls, 400 MHz) 6 9.01 (br, 1H), 5.83—-5.82 (m, 1H), 5.49—5.48 (m,
1H), 2.00-1.99 (m, 3H), 1.33 (s, 9H); °C NMR (CDCl;, 100 MHz) J 177.0, 167.4, 137.1, 121.9,
38.4,27.0, 18.3; HRMS (ESI) caled for CoH;sNO3;Na [M+Na]" 208.0944, found 208.0929.

2-Phenyl-V-(pivaloyloxy)acrylamide (8e)

)

Ph\[ﬁj\ .OPiv
N
H

The title compound was prepared in 36% isolated yield from the corresponding acrylic acid
according to the procedure for 5a. Colorless solid; mp 91.0-91.5 °C; '"H NMR (CDCls, 400 MHz) §
8.80 (br, 1H), 7.48-7.46 (m, 2H), 7.42-7.37 (m, 3H), 6.19 (s, 1H), 5.764-5.762 (m, 1H), 1.33 (s,
9H); *C NMR (CDCls;, 100 MHz) § 176.7, 165.8, 141.6, 135.6, 128.9, 128.8, 127.9, 123.6, 38.4,
27.0; HRMS (ESI) calcd for C14H;7NO3;Na [M+Na]" 270.1101, found 270.1089.

(E)-N-(Pivaloyloxy)but-2-enamide (8f)
O

N,OPiv
Il H
Me

The title compound was prepared in 10% isolated yield from the corresponding acrylic acid
according to the procedure for 8a. Colorless solid; mp 84.3-86.0 °C; '"H NMR (CDCls, 400 MHz) ¢
8.97 (br, 1H), 7.06-6.97 (m, 1H) 5.90 (d, J = 15.3 Hz, 1H), 1.90 (dd, J = 7.2, 1.6 Hz, 3H), 1.32 (s,
9H); °C NMR (CDCl;, 100 MHz) ¢ 176.8, 165.3, 143.7, 120.1, 38.3, 27.0, 18.1; HRMS (ESI)
calcd for CoH;5NOs;Na [MJrNa]+ 208.0944, found 208.0974.

1-Methyl-N-(pivaloyloxy)-1H-indole-3-carboxamide (8g)

o)

N/OPiv
| H

N

Mé
The title compound was prepared in 60% isolated yield from the corresponding carboxylic acid
according to the procedure for 8a. Colorless solid; mp 144.5-145.3 °C; '"H NMR (CDCls, 400
MHz) ¢ 9.16 (br, 1H), 8.05-8.03 (m, 1H), 7.76 (s, 1H), 7.38-7.27 (m, 3H), 3.84 (s, 3H), 1.38 (s,
9H); *C NMR (CDCl3;, 100 MHz) § 177.6, 165.6, 137.1, 133.4, 125.5, 123.1, 122.1, 121.0, 110.0,
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106.8, 38.4, 33.4, 27.1; HRMS (ESI) calcd for C;5H;sN,03Na [M+Na]" 297.1210, found 297.1226.
II1. Rhodium-Catalyzed Indole Synthesis (Table 1-1, 1-2, 1-3)

Representive procedure for indole synthesis (6aa, Table 1-1): To a 20.0 mL screw-cap vial
were added 4a (48.6 mg, 0.220 mmol), CsOPiv (14.0 mg, 0.060 mmol), [Cp**RhCl,], (5.2 mg,
0.0050 mmol), 5a (35.6 mg, 0.200 mmol), and MeOH (1.0 mL) in this order under air. The mixture
was sealed and stirred under air at room temperature for 16 hours. The solvent was removed under
reduced pressure and the residue was purified by a preparative thin layer chlomatography (eluent:
n-hexane/EtOAc = 3:1) to give 6aa as a colorless solid (50.6 mg, 0.155 mmol, 78% isolated yield)
and 7aa as a colorless solid (11.8 mg, 0.0401 mmol, 20% isolated yield).

Methyl 2,3-diphenyl-1H-indole-1-carboxylate (6aa, Scheme 2)

/CO2Me

N
%Ph

Ph

Mp 173.7-174.5 °C; "H NMR (CDCls, 400 MHz) 6 8.22 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 8.0 Hz,
1H), 7.41-7.37 (m, 1H), 7.30-7.20 (m, 11H), 3.76 (s, 3H); °C NMR (CDCl;, 100 MHz) 6 152.2,
136.1, 135.8, 133.1, 133.0, 130.1, 129.6, 128.1, 127.7, 127.6, 126.8, 124.9, 123.3, 122.7, 119.8,
115.4, 53.4; HRMS (ESI) calcd for C»;H;7NO;Na [MJrNa]+ 350.1151, found 350.1125.

3,4-Diphenylisoquinolin-1(2H)-one (7aa, Table 1-1)[7]
@)

NH

/Ph

Ph

Colorless solid; 'H NMR (CDCl;, 400 MHz) ¢ 9.08 (br, 1H), 8.49 (dd, J = 8.0, 1.2 Hz, 1H),
7.61-7.57 (m, 1H), 7.53-7.49 (m, 1H), 7.30-7.22 (m, 11H).

Table S1. Screening of reaction conditions.!
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R 0]

o Ph 2.5 mol% [Cp”?RhCl,], :
LG Base (0.3 equiv) N NH
N + || )—Ph
©\)\H solvent, RT, 16 h m .
H ph under air Ph .
4 5a 6aa (R = CO,Me) 7Taa
(1.1 equiv) 6aa-CO,Et (R = CO,Et)
6aa-H (R =H)

Entry 1 (LG) base solvent product Yield [%]™!
6 7aa
1 4a (OPiv) CsOPiv MeOH 6aa 78 20
2 4a (OPiv) KOAc (2 equiv) MeOH 6aa 44 28
3 4a (OPiv) NaOAc (2 equiv) MeOH 6aa 43 22
4 4a (OPiv) Cs,COs3 (2 equiv) MeOH 6aa 0 0
5 4s (OBz) CsOPiv MeOH 6aa 69 24
6 4t (OBoc) CsOPiv MeOH 6aa 53 19
7 4u (OMe) CsOPiv MeOH 6aa 0 52
8cl  4v (OH) CsOPiv MeOH 6aa 0 54
9 4w (H) CsOPiv MeOH 6aa 0 0
10 4a (OPiv) CsOPiv EtOH 6aa-CO,Et 41 46
114 4a (OPiv) CsOPiv i-PrOH 6aa-H 23 47
124 4a (OPiv) CsOPiv tAmOH  6aa-H 36 16
13 4a (OPiv) CsOPiv acetone - - 0
14 4a (OPiv) CsOPiv CH,Cl, - - 0

[a] [Cp**RhCl,]; (0.0025 mmol), base (0.030-0.20 mmol), 4 (0.10 mmol), 5a (0.11 mmol), and
solvent (0.5 mL) were used. [b] Isolated yield. [c] Ag,CO;3 (5.5 mg, 0.020 mmol) was added. At
60 °C. [d] The reaction conditions are shown in the following compound data.

Ethyl 2,3-diphenyl-1H-indole-1-carboxylate (6aa-CO,Et, Table S1)!"%

CO,Et

N
%Ph

Ph

To a 20.0 mL screw-cap vial were added 4a (9.4 mg, 0.042 mmol), CsOPiv (2.7 mg, 0.012
mmol), [CpAthClz]z (1.1 mg, 0.0011 mmol), Sa (6.9 mg, 0.039 mmol), and EtOH (0.2 mL) in this
order under air. The mixture was sealed and stirred under air at room temperature for 16 hours. The
solvent was removed under reduced pressure and the residue was purified by a preparative thin
layer chlomatography (eluent: n-hexane/EtOAc = 3:1) to give 6aa-CO,Et as a colorless solid (5.4
mg, 0.016 mmol, 45% isolated yield) and 7aa as a colorless solid (5.4 mg, 0.016 mmol, 41%
isolated yield).

'H NMR (CDCls, 400 MHz) § 8.27 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.42-7.38 (m,
1H), 7.30-7.22 (m, 11H), 4.19 (q, /= 7.2 Hz, 2H), 1.02 (t, J= 7.2 Hz, 3H).

2,3-Diphenyl-1H-indole (6aa-H, Table S1)!"”!

H
N
©/\/kph

Ph
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To a 20.0 mL screw-cap vial were added 4a (9.4 mg, 0.042 mmol), CsOPiv (2.7 mg, 0.012
mmol), [CpAZRhClz]z (1.1 mg, 0.0011 mmol), 5a (6.9 mg, 0.039 mmol), and ‘BuOH (0.2 mL) in
this order under air. The mixture was sealed and stirred under air at room temperature for 16 hours.
The solvent was removed under reduced pressure and the residue was purified by a preparative thin
layer chlomatography (eluent: n-hexane/EtOAc = 3:1) to give 6aa-H as a yellow solid (3.8 mg,
0.014 mmol, 36% isolated yield) and 7aa as a colorless solid (3.8 mg, 0.014 mmol, 36% isolated
yield).

'H NMR (CDCls, 400 MHz) ¢ 8.23 (br, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.49-7.23 (m, 11H), 7.15
(t,J=7.6 Hz, 1H).

Methyl 5-methyl-2,3-diphenyl-1H-indole-1-carboxylate (6ba, Table 1-2)

CO,Me

N
SOV
Me

Ph

Colorless solid; 56.0 mg, 0.164 mmol, 82% isolated yield, reaction time: 22 hours; mp 125.7—
127.3 °C; '"H NMR (CDCl;, 400 MHz) ¢ 8.08 (d, /= 8.8 Hz, 1H), 7.36-7.35 (m, 1H), 7.29-7.18 (m,
11H), 3.74 (s, 3H), 2.42 (s, 3H); BC NMR (CDCl;, 100 MHz) ¢ 152.3, 136.0, 134.3, 133.3, 133.2,
132.9, 130.3, 130.1, 129.8, 128.2, 127.6, 127.5, 126.7, 126.3, 122.6, 119.6, 115.2, 53.3, 21.3;
HRMS (ESI) calcd for C,3H;oNO,Na [M+Na]" 364.1308, found 364.1316.

Methyl 5-methoxy-2,3-diphenyl-1H-indole-1-carboxylate (6¢ca, Table 1-2)

CO,Me

N
/ Ph
MeO

Ph

Colorless solid; 64.2 mg, 0.179 mmol, 90% isolated yield; mp 151.9-153.4 °C; "H NMR (CDCl;,
400 MHz) ¢ 8.11 (dd, J = 8.8, 0.4 Hz, 1H), 7.29-7.19 (m, 10H), 7.02-6.98 (m, 2H), 3.80 (s, 3H),
3.74 (s, 3H); °C NMR (CDCls, 100 MHz) § 156.5, 152.2, 136.6, 133.2, 133.1, 130.8, 130.4, 130.3,
130.0, 128.2, 127.7, 127.5, 126.8, 122.6, 116.4, 113.6, 55.8, 53.3; HRMS (ESI) calcd for
Cy3H9NO3;Na [M+Na]" 380.1257, found 380.1242.

Methyl 5-fluoro-2,3-diphenyl-1H-indole-1-carboxylate (6da, Table 1-2)

/COzMe

N
/@i/kph
F

Ph

Colorless solid; 45.3 mg, 0.131 mmol, 66% isolated yield; mp 158.6-160.4 °C; "H NMR (CDCl;,
400 MHz) ¢ 8.19-8.16 (m, 1H), 7.31-7.17 (m, 11H), 7.10 (td, J = 9.2, 2.4 Hz, 1H), 3.75 (s, 3H);
3C NMR (CDCls, 100 MHz) ¢ 159.8 (d, J=238.4 Hz), 152.1, 137.4, 132.8, 132.7, 132.5, 130.6 (d,
J=10.0 Hz), 130.3, 129.9, 128.3, 127.9, 127.7, 127.0, 122.5 (d, /= 4.0 Hz), 116.6 (d, /= 9.0 Hz),
112.6 (d, J = 24.8 Hz), 105.3 (d, J = 24.1 Hz), 53.5; HRMS (ESI) calcd for C,,H;(NO,FNa
[M+Na]" 368.1057, found 368.1056.
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Methyl S-chloro-2,3-diphenyl-1H-indole-1-carboxylate (6ea, Table 1-2)

/COzMe

N
mPh
cl

Ph

Colorless solid; 52.9 mg, 0.146 mmol, 73% isolated yield; mp 137.1-139.9 °C; "H NMR (CDCl;,
400 MHz) ¢ 8.15 (d, J = 8.8 Hz, 1H), 7.54-7.53 (m, 1H), 7.35-7.17 (m, 11H), 3.76 (s, 3H); Bc
NMR (CDCl;, 100 MHz) ¢ 152.0, 137.1, 134.5, 132.6, 132.4, 130.8, 130.2, 129.9. 129.1, 128.3,

127.9, 127.6, 127.1, 125.0, 122.1, 119.3, 116.6, 53.5; HRMS (ESI) caled for Cp,H;sNO,CINa
[M+Na]" 384.0762, found 384.0766.

Methyl 5-bromo-2,3-diphenyl-1H-indole-1-carboxylate (6fa, Table 1-2)

/COzMe

N
Br

Ph

Colorless solid; 57.5 mg, 0.142 mmol, 71% isolated yield; mp 158.6-160.1 °C; 'H NMR (CDCl;,
400 MHz) ¢ 8.10 (d, /= 8.8 Hz, 1H), 7.69 (d, J = 1.6 Hz, 1H), 7.47 (dd, J= 8.8, 2.0 Hz, 1H), 7.30—
7.23 (m, 8H), 7.19-7.17 (m, 2H), 3.75 (s, 3H); °C NMR (CDCl;, 100 MHz) § 152.0, 137.0, 134.9,
132.6, 132.5, 131.4, 130.3, 130.0, 128.4, 128.0, 127.74, 127.69, 127.1, 122.4, 122.0, 117.0, 116.8,
53.6; HRMS (ESI) calcd for Cy,HsNO,BrNa [MJrNa]+ 428.0257, found 428.0259.

Dimethyl 2,3-diphenyl-1H-indole-1,5-dicarboxylate (6ga, Table 1-2)

/COzMe

N
/ Ph
MeO2C

Ph

Yelow solid; 43.2 mg, 0.112 mmol, 56% isolated yield; mp 163.1-164.0 °C; 'H NMR (CDCls,
400 MHz) ¢ 8.28-8.25 (m, 2H), 8.09 (dd, J = 8.8, 1.6 Hz, 1H), 7.32-7.21 (m, 10H), 3.91 (s, 3H),
3.78 (s, 3H); BC NMR (CDCls, 100 MHz) 0 167.4, 152.0, 138.8, 137.1, 132.6, 132.5, 130.2, 130.1,
129.5, 128.4, 128.0, 127.7, 127.1, 126.2, 125.4, 123.0, 122.1, 115.2, 53.7, 52.0; HRMS (ESI) calcd
for C,4H9NO4Na [M+Na]" 408.1206, found 408.1207.

Methyl S-nitro-2,3-diphenyl-1H-indole-1-carboxylate (6ha, Table 1-2)

CO,Me

N
/ Ph
O,N

Ph

Colorless solid; 20.5 mg, 0.055 mmol, 28% isolated yield; mp 192.2-194.0 °C; '"H NMR (CDCl;,
400 MHz) ¢ 8.47 (d, J = 2.0 Hz, 1H), 8.35-8.32 (m, 1H), 8.29-8.26 (m, 1H), 7.35-7.26 (m, 8H),
7.22-7.19 (m, 2H), 3.79 (s, 3H); BC NMR (CDCl5, 100 MHz) 6 151.7, 144.4, 139.2, 138.7, 132.0,
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131.6, 130.1, 129.9, 129.7, 128.6, 128.4, 127.9, 127.6, 123.1, 120.1, 116.2, 115.7, 54.0; HRMS
(ESI) calcd for C»,H;6N>O4Na [M+Na]" 395.1002, found 395.1012.

Methyl 6-methyl-2,3-diphenyl-1H-indole-1-carboxylate (6ia, Table 1-2) and Methyl
4-methyl-2,3-diphenyl-1H-indole-1-carboxylate (6ia’, Table 1-2)

/COzMe /COzMe

Me N N
Ph
ISV /
Ph gia Me PP gia’

The title compound was isolated as a mixture of 6ia and 6ia’ (6ia/6ia’ = 96:4). Colorless solid;
47.8 mg, 0.140 mmol, 70% isolated yield; mp 169.0-171.4 °C;'"H NMR (CDCls, 400 MHz) 6ia: 0
8.05 (s, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.29-7.17 (m, 10H), 7.11 (dd, J = 8.0, 0.8 Hz, 1H), 3.74 (s,
3H), 2.53 (s, 3H); 6ia’: 6 8.11 (d, J = 8.4 Hz, 1H), 7.29-7.17 (m, 11H), 6.99 (d, J = 8.0 Hz, 1H),
3.72 (s, 3H), 2.01 (s, 3H); °C NMR (CDCls, 100 MHz) § 152.4, 136.5, 135.1, 135.0, 133.3, 132.2,
131.2, 130.3, 130.0, 129.9, 128.1, 127.5, 127.4, 127.2, 126.7, 124.7, 122.6, 119.4, 115.6, 53.3, 22.0;
HRMS (ESI) calcd for C,3H;oNO,Na [M+Na]" 364.1161, found 364.1168.

Methyl 6-methoxy-2,3-diphenyl-1H-indole-1-carboxylate (6ja) and Methyl
4-methoxy-2,3-diphenyl-1H-indole-1-carboxylate (6ja’)

Pone /COzMe
MeO N N
Ph
|Ovas /
Ph 6ja  OMe PN 6ja’

The title compound was isolated as a mixture of 6ja and 6ja’ (6ja/6ja’ = 64:36). Colorless solid;
54.6 mg, 0.153 mmol, 77% isolated yield; mp 123.0-125.0 °C; "H NMR (CDCls, 400 MHz) 6ja: o
7.83(d, J=2.4 Hz, 1H), 7.45 (d, J= 8.8 Hz, 1H), 7.32-7.15 (m, 10H), 6.92 (dd, J = 8.8, 2.4 Hz, 1H),
3.92 (s, 3H), 3.72 (s, 3H); 6ja’: 0 7.86 (d, J = 8.4 Hz, 1H), 7.327.15 (m, 11H), 6.71 (d, J = 8.0 Hz,
1H), 3.73 (s, 3H), 3.65 (s, 3H); °C NMR (CDCls, 100 MHz) 6 1158.3, 154.2, 152.5, 137.4, 137.2,
134.51, 134.46, 133.34, 133.29, 133.2, 131.1, 130.4, 130.3, 130.0, 128.2, 127.6, 127.5, 127.4,
126.79, 126.76, 126.2, 125.5, 123.6, 122.5, 120.3, 112.3, 108.3, 104.6, 100.0, 55.8, 55.4, 53.4, 53.3;
HRMS (ESI) calcd for C,3H;oNO3;Na [M+Na]" 380.1257, found 380.1268.

Methyl 6-fluoro-2,3-diphenyl-1H-indole-1-carboxylate (6ka, Table 1-2) and methyl
4-fluoro-2,3-diphenyl-1H-indole-1-carboxylate (6ka’, Table 1-2)

/COzMe /COzMe
F N N
/ Ph Y Ph
Ph 6ka F o Ph 6ka

The title compound was isolated as a mixture of 6ka and 6ka’ (6ka/6ka’ = 29:71). Colorless
solid; 39.3 mg, 0.114 mmol, 57% isolated yield; mp 142.1-143.9 °C; '"H NMR (CDCls, 400 MHz)
6ka: 0 7.96 (dd, /= 10.4, 2.4 Hz, 1H), 7.51-7.47 (m, 1H), 7.32-7.18 (m, 10H), 7.03 (td, /= 8.8, 2.4
Hz, 1H), 3.76 (s, 3H); 6ka’: ¢ 8.04 (dd, J = 8.4, 0.6 Hz, 1H), 7.32-7.18 (m, 11H), 6.96-6.91 (m,
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1H), 3.74 (s, 3H); >*C NMR (CDCls, 100 MHz) 6 156.4 (d, J = 248.1 Hz), 152.1, 138.2 (d, /= 9.0
Hz), 136.5, 133.2, 132.8, 132.6, 130.7 (d, J = 2.1 Hz), 130.3, 130.0, 128.3, 127.8, 127.64, 127.56,
127.49, 127.0, 126.9, 125.3 (d, J = 7.8 Hz), 120.6, 120.5, 118.0 (d, J= 17.5 Hz), 111.7, 111.4 (d, J
= 4.0 Hz), 109.3 (d, J = 19.5 Hz), 103.1 (d, J = 28.9 Hz), 53.57, 53.55; HRMS (ESI) caled for
C5,H;6NO,FNa [M+Na]" 368.1057, found 368.1056.

Methyl 6-chloro-2,3-diphenyl-1H-indole-1-carboxylate (6la, Table 1-2) and methyl
4-Chloro-2,3-diphenyl-1H-indole-1-carboxylate (6la’, Table 1-2)

COzMe /COzMe
/
Cl N N
Ph 6la c Ph o612

The title compound was isolated as a mixture of 6la and 6la’ (6la/6la’ = 67:33). Colorless solid;
39.5 mg, 0.109 mmol, 55% isolated yield; mp 122.0-123.8 °C; '"H NMR (CDCls, 400 MHz) 6la: &
8.25(d,J=1.6 Hz, 1H), 7.48 (d, /= 8.4 Hz, 1H), 7.30-7.17 (m, 11H), 3.77 (s, 3H); 6la’: ¢ 8.20 (dd,
J = 8.0, 0.8 Hz, 1H), 7.30-7.17 (m, 12H), 3.72 (s, 3H); °C NMR (CDCls, 100 MHz) § 152.01,
151.98, 137.9, 137.2, 136.5, 136.4, 133.5, 132.7, 132.7, 132.6, 131.7, 130.8, 130.3, 130.03, 130.00,
128.3, 128.2, 127.9, 127.68, 127.65, 127.4, 127.2, 127.04, 127.0, 126.6, 126.3, 125.1, 124.7, 123.9,
122.7, 122.4, 120.6, 115.8, 113.9, 53.64, 53.59; HRMS (ESI) calcd for C»H;¢NO,CINa [M+Na]"
384.0762, found 384.0754.

Methyl 2,3-diphenyl-6-(trifluoromethyl)-1H-indole-1-carboxylate (6ma, Table 1-2)

/COzMe

F3C N
mph

Ph

Colorless solid; 26.2 mg, 0.066 mmol, 33% isolated yield; mp 110.2-111.9 °C; "H NMR (CDCl3,
400 MHz) ¢ 8.54 (m, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.53 (dd, J = 8.4, 1.2 Hz, 1H), 7.33-7.24 (m,
8H), 7.23-7.19 (m, 2H), 3.79 (s, 3H); 3C NMR (CDCl3, 100 MHz) 6 151.9, 138.4, 135.4, 132.4,
132.4, 132.1, 130.2, 130.0, 128.4, 128.2, 127.8, 127.2, 126.9 (q, J = 31.8 Hz), 124.8 (q, J = 270.3
Hz), 122.5, 120.2, 113.1 (q, J = 4.0 Hz), 53.8; HRMS (ESI) calcd for C13HsNO,F3;Na [M+Na]"
418.1025, found 418.1025.

Methyl 6-nitro-2,3-diphenyl-1H-indole-1-carboxylate (6éna, Table 1-2) and methyl
4-nitro-2,3-diphenyl-1H-indole-1-carboxylate (6na’, Table 1-2)

/COzMe /COzMe
O,5N N N
|Svay -
Ph
Ph 6na NO, 6na’

The title compound was isolated as a mixture of 6na and 6na’ (6fa/6fa’ = 75:25). Yellow solid;
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20.4 mg, 0.056 mmol, 28% isolated yield; mp 211.3-213.0 °C; '"H NMR (CDCls, 400 MHz) 6na: ¢
9.14 (d,J=2.0 Hz, 1H), 8.19 (dd, /= 8.8, 2.0 Hz, 1H), 7.66 (d, J = 8.8 Hz, 1H), 7.36-7.25 (m, 7H),
7.21-7.17 (m, 3H), 3.86 (s, 3H); 6na’: 6 8.55 (dd, J = 8.4, 0.8 Hz, 1H), 7.75 (dd, J = 8.0, 1.2 Hz,
1H), 7.45 (t, J = 8.4 Hz, 1H), 7.36-7.25 (m, 5H), 7.21-7.17 (m, 3H), 7.04-7.02 (m, 2H), 3.74 (s,
3H); *C NMR (CDCl;, 100 MHz) § 151.5, 145.3, 141.1, 134.9, 134.3, 132.9, 131.9, 131.8, 130.13,
130.06, 129.97, 129.4, 128.5, 128.2, 127.9, 127.8, 127.6, 127.5, 127.2, 123.9, 122.6, 119.8, 119.6,

119.2, 118.8, 112.2, 54.1, 53.9; HRMS (ESI) caled for C»HsN,OsNa [M+Na]" 395.1002, found
395.0986.

Methyl 4,6-dimethyl-2,3-diphenyl-1H-indole-1-carboxylate (60a, Table 1-2)

/COzMe
Me N
mPh
Me Ph

Colorless solid; 56.1 mg, 0.158 mmol, 79% isolated yield, reaction time: 22 hours; mp 131.1-
133.0 °C; 'H NMR (CDCls, 400 MHz) 6 7.94 (s, 1H), 7.25-7.13 (m, 10H), 6.84 (s, 1H), 3.71 (s,
3H), 2.47 (s, 3H), 1.97 (s, 3H); BC NMR (CDCls, 100 MHz) ¢ 152.4, 136.4, 135.7, 135.4, 134.6,
133.4, 131.2, 130.9, 129.9, 127.5, 127.2, 127.1, 126.9, 126.7, 125.8, 123.9, 113.7, 53.2, 21.8, 20.0;
HRMS (ESI) caled for Co4H1NO,;Na [MJrNa]+ 378.1465, found 378.1474.

Methyl 4,6-dimethoxy-2,3-diphenyl-1H-indole-1-carboxylate (6pa, Table 1-2)
COzMe
MeO [\j
/ Ph

OmMme Ph

Colorless oil; 47.5 mg, 0.123 mmol, 61% isolated yield; "H NMR (CDCl;, 400 MHz) 6 7.48 (d, J
=2.0 Hz, 1H), 7.25-7.13 (m, 10H), 6.36 (d, J=2.0 Hz, 1H), 3.91 (s, 3H), 3.66 (s, 3H), 3.62 (s, 3H);
BC NMR (CDCls, 100 MHz) ¢ 159.1, 154.5, 152.6, 138.1, 134.5, 133.7, 133.5, 131.1, 130.4, 127.3,

127.1, 126.8, 126.2, 122.3, 113.2, 95.3, 91.6, 55.8, 55.4, 53.3; HRMS (ESI) calcd for Co4H, NO4Na
[M+Na]" 410.1363, found 410.1386.

Methyl 7-methyl-2,3-diphenyl-1H-indole-1-carboxylate (6qa, Table 1-2)

Me  co,Me
N
/ Ph

Ph

Colorless solid; 49.4 mg, 0.145 mmol, 73% isolated yield; mp 105.1-106.8 °C; '"H NMR (CDCl;,
400 MHz) ¢ 7.39-7.37 (m, 1H), 7.24-7.05 (m, 12H), 3.55 (s, 3H), 2.44 (s, 3H); BC NMR (CDCl;,
100 MHz) ¢ 153.2, 136.6, 135.4, 133.5, 132.1, 131.6, 130.7, 130.2, 130.1, 128.3, 128.2, 128.0,

127.7, 127.3, 126.6, 124.1, 123.2, 120.9, 117.8, 53.9, 20.2; HRMS (ESI) calcd for C,3H;9NO,;Na
[M+Na]" 364.1308, found 364.1317.
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Methyl 5-methoxy-2,3-di-p-tolyl-1H-indole-1-carboxylate (6¢cb, Table 1-3)

CO,Me

N
MeO

Me

Colorless solid; 67.2 mg, 0.174 mmol, 87% isolated yield, reaction time: 22 hours; mp 127.8-
129.8 °C; '"H NMR (CDCl;, 400 MHz) 0 8.07 (d, /= 8.8 Hz, 1H), 7.14-7.07 (m, 8H), 7.02-7.01 (m,
1H), 6.98-6.65 (m, 1H), 3.80 (s, 3H), 3.77 (s, 3H), 2.34 (s, 3H), 2.32 (s, 3H); BC NMR (CDCl;,
100 MHz) ¢ 156.4, 152.3, 137.3, 136.6, 136.3, 130.7, 130.6, 130.2, 130.1, 130.1, 129.8, 129.0,
128.3, 122.4, 116.3, 113.4, 102.3, 55.8, 53.3, 21.4, 21.3; HRMS (ESI) calcd for C,sH,3NO;Na
[M+Na]" 408.1570, found 408.1584.

Methyl 5-methoxy-2,3-dipropyl-1H-indole-1-carboxylate (6¢c, Table 1-3)

CO,Me

N
Y nPr
MeO

nPr

Colorless oil; 41.3 mg, 0.143 mmol, 71% isolated yield, reaction time: 34 hours; 'H NMR
(CDCls, 400 MHz) 6 7.94 (d, J = 8.8 Hz, 1H), 6.90 (d, J = 2.4 Hz, 1H), 6.83 (dd, J=9.2, 2.8 Hz,
1H), 4.00 (s, 3H), 3.85 (s, 3H), 2.93 (t, /= 7.6 Hz, 2H), 2.59 (t, J= 7.6 Hz, 2H), 1.66—1.56 (m, 4H),
0.98 (t, J = 7.2 Hz, 6H);, BC NMR (CDCl;, 100 MHz) 6 155.8, 152.3, 138.2, 131.3, 130.3, 119.3,
116.3, 111.2, 101.6, 55.7, 53.1, 28.7, 26.1, 23.4, 23.2, 14.2, 14.1; HRMS (ESI) calcd for
C17H,3NO;Na [M+Na]" 312.1570, found 312.1553.

Methyl 5-methoxy-3-(4-methoxyphenyl)-2-phenyl-1H-indole-1-carboxylate (6cd, Table 1-3)
and methyl 5-methoxy-2-(4-methoxyphenyl)-3-phenyl-1H-indole-1-carboxylate (6cd’, Table
1-3)

/COzMe
N
O Y Ph Q QMQ NOESY cross peak
MeO Y H
N
(< )-om
MeO
OMe 6cd Ph 6cd’

The title compound was isolated as a mixture of 6¢d and 6¢d’ (6ed/6¢d' = 55:45). Regioisomers
was determined by the NOESY experiment. Colorless oil; 72.4 mg, 0.188 mmol, 94% isolated
yield; '"H NMR (CDCl;, 400 MHz) 6¢d: 6 8.12-8.08 (m, 1H), 7.29-7.21 (m, 5H), 7.18-7.12 (m,
2H), 7.02-6.96 (m, 2H), 6.83-6.80 (m, 2H), 3.81 (s, 3H), 3.77 (s, 3H), 3.74 (s, 3H); partial protons
of 6¢d’: 6 8.12-8.08 (m, 1H), 7.29-7.21 (m, SH), 7.18-7.12 (m, 2H), 7.02—6.96 (m, 2H), 6.83-6.80
(m, 2H), 3.81 (s, 3H), 3.79 (s, 3H), 3.78 (s, 3H); >*C NMR (CDCls, 100 MHz) § 159.1, 158.5, 156.5,
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152.4, 152.3, 136.6, 136.3, 133.4, 133.3, 131.6, 131.1, 130.79, 130.75, 130.72, 130.5, 130.4, 130.0,
128.3, 127.6, 127.58, 126.7, 125.4, 125.3, 122.5, 122.4, 116.44, 116.41, 113.8, 113.5, 113.4, 113.1,
102.4, 102.3, 55.8, 55.2, 55.1, 53.4, 53.3; HRMS (ESI) calcd for C,4H,NO4Na [M+Na]” 410.1358,
found 410.1358.

Methyl 5-methoxy-3-methyl-2-phenyl-1H-indole-1-carboxylate (6ce, Table 1-3)

/COzMe

N
/ Ph
MeO

Me

Colorless oil; 49.6 mg, 0.168 mmol, 84% isolated yield; "H NMR (CDCl3, 400 MHz) ¢ 8.04 (dd,
J=18.4, 12 Hz, 1H), 7.44-7.34 (m, 3H), 7.33-7.30 (m, 2H), 6.97-6.94 (m, 2H), 3.88 (s, 3H), 3.72
(s, 3H), 2.10 (s, 3H); BCNMR (CDCl;, 100 MHz) 6 156.2, 152.2, 136.4, 133.6, 131.6, 130.6, 129.7,
127.7, 127.6, 116.9, 116.3, 113.0, 101.7, 55.7, 53.1, 9.2; HRMS (ESI) calcd for C;sH;7NO3;Na
[M+Na]" 318.1101, found 318.1088.

Methyl 3-butyl-5-methoxy-2-phenyl-1H-indole-1-carboxylate (6¢f, Table 1-3) and methyl
2-butyl-5-methoxy-3-phenyl-1H-indole-1-carboxylate (6¢f’, Table 1-3)

CO,Me CO,Me
N N
mph mnBu
MeO MeO
nBu 6¢f Ph 6¢f’

The title compound was isolated as a mixture of 6cf and 6cf (6cf/6cf' = 90:10). The
regiochemistry was determined by the higher field shift of the aromatic proton at the 4-position
(6.84 ppm) of 6¢f’ than that (7.02—7.01 ppm) of 6cf as a result of the shielding effect of the adjacent
benzene ring. Colorless oil; 44.0 mg, 0.130 mmol, 65% isolated yield; '"H NMR (CDCls, 400 MHz)
6c¢f: 6 8.06 (d, /= 8.8 Hz, 1H), 7.43-7.35 (m, 3H), 7.32-7.29 (m, 2H), 7.02-7.01 (m, 1H), 6.95 (dd,
J=28.8, 2.4 Hz, 1H), 3.89 (s, 3H), 3.70 (s, 3H), 2.50 (t, J = 7.6 Hz, 2H), 1.59-1.50 (m, 2H), 1.27
(sext, J = 7.6 Hz, 2H), 0.82 (t, J = 7.6 Hz, 3H); partial protons of 6¢f’: ¢ 8.01 (d, J = 8.8 Hz, 1H),
7.49-7.46 (m, 2H), 6.89 (dd, J = 9.2, 2.4 Hz, 1H), 6.84-6.83 (m, 1H), 4.05 (s, 3H), 3.77 (s, 3H),
2.98 (t, J = 8.0 Hz, 2H), 1.59-1.50 (m, 2H), 1.32-1.23 (m, 2H), 0.85-0.80 (m, 3H); °C NMR
(CDCl3, 100 MHz) 6 156.3, 156.1, 152.4, 152.2, 139.2, 136.5, 134.0, 133.8, 131.0, 130.9, 130.8,
130.3, 130.1, 129.8, 128.6, 127.9, 127.68, 127.65, 127.2, 121.8, 116.5, 116.4, 112.5, 112.4, 102.4,
101.9, 55.8, 55.7, 53.4, 53.1, 32.6, 32.2, 26.9, 23.4, 22.64, 22.59, 13.84, 13.76; HRMS (ESI) calcd
for C2H,3NO3Na [M+Na]" 360.1570, found 360.1572.

Methyl 3-(3-chloropropyl)-5-methoxy-2-phenyl-1H-indole-1-carboxylate (6cg, Table 1-3)
and methyl 2-(3-chloropropyl)-5-methoxy-3-phenyl-1H-indole-1-carboxylate (6¢g, Table 1-3)

/COzMe pOzMe Cl
N N
Ve Y
MeO cl MeO
3cg Ph 3cg’
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The title compound was isolated as a mixture of 6cg and 6¢g’ (6¢cg/6eg' = 92:8). The
regiochemistry was determined by the higher field shift of the aromatic proton at the 4-position
(6.84—6.83 ppm) of 6¢g’ than that (7.06 ppm) of 6¢g as a result of the shielding effect of the
adjacent benzene ring. Colorless oil; 47.6 mg, 0.133 mmol, 67% isolated yield; "H NMR (CDCl;,
400 MHz) 6¢cg: o 8.06 (d, J = 8.8 Hz, 1H), 7.45-7.37 (m, 3H), 7.34-7.28 (m, 2H), 7.06 (m, 1H),
6.97 (dd, J=8.8, 2.4 Hz, 1H), 3.89 (s, 3H), 3.71 (s, 3H), 3.45 (t, /= 7.6 Hz, 1H), 2.68 (t, /= 7.6 Hz,
2H), 2.04—1.95 (m, 2H); partial protons of 6¢g’: ¢ 8.09 (d, J=9.2 Hz, 1H), 8.01 (d, /= 9.2 Hz, 1H),
7.50-7.47 (m, 2H), 6.91 (dd, J = 8.8, 2.4 Hz, 1H), 6.84-6.83 (m, 1H), 4.07 (s, 3H), 3.76 (s, 3H),
3.17-3.13 (m, 2H), 2.14-2.06 (m, 2H), 1.83-1.82 (m, 2H); °C NMR (CDCls, 100 MHz) 6 156.4,
156.2, 152.1, 137.0, 133.4, 130.7, 130.6, 130.1, 130.0, 129.7, 128.8, 127.92, 127.87, 127.7, 127.4,
122.7, 119.9, 116.6, 116.5, 116.3, 113.0, 112.8, 103.7, 102.0, 101.8, 55.9, 55.8, 53.21, 53.16, 44.6,
33.2, 32.9, 25.0, 21.4, 19.3; HRMS (ESI) calcd for CyHzNO3;CINa [M+Na]" 380.1024, found
380.1015.

Methyl 3-(hydroxymethyl)-5-methoxy-2-phenyl-1H-indole-1-carboxylate (6¢ch, Table 1-3)

/COzMe
N
/ Ph
MeO
OH

Colorless oil; 52.6 mg, 0.169 mmol, 84% isolated yield; "H NMR (CDCls, 400 MHz) ¢ 8.03 (d, J
= 9.2 Hz, 1H), 7.43-7.39 (m, 3H), 7.35-7.32 (m, 2H), 7.19 (d, J = 2.4 Hz, 1H), 6.96 (dd, J = 9.2,
2.8 Hz, 1H), 4.58 (s, 2H), 3.87 (s, 3H), 3.72 (s, 3H); *C NMR (CDCl;, 100 MHz) J 156.4, 152.1,
138.4, 132.4, 130.7, 129.8, 129.7, 128.2, 127.8, 120.2, 116.4, 113.8, 101.7, 56.0, 55.8, 53.4; HRMS
(ESI) calcd for C;sH;7NO;Na [M+Na]" 334.1050, found 334.1056.

Methyl 3-cyclohexyl-5-methoxy-2-phenyl-1H-indole-1-carboxylate (6¢i, Table 1-3) and
methyl 2-cyclohexyl-5-methoxy-3-phenyl-1H-indole-1-carboxylate (6¢i’, Table 1-3)

CO,Me CO,Me
N N
MeO MeO
CYy  6ci Ph  6ei’

The title compound was isolated as a mixture of 6ci and 6c¢i’ (6c¢i/6¢i' = 87:13). The
regiochemistry was determined by the higher field shift of the aromatic proton at the 4-position
(6.56 ppm) of 6¢i’ than that (7.29—7.24 ppm) of 6c¢i as a result of the shielding effect of the adjacent
benzene ring. Colorless solid; 65.3 mg, 0.180 mmol, 90% isolated yield, reaction time: 45 hours;
mp 97.9-99.7 °C; '"H NMR (CDCls, 400 MHz) 6¢i: 6 8.08 (d, J = 8.8 Hz, 1H), 7.42-7.35 (m, 3H),
7.29-7.24 (m, 3H), 6.93 (dd, J = 9.2, 2.4 Hz, 1H), 3.89 (s, 3H), 3.66 (s, 3H), 2.55-2.47 (m, 1H),
1.88-1.68 (m, 8H), 1.27-1.18 (m, 2H); partial protons of 6¢i’: 0 7.91 (d, J=9.2 Hz, 1H), 6.86 (dd, J
= 9.2, 2.8 Hz, 1H), 6.56 (d, J = 2.8 Hz, 1H), 4.06 (s, 3H), 3.72 (s, 3H); °C NMR (CDCls, 100
MHz) ¢ 155.5, 152.1, 135.7, 134.1, 131.2, 130.7, 129.9, 129.7, 128.2, 127.7, 127.6, 127.3, 125.8,
116.3, 111.7, 104.4, 559, 53.0, 36.3, 32.8, 32.1, 27.2, 26.8, 26.2; HRMS (ESI) calcd for
C»3H,5NO3;Na [M+Na]" 386.1727, found 386.1725.

Methyl 3-(fert-butyl)-5-methoxy-2-phenyl-1H-indole-1-carboxylate (6¢cj, Table 1-3) and
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methyl 2-(tert-butyl)-5-methoxy-3-phenyl-1H-indole-1-carboxylate (6¢j’, Table 1-3)

/COzMe /(:OzMe
N N
mph /@1%&
MeO MeO
Bu 6 Ph  6cj’

The title compound was isolated as a mixture of 6c¢j and 6c¢j’ (6¢j/6cj' = 95:5). The
regiochemistry was determined by the higher field shift of the aromatic proton at the 4-position
(6.60 ppm) of 6¢j’ than that (7.39-7.29 ppm) of 6¢j as a result of the shielding effect of the adjacent
benzene ring. Colorless solid; 18.5 mg, 0.055 mmol, 27% isolated yield, reaction time: 36 hours;
mp 88.8-90.5 °C; "H NMR (CDCls, 400 MHz) 6¢j: J 8.08 (d, J=9.2 Hz, 1H), 7.39-7.29 (m, 6H),
6.94 (dd, J=9.2, 2.4 Hz, 1H), 3.89 (s, 3H), 3.60 (s, 3H), 1.24 (s, 9H); partial protons of 6¢j’: 6 6.81
(dd, J=9.2,2.8 Hz, 1H), 6.60 (d, J=2.8 Hz, 1H), 3.99 (s, 3H), 3.71 (s, 3H), 1.30 (s, 9H); °C NMR
(CDCl3, 100 MHz) ¢ 155.0, 152.0, 136.0, 134.6, 131.5, 131.2, 131.0, 129.9, 127.8, 127.7, 126.8,
116.1, 111.7, 111.7, 106.2, 55.9, 53.0, 33.3, 31.7, 31.0, 30.9, 30.3; HRMS (ESI) calcd for
C,1H23NO;3;Na [M+Na]" 360.1570, found 360.1575.

Methyl 5-methoxy-2-phenyl-3-(trimethylsilyl)-1H-indole-1-carboxylate (6¢k, Table 1-3) and
methyl 5-methoxy-3-phenyl-2-(trimethylsilyl)-1H-indole-1-carboxylate (6¢ck’, Table 1-3)

CO,Me CO,Me
N N
/) —Ph ) —SiMes
MeO MeO
SiMe;  gck Ph 6ck’

The title compound was isolated as a mixture of 6ck and 6ck’ (6¢ck/6¢ck' = 93:7). The
regiochemistry was determined by the higher field shift of the aromatic proton at the 4-position
(6.74 ppm) of 6¢k’ than that (7.19 ppm) of 6ck as a result of the shielding effect of the adjacent
benzene ring. Colorless solid; 52.4 mg, 0.148 mmol, 74% isolated yield, reaction time: 45 hours;
mp 117.2-119.0 °C; '"H NMR (CDCls, 400 MHz) 6ck: J 8.05 (d, J = 9.2 Hz, 1H), 7.39-7.35 (m,
3H), 7.31-7.28 (m, 2H), 7.19 (d, J = 2.4 Hz, 1H), 6.95 (dd, J = 8.8, 2.4 Hz, 1H), 3.87 (s, 3H), 3.69
(s, 3H), 0.04 (s, 9H); partial protons of 6¢k’: 0 8.04—8.02 (m, 1H), 7.02 (d, /= 2.4 Hz, 1H), 6.74 (d,
J =24 Hz, 1H), 4.04 (s, 3H), 3.75 (s, 3H), 0.25 (s, 9H); *C NMR (CDCls;, 100 MHz) J 155.8,
151.8, 146.1, 135.7, 134.7, 131.9, 131.4, 130.6, 130.3, 128.5, 128.2, 128.2, 128.1, 127.3, 116.6,
116.1, 111.9, 105.2, 55.7, 53.2, 1.25, 0.45; HRMS (ESI) calcd for Cy0H»3NO3SiNa [M+Na]"
376.1339, found 376.1333.

