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Ac acetyl

AIBN azobisisobutyronitrile

Ar aryl

aq. aqueous

BHT butylated hydroxytoluene

Bn benzyl

Boc tert-butoxycarbonyl

brsm based on recovered starting material
By normal butyl

Bu tertiary butyl

Bz benzoyl

calcd calculated

cat. catalyst

CBzZ benzyloxycarbonyl

conc. concentration or concentrated
mCPBA meta-chloroperoxybenzoic acid
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane

DFT density functional theory

DIBALH diisobutylaluminum hydride

DMAP 4-(dimethylamino)pyridine

DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

dr diastereomeric ratio

EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide Hydrochloride
ee enantiomeric excess

eq equivalent

ESI electrospray ionization

esp a,a,a’,a’-tetramethyl-1,3-benzenedipropanoate
espn a,a,a’,a’-tetramethyl-1,3-benzenedipropanamidate
Et ethyl

EWG electron withdrawing group
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Gly

HOBt
HPLC
HRMS
IR
IRC

LAH
LG
LHMDS
LiDBB
LUMO

Me
Min
mp
Ms
MS

NIS
NMR
n.r.
Nu
oct
PG
Ph
Phe
Piv
PMB
Pr

quant.

Rf

It

glycine

hour

1-hydroxybenzotriazole

high performance liquid chromatography
high resolution mass spectrometry
infrared

intrinsic reaction coordinate
coupling constant (in NMR)
lithium aluminum hydride

leaveng group

lithium bis(trimethylsilyl)amide
lithium 4,4’-di-tert-butylbiphenylide
lowest unoccupied molecular orbital
mol/L

methyl

minute(s)

melting point

mesyl

mass spectrometry

normality

normal

N-chlorosuccinimide

nuclear magnetic resonance

no reaction

nucleophile

octanoate

protecting group

phenyl

phenylalanine

pivaloyl

para-methoxybenzyl

isopropyl

quantitative yield

rectus

rate of flow

room temperature



solv.

TBAF
TBDPS
TBS
Tces
temp.
TEMPO
Tf

tfam
THF
TLC
TMS
tpa

TS

Ts

uv

sinister

solvent

tertiary

tetrabutylammonium fluoride
tert-butyldiphenylsilyl
tert-butyldimethylsilyl
2,2,2-trichloroethoxysulfonyl
temperature
2,2,6,6-tetramethylpiperidinyloxyl
trifluoromethanesulfonyl
trifluoroacetamide
tetrahydrofuran

thin layer chromatography
tetramethylsilane
triphenylacetate

transition state

tosyl

ultraviolet

benzyloxycarbonyl
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1-1. SR DOWEE & —M 7o SOG
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Figure 1-1. Metal nitrene and metal carbene complex

Q 49‘_’043 Q &0,

[M] = INC M] = :@CC
Jd O __0OF g O _0F
metal nitrene metal carbene

—— : coordination = —: back donation

DX S ic&EF A4 rL v RV IENL-E ?ﬁL%ﬁ?étb [Fl k& D
ﬁm@%T?2¢u EHR POKFETOA 7 Ty P& 70 GEE A ENE R C-H
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%% (Scheme 1-1)

Scheme 1-1. General reactivities of metal nitrene and metal carbene
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C-H insertion metal carbene cyclopropanation




F2E EINRVDA Y FLE

BIBANR Y DGE INRVRBF~D~T B T ORBEEEICL 54 FIEKD ., C-H
HOC HE O~ O ARG &M NEERRICETH S (Scheme1-2) . 4V Fix, 7= b
U BBIC & 5 X-H i ASUE(X=N,0,S,8i,P) ¢, 71 % LID Stevens fEfz% s 7~ b m v
—HEfr TR R TEERFEERTH L, BRI VIIT I P EOERF TR T
DX REEPR~TETFLHA Y FRZPRT 2 e BHMbLTWwb, ALFR=
R DA ) FIOWT & L TRV b, SKIE T & o HINBRERIG 8 ic X > THEMERE
x5 25 %