Methyl 3-cyclohexyl-5-methoxy-2-methyl-1H-indole-1-carboxylate (6¢l, Table 1-3) and
methyl 2-cyclohexyl-5-methoxy-3-methyl-1H-indole-1-carboxylate (6¢l’, Table 1-3)

CO,Me
N
/ Me /COzMe
MeO N
(_H MeO
NOESY cross peak 6cl Me 6cl’

The title compound was isolated as a mixture of 6cl and 6¢l’ (6¢l/6cl' = 72:28). Regioisomers
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was determined by the NOESY experiment. Colorless oil; 40.4 mg, 0.134 mmol, 67% isolated yield,
'H NMR (CDCls, 400 MHz) 6¢l: 6 7.99 (d, J = 8.8 Hz, 1H), 7.14 (d, J = 2.4 Hz, 1H), 6.85-6.81 (m,
1H), 4.00 (s, 3H), 2.79-2.71 (m, 1H), 3.87 (s, 3H), 2.55 (s, 3H), 1.96-1.70 (m, 10H); 6cI’: 6 7.84 (d,
J=28.8Hz, 1H), 6.87 (d, /= 2.4 Hz, 1H), 6.85-6.81 (m, 1H), 4.01 (s, 3H), 3.60-3.54 (m, 1H), 3.86
(s, 3H), 2.29 (s, 3H), 1.46-1.26 (m, 10H); *C NMR (CDCls, 100 MHz) J 156.0, 155.3, 152.8,
152.7, 142.1, 132.8, 132.5, 130.7, 130.2, 129.9, 123.5, 116.12, 116.09, 114.5, 111.8, 110.3, 103.8,
100.8, 55.82, 55.75, 53.24, 53.16, 37.7, 36.5, 31.8, 31.5, 27.3,27.2, 26.29, 26.27, 13.9, 10.3; HRMS
(ESI) calcd for C;sH,3NO3;Na [M+Na]" 324.1570, found 324.1568.

IV. Rhodium-Catalyzed Pyrrole Synthesis (Table 1-4)

Representive procedure for pyrrole synthesis (9aa, Table 1-4): To a 20.0 mL screw-cap vial
were added 8a (46.5 mg, 0.220 mmol), NaOAc (14.0 mg, 0.060 mmol), [CpAZRhClz]z (5.2 mg,
0.0050 mmol), 5a (35.6 mg, 0.200 mmol), and MeOH (1.0 mL) in this order under air. The mixture
was sealed and stirred under air at room temperature for 16 hours. The solvent was removed under
reduced pressure and the residue was purified by a preparative thin layer chlomatography (eluent:
n-hexane/EtOAc = 3:1) to give 9aa as a colorless solid (40.6 mg, 0.128 mmol, 64% isolated yield).

Methyl 2,3-diphenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate (9aa, Table 1-4)

CO,Me

N
Ph

Colorless solid; 40.6 mg, 0.128 mmol, 64% isolated yield; mp 168.5-170.2 °C; 'H NMR (CDCl;,
400 MHz) ¢ 7.31-7.25 (m, 5H), 7.16-7.05 (m, 5H), 3.73 (s, 3H), 3.04-3.00 (m, 2H), 2.79-2.75 (m,
2H), 2.48-2.40 (m, 2H); BC NMR (CDCl;, 100 MHz) ¢ 151.4, 138.7, 134.8, 133.8,133.0, 131.0,
129.5, 128.4, 127.9, 127.7, 127.4, 125.9, 123.3, 53.3, 28.8, 27.5, 25.9; HRMS (ESI) calcd for
C»1HoNO,Na [M+Na]" 340.1308, found 340.1317.

Methyl 2,3-diphenyl-4,5,6,7-tetrahydro-1H-indole-1-carboxylate (9ba, Table 1-4)
/COzMe
N
%Ph
Ph

Colorless solid; 43.4 mg, 0.131 mmol, 65% isolated yield (8b: 2 equiv); mp 129.1-130.8 °C; 'H
NMR (CDCls, 400 MHz) 6 7.24-7.09 (m, 8H), 7.05-7.02 (m, 2H), 3.63 (s, 3H), 2.91-2.87 (m, 2H),
2.44-2.41 (m, 2H), 1.90-1.84 (m, 2H), 1.76-1.70 (m, 2H); >*C NMR (CDCl;, 100 MHz) ¢ 152.1,
134.5, 133.8, 130.6, 130.2, 129.9, 129.8, 127.8, 127.8, 127.5, 126.8, 126.4, 126.1, 121.1, 53.2, 25.0,
23.5,23.0, 22.9; HRMS (ESI) calcd for C»,H, NO,Na [M+Na]" 354.1465, found 354.1471.

Methyl 2,3-dimethyl-4,5-diphenyl-1H-pyrrole-1-carboxylate (9ca, Table 1-4)
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/COzMe
Me

N
jl/\/kph
Me

Ph

Colorless solid; 37.3 mg, 0.122 mmol, 61% isolated yield; mp 85.1-87.0 °C; "H NMR (CDCl;,
400 MHz) ¢ 7.28-7.13 (m, 6H), 7.09-7.02 (m, 4H), 3.60 (s, 3H), 2.43 (d, /= 0.8 Hz, 3H), 1.94 (d, J
= 0.4 Hz, 3H);, BC NMR (CDCls, 100 MHz) ¢ 152.5, 134.8, 133.8, 130.3, 129.9, 127.7, 127.6,
127.6, 127.4, 126.6, 126.1, 118.3, 53.2, 12.5, 10.1; HRMS (ESI) calcd for C20H;oNO,Na [M+Na]"
328.1308, found 328.1293.

Methyl 5-methyl-2,3-diphenyl-1H-pyrrole-1-carboxylate (9da, Table 1-4)

CO,Me

N
Uph

Ph

Me

Colorless solid; 18.5 mg, 0.0635 mmol, 64% isolated yield [Sa: 0.1 mmol, 8d: 0.2 mmol (2
equiv)]; mp 102.1-103.4 °C; '"H NMR (CDCls, 400 MHz) 6 7.33-7.25 (m, 3H), 7.23-7.07 (m, 7H),
6.20 (d, J = 1.2 Hz, 1H), 3.61 (s, 3H), 2.49 (d, J = 1.2 Hz, 3H); °C NMR (CDCls;, 100 MHz) &
152.3,135.0, 134.1, 132.0, 130.3, 129.9, 128.2, 128.0, 127.8, 127.2, 126.0, 125.4, 112.3, 53.3, 15.4;
HRMS (ESI) calcd for C;oH;7NO,Na [M+Na]" 314.1151, found 314.1138.

Methyl 2,3,5-triphenyl-1H-pyrrole-1-carboxylate (9ea, Table 1-4)

CO,Me

N
vph

Ph

Ph

Colorless solid; 16.4 mg, 0.0464 mmol, 46% isolated yield [Sa: 0.1 mmol, 8d: 0.2 mmol (2
equiv)]; mp 152.0-153.5 °C; 'H NMR (CDCls, 400 MHz) ¢ 7.45-7.38 (m, 4H), 7.35-7.32 (m, 6H),
7.19-7.14 (m, 5H), 6.52 (s, 1H), 3.50 (s, 3H); °C NMR (CDCl3;, 100 MHz) ¢ 152.2, 135.4, 134.8,
133.5,132.8, 131.6, 130.7, 128.2, 128.2, 128.1, 128.0, 128.0, 127.9, 127.4, 126.2, 125.7, 113.6, 5.8;
HRMS (ESI) calcd for C,4H;oNO,Na [M+Na]" 376.1308, found 376.1304.

Methyl 4-methyl-2,3-diphenylpyrrolo[3,2-b]indole-1(4H)-carboxylate (9ga, Table 1-4)

CO,Me
| N
Ph
N /
Mé Ph

Colorless solid; 37.6 mg, 0.0988 mmol, 49% isolated yield; mp 170.3-172.0 °C; '"H NMR
(CDCls, 400 MHz) 0 8.11 (d, J = 7.6 Hz, 1H), 7.35-7.33 (m, 1H), 7.29-7.22 (m, 11H), 7.21-7.17
(m, 1H), 3.94 (s, 3H), 3.57 (s, 3H); BC NMR (CDCls, 100 MHz) 0 151.8, 141.2, 135.1, 133.7,
132.8, 132.7, 130.9, 130.8, 128.0, 127.4, 127.3, 127.0, 121.6, 119.5, 119.1, 118.8, 116.3, 115.6,
109.2, 53.5, 30.9; HRMS (ESI) calcd for C,sH20N>O,Na [M+Na]" 403.1417, found 403.1416.

73



Methyl 2,3-diphenyl-1H-benzo[4,5]thieno[2,3-b]pyrrole-1-carboxylate (9ha, Table 1-4)

/C:OzMe
S

N
Ph
Yellow solid; 10.6 mg, 0.0271 mmol, 14% isolated yield; mp 161.8—-162.8 °C; "H NMR (CDCl;,
400 MHz) ¢ 7.84-7.81 (m, 1H), 7.63—7.60 (m, 1H), 7.34-7.23 (m, 12H), 3.88 (s, 3H); B3C NMR
(CDCl3, 100 MHz) ¢ 150.8, 140.4, 134.7, 133.6, 131.1, 130.1, 128.1, 127.8, 127.5, 127.0, 125.2,

124.4, 123.8, 123.5, 123.3, 121.5, 54.1; HRMS (ESI) calcd for C,4H;;NO,SNa [M+Na]" 406.0872,
found 406.0864.

Methyl 3-(4-methoxyphenyl)-2-phenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate
(9ad, Table 1-4)

/COzMe
N
| )—Ph

H
A
NOESY cross peak
OMe

The title compound was isolated as a mixture of 9ad and 9ad’ (9ad/9ad' = 51:49). 21.6 mg,
0.0621 mmol, 62% isolated yield [Sd: 0.1 mmol, 8a: 0.2 mmol (2 equiv)]. The analytical pure
compound was obtained by further purification by TLC. Regioisomers was determined by the
NOESY experiment. Colorless oil; '"H NMR (CDCls, 400 MHz) 6 7.31-7.25 (m, 5H), 7.01-6.99 (m,
2H), 6.71-6.68 (m, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.03-3.00 (m, 2H), 2.77-2.73 (m, 2H), 2.47—
2.41 (m, 2H); C NMR (CDCl;, 100 MHz) d; 157.8, 151.4, 138.7, 134.1, 132.4, 131.1, 129.5,
127.8, 127.4, 127.3, 122.9, 113.5, 55.1, 53.3, 28.8, 27.6, 25.9; HRMS (ESI) calcd for C;,H,;NO3;Na
[M+Na]" 370.1414, found 370.1418.

Methyl 2-(4-methoxyphenyl)-3-phenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate
(9ad’, Table 1-4)

O@ NOESY cross peak
O# H

N
| / OMe

Ph

Regioisomers was determined by the NOESY experiment. Colorless solid; '"H NMR (CDCls, 400
MHz) 9ad’: 6 7.20-7.14 (m, 4H), 7.11-7.08 (m, 3H), 6.86-6.83 (m, 2H), 3.81 (s, 3H), 3.75 (s, 3H),
3.03-3.00 (m, 2H), 2.79-2.75 (m, 2H), 2.45-2.41 (m, 2H); *C NMR (CDCls, 100 MHz) J 159.0,
151.5, 138.5, 135.0, 132.9, 132.3, 129.4, 128.5, 128.0, 126.2, 125.8, 123.2, 113.3, 55.1, 53.3, 28.9,
27.5,26.0; HRMS (ESI) calcd for C5,H,NO3;Na [M+Na]" 370.1414, found 370.1418.

74



Methyl 3-methyl-2-phenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate (9ae) and
methyl 2-methyl-3-phenyl-5,6-dihydrocyclopenta|b]pyrrole-1(4H)-carboxylate (9ae’, Table
1-4)

CO,Me CO,Me

N N
Me 9ae Ph 9ae’

The title compound was isolated as a mixture of 9ae and 9ae’ (9ae/9ae' = 50:50). The
regiochemistry was not determined. Colorless oil; 14.0 mg, 0.0550 mmol, 28% isolated yield.; 'H
NMR (CDCls, 400 MHz) 6 7.41-7.21 (m, SH), 3.92 (s, 3H), 2.99-2.91 (m, 2H), 2.67-2.60 (m, 2H),
2.44-2.32 (m, 2H), 1.89 (s, 3H); partial protons of another isomer: ¢ 3.90 (s, 3H), 2.61-2.54 (m,
2H), 2.53 (s, 3H); °C NMR (CDCls, 100 MHz) ¢ 152.0, 151.5, 138.0, 137.0, 135.5, 133.9, 133.4,
131.0, 130.3, 130.2, 129.2, 128.8, 128.3, 127.5, 126.9, 126.1, 122.6, 118.6, 53.3, 53.1, 28.9, 28.8,
27.6, 27.5,25.3, 24.3, 14.1, 10.5; HRMS (ESI) calcd for C;sH;7NO,Na [M+Na]" 278.1151, found
278.1155.

Methyl 3-butyl-2-phenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate (9af, Table
1-4)

-

Me
NOESY cross peak 9af

The title compound was isolated as a mixture of 9af and 9af’ (9af/9af’ = 70:30); 11.1 mg, 0.0373
mmol, 37% isolated yield [5f: 0.1 mmol, 8a: 0.2 mmol (2 equiv)]. The analytical pure compound
was obtained by further purification by TLC. Regioisomers was determined by the NOESY
experiments. Colorless oil; 'H NMR (CDCls, 400 MHz) 9af:5 7.39-7.28 (m, 3H), 7.25-7.23 (m,
2H), 3.68 (s, 3H), 2.97-2.92 (m, 2H), 2.63-2.59 (m, 2H), 2.43-2.36 (m, 2H), 2.23-2.20 (m, 2H),
2.23-2.20 (m, 2H), 1.46-1.39 (m, 2H), 1.28-1.18 (m, 2H), 0.81 (t, J = 7.6 Hz, 3H); "C NMR
(CDCls, 100 MHz) 0 151.5, 138.2, 134.0, 133.2, 130.4, 130.2, 127.5, 127.0, 123.6, 53.1, 32.2, 28.6,
27.7, 25.1, 25.0, 22.4, 13.9; HRMS (ESI) calcd for C;9H»3NO;Na [MJrNa]+ 320.1621, found
320.1623.

Methyl 2-butyl-3-phenyl-5,6-dihydrocyclopenta[b]pyrrole-1(4H)-carboxylate (9af’, Table
1-4)
CO,Me

N

| / nBu
H
\_H
NOESY cross peak
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The analytical pure compound was obtained by further purification by TLC. Colorless oil; 'H
NMR (CDCls, 400 MHz) ¢ 7.39-7.38 (m, 2H), 7.32-7.29 (m, 2H), 7.27-7.23 (m, 1H), 3.91 (s, 3H),
2.96-2.87 (m, 4H), 2.63-2.59 (m, 2H), 2.39-2.32 (m, 2H), 1.64—-1.57 (m, 2H), 1.34-1.24 (m, 3H),
0.87 (t, J = 7.6 Hz, 3H); °C NMR (CDCls, 100 MHz) § 151.6, 137.2, 135.7, 135.5, 129.4, 128.7,
128.3, 126.2, 122.7, 53.3, 33.0, 29.1, 274, 26.7, 25.2, 22.6, 13.8; HRMS (ESI) caled for
C19H23NO,Na [M+Na]" 320.1621, found 320.1629.

Methyl 3-(3-chloropropyl)-2-phenyl-5,6-dihydrocyclopenta|b]pyrrole-1(4H)-carboxylate
(9ag, Table 1-4)
CO,Me
N
| )—Ph
H Cl
(A
NOESY cross peak
The title compound was isolated of 9ag and 9ag’ (9ag/9ag' = 63:37); 10.1 mg, 0.032 mmol, 32%
isolated yield [Sg: 0.1 mmol, 8a: 0.2 mmol (2 equiv)]. The analytical pure compound was obtained
by further purification by TLC. Regioisomers was determined by the NOESY experiment. Colorless
oil; "H NMR (CDCls, 400 MHz) 6 7.40-7.29 (m, 3H), 7.26-7.22 (m, 2H), 3.69 (s, 3H), 3.41 (t, J =
6.8 Hz, 2H), 2.97-2.93 (m, 2H), 2.63-2.59 (m, 2H), 2.44-2.36 (m, 4H), 1.90 (quin, J = 6.8 Hz, 2H);

C NMR (CDCl3;, 100 MHz) ¢ 151.3, 138.4, 133.8, 133.6, 130.3, 129.8, 127.6, 127.3, 121.6, 53.2,

44.4, 32.8, 28.6, 27.7, 25.0, 22.8; HRMS (ESI) calcd for C;sH20NO,Na [M+Na]" 340.1075, found
340.1087.

Methyl 2-(3-chloropropyl)-3-phenyl-5,6-dihydrocyclopenta|b]|pyrrole-1(4H)-carboxylate
(9ag’, Table 1-4)

COMe Cl
N

|/
H
(_H
NOESY cross peak

The analytical pure compound was obtained by further purification by TLC. Colorless oil; 'H
NMR (CDCls, 400 MHz) 6 7.45-7.33 (m, 3H), 7.32-7.23 (m, 2H), 3.92 (s, 3H), 3.50 (t, /= 6.4 Hz,
2H), 3.07-3.03 (m, 2H), 2.96-2.93 (m, 2H), 2.62-2.58 (m, 2H), 2.42-2.33 (m, 2H), 2.14-2.07 (m,
2H); °C NMR (CDCls, 100 MHz) 6 151.6, 137.5, 135.2, 133.2, 130.3, 129.5, 128.7, 128.4, 126.5,

53.4,44.8,33.6,29.1, 27.4, 25.1, 24.8; HRMS (ESI) calcd for C,3H,0NO,CINa [M+Na]" 340.1075,
found 340.1071.

Methyl 3,4-dimethyl-2-phenylpyrrolo|3,2-b]indole-1(4H)-carboxylate (9ge, Table 1-4) and
methyl 2,4-dimethyl-3-phenylpyrrolo[3,2-b]indole-1(4H)-carboxylate (9ge’, Table 1-4)
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CO,Me CO,Me

| N | N
Me Ph
/N Y /N Y
Me Ph 9ge Me Me 9ge’

The title compound was isolated as a mixture of 9ge and 9ge’ (9ge/9ge' = 57:43). The
regiochemistry was determined by the higher field shift of the N-Me proton of 9ge’ (2.25 ppm) than
that of 9ge (2.54 ppm) as a result of the shielding effect of the adjacent benzene ring.

Colorless oil; 13.6 mg, 0.0427 mmol, 43% isolated yield [Se: 0.1 mmol, 8g: 0.2 mmol (2 equiv)];
'H NMR (CDCls, 400 MHz) 9ge: 6 8.06 (dd, J= 7.6, 0.4 Hz, 1H), 7.47-7.33 (m, 5H), 7.30-7.14 (m,
3H), 3.93 (s, 3H), 3.90 (s, 3H), 2.25 (s, 3H); partial protons of 9ge’: ¢ 8.01 (d, J = 7.6 Hz, 1H),
7.47-7.33 (m, 5H), 7.30-7.14 (m, 3H), 4.16 (s, 3H), 3.52 (s, 3H), 2.54 (s, 3H) ; *C NMR (CDCl;,
100 MHz) ¢ 152.2, 151.7, 140.9, 140.7, 135.1, 134.8, 133.4, 133.3, 132.8, 130.7, 128.4, 127.6,
127.4,121.3,120.9, 119.4, 119.0, 119.0, 119.0, 119.0, 116.5, 116.5, 114.2, 109.1, 109.0, 53.5, 53.3,
30.9, 30.7, 14.2, 10.0; HRMS (ESI) calced for CyoHsN,0,Na [M+Na]" 341.1260, found 341.1266.

V. Application to the synthesis of 7-aminoindole 6ia

Methyl S-chloro-7-morpholino-2,3-diphenyl-1H-indole-1-carboxylate (6ia)
)
N" co,Me
N
/ Ph
Cl
Ph
To a 20.0 mL screw-cap vial were added 4il"*! (29.4 mg, 0.084 mmol), NaOAc (2.1 mg, 0.026
mmol), [Cp**RhCl,], (4.8 mg, 0.0042 mmol), 5a (45.1 mg, 0.253 mmol), and MeOH (1.0 mL) in
this order under air. The mixture was sealed and stirred under air at room temperature for 16 hours.
The solvent was removed under reduced pressure and the residue was purified by a preparative thin
layer chlomatography (eluent: n-hexane/EtOAc = 4:1) to give 6ia as a colorless solid (12.8 mg,
0.029 mmol, 35% isolated yield)
Mp 187.0-188.5 °C; '"H NMR (CDCls, 400 MHz) ¢ 7.40 (d, J= 2.0 Hz, 1H), 7.37-7.24 (m, 10H),
7.03 (d, J=2.0 Hz, 1H), 3.54 (t, J = 4.4 Hz, 2H), 3.75 (s, 3H), 3.06 (t, J = 4.4 Hz, 2H); *C NMR
(CDCl;, 100 MHz) ¢ 154.1, 140.3, 137.9, 133.1, 131.4, 130.8, 130.3, 129.88, 129.85, 128.70,

128.68, 128.5, 128.0, 126.8, 119.2, 116.0, 115.7, 67.1, 54.8, 52.4; HRMS (ESI) calcd for
C6H23N,03CINa [M+Na]" 469.1289, found 469.1291.

V1. Mechanistic Studies
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2.5 mol % [Cp*2RhCl,], D

H

N\n/OMe CsOPiv (0.3 equiv) N\n/OMe
©i 0 CD,0D, RT, 16 h @: o)

H D/H

under air
10 10-d
98% recov. (0% D)
0 2.5 mol % [Cp*2RhCl,], o D
_OPiv CsOPiv (03 equiv) _OPiv N OMe
N N + bl
H CD;0D, RT, 16 h D o}
H under air D/H D/H
4a 4a-d 10-d
63% recov. (12% D) 12% (0% D)

To a 20.0 mL screw-cap vial were added 10 (30.2 mg, 0.200 mmol) or 4a (44.3 mg, 0.220 mmol),
CsOPiv (14.0 mg, 0.060 mmol), [Cp**RhCl,], (5.2 mg, 0.0050 mmol), and MeOH-d4 (1.0 mL)
under air in this order. The mixture was sealed and stirred under air at room temperature for 16
hours. The solvent was removed under reduced pressure, and the mixture was filtered by a short
silica gel pad with Et,O. The yields and deuterium incorporation of 4a and 10 were determined by
integration of the "H NMR spectra using dimethyl terephthalate as an internal standard.

Dueterium Kinetic Isotope Efect for Parallel Reaction of 4a or 4a-ds with Sa (eq 1-12)

2.5 mol % 0
o N [CP*RhCLy], )OMe
N,OPiv + | | CsOPiv (0.3 equiv) N
D,/H Ph

Ds/Hs H MeOH, RT, 30 min e 7/
Ph under air bh
4a or 4a-d5 5a 6aa/6aa-d4

(1.1 equiv)

The reaction was carried out according to the general procedure using 4a or 4a-ds (0.110 mmol),
CsOPiv (0.030 mmol), [Cp*RhCl,], (0.0025 mmol), 5a (0.100 mmol), and MeOH (0.5 mL) at room
temperature for 30 min. The yields were determined by 'H NMR using 1,1,2,2-tetrachloroethane as
an internal standard.

Dueterium Kinetic Isotope Efect for Inetrmolecular Competition Reactions of 4a or 4a-ds
with Sa (eq 1-12)

2.5 mol %
Ph [Cp*?RhCl,],
CsOPiv (0.3 equiv)
4a +  dady + || 6aa + 6aa-d,
MeOH, RT, 30 min
(0.55 equiv) (0.55 equiv) Ph underair

5a

The reaction was carried out according to the general procedure using 4a (0.055 mmol) and 4a-ds
(0.055 mmol), CsOPiv (0.030 mmol), [Cp*RhCl,], (0.0025 mmol), 5a (0.100 mmol), and MeOH
(0.5 mL) at room temperature for 30 min. The yields were determined by 'H NMR using
1,1,2,2-tetrachloroethane as an internal standard.

In Situ NMR Experiments for Reaction of [CpAZRhClz]z and 4a with CsOPiv (eq 1-13).
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[Cp*2RhCl,], : o |@

(0.5 equiv) o Ph NMe,
O CsOPiv o) (o] ! —
iv (1 equiv Ph NM : Ph
N-OPV (1 equiv) o oh €24 NH, | Rh D
H CD;0D, RT 5 p / eh
1 h, under air Ph : _/ (o)
4a 3:15% Benzamide | O Ph
0.014 mmol "% NMe,

To a 13.5 mL screw-cap vial were added 4a (3.2 mg, 0.0142 mmol), CsOPiv (3.3 mg, 0.0142
mmol), [Cp**RhCL], (7.4 mg, 0.0071 mmol), and MeOH-d, (0.5 mL) under air in this order. The
mixture was sealed and stirred under air at room temperature for 1 hour. The yields of 3 and
benzamide were determined by integration of the 'H NMR spectra using dimethyl terephthalate as
an internal standard.

In Situ NMR Experiments for Reaction of [CpAZRhClz]z and CsOPiv (eq 1-14).

Ph A2 )
[Cp™“RhNCl5], (0.5 equiv) (@)
0] 9 i
T Ph NMe, 30 mol % CsOPiv - 0 Fi NMe,
Cl /)ZQ (0] CD;OD,RT,1h
Cl 5 under air Ph
[CpAZRhC|2]2 3:0%

To a 13.5 mL screw-cap vial were added 4a (1.9 mg, 0.0086 mmol), CsOPiv (2.0 mg, 0.0086
mmol), [Cp**RhCL], (4.5 mg, 0.0043 mmol), and MeOH-d, (0.5 mL) under air in this order. The
mixture was sealed and stirred under air at room temperature for 1 hour. The yields of 3 was
determined by integration of the '"H NMR spectra using dimethyl terephthalate as an internal
standard.

In Situ NMR Experiments for Reaction of Rh(I) Species (eq 1-15).

Ph

10 mol % OCE}_}NM%

Ph O
(o) 5 mol % [Rh(C2H4)2C|]2
N’OPiV MeOH, 1h, rt, under Ar
H l
(0]
4a COMe e}
1.1 equiv 30 mol % CsOPiv N NH
) * NH;
+ MeOH, RT, 16 h = Ph
— conditions
Ph———~Ph Ph Bh
5a
0.10 mmol Conditions 6aa 7aa Benzamide
under Ar 44% 9% 41%
under air 70% 12% 9%

To a 13.5 mL screw-cap vial were added [Rh(C;H4),Cl], (1.9 mg, 0.005 mmol), fulvene 3 (3.4
mg, 0.010 mmol) and MeOH (0.5 mL) under argon. The mixture was sealed and stirred at room
temparature for 1 h. To the solution were added a solution of 4a (24.3 mg, 0.110 mmol), CsOPiv
(7.0 mg, 0.030 mmol), 5a (17.8 mg, 0.100 mmol) in MeOH (0.5 mL) and the resulting mixture was
stirred at room temperature for 16 h under argon or air. The yields were determined by '"H NMR
using 1,1,2,2-tetrachloroethane as an internal standard.
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VII. Computational Study

Calculation method: The density functional theory (DFT) calculations were employed with
long-range and dispersion corrected ©B97X-D functional!’” using the Stuttgart-Dresden SDD
effective core potential basis set on Rh atom!®”! and the 6-31G(d,p) basis sets on all other atoms."!
Solvent effect of methanol was included in the calculations by using the Polarizable Continuum
Model (PCM) using the integral equation formalism (IEFPCM).”? The optimised molecular
structures were verified by vibrational analysis; equilibrium structures did not have imaginary
frequencies and transition state structures had only one imaginary frequency corresponding to the
reaction coordinate. Additionally, the intrinsic reaction coordinate (IRC) calculations®*" were
carried out to check whether the transition state leads to the reactant and the product, or not. Gibbs
energies were calculated by using the unscaled vibrational frequencies. All calculations were
carried out using the Gaussian 09 program.®!

To confirm the pathway from A to C, DFT calculations were perfomed using Cp*Rh with
N-acyloxybenzamide and 2-butyne as a model complex (Scheme S1). After the alkyne insertion
from A to B via J, TS-GB’, and B’, the pseudo-stepwise 2,3-migration of the acetoxy group via
TS-BK, nitrene intermediate K, and TS-HC leading to C is suggested, while a small imaginary
frequency (29.75i cm™) remains on the intermediate K. This pseudo-stepwise pathway (blue, —0.1
kcal molfll) is more favorable than concerted 1,2-migration from B” to C via TS-B”C (red, 14.6
kcal mol ).

o b

o t
N’oj(Me \’k o o)
Iy LN ~
"[Rh] + ©§/[zh] Me

Me

IS _0 Me
[Rh] TS-B"C
= e 14.6

Scheme S1. The Gibbs-free energies (in kcal mol™') were obtained by using the ©B97XD
functional with basis sets: SDD on Rh and 6-31G(d,p) on the other atoms, using PCM MeOH.

The followings are the cartesian coordinates and Gibbs free energies for the optimized structures
taken from Gaussian output. The imaginary frequency is also given for TS.
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Compound: A Compound: 2-butyne

Gibbs Free Energies= -1127.684327 hartree Gibbs Free Energies = -155.866651 hartree
Standard orientation: Standard orientation:
Center Atomic Atomic Coordinates (Angstroms) Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z Number Number Type X Y z
1 45 0 0.040447  -0.372243  -0.165925 1 6 0 0.000000  0.000000  0.604350
2 7 0 0.042781 1.653482  -0.004397 2 6 0 -0.000000  -0.000000 -0.604350
3 6 0 0.700549  -2.382723  -0.685691 3 6 0 0.000000  0.000000  2.067387
4 6 0 1.912280  -1.568855  -0.515883 4 1 0 0.000000  1.022673  2.460150
5 6 0 1.934787  -1.077857 0.794787 5 1 0 -0.885661 -0.511337  2.460150
6 6 0 0.707311  -1.526200 1.449176 6 1 0 0.885661 -0.511337  2.460150
7 6 0 0.015621  -2.428729 0.550886 7 6 0 -0.000000  -0.000000 -2.067387
8 8 0 1.165019 2.406093 0.394921 8 1 0 0.885661  0.511337 -2.460150
9 6 0 -1.112550 2.337729 0.192515 9 1 0 -0.000000 -1.022673  -2.460150
10 6 0 -2.272710 1.418978  -0.021225 10 1 0 -0.885661  0.511337  -2.460150
11 6 0 -1.972487 0.056276  -0.202566
12 6 0 -3.574442 1.907933  -0.052347
13 6 0 -3.044405  -0.805048  -0.449817
14 6 0 -4.628456 1.025697  -0.285437
15 1 0 -3.756779 2.968886 0.100693
16 6 0 -4.358741  -0.325495  -0.491276
17 1 0 -2.870805  -1.864468  -0.618536
18 1 0 -5.651167 1.390940  -0.312860
19 1 0 -5.176144  -1.015765  -0.685796
20 8 0 -1.207862 3.532308 0.493789
21 6 0 2.164866 2.448980  -0.504895
22 8 0 2.111004 1.936408  -1.603833
23 6 0 3.328249 3.226705 0.032695
24 1 0 3.226203 4.269049  -0.290339
25 1 0 3.358755 3.202578 1.123583
26 1 0 4.254005 2.825281  -0.384250
27 6 0 0.360458  -1.288798 2.880834
28 1 0 0.855524  -2.041211 3.508329
29 1 0 0.693174  -0.300304 3.209433
30 1 0 -0.717872  -1.364754 3.044211
31 6 0 -1.155223  -3.279706 0.921370
32 1 0 -0.802093  -4.136389 1.508579
33 1 0 -1.877680  -2.730906 1.531351
34 1 0 -1.670168  -3.668803 0.039880
35 6 0 2.971021  -0.218762 1.444087
36 1 0 2.510752 0.596143 2.010488
37 1 0 3.562908  -0.818063 2.146624
38 1 0 3.654912 0.214981 0.710026
39 6 0 2.909617  -1.338101  -1.603363
40 1 0 3.638827  -0.572265  -1.330854
41 1 0 3.449297  -2.269279  -1.815750
42 1 0 2.413508  -1.027428  -2.528712
43 6 0 0.352319  -3.110394  -1.942979
44 1 0 0.546874  -2.488125  -2.822012
45 1 0 0.964594  -4.016359  -2.033636
46 1 0 -0.699904  -3.405452  -1.957298
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Conpuond: J

Gibbs Free Energies = -1283.554979 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X
1 45 0 0.252366
2 7 0 -1.115363
3 6 0 1.157913
4 6 0 1.207004
5 6 0 -0.161401
6 6 0 -1.031606
7 6 0 -0.215271
8 8 0 -2.450798
9 6 0 -0.704729
10 6 0 0.753475
11 6 0 1.423348
12 6 0 1.416943
13 6 0 2.797767
14 6 0 2.781485
15 1 0 0.858067
16 6 0 3.467463
17 1 0 3.365494
18 1 0 3.309735
19 1 0 4.536366
20 8 0 -1.417872
21 6 0 -0.031179
22 6 0 1.187280
23 6 0 -3.379558
24 8 0 -3.118855
25 6 0 -4.754039
26 1 0 -5.456499
27 1 0 -4.768969
28 1 0 -5.053906
29 6 0 -0.534867
30 1 0 0.017925
31 1 0 -0.289163
32 1 0 -1.604536
33 6 0 -2.527071
34 1 0 -2.965872
35 1 0 -2.926140
36 1 0 -2.862292
37 6 0 -0.716967
38 1 0 -0.008278
39 1 0 -1.676291
40 1 0 -0.849795
41 6 0 2.304306
42 1 0 3.265846
43 1 0 2.237736
44 1 0 2.290406
45 6 0 2.422136
46 1 0 3.316246
47 1 0 2.592642
48 1 0 2.301970
49 6 0 -1.339867
50 1 0 -1.190195
51 1 0 -1.948960
52 1 0 -1.893811
53 6 0 2.612127
54 1 0 2.917037
55 1 0 3.247681
56 1 0 2.780697

Y

-0.446742
1.115131
-1.555562
-2.361048
-2.666926
-1.985269
-1.239655
0.920412
2.390157
2.446486
1.219181
3.667048
1.255829
3.681820
4.593022
2.472256
0.332640
4.625134
2.474960
3.373601
-0.524554
-0.364990
1.198358
1.607857
0.948691
0.834227
0.062737
1.812051
-3.591785
-3.357988
-4.623922
-3.545703
-2.050817
-1.216226
-2.040754
-2.977047
-0.465156
0.318289
0.011032
-1.131414
-1.175667
-1.320336
-0.136574
-1.814798
-2.976183
-2.375267
-3.976349
-3.082560
-0.710378
-1.057122
-1.446281
0.232059
-0.211250
0.836946
-0.792149
-0.559603

0.124120
0.224777
-1.592916
-0.415867
-0.027492
-0.901318
-1.850183
0.617706
0.315664
0.026668
-0.099220
-0.101427
-0.351620
-0.367385
0.010032
-0.490836
-0.426017
-0.473151
-0.690839
0.583805
2.332722
2.173506
-0.321885
-1.431920
0.221574
-0.605339
0.860947
0.826223
1.085322
2.001408
0.806831
1.304552
-0.893113
-1.444991
0.125335
-1.375878
-3.027176
-3.310938
-2.813318
-3.888957
-2.472211
-1.974678
-2.805147
-3.364103
0.201902
0.013734
-0.215932
1.284280
2.978517
4.007072
2.446746
3.005911
2.506269
2.439869
1.832641
3.531183
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Conpuond: TS-JB’

imaginary frequency = 322.68i cm™
Gibbs Free Energies = -1283.527939 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic

Number Number Type X
1 45 0 -0.097156
2 7 0 0.933759
3 6 0 -0.768093
4 6 0 -0.823402
5 6 0 0.518507
6 6 0 1.374373
7 6 0 0.567023
8 8 0 2.255603
9 6 0 0.269714
10 6 0 -1.169680
11 6 0 -1.663272
12 6 0 -1.983509
13 6 0 -2.987129
14 6 0 -3.296080
15 1 0 -1.570345
16 6 0 -3.786443
17 1 0 -3.399082
18 1 0 -3.932363
19 1 0 -4.806105
20 8 0 0.761065
21 6 0 -0.075079
22 6 0 -1.280810
23 6 0 3.191175
24 8 0 2.946134
25 6 0 4.552596
26 1 0 5.291244
27 1 0 4.799757
28 1 0 4.563344
29 6 0 -2.584261
30 1 0 -3.264039
31 1 0 -2.392786
32 1 0 -3.079650
33 6 0 0.930918
34 1 0 0.494613
35 1 0 1.341261
36 1 0 1.767626
37 6 0 -2.034075
38 1 0 -2.945895
39 1 0 -2.145399
40 1 0 -1.956636
41 6 0 -1.918975
42 1 0 -2.875549
43 1 0 -1.855646
44 1 0 -1.925065
45 6 0 1.097616
46 1 0 0.306417
47 1 0 1.884255
48 1 0 1.521987
49 6 0 2.862122
50 1 0 3.178207
51 1 0 3.349445
52 1 0 3.228777
53 6 0 0.920617
54 1 0 0.212772
55 1 0 0.942344
56 1 0 1.916659

Y

0.533755
-1.298581
1.834338
2.547213
2.673918
1.932940
1.427583
-1.378036
-2.460749
-2.221466
-0.918287
-3.231319
-0.649516
-2.947586
-4.227681
-1.648150
0.344204
-3.727157
-1.415075
-3.568222
0.141878
-0.224783
-1.724170
-2.001838
-1.695358
-2.066033
-0.667469
-2.308752
-0.312254
0.481381
-0.174569
-1.274914
0.356774
0.197514
1.369983
-0.340303
3.197130
2.646367
4.219193
3.254502
1.597365
1.655549
0.616946
2.360111
0.685236
0.119337
-0.017282
1.389403
1.809418
1.723944
2.693167
0.934181
3.466026
3.334486
4.533931
3.183810

0.132816
0.081361
-1.584249
-0.323545
0.178627
-0.681762
-1.791968
0.575104
0.204883
-0.079025
0.132070
-0.588464
-0.249560
-0.948589
-0.722612
-0.793830
-0.099198
-1.356906
-1.089061
0.486754
2.138922
1.897854
-0.331518
-1.485630
0.296633
-0.414869
0.582299
1.202273
2.616955
2.289157
3.687103
2.459009
3.198870
4.192473
3.153478
3.073335
0.269708
0.022174
-0.114051
1.359410
-2.509659
-1.984766
-2.990617
-3.298289
-2.976965
-3.476599
-2.690443
-3.703747
-0.568425
0.475291
-0.999134
-1.111252
1.381434
2.205729
1.130874
1.732483



Conpuond: B’

Gibbs Free Energies = -1283.572371 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 45 0 -0.173394

2 7 0 1.318979

3 6 0 -0.656726

4 6 0 -1.558359

5 6 0 -0.807134

6 6 0 0.586905

7 6 0 0.644664

8 8 0 2.611936

9 6 0 0.808678
10 6 0 -0.657841
11 6 0 -1.608588
12 6 0 -1.069381
13 6 0 -2.964048
14 6 0 -2.408287
15 1 0 -0.323670
16 6 0 -3.359097
17 1 0 -3.706076
18 1 0 -2.719934
19 1 0 -4.410656
20 8 0 1.379455
21 6 0 -0.402322
22 6 0 -1.181711
23 6 0 3.621808
24 8 0 3.458214
25 6 0 4.937999
26 1 0 5.746201
27 1 0 5.062586
28 1 0 4.970207
29 6 0 -1.663437
30 1 0 -2.760347
31 1 0 -1.309029
32 1 0 -1.316901
33 6 0 0.268679
34 1 0 0.087602
35 1 0 -0.063071
36 1 0 1.353929
37 6 0 -3.045234
38 1 0 -3.342006
39 1 0 -3.476446
40 1 0 -3.480285
41 6 0 -1.109003
42 1 0 -1.826033
43 1 0 -0.269276
44 1 0 -1.609812
45 6 0 1.906826
46 1 0 1.801498
47 1 0 2.739588
48 1 0 2.176430
49 6 0 1.759350
50 1 0 1.547031
51 1 0 2.014856
52 1 0 2.636885
53 6 0 -1.372835
54 1 0 -2.136186
55 1 0 -1.842871
56 1 0 -0.596626

Y

-0.463174
0.980782
-1.847584
-2.037669
-2.494669
-2.418068
-2.099440
0.943405
2.205076
2.056313
1.731422
2.296021
1.668039
2.209891
2.551717
1.898164
1.428596
2.391774
1.837853
3.298213
0.390738
1.472789
0.967488
1.096782
0.781533
1.097261
-0.281428
1.344006
2.436815
2.472098
2.163965
3.455923
-0.102853
0.542420
-1.114258
-0.157462
-1.910385
-1.067576
-2.821320
-1.767342
-1.424260
-0.597957
-1.097682
-2.255144
-2.029351
-1.372426
-1.661698
-3.030479
-2.839769
-2.747341
-3.886376
-2.226441
-2.995903
-2.319998
-3.973530
-3.123016

0.151294
-0.089419
-1.603901
-0.462870
0.648761
0.269236
-1.165839
0.475118
-0.216400
-0.570374
0.428911
-1.891331
0.053302
-2.234370
-2.639262
-1.254280
0.810549
-3.258558
-1.519748
-0.099700
1.981375
1.849035
-0.423281
-1.616471
0.269232
-0.391840
0.505686
1.205505
2.902435
2.934549
3.900714
2.683829
3.224674
4.093890
3.484351
3.067749
-0.532497
-1.164038
-0.967115
0.460391
-2.964018
-2.900580
-3.582958
-3.476436
-1.962781
-2.829944
-1.357285
-2.321774
1.094765
2.163099
0.885287
0.869378
1.940011
2337075
1.777167
2.697673

&3

Conpuond: B

Gibbs Free Energies = -1283.585000 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 6 0 0.251558

2 6 0 0.847559

3 6 0 2.174251

4 6 0 2.460949

5 6 0 1.296729

6 45 0 0.794325

7 8 0 -1.874192

8 6 0 -1.463954

9 7 0 -0.182481
10 6 0 -2.437083
11 6 0 -3.307547
12 6 0 -2.569165
13 6 0 -4.305949
14 1 0 -3.197166
15 6 0 -3.608881
16 6 0 -4.457626
17 1 0 -4.968099
18 1 0 -3.743758
19 1 0 -5.240086
20 6 0 0.185162
21 1 0 0.606420
22 1 0 -0.889626
23 1 0 0.328304
24 6 0 3.194534
25 1 0 2.727829
26 1 0 3.884660
27 1 0 3.788383
28 6 0 1.067230
29 1 0 0.139533
30 1 0 1.887305
31 1 0 0.972666
32 6 0 -1.079781
33 1 0 -1.526150
34 1 0 -0.957519
35 1 0 -1.779641
36 6 0 3.782894
37 1 0 3.728497
38 1 0 4.139024
39 1 0 4.536556
40 6 0 -1.711448
41 6 0 -0.365613
42 6 0 1.709617
43 8 0 1.982649
44 8 0 0.660629
45 6 0 2.527966
46 1 0 3.587724
47 1 0 2.304389
48 1 0 2.292082
49 6 0 0.426386
50 1 0 0.403564
51 1 0 0.024347
52 1 0 1.478598
53 6 0 -2.472231
54 1 0 -2.550639
55 1 0 -1.979167
56 1 0 -3.491320

Y

-1.864828
-2.280499
-1.769502
-1.180906
-1.248678
-0.103726
3.145206
1.974763
1.585605
0.830999
0.688350
0.016276
-0.278146
1.349604
-0.927675
-1.086430
-0.389210
-1.558814
-1.839814
-3.100814
-2.895104
-2.905144
-4.167415
-1.933964
-2.169268
-2.749419
-1.022359
-0.756375
-0.177147
-0.122603
-1.602846
-2.290411
-1.515358
-3.192584
-2.520384
-0.586527
-0.027764
0.093651
-1.375260
0.140351
0.089298
2.656646
1.631407
2.755508
3.901288
3.637213
4.567389
4.413672
0.149378
1.160237
-0.534498
-0.109694
0.226347
-0.750967
0.905548
0.596157

-0.987213
0.254869
0.271763

-1.042991

-1.808718
0.108140

-0.696598

-0.617970

-0.639753

-0.559054

-1.643802
0.579161

-1.633620

-2.499634

0.581349

-0.507984

-2.487317
1.456310

-0.476929
1.315701
2.303456
1.357725
1.102015
1.353419
2.313483
1.102617
1.476146

-3.201663

-3.262477

-3.549102

-3.892979

-1.517092

-2.145812

-2.130803

-0.711662

-1.410999

-2.348854

-0.629570

-1.526528
1.793546
1.762979
0.154559
0.787651

-0.632659
0.221555
0.229657

-0.612878

1.160928

3.055017

3.487503
3.814762
2.904839
3.109541
3.606838
3.813403
2.955551



Conpuond: TS-BK

imaginary frequency = 110.57i cm™!
Gibbs Free Energies = -1283.551201 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 6 0 0.172527

2 6 0 0.966914

3 6 0 2.256515

4 6 0 2.316961

5 6 0 1.052913

6 45 0 0.716412

7 8 0 -1.514238

8 6 0 -1.370454

9 7 0 -0.308928
10 6 0 -2.509451
11 6 0 -3.366502
12 6 0 -2.695529
13 6 0 -4.455890
14 1 0 -3.179525
15 6 0 -3.821515
16 6 0 -4.681487
17 1 0 -5.128241
18 1 0 -4.009916
19 1 0 -5.530985
20 6 0 0.504086
21 1 0 1.081679
22 1 0 -0.551834
23 1 0 0.625949
24 6 0 3.422264
25 1 0 3.117245
26 1 0 4.143948
27 1 0 3.939536
28 6 0 0.602088
29 1 0 -0.330910
30 1 0 1.349401
31 1 0 0.410015
32 6 0 -1.218193
33 1 0 -1.765234
34 1 0 -1.179654
35 1 0 -1.780553
36 6 0 3.541931
37 1 0 3.320247
38 1 0 3.982602
39 1 0 4.300980
40 6 0 -1.781757
41 6 0 -0.437168
42 6 0 2.036796
43 8 0 1.968884
44 8 0 1.318154
45 6 0 3.078369
46 1 0 4.042150
47 1 0 3.173990
48 1 0 2.779167
49 6 0 0.389907
50 1 0 0.455001
51 1 0 -0.047745
52 1 0 1.412576
53 6 0 -2.484114
54 1 0 -2.527983
55 1 0 -1.964735
56 1 0 -3.510905

Y

-2.067931
-2.190670
-1.698664
-1.383714
-1.640892
-0.055012
3.084237
1.865905
1.085749
0.876999
0.667889
0.229036
-0.182342
1.181879
-0.597831
-0.811338
-0.348454
-1.101516
-1.477759
-2.772567
-2.386056
-2.554778
-3.862537
-1.577970
-1.654133
-2.378595
-0.623407
-1.465791
-0.892572
-0.943655
-2.443337
-2.583702
-1.996820
-3.623279
-2.562605
-0.871792
-0.524498
-0.038160
-1.660826
0.421841
0.345008
2.532886
1.524077
2.713044
3.564624
3.074306
4.324398
4.042696
0.508717
1.565699
-0.038959
0.146961
0.654029
-0.262420
1.411562
1.000905

-0.533241
0.666945
0.360767

-1.064928

-1.614349
0.029734

-0.838214

-0.817187

-1.041078

-0.666657

-1.750033
0.562616

-1.611339

-2.688948

0.685400
-0.385708
-2.447452
1.629631
-0.266395
1.964083
2.807326
2.144505
1.941767
1.287568
2.333930
1.083448
1.146490
-3.026341
-3.065815
-3.628572
-3.484591
-0.720752
-1.464055
-1.071042
0.215193

-1.752030

-2.764172

-1.194353

-1.818953
1.720881
1.666241

-0.144160
0.652076

-1.144344
0.229608
0.394410

-0.547585

1.168547
2.921681
3.214322
3.765447
2.788965
3.052960
3.657102
3.648531
2.903558
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Conpuond: K

imaginary frequency = 29.75; cm™!