Scheme 1-2. Ylide chemistry of metal carbene

’
A

X

(R™=H) i)\f
X=H insertion

XI,R’ ™
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metal carbene ylide Stevens

intermediate \ rearrangement
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[2.3]-sigmatropic
Cycloaddition rearrangement



H3E nYULALRYDOT I FHEAKRIG

FAFLARTIC, vy Y LAy DAY FIEEKEFHLC7 I FifARISZRZFEL 72 101,
TIFHEARIGIE, BV YL ANRYET INEREDAL ) FEKE, §id Ty rEoifxfs
1T X B ERBER meRE I X o> CiEfT9 % (Scheme 1-3)

Scheme 1-3. Amide insertion reaction of Rh-carbene

— 0
(0]
| 0.4 mol% RR1R J
N> gN Rh,(NHCO'Bu), O:E?j}t;;>
o= ' ylide formation R' | acyl transfer
R N-ylide

int diat 19 examples,
Intermediate 65—98% y/eld

[3.2.1], [3.3.1], [2.2.2], [4.2.1],
[4.3.1], [3.2.2], [5.2.1], [5.3.1]

Accessible N-bridged system

A4 PR 7 o VB DR SOG IR EI A 78 20 o T2 B3, RKIETIZT 2 X — b Rl 1%
F2 Rha(NHCOBu)s 2K EMEAMG A E LT 2 & CRICATTFICETTL T3
(Figure 1-2), #1134 Y FhEEROIER K ICERE T Lo T A FAEEDBETER T 2 25, i/
DRI T ORI ZKFHAICL Y T, FARICEE T 2 v R Vv o RETHEE
KEFAICX o TR LI 2 LT, TONVEDOEEZIEEL Twd, 72, KEHAICIE
HE L OEAREZRELIE DRI Y., X Y BINECKIGPHETL T3
EEZbND,

Figure 1-2. Transition state of the amide insertion reaction of Rh-carbene

DFT model

------- hydrogen bond: stabilize the complex and control the reaction

Upper one: inhibits alkyl transfer to O atom
Lower one: activates the carbonyl group for the nucleophilic attack of carbene carbon



7 I FRARIG LR YIS E IS T 2 SEEREB/EEKRTH Y 2 fERE
X0 b % 8O EOMEEICHKI L= (Figure 1-3) .

Figure 1-3. Synthesis of various azabicyclic compounds

%T:jié}pms PM;TEng < i_j Ei:ﬁié}PMB

[4.2.1] [3.2.1] [3.3.1] [4.3.1]
98% 86% 82% 82%
Q 0 Q 0 PMB PMB,
N
O 0

© 0
[5.2.1] [5.3.1] 2.2.2] [3.2.2]
77% 80% (89 : 11 dr) 80% 69%

FEBIC, a7 LAY DT I FFARIGE W T anatoxin-a DIER G & ZERK L
72 (Scheme 1-4) B, 7H¥v s 7 ul4.21]/ FvEWREET28PHEEITT I FEANIGIC
X077 LA —VTHRI N,

Scheme 1-4. Foamal synthesis of anatoxin-a via amide insertion reaction

PMB H <
Rhy(NHPiv),

N—PMB ~— I, N
[gram-scale]

93% k’70W” Anatoxin-a
1.4 g prepared infermediate




Fa4E EEFL Lo ) L

—J7C. @EFA by oA ) MBI 25EIED LA 7w,

2013 £, Romo HFu Yy v A F A4 P LV eRENEE =M TArIFALT IvERHWT
N-N A4V FUYDEKICHKIT L7 (Scheme 1-4 (a)) 15, Pérez bD 77— 7H8F+- 4 F L
VEENT IvEMVSE NN AU FERICEIIL, N-N A For < hre—
BEfr & fe b o A IEOERE Z#E L T\ 5 (Scheme 1-5 (b)) !9,

Scheme 1-5. Ylide formation of metal nitrenes with nucleophilic amines

a) Ylide formation of Rh-nitrene (Romo’s work)

o SO,R
SNPS < N
R” " "NH, o) ~
(2 eq)