Gibbs Free Energies = -1283.554434 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 6 0 0.126826

2 6 0 0.954621

3 6 0 2.242820

4 6 0 2.263786

5 6 0 0.977709

6 45 0 0.658591

7 8 0 -1.463826

8 6 0 -1.490290

9 7 0 -0.455841
10 6 0 -2.713773
11 6 0 -3.677559
12 6 0 -2.838971
13 6 0 -4.792932
14 1 0 -3.544017
15 6 0 -3.984540
16 6 0 -4.938692
17 1 0 -5.543984
18 1 0 -4.121870
19 1 0 -5.804244
20 6 0 0.529137
21 1 0 1.175088
22 1 0 -0.501601
23 1 0 0.586629
24 6 0 3.433142
25 1 0 3.160874
26 1 0 4.153465
27 1 0 3.936601
28 6 0 0.492107
29 1 0 -0.384067
30 1 0 1.260245
31 1 0 0.188496
32 6 0 -1.274257
33 1 0 -1.826103
34 1 0 -1.250480
35 1 0 -1.816106
36 6 0 3.483925
37 1 0 3.229516
38 1 0 4.095242
39 1 0 4.098741
40 6 0 -1.866626
41 6 0 -0.523506
42 6 0 2.658620
43 8 0 1.909989
44 8 0 2.628103
45 6 0 3.619794
46 1 0 3.083639
47 1 0 4.360712
48 1 0 4.132225
49 6 0 0.310672
50 1 0 0.399913
51 1 0 -0.145178
52 1 0 1.322413
53 6 0 -2.524515
54 1 0 -2.560905
55 1 0 -1.979619
56 1 0 -3.550440

Y

-2.070096
-1.804382
-1.477524
-1.650667
-2.040728
0.026134
2.592407
1.459876
0.603012
0.753312
0.358200
0.447035
-0.355968
0.616625
-0.258822
-0.668488
-0.664478
-0.502888
-1.231486
-1.981370
-1.432057
-1.652997
-3.046346
-1.083344
-0.840551
-1.910427
-0.216470
-2.320674
-1.700049
-2.115637
-3.370165
-2.586527
-2.298256
-3.682736
-2.218306
-1.489831
-1.323173
-0.651117
-2.396592
0.906760
0.819459
2.104610
1.638902
1.733748
3.177354
3.946697
2.729171
3.631273
1.278163
2.372076
0.966529
0.871175
1.493379
0.765753
2.369797
1.808700

0.072242
1.231543
0.751803
-0.692449
-1.104278
-0.054575
-1.890608
-1.402623
-1.386440
-0.906647
-1.838996
0.455394
-1.422920
-2.885934
0.852948
-0.070589
-2.143658
1.902661
0.266709
2.652324
3.340111
2.807011
2.909593
1.560230
2.589630
1.579775
1.120439
-2.484565
-2.709396
-3.233532
-2.573070
0.103301
-0.795309
0.154023
0.976895
-1.537737
-2.586948
-1.193866
-1.474046
1.485530
1.434284
-0.592958
0.360223
-1.770964
-0.126021
0.437727
0.545315
-0.976434
2.610857
2.629459
3.557619
2.584838
2731379
3.553392
3.094394
2.522044



Conpuond: TS-KC

imaginary frequency = 341.53i cm™!
Gibbs Free Energies = -1283.554136 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 6 0 0.172774

2 6 0 0.918915

3 6 0 2.205034

4 6 0 2.311691

5 6 0 1.081363

6 45 0 0.672941

7 8 0 -1.394015

8 6 0 -1.305436

9 7 0 -0.437835
10 6 0 -2.420151
11 6 0 -3.198288
12 6 0 -2.693505
13 6 0 -4.332496
14 1 0 -2.915547
15 6 0 -3.865285
16 6 0 -4.663382
17 1 0 -4.956258
18 1 0 -4.131294
19 1 0 -5.546090
20 6 0 0.417475
21 1 0 0.959447
22 1 0 -0.647331
23 1 0 0.555069
24 6 0 3.335458
25 1 0 2.996946
26 1 0 4.086245
27 1 0 3.829381
28 6 0 0.688555
29 1 0 -0.276443
30 1 0 1.429360
31 1 0 0.585603
32 6 0 -1.216265
33 1 0 -1.735466
34 1 0 -1.184527
35 1 0 -1.804328
36 6 0 3.546838
37 1 0 3.342337
38 1 0 3.971652
39 1 0 4.311370
40 6 0 -1.812317
41 6 0 -0.466067
42 6 0 2.093248
43 8 0 1.864636
44 8 0 1.573316
45 6 0 3.082935
46 1 0 2.722863
47 1 0 4.044921
48 1 0 3.220091
49 6 0 0.338132
50 1 0 0.342511
51 1 0 -0.083157
52 1 0 1.379239
53 6 0 -2.535492
54 1 0 -2.613113
55 1 0 -2.005333
56 1 0 -3.549554

Y

-2.077387
-2.249726
-1.693845
-1.292447
-1.558195
-0.096883
3.200241
1.995819
1.083697
0.930342
0.753559
0.262216
-0.036827
1.257428
-0.507613
-0.660695
-0.172079
-1.026044
-1.291162
-2.913111
-2.572028
-2.719733
-3.998195
-1.618281
-1.784173
-2.381749
-0.642258
-1.311612
-0.796430
-0.702795
-2.264569
-2.565017
-1.916534
-3.576375
-2.602622
-0.709194
-0.264301
0.066500
-1.485254
0.359293
0.244362
2.489858
1.533090
2.604422
3.524110
3.953054
3.041407
4.319053
0.310183
1.330490
-0.345674
0.017445
0.495465
-0.467373
1.184587
0.883663

-0.649450
0.571868
0.357738

-1.046295

-1.665392
0.039631

-0.508784

-0.670358

-1.006430

-0.648417

-1.802319
0.559719

-1.737879

-2.721909

0.597552
-0.529458
-2.615558
1.514033
-0.474324
1.814230
2.699404
1.969126
1.730473
1.332692
2.358260
1.094275
1.286617
-3.085072
-3.137937
-3.609166
-3.617887
-0.912186
-1.624309
-1.337279
0.008000

-1.654426

-2.631332

-1.008640

-1.784076
1.744269
1.702384

-0.116407
0.715829

-1.238355
0.381637

1.322366
0.583249

-0.353683
2.979489
3.387593
3.752162
2.825302
3.077724
3.600610
3.742616
2.944265
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Conpuond: C

Gibbs Free Energies = -1283.629284 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic
Number Number Type X

1 6 0 -0.040831

2 6 0 0.313028

3 6 0 1.690182

4 6 0 2.223810

5 6 0 1.173038

6 45 0 0.571353

7 8 0 0.114998

8 6 0 -0.390163

9 7 0 -0.865064
10 6 0 -2.233829
11 6 0 -3.040902
12 6 0 -2.699242
13 6 0 -4.355416
14 1 0 -2.630594
15 6 0 -4.032070
16 6 0 -4.847193
17 1 0 -4.981935
18 1 0 -4.437987
19 1 0 -5.868576
20 6 0 -0.575032
21 1 0 -0.287087
22 1 0 -1.621314
23 1 0 -0.501737
24 6 0 2.535126
25 1 0 1.928168
26 1 0 3.092748
27 1 0 3.262914
28 6 0 1.200954
29 1 0 0.377056
30 1 0 2.137191
31 1 0 1.089533
32 6 0 -1.356164
33 1 0 -1.535213
34 1 0 -1.360460
35 1 0 -2.187668
36 6 0 3.664601
37 1 0 3.835876
38 1 0 4.035793
39 1 0 4.262773
40 6 0 -1.875011
41 6 0 -0.544363
42 6 0 2.551831
43 8 0 1.749907
44 8 0 2.671149
45 6 0 3.400339
46 1 0 2.780418
47 1 0 4.140894
48 1 0 3.921980
49 6 0 0.213664
50 1 0 0.131521
51 1 0 -0.177248
52 1 0 1.278430
53 6 0 -2.651971
54 1 0 -3.033181
55 1 0 -2.028704
56 1 0 -3.513790

Y

-0.796077
-1.963183
-1.813822
-0.632239
-0.003177
-0.211726

3.668650
2.621206
1.492673
1.125819
1.893557
-0.034101
1.511451
2.779002
-0.390087
0.356937
2.107461
-1.284125
0.036272

-3.131272

-3.638360

-2.826847

-3.855905
-2.819594
-3.495667
-3.424685
-2.330047

1.272335
1.931083
1.815303
1.070639
-0.535068
0.536228

-0.991613

-0.957821
-0.238889

0.751015
-0.237350
-0.965765

-0.849187

-1.030672

1.535837

0.541718

2.181383

1.876999

1.927293

1.083140

2.825908
-1.932215
-1.585376

-2.958730
-1.977848

-1.552558

-2.530366

-1.730833

-0.959045

-1.948384
-1.209763
-0.824830
-1.510222
-2.177726
0.040957
0.156286
0.206980
0.286579
0.105260
-0.730614
0.743511
-0.967811
-1.209330
0.478834
-0.364824
-1.624090
0.941785
-0.548035
-0.922997
0.001400
-0.833992
-1.743742
-0.110577
0.496630
-0.837025
0.544181
-2.958266
-2.661673
-2.807201
-4.030928
-2.609523
-2.731517
-3.607650
-2.039175
-1.454802
-1.882870
-0.425073
-2.018673
1.673505
1.526870
1.502064
1.676071
0.448009
2.712267
3.612615
2.864539
2.569427
2477612
3.516996
2.451376
2.240158
2.774730
2.447703
3.655101
3.099225



Conpuond: B”

Gibbs Free Energies = -1283.572439 hartree

Standard orientation:

Coordinates (Angstroms)

Center Atomic Atomic

Number Number Type X Y
1 6 0 -0.272296  -1.507193
2 6 0 -0.508350  -2.394200
3 6 0 -1.837758  -2.158927
4 6 0 -2.491737  -1.263880
5 6 0 -1.551777  -0.899431
6 45 0 -0.695098  -0.313182
7 8 0 1.585690  3.259229
8 6 0 1.237459  2.112304
9 7 0 -0.024502  1.655348
10 6 0 2272879  1.117515
11 6 0 2.952470  1.390355
12 6 0 2.649179  0.026831
13 6 0 3.996623  0.575306
14 1 0 2.657084  2.251895
15 6 0 3.725581 -0.761655
16 6 0 4.385027 -0.503114
17 1 0 4.510006  0.787486
18 1 0 4.043988  -1.603254
19 1 0 5.204560 -1.143995
20 6 0 0.478213  -3.360447
21 1 0 0.281530  -3.558187
22 1 0 1.500125  -2.982220
23 1 0 0.419881  -4.313098
24 6 0 -2.552483  -2.805030
25 1 0 -1.851928  -3.227597
26 1 0 -3.194339  -3.616156
27 1 0 -3.193813  -2.085860
28 6 0 -1.716216  -0.031496
29 1 0 -0.988814  0.787131
30 1 0 -2.717302  0.401545
31 1 0 -1.547419  -0.622360
32 6 0 0.939057  -1.494110
33 1 0 1.076781 -0.517934
34 1 0 0.815191  -2.239994
35 1 0 1.843129  -1.739644
36 6 0 -3.916042  -0.827650
37 1 0 -4.172817  -0.071309
38 1 0 -4.111566  -0.407927
39 1 0 -4.589179  -1.683936
40 6 0 1.977769  -0.251617
41 6 0 0.643576  -0.384380
42 6 0 -2.037481  2.859760
43 8 0 -0.871599  2.576399
44 8 0 -2.357401  2.452399
45 6 0 -2.893816  3.706036
46 1 0 -2.291060  4.422231
47 1 0 -3.404545  3.050303
48 1 0 -3.642894  4.226256
49 6 0 -0.142534  -0.576300
50 1 0 0.324626  -0.095617
51 1 0 -0.276660  -1.641807
52 1 0 -1.151315  -0.146336
53 6 0 2917439 -0.371003
54 1 0 3.567698  -1.250483
55 1 0 2.381695 -0.468190
56 1 0 3.576064  0.504529

z

1.399629
0.279195
-0.143869
0.828859
1.784512
-0.290226
-0.369793
-0.041534
-0.001976
0.411594
1.600453
-0.395171
2.024621
2.194246
0.034300
1.232685
2.957974
-0.575248
1.546210
-0.292675
-1.349868
-0.200662
0.248331
-1.287078
-2.011773
-0.920693
-1.806954
2.989573
2.989406
3.045868
3.898297
2.270154
2.741308
3.066691
1.709890
0.709203
1.454376
-0.284169
0.838869
-1.701274
-1.778126
-0.093832
-0.695645
1.003738
-0.988625
-1.551821
-1.703474
-0.389672
-3.056179
-3.924511
-3.284563
-2.961380
-2.883985
-2.789291
-3.831788
-2.952565

86

Conpuond: TS-B”’C

imaginary frequency = 522.66i cm™

Gibbs Free Energies = -1283.527690 hartree

Standard orientation:

z

1.352784
0.204551
-0.046668
1.070180
1.927952
-0.143656
-1.182534
-0.400074
0.231471
0.303477
1.486005
-0.410125
1.951178
2.012249
0.067668
1.231687
2.862004
-0.456572
1.591826
-0.538251
-1.505369
-0.707671
0.051416
-1.137570
-1.956665
-0.746914
-1.546491
3.176372
3.164562
3.300451
4.053915
2.019165
2.409028
2.864098
1.330399
1.194196
1.899224
0.226224
1.543192
-1.645126
-1.713138
-0.288651
-0.955440
0.908530
-1.135971
-1.851407
-1.711370
-0.509356
-2.969412
-3.890313
-3.007785
-2.993169
-2.784433
-2.619233
-3.744101

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y
1 6 0 -0.244216  -1.625356
2 6 0 -0.761356  -2.329224
3 6 0 -2.058917  -1.807248
4 6 0 -2.422686  -0.920913
5 6 0 -1.327871  -0.823364
6 45 0 -0.609639  -0.186291
7 8 0 1.560412  3.056634
8 6 0 1.349285  2.147647
9 7 0 0.391958  1.548858
10 6 0 2.361564  1.210100
11 6 0 2.996775  1.602913
12 6 0 2.720419  0.044816
13 6 0 4.072172  0.861311
14 1 0 2.652321  2.488080
15 6 0 3.833980 -0.655661
16 6 0 4.488447  -0.261942
17 1 0 4.585286  1.152511
18 1 0 4.172187  -1.544419
19 1 0 5.328690  -0.848625
20 6 0 -0.046839  -3.411651
21 1 0 -0.512774  -3.612747
22 1 0 1.003346  -3.157355
23 1 0 -0.078937  -4.335928
24 6 0 -3.001251  -2.204388
25 1 0 -2.479205  -2.705059
26 1 0 -3.763090  -2.890626
27 1 0 -3.519599  -1.331178
28 6 0 -1.189575  -0.013733
29 1 0 -0.259878  0.565555
30 1 0 -2.022371  0.682609
31 1 0 -1.157527  -0.671055
32 6 0 1.070374  -1.867260
33 1 0 1.493511  -0.936229
34 1 0 0.933250  -2.554370
35 1 0 1.790909  -2.313442
36 6 0 -3.753609  -0.254076
37 1 0 -3.728304  0.579488
38 1 0 -4.096095  0.125210
39 1 0 -4.499921 -0.978781
40 6 0 2.001307  -0.373293
41 6 0 0.652334  -0.435474
42 6 0 -2.249053  2.455754
43 8 0 -1.246813  1.957831
44 8 0 -2.224761  2.746267
45 6 0 -3.484835  2.688788
46 1 0 -3.282303  3.493546
47 1 0 -3.725599  1.789555
48 1 0 -4.334098  2.968930
49 6 0 -0.104972  -0.785429
50 1 0 0.427945  -0.519851
51 1 0 -0.319638  -1.861399
52 1 0 -1.073242  -0.270454
53 6 0 2.921456  -0.775335
54 1 0 3.340591 -1.776834
55 1 0 2.400721 -0.801618
56 1 0 3.765568  -0.082156

-2.877178
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R EM Cp RhIIDfREEZ W N-T o aF o AT o — L L RF LT I RENTT L L
DIEH Lossen B2 2 R 5 7 V7 = VAL & BRILEO[3+2] B b S

fafe

o5 —

2
]

—BETEFII N-TaF I _U XTI RBEXOT 7 VLT 2 RFERENET LE 2 LD

T, JBEAY72 Lossen Baf s &8 H 9 5 [3R21BR (LS EIT L, ZiEHA > F— A B LU Er—
HEERNGEOND Z L E2WE L, B oEmTIE, SO0 WEEHEM ORI T, WEE
TR LIRS TeHB D PRI ~DICHZ BfE L, ~7T 02— L VAR ¥ 27 I ReFERIT

LTHBRISERETTL2 28 & L,

i Tl @O &R CpRh(IIfkE 2 FIU 7= LB o [6] 1 o4 & LT, Rovis(:X 30)™M), Chang(:X:
3INPIDOWMEERFN Lz, Cp BREDEMRILEALZITS 2 & T, AEMBLOE FHEREZFHET S
IR VERDEZED 3T T HHETH LD, (bFERMEEZ 2 b — AT 550FEE LT
X, AW B ELEMNT 52 LI TEBMEZIED 3T T DHHIRH 5,

ZOHE LT . Cui bl AF Ly ruaranRr b N-7oady R X7 2 Rigx LT, Cp*Rh
PEIA LA ER &85 2 L T ARIBILIGHEIT LAY G2 H 454 VX /U /) ikl
KEHEZAHAZLEREL TS, —HT, N-7T2aF X X7 3 N2z T, N-73afxi~
TRV HNVRF T I Re WA, p-RFBULEE L Z sk < EorOBEEIC X0 [4+3]8R
EROG D3 EFT LTz, ?ﬂt//m%ww%%hé LERELTWDE2-DP

[Cp*Rhclz]z

R’ CsOAc %
Z[ MeOH 0 @-1)
60 °C XI NH
o) R
@)J\H,OPN /R1
R* T x-os

Xu BEO Liu bi%, 7=V FEEET OB EICRE LINET L% & D3 FNERIEK
JEIZEBWNT, 7w%y®fﬁ%@ﬁ%ﬁxé:&Kiofﬁ%h5EWW%:ybm~wawéo
BrEELERLCTHD A FPFUEEZEA LZHAICIE, RWIIDFEOE TG T L, 3 Bk
%ﬁ%yF—w%ﬁzéo%®#ﬁﬁ\%%*%E@%T%éF)7wﬁmf%w%%%Abt%
FITiE, 7a FALPET L CT AT =t ERME 525 2 L EHE LT 2-2)M,

&9



(@)
R = OMe

[Cp*RhCl,], N
_ AgSbFg \
° Z Cu(OAc),-H,0 Ac

tAMOH, 120 °C o cl
@ L
NHAc O

(2-2)

.

R=CI I}IH

Ac

Loh 3 X O'Feng 5%, Cp*Rh §5AZ W N-T7 X IR XT I RFEIRE 2 DD 7 v H# N
B LIV T VA aNET VX EORIEERE L T0DER2-3)P, Zo@ETIE, T va Sy
RURT IR EOBEBRIEZEZ D & T, EEIEED 31T T D, BB S LT OMe 238 AL
Hallid, EERu XY A Z VRN BT v FBBEEAEIT L, Mmﬁmﬁm#%nbk4
VAL RY ) R ELE 2D, £O—FT, BB L LT OPiv B AL72HA 123, B
Lossen nfiifjis & 225 70 h AU EIT LT V= ~Tu FE R 525 2 EnHE S
TW5, ZUHDORIGTHWTWDOIRNIMT VX %27 v FNHLRKRICE S WL T HE TlE, XX
7 2 REDOBTURIBILEIGHNEIT T2 Z 2000, 7 v BEHRISHEORSTHDL EWVWR D,

O
(0] R = OMe R’ N—OMe
N,R >
1
R H [CP*RhCly]; R® ,
base R
* (2-3)
EE ROH, RT—40 °C OYOR
3 NH
2%R ——— R
R . R3
R = OPiv Z
R2 F F

2D O Cp*Rh $ER Al & U CHWkk % 72 C-H BREFALIIG TlX, v &0 A 27 L&)
OENME 5 2 DIBRIZB W CETTHINBEZ 2 ha— 352 & T, Az 5 E</EV 5
Mé:kﬁbﬂéo%@%kbfi\m%é%a@%%%%ﬁ%i@i@%ﬁgﬁ#@E%M%@
LT SICRERFGELTODZENREIND,

—H B TR EBY N-T v a XTI RFEARE NET LS 2t L CERAf Cp*Rh(IIT)
ER SBT- L&, ARIBILEAEITT 5 O Tidze < (K24, )9 JBRAY72 Lossen #5017 & [3+2]
BRACBOS AT L, ZBHA  F—L B r— L dB8 kR G ons Z L2 AL Tnb K24, 1),
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Cp*Rh(lll) catalyst o

(Fagnou, Rovis et al.) N N’H (LG)
10
o . R-— |
N L6 [4+2] annulation R - NF R2
R1_Ir/:/ ) |
e, . —
T
+

N

R3
" . (2-4)

modified Cp”Rh(lll) CO,R

catalyst R /

R2——R3 > N
formal Lossen rearrangement/ R —f: | / R?

[3+2] annulation R
R3

ZOFRZITCIC LU TURHZE 2-DITRT L) en~T a— L I VAR F U7 X RO L) 7 ik
MFEBLLTWD X9 7238 L&A Cp*Rh(IIDfii 2 A/ bED Z & T, WEETITAR LG
RS BSOS ~DISHABEIf SN, 20X I RIERNS, ~To— L TLRXTT I Nk
BRENET VR EDORIGERGTTHZ & & Lz,

RETORER, ~T B — VR F T I RERNFT LF Tk LT, ERH CpRh(II)BEA 2 fil g &
LTEREERZE A RUXT I RFEERZEE L LTHWESGA LIRS KSR R 2
ENRDbNoT(K 2-5), Thbb, AT =L HLRFTT I FENTT LR K LT, EH
Cp Rh(IIDfilfit 2 fEH S8 7= & Z AFAE L T 7= 2N Lossen Bz 2 88 1 L 72 [3+21BR LSS 3 HEF T
THDOTIERL, C-CHRAFERDHNPET LT N7 = ~T a FERILAMN. FAERDE LT
BondZ EERH UG 2-5, 1), F72, W7V o o B E AR A2 REH 5T SEIERT
WIS EONE T L & DT 5A 1. IBR0972 Lossen S5/ H 07 v b oAb Tld7e < [3+2]
BACBOS ST L2 [S51fEBR~T m— &2 BAMM E L TH X 5 Z L bho7o(X2-5,T),

CIJOZR
modified Cp”Rh(lll) catalyst NH
~ el
) R? formal Lossen rearrangement/ (/\RZ
N/LG | | ) s alkenylation R3
+ = (R*, R° = compact substituents
S ( P ’ 2-5)

H RS CO,R
modified Cp”Rh(lll) catalyst i

N
= el pw
formal Lossen rearrangement/ J
[3+2] annulation

3
(R?, R® = bulky substituents) R

NS DT N =T a HEERIEEME L OSSR~ T 0 —/UE, (e d 57 I /AT n—
WVIFREARD T Vi = MU K OBRIBCRISE1T 9 2 L THERATREL ZEX b {bAEWTH
L0 2-6), ED LD RIEDHEFNL < | FTLFEHIALE TH -T2 AFBREETH 720
THZENEWW, KFEIIRER~NT o=V IARXLT I REEALT 4 7Ty 7 & LTH
WD EMTEDRD, GEFICLAMNTH S,
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_____________________________ -
CO,R R2 , [3+2] annulation |
' ' (no precedent)

NH : R3
Ql: +4|-ﬁ (2-6)
H R3 CO.R
H - N )
alkenylation R
(no precedent)
R3

EBHIT, TAToA~T a EERILEYB L O[55MERTF 4 7 = Uik, B EAIERe
C BUF R v A VA ERIP 2 & OEMTEMLED OEBEEKICEE L TR Y, ARRT Fa/{bs
MOERPFRETH H(F2-7), LLRB L, 210 DG DG IEITITN < D BEET R & 5
WiroT-, B OEREL, HEWEG-T X ) FA47 = YOREEMW L T N = LR S &21T -
T B DR R L OSBRI 55 (K 2-72), BEOAKEIL, SIEREE L OEWK
I TAREZ ML L F 5 M ET RE AL LTET NG 2-Tb), —FH T, ZBiE/ R N-E /N8 A )L
TuNRFTT I RO Lossen (LA B TeAR N A7 — REROSIE, D TR 72 BUSGA0F
ICBWT—RICEEBRAMBETE D70, 77U r—va VARICBWTHH TH 5 ATier: b i
DTND, FEMlZRRERERIZ DN T, LR Tk 5,

5 R! _R?
HF,C N FsC N f N
H \N— H \N— :
N A Me N I Me o)
(1 o {1 o « No_ph
S Z >R S =~ "R ' M
R R ¢ HO,C™ g cy
agricultural fungicides inhibitors of
(Mitsui Chemicals, Bayer) X Hepatitis C virus

(a)
pTsOH or H3PO,

O NH2
NH, %4 | NH,
NH
/ | 2 M . / | + S + / |
S = | S
S (2-7)

(b)

HNO,
J Ac,0 NO;  phcHO J—r 02
S7>Me then S “Me S > pn
H,SO0,
o
R! _R2
\ H
O)\ 6 steps J N
N - Meozcwph
Ph S
I\ /)
HO,C™ g



BH OSSR ORES

FOGSAE OB 2D D125 1= > T, H . THWIZERM Cp Rh(II)EE(A % Figure 2-1 (27”7,

R’ R®
|
N
~R4
S == g
(0]

2
[CP*RNCl,],

[CPERNCL,],

[CP®P"2RhCl,],

[CP*?RhCl,], (R' = R? = Ph, R® = R* = Me)

[CP"RNCl,], (R" = R? = Me, R® = R* = Me)

[CP"RNCl,], (R! = R? = 3,5-Me,CgH3, R® = R* = Me)
[CP"°RNCl,], [R' = R? = 4-(CF3)CgHy4, R® = R* = Me]
[CP"RNCl,], [R! = R? = 3,5-(CF3),CgH3, R = R* = Me]
[CpAORNCL,], (RT = CO,Me, R? = Ph, R® = R* = Me)
[CpA'RNKCL,), [R! = R? = 3,5-(CF3),CsH3, R® = Ph, R* = H)
[CPA2RNCL,), (RT = CO,Me, R? = Ph, R® = Ph, R* = H)

o Rh
cIg j cl Clj
2

[Cp*P"2RhCl,]; (R' = R? = Ph)

[Cp*P"RNCL,], (R' = Ph, R? = Me)
[Cp*RhCl,], (R = R? = Me)

Figure 2-1. Structures of modified CpRh(III) complexes.

# T E T, #H L < BA¥E L7z Cp*Rh(II)EE A& [Cp**RhCl,], . [CpAQRhCIZ]z . [CpMRhCL], B LT

[cpA”Rhc12]2 X, LIRS S aFge 2 s L= FE %2 Tic, Lok ol

ARk L7z 2-8),

1,6-CA v lef &y rmr7a)Fo7® F7 I R2ab & OB F 4 M RuOAREIC K 5 [2+2+1]5

EROSIZE Y . ST 5% E

Ha 7 )L 3ca, 3da, 3ea B LN 3fb 2 457-, TDk, LEHH T I

XL CHifbe Yy aE =X ) — L 60 CIZT 16 BEEIMEAT 5 Z Lk, ki 2
Cp"Rh(IINEEA[Cp**RhCL,],. [Cp*’RhCL,],. [Cp™'’RhCL,], 3 X ONCp*''RhCLL ], & BAF 7R IR T 7=,

10 mol %

1
. 0 [Rh(cod),]BF,/ R
O/—_ R . N’R3 segphos 5 Ré
e | e DCM/DCE, 40 °C TN N
24 h *

1c (R' = R? = Me)

1d (R! = R? = 4-(CF3)CgHy4

1e (R' = CO,Me, R? = Ph)

1f [R! = R? = 3,5-(CF3),CgH3)

2a (R® = R* = Me)
2b (R® = Ph, R* = H)

RZ O R®
3ca/69% (ref 11)
3da/83% (ref 11)

)

segphos

o)
G

o PPh,

o PPh,
.y

0

(1.1 equiv) 3ea/58% (ref 11
3fb / 68%
RhClzenH,O | EtOH
(1 equiv) 60 °C,16 h
R’ R®
|
[CP*®RNCl,], / 53% Oﬁ}(m#
[CP*®RhCl,], / 75% Rh R o
[Cp*ORNCI,], / 65% cry
[CPA'RNCL,], / 62% 5

(2-8)

FI PR & LT, [CpMRhCLL $ERZ i & LT N-E N a A LA F RV [hFH 7 =
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VBN RFLT I RBh)E YT 2= T v F L Ba) DS LY . 7 Lossen BEAL & DD
< BRIBACEISDEAT LT LAY 9ha & [421BR(LSUSDEIT LTcA Y% /2 U 3581k 13ha %
2%DIETHLILD Z & 2P & LTI Tz (3 2-9),

o}
S _OPiv 0
N 2.5 mol % CO,Me CO,Me 9
H [CP*?RhCl,], NH 2
30 mol % CsOPiv S S——N S NH
8h > | | Y/ Ph| + | _
(1.1 equiv) MeOH, RT, 16 h Z “Ph * Ph (2-9)
+ under air Ph Ph Ph
Ph—=—Ph 12ha / 0% 9ha/ 14% 13ha / 2%
5a

ZOMAEITTIZ, N-ERBA N UT AT 2 2- VAR F T I K@i E 447 F o (Be)lTxt
LT, [RAUKGELETHE Lz, TOREER, THEL TW[S5MEER~T 2 —/ L 9ic Tlid/el, 7
R AEHEST LT TV = b T 1 —)b 12ic I8 32% DR T B v, £ O [4+2]8 bR
TH D 13ic 7 47% DR T H 2 72(2\ 2-10),

(0]
.OPiv

S | N 2.5 mol %
\ H [CPA2RNCl,],

8i 30 mol % CsOPiv

(1.1equiv)  MeoH, RT, 16 h

+ under air
nPr———nPr

5¢c

COzMe
S NH

N
= “nPr

nPr

12ic / 32%

CO,Me
S—_N

nPr
9ic / 0%

o

NH

S
+ \ | / nPr + \ |
QI%%' Ao (2:10)

nPr
13ic / 47%

F 8 DRDVICN-ER A NA XL FF T 2 3- IR T I RE)EEHTHE, 7
=T 1 —/b 12je DU A L [402]1B LA 13je DUERPMET L72(3K2-11), £ Z T,
ZOEEENNT, RDHIWFEOR Eax BHiF L TRICEKRIEDOHRF 21T > 72,

0]

MN,OPIV
I w

S
8j
(1.1 equiv)
+

nPr nPr

5c

2.5 mol %
[CP*2RhCl,],
30 mol % CsOPiv

MeOH, RT, 16 h
under air

CIIOZMe
NH
4
S = “nPr
nPr
12jc / 50%
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S
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N-EROANFXRTFH T 23TV ARF T I REHB LN 4-F 7 F 2 (5e) & AW TSRS
DFFFSRE R % LU TR 3 (Table 2-1), Cp BROEHIIZE LT, B GMEEEO A F/LR PN EHL L 72
[Cp**RhCL,], 3 L TN 3,5-MeCgH; A3 E#HAR L 72 [Cp*°RhCl,], 854K 1% . [Cp™*RhCL,], A % /= & & (entry
D& LT, 12je DURIZIRT L, 13jc USRI HENN L 7= (Table 2-1, entry 2,3), Z DfEHR A1)
T, B AREERREEE LT 4-CFCH, 23 A L72[CpYRhCL], 2 V5 & 12jc DUCRNEINL 7=
(entry 4), & BT, 3,5-(CF;)CeH; MM EH#A L 72 [Cp*RhCL], 3 LY CO,Me & Ph JEANi@E#a L 72
[Cp*'°RhCL,], 851 %2 AV 5 & 12je DULERAEIFIZ A | L7 (entry 5,6),

WIZ, Cp BRLEDNUZ Y N7 I RENLOBEHILIZBE LT, N-7 = =)L B L REA )L A T IVENL
ZFFO[Cp*'RhCL], Z V5 & 87%DILERT 12jc M5 S iz(entry 7)., E7=. [Cp*"*RhCl], %
W5 L 12jc DIGEMET L7c(entry 8), E7z., HEE LTHWET X R EONEEHR(4d—f, entries
9-11)F K O Hi(entries 12-14)DFFHT L 0 BT OPiv 36 L UL & LT NaOAc V5 & |
12jc DIRITE S Zm E L, 93%DILER T H ) % 15 7= (entry 14),

Z O DOER Cp™Rh $ERIZOWT b Rl & F . OB 217 o7z, E A2 Cp'Rh Z#HW
TBE S TV = EBUSIEEIT Lz 23 entry 15). 12je DURIZ[Cp™'RhCL], $85K % AW 72854
(entry 1) 2 5 H D TIX/enoT-, EERIAE LT, [CpMRhCL], $E K (entry D)IZKHIGT S 1E
BhHo, N F U TS REAL AR 20 CpO™RK $EIRIE, 12jc DINEEZ KIEICIKT S8, Kb
DAZ[A2BRAL SIS EAT LTz 13je 7 BRI & L CTH 2 7=(entry 16), ZI 5 OFEFIL, Cp B ED
WA ARERERE T Tl XUX U b7 X REALOFIED, TEHI72 Lossen #4072 ffEdE LT
HAREMEZ RIR LT 5, £72. Cp*™Rh BL O Cp*™Rh #A% AV 5 & 12jc DULRITREAD L
(entries 17,18), Cp*Rh $f{KZ H 2 & [4+2]1BR{LEUG D B3 84T L 72 13je DA% G- Z 7= (entry 19),
7ok, TR AI72 Lossen HA07 & [3H21BRALEOG SELT L7 [5,5)f8BR ~7 = — /b 9je 1%, Bl S 41780 o
77
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Table 2-1. Optimization of reaction conditions.™

0 nPr 2.5 mol % [Rhi, E?Me COMe 7
R 30 mol % base / /N J NH
(/j)kﬂ ' || MeOH, RT, 16 h (sj;/\npr ’ W”Pr " S | s
S nPr  under air Pt hPr Pr
RN S e | notdotected e
el
(1.1 equiv)
Entry [Rhy] 8 Base Yield [%]™!
12jc 13jc
1 [Cp**RhCl], 8j CsOPiv 50 41
2 [Cp**RhCL], 8j CsOPiv <2 84
3 [Cp*°RhCL], 8j CsOPiv 32 64
4 [Cp™RhCL], 8j CsOPiv 63 26
5 [Cp*"RhCl,], 8j CsOPiv 84 11
6 [Cp*'’RhCL,], 8j CsOPiv 84 11
7 [Cp*''RhCl,]; 8j CsOPiv 87 7
8 [Cp*'RhCL,], 8j CsOPiv 81 14
9 [Cp*''RhCL,], 8d CsOPiv 87 8
10 [Cp*''RhCl,]; 8e CsOPiv 82 9
11 [Cp*''RhCl,]; 8f CsOPiv 0 55
12 [Cp*''RhCl,]; 8j CsOAc 84 10
13 [Cp*''RhCl,]; 8j KOAc 87 9
14 [Cp*'"RhCl,], 8j NaOAc 93 6
15 [Cp"RhCL], 8j NaOAc 86 8
16 [Cp@P?RhCL], 8j NaOAc 26 70
17 [Cp*™RhCl,], 8j NaOAc 18 71
18 [Cp*™RhCl,], 8j NaOAc 4 88
19 [Cp*RhCL,], 8j NaOAc 0 98 (76!

[a] [Rh], (0.0025 mmol), base (0.030 mmol), 8 (0.11 mmol), 5S¢ (0.10 mmol), and solvent (0.5 mL) were
used. [b] Determined by "H NMR using 1,1,2,2-tetrachloroethane as an internal standard. [c] Isolated yield.

[CP*?RhCl,], (R' = R? = Ph, R® = R* = Me)

R! R® [CP*8RNCI,], (R' = RZ = Me, R® = R* = Me)
N [CPA®RNCI,], (R' = R? = 3,5-Me,CqHs, R® = R* = Me)
© 2 "R [CpA9RACIy], [R! = R? = 4-(CF3)CgHy, R® = R* = Me]
R P 212 3)CeH4,
aRhg © [CPA'RhCIy; [R! = R? = 3,5-(CF3),CeHs, R® = R* = Me]
C'J [CPATORNCI,], (R = CO,Me, R? = Ph, R® = R* = Me)
2 [CpA11RhC|2]2 [R1 = R2 = 3,5-(CF3)206H3, R3 = Ph’ R4 = H)
[CpARhC|2]2 [CpA12RhC|2]2 (R1 = COZMe, R2 = Ph, R3 = Ph’ R4 = H)
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oFH R O

W, WHATREZR~T B — /L VR X T I RFEERERET 5720, Kafb L7 4 CA/E
F#IPH DR E 24T - 72(Table 2-2),

773 TINRFTT IR 8K LTI EIT o728 2 A, [402]BR AR 13ne & & 1T,
FREEDIETHD 2-7 V7 =)L 7 7 12ne 3 b7z (entry 2), L LR35, 1H-Er—/L
SB-ANARFTT IR 80 & 5S¢ DRISITIES . Ty 7V o THEKMITEIRI S 7> 2 (entry 3), F
F7 2 VBRI m B AR ORE@p)ICK L TR, TrEEA R LEEEBNOT VT = kA
R 12pe B WIER TR b (entry 4), £72. XY F AT 2 3-HVRFTT I K 8q L DX
NZE D 2T NN =R FH T 22 12qe DEPERTH LI, £AuUlinz T Lossen #is
AL/ [B3R2BRAL AR 9qe MR T L v/z(entry 5), T4 7 =2 2- VAR F T T I R8I b S¢ &
Ji L. Cp™Rh $81K % 5 Z & T, [4R2BRALAERD 13ic & & BITHREEDILR THIGT 5 3-7 1
T=NVFAET = 12ic 3Tz (entry 6), F7o. RBE{LSIIZRIMFET T, N-ERBA LA F RV
[D)FF 7 = 2-T1VRF 27 X RBh)D UG % Fet L7y, 7 = /ALBOSITETE 3, Rk
FOSAER ORI E & IR DI FE 7= (entry 7), N T V¥ B L THBFEIT- 72
LA AFTTF BT TR, 6-RT v rEmBI RN 7 =T F LU Ba)liEH T b 2
LN T & I=(entries 8,9), FEXIT /LT DffEtE LT, TAFABLNT = = /VEBRNHET LX
Se—g 1%.8j & BAFAR IR L ONCERINME TS L, BIO T Vo = AR % 5- 2 7= (entries 10-12),
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Table 2-2. Scope of alkenylheterole synthesis.

: Ar H
o R 2.5mol % [CpAV'RhCI,], COMe N
OPiv 30 mol % NaOAc NH . O “Ph
. . Ar
G | el oy °
H MeOH, RT, 16 h 2 U Cl é'j
R?  under air R2 ' >
8 5 12 i [Ar=3,5-(CF3),CeH3]
(1.1 equiv) ! [CPA''RACI,],
Entry Product / Yield ' Entry Product / Yield
COMe ; CO,Me O
NH ! S—_N S NH
1 a L7 | )—nPr | P
S Z “nPr nPr
nPr nPr nPr
12jc / 89% : 9hc / 8% 13hc / 6%
CO,Me o} : CO,Me
NH : NH
NH .
2 ] 1 . 8 4
0 = “nPr 0 nPr S = “nCgHy4
nPr nPr nCsHy 1
12nc / 47% 13nc / 9% 12jm / 80%
CO,Me ; CO,Me
NH ; NH
3 (] 9 7]
N™ NZnPr : S Z “Ph
H nPr Ph
120c¢ / 0% i 12ja / 88%
COMe : CO,Me
NH ; NH
4 B | 10 a
S Z nPr 5 ST 7 "Ph (Me)
nPr i Me (Ph)
12pc / 77% ; 12je (12je") / 85%
! (12je/12je’ = 89:11)
CO,Me COMe ! CO,Me
NH N ; NH
5 | | p—nProto11 4 |
S Z SnPr S 2 S Z Ph (nBu)
nPr nPr E nBu (Ph)
12qc / 76% 9qc/ 10% ; 12jf (12jf') / 77%
; (12jf/12jf = 89:11)
CO,Me o) COMe
S NH s NH ; NH
o (| S 12 7]
= SnPr nPr S 2 “Ph [(CH,)5Cl]
nPr nPr , (CH,)3ClI (Ph)
12ic / 58% 13ic / 22% 12ig (12ig") / 60%

(12ig/12ig’ = 87:13)

[CpA"RhClz]z (0.0050 mmol), 8 (0.22 mmol), 5 (0.20 mmol), NaOAc (0.060 mmol), and MeOH (1.0 mL)

were used. Cited yields were of the isolated products. [a] [Cp*'?RhCl,], was used instead of [Cp”''RhCl,],.
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Flo. KR 2-I2)TRT LI, ZOH AT — FEISIFE T mmol A7 —/UIZHEMT 5 &N TE
Too EOBRIZIE, ARARE R (1.5 mol%[Rh,]) THINIHEIT L, 12je 25 93% & mWIR TH LT,

o) nPr 1.5 mol % [CPA1TRNCI,], COZMe :
OPiv | | 30 mol % NaOAc ﬁ/\(
N +
ot MeOH, RT, 16 h %npr : A
S nPr  under air ' (2-12)
8 5¢ 12jc /1 93% E [Ar = 3,5-(CF3),CgHa]
(1.1 equiv) (110.2 mg, (250.0 mg, [c;pM1(Rhg;)|22],‘,6 :
1.0 mmol) 0.934 mmol)

DI EED TS TP LI, 8 EMEEmOHIT LT & LTy 7~
TFoNRCBUSHERELZE 2 A, TAT = bT 47 = > 125i B L OMER21B(LAERD 13ji
DOz, A7 Lossen 417 & [3-R2BRLUG D EST L7, [5,5]fEER~7 2 — /L 9ji N EAERKD & L
THELND Z b7 (Tabel 2-3, entryl), ZOFERAZ52 1T, HEMBOR 7 ) —=2 7 %5
i U7z, % D#EF % (Table 2-3)I27~5 3, [Cp*'"RhCL], 854 L W & FE AL TH H[Cp*'*RhCL), Sk %
Mg &7 BB XA 7 VR BIETR N EED ST U 72 [4+2]BR LA R 131 OILERDIHEN
L. 5N Lossen B50r/ 7 1 b AVAERM 12ji ORI L=, LxL7en s, BRI Lossen #in
U/[3+2]f)fzﬂ:}i175% 9ji DILHEIZZALIT A SN2 f_(entry 2 vsentry 1), 1 & Cp"Rh $5{K % H
WGAIZIX, 9i & 13ji OUEEME T Liz(entry 3), 22 E TORERNG, XX F7 X Ny
DOEIRESI 2w D & 7R Lossen #5047 & -5 < BEILAIMBED M 7 23 #H S 4, 9ji DULEN
Wz 5L PHENT, FEICH, BN OENT XTI NSE A VILEA LTZ[Cp*'RhCL, S5
ZRHWD L 95 OURN 55% F T L, 77 = AR 12ji 38 X O[4+2]BR1bIK 13ji & DR %
6] &/ D 2 LTk LT (entry 4), 7235, 8f & 5¢ &AW KISEIEHF O L & LR, B
HE 72 [Cp™RhCL, 518 % AV D & [4R21BR LR 13ji AR & LT S 7z (entry 5),
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Table 2-3. Optimization of reaction conditions.

2.5 mol % CO.M 0
o Ph  [Cp*RhCl,], NHZ ° N,Coz'V'e
y N’OPiV . || 30 mol % NaOAc‘ J | . J | ) Ph . 7 | NH
< | - MeOH, RT, 16 h S™NZ"Ph (Cy) S ST NF ph
Cy  under air Cy (Ph) Cy Cy
8j 5i 12ji (12ji") 9ji 13ji
(1.1 equiv)
Entry  [Cp*RhCl,], Yield [%]™ Reaction ratio
12ji+125i° (12ji/12§i")')  9ji 13ji 12:9 (12+9):13
1 [Cp*''"RhCL], 29 (71:29) 45 17 39:61 81:19
2 [Cp*"RhCL], 9 (71:29) 45 29 17:83 65:35
3 [Cp"RhCl,], 9 (71:29) 35 20 20:80 69:31
4 [Cp'"RhCL,], 11 (64:36) 55 22 17:83 75:25
5 [Cp**RhCL,], 0 2 72 (659 | 3:97

[a] [Cp*RhCl,], (0.0025 mmol), NaOAc (0.030 mmol), 8j (0.11 mmol), 5i (0.10 mmol), and MeOH (0.5 mL)
were used. [b] Determined by 'H NMR using 1,1,2,2-tetrachloroethane as an internal standard. [c] These
compounds could not be isolated in pure forms. The yield and ratio were determined by '"H NMR using
1,1,2,2-tetrachloroethane as an internal standard. [d] Isolated yield. The product was isolated as a 94:6

mixture of regioisomers.

Me R? 33
Me CO,Et
£ ﬁﬂe om“‘w [CP*®RNC], (R' = R? = Me, R = R* = Me)
> Rh Rh R* o [Cp*ORNCI,], (R! = CO,Me, R? = Ph, R® = R* = Me)
Cl’élj C|'é|77Z [CpA'RNACI,), [R! = R? = 3,5-(CF3),CgH3, R = Ph, R* = H)
2 5 [CpA'?RhCl,], (R' = CO,Me, R? = Ph, R® = Ph, R* = H)
[CPERNCI], [CP*RhCl;],
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WRIZ[5,5) M BR~7 v — L& Bl FH rlRE 72 B O #iH 2 Mt L7, # OREFR % DL T IT/R 9 (Table
24), FAT7x23-HNRFLT IR ITTLF 5 LIS, [55MEBR~T 12—/ 9ji & 53%
DOHBEINRETH 2 7=(entry 1), £7-. 77 3-HARFLT7 I F8n I LTS5 ZiSE L&

1L, RS T A[5,5EER~T 72—/ b 9ni TG 6T, [4R208RLAERY 13ni 2 A & L TEHE 2T
(entry 2), 2-7 BEF AT 2 L -4-TNVARFTT I R8P BLUONRNUV Y FAT 2 3-IARFTT IR
8q 1% 51 UG L. ®Htd B[5,5fEB~T 1 —/L 9pi BL N 9qi 2 5- 27278, A OILERIT 9ji K
DKW G DIZHE £ - 7= (entries 3,4), FA 7 = 22-H/LRFT T I K8i & 5ilcxLThBatatro
o3, RS 2[5,51fa8R~7 v — L 9ii OULRITK < | [4+2]18R AR 131 s FARM E L THE S
U7z (entry 5),

TFOBEBILICEL TE, V7 anF UL F = _0 B 5 1THAT, SRR 2R NN
S 7R FAEBIOS Y TV ERNEBR L7 =T F L Sn B L5 ZHWT
H.9ji £V HIROINERTIELH D23, kT D [5,5]fE58~7 12— /L 9jn 35 L OV 9jo % 15:7= (entries 6, 7).
FURAFALYNIENER L2 7 2= AT ®vF L2 5k b 8 LS L. sthiad A[5,5)fiR~T 1 —
IV 9k MR N D HIF B AL, [42]1B AR 13jk 28 EARM) & LT 547 (entry 8),

T, TAXUACEBR LT = = VOB R EBIZ OV T LR ZIT- 72, [Cp*'°RhCl,], 514
D D IZ[CpM'RICL), 5 Z VD L BTEERA MY 7 o= VENEBR LT VX Sp
BEO5q 28 8§ LUt L. kg B[5,5f5Br~7 2 —/L 9jp BL W 9jq N EHFRIETH LI
(entries 9,10), — T, 8j LE T ARER MY 74w M URNEHLTZTILF 2 5r & ORSIE
TV = ARAERM) 12§ DAERKIZE D | 9ji LV HIRWIERTRIGT 2 [5,5]fE R ~7 = —/L 9jr %
Bz 7= (entry 11), ZAUHOFERIL, BEHIEOSBRVEEIZT TREFIEE DL, X1 70
W%ﬂ%@fmhym&%—mmﬁwﬁm¢:%@ﬁézk%mbfméoﬁﬁb% A=

TNFx L ERWESEEIZIE, a XA 7 AP REND OF %%%%%ﬁbfﬁﬂ%FA?mww
a5 25, DT, BIRET NI E2RIGHIE L THW=GAIZIE, 77 = bk

EEAERME LT, ZNH0REIT, (K 22)MTRLET=Y RET/AF 0 Cp*Rh K

B0 FINBUSIZB W TS FEROMEESBH ST 5, £72, ExhiiEE @4 2 88 Ick
WK, RO PR R A FEM L7 Table 2-2 OIRHEEZEZR L T, AW DEERZRE L72fE R
[Cp™ ' RhCL, #5113 e b mWVINEE CHIIM Z 525 Z L dbio 7z,
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Table 2-4. Scope of [5,5]-fused heterole synthesis.

! COzMe I\I/Ie
0 R'  25mol % [CPA1°RhCl,], COMe 1 Ny
. o, N ! €
_OPiv 30 mol % NaOAc ' Ph
N | Gall p—r' | Ry O
| H MeOH, RT, 16 h : Cl dj
R2 under air R2 : 2
8 5 9 E [CPA1°RNCl],
(1.1 equiv) '
Entry Product / Yield Entry Product / Yield
CO,Me 5 CO,Me
N ’ N
1 7 )—Ph L7 7 ,)—Ph
S ; S
Cy iPr
9ji / 53% 9jo/ 48%
CO,Me ? E CO,Me 0
N :
NH . N
2 7/ | Y Ph 4 |/ ; 8 74 | P Ph 74 | NH
o g o Ph (Cy) | s SN
y : i .
Cy (Ph) : SiMe; SiMeg
9ni/ 0% 13ni (13ni") /47% 9jk / 12% 13jk (13jK’) / 23%
(13ni/13ni’ = 60:40) ! (13ikA3jk' = 67:33)
CO,Me g
N CO,Me
3 Brw—Ph : N
s b ) OMe
Cy ! S
9pi / 26% ; Cy
CO,Me ; 9p / 62%
N I
4 | Y/ Ph ; /COzMe
S E N
Cy Caom <) OMe
9qi / 37% 5 S
: P
CO,Me 0 ; T
SN S NH 9jq / 47%
5 QI p—pn L |
Ph CO,Me CO,Me
Cy Cy E N NH
N - Lo P cry ¢ |
9ii / 6% 13ii/ 21% ,
; S S = Ar (Cy)
CO,Me | Cy Cy (Ar)
N i
7 )—Ph ;
6 S : 9jr / 34% 12jr (12jr') / 29%
(Ar = 4-F3CCqH,)
: (12jr/12jr' = 90:10)
9jn / 33% !

[Cp*'’RhCl,], (0.0050 mmol), 8 (0.022 mmol), 5 (0.20 mmol), NaOAc (0.060 mmol), and MeOH (1.0 mL)
were used. Cited yields were of the isolated products. [a] [Cp™''RhCl,], was used instead of [Cp"'’RhCl,]..
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F7o. [55MERAST B — VOB REEEHSIST B I A 72 2-13), BRABIK 9ji l2%F LT, witk
V= EEH S D 2 LT MKGIEREIT L, k5T 2 N-HALED 95i-H 23 69% DI T Hi
720 TDHDAFIALKISIZ LV | k5T 5 N-Me LA 9ji -Me 2H 66% T H AL, [FIEEIZ,
EHLAR Ojp 35 LN 9jr 1E. N2 73%3 L0V 48% DI TT, kT 5 N-Me {L.A4) 9jp-Me 35 L
OV 9jr-Me ([ZAHT 2 Z LN TE Tz, 723, AW 9ji. 9jp. LN 9jr OALEBRIEIL, ThEh
5 L 7= 9ji-Me, 9jp-Me, 1 L1 9jr-Me O NOESY A2 hLIC LD N ED Me & Ar 2 iz
T MBI OTF AT VB EOT R N EOREY—TIZK o TRE LT,

/CO2Me H Me
N NaOH N Mel, NaH N
4 | / Ar - 4 | Y Ar —— > 7 | p) Ar
S EtOH / H,0, RT S DMF, RT S
Cy Cy Cy (2-13)
9ji (Ar = Ph) 9ji-H / 69% 9ji-Me / 66%
9jp (Ar = 4-MeOCgHy,) 9jp-Me / 73% (2 steps)
9jr (Ar = 4-F3CCgH,) 9jr-Me / 48% (2 steps)
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FHIUET  SUSHERE DR

ZDART— RRIEDA T =ZALEZRH LT D20, LLFOFEBREZIT- 723 2-14), HiE b
L 72 Bt 24 F(condition A)T? 8j & [Cp™''RhCL], &4 & DRIZ XLV . 18H D Lossen Bafir 34T
L 7= E 5 14 2MEICR TS S5 72 (X 2-14a),  condition A T CD;0OD H1 T 8j & DORUGTIE, [H]
ST FEE 8 IS DA EIKFE DI/ B IAHBDBEL ST ( 2-14b), T b OFEFRIZ, HfH
KELTEZLND 14 OIS A 7 NVA~DHFEP/NSNWZ EEZRBLTNWD, EFlo, 7T =/
B 12§i & [Cp*'RhCL], $51K & DS TIX[S,SIMER~T v —/V 9ji & 5 272 7-2 Lind, Bk
k9 OFAT DRUSIREEE LT, T =K 12 & H3 5 fRePEAMERN 2 & 3o 7o
2-14c),

(@)

o] 2.5 mol % [Cp*''RhCI,], H
_OPi 30 mol % NaOAc N OMe
i Zani
| H MeOH, RT, 16 h o
S under air S
8j (condition A) 14/ 6%
b
(b) 0] condition A @) n ocDh
_OPi in CD;OD _OPi 3
y N-OPV ( 30D) J NOPV (/j[ \n/
| H | H S O
S™H S”“HID H/D (0% D) (2-14)
8j 8j 14
92% recovery (12% D) 7%
c
© : CO,Me
) ~COzMe condition A Vi N
| | )—ph
S Z “Ph (Cy) S
Cy (Ph) Cy
12ji (12ji") 9ji / 0%

FREOHEENZE BRI EE DN T 9, 12, 13 AR FTREZR SUR A 77 = A L% LA T 127797 (Scheme 2-1),
9. 8j & Cp*Rh(II) & DT, C-HFEAUIKT i<, TAx 2 5 DEMNIIFAZRKRT 7 B ¥
A 7B PR EERT 5, HEIEB 0 OIERITAIBESEITT 5 Z LI2 KD | [4R2]BR(LA R 13
B“ELND,

— 5, Lossen 5L Z & Te 1 A r— NG HEITT D RIGHEK E L TEXLNDHDE, 7T BERRE
A 7 VR B i BRI 72 Lossen BEAZIZ K W A Y o7 F— FHEIA C 25 %2, MeOH D
MLV ey AL 70D BBREND, ZOLE SEERPNTNS RN T VR 2ns & 6 B
BRoZY A7 0Dnb7a M ACRIGHET L, TV =b~T 11— 12 &5 % Cp*Rh(IIDEEK
AT D, Fio, SEMICKREBRNET AX o2 H0nb & RERu XA 7)1 Db OETH
BBEDMIERE S 4L, [55IFRBRA~T 2 —L 9 R B ILD, T & XBifEL 72 Cp"Rh(DFEIL, 22X P OfE
FIC X > T b S, Cp"Rh(IINEEANFAET D, v F A 7 LHRIK D 25 L FEIRPEFE B
LB E LT, RUBVERENOT A7 = EKICTH 2 LT, B X6 BG5S BB~ &
INSL 2B Ted, RUBUVEREHWD LI THAGANIEN D Z ENEZLND, T4 7=
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WL ZI2E, RUBUVREMVD & XA THREEAEDILANH Z LT, ISR E S LS
AHEENELS D120, T u AR EITT LT A = Ubik B B X Tt EZTWD, i,
VW%7N%V%mwk&%:\@m%m%%@%?éﬁmkbf\W%?w%ywﬁéw%@%
WNANLIZH D 2 & T, BEHILOSBENRME X BN R L 2B X T D

IO DR OMIZ, 14 BELOHFMIEAE ZRMA L7z 6 BRe XA 7LD OB LEZ D
ZEmTE LN, (K 2- 14a) RLTEE ST, FBOANTFE— L LRFL T IR I LTT L
FUANTICOSEAT > e B ATl FEFIRWNERTT I ) ~Tre—)L 14 25272 L2z
T, (K 2-14b)ICBWTHE LN 14 DF A7 = VB EO H/D TN SN o7 2 e b, 7
AT R WP LORISRBIC L D FGINENEEZ NS, &6, FRE 15220 Dl
PESOEREIT L TWARTEEE S H 528, (3N 2-14a)l27R T & 9 (Zi8H @ Lossen (L IXIEH (T2
D, EOFHEH/NISNWEBZOND, 2B, THIEK 15 1TT X TOMFHICIB W TR ST
W, FRRIZ, T =B IR 12 DB BRAEIKR 9 OB T 2R L E 2 s n, (3N 2-14c)l2B VT
BRALIK 9 2 52 72700122 2006, ZORIGKKIIBRANL TEX D T ENTE, & A 7 L]
BD ZRFH LSRR CHIIME 525 &2 b5,
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Lossen rearrangement MeOH addition

O calt". H
(/ka,opiv [Rh]"X, (/TN\\C\\O MeOH qN\H/OMe
_—— _—
H i o]
S H —PivOH S S H
8j 14
[Rh]"IXZ E [Rh]"IX2
—2HX + —2HX
y
C-H
cleavage (0] OYOMe
J N’O tBu N
| / W/ | AN
S~ ~[Rh]---O [Rh]
A [Rh] = Cp”Rh E
R2 R3 é R2 — R3
_ aIkyr_Ie 5 ' 5
insertion \J
O
H O tBu O OMe
[Rh] [Rh] _ MeOH [Rh]
—P|vOH
B C D
‘ R3 = compact group ‘ R = bulky group
—Rh'J ‘ H* —Rh!" J H* -Rh!
o I o ] CO,Me CO,Me
- _OPiv NH N
4 | 7 | H | > 4 | / | Y R2
SN O R2 STNA R2 S ZOR2 S
R3 R3 R® R®
13 15 12 9
! A

Scheme 2-1. Proposed reaction mechnism
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AT KR

BOETHONTHMAELTFICE LD D, EHIL, ~T a2 — LIV RT I RENET VX%
L C. & Cp*Rh(IIDSHA A il & U CERA &7 & 2 A, U Lossen Ba(7 % £%H L 72[3+2]81k
FOSHBEITT 2D TR, 78 MALBHEIT L7 T V7 =T a KRN, TAERY &
LCELNDZ EE R L, Bx & Cp*RhIINMEES X OSSR M 2B Lz & 2 Akm
PBWRWHETHHDOT N = A~T uFERILEMES 5 2 Sk L= 2-15), FEE A #uHE %
Bt L7z 2 A, BkxlanT B — LV REF U7 I RICHEHRTRE T, FEFFRT ALF N L THE
GF 7o R IRIE T H M & 1572, £, RO EGHRIETIIARLERA~T 0—/L 7 I % IR
LTHWDHRERDH T2, BEBRFECHLI~NT B =NV AINVEXT T I REELT 7T 0y
7L LTERATE 2 FETH Y AL AR LR LEbE TV D,

F iz, FERFRT L OB AP OMRF A D T HT, SR S EOWNEET V¥
WAL, BRI Lossen BEAZH D7 1 kAL TIidZe < [3R21BRALEUS AN HEFT L 72[5,5]
MR~ Tuv— &b 2 7=, HE, B Cp*RhIIDFREEZ Bis L= & & Afem 62%IER T, [5,51HHB
AT R NVERD LK L, B[S SR~ T v — 0 id, ETEE LAY O R R RS
HERLL T 5, FEUM72 Lossen Bafif & &30 Z DB A — NI, IR RIGSRMICB W T—2
ICEEBHREBETE LD, FHRT e JMLEMOERBAEETH 5,

H—z=o MEM Cp*RUIIDAEZ WV N-T 2 a XX X7 I RBLOT 7 U AT I R ENE
TV & O Lossen #5072 #8HT- A BA(LAI[3-21BRIL UG | & e Ba7p o 7o (b il itk %
R EDRDPoTe, ZHUX, NUAXT I REHWD EXICHAT, 6 BIRENDL S BERA~CERTA
APINEL 720 w7 2B NALOBSCN B O T AR K E { Ieolzlod, 20X 5 72k FEiR
PERLIZEEBEZ TS, 72, KBETHOTWD L) REFEERA~T oRBE AV HAICT
Lossen B EAT T 2L FRIWVEDLLFE L B Ro TRV | BT EERV AT I RN e &
LRBEOMEF 2R LTV D, ZiuE, Lossen S5 A HERAICEITT HBEIC, FER LML DETD
MLHELOFGNRREL RoleledlZlEZbND, TNHDZ LG, EEDOIARRY 258N
2T, BrEERA~T o —VBRICKH LT, i Cp*Rh(II)ZMAEHE S 2 & TIRZR IR 2 Hif
Ll HiEmThD ENWR D,

formal Lossen rearrangement/ ?OzR Ar

alkenylation 'TI
(R?, R® = compact substituents) | NH OmN\Ph
e E r o

R ok
N _OPiv R3 ; Cl
@ | H amide-pendant : 2
= bulky and electron-deficient upto93% i [Ar=3,5-(CF3);CeHs]

Cp”RAh(lll) catalysts ; (2-15)
il COR CO,Me  Me

R3-=—R? N 5
N
- Gl )+ oy
% : Ph €

formal Lossen rearrangement/ ' o)
[3+2] annulation R3 : C|Bh
(R?, R® = bulky substituents) Clj
up to 62% : 2

107



[1]

[3]
[4]

[6]

[7]

[8]

[10]

References

a) T. Piou, T. Rovis, Nature 2015, 527, 86; b) T. Piou, T. Rovis, J. Am. Chem. Soc. 2014, 136,
11292.

S. Y. Hong, J. Jeong, S. Chang, Angew. Chem. Int. Ed. 2017, 56, 2408.

S. Cui, Y. Zhang, Q. Wu, Chem. Sci. 2013, 4, 3421.

X. Zhang, Y. Li, H. Shi, L. Zhang, S. Zhang, X. Xu, Q. Liu, Chem. Commun. 2014, 50, 7306.

a) C. Q. Wang, L. Ye, C. Feng, T. P. Loh, J. Am. Chem. Soc. 2017, 139, 1762; b) C. Q. Wang, Y.
Zhang, C. Feng, Angew. Chem. Int. Ed. 2017, 56, 14918.

a) T. K. Hyster, T. Rovis, J Am Chem Soc 2010, 132, 10565; b) N. Guimond, S. I. Gorelsky, K.
Fagnou, J. Am. Chem. Soc. 2011, 133, 6449; c¢) N. Guimond, C. Gouliaras, K. Fagnou, J. Am. Chem.
Soc. 2010, 132, 6908.

a) M. G. Reinecke, H. W. Adickes, C. Pyun, J. Org. Chem. 1971, 36, 2690; b) F. M. Albini, E.
Albini, T. Bandiera, P. Caramella, J. Chem. Res. Synop. 1984, 36.

K. T.Y. Yoshikawa, H. Katsuta, , JP 093019744 1997.

a) J. M. Ontoria, J. I. Martin Hernando, S. Malancona, B. Attenni, 1. Stansfield, I. Conte, C. Ercolani,
J. Habermann, S. Ponzi, M. Di Filippo, U. Koch, M. Rowley, F. Narjes, Bioorg. Med. Chem. Lett.
2006, 16, 4026; b) J. . Martin Hernando, J. M. Ontoria, S. Malancona, B. Attenni, F. Fiore, F.
Bonelli, U. Koch, S. Di Marco, S. Colarusso, S. Ponzi, N. Gennari, S. E. Vignetti, M. Del Rosario
Rico Ferreira, J. Habermann, M. Rowley, F. Narjes, ChemMedChem 2009, 4, 1695; c) S. Malancona,
J. I. M. Hernando, B. Attenni, J. M. Ontoria, F. Narjes, Tetrahedron Lett. 2009, 50, 1625; d) J. 1. M.
H. B. Attenni, S. Malancona, F. Narjes, J. M. Ontoria, M. Rowley, WO 05/023819 A1 2005.

S. Yoshizaki, Y. Shibata, K. Tanaka, Angew. Chem. Int. Ed. 2017, 56, 3590.

108



I. General

Anhydrous MeOH was obtained from Aldrich (No. 32,241-5) and used as received. Solvents for
the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to use. 1,6-Diynes
lc,[l] ld,[z] 1e,[3] 1f,[2] cyclopropylideneacetamides 2a,[4] 2b,[2] fluvenes 3ca,[2] 3da,[2] 3ea,[2]
thodium(Il) complexes [Cp™’RhCL],? [Cp**RhCL]," [CpPRhCL]E  [Cp*P"RhCL, ],
[Cp*thRhClz]z,[g] and [Cpr'Ph2RhClz]2,[8] heterole amides 8i,”” 8j,'” 8m,'" 8n,"” and alkynes
5g,112 5413 5p 114 50,1191 5p [16] 54 1) and 5r,'®) were prepared according to the literatures. All
other reagents were obtained from commercial sources and used as received. 'H and °C NMR data
were collected on a Bruker AVANCE III HD 400 (400 MHz) at ambient temperature. HRMS data
were obtained on a Bruker micrOTOF Focus II. All reactions were carried out in oven-dried
glassware with magnetic stirring.

I1. Synthesis of Catalysts
[Cp**RhCL]

To a solution of RhCl3snH,0 (39.15 wt% Rh, 60.4 mg, 0.236 mmol) in EtOH (1.0 mL) was
added a solution of
2—(4,6—dimethy1—1H—cyclopenta[c]furan—S(3H)—ylidene)—N,N—dimethylacetamide[z] (51.3 mg, 0.234
mmol) in EtOH (1.0 mL) and the mixture was stirred at 60 °C for 16 h. The resulting mixture was
concentrated under reduced pressure and the residue was diluted with CH,Cl, (2.0 mL) and filtered.
The filtrate was poured into n-hexane (10.0 mL) and the resulting precipitates were collected,
washed with Et,0 (2.0 mL) twice, and dried under vacuum to give [Cp”*RhCl,], (48.8 mg, 0.124
mmol, 53%) as an orange solid. Mp >300.0 °C; 'H NMR (CDCls, 400 MHz) 0 4.58 (d, J=13.8 Hz,
4H), 4.00 (d, J = 13.8 Hz, 4H), 3.55 (s, 4H), 3.19 (s, 6H), 2.95 (s, 6H), 1.63 (s, 12H); *C NMR
(CDCl3, 100 MHz) ¢ 166.8, 101.9 (d, J = 9.4 Hz), 95.4 (d, /= 9.4 Hz), 91.5 (d, J = 8.2 Hz), 64.2,
37.7, 35.4, 30.6, 10.6; HRMS (ESI) calcd for C,sH3sClsN,O4Rh, [M—CI]"™ 750.9845, found
750.9892.

2-(4,6-Bis(3,5-bis(trifluoromethyl)phenyl)-1H-cyclopenta|c|furan-5(3H)-ylidene)-N-phenyla
cetamide (3fb)

d Ph
Q CF;

FsC
Segphos (12.2 mg, 0.0200 mmol) and [Rh(cod),]BF4 (8.1 mg, 0.0200 mmol) were dissolved in

CH,CI; (1.0 mL) and the mixture was stirred at room temperature for 10 min. H, was introdced to
the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
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mixture was concentrated and redissolved in (CH,Cl), (0.5 mL). To this solution were added a
solution of cyclopropylideneacetamide 2b (38.1 mg, 0.22 mmol) in (CH,Cl), (1.0 mL) and
1,6-diyne 1f (103.6 mg, 0.20 mmol) in (CH,Cl), (1.5 mL) in this order, and the resulting mixture
was stirred at 40 °C for 16 h. The resulting solution was concentrated and purified by a silica gel
preparative thin-layer chromatography (TLC, eluent: n-hexane/EtOAc = 4:1), which furnished
fluvene 3fb (89.3 mg, 0.135 mmol, 68% isolated yield) as a red amorphous.

"H NMR (CDCls, 400 MHz) 6 7.88 (s, 1H), 7.74-7.69 (m, 4H), 7.41 (s, 1H), 7.13-7.10 (m, 3H),
7.05-7.00 (m, 3H), 4.81 (s, 3H), 4.75 (s, 3H); *C NMR (CDCls;, 100 MHz) 6§ 162.0, 154.9, 151.0,
150.8, 136.5, 136.3, 135.1, 132.6 (q, J = 33.3 Hz), 132.1 (q, J = 33.3 Hz), 128.9, 128.7, 127.6,
125.2,125.1,123.0 (q, J=271.2 Hz), 122.9 (q, J = 271.4 Hz), 121.8, 121.6, 120.83, 120.79, 120.78,
118.6, 66.1, 66.0; HRMS (ESI) calcd for C3,H;7F;NO,Na [M+Na]" 686.0960, found 686.0988.

[Cp*’RhCl,],

Rh

7
2

[Ar = 4-(CF3)CgHy4]

To a solution of RhCl3enH,0 (39.15 wt% Rh, 41.6 mg, 0.158 mmol) in EtOH (1.0 mL) was
added a solution of fluvene 3dal® (75.6 mg, 0.158 mmol) in EtOH (1.0 mL) and the mixture was
stirred at 60 °C for 16 h. The resulting mixture was concentrated under reduced pressure and the
residue was diluted with CH,Cl, (2.0 mL) and filtered. The filtrate was poured into n-hexane (10.0
mL) and the resulting precipitates were collected, washed with Et,O (2.0 mL) twice, and dried in
vacuo to give [Cp**RhCL,]; (76.9 mg, 0.118 mmol, 75% isolated yield) as a red solid.

Mp >300.0 °C; "H NMR (DMSO-ds, 400 MHz) 6 7.92-7.76 (m, 16H), 4.72 (d, J = 13.2 Hz, 4H),
4.52 (d, J=13.2 Hz, 4H), 3.74 (s, 4H), 2.84 (s, 3H), 2.50 (s, 3H); °C NMR (DMSO-ds, 100 MHz)
0166.0, 132.5, 130.1, 129.6 (q, J = 32.0 Hz), 125.6 (q, J = 3.7 Hz), 124.0 (q, J = 272.9 Hz), 111.8
(q,/=6.3 Hz), 110.6 (d, J= 7.3 Hz), 88.8 (d, J= 6.9 Hz), 64.5, 36.9, 34.7, 29.9; HRMS (ESI) calcd
for C2sH0CIFsNO,Rh [1/2M—C1]" 618.0136, found 618.0130.

[Cp*'’RhCL],

COZMe Me
|
N.

(e} Me
Ph

_Rh O
Cl élj
2

The title compound was prepared from fluvene 3eal (50.8 mg, 0.156 mmol) according to the
procedure for [Cp**RhCl,],.

Red solid; 50.7 mg, 0.0507 mmol, 65% isolated yield; mp >300.0 °C; "H NMR (CDCls, 400
MHz) 6 7.73 (d, J = 7.4 Hz, 4H), 7.48-7.37 (m, 6H), 4.91 (d, J = 14.3 Hz, 2H), 4.74-4.68 (m, 2H),
4.40 (dd, J = 16.6 Hz, 7.2 Hz, 2H), 4.18 (dd, J = 15.3 Hz, 5.2 Hz, 2H), 4.11 (d, J = 14.1 Hz, 2H),
3.91 (m, 3.911-3.907, 6H), 3.31 (d, J = 16.6 Hz, 4.7 Hz, 2H), 3.10 (s, 6H), 2.95 (s, 6H); °C NMR
(CDCl3, 100 MHz) 6 167.8, 163.4, 163.3, 130.3, 130.1, 130.0, 129.2, 126.4, 126.4, 107.8 (d, J=9.1
Hz), 107.5 (d, J = 8.6 Hz), 106.2, 104.7 (d, J = 7.3 Hz), 104.2 (d, /= 7.2 Hz), 92.1 (d, J = 6.9 Hz),
91.5, 71.9 (d, J = 8.1 Hz), 71.4, 65.9, 65.2, 53.7, 37.7, 35.5, 32.6, 32.5; HRMS (ESI) calcd for
CisH40N,05C13Rh, [M—CI]" 962.9955, found 962.9912.
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[Cp*"RhCL,],

O
C|'Rh\zZ
Cl
2
[Ar = 3,5-(CF3),CgH3]

The title compound was prepared from fluvene 3fb according to the procedure for [Cp”*RhCl,]».
Red solid; 69.4 mg, 0.083 mmol, 62% isolated yield (from 0.135 mmol of the corresponding
fulvene); mp >300.0 °C; "H NMR (DMSO-ds, 400 MHz) J 10.23 (br, 2H), 8.41 (s, 8H), 8.22 (s, 4H),
7.23-7.14 (m, 8H), 7.01-6.97 (m, 2H), 4.79 (d, J = 13.2 Hz, 4H), 4.51 (d, /= 13.1 Hz, 4H), 3.73 (s,
4H); °C NMR (DMSO-ds, 100 MHz) 6 170.0, 143.3, 136.0 (q, J = 33.3 Hz), 135.9, 135.7, 133.7,
133.6, 128.9, 128.8, 128.1 (q, J = 273.1 Hz), 124.4, 118.3, 116.4 (d, J = 6.9 Hz), 93.5, 71.9, 69.6,
61.2, 38.3, 36.2, 27.3, 23.8, 20.4, 19.2, 5.3; HRMS (ESI) calcd for C3;H;sCIF;;NO,Rh [1/2M—CI]"
801.9884, found 801.9923.

I1I1. Synthesis of Substrates

N-(Pivaloyloxy)benzo|[b]|thiophene-2-carboxamide (8h)

O
S N,OPiv
| H

Oxalyl chloride (0.732 g, 5.77 mmol) was added to a solution of benzo[b]thiophene-2-carboxylic
acid (0.508 g, 2.85 mmol) and DMF (4 drops) in CH,Cl, (20 mL). The mixture was stirred at room
temperature for 1 h and then concentrated to afford the crude acid chloride. Thus obtained acid
chloride was added to a solution of Na,COs (0.449 g, 4.28 mmol) and hydroxylamine hydrochloride
(0.236 g, 3.42 mmol) in EtOAc (10 mL) and H,O (5 mL) at 0 °C. The mixture was stirred at room
temperature for 3 h. The reaction was diluted with saturated aqueous NaHCO; (30 mL) and EtOAc
(30 mL). The organic layer was separated, washed with brine (30 mL), dried over Na,SO,4, and
concentrated to afford the crude hydroxamic acid. This crude hydroxamic acid was dissolved in
THF (7 mL) and added to a solution of pivaloyl chloride (0.360 g, 2.99 mmol) and Et;N (0.385 g,
3.79 mmol) in THF (5 mL). The resulting mixture was stirred at room temperature for 2 h. The
reaction was quenched with saturated aqueous NaHCOs. The organic layer was separated, dried
over Na;SOy, and concentrated. The residue was purified by a silica gel flash chromatography
(eluent: n-hexane/EtOAc = 80:20) to give 8h as a colorless solid (0.564 g, 2.03 mmol, 71% isolated
yield).

Mp 127.4-129.3 °C; 'H NMR (CDCls;, 400 MHz) & 9.34 (br, 1H), 7.92 (s, 1H), 7.89-7.86 (m,
2H), 7.49-7.40 (m, 2H), 1.38 (s, 9H); °C NMR (CDCl;, 100 MHz) J 177.0, 162.0, 141.2, 138.7,
133.3, 127.5, 126.9, 1254, 125.1, 122.7, 38.5, 27.0;, HRMS (ESI) calcd for C;4H;sNO3;SNa
[M+Na]" 300.0665, found 300.0652.

N-(Benzoyloxy)thiophene-3-carboxamide (8k)

111



0]

OBz
N
(/E)kH

S

N-Hydroxythiophene-3-carboxamide (0.215 g, 1.50 mmol) was dissolved in THF (5 mL) and
added to a solution of benzoyl chloride (0.222 g, 1.58 mmol) and Et;N (0.182 g, 1.80 mmol) in THF
(5 mL). The resulting mixture was stirred at room temperature for 3 h. The reaction was quenched
with saturated aqueous NaHCO;. The organic layer was separated, dried over Na,SO4, and
concentrated. The residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 4:1) to
give 8k as a colorless solid (102.2 mg, 0.413 mmol, 28% isolated yield).

Mp 137.4-137.9 °C; '"H NMR (CDCls, 400 MHz) 6 9.55 (br, 1H), 8.17-8.15 (m, 2H), 8.07-8.06
(m, 1H), 7.68-7.64 (m, 1H), 7.53-7.49 (m, 3H), 7.42-7.40 (m, 1H); C NMR (CDCl3, 100 MHz) ¢
165.4, 162.4, 134.3, 133.0, 130.4, 130.1, 128.8, 127.0, 126.6, 126.2; HRMS (ESI) calcd for
C14Hs2NO;3;SNa [M+Na]" 270.0195, found 270.0201.

N-((tert-Butoxycarbonyl)oxy)thiophene-3-carboxamide (81)
O

.OBoc
N
(/E)J\H

S

N-Hydroxythiophene-3-carboxamide (0.100 g, 0.699 mmol) was dissolved in THF (5 mL) and
added to a solution of Boc,O (0.160 g, 0.733 mmol) and Et;N (84.8 mg, 0.841 mmol) in THF (5
mL). The resulting mixture was stirred at room temperature for 3 h. The reaction was quenched
with saturated aqueous NaHCO;. The organic layer was separated, dried over Na,SO4, and
concentrated. The residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 4:1) to
give 8l as a colorless solid (83.1 mg, 0.342 mmol, 48% isolated yield).

Mp 112.0-112.9 °C; '"H NMR (CDCls, 400 MHz) 6 9.07 (br, 1H), 8.01-8.00 (m, 1H), 7.45-7.43
(m, 1H), 7.37-7.36 (m, 1H), 1.55 (s, 9H); C NMR (CDCls, 100 MHz) § 162.7, 152.9, 132.8, 130.3,
127.0, 126.1, 86.1, 27.6; HRMS (ESI) calcd for C;oH;3sNO4sSNa [M+Na]" 266.0457, found
266.0468.

N-(Pivaloyloxy)-1H-pyrrole-3-carboxamide (80)

O

.OPiv
N
(/E)J\H
N
H

Oxalyl chloride (1.11 g, 874 mmol) was added to a solution of
N-(pivaloyloxy)-1H-pyrrole-3-carboxamide (0.522 g, 4.69 mmol) and DMF (4 drops) in CH,Cl, (24
mL). The mixture was stirred at room temperature for 20 min and then concentrated to afford the
crude acid chloride. Thus obtained acid chloride was added to a solution of Na,CO; (0.905 g, 8.62
mmol) and O-pivaloylhydroxyamine triflic acid!'” (2.09 g, 7.82 mmol) in EtOAc (16 mL) and H,O
(8 mL) at 0 °C. The mixture was stirred at room temperature for 2.5 h. The reaction was diluted
with saturated aqueous NaHCO; (30 mL) and EtOAc (30 mL). The organic layer was separated,
washed with brine (30 mL), dried over Na,SO4, and concentrated. The residue was purified by a
preparative TLC (eluent: n-hexane/EtOAc = 1:2) to give 80 as a colorless solid (15.8 mg, 0.0751
mmol, 2% isolated yield).

Mp 156.4-157.3 °C; '"H NMR (CDCls, 400 MHz) § 9.05 (br, 1H), 8.63 (br, 1H), 7.45-7.43 (m,
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1H), 6.81-6.79 (m, 1H), 6.56—6.54 (m, 1H), 1.35 (s, 9H); BC NMR (CDCl3, 100 MHz) 6 177.5,
165.1, 122.2, 119.3, 115.6, 38.4, 27.1; HRMS (ESI) calcd for C;oH4N,O3Na [M+Na]+ 233.0897,
found 233.0896.

5-Bromo-N-(pivaloyloxy)thiophene-3-carboxamide (8p)
O

_OPiv
N

S

5-Bromo-N-hydroxythiophene-3-carboxamide!'® (1.46 g, 6.57 mmol) was dissolved in THF (10
mL) and added to a solution of pivalic chloride (0.832 g, 6.90 mmol) and Et;N (0.996 g, 9.86
mmol) in THF (10 mL). The resulting mixture was stirred at room temperature for 16 h. The
reaction was quenched with saturated aqueous NaHCOs. The organic layer was separated, dried
over Na,SOy, and concentrated. The residue was purified by a silica gel flash chromatography
(eluent: n-hexane/EtOAc = 80:20) to give 8p as a colorless solid (0.657 g, 2.15 mmol, 33% isolated
yield).

Mp 89.9-90.9 °C; '"H NMR (CDCls, 400 MHz) 6 9.15 (br, 1H), 7.88 (d, J = 1.6 Hz, 1H), 7.37 (d,
J = 1.6 Hz, 1H), 1.35 (s, 9H); °C NMR (CDCl;, 100 MHz) 6 177.1, 161.2, 133.4, 131.4, 128.6,
114.0, 38.5, 27.0; HRMS (ESI) calcd for C;oH;,BrNO3;SNa [M+Na]" 327.9613, found 327.9602.

N-(Pivaloyloxy)benzo[b]|thiophene-3-carboxamide (8q)
O

_OPiv
N
T< J—-

S

Oxalyl chloride (0.571 g, 4.51 mmol) was added to a solution of benzo[b]thiophene-3-carboxylic
acid (0.535 g, 3.00 mmol) and DMF (2 drops) in CH,Cl, (20 mL). The mixture was stirred at room
temperature for 1 h and then concentrated to afford the crude acid chloride. Thus obtained acid
chloride was added to a solution of Na,CO; (0.473 g, 4.50 mmol) and hydroxylamine hydrochloride
(0.248 g, 3.60 mmol) in EtOAc (20 mL) and H,O (10 mL) at 0 °C. The mixture was stirred
overnight at room temparature. The reaction was diluted with saturated aqueous NaHCO3 (30 mL)
and EtOAc (30 mL). The organic layer was separated, washed with brine (30 mL), dried over
Na,S04, and concentrated to afford the crude hydroxamic acid. This crude hydroxamic acid was
dissolved in THF (10 mL) and added to a solution of pivalic chloride (0.380 g, 3.15 mmol) and
Et;N (0.455 g, 4.50 mmol) in THF (20 mL). The resulting mixture was stirred at room temperature
for 16 h. The reaction was quenched with saturated aqueous NaHCOj;. The organic layer was
separated, dried over Na,SO,4, and concentrated. The residue was purified by a silica gel flash
chromatography (eluent: n-hexane/EtOAc = 80:20) to give 8q as a colorless solid (0.697 g, 2.51
mmol, 84% isolated yield).

Mp 155.7-157.0 °C; 'H NMR (CDCls, 400 MHz) 6 9.20 (br, 1H), 8.39 (dd, J= 7.4, 1.2 Hz, 1H),
8.09 (s, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.50-7.41 (m, 2H), 1.38 (s, 3H); *C NMR (CDCls, 100
MHz) 6 177.2, 163.3, 140.0, 136.4, 132.0, 127.5, 125.52, 125.50, 124.3, 122.6, 38.5, 27.1; HRMS
(ESI) caled for C14HsNO3;SNa [MJrNa]+ 285.0556, found 285.0576.

IV. Rhodium-Catalyzed Formal Lossen Rearrangement/Alkenylation Cascade

Representive procedure for alkenylheterole synthesis (12jc, Table 2-1, Table 2-2 entry 1):
To a 20 mL screw-cap vial were added 8j (50.0 mg, 0.220 mmol), NaOAc (4.9 mg, 0.060 mmol),
[Cp*''RhCl,], (8.4 mg, 0.0050 mmol), 5¢ (22.0 mg, 0.200 mmol), and MeOH (1.0 mL) in this order

113



under air. The mixture was sealed and stirred under air at room temperature for 16 h. The solvent
was removed under reduced pressure and the residue was purified by a preparative TLC (eluent:
n-hexane/EtOAc = 4:1) to give 12jc as a colorless oil (47.7 mg, 0.178 mmol, 89% isolated yield).

Preparative Scale Synthesis of 12jc (Scheme 2-12): To a 30 mL screw-cap vial were added 8j
(0.250 g, 1.1 mmol), NaOAc (24.6 mg, 0.30 mmol), [Cp*''RhCL], (25.1 mg, 0.015 mmol), 5c
(0.110 g, 1.00 mmol), and MeOH (5.0 mL) in this order under air. The mixture was sealed and
stirred under air at room temperature for 16 h. The solvent was removed under reduced pressure and
the residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 4:1) to give 12jc as a
colorless oil (0.250 g, 0.934 mmol, 93% isolated yield).

Methyl (E)-(2-(oct-4-en-4-yl)thiophen-3-yl)carbamate (12jc)

NOESY cross peak

No NOESY cross peak N

The stereochemistry was confirmed by the NOESY experiment. 'H NMR (CDCl;, 400 MHz) ¢
7.55 (br, 1H), 7.11 (d, J = 5.6 Hz, 1H), 6.70 (br, 1H), 5.60 (t, /= 7.2 Hz, 1H), 3.76 (s, 3H), 2.32 (t,
J=17.2Hz, 1H), 2.19 (q, J = 7.6 Hz, 1H), 1.47 (sext, J = 7.2 Hz, 1H), 1.37 (sext, J = 7.6 Hz, 1H),
0.97 (t, J = 7.6 Hz, 1H), 0.88 (t, J = 7.2 Hz, 1H); >*C NMR (CDCls;, 100 MHz) 6 160.3, 154.1,
133.2, 132.6, 131.5, 122.1, 121.9, 52.4, 34.6, 30.4, 22.9, 21.8, 13.92, 13.89; HRMS (ESI) calcd for
C14H,NO,SNa [M+Na]" 290.1185, found 290.1192.

6,7-Dipropylthieno|3,2-c]pyridin-4(SH)-one (13jc, Table 2-1, entry19)

(@]

7 | NH

S = nPr
nPr

Colorless solid; 18.0 mg, 0.076 mmol, 76% isolated yield; mp 127.1-128.0 °C; "H NMR (CDCl;,
400 MHz) 6 11.4 (br, 1H), 7.63 (d, J = 5.6 Hz, 1H), 7.23 (d, J = 5.2 Hz, 1H), 2.67-2.59 (m, 4H),
1.76-1.64 (m, 4H), 1.05-0.99 (m, 6H); 3C NMR (CDCl;, 100 MHz) ¢ 160.5, 152.5, 139.1, 128.4,

124.9, 123.1, 112.7, 32.1. 31.8, 22.9, 22.8, 14.2, 13.9; HRMS (ESI) calcd for C;;H;;NOSNa
[M+Na]" 258.0923, found 258.0925.

3,4-Diphenylbenzo|[4,5]thieno[2,3-c|pyridin-1(2H)-one (13ha)

O

S|NH

/Ph

Ph

Brwon solid; 1.7 mg, 0.0048 mmol, 2% isolated yield; mp >300 °C;'H NMR (CDCl;, 400 MHz)
09.29 (br, 1H), 7.93 (d, /= 7.6 Hz, 1H), 7.44-7.34 (m, 5H), 7.30-7.24 (m, 6H), 7.09-7.05 (m, 1H),
6.74 (d, J = 7.6 Hz, 1H); *C NMR (CDCl;, 100 MHz) 6 158.9, 142.9, 139.5, 135.8, 135.7, 134 .4,
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131.5,129.3, 128.9, 128.7, 128.5, 128.1, 127.5, 126.0, 124.3, 123.4, 117.1; HRMS (ESI) calcd for
C»3H sNOSNa [M+Na]" 376.0767, found 376.0775.