Rhy(esp), (5 mol%)
PhI(OCO'BuU), (4 eq)

benzene
MeO OMe MeO OMe
N*-N- ylide product C-H insertion product
37% yield 21% yield

b) Ylide formation of Ag-nitrene (Maseras, Diaz-Requejo, Echavarren, and Pérez’s work)

[Tp*,BrAg]z AN /\/ |

SNNF Gmol%)  —N7
N + = I benzene N, —
| (5eq) Phi=NTs CH,Cl, N~Ts 80°c _ ~ N Ts
N*-N- ylide product 95% vyield
95% yield
| | } TsH

|
/N\hll/\/ - /N\NM

Ts -TsH

EEFA LY ERVD NN A Y FERORE XM S BHIH 2208 7, N-N4 )
F 2B AR e LCRHA T 2 &L OB DM IR Faic mE T v, & b, ki
FNERAL W 72 sp? 7213 sp RO T I VICIRO N TH Y, 7 I FEED X 5 kKoMK
BT RET DAY FIEBRIE#RE S 2V, LA o T 2EF4 by og ) FLEoRk
BICIRE 2 2 RBLETH B,



Bh5E TINHICHTAIuI Y LAFA L v ORIGHEORGEE & HiEE AR GO R R

1-5.7 3 FRIcHT2&EF 4 F L v oIS HEDBEE

HiECHRAR7ZEY, @EF A LU T 2 FERD L) BRZEOEVFETFL L) F %
TR L 72037\ 22 TRIE. @ F A P L vy 7 I PRI LTED X ) B RGE RS

DR EZf N, BT AFA L YRR YT LAAARY EFEBICT I FEHELL ) P E
%W?hi%(?/»%% XoTT IFVHBARIGERITEEZOND N, T IFEER
EDAY FIEHARERGEICED XS REB %5 2 2 IO 5L, HRICEFL
770

1-5-1. 2w 7 IF—MURIGDFER

RY Y LAV Y DT I FRASIGORE AL L 7258 1a 2 v EBICT I P
ARG RAAR T, L2 L2, la2pbuy st A Ly Z2RAEIETHT I FEAR
FHELhT . T INE ﬁau®CILum~@%AﬁF XoTrY BT IF =LAV 2a
2335372 (Scheme 1-6) , Ml %5 2 S8 Tk

Scheme 1-6. Examination of the amide insertion reaction of metal nitrene

Amide insertion of Rh-carbene

ylide — + | acyl
[Rh] RN formation [RA] NR transfer
o= o= R

N-ylide intermediate

Reactivity of Rh-nitrene against to amide group

0 Rh PMB O 0
PMB\ ylide [ ] N
N formatlon O s M PMB
R o Y ----- o N
N\« H
1a Amide insertion
0] product
\
‘ C—H insertion H N
o=
O Spiroaminal
2a
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1-5-2. u Y LF A L vDT I FEAKIGCOFHR

A7 IF— NG THWEREO AN FR AN EABAA~NBE L A, TiE
T7 I FRARIGOEST L 72 (Scheme 1-7) o HIAD@E D . &EF A + L v 3RO K
~T T A Y FERZERL 26037 < . EEMUARNICBBRZE  , RRIGITD VT, 5 3 B
Ttz HmE T %,

Scheme 1-7. Observation of the amide insertion reaction of Rh-nitrene

0
o PMB
Rhy(es 2 mol% N
~ 2(esp)z ( 0) O pmB O Y
PMP N PhI(OAc), (1.4 eq) > ‘ N
o MgO (2.3 eq) o N + O:<
HzN\\( benzene (0.05 M) 0
0 60°C,1h Amide insertion product Spiroaminal
not obtained 95% yield
O
Rhy(esp), (2 mol%) Bz Bz,
Ph ﬁ PhI(OAc), (1.4 eq) o N H N
MgO (2.3 eq) Y N
0}
HzN\« benzene (0.05 M) 0 + O:<O
o) 60°C,1h
Amide insertion product Spiroaminal
55% vyield <23% vyield

1-5-3. RELHTFED HY

BEFA P LT I VEL ORISR REET 2 R C R L 72 2 D DR A LG IO
WTHIEZ T, EEARCEBE T A L v ot FoRBICEHMT 22 L2 HINE Lz, £
7os BEFA LV EEEALVR VT C-HEGP ZERA~DFA L v ) Rk KSE%
RTICHBED LT, 4V MEHEICE TR 3 RG22~ 3 EIR it & BERICED 72,
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B2# BYYLFA LY CoHFARIBI L B2 T $ F— A BHofs X O
BYY ARy LD RIGHED HE

FHI1E IRER

2-1-1. &)@+ 4 L v o C-HFEAKIG

&EF A4 L v o C-HFARISIE A EEZR C-HASICN L CEBEMICT 3 /7 EE2EA
TN BRIETH Y, REROKBETH LIELITHVLNZ ¥, &FEF 1 bLvo C-H
i ARG Miller 5 % DuBois b X 0Ri&EZ KUYV iIcS5HE ClRACIHR I L, Ry
IAL 200217 Y AL 2 BRI T D afir 2 Tco C-H A RGO, fEN%E C-H fi&~D
FEABE 2 % BiFE X 1T % (Scheme 2-1) 25, JOSHAE B3~ 2 W98 b L HERE 03 H 5 %,

Scheme 2-1. Various C—H insertion reactions of metal nitrene

a) Insertion into a benzylic C-H bond

N N

/S\ - ~
H2N 0 ha(OAC)4 HN S o)
Ph/\)\COZEt Phll\leQC)z PhMCOZEt
g 78% yield
b) Insertion into an allylic C-H bond
\\é/ N '_H"‘""""""'
H2N/ ~0 Ruz(hp)4Cl HN™ "0 | P AN E
/W Phl(OAc), /\)\) | - :
Ph Ph™ ™~ | ANA
MgO _ ! N--"~0 |
66% yield "ttt -
c) Insertion into an ethereal C—H bond
N4 \ 7/
H2N/S\O Rh,(0O,CCPh3)4Cl HN-S0
MeO/\)\/\ Ph Phll\slggc)z MeOJ\/K/\ Ph
71% yield
d) Insertion into an aliphatic C-H bond E_I_D_fé;_b_ O
Rhy(es : ,\\S// :
)\/\ +  DfsNH; Ao DfSHM\/\ i o
OBz PhI(OAc), oBz :F F
PhMegCCOZH . | .
MgO 70% yield : !

- 12 -



2-1-2. ERFET afico C-H ARG

HIHCib~7z C-H ARSIz, EFET afiTcoeEF 4 L v o C-H #fiAKIE
HEIFE TN T D (Scheme2-2) , L2 L7423 h, 25 DORISED IR IFFEAM) I R I
HE-oTH ), BIETCOEBD 7D I FEHBER LI N T 28 B DD 5, Thbb,
Scheme 2-2 D FEDONIGIZIEEZFR T D afiTH 3 LREIFFICR Y ONAATH 5720 ICERE
CROBDHETL 77, TEBROG&EIXY 7 v 7 a3V BIC X % Thorpe-Ingold #h8ic X b HIY
MBRIFRINETHELONTwE EEZLNS B, LT, EFFT afiTcod C-HIifA
FOGIERIZMFR DR D 5,

Scheme 2-2. C—H insertion reaction of metal nitrene at @ position of nitrogen

5 mol% Rhy(OAC)s i @Q\,?o |
N_ _SO R 1 / !
HfNj\/O\S/NHz HN 2 : N/S:O :

17N

| /\ _ W
SO,R O o) PhI(OAc),, MgO o,§ 0 H ©
CH,Cl,, reflux 7%
34-67% yield fmmmmmmmmm e 4
f ) 5 mol% Rhy(OACc), 'n T ;
4 mol% Rhy(oct [ L I [ L !
N H or 4 mol% Rhy(oct), N N\SH,/O E N N\SH//O |
O. _._NH S ! N !
O‘A\\// s 2 ﬁgﬁ?gcb,?go O‘A\\,45 0 : OCA:EX’Ci o |
, retiux | :
00 2 8-47% yield ! 86%