Methyl (E)-(3-(oct-4-en-4-yl)thiophen-2-yl)carbamate (12ic)

CIBOZMe
S NH
a,
= “nPr
nPr

Pale yellow oil; 17.3 mg, 0.065 mmol, 32% isolated yield; "H NMR (CDCls, 400 MHz) 6 7.20
(br, 1H), 6.79 (d, J = 5.6 Hz, 1H), 6.71 (d, J = 5.2 Hz, 1H), 5.44 (t, J = 7.2 Hz, 1H), 3.80 (s, 3H),
2.30(t,J=7.6 Hz, 2H), 2.18 (q, J = 7.2 Hz, 2H), 1.46 (sext, J= 7.6 Hz, 2H), 1.30 (sext, J = 7.2 Hz,
2H), 0.97 (t, J= 7.2 Hz, 3H), 0.87 (t, J= 7.2 Hz, 3H); *C NMR (CDCls, 100 MHz) ¢ 153.8, 135.2,

134.1, 130.9, 127.8, 125.3, 116.0, 52.9, 33.5, 30.2, 23.0, 21.7, 14.0, 13.9; HRMS (ESI) calcd for
C14H2NO,SNa [M+Na]" 290.1185, found 290.1176.

4,5-Dipropylthieno[2,3-c|pyridin-7(6 H)-one (13ic)

O
S 7 NH
\
= nPr
nPr

Colorless solid; 21.9 mg, 0.093 mmol, 47% isolated yield; mp 138.5-140.1 °C; 'H NMR (CDCl;,
400 MHz) ¢ 11.19 (br, 1H), 7.70 (d, J = 5.2 Hz, 1H), 7.26 (d, J = 5.2 Hz, 1H), 2.68-2.64 (m, 4H),
1.77-1.68 (m, 2H), 1.65-1.1.55 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H), 1.00 (t, J = 7.4 Hz, 3H); °C NMR
(CDCls, 100 MHz) 6 160.0, 148.3, 139.8, 133.0, 127.3, 123.1, 113.5, 32.2, 30.3, 23.9, 23.1, 14.1,
13.9; HRMS (ESI) calcd for C;3H;7NOSNa [M+Na]" 258.0923, found 258.0919.

Methyl (E)-(2-(oct-4-en-4-yl)furan-3-yl)carbamate (12nc, Table 2-2 entry 2)

CO,Me
NH

a

o = “nPr
nPr

Pale yellow oil; 23.3 mg, 0.093 mmol, 47% isolated yield, 'H NMR (CDCls, 400 MHz) 6 7.20 (d,
J=2.0 Hz, 1H), 6.85 (br, 1H), 6.30 (br, 1H), 5.68 (br, 1H), 3.76 (s, 3H), 2.37 (t, J = 7.2 Hz, 2H),
2.18 (q, J = 7.2 Hz, 2H), 1.50-1.32 (m, 4H), 0.96 (t, J = 7.2 Hz, 3H), 0.89 (t, J = 7.2 Hz, 3H); °C
NMR (CDCls, 100 MHz) 6 154.4, 139.4, 130.7, 129.4, 119.8, 107.9, 52.5, 30.4, 30.0, 23.0, 22.2,
13.9; HRMS (ESI) calced for C14H;NO3;Na [M+Na]" 274.1414, found 274.1413.

6,7-Dipropylfuro(3,2-c]pyridin-4(SH)-one (13nc, Table 2-2, entry 2)

(0]
74 | NH
O = nPr
nPr
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Pale yellow oil; 4.2 mg, 0.017 mmol, 9% isolated yield; "H NMR (CDCls, 400 MHz) ¢ 10.56 (br,
1H), 7.47 (d, J = 2.0 Hz, 1H), 6.95 (d, J = 2.0 Hz, 1H), 2.67-2.60 (m, 4H), 1.74-1.57 (m, 4H),
1.03-0.96 (m, 4H); *C NMR (CDCls, 100 MHz) ¢ 161.8, 160.5, 142.8, 141.0, 113.6, 107.4, 106.9,
32.0, 26.8, 23.3, 22.9, 14.0, 13.7; HRMS (ESI) calcd for C;3H;;NO,Na [M+Na]" 242.1151, found
242.1163.

Methyl (E)-(5-bromo-2-(oct-4-en-4-yl)thiophen-3-yl)carbamate (12pc, Table 2-2, entry 4)

(|)O2Me
NH
Br /|
S = “nPr
nPr

Pale yellow oil; 53.4 mg, 0.154 mmol, 77% isolated yield; '"H NMR (CDCls, 400 MHz) 6 7.55
(br, 1H), 6.65 (br, 1H), 5.60 (t, J = 7.2 Hz, 1H), 3.75 (s, 3H), 2.27 (t, J = 7.2 Hz, 2H), 2.17 (q, J =
7.2 Hz, 2H), 1.50-1.33 (m, 10H), 0.96 (t, J = 7.2 Hz, 3H), 0.88 (t, J = 7.2 Hz, 3H); *C NMR
(CDCls, 100 MHz) 6 153.9, 134.1, 131.7, 131.0, 129.1, 125.1, 109.2, 52.5, 34.3, 30.4, 22.8, 21.7,
13.9, 13.8; HRMS (ESI) calcd for C;4H;9NO,SNaBr [M—Nat]+ 344.0314, found 344.0299.

Methyl (E)-(2-(oct-4-en-4-yl)benzo|b]|thiophen-3-yl)carbamate (12qc, Table 2-2, entry 5)

NOESY cross peak

No NOESY cross peak |

The stereochemistry was confirmed by the NOESY experiment. Pale yellow oil; 48.2 mg, 0.152
mmol, 76% isolated yield; "H NMR (CDCl3, 400 MHz) 6 7.70 (d, J= 7.6 Hz, 1H), 7.59 (d, J=17.6
Hz, 1H), 7.37-7.28 (m, 2H), 6.16 (br, 1H), 5.79 (t, /= 7.2 Hz, 1H), 3.74 (s, 3H), 2.43 (t, /= 7.6 Hz,
2H), 2.20 (q, J = 7.2 Hz, 2H), 1.52-1.37 (m, 4H), 0.97 (t, J = 7.6 Hz, 3H), 0.89 (t, /= 7.6 Hz, 3H);
BC NMR (CDCls, 100 MHz) § 155.8, 140.5, 137.0, 136.0, 134.8, 132.4, 124.5, 124.4, 123.7, 122.2,
121.5, 52.7, 33.4, 30.5, 22.8, 21.9, 13.9, 13.8; HRMS (ESI) calcd for C;3H,3NO,SNa [M+Na]"
340.1342, found 340.1334.

Methyl 2,3-dipropyl-1H-benzo[4,5]thieno[3,2-b]pyrrole-1-carboxylate (9qc, Table 2-2, entry
)

/COzMe
| N
nPr
S Y4
nPr

Colorless oil; 6.1 mg, 0.019 mmol, 10% isolated yield; '"H NMR (CDCls, 400 MHz) 6 8.33 (dd, J
= 8.4, 0.5 Hz, 1H), 7.77 (dd, J = 8.4, 0.5 Hz, 1H), 7.37-7.33 (m, 1H), 7.24-7.20 (m, 1H), 4.10 (s,
3H), 2.92 (t, J=7.6 Hz, 2H), 2.56 (t, J= 7.6 Hz, 2H), 1.71 (sept, J = 7.6 Hz, 2H), 1.62 (sept, J= 7.6
Hz, 2H), 0.99 (t, J= 7.2 Hz, 6H); '>’C NMR (CDCls, 100 MHz) J 151.8,141.7, 137.5, 130.6, 128.62,
128.58, 124.2, 123.8, 122.7, 122.2, 119.0, 53.7, 29.0, 27.7, 23.8, 22.5, 14.1, 14.0, HRMS (ESI)
calcd for C 3H, NO,NaS [M+Na]" 338.1185, found 338.1195.
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Methyl 2,3-dipropyl-1H-benzo|[4,5]thieno[2,3-b]pyrrole-1-carboxylate (9ha, Table 2-2, entry
7)

/COzMe

S N
WnPr
nPr

Pale yellow oil; 4.9 mg, 0.016 mmol, 8% isolated yield; '"H NMR (CDCls, 400 MHz) 6 7.80 (t, J
= 8.4 Hz, 1H), 7.40-7.36 (m, 1H), 7.28-7.24 (m, 1H), 4.06 (s, 3H), 2.93 (t, J = 7.6 Hz, 2H), 2.75 (4,
J =17.6 Hz, 2H), 1.77-1.59 (m, 4H), 1.04 (t, J = 7.6 Hz, 3H), 0.99 (t, J = 7.6 Hz, 3H); °C NMR
(CDCl3, 100 MHz) 6 150.8, 140.4, 131.4, 125.8, 124.5, 123.3, 122.8, 121.0, 121.0, 53.9, 28.3, 27.5,
23.8,23.8, 14.1, 14.0; HRMS (ESI) calcd for C 3H,NO,SNa [M+Na]" 338.1185, found 338.1208.

3,4-Dipropylbenzo[4,S]thieno|2,3-c]pyridin-1(2H)-one (13ha, Table 2-2, entry 7)
(0]
S | NH
=

nPr
nPr

Brown solid; 3.3 mg, 0.012 mmol, 6% isolated yield; mp 248.0-249.7 °C; "H NMR (CDCls, 400
MHz) 6 10.67-10.56 (br, 1H), 8.23-8.21 (m, 1H), 7.99-7.96 (m, 1H), 7.55-7.47 (m, 2H), 2.99 (t, J
=7.6 Hz, 2H), 2.74 (t, J= 7.6 Hz, 2H), 1.81-1.68 (m, 4H), 1.14 (t, /= 7.6 Hz, 2H), 1.07 (t, /= 7.6
Hz, 2H); BC NMR (CDCl;, 100 MHz) 6 159.6, 142.9, 142.5, 140.2, 135.7, 128.5, 127.1, 125.7,
124.7, 123.8, 115.2, 32.8, 29.7, 23.5, 23.1, 14.0, 13.9; HRMS (ESI) calcd for C;7H;9NOSNa
[M+Na]" 308.1080, found 308.1087.

Methyl (E)-(2-(dodec-6-en-6-yl)thiophen-3-yl)carbamate (12jm, Table 2-2, entry 8)

?OzMe
NH
a
S =

Pale yellow oil; 51.3 mg, 0.160 mmol, 80% isolated yield; "H NMR (CDCl3, 400 MHz) o0 7.55
(br, 1H), 7.10 (d, J = 5.4 Hz, 1H), 6.71 (br, 1H), 5.57 (t, J = 7.2 Hz, 1H), 3.75 (s, 3H), 2.33 (t, J =
7.6 Hz, 2H), 2.19 (t, J = 7.6 Hz, 2H), 1.48-1.39 (m, 2H), 1.38-1.20 (m, 10H), 0.91 (t, J = 7.2 Hz,
3H), 0.86 (t, J = 7.2 Hz, 3H); B3C NMR (CDCl;, 100 MHz) ¢ 154.1, 133.2, 132.6, 131.5, 128.0,
122.1, 121.9, 52.4, 32.6, 31.69, 31.62, 29.4, 28.3, 28.2, 28.1, 22.6, 22.4, 14.01, 13.98; HRMS (ESI)
calcd for C3H,0NO,SNa [M+Na]" 346.1811, found 346.1802.

Methyl (E)-(2-(1,2-diphenylvinyl)thiophen-3-yl)carbamate (12ja, Table 2-2, entry 9)
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CO,Me

NH

q

S Z “Ph
Ph

Brown solid; 58.8 mg, 0.175 mmol, 88% isolated yield; mp 90.4-92.3 °C; "H NMR (CDCl3, 400
MHz) 6 7.56 (br, 1H), 7.37-7.34 (m, 3H), 7.32-7.29 (m, 2H), 7.18 (d, J = 5.6 Hz, 1H), 7.17-7.12
(m, 3H), 7.05-7.02 (m, 2H), 6.89 (s, 1H), 6.12 (br, 1H), 3.60 (s, 3H); BC NMR (CDCl;, 100 MHz)
0 153.7,138.6, 136.4, 134.1, 133.0, 130.0, 129.7, 129.5, 129.2, 128.9, 128.54, 128.46, 128.4, 128.1,
127.2, 127.1, 123.6, 53.3; HRMS (ESI) calcd for C0H;7NO,SNa [M+Na]" 358.0872, found
358.0858.

Methyl (E)-(2-(1-phenylprop-1-en-2-yl)thiophen-3-yl)carbamate (12je) and methyl
(E)-(2-(1- phenylprop-1-en-1-yl)thiophen-3-yl)carbamate (12je’) (Table 2-2, entry 10)

?OzMe ?OzMe
NH NH
a 7]
S Z “Ph S Z “Me
Me  12je Ph 12je’

The title compound was isolated as a mixture of 12je and 12je’ (12je/12je’ = 89:11). Pale yellow
oil; 46.2 mg, 0.169 mmol, 85% isolated yield; "H NMR (CDCl;, 400 MHz) 6 7.50 (br, 1H), 7.32—
7.26 (m, 4H), 7.21-7.17 (m, 1H), 6.78 (br, 1H), 6.62 (s, 1H), 3.68 (s, 3H), 2.18-2.17 (m, 3H);
partial protons of 12je’: 6 7.02-6.99 (m, 2H), 6.54 (br, 1H), 6.01 (q, J = 7.2 Hz, 1H), 3.52 (s, 3H),
2.11-2.10 (m, 3H); >C NMR (CDCls, 100 MHz) ¢ 154.2, 137.0, 131.5, 130.4, 130.3, 129.3, 129.1,
128.7, 128.6, 128.4, 128.1, 127.8, 127.4, 127.1, 123.1, 122.6, 52.5, 20.4; HRMS (ESI) calcd for
C15H;sNO,SNa [M+Na]" 296.0716, found 296.0725.

Methyl (E)-(2-(1-phenylhex-1-en-2-yl)thiophen-3-yl)carbamate (12if) and methyl (E)-(2-(1-
phenylhex-1-en-1-yl)thiophen-3-yl)carbamate (12if’) (Table 2-2, entry 11)

CO,Me CO,Me
NH NH

4 4

S Z “Ph S Z “nBu
nBu 12if Ph 12if’

The title compound was isolated as a mixture of 12if and 12if’ (12if/12if* = 89:11). Pale yellow
oil; 48.5 mg, 0.154 mmol, 77% isolated yield; "H NMR (CDCl3, 400 MHz) 6 7.63 (br, 1H), 7.41—
7.34 (m, 2H), 7.32-7.23 (m, 3H), 7.19 (d, J= 5.2 Hz, 1H), 6.86 (br, 1H), 6.63 (s, 1H), 3.75 (s, 3H),
2.57 (t, J = 8.0 Hz, 2H), 1.51-1.40 (m, 2H), 1.39-1.29 (m, 2H), 0.87 (t, J = 7.2 Hz, 3H); partial
protons of 12if’: 6 7.41-7.34 (m, 2H), 7.32-7.23 (m, 3H), 7.09 (d, /= 5.6 Hz, 1H), 5.99 (t, /= 7.6
Hz, 1H), 3.59 (s, 3H), 2.17 (q, J = 7.6 Hz, 2H), 1.51-1.40 (m, 2H), 1.39-1.29 (m, 2H), 0.86 (t, J =
7.2 Hz, 3H); °C NMR (CDCl;, 100 MHz) d 154.1, 153.8, 138.6, 136.9, 135.8, 133.8, 132.9, 132.3,
130.7, 129.2, 128.7, 128.6, 128.5, 128.4, 127.8, 127.2, 122.7, 122.5, 52.5, 52.3, 33.3, 32.1, 31.1,
29.0, 22.8, 22.4, 13.9, 13.8; HRMS (ESI) caled for C;3H,;NO,SNa [M+Na]" 338.1185, found
338.1174.

Methyl (E)-(2-(5-chloro-1-phenylpent-1-en-2-yl)thiophen-3-yl)carbamate (12ig) and methyl
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(E)-(2-(5-chloro-1-phenylpent-1-en-1-yl)thiophen-3-yl)carbamate (12ig’) (Table 2-2, entry 12)

CO,Me CO,Me
NH NH

ST N Ph ST ONA N (CH,)LC
(CH2)5Cl 1249 Ph 12ig’

The title compound was isolated as a mixture of 12ig and 12ig’ (12ig /12ig’ = 87:13). Pale
yellow oil; 40.1 mg, 0.119 mmol, 60% isolated yield; 'H NMR (CDCls, 400 MHz) & 7.60 (br, 1H),
7.43-7.35 (m, 2H), 7.33-7.22 (m, 3H), 7.20 (d, J = 5.4 Hz, 1H), 6.83 (br, 1H), 6.70 (s, 1H), 3.75 (s,
3H), 3.51 (t, /= 6.4 Hz, 2H), 2.78-2.74 (m, 2H), 1.99—1.89 (m, 2H); partial protons of 12ig’: 6 7.10
(d, J = 5.6 Hz, 1H), 5.96 (t, J = 7.6 Hz, 1H), 3.59 (s, 3H), 2.32 (q, J = 7.2 Hz, 2H); °C NMR
(CDCl3, 100 MHz) 6 154.1, 138.2, 136.4, 134.4, 133.8, 132.5, 131.9, 130.9, 129.1, 128.9, 128.7,
128.6, 128.1, 127.6, 127.5, 124.8, 123.0, 122.7, 52.6, 52.3, 44.7, 44.3, 32.7, 31.7, 30.9, 26.7; HRMS
(ESI) calcd for C;7H;sNO,NaS [M+Na]" 358.0639, found 358.0654.

V. Rhodium-Catalyzed Formal Lossen Rearrangement/[3+2] Annulation Cascade

Representive procedure for [5,5]-fused heterole synthesis (9ji, Table 2-4): To a 20.0 mL
screw-cap vial were added 8j (50.0 mg, 0.220 mmol), NaOAc (4.9 mg, 0.060 mmol), [Cp*°RhCl,];
(5.0 mg, 0.0050 mmol), 5i (36.9 mg, 0.200 mmol), and MeOH (1.0 mL) in this order under air. The
mixture was sealed and stirred under air at room temperature for 16 hours. The solvent was
removed under reduced pressure and the residue was purified by a preparative thin layer
chlomatography (eluent: n-hexane/EtOAc = 4:1) to give 12ji as a colorless solid (35.6 mg, 0.105
mmol, 53% isolated yield).

Methyl 6-cyclohexyl-5-phenyl-4H-thieno[3,2-b]pyrrole-4-carboxylate (9ji)
0]

YOMe
N

a Ph
-

Cy
The regiochemistry was confirmed by the NOESY experiment of 9ji-Me (eq 2-13). Colorless
solid; 35.6 mg, 0.105 mmol, 53% isolated yield; mp 112.6-114.3 °C; "H NMR (CDCls, 400 MHz) 6
7.43-7.36 (m, 4H), 7.32-7.29 (m, 2H), 7.19 (d, J = 5.2 Hz, 1H), 3.77 (s, 3H), 2.45-2.37 (m, 1H),
1.76-1.63 (m, 7H), 1.28-1.16 (m, 3H); °C NMR (CDCls;, 100 MHz) § 151.2, 138.4, 133.3, 133.2,
130.3, 127.8, 127.7, 126.8, 125.5, 124.6, 115.9, 53.4, 35.2, 32.7, 26.3, 25.9; HRMS (ESI) calcd for
C0H,NO,SNa [M+Na]" 362.1185, found 362.1182.

7-Cyclohexyl-6-phenylthieno[3,2-c|pyridin-4(SH)-one (13ji) and 6-cyclohexyl-7-phenyl-
thieno[3,2-c|pyridin-4(SH)-one (13ji’) (Table 2-3, entry 5)

Q 0
NH
4 |/ a NH
s s~y
Cy 13ji Ph 13ji

The title compound was isolated as a mixture of 13ji and 13ji’ (13ji/13ji’ = 94:6). The
regiochemistry was confirmed by the NOESY experiment of 13ji-Me. Colorless solid; 20.0 mg,
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0.065 mmol, 65% isolated yield; "H NMR (CDCls, 400 MHz) 13ji: 6 9.09 (br, 1H), 7.66 (d, J = 5.4
Hz, 1H), 7.50-7.45 (m, 3H), 7.40-7.36 (m, 2H), 7.33 (d, J = 5.4 Hz, 1H), 2.75-2.67 (m, 1H), 2.14—
2.04 (m, 2H), 1.82—-1.77 (m, 3H), 1.68—1.65 (m, 3H), 1.30-1.11 (m, 3H); partial protons of 13ji’: 6
10.34 (br, 1H), 7.91-7.90 (m, 1H), 7.59 (d, J=5.4 Hz, 1H), 7.17 (d, J = 5.4 Hz, 1H), 3.49-3.47 (m,
1H); °C NMR (CDCls;, 100 MHz) 6 158.6, 148.8, 137.0, 135.1, 130.9, 130.8, 129.3, 128.9, 128.8,

128.7, 124.5, 124.4, 118.6, 40.1, 37.0, 31.0, 26.8, 25.8; HRMS (ESI) calcd for C;oH;sNOSNa
[M+Na]" 332.1080, found 332.1075.

7-Cyclohexyl-5-methyl-6-phenylthieno[3,2-c]pyridin-4(5H)-one (13ji-Me)

NOESY
O cross peak

13ji-Me

To a 30 mL eggplant flask were added 13ji and 13ji’ (13ji/13ji’ = 94:6, 8.7 mg, 0.028 mmol),
DMF (1.5 mL), NaH (55% oil, 15.0 mg, 0.0825 mmol), and Mel (20 pL) in this order under air.
The mixture was sealed and stirred under air at room temperature for 1 h. The reaction was diluted
with H,O (5 mL), 2N HCI (3 mL), and EtOAc (5 mL). The organic layer was separated, washed
with 2N HCI, dried over Na,SOy,, and concentrated. The residue was purified by a preparative TLC
(eluent: n-hexane/EtOAc = 4:1) to give 13ji-Me as a colorless solid (5.4 mg, 0.018 mmol, 63%
isolated yield).

Colorless solid; 5.4 mg, 0.017 mmol, 61% isolated yield; mp 170.0-170.7 °C; "H NMR (CDCls,
400 MHz) ¢ 7.73 (d, J = 5.4 Hz, 1H), 7.54-7.47 (m, 3H), 7.30 (d, J = 5.4 Hz, 1H), 7.26-7.21 (m,
2H), 3.22 (s, 3H), 2.31-2.23 (m, 1H), 2.04-2.01 (m, 2H), 1.74-1.71 (m, 2H), 1.63-1.55 (m, 3H),
1.26-1.15 (m, 1H), 1.07-0.96 (m, 2H); *C NMR (CDCls, 100 MHz) 6 159.1, 140.1, 135.7, 130.7,
129.1, 128.9, 128.9, 125.1, 124.1, 119.5, 41.4, 34.1, 30.7, 26.8, 25.8; HRMS (ESI) calcd for
C20H2/NOSNa [M+Na]" 346.1236, found 346.1234.

7-Cyclohexyl-6-phenylfuro|3,2-c]pyridin-4(SH)-one (13ni, Table 2-4)

o]
/|NH
07" pn

Cy

The regiochemistry was confirmed by the NOESY experiment of 13ni-Me. Colorless solid; 16.7
mg, 0.057 mmol, 29% isolated yield; mp 276.0-277.8 °C; 'H NMR (CDCls, 400 MHz) o0 8.77 (br,
1H), 7.56 (d, J = 2.0 Hz, 1H), 7.52-7.46 (m, 3H), 7.41-7.37 (m, 2H), 6.99 (d, J = 2.0 Hz, 1H),
2.61-2.53 (m, 1H), 2.11-2.00 (m, 2H), 1.79-1.65 (m, 5H), 1.43—1.10 (m, 3H); °C NMR (CDCl;,
100 MHz) ¢ 161.1, 159.1, 143.2, 138.6, 134.6, 129.4, 128.9, 128.8, 116.0, 113.3, 106.8, 38.1, 31.5,
26.7, 25.8; HRMS (ESI) calcd for C;9H;9NO,Na [M+Na]+ 316.1308, found 316.1320.

7-Cyclohexyl-5-methyl-6-phenylfuro[3,2-c|pyridin-4(SH)-one (13ni-Me)
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NOESY
cross peak

1 we )
N H

To a 30.0 mL eggplant flask were added 13ni (5.5 mg, 0.019 mmol), DMF (1.5 mL), NaH (55%
oil, 15.0 mg, 0.346 mmol), and Mel (10 pL) in this order under air. The mixture was sealed and
stirred under air at room temperature for 2 h. The reaction was diluted with H,O (5 mL), 2 N HCI (3
mL) and EtOAc (5 mL). The organic layer was separated, washed with 2N HCI, dried over Na;SOs,
and concentrated. The residue was purified by a preparative thin layer chlomatography (eluent:
n-hexane/EtOAc = 4:1) to give 13ni-Me as a colorless solid (5.8 mg, 0.019 mmol, quant. isolated
yield).

Mp 245.1-246.0 °C; '"H NMR (CDCls, 400 MHz) J 7.53-7.48 (m, 4H), 7.24-7.19 (m, 2H), 7.02
(d, J=2.0 Hz, 1H), 3.22 (s, 3H), 2.17-1.92 (m, 3H), 1.72-1.55 (m, 5H), 1.29-1.19 (m, 1H), 1.06—
0.96 (m, 2H); *C NMR (CDCl;, 100 MHz) 6 159.5, 159.1, 142.8, 141.8, 135.3, 129.0, 128.94,
128.90, 115.7, 114.4, 107.2, 39.5, 34.1, 31.3, 26.7, 25.7; HRMS (ESI) calcd for CyH;NO,SNa
[M+Na]" 330.1465, found 330.1450.

6-Cyclohexyl-7-phenylfuro|3,2-c|pyridin-4(SH)-one (13ni’, Table 2-4)

(@]
7 | NH
(e} = Cy
Ph

Colorless solid; 11.0 mg, 0.037 mmol, 19% isolated yield; mp >300 °C; 'H NMR (CDCls;, 400
MHz) ¢ 9.89 (br, 1H), 7.54-7.41 (m, 4H), 7.35-7.33 (m, 2H), 6.97 (d, J = 2.0 Hz, 1H), 2.78-2.70
(m, 1H), 1.88-1.61 (m, 7H), 1.43—1.14 (m, 3H); C NMR (CDCls, 100 MHz) ¢ 160.5, 160.3, 145.7
143.4,132.3, 130.4, 128.6, 128.0, 113.7, 108.7, 106.9, 38.9, 31.9, 26.2, 25.5; HRMS (ESI) calcd for
C19H9NO,Na [M+Na]" 316.1308, found 316.1329.

2

Methyl 2-bromo-6-cyclohexyl-5-phenyl-4H-thieno|3,2-b|pyrrole-4-carboxylate (9pi, Table
2-4)

CO,Me
N
Br— || )—Ph
S
Cy

Brown solid; 21.2 mg, 0.051 mmol, 26% isolated yield; mp 95.2-97.0 °C; "H NMR (CDCls, 400
MHz) 6 7.44-7.38 (m, 4H), 7.30-7.28 (m, 2H), 3.77 (s, 3H), 2.41-2.33 (m, 1H), 1.74-1.66 (m, 5H),
1.60-1.51 (m, 2H), 1.25-1.18 (m, 3H); BC NMR (CDCl3, 100 MHz) 6 150.8, 136.2, 132.8, 132.5,
130.3, 127.9, 127.8, 126.7, 126.7, 125.4, 119.1, 111.2, 53.6, 35.0, 32.8, 26.3, 25.9; HRMS (ESI)
calcd for CooH,0BrNO,NaS [M+Na]" 440.0290, found 440.0282.

Methyl 3-cyclohexyl-2-phenyl-1H-benzo[4,5]thieno[3,2-b]pyrrole-1-carboxylate (9qi, Table
2-4)
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/COzMe
| N
Ph
S Y

Cy

Colorless solid; 28.8 mg, 0.074 mmol, 37% isolated yield; mp 180.4—-182.0 °C; "H NMR (CDCl;,
400 MHz) ¢ 8.51 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.47-7.24 (m, 7H), 3.69 (s, 3H),
2.50-2.42 (m, 1H), 1.79-1.68 (m, 7H), 1.33-1.19 (m, 3H); BC NMR (CDCl;, 100 MHz) 6 151.8,
142.4, 134.7, 133.7, 132.0, 130.0, 128.0, 127.8, 127.7, 126.3, 126.1, 124.3, 123.44, 123.39, 122.7,

53.5,35.4,32.5, 32.5, 26.4, 26.0; HRMS (ESI) calcd for C,4H»3sNO,SNa [M+Na]" 412.1342, found
412.1337.

Methyl 4-cyclohexyl-5-phenyl-6 H-thieno[2,3-b]pyrrole-6-carboxylate (9ii, Table 2-4)

CO,Me
SN
th
Cy

Pale yellow oil; 3.8 mg, 0.011 mmol, 6% isolated yield; "H NMR (CDCls;, 400 MHz) § 7.44-7.38
(m, 3H), 7.33-7.30 (m, 2H), 7.13 (d, J = 5.4 Hz, 1H), 7.03 (d, J = 5.4 Hz, 1H), 2.41-2.35 (m, 1H),
1.76-1.64 (m, 7H), 1.30~1.20 (m, 3H); *C NMR (CDCls;, 100 MHz) § 150.7, 134.9, 133.8, 133.1,
130.7, 130.4, 127.8, 127.6, 127.3, 121.0, 117.9, 53.7, 36.0, 33.4, 26.5, 26.1; HRMS (ESI) calcd for
Cy0H2:NO,SNa [M+Na]" 362.1185, found 362.1192.

4-Cyclohexyl-5-phenylthieno|[2,3-c]pyridin-7(6 H)-one (13ii, Table 2-4)

o)
SI NH
\

ZSpp,
Cy

Colorless solid; 12.8 mg, 0.041 mmol, 21% isolated yield; mp 276.0-278.2 °C; "H NMR (CDCl;,
400 MHz) ¢ 8.52 (br, 1H), 7.76 (d, J = 5.2 Hz, 1H), 7.66 (d, J = 5.2 Hz, 1H), 7.52-7.46 (m, 3H),
7.40-7.36 (m, 2H), 2.73-2.65 (m, 1H), 1.95-1.68 (m, 7H), 1.30-1.11 (m, 3H); BC NMR (CDCl;,
100 MHz) ¢ 157.9, 146.0, 137.8, 135.5, 132.7, 130.5, 129.3, 128.9, 125.2, 119.1, 39.9, 32.0, 26.8,
26.0; HRMS (ESI) calcd for C19H;oNOSNa [M+Na]" 332.1080, found 332.1085.

Methyl 6-cyclopentyl-5-phenyl-4 H-thieno[3,2-b]pyrrole-4-carboxylate (9jn, Table 2-4)
/(:OzMe

N
7 Ph
N/

Pale yellow oil; 21.6 mg, 0.066 mmol, 33% isolated yield; 'H NMR (CDCls, 400 MHz) 0 7.44—
7.38 (m, 4H), 7.36-7.31 (m, 2H), 7.20 (d, J = 5.4 Hz, 1H), 3.78 (s, 3H), 2.85-2.76 (m, 1H), 1.87—
1.75 (m, 6H), 1.63—1.56 (m, 2H); BC NMR (CDCls, 100 MHz) 6 151.1, 138.5, 133.9, 133.3, 130.5,
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127.7, 127.6, 125.2, 125.1, 124.5, 116.0, 53.4, 36.4, 32.7, 25.9; HRMS (ESI) calcd for
C1oH19NO,SNa [M+Na]" 348.1029, found 348.1023.

Methyl 6-isopropyl-5-phenyl-4H-thieno[3,2-b]pyrrole-4-carboxylate (9jo, Table 2-4)

/COzMe

N
7] )—Ph
S

iPr

Colorless oil; 28.6 mg, 0.096 mmol, 48% isolated yield; "H NMR (CDCls, 400 MHz) 0 7.43—7.38
(m, 4H), 7.33-7.30 (m, 2H), 7.21 (d, J = 5.2 Hz, 1H), 3.78 (s, 3H), 2.80 (sept, /= 7.2 Hz, 1H), 1.25
(d, J=17.2 Hz, 6H); 3C NMR (CDCls, 100 MHz) ¢ 151.1, 138.5, 133.3, 133.0, 130.4, 127.8, 127.7,
127.5, 124.9, 124.6, 115.9, 53.4, 25.3, 22.4; HRMS (ESI) calcd for C;7H;7;NO,SNa [M-+Na]"
322.0872, found 322.0875.

Methyl S5-phenyl-6-(trimethylsilyl)-4 H-thieno|[3,2-b]pyrrole-4-carboxylate (9jk, Table 2-4)

/COzMe
N
7 1 )—pn
S
SiM93

Colorless solid; 7.8 mg, 0.024 mmol, 12% isolated yield; mp 88.1-89.7 °C; 'H NMR (CDCl;,
400 MHz) ¢ 7.40-7.32 (m, 6H), 7.20 (d, J = 5.2 Hz, 1H), 3.79 (s,3H), 0.04 (s,9H); *C NMR
(CDCls, 100 MHz) 0 150.8, 143.8, 138.5, 135.1, 132.0, 130.7, 128.2, 127.4, 124.3, 116.1, 115.5,
53.5,-0.34; HRMS (ESI) calcd for C7H;9NO,SSiNa [MJrNa]+ 352.0798, found 352.0781.

6-Phenyl-7-(trimethylsilyl)thieno[3,2-c|pyridin-4(SH)-one (13jk) and 7-phenyl-6-(trimethyl-
silyl)thieno|[3,2-c]pyridin-4(SH)-one (13jk’) (Table 2-4)

0 o)

7 am
=

S Ph ST N siMe,
SiMes  13jk Ph 13jk’

The title compound was isolated as a mixture of 13jk and 13jk’ (13jk/13jk> = 67:33). Colorless
solid; 13.4 mg, 0.045 mmol, 23% isolated yield; mp 225.0-230.1 °C; "H NMR (CDCls, 400 MHz)
13jk: 0 8.59 (br, 1H), 7.69 (d, /= 5.2 Hz, 1H), 7.51-7.34 (m, 5H), 7.30 (d, J = 5.4 Hz, 1H), 0.08 (s,
3H); partial protons of 13jk’: 6 8.79 (br, 1H), 7.70 (d, J = 5.2 Hz, 1H), 7.51-7.34 (m, 6H), 0.08 (s,
3H); >C NMR (CDCls, 100 MHz) 6 159.8, 158.8, 154.7, 152.4, 146.2, 139.0, 137.4, 137.1, 130.4,
129.81, 129.75, 129.34, 129.31, 128.7, 128.6, 128.5, 125.8, 125.3, 125.0, 124.3, 124.0, 108.6, 1.02,
-0.84; HRMS (ESI) calcd for C1sH;7NOSSiNa [M+Na]" 322.0692, found 322.0704.

Methyl  6-cyclohexyl-5-(4-methoxyphenyl)-4 H-thieno[3,2-b]|pyrrole-4-carboxylate  (9jp,
Table 2-4)
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/COzMe

N
/ | OMe
<s I /? < >

Cy

The regiochemistry was confirmed by the NOESY experiment of 9jp-Me (eq 2-13). Colorless
solid; 45.3 mg, 0.123 mmol, 62% isolated yield; mp 135.8-137.7 °C; 'H NMR (CDCls, 400 MHz) 6
7.36 (d, J = 5.2 Hz, 1H), 7.25-7.21 (m, 2H), 7.18 (d, J = 5.2 Hz, 1H), 6.96-6.93 (m, 2H), 3.87 (s,
3H), 3.79 (s, 3H), 2.44-2.36 (m, 1H), 1.76-1.62 (m, 7H), 1.28-1.18 (m, 3H); *C NMR (CDCl;,
100 MHz) ¢ 159.2, 151.2, 138.2, 133.1, 131.6, 126.7, 125.5, 125.4, 124.3, 116.0, 113.2, 55.2, 53 .4,
35.3,32.7,26.4, 26.0; HRMS (ESI) calcd for C;;H23NO3SNa [M+Na]™ 392.1291, found 392.1271.

Methyl 6-isopropyl-5-(4-methoxyphenyl)-4H-thieno|[3,2-b]pyrrole-4-carboxylate (9jq, Table
2-4)

/COzMe
N
/ | Yy OMe
S
iPr

Colorless solid; 30.7 mg, 0.093 mmol, 47% isolated yield; mp 161.0-162.8 °C; 'H NMR (CDCl;,
400 MHz) ¢ 7.37 (d, J = 5.2 Hz, 1H), 7.26-7.23 (m, 2H), 7.19 (d, J = 5.6 Hz, 1H), 6.96-6.93 (m,
2H), 3.86 (s, 3H), 3.80 (s, 3H), 2.79 (sept, J = 6.8 Hz, 1H), 1.24 (d, J = 7.2 Hz, 1H); °C NMR
(CDCls, 100 MHz) 0 159.2, 151.2, 138.3, 132.9, 131.6, 127.4, 125.5, 124.8, 124.4, 116.0, 113.2,
55.2,53.4,25.4, 22.4; HRMS (ESI) calcd for C;3H;oNO3;SNa [M+Na]" 352.0978, found 352.0963.

Methyl 6-cyclohexyl-5-(4-(trifluoromethyl)phenyl)-4 H-thieno[3,2-b]pyrrole-4-carboxylate
(9jr, Table 2-4)

CO,Me
N
710 ) CFy
S
Cy

The regiochemistry was confirmed by the NOESY experiment of 9jr-Me (eq 2-13). Colorless
solid; 27.4 mg, 0.067 mmol, 34% isolated yield; mp 120.0-121.8 °C; "H NMR (CDCls, 400 MHz) 6
7.67 (d, J=8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.37 (d, /= 5.2 Hz, 1H), 7.23 (d, /= 5.2 Hz, 1H),
3.80 (s, 3H), 2.40-2.33 (m, 1H), 1.78-1.64 (m, 7H), 1.29-1.18 (m, 3H); *C NMR (CDCls, 100
MHz) ¢ 151.0, 138.8, 136.9, 130.6, 129.7 (q, J = 32.4 Hz), 127.7, 125.5, 125.4, 124.7 (q, J = 3.8
Hz), 1243 (q, J = 272.1 Hz), 115.9, 53.6, 35.3, 32.7, 26.3, 25.9; HRMS (ESI) calcd for
C,1Hy0F3NO,SNa [M+Na]" 430.1059, found 430.1056.

Methyl (E)-(2-(1-cyclohexyl-2-(4-(trifluoromethyl)phenyl)vinyl)thiophen-3-yl)carbamate

(12jr) and methyl (E)-(2-(2-cyclohexyl-1-(4-(trifluoromethyl)phenyl)vinyl)thiophen-3-
yDcarbamate (12jr’) (Table 2-4)
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CF3 12jr CFs 125

The title compound was isolated as a mixture of 12jr and 12jr’ (12jr/12jr’ = 90:10). Colorless
oil; 23.3 mg, 0.057 mmol, 29% isolated yield; 'H NMR (CDCls, 400 MHz) 12jr: 6 7.65 (d, J=8.0
Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.22 (d, J = 5.4 Hz, 1H), 6.67 (br, 1H), 6.54 (s, 1H), 3.76 (s, 3H),
2.90-2.83 (m, 1H), 1.75-1.61 (m, 5H), 1.47-1.36 (m, 2H), 1.30-1.03 (m, 3H); partial protons of
12jr’: 6 7.35 (d, J=8.0 Hz, 2H), 7.12 (d, J = 5.5 Hz, 1H), 6.02 (br, 1H), 5.88 (d, /= 10.3 Hz, 1H),
3.61 (s,3H), 2.29-2.10 (m, 1H); *C NMR (CDCls, 100 MHz) 6 153.9, 142.9, 142.2, 140.7, 140.1,
140.11, 133.0, 132.1, 130.1, 130.0, 129.4, 129.3 (q, J = 32.6 Hz), 129.1, 125.4 (q, J = 3.8 Hz),
124.1 (q, J = 272.0 Hz), 123.1, 121.5, 52.5, 52.4, 40.8, 38.1, 33.2; HRMS (ESI) calcd for
Cy1H2F3NO,SNa [M+Na]" 432.1216, found 432.1211.

VI. Synthetic Transformation of [5,5]-Fused Heteroles

6-Cyclohexyl-5-phenyl-4 H-thieno[3,2-b]pyrrole (9ji-H, Scheme 2-13)

N
/|/Ph
S

Cy

To a 30 mL eggplant flask were added 9ji (28.3 mg, 0.0833 mmol), NaOH (96.0 mg, 2.40 mmol),
H,O (1 mL), and EtOH (3 mL) in this order under air. The mixture was sealed and stirred under air
at room temperature for 20 min. The reaction was diluted with 2N HCI (5 mL) and EtOAc (5 mL).
The organic layer was separated, washed with brine, dried over Na,SOy4, and concentrated. The
residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 4:1) to give 9ji-H as a
colorless solid (16.0 mg, 0.057 mmol, 69% isolated yield).

Mp 142.7-143.6 °C; '"H NMR (CDCls, 400 MHz) ¢ 8.02 (br, 1H), 7.45-7.44 (m, 4H), 7.34-7.30
(m, 1H), 7.09 (d, J= 5.2 Hz, 1H), 6.96 (d, J = 5.2 Hz, 1H), 2.91-2.83 (m, 1H), 1.90-1.75 (m, 7H),
1.39-1.31 (m, 3H); >C NMR (CDCls, 100 MHz) ¢ 138.1, 134.0, 132.3, 128.8, 127.8, 126.9, 123.9,
123.6, 120.6, 111.2, 35.3, 33.3, 26.7, 26.1; HRMS (ESI) calcd for C;sH;sNS [M—H]" 280.1154,
found 280.1155.

6-Cyclohexyl-4-methyl-5-phenyl-4 H-thieno|[3,2-b|pyrrole (9ji-Me, Scheme 2-13)

NOESY cross peak

e
/ | 'j
S H

To a 30 mL eggplant flask were added 9ji-H (8.1 mg, 0.029 mmol), DMF (1.5 mL), NaH (55%
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dispersion in mineral oil, 15.0 mg, 0.346 mmol), and Mel (10 uL) in this order under air. The
mixture was sealed and stirred under air at room temperature for 2 h. The reaction was diluted with
H,O (5 mL), 2N HCI (3 mL), and EtOAc (5 mL). The organic layer was separated, washed with 2N
HCI, dried over Na,SO,, and concentrated. The residue was purified by a preparative TLC (eluent:
n-hexane/EtOAc = 10:1) to give 9ji-Me as a brown solid (5.7 mg , 0.019 mmol, 66% isolated
yield).

Mp 270 °C (dec); '"H NMR (CDCls, 400 MHz) & 7.48-7.44 (m, 2H), 7.41-7.33 (m, 3H), 7.09 (d,
J=5.2Hz, 1H), 6.95 (d, J= 5.2 Hz, 1H), 3.55 (s, 3H), 2.58-2.50 (m, 1H), 1.82—-1.67 (m, 7H), 1.28—
1.24 (m, 3H); °C NMR (CDCls, 100 MHz) 6 140.5, 134.7, 132.6, 130.7, 128.3, 127.5, 123.0, 120.6,
120.5, 110.3, 35.6, 33.5, 32.8, 26.7, 26.1; HRMS (ESI) calcd for C;9H»0NS [M—Na]" 294.1311,
found 294.1338.

6-Cyclohexyl-5-(4-methoxyphenyl)-4-methyl-4 H-thieno|3,2-b]|pyrrole  (9jp-Me, Scheme
2-13)
NOESY cross peak

e
H Me H
N
4 | / OMe
S H

To a 30 mL eggplant flask were added 9jp (18.6 mg, 0.0503 mmol), NaOH (92.3 mg, 2.40
mmol), HO (1 mL), THF (1 mL), and EtOH (2 mL) in this order under air. The mixture was sealed
and stirred under air at room temperature for 40 min. The reaction was diluted with NH4Cl1 (5 mL)
and EtOAc (5 mL). The organic layer was separated, washed with brine, dried over Na,SO4, and
concentrated to afford the crude N-H aminoheterole. To a 20 mL screw-cap vial were added this
crude N-H aminoheterole, DMF (1.5 mL), NaH (55% dispersion in mineral oil, 15.0 mg, 0.346
mmol), and Mel (10 pL) in this order under air. The mixture was sealed and stirred under air at
room temperature for 2 h. The reaction was diluted with H,O (5 mL), 2N HCI (3 mL), and EtOAc
(5 mL). The organic layer was separated, washed with 2N HCI, dried over Na,SO4, and
concentrated. The residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 10:1) to
give 9jp-Me as a colorless solid (12.0 mg, 0.0369 mmol, 73% isolated yield).

Mp 148.1-149.2 °C; 'H NMR (CDCls, 400 MHz) 6 7.27-7.34 (m, 2H), 7.07 (d, J = 5.2 Hz, 1H),
7.01-6.97 (m, 2H), 6.93 (d, J = 5.2 Hz, 1H), 3.87 (s, 3H), 3.53 (s, 3H), 2.55-2.47 (m, 1H), 1.81—
1.67 (m, 7H), 1.30-1.24 (m, 3H); °C NMR (CDCl3, 100 MHz) § 159.1, 140.2, 134.4, 131.9, 124.9,
122.7, 120.4, 120.4, 113.8, 110.3, 53.3, 35.6, 33.5, 32.7, 26.7, 26.1; HRMS (ESI) caled for
C20H»,NOS [M-H]" 324.1417, found 324.1420.