2-1-3. AT IF—LEIKE ZDOEKE

A BT IF— BRI (+)-cylindradine B?’ %2 (+)-saxitoxine®’, (-)-palau’amine® 7 &
DiFFERIRY) (Figure 2-1) oMEHLDE /) v —0Ic X Ao 2HETH 5,

Figure 2-1. Spiroaminals in natural products

H2'\!\ @ )J\

~—=NH 0

NH,

(+)-Cylindradine B (+)-Saxitoxin (-)-Palau'amine

- 13 -



LHELZERS, AveT IF—VvERIEAEMALERTH 2 ICHBDLL T ZoakEgEc
B3 2 THE 13828 L 2272\, Scheme 2-3 1IR3 X H i, HlESICK 27T v 4 I ve
= ruvEHW3E (a) 3, Bermejo HIC X 23— FJ 27 2 MURIGR RS Tk (b) 34,
WlsicX b2 IvFa—nr x4 TOMMKIG P (c) | Vassilikogiannakis & 12 X %93 FWN
SN2 IS % (d) BRI TR B2, 2ol T IRIGE 2 MO RFEEFML =Y
TATFLABRRNBRIGTH Y, FILBALET I F— L BEREZEENICAKTE 377
BIERERFEEI L TR Y,

Scheme 2-3. Synthetic method for spiroaminals

a) Spiroaminal synthesis from ketenimine and nitrone

Me™ Mo HN
O B
Me *
_ N-ph
>=C—NPh "
Me € Me

b) Spiroaminal synthesis via iodolactamization

Cbz. 1) TMSOTF Cbz,
2)NIS H N
NS N
H2N X 3)AIBN 0

0]

c) Spiroaminal synthesis by semi-pinacol type rearrangement

CIIbz
: N
(e
=~ _NCbz mCPBA N
MsO 0
Ar

d) Spiroaminal synthesis by intramolecular Sy2 reaction
@)

" 0
i - Mgb
[
m
HN . (Q
Bn Y N\Bn

- 14 -



2-1-4. WHIEHKY

FHIHFsSEChRTzA T IF—MERIGIE, B R WERFT afico C-HiFA
RIGTH 5. £ AlBAC T I - VERPHECE 2 iTHEL L E 27, KAC-H
FEASIED S % R FE L CHEEFT I 4UE. ERIECTIIREEChH o7z F Tz Aar v T 3
F— IV EHE O TEBEN I D A RE IS 72 B,

Tz, RRIGIER YT L ALy DT I FAKIG & RO KOG % il & 72 BRI Bl G &
LTI SEKIETHY, v T AF A by uad v LAy PR LRI E2 RS
TRICOWTH ERRE BT EFREEZHACTHHAT 2 2 & L,
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H2E RICKIEO R
2-2-1. BLAL ¥ OWRE!

=R A— M MUEEET 25887720 1lazF 4 b L UHIERMAL L, fildlito k%
1o 7z (Table 2-1) . BE{LAITH 2 I 1 = 7 #il3E PhI(OAc), 1F. 2 1 HH — A —
FEDRIGICE DA I 73—V F v EIEKL, Z0HREEL ORI TIMBIC K > TREF
APy EREXEIEENDRD L E6EETHE MgO 134 27 23—V Fvolglictt- Tk
T AE AR T 2 B TIMA CWd, T HRICk>oTELZAIVFF L I— T =
AV B, WAl X ATRIE U 72l & SEPE 2 AR 1 CRIT T 5 L v o i b B B 18

FF, BV LAAARVOT I FHAICE T 2 R Rh,(NHCOBu)s & PhI(OAc).
EFHOWT. RyEvH 60 CTrY Y LAFA PLYERREIRLZL A VTHF ALY E[4.4]
) F v EEET 2LEY 2a 22 66%INETF LN (entry 1) o KIT, K b T
% Rha(OAc), Z W2 & 2 A, 2a DK 80% F Tl EL7 (entry2) . L2 L&D,
Rh2(OCOC;H15)s % Rh2(OCOCPhs) 72 & a7 4 (L) AR F 27— b Rfiile
2, ey a (LD 7 32— MigEcd % Rhy(espn).Cl % v 2 & HIOY D IEK L
K L7 (entries3-5) . — /i T. @EF 4 L v C—HEAKILDIEEE TH % DuBois
HIC X o THIFE T N7z Rhalesp) B Z V% & 2a DKL 95% F Tl L L 72 (entry 6)