6-Cyclohexyl-4-methyl-5-(4-(trifluoromethyl)phenyl)-4 H-thieno[3,2-b]pyrrole (9jr-Me,
Scheme 2-13)
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NOESY cross peak

¥~ N
H Me H
N
8 / CF3
S H

The title compound was prepared from 9jr according to the procedure for 9jp-Me. Brown solid;
6.2 mg, 0.017 mmol, 48% isolated yield; mp 125.7-127.2 °C; "H NMR (CDCls, 400 MHz) ¢ 7.71
(d, J=8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.14 (d, /= 5.2 Hz, 1H), 6.95 (d, /= 5.2 Hz, 1H), 3.56
(s, 3H), 2.56-2.46 (m, 1H), 1.80—1.69 (m, 7H), 1.32-1.22 (m, 3H); *C NMR (CDCl;, 100 MHz) 6
141.3, 136.2, 133.0, 130.7, 129.4 (q, J = 32.6 Hz), 125.3 (q, J = 3.8 Hz), 124.2 (q, J = 272.0 Hz),
124.0, 122.9, 121.6, 120.8, 110.3, 35.6, 33.5, 33.0, 26.6, 26.0; HRMS (ESI) calcd for C,oH;9F3NS
[M-H]" 362.1185, found 362.1191.

VII. Mechanistic Studies

Methyl thiophen-3-ylcarbamate (14, Scheme 2-14)1"!
O\\I/OMe
NH
al

S

To a 20 mL screw-cap vial were added 8j (25.0 mg, 0.110 mmol), NaOAc (2.5 mg, 0.030 mmol),
[Cp*''RhCL], (4.2 mg, 0.0025 mmol), and MeOH (0.5 mL) in this order under air. The mixture
was sealed and stirred under air at room temperature for 16 h. The solvent was removed under
reduced pressure and the residue was purified by a preparative TLC (eluent: n-hexane/EtOAc = 4:1)
to give 14 as a pale yellow solid (1.0 mg, 0.0064 mmol, 6% isolated yield).

Mp 69.3-70.4 °C; "H NMR (CDCls, 400 MHz) ¢ 7.23-7.21 (m, 2H), 6.95-6.94 (m, 1H), 6.77 (br
1H), 3.78 (s, 3H); HRMS (ESI) calcd for C¢H;NNaO,S [M+Na]"™ 180.0090, found 180.0106.

b

Reaction in CD;0D (Scheme 2-14b)

o condition A O : om
i in CD;0D i e
y N,OPlv ( 30D) y NOPV L | \n/
| |
H H S O

ST H S” “HID H

8j 8j 14

92% recovery (12% D) 7% (0% D)

To a 20 mL screw-cap vial were added 8j (45.4 mg, 0.200 mmol), NaOAc (4.9 mg, 0.060 mmol),
[Cp*''RhCL]; (8.4 mg, 0.0050 mmol), and MeOH-d; (1.0 mL) under air in this order. The mixture
was sealed and stirred under air at room temperature for 16 h. The solvent was removed under
reduced pressure, and the mixture was filtered by a short silica gel pad with Et,O. The yields and
deuterium incorporation of 8j and 14 were determined by integration of the '"H NMR spectra using
1,1,2,2-tetrachloroethane as an internal standard.
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RF T I RITH LT aza-Lossen BA(ZSUNT, 1BH D RFED GHE LI2GAEIZ A~ THREBIIIE
FIZER BTV,

SEER 72l & LU C. Hurd B D 7 V—7137 S AL HITER KDY B D aza-Lossen B D2 LT\ 5
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O
1 Q H
Ry AROge PO Rin-NH2
51 RT, over night ]
R N@«';‘ 9 R’ (3-1)

no yield given
R'=Ph, RZ= Ac
R' = Et, R2= OH

MO X BB L TALR =V EEZRE L, NV =T AT I & A% ) —/LIF(E T, aza-Lossen
EALEIT L, RET 58 RIVUVBEERMEONE Z L2 WE LT AE32, )W, Eiz, vl
AL ) —IVInD 7 B a RV AIE R TG EITIE. N TO aza-Lossen A0ZEUGAEIT L, X
THAXY T a VHEENMEOND Z L EHRAE LT AHE32,T).
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R' = jPr, R? = H: 63%
R',R? = -(CH,)5-: 78%
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=), T UHEREERSES L., aza-Lossen BSOS NEIT L, B R T 2 VB A & WILER
THZDZEEWMELTNDH(K 3-5), Fo, @R EICREAIE LT R U&7 I/ K%
axiE L7 BT % LTI, aza-Lossen #5728 L 72 0 FINEBRALIS AT L, A U7 VU358
KBELONY 7TV UVBERNESND,

130



NHR?2 (1.0 equiv)
K2CO3 (1 2 eqUiV)

Rle\N/OH (PhO),CO (1.0 equiv) RlN’H NR?
Y H MeCN, 80 °C RPN
(3-5)
0 1
RIN)J\N,O OPh_,R*N’N\\C\\O
I S

TS OWAERITIE, R EOERF L EEME L EEORINEER LTV,
NHOEFERE X T, EHITUF 2 N7 X FENLEA L7 Cp Rh filliE % VT, Lossen $5A7 %
JEEREH LI NN AR T 20 27— FRIOB LIS ICHR Y iz & & LTz,
ETNETHRIGHRE LTE, Cui B2 2014 FFICHELTWD, A2 R—A=-1-IVARFTT I K
LT V% ATK LT Cp*Rh(II) 2 AFE T S B [42]BLAUEIT S L C L bk & 72 &8 Cp*Rh(II)fildd - 7
A L7 (R3-6)7H,

-
S

/ \

( \

o)
cat. [Cp*RhCly], Y NJ\NH
— . R

s 0 R3-——R* R4

G YAy OPY
e o cat. [Cp*RhClyl, (3-6)
\ ,//:~§-§\\ O
PR <\ \

PN ) A
B R

Re R

N,

R OREH aza-Lossen $5{7 KB BLI S 7273 » 7273, Cp Rh $5KR DT F & OVE FHIBR B %
T L EHEN, MBI ORET AR AV F—ABLRE g —L—-HLRFLT I FD
[4-2]BRAL SO IZ B W TG MRS KO E @I IC R E B AL 52 5 2 L inbhr- 720 3-7),
Cp*Rh $ERIZHEAT, AERKSEEO R RITBH SR o 7o hy, K7 L% o & ORIGIZIHEN
T, MCERIRVEO [ ERBR BN, 2B, ARISRICEB W TEFAE Cp'Rh $ERIZAZ TlEien-
2o L TISRERIZRBEHS DV TR N D,
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O
I opi Cp*Rh"" catalyst 0
/N~ N’ V' "no rearrangement" )]\
_ H "C-H clevage is not rate-limiting" /N” "NH
H

Cp”% and Cp”? (R? = H)
+ Cp”® (RZ=H)
Rh'" catalysts (this work)

R'——R?
- "no significant rate
enhancement but improved (3-7)
regioselectivity (R% = H)"
R3 Me
R3 o [CP”3RhCl,],: R® = Ph, R* = NHPh Me Rh Me
c-Rh [CP*?RhCl,],: R3 = Ph, R* = NMe, ok
Cl [CpA®RhCI,],: R® = Me, R* = NMe, Cl
2 2
[CP”RhCI,], [CPERNCI,],
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M BOSSRA O RRET

FOGSAE OB 2D DRI, Cui HAHE L TV D UNSMEE2tIic L THREEDO Y B4 M Lz &
A, 1 YEOFHBEE T AKRDY . 03 BEOFET MY U ATHRISHHMBICETT S 2 &0
binotl-, ZORISEEORFE S LI, 42 R—b—1-B/RFH I K 15a L KT /L3 16a D
FOSZxt 95 U A7 ROMFR%ZFA Liz(Table 3-1), [Cp*RhCly), & W 7258 Tl *fIt3 2% 17aa
BLO 18aa BEINFETH LN, MMERERRMEITIHREICE > T iz(entry 1), B2
[CP"RhCL], VU H' > R Z OFISITIEZh R TldZe o 7243, ALE BRME X302 8 & 7= (entry
2), Cp“Rh iz B8 L Ci%. [Cp™RhCL], & V5 &, [Cp¥RhCLL, ZAWVEHE LD G, 17aa B L
N 18aa WU TH: B L7 (entries 3,4), L2 LN 5 ERM OIS O E SR,
[Cp*RhCL ], #EA % I =8B (entry 1) L ¥ BAK - 72, FHIUTHE LT, [Cp**RhCL], 2 A5 & | 17aa
B IOV 18aa 73 80% DULHE THF S AL, 83:17 OALE ST B M % 5- % 7= (entry 5),

Table 3-1. Effect of substituents at Cp ligands on Rh'"'-catalyzed oxidative [4+2] annulation of

indole-1-carboxamide 1a with terminal alkyne 2a.

o)
X
o 1 mol % [CP*RNCl,], o)
I omi R NaOAc (0.3 equiv) JC Y NJ\NH
SN NP+ JN ONH o+ _
) n I MeoH,RT,2h A =
R
R
15a

16a 17aa 18aa
(2 equiv)
Entry [Rh,] 17aa+18aa
Yield [%]™ 17aa/18aa™
1 [Cp*RhCl,], 96! 79:21
2 [Cp"RhCL], 13 82:18
3 [Cp™RhCL], 8 69:31
4 [Cp"*RhCl,], 33 68:32
[Cp**RhCLy; 80' 83:17

[a] [Rh,] (0.0020 mmol), NaOAc (0.060 mmol), 15a (0.20 mmol), 16a (0.40 mmol), and MeOH (2.0 mL)
were used. [b] Determined by '"H NMR. [c] Isolated yields.

R3 Me
R3 o [CP”3RhCl,],: R® = Ph, R*= NHPh Me Me
o R [CPAZRhCl],: R®= Ph, R* = NMe, ci-Rh
Cl [CPA8RhCI,],: R® = Me, R* = NMe, Cl
2 2
[CPARhCI,], [CPERNCI,],
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5 =8 B E R O R

FOSSAEORE R Z2 S Lo, LLTFICRE T V3% o o BB &P % [Cp**RhCl], $&14 & [Cp*RhCL],
IR Z el B T 9 (Table 3-2), £ & R— L-1- W /VARF LT 2 F15a LT LF LT EF L
> 16a-¢c DUSIZEBW T, [Cp**RhCL], A% V- & & OfLESEIRMEIE, [Cp*RhCL], $8A % V-
EEONMERIMEL Y b E o T(entry 1,3,5vsentry 2,4,6) , 15a £ 27 LF L7 EF L > 16d D
FG Tl [Cp*RhCLL], & bl L C[Cp™*RhCL], & V72 & & OALESERMEOHE NI b TN £ -7
(entry 7vs. 8), —H T, 15a L LV EE W R Y AF AL U AT EF L2 16e D TiE, [Cp**RhCly],
R & & ONLEIRIRIEO BN i HEEE Th o 7= (entry 9 vs. 10), T2, B r— -1- I LRF
72 R 15b & 16a B LN 16e DG FHA Lo, MEtOfER, [Cp**RhCL], & AW HA12IE, fE
BIRMEIT Z < D2 B Uiz (entries11,13 vs 12,14), [Cp**RhCl], % W= & & D B DU IT,
[Cp*RhCL], & AV 7= & & DULRIZ b~ T2 > 72 23 (entries 2,6,8,10,12), W< DO FEHIZHB W TR
IR A3 A U 7= (entry 3,13 vs. entry 4,14), £ 72, 1 mmol A7 — /L COi % Efi L. 254 17aa/18aa
DILRIT DTN UTes, SLERIRMEITHERF L 72 £ £15 607,
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Table 3-2. The scope of terminal alkynes 16 and effect of Cp ligands on regioselectivity.™

1
_OPi
JN N iv
— H
15a

1 mol % [Cp*8RhCl,], e o SR 7
o NaOAc (0.3 equiv) <L / \ )LNH . b O\l\)NH
o |‘| MeOH, RT, 2 h <;\/k =N
)J\ OPiv R R
@ s @ e1qGUiv) 17 13
15b
Entry 15 [Cp*RhCL], 16 (R) 17+18
Yield [%]™ 17/18™
1 15a Cp™® 16a (nBu) 80 (70)" 83:17 (81:19)"
2 15a Cp* 16a (nBu) 96 79:21
3 15a Ccp™® 16b (n-CoH,) 92 82:18
4 15a Cp* 16b (n-CoHs)) 90 74:26
5 15a cp™® 16¢ [CI(CH,)] 64 78:22
6 15a Cp* 16¢ [CI(CH,);] 77 75:25
7 15a Cp™® 16d (cyclopentyl) 66 70:30
8 15a Cp* 16d (cyclopentyl) 81 68:32
9 15a Cp™® 16e (Me;Si) 68 87:13
10 15a Cp* 16e (Me;Si) 78 77:23
11 15b Ccp™® 16a (nBu) 61 69:31
12 15b Cp* 16a (nBu) 93 67:33
13 15b Cp™® 16e (Me;Si) 96 93:7
14 15b Cp* 16e (Me;Si) 91 92:8

[a] [Rh,] (0.0020 mmol), NaOAc (0.060 mmol), 15 (0.20 mmol), 16 (0.40 mmol), and MeOH (2.0 mL) were
used. [b] Isolated yileds. [c] [Rh;] (0.010 mmol), NaOAc (0.30 mmol), 15a (1.00 mmol), 16a (2.00 mmol),

and MeOH (5.0 mL) were used.
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Flo A Rl l- VAR T 2 K 15a & 4-4 7 F 2 5¢ & ORIk 5 CpRh filit D 2h Az
DN T H A L7z(Table 3-3), [Cp*RhClL], $&AZ H = & & xtnT % 17ac BEWIERTE LT
M (entry 1), 7B 1A JE[Cp"RhCL], $5A % A\ 7= & S TR WIERICHE & o 7= (entry 2), 72, 152 LK
ST L 2 16a & DOFUG E 1T5HRAYIZ, [CpMRhCL], B & O[Cp*RhCL], K % V5 & 17ac Z &\
WERTH 2 /- (entry 3,4), L L7255, [Cp*RhCL], &A% FWV 5 & 17ac ZHRREDINERTH 2 5
fER L 72 o 7= (entry 5),

Table 3-3. Effect of substituents at Cp ligands on Rh'"'-catalyzed oxidative [4+2] annulation of

indole-1-carboxamide 15a with internal alkyne 5¢.

nPr 1 mol % [Cp*RhCl,],

0 ( M
)J\ OPiv . || NaOAc (0.3 equiv) /N NH
/"N ﬂ MeOH, RT, 2 h N NPy
= nPr
15a

nPr
5¢c 17ac
(2 equiv)
Entry [Cp*RhCl,], 17ac
Yield [%]™

1 [Cp*RhCL], 90
2 [Cp"RhCL,], 25
3 [Cp**RhCl,], 91
4 [Cp**RhCl,], 93!

[Cp**RhCl,], 41

[a] [Rh,] (0.0020 mmol), NaOAc (0.060 mmol), 15a (0.20 mmol), 5S¢ (0.40 mmol), and MeOH (2.0 mL) were
used. [b] Determined by '"H NMR. [c] Isolated yield.
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R T L3 o 0 BYED I i %2 (Table 3-4) 2R3, A & F—/b-1-H /L ARF 7 I K 15a L VT L%
NTEFL S BILOSm & ORIST, BRIDERY 17 23 @ WIER TE b it 7 (entry 1,2), 15a &7
NFXW(T V=T EF L Se BLOSE & DRISIFTELS . BAYERY) 17 28 TFEEE DI (entry 3, 4)
THRLALA, AREEZ 2.5 mol% F T3 & AR 17ae DL 94% F TH) |k L7z (entry 5),
[Cp*RhCL], S5 & [FERIC ., (LERML I8 ITBH SN2 o7z, — T, Er—/L -V RF T
IR IR LT T AFATEF LU Se BERT VX /W(T Y —)TBF L Se & DFURIEEN
L <HEIT L BRERW 17 2 5O T 72 (enrty 6,7),15 & NER T /L o 5125t L T, [Cp™RhCly],
BEIRZ W2 E OIERIE, Cui H2SHA LT 5 [Cp*RhCL], 851K % AV 2354 & RIS O fil ity s
M2 R Z LD o T (entry 1,3,7),

Table 3-4. The scope of internal alkynes 2 and effect of Cp ligands on product yields."

<Q X
_OPiv

N N

// H _ _
15a )J\

R'" 1 mol % [Cp*?RhCl,], PR j’\ Py 0
H \\\ IS \
or . || NaOAc (0.3 equiv) _ N /N NH . Y\ JN NH
o MeOH, RT, 2 h SN ARt A
)J\ OPiv R? R2 1
/N °N” R
= H 5 17 18 (n.d.l)
(2 equiv) - -
15b
Entry 15 5R', R Yield [%]"!
1 15a 5¢ (nPr, nPr) 93 (934
2 15a Sm (l’l-C5H11, I’l-C5H11) 88
3 15a 5e (Ph, Me) 54 (62!
4 15a 5f (Ph, nBu) 71
5kl 15a 5e (Ph, Me) 94
6 15b 5¢ (nPr, nPr) 91 (98!
7 15b 5e (Ph, Me) 98

[a] [Cp**RhCl,], (0.0020 mmol), NaOAc (0.060 mmol), 15 (0.20 mmol), 5 (0.40 mmol), and MeOH (2.0
mL) were used. [b] Not detected. [c] Isolated yield. [d] Isolated yield reported in ref 6). [e] [Rh;] (0.0050

mmol) was used.
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U BOCHEAE D H 5

EFEOT R TOKE T Lossen B2/ [3-H2]BRAL UG DS EST LT AW 19 1T S e o T, Th
I, PREABLIOBEZN L TATE—L-1-TLRFLT I R15, TAFU 5 BLOrY T A0
BAREND 7T BBEa XA 7L C D ORTHBEELS, N-N S EZRT 5 C D D ~OERNL
XU HiFE L EFE X B4 5 (Scheme 3-1),

ZORISIZE VT, Cui H1E Cp*Rh(IINEERZ V- & & O E KSR EEFRIIIFINL A7) 5 (DKIE) D H

EICE D, DKIE® =14 /NS REEZ TR L TN D Z 2D, C-H FEA DI BRI LA 0O & AT | ik B P
PIEET D LS LU &l Cp*RhIMEE R Z VT H, SUSHE LG E SNRNoT- 2 Lo
b ZOFERERESEICTH L L, DLEOES Cp*RhIIDEER A FV 2 & & ORGSR & B £
ZC, {Effi CpP*RhIIEEARIZL DA v R BLOE R —/L-1-DLRFTT 2 RET I DR
HIAR2]BRALIRICHRT 35 Cp U H v REhR%E, LFDO XD IZBL LT,

FP. B FYA 7V FREB ERB LT, 17252 57-0120%, BN AT B o 5!“4%4' 7L

EPF‘WK ANTILRL S OERMINAMEATH LM, 5 BB A 7 VHRIE A IS L TEFES 5k
HW%&T% & T, mu¢WWE%5zé%%%%zé*eﬁf%5wlﬁ%rﬁm&mmﬂ
A2 WA 2R, TR E 22D OE 5 E 725 E 15 OffBE S EVW 728 17aa (Table 3-1, entry

mk;omma%m}Lmwmmﬂ¢#ﬁTLt&%xfwéoH% . HEME AR TH D
m&?mmg&ﬂﬁ%ﬁ%ﬂ&%%ﬁﬁ\wawmﬁ#47w$%%A~®mmpié$%%E%
ORI LD b, Fd ERIDIE T, WAL IO/NZWERT L2 16a 3 a X YA 7 LK
A CENLL, FIEB 252, T0% 7 BERa XA 7 UK C 7 HIETHBEEZR S Z & T,
17aa ZRINRE T H 2 72 £ 3 2 T 5 (Table3-1, entry 3.4), S 512, BIOKIGREE E LT, HEMS
fEFIZHB W T[Cp™RhCL ], $5AD(N=-7 = = W) I L /RF A )L A FIVERED L7 1 b 2 ABIZ K B BT
ko THRIAG 25252 b E2 0615, ZOTRUEA G iZ. [CpMRhCL], S5 DNN- A F L)
TINSFA VA F VN OB L VRSO FEEF L0 B L TWD EBX b5,
[Cp™RhCL], & FAV = & & D 17aa DULR|I[Cp™RhCL], Z WA L0 HIERWICRICE E > TV 5
ZEMD, :h%®¢%%%%ﬁbf%é&%2Tvéﬂwb}hmw3m4L:ﬂ%%%iiT\
PG EE -85 e A TV E L L 72 [Cp™*RhCLL 85K & WD & HRA E 205 15 OfF#ED IE
éﬂ\@W%UM@Wéﬂ%mbtkﬁszéﬁwk}meﬂo%@-ﬁf\% BE TR
HDOEDNET V% 5 (ZHFRER B & A L—XIZKT D720, [CpPRhCL], B X O[Cp**RhCl,],
%ﬂﬂ%wssmmsg’;of%ﬁén BV T 17ac 2525, L LRRS mﬁmmuz
SEIRZE W26, PRRE OIERIZHE £ > T Y (Table 3-3, entry 5). BAEDO B TIIHIfEIC

S TN,
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MeOH | —Cp¥Rh'

(o
l _CpXRhlll
y
(/ "::3\\ 9 /":::‘\ /C (@) 2 Me
W /N7 ONH S NN
—\_ = o / R
R’ =
R? R?
17 19 (not observed)

Scheme 3-1. Proposed reaction mechnism

139



.
=]

LI

;‘ﬂt
b=

HEF TR DN LA LTI~ 5. [Cp*RhCL], $5{AONLIARAYS L O T-HIBREE 4 i L 7o
BN, WEB LR T A X b A v =B I OE B —/L-1- VR F 7 2 RO4R2)BRALE
(2R TARBETE 36 KX O @ IUMEIC R X 72 8% 5.2 5 2 L 3 ho 72(X 3-8), [Cp*RhCl,], &K
([ZHAT, AEARBOSHE O L TB S oo Tohs, K7 V3 & ORISIZIBW T, ALfE 3k
PPEDT ERH BRIz, 78k, B R[Cp RICLL, $5A8E AV 5 aITIE, ARERICBNTIRA
T 2o T2,

0 Cp*Rh"" catalyst o
)J\ _OPiv  "no rearrangement" )J\
7/ N N "C-H clevage is not rate-limiting" /~N” NH
= H
H
15

Cp”% and Cp”? (R? = H) N R
Cph® (R? = H) R2
Rh' catalysts (this work)
+ "no significant rate 17
1 — o2 enhancement but improved
R —5 R regioselectivity (R? = H)" (3-8)
R® Me
R3 [Cp”3RhCl,],: R® = Ph, R*= NHPh Me Me
o Rh O [Cp”?RhCl,ly: R3= Ph, R*= NMe, o RN
Cl [CPA®RACI,],: R® = Me, R* = NMe, Cl
2 2
[CP”RhCl,]; [CPERNCI,],

Z DRISIZEBWT, BEARIEEGRAIFENLAZ F(DKIE)DHRIEIZ LV KIE=1.44 L/NS7efB%2 R L
TW5DZ b, C-H YW BEPE LIS Ot T ISR BE PR S FE S D Lk T 5, EBFRE[Cp"RhCL],
AR A W2 58T BN A I 72 HEBR 0 2 A 7 VYRI5 22 2 15 2358 < Bohr L,
15 OFRBENIEENTZD 17 ODIEME T L7 B X TWD, —F, BETEERATIVENER L
[CP™RhCL], 85K Z AN D & XU Z v N7 2 REMLO@EWENEZ F T 57 2 REEFRIF 175 Rh 4
JEPIIR LELT D Z & T 15 OfEBESINE S 40, 17 OPEENPEIN L7 2B 2 Tnb, C-HAEEY)
W LIS O (& PT CAHER B E NFAE T D K 9 7o SR ICx LTIk, Rh LB 7% % T 15 72[Cp"RhCly],
F0 b, BEORMEE 2y ha— LT 5857 CplREDEFIREL LU X N7 I FE
DEHIEO M) 723NN T & H[Cp "RhCL], D AEN T, Z OFERIL, EAfi Cp*Rh #5174 % v
7o C-H # & BREECEUG Z21T 9 1T, WSROI L SHERME THDH L EX TN D,
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Experimental Section

General: Anhydrous MeOH was obtained from Aldrich (No. 32,241-5) used as received. Solvents
for the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to use.
[Cp*RhCL LM [CpRhCL]L,H [Cp™RhCL]L, complexes, carboxamides 15a,°) 15b.°) were
prepared according to the literatures. All other reagents were obtained from commercial sources and
used as received. 'H and C NMR data were collected on a Bruker AVANCE III HD 400 (400
MHz) at ambient temperature. HRMS data were obtained on a Bruker micrOTOF Focus II. All
reactions were carried out in oven-dried glassware with magnetic stirring.

Representative procedure for [4+2] annulation (17aa and 18aa, Table 3-2, entry 1): To a 20.0
mL screw-cap vial were added 15a (52.1 mg, 0.200 mmol), NaOAc (4.9 mg, 0.060 mmol),
[Cp**RhCL], (1.6 mg, 0.0020 mmol), 16a (32.9 mg, 0.401 mmol), and MeOH (2.0 mL) in this order
under air. The mixture was sealed and stirred under air at room temperature for 2 hours. The solvent
was removed under reduced pressure and the residue was purified by a preparative thin layer
chromatography (eluent: CH,Cly) to give 17aa as a pale yellow solid (31.4 mg, 0.131 mmol, 66%
isolated yield) and 18aa as a pale yellow solid (6.8 mg, 0.028 mmol, 14% isolated yield).

Preparative scale synthesis for [4+2] annulation (17aa and 18aa, Table 3-2, entry 1): To a
30.0 mL eggplant flask were added 15a (260.3 mg, 1.00 mmol), NaOAc (24.6 mg, 0.30 mmol),
[Cp™*RhCL], (7.9 mg, 0.010 mmol), 16a (164.3 mg, 2.00 mmol), and MeOH (5.0 mL) in this order
under air. The mixture was sealed and stirred under air at room temperature for 2 hours. The solvent
was removed under reduced pressure and the residue was purified by a silica gel column
chromatography (eluent: CH,Cl,) to give 17aa as a pale yellow solid (136.8 mg, 0.569 mmol, 57%
isolated yield) and 18aa as a pale yellow solid (32.3 mg, 0.134 mmol, 13% isolated yield).

3-Butylpyrimido[1,6-a]indol-1(2H)-one (17aa)"!
o

X

N NH
NS nBu
Mp 181.3-182.8 °C; 'H NMR (CDCls, 400 MHz) ¢ 8.61 (d, J= 8.0 Hz, 1H), 8.17 (br, 1H), 7.62 (d,
J =172 Hz, 1H), 7.36-7.28 (m, 2H), 6.42 (s, 1H), 6.18 (m, 1H), 2.55 (t, J = 7.6 Hz, 2H), 1.80-1.72
(m, 2H), 1.48 (sext, J = 7.6 Hz, 2H), 1.00 (t, J = 7.2 Hz, 3H); *C NMR (CDCls, 100 MHz) & 149.9,
138.5, 136.1, 132.7, 130.9, 123.8, 122.0, 119.5, 115.9, 96.7, 96.4, 32.6, 29.8, 22.3, 13.8.

4-Butylpyrimido[1,6-a]indol-1(2H)-one (18aa)"!

N NH
NS

nBu
Mp 166.3-167.9 °C; 'H NMR (CDCls, 400 MHz) J 8.97 (br, 1H), 8.69-8.67 (m, 1H), 7.68-7.66
(m, 1H), 7.39-7.33 (m, 2H), 6.58 (s, 1H), 6.56 (d, J = 5.2 Hz, 1H), 2.57 (t, J = 8.0 Hz, 2H), 1.72—
1.65 (m, 2H), 1.43 (sext, J = 7.6 Hz, 2H), 0.97 (t, J = 7.6 Hz, 3H); BC NMR (CDCl3, 100 MHz) 0
149.2,136.8, 133.2, 130.2, 123.8, 122.6, 120.3, 119.8, 116.1, 112.4, 97.3, 30.4, 28.6, 22.5, 13.9.
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3-Decylpyrimido[1,6-a]indol-1(2H)-one (17ab)
0]

X

N NH
NS

Colorless solid; 48.6 mg, 0.150 mmol, 75% isolated yield (Table 3-2, entry 3); 43.6 mg, 0.134
mmol, 67% isolated yield (Table 3-2, entry 4); mp 132.0-133.4 °C; 'H NMR (CDCls, 400 MHz) ¢
8.60 (d, J = 8.0 Hz, 1H), 8.21 (br, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.36-7.27 (m, 2H), 6.41 (s, 1H),
6.17 (m, 1H), 2.54 (t, J= 7.6 Hz, 2H), 1.77 (t, J = 7.2 Hz, 2H), 1.48-1.24 (m, 14H), 0.84 (t, J="7.2
Hz, 3H); °C NMR (CDCls, 100 MHz) 6 150.2, 138.8, 136.1, 132.7, 131.0, 123.8, 121.9, 119.5,
115.9, 96.6, 96.3, 32.9, 31.9, 29.7, 29.6, 29.4, 29.34, 29.29, 27.8, 22.7, 14.1; HRMS (ESI) calcd for
C,1HsN,ONa [M+Na]" 347.2094, found 347.2088.

4-Decylpyrimido[1,6-a]indol-1(2H)-one (18ab)
O

N

N~ 'NH
NS

Colorless solid; 10.8 mg, 0.033 mmol, 17% isolated yield (Table 3-2, entry 3); 14.8 mg, 0.046
mmol, 23% isolated yield (Table 3-2, entry 4); mp 119.6-120.4 °C; '"H NMR (CDCls, 400 MHz) ¢
8.91 (br, 1H), 8.70-8.66 (m, 1H), 7.69-7.65 (m, 1H), 7.39-7.33 (m, 2H), 6.58 (s, 1H), 6.56 (d, J =
5.2 Hz, 1H), 2.58 (t, J = 7.6 Hz, 2H), 1.69 (quin, J = 7.6 Hz, 2H), 1.43-1.24 (m, 14H), 0.88 (t, J =
7.2 Hz, 3H); °C NMR (CDCls, 100 MHz) 6 149.2, 136.8, 133.2, 130.2, 123.8, 122.6, 120.2, 119.8,
116.1, 112.4, 97.3, 31.9, 29.6, 29.5, 29.3, 29.0, 28.3, 22.7, 14.1; HRMS (ESI) calcd for
C,1HsN,ONa [M+Na]" 347.2094, found 347.2082.

3-(3-Chloropropyl)pyrimido[1,6-a]indol-1(2H)-one (17ac)
O

X

N NH
Z(CH,)sCl

Brown solid; 26.0 mg, 0.100 mmol, 50% isolated yield (Table 3-2, entry 5); 30.1 mg, 0.116 mmol,
58% isolated yield (Table 3-2, entry 6); mp 207.3-209.1 °C; "H NMR (CDCls, 400 MHz) ¢ 9.88 (br,
1H), 8.59 (d, J = 7.6 Hz, 1H), 7.64-7.62 (m, 1H), 7.38-7.31 (m, 2H), 6.47 (s, 1H), 6.264-6.260 (m,
1H), 3.67 (t, J = 6.4 Hz, 2H), 2.77 (t, J = 7.2 Hz, 2H), 2.30-2.24 (m, 2H); *C NMR (CDCls, 100
MHz) ¢ 150.0, 136.4, 135.6, 132.7, 130.9, 124.0, 122.3, 119.7, 115.9, 97.40, 97.37, 43.7, 30.3, 30.0;
HRMS (ESI) calcd for C;4H;3CIN,ONa [M+Na]" 283.0609, found 283.0606.

4-(3-Chloropropyl)pyrimido[1,6-a]indol-1(2H)-one (18ac)

(CH,)5ClI
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Colorless solid; 6.9 mg, 0.026 mmol, 13% isolated yield (Table 3-2, entry 5); 9.8 mg, 0.038 mmol,
19% isolated yield (Table 3-2, entry 6); mp 181.2—-183.0 °C; 'H NMR (CDCls, 400 MHz) J 8.91 (br,
1H), 8.70-8.66 (m, 1H), 7.69—7.65 (m, 1H), 7.41-7.35 (m, 2H), 6.64 (d, J = 5.2 Hz, 1H), 6.60 (s,
1H), 3.62 (t, J = 6.4 Hz, 2H), 2.78 (t, J = 7.2 Hz, 2H), 2.21-2.14 (m, 2H); *C NMR (CDCl, 100
MHz) ¢ 149.0, 136.1, 133.3, 130.1, 124.0, 122.9, 121.2, 119.9, 116.1, 110.4, 97.5, 44.2, 30.9, 26.0;
HRMS (ESI) calcd for C14H;3CIN,ONa [M-l-Na]Jr 283.0609, found 283.0599.

3-Cyclopentylpyrimido[1,6-a]indol-1(2H)-one (17ad)
O

X

N~ 'NH
TN

Brown solid; 23.1 mg, 0.0916 mmol, 46% isolated yield (Table 3-2, entry 7); 27.8 mg, 0.110
mmol, 55% isolated yield (Table 3-2, entry 8); mp 216.7-218.3 °C; '"H NMR (CDCls, 400 MHz) ¢
8.96 (br, 1H), 8.60-8.58 (m, 1H), 7.63-7.60 (m, 1H), 7.36-7.28 (m, 2H), 6.43 (s, 1H), 6.225-6.219
(m, 1H), 2.91 (quin, J = 8.0 Hz, 1H), 2.15-2.09 (m, 2H), 1.93-1.71 (m, 6H); *C NMR (CDCl;, 100
MHz) ¢ 149.5, 141.4, 136.0, 132.8, 130.9, 123.8, 122.0, 119.5, 115.8, 96.9, 94.7, 42.9, 31.2, 25.1
HRMS (ESI) calcd for C;sH;¢N,ONa [M+Na]" 275.1155, found 275.1153.

4-Cyclopentylpyrimido[1,6-a]indol-1(2H)-one (18ad)

Brown solid; 10.0 mg, 0.0396 mmol, 20% isolated yield (Table 3-2, entry 7); 12.8 mg, 0.051
mmol, 26% isolated yield (Table 3-2, entry 8); mp 197.1-199.0 °C; 'H NMR (CDCls, 400 MHz) &
8.94 (br, 1H), 8.71-8.67 (m, 1H), 7.69-7.65 (m, 1H), 7.39-7.33 (m, 2H), 6.62 (s, 1H), 6.59 (dd, J =
5.2, 1.2 Hz, 1H), 3.13-3.05 (m, 1H), 2.16-2.08 (m, 2H), 1.86—1.63 (m, 6H); *C NMR (CDCls, 100
MHz) ¢ 149.1, 136.8, 133.1, 130.1, 123.8, 122.6, 119.7, 118.5, 116.2, 116.0, 97.9, 39.3, 31.6, 25.0;
HRMS (ESI) calcd for C;sH;¢N,ONa [M+Na]" 275.1155, found 275.1141.

3-(Trimethylsilyl)pyrimido[1,6-a]indol-1(2H)-one (17ae)
O

X

N~ 'NH

= SiMej
Brown solid; 30.1 mg, 0.117 mmol, 59% isolated yield (Table 3-2, entry 9); 30.8 mg, 0.120 mmol,
60% isolated yield (Table 3-2, entry 10); mp 217.0-217.8 °C; 'H NMR (CDCls, 400 MHz) § 9.83 (br,
1H), 8.66-8.64 (m, 1H), 7.68-7.65 (m, 1H), 7.38-7.32 (m, 2H), 6.56-6.53 (m, 2H), 0.44 (s, 9H); "°C
NMR (CDCls, 100 MHz) ¢ 150.1, 139.4, 135.6, 132.9, 130.4, 123.7, 122.4, 119.9, 116.1, 106.4, 97.6,
—2.3; HRMS (ESI) calcd for C4H;4N,OSiNa [M+Na]" 279.0924, found 279.0917.

4-(Trimethylsilyl)pyrimido[1,6-a]indol-1(2H)-one (17ae)
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N° 'NH
TN

SiMe3

Colorless solid; 4.8 mg, 0.0187 mmol, 9% isolated yield (Table 3-2, entry 9); 9.1 mg, 0.035 mmol,
18% isolated yield (Table 3-2, entry 10); mp 243.2-245.0 °C; "H NMR (CDCl3, 400 MHz) 6 8.73 (br,
1H), 8.67-8.65 (m, 1H), 7.67-7.64 (m, 1H), 7.39-7.34 (m, 2H), 6.69 (d, J = 4.8 Hz, 1H), 6.60 (s,
1H), 0.37 (s, 9H); BC NMR (CDCl3, 100 MHz) ¢ 149.0, 137.6, 132.5, 130.3, 128.6, 123.8, 122.7,

119.6, 116.2, 107.2, 99.9, —1.42; HRMS (ESI) caled for C;4H;sN,OSiNa [M+Na]" 279.0924, found
279.0911.

3-Butylpyrrolo[1,2-c]pyrimidin-1(2H)-one (17ba)

O

X

/N~ NH
NS nBu

Colorless solid; 15.9 mg, 0.0836 mmol, 42% isolated yield (Table 3-2, entry 11); 23.3 mg, 0.124
mmol, 62% isolated yield (Table 3-2, entry 12); mp 87.5-89.3 °C; '"H NMR (CDCls, 400 MHz) &
9.36 (br, 1H), 7.53-7.52 (m, 1H), 6.60 (t, J = 3.6 Hz, 1H), 6.20-6.17 (m, 2H), 2.49 (t, J = 7.6 Hz,
2H), 1.70-1.64 (m, 2H), 1.42 (sext, J = 7.2 Hz, 2H), 0.96 (t, J = 7.6 Hz, 3H); *C NMR (CDCls, 100
MHz) 0 148.2, 134.2, 131.9, 114.6, 113.4, 102.6, 97.1, 32.2, 29.9, 22.0, 13.8; HRMS (ESI) calcd for
C11H4N,ONa [M+Na]" 213.0998, found 213.1007.

4-Butylpyrrolo[1,2-c|]pyrimidin-1(2H)-one (17ba)

NS

nBu
Colorless solid; 7.4 mg, 0.0389 mmol, 19% isolated yield (Table 3-2, entry 11); 11.7 mg, 0.061
mmol, 31% isolated yield (Table 3-2, entry 12); mp 98.1-99.6 °C; '"H NMR (CDCls, 400 MHz) o
9.23 (br, 1H), 7.62-7.61 (m, 1H), 6.56 (t, J=3.2 Hz, 1H), 6.42 (d, J =5.2 Hz, 1H), 6.36 (dd, J =3.6,
1.6 Hz, 1H), 2.54-2.50 (m, 2H), 1.67-1.60 (m, 3H), 1.40 (sext, J =7.6 Hz, 2H), 0.95 (t, J =7.2 Hz,
3H); *C NMR (CDCl;, 100 MHz) § 147.8, 132.8, 116.6, 114.4, 114.3, 113.6, 103.1, 30.6, 28.6, 22.5,
13.9; HRMS (ESI) calcd for C;;H4sN,ONa [MJrNa]+ 213.0998, found 213.1001.

3-(Trimethylsilyl)pyrrolo[1,2-c]pyrimidin-1(2H)-one (17be)
0]

N

/N~ "NH

—

SiMe3

Colorless solid; 36.7 mg, 0.178 mmol, 89% isolated yield (Table 3-2, entry 13); 34.4 mg, 0.167
mmol, 84% isolated yield (Table 3-2, entry 14); mp 169.3-170.2 °C; "H NMR (CDCl3, 400 MHz)
0 9.56 (br, 1H), 7.60-7.59 (m, 1H), 6.63 (t, J = 3.2 Hz, 1H), 6.53 (m, 1H), 6.31 (dd, J =3.6, 1.2 Hz,
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1H), 0.35 (s, 9H); BC NMR (CDCl;, 100 MHz) o 148.5, 134.5, 131.7, 114.4, 114.1, 107.1, 103.9, -
2.3; HRMS (ESI) calcd for CoH;4N,OSiNa [M+Na]Jr 229.0768, found 229.0771.

4-(Trimethylsilyl)pyrrolo[1,2-c]pyrimidin-1(2H)-one (17be)

N
SiMe3

Colorless solid; 2.7 mg, 0.013 mmol, 7% isolated yield (Table 3-2, entry 13); 2.8 mg, 0.014
mmol, 7% isolated yield (Table 3-2, entry 14); mp 133.5-134.9 °C; '"H NMR (CDCl3, 400 MHz) ¢
8.70 (br, 1H), 7.62 (dd, J= 3.2, 1.6 Hz, 1H), 6.65 (t, J = 3.2 Hz, 1H), 6.54 (d, J = 4.8 Hz, 1H), 6.38
(dd, J = 3.6, 1.2 Hz, 1H), 0.31 (s, 9H); °*C NMR (CDCls, 100 MHz) § 147.6, 133.6, 124.6, 114 .4,

113.9, 108.3, 105.7, —1.4; HRMS (ESI) calcd for C;oH;4N,OSiNa [M+Na]" 229.0768, found
229.0781.

3,4-Dipropylpyrimido[1,6-a]indol-1(2H)-one (17ac)

N° 'NH

N
nPr

nPr
Yellow solid; 50.2. mg, 0.187 mmol, 93% isolated yield (Table 3-4, entry 1); mp 189.9-190.5 °C;
'H NMR (CDCls, 400 MHz) 6 9.21 (br, 1H), 8.63 (d, J= 8.0 Hz, 1H), 7.63 (d, J= 7.2 Hz, 1H), 7.36—
7.28 (m, 2H), 2.61-2.54 (m, 4H), 1.77 (sext, J = 8.0 Hz, 2H), 1.68 (sext, J= 7.6 Hz, 2H), 1.08 (t, J =
7.6 Hz, 3H), 1.03 (t, J = 7.2 Hz, 3H); °C NMR (CDCls;, 100 MHz) 6 149.3, 137.8, 133.5, 133.0,
130.7, 123.7, 122.0, 119.4, 116.0, 107.9, 96.2, 31.6, 29.1, 22.7, 21.9, 14.3, 13.9.

3,4-Dipentylpyrimido[1,6-a]indol-1(2H)-one (17am)

@)

J

N~ 'NH

N
(CHy)s

(CHy)s

Yellow solid; 56.6 mg, 0.176 mmol, 88% isolated yield (Table 3-4, entry 2); mp 138.4-140.0 °C;
'H NMR (CDCls, 400 MHz) 6 10.29 (br, 1H), 8.64 (d, J = 8.4 Hz, 1H), 7.63 (d, J = 7.2 Hz, 1H),
7.36-7.27 (m, 2H), 6.47 (s, 1H), 2.61-2.56 (m, 4H), 1.77 (quin, J = 7.6 Hz, 2H), 1.64 (quin, J = 7.2
Hz, 2H), 1.52-1.33 (m, 8H), 0.95-0.91 (m, 6H); °C NMR (CDCls;, 100 MHz) § 150.0, 138.0, 134.2,
133.0, 130.8, 123.7, 121.8, 119.4, 116.0, 107.9, 95.9, 32.0, 31.9, 29.8, 29.3, 28.6, 27.1, 22.6, 22.6,
14.11, 14.09; HRMS (ESI) calcd for C;;H2N,ONa [M+Na]" 345.1924, found 345.1937.

4-Methyl-3-phenylpyrimido[1,6-a]indol-1(2H)-one (17ae)"!
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@)

N° 'NH

—
ZSpp,

Me
Colorless solid; 29.6 mg, 0.108 mmol, 54% isolated yield (Table 3-4, entry 3); 51.5 mg, 0.188
mmol, 94% isolated yield (Table 3-4, entry 5, 2.5 mol % Rhy); mp 263.0-263.7 °C; 'H NMR
(DMSO, 400 MHz) 6 10.88 (br, 1H), 8.56 (d, /= 8.0 Hz, 1H), 7.71 (d, J= 7.2 Hz, 1H), 7.53-7.48 (m,
5H), 7.37-7.28 (m, 2H), 6.69 (m, 1H), 2.52-2.50 (m, 3H); B3C NMR (DMSO, 100 MHz) ¢ 148.1,
138.5, 134.5, 133.6, 133.0, 130.7, 130.0, 129.4, 128.8, 123.9, 122.4, 120.2, 115.9, 103.1, 97.1, 13.4.

4-Butyl-3-phenylpyrimido[1,6-a]indol-1(2H)-one (17af)
@)

X

N° NH

=
/Ph

nBu
Colorless solid; 45.0 mg, 0.142 mmol, 71% isolated yield (Table 3-4, entry 4); mp 203.5—
204.9 °C; '"H NMR (CDCls, 400 MHz) ¢ 8.58 (d, J = 7.6 Hz, 1H), 8.07 (br, 1H), 7.67 (d, J= 7.2 Hz,
1H), 7.54-7.46 (m, 5SH), 7.39-7.29 (m, 2H), 6.628—6.627 (m, 1H), 2.60-2.56 (m, 2H), 1.69-1.62 (m,
2H), 1.33 (sext, J = 7.2 Hz, 2H), 0.86 (t, J = 7.2 Hz, 3H); °C NMR (CDCl;, 100 MHz) ¢ 148.1,
137.2, 134.0, 133.1, 132.6, 130.6, 129.3, 128.9, 128.8, 123.8, 122.5, 119.6, 116.1, 109.4, 98.0, 31.7,
27.3,22.7, 13.8; HRMS (ESI) calcd for C;;HoN,ONa [MJrNa]+ 339.1468, found 339.1464.