Table 2-1. Study of catalyst

cat. (2 mol%) o

0
PMB. PhI(OAC), (1.4 eq) P'\’E’\N
MgO (2.3 eq) N
0 benzene (0.05 M) o:\/
o

HzN\Y( 60 °C,1h

o 1a 2a
entry cat. yield (%)?@
1 Rh,y(NHCO'Bu), 66 (SM: 33)
2 Rh,(OAc), 80
3 Rh,(oct), 76 (SM: 4)
4 Rhy(tpa)s 71 (SM: 15)
5 Rhy(espn),Cl 72
6 Rhy(esp), 95b

a Determined by "H NMR analysis of the crude mixture using CHPhg
as an internal standard.
bsolated yield.

- 16 -



2-2-2. BBEO BT

ORI % Rhy(esp)z & L, iAEEDOMET 24T o 7228, Ry v TOIEK (95%, entry 1)
L3RS O NG 272 (Table2-2), ¥ 7un XXy, T b=tV 14-PFF
YTl CTRIGSIEE o T L E v, HREOICRICHE ¥ 57 (entries 2-4) , FFlE A
Y 7a AR CRIEERTEICHEINZDDD, KT 86%TH 7= (entry5) .

Table 2-2. Study of solvent

0 Rhy(esp), (2 mol%) O
PMB PhI(OAc), (1.4 eq) PMS\
MgO (2.3 eq) N
H,N_ O solvent (0.05 M) o:<
\‘( 60°C,1h (0]
o 1a 2a
entry cat. yield (%)@
1 benzene 95b
2¢ CH,Cl, 59 (SM: 29)
3 CH4CN 68 (SM: 19)
4 dioxanae 73 (SM: 15)
5 PrOAc 86

a Determined by "H NMR analysis of the crude mixture using CHPhg
as an internal standard. ? Isolated yield. ¢ Conducted at 40 °C.

2-2-3. BRALH| DRET

FTAML Y RRELESIE O OMBE T 7 FRAIEICOCTHRE 21T 2 7225,
PhI(OAc), & LicHHE I W S T 3 PhI(OCOBu), # W T INE IR L L 78d > 72,

Table 2-3. Study of oxidant

0 O
PMB
PMB Rh,(esp), (2 mol%) N
additive N
H,N_ O benzene (0.05 M) o:<
\ﬂ/ 60°C,1h 0
O 1a 2a
entry additive yield (%)?
1 PhI(OAc), (1.4 eq), MgO (2.3 eq) 95b
2 PhI(OCO'Bu), 74 (SM: 13)

a Determined by "H NMR analysis of the crude mixture using CHPhg
as an internal standard.
b |solated yield.

- 17 -



2-2-4. Ml ofRET

oYy LT EMTH B -0, MEEEZIKS T2 &N TE L 2ET 21T > 72 (Table 2-
4) , fiiEE % 1mol%. 0.5 mol% &JE 6 L= 2 A, HWYIDOINE MK T L 72 (entries 2,3) o
¥ 7z, il O T I S AR DK T 2 F 8 L CRICATRDOIBE 2 L2223, INED

] EICIEES o7 (entry 4) .

Table 2-4. Study of catalyst loading

o) Rhy(esp), (x mol%) oME o
PMB\N Phl(OAc), (1.4 eq) PRIV
MgO (2.3 eq) N
HoN 0 benzene (0.05 M) O:<
\“/ 60 °C, time
) 1a 2a
entry X time (h) yield?
1 2 1 95°
2 1 3 86
3 0.5 3 85
4¢ 0.5 2 79

a Determined by "H NMR analysis of the crude mixture using CHPhg
as an internal standard.

bsolated yield.

Cconc.=0.2M

L EofEEt X v, Table 2-4 @ entry 1 IS/ T2 S L L CTED 72,

- 18 -



FI3E koGS

2-3-1. h—" A — FH OGRS

BT, thoh — A — FEEIC oW TS 23 L7z (Table 2-5) .