3,4-Dipropylpyrrolo[1,2-c|pyrimidin-1(2H)-one (17bc)"!
O

N

/~N” "NH

=N
nPr

nPr
Brown solid; 39.7 mg, 0.182 mmol, 91% isolated yield (Table 3-4, entry 6); mp 131.4— 132.5°C;
'H NMR (CDCls, 400 MHz) 6 9.54 (br, 1H), 7.55-7.53 (m, 1H), 6.62 (t, J = 3.2 Hz, 1H), 6.25-6.24
(m, 1H), 2.54-2.48 (m, 1H), 1.73-1.58 (m, 1H), 1.04-0.97 (m, 1H); *C NMR (CDCl;, 100 MHz) ¢
148.0, 133.7,129.8, 114.4, 113.4, 109.0, 102.0, 31.2, 29.1, 22.9, 22.2, 14.2, 13.8.

4-Methyl-3-phenylpyrrolo[1,2-c]pyrimidin-1(2H)-one (17be)
o)

N

/~N” "NH

—
/Ph

Me
Colorless solid; 43.7 mg, 0.195 mmol, 98% isolated yield (Table 3-4, entry 7); mp 173.2—
175.0 °C; '"H NMR (CDCls, 400 MHz) ¢ 8.13 (br, 1H), 7.59 (dd, J= 3.2, 1.6 Hz, 1H), 7.50-7.41 (m,
5H), 6.67 (t, J = 3.2 Hz, 1H), 6.38 (dd, J = 3.6, 1.2 Hz, 1H), 2.17 (s, 3H); >C NMR (CDCls, 100
MHz) ¢ 146.8, 133.9, 133.9, 129.0, 128.94, 128.91, 128.8, 114.7, 114.6, 105.3, 103.9, 13.1; HRMS
(ESI) caled for C14H2N,ONa [MJrNa]+ 247.0842, found 247.0858.
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ARgw L, _UF v TR L&A LI- &R Cp*RhIIN DAL & . C-H A B eSS ~DIi
HAIZHOWNW TR DTH B,

Frif Cld, {EAfi Cp*Rh filllit 2 FV 72 R B K FREA B REIACRIE & . DRSO |, 27 &
ONEASEIRME D) B, 3 L& RO Eo 3 FHEIC L, ZNENDOKIE &V BTV A EL
Cp*Rh B\ DN Tl 72, JT4E, (&R Cp Rh il A 5 Z & T, Cp*Rh fillliCix7e LIF720 >
e FEMZFEN TE DL IR >TVNDD, $EEROFEDOH L IO NY =—2 5 IR
HNTNDLZENPRETH o7z, 22T, BERLEADBINES X020 87 X REMi e a5
% Cp*Rh il & IV T, SRFEAIC AL & SO OIRR 24T 9 Z & THH > T EBEE~DIE S RS
TE 5 L&~

W2 TE, B Cp*RhIIAEE A - N7 aF o N X7 I RBXOT 7 VAT I Rkl
REWET L v & DAY Lossen 5472 #8725 B LAY [B3H21BRIL T DWW TR 72 (3 4-1),
NUB U RNT R REMLEA LB/ Cp*RAIITFFE FON-7 > F R XTI RENET ¥ &
DS ERET LIz E Z A, TRLUTWEMERIBILISHEIT LA VX 2V ) UiFERE2 525D T
1372 <, B 72 Lossen B&ir & %% 3 2 B LAO[3H21BRAL SN EEST L. %3 D LA v K—u
FEEDBENNETHEOND Z &2 R Lis, fkx 72 &M Cp RhIIDARE I L OSBSG4 it L7z
LA i YA%IE TR ST, REEMATEHEZRET LcL 2A, xR N-TvmF iy
A7 I NICHEHFRETH Y, BT VT 2 HOWTZGEIT S BAFRIEERS L OO E SRR M T
H 0¥ %157,

o] R" 2.5 mol % [CPA2RhCl,], ; , N
_OPiv Base (0.3 equiv) N : Oﬁ\( “Me
1 N + | | > R / R ! Ph 0
R H MeOH, RT, 16 h ; Cl,Rth (4-1)
H R2 under air R2 : Cl
: 2
4 S 6 i [CPA?RhCI,,
(1.1 equiv) up to 94%

Fo. NUXT 2 RBEEERZT TR, TZUAT S RFEERISH L THORpE21To72 8 25,
TE A7 Lossen Bz 2 8 H L 72 FR{LAN 32 BRALEOG S EETT L, KPS T2 S v v — L aF8 k3 5
bbZ L AERHLEZGE42), Cp*Rh fillfilz W B 0EKETIE, REERTT I REHREFEE L
THWTWER, AFETRHEERFERTHLET 7 VLT X RFEKEZ LT 7T ny s b L
TERHATHZ ENTE GRLFN 2GRt LRLEDE TV D, WE A Z R LI 2 A,
Bex 227 7 VLT I RFFEERICEAFTEETH Y . FemllR 65% DINRTHIM AT, FEFRT L
FUCEH L THRET 21T 7205, BT REDOIRTHELND b OO, AL ERRMEIIE) - 72,
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o) R3 2.5Omo| 26, :[)’CpAzR)hCIz]z COzMe :
1 ; NaOAc (0.3 equiv
RUANOPY | / Ry | @;}(
A H (4-2)

MeOH, RT, 16 h
R 'H R4  under air
2
8 5 A2
(1.1 equiv) up to 65% [Cp™“RhCl,],

ﬁﬁ%ﬁ A AELTE, M), 8% O Lossen AL 3 EIT L, W7 L% v & OBR2IRILEE D

119 5 BRI SOGRRIE 2 4E L Q. L L, A = X NERE L OGHREA L0950 RO RS R,
75%uﬁ#47»¢%%#5%ﬁ%&uMm%mﬁ@ﬁL\M@H@Hm%iwﬁﬁ%%%ﬁ@
”?6*&?5%@%%@4VF~w%§%%5251o®%ﬁﬁ4ﬁw$f@ﬁﬁ%%%%%#
L7723 4-3), XU F L TR REMIOBENZ SV TIE, Rh A8 Tk L TR T 5 2 810 kY
PR ZZENT D2 ET, T4 LR Z RS 2 8/ NOS 2 RIE L TV D O TR0
EHERIL TV D, F, HAEMSRET, XUZ U R T ROafiO 7 a b o5 EHEICL Y ERT
% Rh(DFEDSBE G- U 7= SOSTRIEIC DWW T O R L7z & 2 A, Rh(D)-7 b U8R 2 T PERERTBE (R & 9
DS OAAET H 2 & RWTE LTz, T OIEERERTEEKRIL, 7 2 ROafiLd A F L EALOE
BRI L CAER LB D TH Y, R Z 2 b7 2 REML &2 A S 1ERH Cp*Rh il o> K583 81
mﬁt%®awzé F7o. ZELT L2 L [Rh(C,H,),Cl, 2> H A% L 7= Rh(D)-7 /L g8k %
HOWTRIGEATS 12580 BRI R S 6N 7 2 & iX, ErsEEmIc L 0 S5aR 417
b@<f%&m%@@%ﬁmﬁ$f%$éﬁé LEIRLTERDY, A&m%%:%w@ﬁﬁﬁhé
A1%1%. Cp*Rh(IINFEZ 1T T2 < RJEFil Rh(D)7H> 5 A% 925 Rh(IIEMERE-CH A S ZE L3
FIZX Y FERRIGREE OMEANRRD s,

O Ph Me
0 OMe |
op R2 2.5 mol % [CPRhCl,], R 3 ; N.
5 A OPIY 30 mol % CsOPiv (7 eN 1 O Ph Me
R L w + Rz LR Rh; O
SNy MeOH, RT, 16 h - . Clj

under air
R2

2
formal Lossen rearrangement/ A
[3+2] annulation cascade ; [CPTRACl2], (4-3)

JOPiv ]
||

P OPiv
R rRn  —— A NNR,
L\\ .. R1—f; | [Rh]
i R3 NN R3

TETIL. B Cp RhIIDMEE A VN N7 o a o ATa— /L REs T I R ERNET L
X & DOIAHY Lossen &L &2 #RH T 5 7 v = UAb i & FRALBI 321 BRAL B IZ DU Tak < 72 (30
4-5), ~T =)L HNVRT I RENEET AF AR LC, EAfi Cp Rh(INEEA % il & U -CEH &+
72& 2 A, PRLTWEEAR Lossen 50770 5 DO [3+2]BALBUG A EI T 2 D TlEa <, 7 bk
ST LI T IV s ~T u BERICEHN, TAEMME L TEOND Z 2 RH L, Bx s
fifi Cp*Rh(IIfRfER L OS2 RRT Lz & 2 A5E 3% IR THO T V7 =)b~T a BEEE
CEMarn Z LTI LT, REEMESHEEZRE LizE ZA, BRx~T m— LV RF T
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RIS ATRE T, JERFRT /L% A% L Tb RAFRLEERIE TR 2157, £z, /RO B
ETIIRZERNT a— LT I 2 HRFEEHE LTHWOREN S T2, BERFE THDL~T
BV ANRF LT I REELNT 47 7uy 7 LTERATE 2 FRIETH Y S TFR A M

HHELTWD,
EN éllﬁiﬁ’r%we‘/@;EE’%TLJ%EI@%HE%‘ DTN T, SRR SEOVNET L&
RV EAITIE. BRI Lossen 5770 5D 7 1 kAL TR < [B+2JBL S AT LT-[5,5]

W%ATD—w%QZtoEE\@%C&Mﬂm%ﬁ%ﬁﬂbﬁ&u&%m&%W#T\ﬁﬂ%f
ANTR—VEGRDL LIS LT, ZDDE LT VT =T v AR OSSR A~T
2 — VIR S AR RIS C BT R 3E7e & OIEE I L T 5, 072 Lossen Hafr 2 & T e
KA A — RENE, RS R B W T I E B A BE X 5700, AT u s
IEEMDERPFHETH 5,

formal Lossen rearrangement/ COQR

alkenylation :
(R?, R® = compact substituents) m
o Ar
Z R2 E
.OPiv
@ | : amide-pendant .
—1 bulky and electron-deficient upto93% i [Ar=35 (CFB)ZCGHS]

H CpRh(lll) catalysts : (4-4)
* CO,R
s 2 N2 CO,Me Me
T — Gl )= o= e
formal Lossen rearrangement/ ! Ph o
[3+2] annulation R3 ! c-Rh
(R?, R® = bulky substituents) ! Cl
up to 62% 2

H—=o [MEM Cp R Z V2 N-7 3 aF i _RUX7 I FEBLOT 7 VAT I R ENE
T IVFx L O Lossen #5071 % £ HT~ HB LI [321BR LG & Hes, Bh7p o oAb IR 2 7R
T ENbhoT, ZHUE, N-7oaX o _XU XTI b7 a— )LV ARXFT 7T I RIZT52
LT, B A XN 6 BEEND 5 BEA~E/NEL DD, RUBVRERWD &I THAA
WIEIND Z ENRBZOLND, TA Tz EHWZEEIZE, RUBVREHAWD & EITHTHS
FENIRND Z & T, MRARE D LOMEREBENELS 725720, v M ALREIT LT v r =1
BhE G272 TS, £72. EEOWHNET LR &2 Ay & &ic, BxhiiiEs e+ 58
HE LT, WERT LS OB EWEBREN 4 (Llcdh D 2 & T, BRI R BB & BT i ik
BRELIZLEEZTCND, £, ABTHON TS LI REFEER~T R Z AV
Lossen HA(L23ETT T DL FRIED LR L E< o TRY, BTEERNV AT I RV L X
ERAEOMEHR Z /R LTV 5, ZHuE, Lossen ML HRINCHET T HEIC, FEHERENLDOEFOD
MLHLOFEERRELS R STLTZDHIELEZOND, ZNHD T Enb, EEONARR R BT
2T, BAFEERA~ATO—LERICH LT, XU & b7 2 RELZA LT-ER Cp*Rh(II) & A&
D ETFERMELIE L FikimTh b EVWR D,

BT, AV R BRI R — AR XTT I NETF L OFRRLI[42] R GIT
B B EA Cp R D BEHAEL ) BT SN TR 72 (K 4-5), BETORET. Cp*Rh $51AK D SLIKK)
BIXOEFHREARAG L-EBHEY, NEBLOERET AT A F—1 Bl e—/1-1-7

151



LARF T I FOM2BLISIC B THBIEME T L ORI IC KX R B2 525 2 L b
Mot=. Cp*Rh SEKICHAT, A5 RSHEE O f EIER SR o 1228, KT L% F DK
JRIZBWT, MLERIRVED [ ER R ST, 7B, B AR Cp'Rh $EKE2 HW =8HA i, ARG
RIZBWTIIAER ClX o7,

O Cp*Rh' catalyst o
J_ _opiy "norearrangement" L
7/ N N "C-H clevage is not rate-limiting" /~N” NH
—

H
H Cp’ and Cp*? (R? # H) =N R
15 Cp”8 (R?=H) R2
Rh'" catalysts (this work)
+ "no significant rate 17
Rl_— R2 enhancement but izmproved
5 regioselectivity (R = H) (4-3)
R3 Me
O
R3 o [Cp”3RhCl,],: R® = Ph, R* = NHPh Me Me
o R [CPA2RhCl,]5: R3 = Ph, R* = NMe, c-Rh
Cl / [CP”®RhCI,],: R® = Me, R* = NMe, Cl L
[CP”RhCl,]; [CPERNCI,],

Z DRISIZEBWT, BEAREEGRmAIFENAZ F(DKIE)DHIEIZ LV KIE=1.44 L/NS /B2 R L
TW5AZ b, C-H YW BEPE LIS Ot T ISR B B RS FE D Lk T 5, EBFRE[Cp"RhCL,],
SERE WS A IR BN AR a7 B ER v X A 7 VR RIMRICE 75 E 7 2 E 15 038R < B L.
15 OfFBERIENZ® 17 OIENME T L7 EBZ X TWD, —F, BTEERATFIVENERLT
[CP™RICL, &R E WD & XU X2 hT 2 RO BWENIEEZ AT 25 7 2 REEEIF 17 Rh 4
JE AR LEIAL T D 2 & T 15 OFfEEENSINEE S A, 17 OUCEREM LB 2 b, C-HFEGY)
W LASS O (& P AR BB N AEAE 5 K 9 72 USRSk LTI, Rh BB % T 15 72[Cp*RhCLy],
F0 b, BEORMEE 2y ba— LT 5857 CplREODEFIRMB LU X N7 I FE
DEHAIEO ) 723N )8 T & H[Cp "RhCL], D BAEN T, Z OFERIL, EAfi Cp*Rh #5174 %
7z C-H # B BREECEUG 21T 9 1T, WU AR OB L DHERME THDH L EX TN D,

PLE X 0%EE 1T, FTBIFAEE TS S22+ 1 INBR b RUS & eI TE R IC L » BRAIc &
FRATREZR, XU &2 BT R REMLAE AT A ER Cp*Rh(IINE AWV5 Z & T, C-H fA BRERLS
DALF RNV L O E SRR DM EE2ER Lic, ZOMFHIE D, N2 b7 I REALO & #i
EBLOCp R LoOBEBRIEIC L 2ETHRELZ G52 & T,

O 72 Lossen BE( S s DAL

QB OFUL M OHIENC X 2 RS O
INATREL 72D Z L Wbhotz, F£72. HIEFFAE FTIX Cp*Rh(II) 5K 5 Rh(I)-7 L~ gl Ap 4
L, Tk S 7z Rh()-7 A EERD R Lossen #5074 % H 9~ 5 BR L AY[3+2] B L B
k95 2 a2 R LT,

% . Cp"Rh $EIRDREEEIC LV | & 672 28HWEO M LB USFEA~D RIS D,
EHIZ, Cp*ROSEERD Y B —EiEB L O Z > b7 X REMLICARFIRAEAT L2 LT, ¥7
/L Cp*Rh il Bt DAL & AR5 C-H f5 & B RIS~ DG b IFF s 2,

41
b
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WE N F U NTS FELEAT S T UER Cp Ru(IIDAEEE D ARk & RFF R HE—K E G
A BRI ~DIGH

4

p=1{13
E:D

X 7V Cp $EIRIL Cp 5K D C-H B RERALSUST /T2 m WO RBEME 2N 2 T, ARFEF UG~ O filiit
TEMED M T 2 R R o8k & L CIEH 28D T D, REMBLLIG AT 912872 > T, Cp BfL -~
DX T VT 4 —OEANEE L TUIEIZ 3DICKAITE, OCp BT E 13BN ¥ 7 VBN 1% FF-H
H5 47, @Cp Bfit LoF I ARBHENTLEBICEAMNT 52T F—Ro % A7 @Cp Bihr+
LTV =L WAFROREFTT DX A 703 5H(Figure S1), 216 DK ITNT N @O T
FARPENFEIL T D HMEFIN 2 I TOD R, ¥ T VRO R 712 K THILA R OBULIE D
XN RD, Tbb, OiX1o, @iF22, OUE3ODEEENIENSH H, L LN LA
KD Cp $EREZ W o C-H f & B RERALIIG D & 9 2RO T D48 b DB FE % i RECEE
KRTDHONLL, BAJEZHDTLED L9720, QDO A 7 TIEHADEINZHIERNH 5, %
NPz, C-HFEAERELKISZRFRIL~E BT 2125725 TIOD X 5 ZEE D% < 220
TWOEEERNEE LN EEZLNDIN, WERIZED L D 72T L Cp $ERD G, & L CRAfEE
BOS~OIERAFNT D72 BOTF ¥ LU TRIETHH L2 D,

? * «M ) M
*CLI \EI L\é \El D\\E \EI
@ @ ®

Figure S1. Structure of chiral CpRh(III) complexes.

X 7V Cp $RZ AWz @ = o F A BRI RS D RANAT O E LT, 1990 41T Erker
51&(+)-camphor 2N HFEE LY 7 0o ¥ P = UKD AR ARG LTV D, ARk Lk %
WT, EAAEVBRT ATV EE RaXo T L—r DA AfRZflit b 425 7 /0 R— A0 KRG
BOTEWZ T o FARRMETHRIMZ G A5G 2 LTS, ZORISICEBW T CpZrCl 135 7 v
AR A AR LTHEEL T b EB 2 onTnaEishH

OH o 5 mol % chiral CpZrCls OH OH
or 25 mol % H,0 ..COR !
+ p 1
OO 'V'e)kf( CH,Cl,, -60 °C to -10 °C OO Me (S1)
o) 24 h !
! ZrCly
5 equiv up to 84% ee chiral CpZrCl3

2004 421 Gutnov, Heller 512 &> T, (-)-menthol 7" H#5E L7= Co(l)/F T /N7 a X Z Ty
BEIRDS, TV —ViEL 1,7-2 A b= MU L E DT o F A BERB 2022 NBR AL A Al U
HIARET V=AY DUV S U F AR T 25 2 L EHE LT 5 S2)P,
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NR O
R 1 mol % " L ;cjﬁi
[ ‘ chiral [CpCo(cod)] X :
Il ; Co
OMe N THF, hv, -20 to 20 °C OMe | y; (s2)
OO R =Ph, Me, Bu OO - an
74-88% vyield + chiral [CpCo(cod)]
82-93% ee '

L LZNBDF T EERITF T 2B FEEIARE SN TE Y, BHEOEANMTZ W),
PEAAE G D BEIL T A 2N E WD FRENR B - T2,

I OFEIZKR LT, B RISk U TEBESE A 21T, 5 AR E L COMEB LU L L
T OTEMEFE &2 RANCAT 5 720, EfiTTREZ2 % T /1 CpRh I DAIRLNM TN T& -, BEET
[ZBA%E STV D IEAfATHEZR 2 T /L CpRh #8518 % LLFIZ~ 9 (Figure S2)P), i ST b & 7 08
EIIRELSIDIHETHZENTE D, ZiUdT bbb, OC2 % Fr¥F 7 /L CpRh $5K, @ A7
RHFBLT 5 C1 ¥ 7/ CpRh #EK, @7 FF /172 CpRuER L DX F N H I 2 —T =F L F 1=
IIF TN INVR B EMAEDOED TR TE 5, LT, ENZENOHEE 2OV Tk %,
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Me Me Q R
Ph Oow@ HNM Me -
T Me g& R Rn

H
Ph Me Rh o NH Me
Cramer (2012) Cp*PiotinRp Cp*Rh (R = Me, TIPS,
Rovis (2012) TBDPS, MOM)
O OR Ph Cramer (2013)
® Rh O™
[ o XV
SCpRh Cramer (2018)
You (2016)

R2 :
,Me O3S
TN,
Rh R1 R .
Antonchick, Matsunaga, Yoshino (2018)
Waldmann (2017)
| M ,?\r
2 | e Ar<
t-Bu : MeiQFMe O/’P
.B ,
t-Bu Me Rh Me RO,C
t-Bu '
Rh '
: Ar

Perekalin (2018) Matsunaga, Yoshino (2018)

Figure S2. structure of chiral CpRh(III) complexes.

2012 H BRI 7 & & LT, Rovis 38 & OF Cramer 5 1%, &% 7 /L CpRh $4K D A 1liks L ORF C-H
BHRECSUS~DICHTE 5 Z L2 #HE L TW5, £7 Rovis 513, biotin 4 % H 9 %5 % 7 /L CpRh
SERN G HE LTz, Z O8EKIX biotin B L ¥ LI EH L OMAEDEIZLD K%ﬁ%fz’i’fﬁ”@
TRAESELILDTHY, ZhaHWct Frxd ARRFER L 7 L7 & OAR2]BRLRIGIT
4/%/u/%%¢#$&£ﬁ6%wW¢\%Lfﬁ&#%ﬁﬂﬁi%/%jgﬁﬁf%%M5_
EEWE LD (SN,

o 1 mol % [RhCp**°i"Cl ], H
opiy 0:66 mol % engineered )
N~ streptavidin
- NH
©)J\H MOPS Buffer/MeOH ; @/V \ﬂ/\/\ H HN/& (S3)
23°C,72h
+ Gl
2~ 30-95% yield ; ;2( [RhCp*PetinC,],
R 12-86% ee
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Z OEERIIBEA O Cp*Rh $5RICKk LIEESiZ 35 Z & TRKAIRETH V. EloflAhabEd & N

VEOHEBEEEZ D TR T a—= BN aREE D, LIPLBBLX RV EEZRWS T
W, SRR X ONEE 7 SITHIRER H 0 . ROSEEE A HIIR S H3ED & > 72,

—7J5. Cramer 513 Cp B 11T side wall, back wall Zi%X[ET 5 Z LI2 LV, FE & DONKREFICLD
REBEEAMETEX DL EZ, BT E1T -0, 20 X 5 7% Cp BihL 7 & R o8Bk TlIx
HOENRBIZHNL, AT LI ETAZ TV A IV EER L, £ ORI side wall & OISR
EMET DL O Ay Tx A—va el T 5, TIITH L o OEEPEAT D & EITIT back
wall |2 X > THAD Z B G OAICHIRE S D Z & T@RIMED 5 B3 5 (Figure S3), Z D& %
WCHASERETZATV, SOIFENE TS Cp B &2 GRS FIZTHZ L TRAFICED YT
AT VA2 —NEL D &) REE G L7288l 7 /L CpRh 85 DOA R A i L7 S4),

disfavored favored
i M=metal '
' S, =large substrate segment
1 Sg=small substrate segment
‘Rereactant
SL
|de wall asymmetric
reaction
sterlc back wall
crash ﬁ
SL
&&= R R
Ss

selective coordination

Figure S3 Conceptual design of the chiral Cp ligands

KEXH D D-Mannitol 7> 5 C2 % #5723 7 /L CpRh BN+ Z LA FOA L — F TAER LTV D, 88
FERRDBRIZIL, TIOEt Z W5 Z & T, HIIDOF Z /L CpRh $5KZ AR L T4 (K S4),
CpNa (1.05 equiv)

15-crown-5 (1.1 equiv) E E
><O/ NaH (2.2 equiv) ><O"' 2.5 mol % pTsOH HO..
O THF, 100 °C, 7 h (@) MeOH, 23 °C, 1 h HO

54% yield 82% yield
°Y oY (S4)
(Ph),C(OMe), (5 equiv) H TIOEt (1.2 equiv) Me
10 mol % PPTS Ph \<o/,, [Rh(C,H4),Cll, (0.6 equiv) Ph OO@;@
D I
MeCN, 45 °C, 16 h Ph O benzene, 23 °C, 6 h pn Me Rh
LA
33% vyield 96% yield

Fo, AR LR ZHWTN-T xR X7 2 RET IV v EDARIBALRISICE Y A Y
XU UHEREPRERENS BARIER, PREND B o FARRMECE LN E
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WE LTS5,

o 2 mol %

\-OBoc  Chiral CpRN(CoH, ), Q § o
R’ 2 mol % (BzO), NH | w'@
H R! \f
EtOH, 23 °C, 16 h R : (S5)
+ R3 ! % %
7 R _ ! Chiral CpRh(C,Hy),
R3 59-91% yield :
70-94% ee

D%, ZORFHEHHIE S EEEE LT 2013 FIZ Cramer HIC K> TEFT 7 FVEREAT S
Bz 72 Ek& &9 5% 7 )L CpRh RO GRS STV AR S6) ), (R)-BINOL 725 7 BXfETA
% L 7= 3,3-Dimethoxy-2,2'-dimethyl-1,1'-binaphthalene!™ (25t L T, T ¥ W VAR FE(L L “ BT LF AL
BITHOZ LTy ru_ 2V U E A ulbEME 52T, D%, BMAFIZEY 7=

~/V$Fﬁﬁf$%AEE L7ce ZOHBURIZK L THAEMZIT O 2 & T, side wall DEA[DFRETH

EHRILE AN Z1T > 2%, MBVC X D> 7 v v & Vo U ERTER R~ & #5755 2170 . TIOEt
%mmRY:ﬁyﬁﬁkﬁ<V&mm%%?@ﬁwaavmvamk@%%ﬁ%ﬁé:kfmmm
CpRh(DEER A B LT, ZH D O ARIL, MIE 15 & LT EF 7 F /L% back wall & L THU,
At U7z R D OE#FBE A 21T 5 Z & Tside wall DM AKEEDRKRE I 2T a—=0 7T 52
EWTE, Hx RROSICRFAPTRE TH 5, FER, T 685K % FV T Cramer 5 13#% < DR C-H
e B ES 2 #HE LT\ D,

OMe OMe OMe OMe
O 10 mol % AIBN OO CpNa (1.2 equiv) OO CO
Me NBS (2 equiv) " NaH (1.4 equiv) .
‘ Me benzene reflux CO THF 23°C OO G l D
OMe OMe OMe g OMe

76% yield 25% vyield 51% yield
OMe OTIPS
OO CO TIPSCI (2.2 equiv)
.G BuSLi (10 equiv) .c 1H- |m|dazole (4 equiv) S6
—>
HMPA, 120 °C DMF, 80 °C, 5 h ( )
90 min
OMe OTIPS
65% yleld 80% yield
OTIPS OTIPS

CO 1) TIOEt (1.2 equiv)
D benzene, 80 °C, 2 h
_—
dodecane 2) [Rh(C2H4)zCI]2 (O 6 equiv)
220 °C, 20 h OO benzene, 23 °C, 4 h

OTIPS OTIPS
99% yield 81% yield

810,

[FRm X T, N-73mF o _U X7 I RET LV UFEEIREWET UEBOS 2 8E L TH Y,
(X S5)T/RL7=% 7L CpRh SR TlE, 22% ee TH-7=DIZx LT, (3N S6)I27~7 Chiral CpRh &
K& WD & ed 93% ee DT T U F AR CRUGHEITT 5 2 &2 LTS,
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N/OMe 5 mol % i
R H Chiral CpRh(C,H,) N’ONIe
5 mol % (BzO), R H

. : (S7)
. CH,Cl,, —20°C, 16 h Ny-R?
)\ R3 R2 '
3 ° 2 ! .
R« R up to 91%, 98% ee | Chiral CpRh(C,Hy)

ZOWEEREY L LT, B Redt ABFHEAREORNK C-HBRAMERISE LT, BT L7
YEDHTARMIGICE D E FrT U — kGl S8 OT7 YV XTIV E OARFAHBRALISIC L D
AU RY 7 URFEREE(A SO A FINICT =T T e R A #E L 72 B EAUE (X S10)1~
DRI L T\ 5,

O o) '
5 mol % Chiral CpRh(C,H,) ;
NOMe 5 mol % (BzO), .OMe
1 1 N
R H R H !
PivOH, CH,Cl,, 23 °C, 12 h 2 5 (S8)
o} R? o)
0, 0, :
up to 91%, 93% ee Chiral CpRh(C,Hy)
0 s
_OPiv 2.5 mol % 0
R ” Chiral CpRh(C,H,) ;
5 mol % (BZO)2 1 H
. - R NH o (S9)
MeCN, 23 °C, 12 h o rOCH(IPr)z |
N2 R2 | H
RleH/OCH(iPr)Z o ; .
5 up to 94%, 93% ee  :  Chiral CpRh(CyH,)
O 25mal% 0
n-OPr  Chiral CpRh(C,H,) _OPr
R! H 5 mol % (BzO), 1 N
R & S10
H DCE, 23 °C, 14 h OH (S10)
H Upto98%yield i  Chiral CpRh(CoH,)

up to 85% ee

E 5212016 FEiCiE, b Ro 9 ABFEAZT TR, BIRALKUT I RENET LEF L
Do FBISIC O AR Z A L, A ofE248 LIZBEIRANVAE T 2 RERRED S BRI
RBLORG R T o FARRETELNDS Z L 2HE LT D EESID!M,
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2.0 mol %

Chiral CpRh(C,Hy)
5.0 mol % A

10 mol % AgNTf,

2-Cl-p-xylene, 80 °C
14 h

Bn.__CO,H

; ; up to 99%, 94% ee | Chiral CpRh(C,Hy)

Flo, FCY VRFEALEREEICH L THEHATEETH D . WNET V¥ & OIERIFR4+2]8R
BB EIT) ZE THRTNNRAT 4 T 2 RERERSE L THHES1)M, &5, U VR TICH
LTI PR ER L 28N L7 BV ISR LT BRI ENC K DR A7 4 T I RERG
SIHMNEEH LTS, £/, U URFOREIIC/R D> T, AARFI AT I M gz
W ENC LD ANVKRF AT I RARIPRTEL Z AL TV,

CF3

F.C 5 mol %
3 Chiral CpRh(C,Hy) CF
5 mol % (PhC02)2 3
Ag,CO3 (2 equiv)

H H 5
O, NH K,CO3 (1 equiv) o, .Ph ;
P Piy cF. | (S12)
R R' BuOH,90°C,16h  R! 3 SN
Y ' = =
+

RS !
R2 : Chiral CpRh(C,Hy)
R?-———R?® up to 86%, 92% ee
CF 5 mol % CF
F.C 3 Chiral CpRh(C,Hy) E.C ° CFy
3 Rt 5mol % (PhCO,), 8
Ag,CO5 (2 equiv) o, R’
o  NH + || KeCOsleauw) 0. NH o PN CF,
Ps o N
RL@/ R2 R3 tBuOH, 90 °C, 16 h RL@\ “VR2 + = R3
s value = 5-50 R2 (Sl3)
racemic 37-50% 36-55%
58-90 % ee 54-92 % ee

Chiral CpRh(C,Hy)

VHAETIX, AR OB R BEFEFL S M BL7R TIOEt o B U 7g & DR M AMIREE & AV 72 gl
TERIEZ S L0 ARSI, B A Ch D> 7 u o ¥ D UFERICR LT, x0T
Jb 3 — VIR & [Rh(cod)OAC, fF1E T\ MBI R TEERAITA D Z L 2 lE LT D, &k
L7z T VENL %2 IV TA £ TICHE LI ARF RIS Z R TITH 2 & CEBTEMED R 217 > T
AR
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[Rh(cod)OAc], (0.6 equiv)
R C toluene/MeOH

23-70°C, 0.25-3 h

R

(S14)

88% 83-96% 84%

F7-. Rovis OB E L TWAYZ )X 77X )4 I RFEERLTAA LD, PTAT LB X
O F o F AR S 7 v 7 a S ARG 28 LT D EUSIS)Y, 2 oG TRV TV 285K
1. KIERFPCTHE L OEHANTER L TWA, 7. KERW~OISHIZHE L T35,

5 mol %
Chiral CpRh(cod)
5 mol % (PhC02)2

Me

o

0 0

o o=
R._ _O. CsOAc :
T VY Ao - o Ewe me M RM o (sis)
TFE, 23 °C, 16 h \va : U\ [
3 :

R = aryl, alkenyl, alkyl 95% ee, >20:1dr i Chiral CpRh(cod)

EMe

F7-. Cramer b ORI O a7 MR b - T, MO 2 L—7"TH F T /L CpRh $5ED
Bk LOAHE C-H B B RRELSIE~DIGH A 4TS, Shu-Li You HITA B v EKEZH
T 5% TV Cp 5RO AR Z #E L T 5 16)", Cramer 5 BINOL 3K D 3 7 /L CpRh ${4 &
el LT, side wall 2> B E L72E#LIL)S Rh (ST DOV TN DT, KV A - 7= side wall & L CTHr
7= 72 B 2 B L=,
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O 20 mol % Pd(OAc),
’ IOAC (5 equiv) 1. SOCl,, MeOH

gng NaOAc (2 equiv) COZH 95% yield CHZOH
' 2H "DMmF, 100 °C 002 2. DIBAL-H (6 equiv) CHzOH
O 36 h 93%
70% vyield

20 mol % Cul OM o ) OMe CpNa (1.4 equiv)
40 mol % phenanthroline ‘Q ©®  pyridine (1 equiv) ‘Q ° NaH (1.4 equiv)

Cs,CO;3 (2.8 equiv) SOClI; (10 equiv)

CH,OH CH,CI 15-crown-5 (2 equiv)
MeOH, 80 °C ' O erct, ’ CHCl THF 80 °C (S16)
o reflux
CSom 5 S o B
81% yield 86% yield

Me  TI0Et (1.2 equiv)

(@]
[Rh(C5H4)2Cl]5 (0.6 equiv)
’ benzene, 80 °C to RT

40 h

dodecane,
240 °C
15 h

90% yield 74% yield

Z DR Z VT, Shu-Li You IZ Cramer 5 ® BINOL HiR DK L otk & LT, SR FET Y
—NDF LT 4 AUSIEPNE DWW THESERF I A2 1T o7 & 2 A, @REOm BN ALz 1)

R‘I
OO 5 mol % SCpRh(C,Hy),
5 mol % (BzO),

O Cu(OACc), (2 equiv)
+ /\RS >
‘O MeOH, 80 °C (817)
‘\J_,'v N :
R? R2 : SCpRh(C,H,),
19-97% vyield
58-96% ee

2OHDOARFEFHLT HFEE LT, Cl AMOSEERD A LR C-H BRI #]E S
nTnb

2016 A#-1Z1% Antonchick, Waldmann 52 & - T Cl ®#:F% 7 /L Cp $EAO G HE ST 5 (0
S18)*", Waldmann & [ZflBEATER A Z SRR T 2HMEE LT, ZAREAL I ) ATV EDTF
F AR 22 [6 31 INBRAL SUSIZ TS BTz exo B L Wendo BRI T T v 7 a X VT8
KK LT TIOEt & Rh[(CyHy),Cll, & D7 =3 U AZHEIZ K 85T K Y %Hit9 % % Z /L CpRh
BEEAD BRI L TS, ZOE EXH/BONIHAFICLIEEDO T AT LVA~—IREWME., T
NI UFEHKT, WETAI TR T T LA u~v N T T 40— W ToEIT A2 & THEEL T
Do
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1 mol % (R)-Difluorophos

Br
1 mol % Cu(CH3CN)4BF,4
H /N NEt; (1 equiv) s

THF, -40 °C /@\ N “/CO,Me
) . -

exo-selective

F 74% vyield

(S18)

TIOEt (0.6 equiv) 4-BrCgH,
Rh(C5H,4)-Cl], (0.6 i
[Rh(C2H4)2Cl], (0.6 equiv) CO,Me

Rh | N
_£ JAFCeH,
79% yield(dr=60:40)

benzene, RT, 2 h

F 7o BB EERE VT Cramer H2VHRE LTV D 3 FEFED KIGIZ DWW TAE C-H B REHRALK
JESOTEMRHZ LT D, N-7 v o _y X7 I RFERE AF L U FFERB KO Lokl
s & DRSO TRBHEIEOFAG 21T > T 5 (G S19, S20), MIFE DG & b ITAKIRSF 23 6 2
TIEH DD, ST DERME BFRINERB LR T o FARRETE, IR XTI NE
WKL DT MM EDT v 7V U TR B ERK L TV B EES2)P

: Me
5 mol % Cp’Rh(C,H,), o ; 2-nhprCOMe
OPiv 5 mol % (BzO), :
N" + Zph - NH =l
H -10 °C, CH,Cl,, 18 h ' | R |\'/|¢'a\l‘ (S19)
//Ph : // Me

A

93%, 90%ee | p’Rh(C,H,),

_OMe
N 5 mol % Cp Rh(C,Hy)s 4-BrCeH,
5 mol % (BzO), COzMe
CH,CI,/TFA (4:1) / (520)
20°C, 18 h /2 naph
Cp’Rh(C5Hy)o

MeO \Iv\j 85%, 90%ee

.

h
\

<,

).

Me O
_.OM
H e
5 mol % Cp’Rh(C3H,), 4-BrCgH,
Me 5 mol % (BzO), N COzMe S0
* dioxane, rt, 48 h FC H
N> 64
O |
COMe i Cp'R(CzHa),

8

74%, 91%ee
CO,Me o Z

F 72, 2018 HEZ1X Cramer b 23RE L7ZBEIO A C-H BReHISTE T T, XUXT IR
FHERD N-O AU 2 o 720 FINBEERIC L 28 AR5 7 U — ARk S22, a7V U
FUoEITVa HEROT VAN Ok ARB LAY 0 T Y UEEAOARKRGEE S23)P it
HEHTEAZ La@RELTWD,

162



¥o) o) ,
! N 10 mol % Cp’Rh(C,H OH !
R H 0 mol % Cp“Rh(CzHy), NH ; 4-FCgH,4
5.0 mol % (PhCO,), R’ ;
CsOAc (1 equiv) ! N CO,Me
I CICH,CH,OH/DCE = 1:1 }L-BrCGHTe (522)
: D
0°C, 48-96 h O‘ ==
QO I Cp’Rh(CyHy),
R2 '
R2
up to 95%, 93% ee
4-BrC6H4
.
HH HQ At R' 50mi%CpPRACH):, gz RQ A | oo
_ N’ . | | Cu(OAc), (2 equiv) =, N’ Lo N~y 2
_N . g AR : S23
AP N , MeOH, 0 °C, 72 h = N E _£ X 2-naph (523)
Ar? R Ard Ar?
Cp’RN(C2Ha);

up to 95%, 97% ee

2018 AFITIX, Perekalin H1EF T L7 w Uy AERZAIRT 51CH20 . T2 IIREWIHHTIRO
7ML EASE O EAE Ry A BT L7, BAARIIZIE, Ag M & HIRD[Rh(cod)Cl],
LRI T VF L ORR2HNMBALNIZ LV . BFF T AR UEHED A E NaBH,CN 12 K
LB avR LICK A baiEd 2 & T, Rk E (T8 IREW) 2G5, 20%, 7E
BEWIZXILT, -7l v EEAEEL LT, UTATUVAY—REME L THIH%K, von
2 AR ATV VHL 2 IV CE U REHRIC RS 2 & T L(R)-[CpRhL], & £ T 5 (0 S24)PY,

H
Bu— Bu [ yraBH3CN Bu.y_H
ﬂ/ \/> AgPFg tBu MeOH / tBuOK é/tBu
Rh ° tBu + PFg fBu Rh
0°C Rh 6
64% 74%
H (S24)

H tBu H fBu

tBu H - L
(S)-proline tBu 1. crystallization
I2 é,tBu K2CO3 {Bu of diastereomers Bu

. R - tBu
Bu Rh I/Iih N 2. HI |-Rh
-7 0 l’
I 2

2
o
R)-[CpRAI
86% 91% (R) LopRblzl2

Z D(R)-[CpRhL], Z AWT, b R 4 ARRFHEIR L/ LRV R BRI L TR Sz & 2
A RIET DA VXV UEERE BRI =) T A BRI TR TV B (3 S25)Y,
ek, KT AR L THA VX U URER L mOIEE(89-97%) 3 KL UM EERIME (>15:1)
TEHTWDH, FREREDOTF T A BIRNEA5-47% ee)lTHE F > TV 5,
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o one-pot process o tBu

! tBu
1. Boc,0O, NaOH :
o QR O e
H 1 mol % (R)-[CpRhl,], § I—fsz (529

2.5 mol % AgCO3 ' 2
25 mol % CsOAc
under air, MeOH, 20°C

81%, 93% ee | (R)-[CPRhI,],

3OHOFEELTC . FIND U E—T =F L EREFTNVAINRVBEHAN AT EZFHET S
FERRE STV, 2018 FEITK, HEFSIZL > T, AF A PED Cp*Rh il LT, Ak
S Z X T URtT =4 LTS T F Y AR T — MBINSate) ZEA LT A T U R
OflE 2 BA%E L7-(3 S26), Z DA 7V v REIOfil 2 HWC, 2-7 ==Y Y UFHEkOT )
Y ADOIEMNIIBOSIZ I T, BAF2RUEE & i@ 90% ee & ALz =) F A B TR C-H A
BRERSEAEIT T2 2 L 2B L TV A 2P, 72, 2-7 2= A Y DTz T6-7 U —
T FHERIC G ATEE T, MBI EHR L OGRR L A v e ¥ A Lk — b (SPISate) % & %
TNRT =4 E LTHWS Z LT, i&E 82% ee THEITT 5D Z & WA L TV AN S28), FEfl7:
BOGHERE XA 5 20T o> TS, I F A U MR & T 07 =4 V3l A4 st 2 kT
LAREME S . e 2 O AICKE S IR 7 e R AR R T LT = F CHROF T T e
AR K> THEITL TV ARKEZEEL T D, ZOHEIE, Cp BREICARFRZA LT il
BETIIUH T, AF CHERBULEIGZER LI-FITH D,

X E l R
SO3H 1 ) Ag2CO3

——» [Cp*RhLn](BINSate)
SOzH  2) [Cp*RNhCI], (S26)
CH,CN
X=H,R=H, 80%
X R X =Br,R=H, 68%
X =H, R =Ph, 70%
BINSA

Br
R ~ 5 mol % R AN H OO
N Cp*RhLn](BINSate : ©
Z [Cp ( ) _N | SO,

- i i 3
L+ Ra\/\n/R“ 20 mol % 2-metylquinoline R°> O : o ($27)
) MS 3A, DCE, 35°C R* 5
R (@) R2 i
Br
up to 95%, 90% ee (BINSate)
R’ R!
NN NN
<\ | WN 5 mol % <\ | j
N~ \Z , Mes oA Et [Co'RhLBINSate) N7 Me
H O  MS3A DCE, 35°C (828)
R2 R?