AKzewT I F—LRIGIE 1,6-F 7 F 2 u[44] ) F v ER (2a) LS, 8- % -
L6-YTH R [4.5]7 41 v ERK (2b)  3-4FFH 1,6- TR u[45]7h v EK (20) .
1,7-v 72 n[55]v v T h vEk (2d) OBENARETH Z, 1— A=t LFREL
TEBFA ML VI 5 BRERZIFOHALS %720, 6 BIRIVEIKIG L 7= 52L&V 2b,
2d OERITEHESEHT CIRRWERBZGONR o7, L2 LR, illE% 4mol%ic
B L, BHEZFERA Y 7o e~ 2B 5 2 LT, RIFARIGETA Y B 7 I F — Lk
Bonrz, 72, L&YW 2b & 2d DARICE TS5 BERERYSBHI S W r o722 &
5, 0T ALFA L YRT I FERalioF 3Kk C-H A ~EfbEIRIc A L Tw»
LT lhbh b, flich, 7:rﬁwﬁzwgmam:%@%%ﬁiéxEHTif~w
(2e) %, Boc¥: (2f) . Bnit (2g) . 7V ¥k (2h) Z{R#ER L L oA T I
—ABERAEETH o7z, LAV 2h iz TP VAL Y 5 24 L 7 4 VEM S B
23, mY Y LFA L VIEEALERIVICE 3 C—H G ~FAL 72,

Table 2-5. Substrate scope of carbamate type substrates

0 O]
R\ //(/ R' 2 mol% Rhy(esp), R\N/[( R'
W PhI(OAC),, MgO H =
0] n benzene
O n
AN " 60°C, 1h _j/o I
0]
0]
PMBj\J§ PMB PMB )5 PMB, )5
N
0) N
o } Y
:< o
2a: 95% yield 2b?: 81% yield 2c: 97% yield 2d?: 65% yield
M
o :F§<e oﬁ(jig O:<j:$ :Fé
2e: 87% yield 2f2: 69% yield 2g: quant. 2h: 92% yield

2 Conducted with 4 mol% Rhy(esp), in PrOAc.
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2-3-2. B4 g DRt

fgHIEH — N A= PP, AT 7 A=+ (21) . vLvT (2 . rT7=vv (2k) %
HAWBZ B TCEL, 7=V vaFT2AYRT I F—1 (2k) DAL Tl O 245528
B, 6 mol% Dz 7z, —J5<, A7 I FoETEAYrY - —AfLii
IoF, 20BN o7, THNMR & MS OfEtr o ftE . Hofmann #xf7 391 X 5 4%
VDA DR X L7z,

Table 2-6. Substrate scope of other side chain

PMB\ O 2 mol% ha(esp)g PMB\
ﬁ)N\J& PhioAcy Mo K N
benzene !
X Y
HoN~y~ Vm 60°C, 1h ‘A

X
PMB, PMB PMB PMB
o H N
s _/
0= TcesN—\
Tces
2i: 81% yield 2j: 70% yield 2k?: 52% yield 21 not obtalned
(82% brsm) (85% brsm)
' Tces = O\\S// :
! 07 >CCly |

@ Conducted with 6 mol% Rhy(esp),.

2-3-3. KL DIREE

FIONLRIEEAH WG EZF I LAY T I F—A R3S 6N172 (Scheme2-4) , 2D
BRI ARG —EHIERED T Y LF 4 b L v 20001 X DM SR CHEITL T
rEzZLND Y,

Scheme 2-4. Retention of stereochemistry

R, 2 mol% Rhy(esp),
N Phl(OAc),, MgO
o benzene
HzN\« 60°C,1h
o
(+)-1a (-)-2a: 95% yield,

>99% ee
(from (+)-1a)
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H4E TIFHICHTIuYYAFA LY EuY Y AAARY DR B RIOTEDET

2-4-1. ElEFA P L v eSOV DR B RINE

BT R7ZEY, BEFA PLVEREAALRVIIETWICEML 2EEERET S
CHBbL LT, T I VRN LB A2 RKIGEE2 R, $hbb, FULEZH N TH, =
VO LANRVET I FC-NFEA~NFAT L - TrY LA bLvid T I FVEFRall
~D C-HfFARIGICE o TR BT IF—L%%5%2 2% (Scheme 2-5) ,