(R)-SPISate

up to 85%, 82% ee

Flo, RARAT 4 AR REML AR Z ATEX TV VR R E Cp*Rh fillli 2 # A GO 5%
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BNTHHZ RN, PTV—=AT I D2O0OEFRD I LR ITOEFERD C-H fEd 28R
FNCEREHALT D Z LITkEh L, TNV AR U REIEH Lz, FERIFMEZ 0 9 iR C-H 7
NFIACRIGHEITT D 2 L b 8E L TWAE 29, BHC X TV NR BT AT T —% AT
V==V 7 LR, DARVBELOBENREE THY , FAT 4 o 4F v FEOBEFRIZE
KEMEREEELAEA L, ©F 7 FEKD 3 MUIXE GBI A G T 5 B ERARET S 2
& T wm 96%ee DT T A EIRME TRICHHEITT 5 Z & 2E LT 5, lEOREF] & Bl
AL DT T AR, T AUV O CMD BRI XD C-H fE & O UM THRE L
TW5EZEZXTND,

R?
NH H 1.0-2.5 mol % [Cp*RhCly];

H
2.4-6.0 mol % Agch3
R! O R3 O R! 4.8-12 mol %
chiral carboxylic acid
+

MeOH, 60 °C, 18 h

N
MeO,C~ "CO,Me
(S29)

Licl
- =
H,0,DMSO R’
130 °C, 3 h

up to 87% yield
up to 97% ee tBu

Ar' =3,4,5-F;-CgH,
chiral carboxylic acid

Fo 8T AXAX )Y e UAXY Y r L DORISIZE W T, Csp))-H S OUIRT 2/l LR
BT 2 LS 2 WS LT 5K S30) 2, EKFELEBROR R, 12 Lo C-H FEE DU s A Al f
ThO, = F o FABREILZ OEBETIREL TV RTINS,

4.0 mol % [Cp*RhCl,],
8.0 mol %
H chiral carboxylic acid
R’ = R2 16 mol % AgSbFg R!_\NHCOR? :

—=H 4.0 mol % AgCO4
N + 7 -0 N
X N, PhCI, 4 °C, 24-48 h 3 A
R3 e} R
Pz o Pz

PLE. T 085 KRERIEZ 3 DIZHEL T, ZNENOFRBIZ OV TRz, 1 -2H® Cramer 5
W LT C2 xf#ior F-osikIE, Cp B RICARFIRAZRIET 5 Z & T, Rh D 3 DORNZJEZE T T
LN TELHERTHLD, 4% I DD AHE C-H BREELLIS~EATE 5 2 & 23R
SND, £lo. CCHMDFITT DI & T, HAFDHEBLZPINTWD AT HIRIR G FRRETD D
MNZ D, ZTDO—FT, $ERROBIZIE, FEOEW TIOEt Z HWALERH -T2, Z OFEIZR L

tBu
chiral carboxylic acid
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TITITFERE L TV DB L v g S sy, WE ZRERTERAD > 7 n 2o & Vo Hifl]
RETOTEBITELS, BRLEANIES TERWVRITWESREE LTERE-> TN 5,

2 DHO® Cl MHEEROLEAITIZ, 1 DHO C2 MFSERIZHERT, HTRETARNAETHY
Cramer & 23HA L CWABEHIOARFSINTENT T < FBOARE C-H BREEKSICEHAFTHETH 5
TEBMEINTND, LILRR B, CL xR Th D72 Cp BUfrIZBNL T 5 BeFEIZ 3\ T
HARFNELDZETOT AT LAY —DNERL, TENOOHEINLETHDL LW MENRET D,
F 72, Antonchick,Waldmann & 235 U 728513 4 22 ATICEHILE AN TEZ 508, Wy Cp R b
TR U U I —EALDIERITd D Z &2, Perekalin D HRE SN IWEICE > T\ 5,

3OHDT X TN Cp#REDX TN T U F—T =4 I EF T NANR B E RS DY
HFETIE, ZEBE R TRAVEELET, C-HESUMICZERRZL Cp*Rh $5{K & ST FUGIC
B2 TNV AR R — FEIEF T NVINVR R E BHAEDED 2 & Cffff#IcHld 2 Z &
NTED, £/, HITTIE Cp*Co & FTNHNINVR U REMAEDED Z LT, A7 C-HEABRESRE
EROGE R LTV D2, 20— T, Cp B EOEMITHEMARBERLEOLIIROENTEY | AL
BLOETHNF a—=r 72X 5P 0&R LOBTEECSENRA 7 Y —= 0 7135 RS Eéwn
Z5,

166



— T, YRR TIL, AR L2 L 2D D F A a0 ASERMBLAE T, 1,6-014 &
vrurua vl Tyl ORI X D 2@ 7 VU D&, §l& k< ZHiike Yy
Ll DB THIBBEEC LD X F o T 2 RN EZ AT D CpRh KD G2 s L T\ a (K
S31)B%,

\_— o 10mol % 1 1 3
=R [Rn(cod),]BF/ R RhClgenH,0 R R

+ Segpohs (1 equiv) N.
- Z — R ————— O R R* (S31)
0 (CH,CI), N EtOH 80°C Rh o
R 40°C, 16 h bo f Re 16N cl C'j
| 2
| R4 A
[Cp"RNCly],

% ZTEHIX Cramer b3 L 72 side wall 38 1 O back wall D& Z W= AFFHEEZBIETZ
L& L, T7bbH, side wall & LT Cp Rh il OZEENAC AT MAEAL, XUF L FTIR
HL % hemilabile 72 back wall & L CHEBE St 5 2 F /L Cp*Rh il AR Z i L=, BARMIZIE

TROFZ AT N a— LN RBIMICAFTREGTTDHITIV 1,6-VA v runra sy T
T RT I REDRI2HIMBLRISIZE Y T LT AR DA LSS B THSERKREZIT = &
TRUF Y NT R REMLEAT 5 X 70 CpRh $5ERR AL TE 5 DTl & B 2 Mt & ila iz
(= 832), PEIRERD A Y v & LT, Cramer H23 A L TV 5 F 7 /L CpRh $5RIZ L~ TH AL
AT /77%%\ TN Z T, SRR OB EEOE W TIOEt & AWV, ke v AKFfy & o
BILASETE R MT 2 28038 5, S HIZ Cp*Rh $ERD K E 2285 L LT, EHILE AN ERA S
72728 BAIE K ONLRRZMER 2 1 DORER TITH) 2 EMA[EETH D | L Vit 7e % 7 /L CpRh
fili 2 N2 AR K C-H B B BB IS O &2 A1T 2 2 ATReME 2 D TV 5, BRI FRFHI DV T
(S R TGN

R1
= R2
o
20 mol % 2 3
- 2 1 R R
)7— R® [Rh(cod)BFy R’ R? RhClzenH,0 R N
1 rac)-Segpohs equiv (o) R4
R s ' , (1equiv) < 2 R (S32)
—— 7 = R oo R
* (CH,Cl), N EtOH,80°C R o Ry ©
o 40°C, 16 h 16 h Cl

R3 ’ Rl R2O R >
N
| R Chiral [CpARhCl,],

Flo, BOEITIIRE —KEBRBEOUINEBRBE TCORTHEELZBML, XX T 2 REMLIZRE
JRZEAN L% 70 Cp*RUIIDAEE DA B & R IKFE — K FRES B BRI E~DIEAIZ DWW TR
S L7723 $33),
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20 mol %
COLn Bl o
N (rac)-Segphos —

MeO,C ,—==—FPh
2 N . N ~ MeO,C o
_ OMe DCM/DCE, 40 °C Ph
MeO,C ——Ph OO 40 h OMIéIN
Ph
MeO2C
RhCl3 *nH,0 (1equiv) 34% (833)
MeO,C Ah Ph g
EtOH, 60 °C, 16 h C'C'|>Z< HN
2
OMe

)
Y,
75%

chiral [CpARNCI,],
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Yaxaxd

Ff EEOBEAMOSIEIC L2 ARAFF/EEL AN E Lo, XU X M7 I E AT
% % 7 )b CpRh(IDARIE D A ik & R IR F-KFBAREE B RERALS G ~D i

X INVERE TR E LTX T 1L,6-U A Y EHWT, 0 rRICAEREFf 2wy 7 uara
PUFUoT R T FEDORIGEBRES LIZ, FT/1 1,6-P A LB L TiL, HIkROF 7107 a0
LT Na—LnbHEREL, 783070 LX) AT — k& willilamson &— 7 LA EITUV,
ZO%RYT AT VA= ET D E TR LT, 0N F TV 1,6-VA » 1g & RF & Ffiz
R P UEREETAY /el T o7 F TR R 2¢ ZHAWTHF A M Rh(D)fREELF
TEF. R2H1IINERLS 2T o 7e, ZDfER, BRET5F T 70X 3ge Zm W TS
ZEMTELLOD, ZONFMEDMETT 52 LN bno7=(E S1-1),

Me/" — Ph @) 20 mol % Me’, Ph
/ Rh(cod),BF4/rac-Segphos
3 . | D (cod),BF4 gp o _
>%ph DCM/DCE, 40 °C, 16 h Nij
Me o Me Ph O
19 26 { l; 3gc (S1-1)
(0.10 mmol) (1.1 equiv) @) PPh, 81%, 50% ee
e) PPh,
6] g
segphos

ZOWEEME DR TIXVA VORIEHFICH Z > TWDDO TRV EE R T, THREN DL
LTEVA A LA F A Mor YT ABMERT 52 LT 1L,6-4 D C-O #hide Oy 7 AR
EEWVEER T ANV X N TF A URENAERKR L, LD 1,6-TA VR DHEMET T ' IR ETT S
& E 2 72 S1-2),

Me Me Me

/}—:;—Ph Rh(l)* Catalyst @ — py —=——Ph
O  &n Rh-0  p&n = 0 (S1-2)
——Ph ——=——Ph s——=——Ph
Me Me Me

ZOPGRDO T, FUSRRTRAET D T VXN F AU RBOAERERLELSE DD, T
FURMOBEHIELL LT 7 o= iz, MY 7da Moo BEALER TV 1,6-4 V&
BT 5L E LT, RO R)-(+)-3-Butyn-2-ol (25t LT, FEED v 7V v 7 2iTo7215. IR
Hh L7 a o r¥ Lo —7 0 2O Williamson ©&—7 LA EITV., DEEE 7 a~ N5 7 4 —
(PTLCO)ZHWT, AVIREDHEIEITH) Z LTI 1,6-V 4 > 1th ZE&E-, ARLIEZXT L 1,6-Y
Az ) PUEkEaT 5 707a T o7 b7 2 K 2e & OR2+H1NERL
Oz ik Tz, MEtOfER, K Ph L2 E A LG AIC T, 7T a2OrX ol F4 VO AR
B2 DT ENHEKTZR, FTL1,6-FA O DONFEMEDKR F OB S NG S1-3), ZDFT
LT NASAZK LT, S Py L OB TG #1759 2 & T, % F L[Cp RhCL], % ARk L
77

169



Me, cF o 20 mol % Rh(cod),BF,
- 3 20 mol % (rac)-Segphos

. J W
>+@CF3 DCM/DCE, 40 °C, 40 h
Me
1h

2¢
1.1 equiv (S1-3)
3hc

Me Ar 27%, 86%ee
RhClzenH,0 (1 equiv) omw\;

/ Ar

M

EtOH, 60 °C, 16 h © cgh\j o

Ar = 4-CF3CGH4

Chiral [Cp”'RhCl,],
77%

5T % 7 v Cp*Rh 5RO fBETE M % FFH -2 728, 2016 4512 Cramer HIZ X - THEINT-
AERBEATODERIKANKE ST I RORKEToTe, BIRANAVKRU T I REY T 2= AT T
L AZKE L 7 V[Cp*RhCL ], #51, WA E LT 5 mol % /LR, 10 mol %D EA(R Y 7141
AL ANKR= )AL I FREHWTZ ma X8 RIS TR 21T 2 72(3 S1-4), MRFFORER.
HEDOAE LA Z @V TEH 2, RENBBT L5 ENboTz, 708, Cramer b3 L
TUW5H 7))L Rh $&K & Lbilgd % & . BINOL Hi3E®D Cramer’s Rh2 $EA&IZIZXIXZ2WE 0D, FEND
#5372 Cramer’s Rhl SRR U F A @RI VE CTHITT 5 2 E b ho 7=,

o 1 mol % chiral [CpATRhCI], e
w0 Ph 10 mol % AgNTf,

| 5 mol % PivOH NH

PhCI, 80 °C, 16 h q
Ph
Ph O Ph
20a %a
(0.10 mmol) (1.1 equiv)

Me Ar
o/f7 !@A >/N/3
r
Me ciRh o
Cl
2

Ar = 4-CF3C6H4

chiral [CpATRhCI], Cramer's Rh1 cat Cramer's Rh2 cat
99%, 20% ee 99%, 22% ee 99%, 80% ee
(using 86% ee catalyst)

(S1-4)

Cramer 5 235 L T B HEE SO % (Scheme SIIZ AT, fllEAY AgNTE, & i L C, T4
HEu T ARENAER L%, A REDOMTY 7 B XA X LER T, WERT V% U BENLT 5,
FO%, =S U FABRREOREBME L LT, C=N &Ik L TR RERONAKPL AT 5 K
INIBALBOC DN ETT 5, RIS, 71 FALPEITT 5 2 & T, BB LOMERS AT 5 &
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HEZZ LTV 5,

S\
NH A

m.2 " Ph  Cp*Rh(lII)Cl
i
AgCl

A
PNV coRpanY \

o

@ X = NTf,, OPiv
Rh-Cp

//
\
N
N

Scheme S1. Proposed reaction mechanism.

F£72. Cramer L DET NEBEIZ, RHFOHKBIFEMEIZ OV T(Figure SAHIZART, U U I —EBLD
AFNI%E sidewall & LT, XX T X REMLZ ENLATREZ: back wall & L CHE LTz, T72b
B BRHIDOHEE N RhIZITS< & X (2iE, B L72RAEC back wall & L T&EHI AR/ L, 2 DHON
T PO EEITITREND Z & T BIREDBET B2 T0D, RODERMETIEISH S
W, XU H BT REMESEBLATHEZR back wall & L CHEHI L CWA AIREMEZ RS R A5 5 2 &

MTXT,
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side wall

hemilabile ¢ —
coordination ]

‘ Ph———=~Ph i
‘ | 10
LRh Qo \ ~ L ph Rh¢
|

Figure S3. Proposed reaction mechanism.
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B RFE—IKBREE OO CORFFRLZBE LI, N M7 X M2 FT
% % 7 )b CpRh(IDARIE D A ik & R IR FE-KFBARE O B RERALS G ~D i

HEE DS —HiTlX, Cramer b DO%FHES 22312 L, side wall & back wall % % 7 /L Cp”*Rh fiftfit
IZRRE LIRS 21T o 22y, fBERTBRIRD X T L7 VR D —ER 7' LT 2 L Nbhotz, %
DFTIT AT L TR ITTHIEETE R 21TV Cramer B 28 L TV D AF C-H BRESMBIS~
DISHZERA T, R, BT FAERRETIEIS D S ODORENRIT L ERbhoTz, =
DRERAEZIT T, FHLIIR R ST 7 n—F CORFREOMEL BE L, Mtz s 2 &
LT, #EINTWDF T/ CpRh 2l L7 & &, REDREDLRA M & LTI, HF
JFEE GJE & DA X T YA 7 VFRIKIZK LT, side wall 35 O back wall |2 & - T, WEOIT
M SHIFR S35 T2 O RFE L L’Cb\é Lk _RTW 5,

EZATAFHBEOFEL LTL, WEORN S W THIET 2 FEOMIZ, C-H fEHOUIM OHE
T CARF & ﬁ_Té{ﬁJ%‘ﬂl%me\é Yu b, NIV LAMEE X T AT I T X ) U R
{iZ.¥- chiral acetyl-protected aminoetyl quinolone(APAQ)ZfHAHHH 5 Z & T, 7 I ROBALD C-H
BEHBT HAE CH 7V — /LIS EHE LT DR S2-)PY, G0 LTix, EEOT R
R EICE R EBHREEZFHETHZ LT X/ U UELE 7B T VERAL & @ 2 JEEAL L7 PdICx L

THREDOT I RBENMNTHZETARFEZFELTWVDHEN S222), ZOFRAOKE L LTHWET
S ROAFNEEE X U VENLA EOT U — VI (3,5-BuCeH;) & DNLARRFEIZ X 0 BB IRRE N AR L
ELESND T2, FHAIC TS R ZfH T D ROSHRE AR & 720 =) o F AR IS 5
EHERIL T B,

10 mol % Pd(OAc),
10 mol % ngand
p-Tol-I (2.5 equiv) Et
CF3 Ag,CO3 (1.75 equiv)
tBu
M HFIP, 80 °C, 36 h j@: AcHN (S2-1)

78%, 90% ee Ligand

(S2-2)

TS_R
AAG = 0.0 kcal/mol

— T, UHFRETIEF Y R T REIC 2T I REEAL, B %M E X472 Cp*Rh fil
MAERWNDZ LT, RUXT=U RERNETLF L OBRIBEEIGAEIR R, 225 F CHEfT L,
R BETEPENZE L < 1 B2 Z & 25 LT 5 s2-3)P,
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2.5 mol % [CpARhCI,],
10 mol % AgSbFg

H R?
©: I 20 mol % Cu(OAc),*H,0 \ ﬁ/}(
_H + :
N acetone, RT, 16 h Ph Ph (S2-3)

Ac R3

2
(1 A equiv) 94% E [CpARhC|2]2

Fo UMIEETIE, 7= /) =V ERE LT O-7 = =)V VR A — FZ% LT NBS & & WO R
RO MU X T R REMLE AT D Cp*Rh filliE 2 /EH &85 &, HIO 7 v B{LIG A
I MGERAYIZ D Cp*Rh fill 2 - 2 0E3R1E L 0 HIRFIZ2 5 FICB W CRISAEIT L, B
RCHMAERMNGEOND Z L2 RAH L TnDER S2-4)P2, _uZ 0 W7 2 REME OB 216k
SHHZET, BT o B bEPINERI GonZ b, XX NI RED 2 BT IR
IZNBS DB VR = V& TEMALT 5 2 & T, 71:%1!:&5575:1& ShizeZEZ TS,

0 NBS (1.1 equiv) 0 Ph o cF
., 2.5mol % [CP"RhCI,], I o oﬁ::;i:z//\\( 3
0" "NR'R® 40 mol % AgSbFg o ER R*: | Ph N
r iR _Rh  H
R3 20 mol % Cu(OAc), R3 5 thN\</0 N ‘0o CF3 | (S24)
=} 1

(CH4Cl),, 28 °C, 18 h o _—Br\N
up to 82% ( J g

F Y= Tl }7w3#9T7&VV%ﬁLtUV%@TU~N%/4V@$¥TE%/
A NK LT T A e U ADEERAEEEZ V2T e T EREI 222 INER L SIS
BT U= U AEEHEE S2-5)P B L UM AR K B R & o LR VBRI 52-6)[34]75‘3/5\52?%

HT EEWELTND,
5.0 mol %
P(O)R [Rh (cod),]BF 4/
| | R)-Hg-BINAP
R1 P(O)R3
CH,Cly, RT, 1 h (52:5)

up to >99% yield
up to 98% ee

Z

CO,R3 R’
e | | 5 mol % [Rh(cod),]BF 4/ O
; . (S)-BINAP or (S)-Hg-BINAP - R2 CO,R?
4 4 (S2-6)

— e g ‘ OR* ' CHyCly, rt, 1-3 h g‘ OR

up to >99% yield
up to 97% ee

INEOWETIE, UTOLD LB TORFFENMEESNL TN D, ETVFA L Mr YT L
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DIZ 1,6-F A > D 2 DD T VxR EMLEANL L= A OAREENSBLABRILAN Z D, n &7
VAT UK B WNERT D, FLT, ZOBIZE/ A DT VR UENLE A R HEOEEZEN
BOAL L 7= AR € 288 L <. ARG D\ i Diels-Alder SUS23ET LA D H 5V T E 28
R L, BEEILHBBEZ R T T A oM oy AOPRHAETH E L BICHMOEAFLET U —L
HERDNG 5D (Scheme S2), AW T U FARRMEOFRIUZ 2-7 )V 3% F 7 F AL MIE T
HDHZENDL, FEIKC DXL D 2T A M RhWIIIZKTT DT vF &7 vax il o2 ERNL
WETHD EHEEINLTWD,

o
Me R
™ e

Rh)’ = e
Reductive
Elimination

\

S V. \/

D E
Insertion
or - -
Diels-Alder OX|d_at|v_e
Reaction Cyclization

Scheme S2. Proposed reaction mechanism.

Fo. A LB, T LU CERARE A T BB X0 R IR ET O
LT, HRFHEHET VARG TE D Z EERE L TWDHE S2-7)P, Z oSBT ¥ 7
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W5,

APJE T, PLTFIORTAFEE SR Y NU—Z XD EOAREBENERL SN TWD EHESN
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(NBP) (1.1 equiv) Br Ar
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' Chiral phosphoric acid

(S2-7)

INGOREEZEE 2T, EFEFEMELEEEOX L— FMENLIZINZ T, XX F7 2 REMTL
EHENICERE LB R REEE & OKFERES ZFIH Lz, C-H #H OUIW DB TR S 2 e
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Figure S4. Proposed reaction mechanism.
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FIEETIX, X F > N7 2 REBL A2 A L= CpRh il O#EE S ARNE 235 5> L T, & 7 /L Cp”Rh(II)
DEB L OARFE C-H #E A B REACEUSIZER Y AT,
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1. General

Anhydrous (CH,Cl),; (No. 28,450—-5) was obtained from Aldrich and used as received. Solvents for
the synthesis of substrates were dried over Molecular Sieves 4A (Wako) prior to use. 1,6-Diynes
1i,1" cyclopropylideneacetamides 2¢,1*! N-sulfonyl ketamines 20a,”! were prepared according to the
literatures. All other reagents were obtained from commercial sources and used as received. 'H and
3C NMR data were collected on a Bruker AVANCE III HD 400 (400 MHz) at ambient temperature.
HRMS data were obtained on a Bruker mictOTOF Focus II. All reactions were carried out in
oven-dried glassware with magnetic stirring.

I1. Synthesis of Chiral Cp*Rh(III) Complexes

((3R,3'R)-Oxybis(but-1-yne-3,1-diyl))dibenzene (1g)
Me

To a solution of 4-phenylbut-3-yn-2-ol (731.0 mg, 5.00 mmol) in 50 mL of CH,Cl, was added
trimethylamine (0.77 mL, 5.50 mmol) and mesyl chloride (0.43 mL, 5.50 mmol) at 0 °C and the
mixture was stirred for 30 min at room temperature. The reaction mixture was quenched with
saturated aq NaHCOj3 and extracted with CH,Cl,. The organic layer was washed with brine and dried
over Na,SO4, and concentrated to afford the crude propargyl mesylate. To a suspension of 55%
sodium hydride (261.8 mg, 6.00 mmol) in 30 mL of THF was added a solution of
(R)-4-phenylbut-3-yn-2-ol (804.0 mg, 5.50 mmol) in THF (10mL) and a solution of crude in THF
(10mL) and the mixture was stirred at reflux for 4 h. The reaction mixture was quenched with
saturated ag NaHCO; and extracted with Et,O. The organic layer was washed with brine and dried
over Na,SO4 and concentrated. The residue was purified by a silica gel chromatography
(n-hexane/EtOAc = 20:1) to give a mixture of 1g as a mixture of chiral and meso compound. The
mixture was purified by a preparative TLC (n-hexane/EtOAc=10:1) to give a chiral diyne 1g (234.3
mg, 0.854 mmol, 17% yield) as a pale yellow solid.

Pale yellow solid; mp 67.5-68.3 °C; "H NMR (CDCl;, 400 MHz) 6 7.48-7.42 (m, 4H), 7.32-7.21
(m, 6H), 4.84 (q, J =6.6 Hz, 2H), 1.57 (d, J =6.6 Hz, 6H); °C NMR (CDCl;, 100 MHz) § 131.8,
128.4, 128.3, 122.8, 89.0, 85.1, 63.6, 22.4; HRMS (APCI) calcd for Co0H;sNaO [M+H]" 275.1430,
found 275.1407.

4,4'-((3R,3'R)-Oxybis(but-1-yne-3,1-diyl))bis((trifluoromethyl)benzene) (1h)

To a suspension of 55% sodium hydride (183.3 mg, 4.20 mmol) in 10 mL of DMF was added a
solution of (R)-4-(4-(trifluoromethyl)phenyl)but-3-yn-2-ol (750.6 mg, 3.50 mmol) in DMF (10 mL)
and a solution of crude in DHF (5 mL) and the mixture was stirred at reflux for 2 h. The reaction
mixture was quenched with saturated aq NaHCO; and extracted with Et,O. The organic layer was
washed with brine and dried over Na,SO4 and concentrated. The residue was purified by a silica gel
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chromatography (n-hexane/EtOAc = 10:1) to give a mixture of 1h as a mixture of chiral and meso
compound. The mixture was purified by a preparative TLC (n-hexane/EtOAc= 20:1) to give a chiral
diyne 1h (43.2 mg, 0.105 mmol, 4% yield) as a pale yellow solid.

Pale yellow solid; mp 93.5-95.1 °C; 'H NMR(CDCls;, 400MHz) & 7.60—7.53(m, 8H), 4.82(q,
J=6.6Hz, 2H), 1.59(d, J=6.6Hz, 6H); "’"F NMR(CDCl;, 376MHz) & -62.86; °C NMR (CDCl;, 100
MHz) ¢ 132.0, 130.7, 130.2 (q, J = 32.7 Hz), 126.47, 126.46, 125.2 (q, J = 3.8 Hz), 123.9 (q, J =
270.6 Hz), 91.3, 83.9, 63.7, 22.2; HRMS (APCI) calcd for C»H;sFsO [M-H]" 409.1022, found
409.1044.

2-((1R,3R)-1,3-Dimethyl-4,6-diphenyl-1H-cyclopenta|c|furan-5(3H)-ylidene)-1-(pyrrolidin-1-
ylethan-1-one (3gc)

Me Ph

Me Ph O

(rac)-Segphos (12.2 mg, 0.0200 mmol) and [Rh(cod),]BF4 (8.1 mg, 0.0200 mmol) were dissolved
in CH,ClI»(2.0 mL) and the mixture was stirred at room temperature for 10 min. H, was introduced to
the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
mixture was concentrated, and dissolved in (CH,Cl), (0.5mL). To the solution was added a solution
of cyclopropylideneacetamide 2¢ (16.6 mg, 0.110 mmol) in (CH,Cl), and chiral diyne 1g (27.4 mg,
0.100 mmol) in (CH,Cl); in this order and the resulting mixture was stirred at 40 °C for 16 h. The
resulting solution was concentrated and purified by a preparative TLC (hexane/EtOAc = 2:1) to give
chiral fulvene 3ge (32.3 mg, 0.081 mmol, 81% isolated yield) as a red amorphous.

'H NMR (CDCls, 400 MHz): 6 7.52-7.22 (m, 10H), 6.47 (s, 1H), 5.11 (q, J= 6.5 Hz, 1H), 5.05 (q,
J = 6.5 Hz, 1H), 3.19-3.13 (m, 1H), 3.10-3.04 (m, 1H), 2.90-2.84 (m, 1H), 2.82-2.76 (m, 1H),
1.63—1.43 (m, 4H), 1.33 (d, J = 6.4 Hz, 3H), 1.28 (d, J = 6.5 Hz, 3H); °C NMR (CDCls, 100 MHz) ¢
164.9, 155.2, 151.0, 150.8, 134.2, 133.5, 130.6, 130.0, 129.4, 128.4, 127.7, 127.2, 127.1, 126.4,
123.1, 72.1, 72.0, 47.4, 44.7, 25.5, 23.9, 20.2, 20.1; HRMS (ESI) calcd for C,7H,;NnaO, [M+Na]"
420.1934, found 420.1953; CHIRALPAK AD-H, hexane/2-PrOH = 92:8, 1.0mL/min, retention
times: 14.4 min (minor isomer) and 16.0 min (major isomer).

2-((1R,3R)-1,3-Dimethyl-4,6-bis(4-(trifluoromethyl)phenyl)-1 H-cyclopenta|c]furan-5(3 H)-yli
dene)-1-(pyrrolidin-1-yl)ethan-1-one (3hc)

(rac)-Segphos (12.8 mg, 0.0210 mmol) and [Rh(cod),]BF4 (8.5 mg, 0.0210 mmol) were dissolved
in CH,Cl»(2.0 mL) and the mixture was stirred at room temperature for 10 min. H, was introduced to
the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
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mixture was concentrated, and dissolved in (CH;,Cl), (0.5mL). To the solution was added a solution
of cyclopropylideneacetamide 2¢ (17.5 mg, 0.116 mmol) in (CH,Cl), and chiral diyne 1h (43.2 mg,
0.105 mmol) in (CH,Cl); in this order and the resulting mixture was stirred at 40 °C for 16 h. The
resulting solution was concentrated and purified by a preparative TLC (hexane/EtOAc = 2:1) to give
chiral fulvene 3he (15.0 mg, 0.0280 mmol, 27% isolated yield) as a red amorphous.

'H NMR (CDCl3, 400 MHz): 6 7.70-7.61 (m, 4H), 7.47-7.42 (m, 4H), 6.47 (s, 1H), 5.13 (q, J=
6.6 Hz, 1H), 5.06 (q, J = 6.6 Hz, 1H), 3.19-3.11 (m, 1H), 3.08-3.01 (m, 1H), 2.90-2.82 (m, 1H),
2.81-2.73 (m, 1H), 1.70-1.47 (m, 2H), 1.44-1.25 (m, 2H), 1.33 (d, J = 6.5 Hz, 3H), 1.28 (d, /= 6.5
Hz, 3H); C NMR (CDCls, 100 MHz) 6 164.1, 156.5, 152.6, 150.1, 137.7, 136.9, 131.1, 130.1,
129.7, 129.5 (q, J = 32.6 Hz), 129.3 (q, J = 32.6 Hz), 125.5 (q, J = 3.8 Hz), 124.6 (q, J = 3.7 Hz),
124.1 (q, J = 272.0 Hz), 122.4, 71.93, 71.91, 47.4, 44.8, 25.6, 23.7, 20.1, 20.0; HRMS (ESI) calcd
for CooH,sFsNO,Na [M+Na]" 556.1682, found 556.1677; CHIRALPAK AD-H, hexane/2-PrOH =
92:8, 1.0mL/min, retention times: 13.2 min (minor isomer) and 14.7 min (major isomer).

Chiral [Cp*'RhCl,],

ve L 1D

ol

Me Ar

Ry ©
ng

2
Ar = 4-CF3CGH4

To a solution of RhCl3enH,0 (39.15 wt% Rh, 7.2 mg, 0.0280 mmol) in EtOH (0.5 mL) was added
a solution of fluvene 3aa (15.0 mg, 0.0280 mmol) in EtOH (0.5 mL) and the mixture was stirred at
60 °C for 16 h. The resulting mixture was concentrated under reduced pressure and the residue was
diluted with CH,Cl, (1.0 mL) and filtered. The filtrate was poured into n-hexane (10.0 mL) and the
resulting precipitates were collected, washed with Et,O (1.0 mL) and dried under vacuum to give
chiral [CpAthClz]z (15.2 mg, 0.0215 mmol, 77% isolated yield) as a red solid.

Mp 230 °C (dec.); 'H NMR (CDCls, 400 MHz): 6 8.32 (d, J = 8.4 Hz, 4H), 7.94 (d, J = 8.0 Hz,
4H), 7.71 (d, J = 8.0 Hz, 4H), 7.65 (d, J = 8.0 Hz, 4H), 5.40 (q, J = 6.4 Hz, 2H), 4.64 (q, J = 6.0 Hz,
2H), 4.53 (d, J = 17.6 Hz, 2H), 3.73-3.66 (m, 2H), 3.52-3.46 (m, 2H), 3.29 (d, J = 17.6 Hz, 2H),
3.28-3.24 (m, 2H), 3.09-3.03 (m, 2H), 1.95-1.86 (m, 2H), 1.82-1.74 (m, 2H), 1.45 (d, J = 6.4 Hz,
6H), 1.19 (d, J = 7.2 Hz, 6H); HRMS (ESI) calcd for C,0H,sCIFsNO,Rh [1/2M-Cl1]" 672.0606, found
672.0575.

(8)-1-(2-((2'-Methoxy-[1,1'-binaphthalen]-2-yl)amino)-2-oxoethyl)cyclopropyl

methanesulfonate (22)
N OMs
H
OO OMe

To a solution of 2-(1-((methylsulfonyl)oxy)cyclopropyl)acetic acid™* (0.507 g, 2.61 mmol) in THF
(5 mL) was added 4-methylmorpholine (0.528 g, 5.22 mmol) and isobutyl chloroformate (377 puL,
2.96 mmol) at ice bath and the mixture was stirred at ice bath for 30 min. A solution of
(S)-2'-Methoxy-[1,1'-binaphthalen]-2-amine! (0.521 g, 1.74 mmol) in THF (5 mL) was added this
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mixture at ice bath and the mixture was stirred for 2 h. The reaction mixture was quenched with
water and extracted with AcOEt. The organic layer was washed with brine, dried over Na,SO4 and
concentrated. The residue was purified by a silica gel column chromatography (EtOAc/n-hexane,
I:1) to give (5)-1-(2-((2"-methoxy-[1,1'-binaphthalen]-2-yl)amino)-2-oxoethyl)cyclopropyl
methanesulfonate (0.221 g, 0.465 mmol, 27%) as a colorless solid.

Mp 63.2-65.1 °C; "H NMR (CDCls, 400 MHz) J 8.65 (d, J = 9.0 Hz, 1H), 8.05 (d, J = 8.8 Hz, 1H),
7.97 (d,J=9.0 Hz, 1H), 7.88 (dd, J = 9.0 Hz, 2H), 7.69 (br, 1H), 7.49 (d, J= 9.0 Hz, 1H), 7.38-7.30
(m, 2H), 7.24-7.17 (m, 2H), 7.06-7.03 (m, 2H), 3.75 (s, 3H), 2.75 (d, J = 16.8 Hz, 1H), 2.55 (d, J =
16.4 Hz, 1H), 2.48 (s, 3H), 0.93-0.86 (m, 1H), 0.67-0.61 (m, 1H), 0.55-0.49 (m, 1H), 0.36—0.30 (m,
1H); *C NMR (CDCls, 100 MHz) § 167.1, 155.4, 134.3, 133.8, 133.0, 131.1, 130.9, 129.4, 128.8,
128.2, 128.1, 127.4, 126.4, 125.7, 124.9, 124.8, 124.2, 121.7, 120.5, 117.1, 113.9, 61.8, 56.6, 44.2,
39.2,12.1, 11.4; HRMS (ESI) calcd for C27H,5sNOsSNa [M+CI1]" 498.1346, found 498.1352.

(8)-2-Cyclopropylidene-N-(2'-methoxy-[1,1'-binaphthalen]-2-yl)acetamide (2d)

L g

H

O i OMe

To a suspension of 55% sodium hydride (30.4 mg, 0.698 mmol) in THF (3 mL) was added a
solution of (8)-1-(2-((2'-methoxy-[1,1'-binaphthalen]-2-yl)amino)-2-oxoethyl)cyclopropyl
methanesulfonate 22 in THF (3 mL) at 0 °C and the mixture was stirred at room temparature for 2 h.
The reaction was quenched with water and extracted with AcOEt. The organic layer was washed
with brine, dried over Na,SO4 and concentrated. The residue was purified by a silica gel column
chromatography (EtOAc/n-hexane, 1:1) to give
(5)-2-Cyclopropylidene-N-(2'-methoxy-[ 1,1'-binaphthalen]-2-yl)acetamide (120.8 mg, 0.318 mmol,
68% yield from 2d) as a colorless solid.

Mp 214.0-215.1 °C; "H NMR (CDCls, 400 MHz): 6 8.90 (d, J= 9.0 Hz, 1H), 8.10 (d, J= 9.0 Hz,
1H), 8.00 (d, J= 9.0 Hz, 1H), 7.92-7.88 (m, 3H), 7.50 (d, J = 9.0 Hz, 1H), 7.37 (t, J= 7.2 Hz, 2H),
7.28-7.19 (m, 3H), 7.11 (d, J = 8.4 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.14-6.13 (m, 1H), 3.74 (s,
3H), 1.02-0.88 (m, 2H), 0.09-0.02 (m, 1H), -0.25—-0.32 (m, 1H); >C NMR (CDCls, 100 MHz) ¢
163.7, 155.4, 134.9, 134.6, 133.7, 133.0, 130.8, 130.6, 129.4, 128.8, 128.0, 127.6, 126.2, 1254,
124.7, 124.4, 124.3, 119.8, 117.6, 116.5, 114.0, 56.7, 1.64, 1.52; HRMS (ESI) calcd for
CaH2 NNaO, [M+Na]" 402.1465, found 402.1472

Dimethyl (8)-5-(2-((2'-methoxy-[1,1'-binaphthalen]-2-yl)amino)-2-oxoethylidene)
-4,6-diphenyl-3,5-dihydropentalene-2,2(1H)-dicarboxylate (3id)
Ph
MGOZC
MeO,C o
Ph
oMe "
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(rac)—-Segphos (12.2 mg, 0.0200 mmol) and [Rh(cod),]BF4 (8.1 mg, 0.0200 mmol) were dissolved
in CH,Cl, (1.0 mL) and the mixture was stirred at room temperature for 10 min. H, was introdced to
the resulting solution in a Schlenk tube. After stirring at room temperature for 30 min, the resulting
mixture was concentrated and redissolved in (CH,Cl), (0.5 mL). To this solution were added a
solution of (S)-2-Cyclopropylidene-N-(2'-methoxy-[1,1'-binaphthalen]-2-yl)acetamide 2d (39.8 mg,
0.22 mmol) in (CH,Cl), (1.0 mL) and dimethyl 2,2-bis(3-phenylprop-2-yn-1-yl)malonate 1i (36.0
mg, 0.20 mmol) in (CH,Cl), (1.5 mL) in this order, and the resulting mixture was stirred at 40 °C for
40 h. The resulting solution was concentrated and purified by a silica gel preparative TLC (eluent:
n-hexane/EtOAc = 2:1), which furnished fluvene 3id (24.4 mg, 0.034 mmol, 34% isolated yield) as a
red oil.

'H NMR (CDCls, 400 MHz) 6 9.05 (d, J = 9.0 Hz, 1H), 7.87-7.74 (m, 4H), 7.42-7.05 (m, 17H),
6.88 (d, J= 8.4 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 6.78 (br,1H), 6.26 (s, 1H), 3.71 (s, 3H), 3.68-3.67
(m, 6H), 3.27 (s, 3H), 3.16-3.14 (m, 2H); HRMS (ESI) calcd for C4;H37NOgNa [M+Na]™ 734.2513,
found 734.2508.

Chiral [Cp**RhCL,],

Ph
MeOZC
MeO,C Ph
cln ©
I/ HN

To a solution of RhCl;*nH,0 (39.15 wt% Rh, 8.9 mg, 0.034 mmol) in EtOH (1.0 mL) was added a
solution of Dimethyl (S)-5-(2-((2'-methoxy-[1,1'-binaphthalen]-2-yl)amino)-2-oxoethylidene)
-4,6-diphenyl-3,5-dihydropentalene-2,2(1H)-dicarboxylate 3id (24.4 mg, 0.034 mmol) in EtOH (1.0
mL) and the mixture was stirred at 60 °C for 16 h. The resulting mixture was concentrated under
reduced pressure and the residue was diluted with CH,Cl, (2.0 mL) and filtered. The filtrate was
poured into n-hexane (10.0 mL) and the resulting precipitates were collected, washed with Et,O (1.0
mL) twice, and dried under vacuum to give Chiral [CpAZRhCIZ]z (22.5 mg, 0.025 mmol, 75%
isolated yield) as a red solid.

Mp 223 °C (dec.); 'H NMR (DMSO-ds, 400 MHz) 6 9.18 (br, 2H), 8.10 (d, J = 9.0 Hz, 1H), 7.95
(d, J=8.2 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.84 (d, J= 9.2 Hz, 1H), 7.74-7.69 (m, 2H), 7.59-7.55
(m, 2H), 7.51-7.44 (m,4H), 7.42-7.29 (m, 4H), 7.26-7.16 (m, 2H), 7.12-7.06 (m, 2H), 6.88 (d, J = 8.4
Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 3.74 (s, 3H), 3.65 (s, 3H), 3.51 (s, 3H), 3.44-3.38 (m, 4H),
3.23-3.11 (m, 2H); HRMS (ESI) calcd for C47H33CINOgRh [1/2M—CI]" 850.1437, found 850.1467.

ITI. Synthesis of Substrates

2-(2-(Methoxymethyl)naphthalen-1-yl)-1,3-phenylene bis(dimethylcarbamate) (23a)
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To a solution of 2-(2-(methoxymethyl)naphthalen-1-yl)benzene-1,3-diol'® (88.3 mg, 0.315 mmol)
in DMF (3 mL) was added NaH (30.2 mg, 0.693 mmol) and dimethylcarbamoyl chloride (77.9 mg,
0.725 mmol) at 0 °C, and the mixture was stirred at room temparature for 4 h. The reaction was
quenched with H,O and extracted with EtOAc. The organic layer was washed with brine, dried over
Na,SOq4, and concentrated. The residue was purified by a preparative TLC (hexane/EtOAc = 1:1) to
give 23a (112.5 mg, 0.266 mmol, 86% isolated yield) as a colorless solid.

Mp 111.2-113.0 °C; '"H NMR (CDCls, 400 MHz) 6 7.87 (d, J = 8.4 Hz, 1H), 7.82-7.81 (m, 1H),
7.69 (d, J= 8.4 Hz, 1H), 7.52—7.48 (m, 1H), 7.44-7.40 (m, 2H), 7.37-7.33 (m, 1H), 7.29 (d, /= 8.4
Hz, 1H), 4.36 (s, 2H), 3.31 (s, 3H), 2.60 (s, 6H), 2.15 (s, 6H); °C NMR (CDCls, 100 MHz) § 153.7,
150.2, 135.7, 132.5, 132.3, 128.8, 128.2, 128.1, 127.5, 126.3, 126.1, 125.6, 124.8, 124.3, 120.0, 72.1,
58.4,36.3, 35.5; HRMS (ESI) calcd for C,4H¢N>NaOs [MJrNa]+ 445.1734, found 445.1747.

2-(Naphthalen-1-yl)-1,3-phenylene bis(dimethylcarbamate) (23b)

To a solution of 2-(naphthalen-1-yl)benzene-1,3-diol (215.7 mg, 0.913 mmol) in DMF (5 mL) was
added NaH (91.6 mg, 2.10 mmol) and dimethylcarbamoyl chloride (215.1 mg, 2.00 mmol) at 0 °C,
and the mixture was stirred at room temparature for 2 h. The reaction was quenched with H,O and
extracted with EtOAc. The organic layer was washed with brine, dried over Na,SO4, and
concentrated. The residue was purified by a preparative TLC (hexane/EtOAc = 1:1) to give 23b
(184.7 mg, 0.488 mmol, 53% isolated yield) as a colorless solid.

Mp 54.3-55.1 °C; '"H NMR (CDCls, 400 MHz) ¢ 7.85-7.82 (m, 2H), 7.57 (d, J = 8.4 Hz, 1H),
7.49-7.37 (m, 5H), 7.24 (d, J = 8.4 Hz, 1H), 2.63 (s, 6H), 2.19 (s, 6H); >°C NMR (CDCl;, 100 MHz)
0 154.1, 150.3, 133.2, 132.2, 130.8, 128.5, 128.1, 127.9, 127.8, 127.0, 126.7, 126.3, 125.9, 125.7,
124.9, 120.0, 36.3, 35.6; HRMS (ESI) caled for C5yH,N,NaO, [M+Na]” 401.1472, found 401.1480.

IV. Chiral CpARh Catalyzed Asymmetric C-H Functionalizations

R)-2',3'-Diphenyl-2H-spiro[benzo|d]isothiazole-3,1'-indene] 1,1-di0xide[3' 21aa
pheny p

R0

To a vial was added Chiral [Cp*'RhCl,], (1.4 mg, 0.001mmol), pivalic acid (0.5mg, 0.005mmol),
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N-sulfonyl ketamine 20a (24.3mg, 0.10mmol), AgNTf, (3.9 mg, 0.0lmmol), diphenyl acetylene 5a
(19.6mg, 0.11mmol) and chlorobenzene (ImL) under argon. The mixture was sealed and stirred at
80 °C for 16 h. The resulting mixture was cooled to room temparature and was directly purified by
preparative TLC (CH,Cl,) to give 21aa (42.0 mg, 0.099 mmol, 99% yield, 20% ee) as a brown solid.

'H NMR(CDCl;, 400MHz) ¢ 7.89-7.85 (m, 1H), 7.57-7.50 (m, 2H), 7.47-7.43 (m, 1H),
7.42-7.31 (m, 7H), 7.24-7.19 (m, 1H), 7.16-7.05 (m, 4H), 6.92-6.87 (m, 2H), 4.84 (br, 1H);
CHIRALPAK IA, hexane/2-PrOH = 90:10, 1.0mL/min, retention times: 10.9 min (minor isomer)
and 14.5 min (major isomer).

4-Bromo-2-(2-(methoxymethyl)naphthalen-1-yl)-1,3-phenylene bis(dimethylcarbamate)

(24a)
Br
o) O o)
MezN)J\O O)J\NMez

9

To a 13.5 mL screw-cap vial were added AgSbFg (3.4 mg, 0.010 mmol), chiral [CpA’RhCL], (4.4
mg, 0.0025 mmol), Cu(OAc), (3.6 mg, 0.020 mmol), 23a (42.2 mg, 0.100 mmol), NBS (17.8 mg,
0.100 mmol), and (CH,Cl), (1.0 mL) in this order. The mixture was stirred at room temperature
under Ar for 16 h. The solvent was removed under reduced pressure and the residue was purified by
a silica gel preparative TLC (hexane/EtOAc = 1:1) to give 24a (20.1 mg, 0.040 mmol, 40% yield) as
colorless solid.

Mp 164.5-165.9 °C; 'H NMR (CDCls, 400 MHz) ¢ 7.88 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 8.0 Hz,
1H), 7.72 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.52-7.35 (m, 3H), 7.26-7.24 (m, 1H),
4.42-4.32 (m, 2H), 3.34 (s, 3H), 2.59-2.55 (m, 6H), 2.42-1.87 (br, 6H); HRMS (ESI) calcd for
C24H25BerNa05 [1\/[4‘1\121]+ 5230839, found 523.0847.

4-Bromo-2-(naphthalen-1-yl)-1,3-phenylene bis(dimethylcarbamate) (24b)

WO
MezN)J\O O)J\

NMez

To a 13.5 mL screw-cap vial were added AgSbF¢ (1.7 mg, 0.005 mmol), chiral [CpAthClz]z (2.2
mg, 0.0013 mmol), Cu(OAc), (1.8 mg, 0.010 mmol), 23b (18.9 mg, 0.050 mmol), NBS (8.9 mg,
0.050 mmol), and (CH,Cl); (0.5 mL) in this order. The mixture was stirred at room temperature
under Ar for 16 h. The solvent was removed under reduced pressure and the residue was purified by
a silica gel preparative TLC (hexane/EtOAc = 1:1) to give 24b (13.2 mg, 0.029 mmol, 59% yield) as
pale yellow oil.

Pale yellow oil; 'H NMR (CDCl;, 400 MHz) 0 7.84 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H),
7.57-7.38 (m, 5H), 7.20 (d, J = 8.8 Hz, 1H), 2.67-2.58 (br, 6H), 2.45-2.12 (br, 6H); HRMS (ESI)
calcd for Cy,H,BrN,NaQOy [MJrNa]+ 479.0577, found 479.0595.
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