BEANRVEESBFAPLYOEINENORKIGICET 2 REIZEH 20D, &F
ANy EeEETA MLy ORIGHEDECICET 20581780, AT 0 X 5 RRIGHED
EICHEIE A2 % | 2 OJF N R RIS B 72 0 1S FEERIY - FHEAL R R T A2 1T o 72,

Scheme 2-5. Different reactivity of metal nitrene and metal carbene

R 0] 0]
N Amide insertion H
.
0 — (M9
Rh-carbene
o] R Q 0] 0
R\N C-H insertion N >‘N‘
“ — e [R’\D] 0N~ - 0O N-R

X

N\« H
0]

Rh-nitrene
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2-4-2. SEEREN 72 AT

¥, EEW T2 Az, $hbb, &EF A PL vy o7 I FEANETT 5 5
T3 EEAINR YD C-HIFARICHETT 25802 RE L. Z05MEE b 5~ o{b
O 2T 2 2 L CRA B RKIGHEDHERK % EHTE 32 L # 2 7=,

2-4-2-1. u I LF 4 FLvDT I FEAKIGOBE

0y LFA PLYDOT IFHEARZRITAZDIC, eV T LAAARVYDT I N FEAKRIG
CEFEEREEHET Y YA F 4 PL vy BFREXE~ (Scheme?2-6 (a) ) . BY VLA
AV DT I FRARIGTIR 1,4-2 4 %% Vi © Rhe(NHCOBw) 232 & TF
IFFARIGAGEE N2, BY Y LAFA FLYTHT I FRARIESIEC 3 & Wi
L7z LA LADLT I FHAREEONT, A e T I+ LBETT20HTH -

77

ZZT, AvuT I F— b ENHIT 201 E 3 C-H &S %2722 0WHEE 1m 5 5
BV LFA MLV EREIERZR, TIFHARRELONLTICT AT e MEAYES
N7z (Scheme 2-6 (b) ) o 7TA 7t FL&EMIE. 7 I FERBM~D C-HFAKRIGIC X
24 BERDIGA i BBZLC X DV AER Lz E 2 b5 4,

Scheme 2-6. Examination of amide insertion of Rh-nitrene

a) o

N
O
HZN\\( H
O

1a

b) 0

2 mol%
Rh,(NHCOBuU),
PhI(OAc),, MgO

dioxane/CH,ClI,
60 °C,6h

2 mol% Rhy(esp)s
PhI(OAc),, MgO
benzene
60 °C,1h

0]
PMB_
H N
N
o4

O Me

C-H insertion

0
PMB,

N

H

Me
(0]

aldehyde

16% yield

2a: 66% yield

Amide insertion

not obtained

(59% SM recovered)
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INLDRERID, vV Y AF AL PL YR C-HFARIGEBLHZ . $/-aY Y 4
FAPLYDAY FIEERIEFICEI DI W LR bd o7,

2-4-2-2. fI3H b ORRRIFF DRHR

BYYLANRYOT I FEASICOREE I LICERIE T2 Rk vwizo, Ik
DIRIFTFIC L > THRRZRKISEER R L T B A[REWA B % (Scheme 2-7) . LA L&D S
[2-3-2. ¥k~ oMt ] ch~7=X 51, v v aF 4 Ly oliflsr>BERETF%
b9 % & Hofmann Hi{ A3 Z 2720, WEHRIFETZH Y FRVWCTHET 2 2 L IZTE 2\,
ZZT . BYYLFAPLYDT I FHARIGEGIZREIT L EZRL, vy
~v D C-HHARIGOBEFHHE - 7=,

Scheme 2-7. Effect of the oxygen atom in a tether

Rh-carbene
(0]
PMB,_ O pmB O
H N Amide insertion >—@|
[Rg\«cz H,C N
(0]
Rh-nitrene
(0]
PMB\ PMB O
N C—-H insertion \N
R o N

0}

N\g O:<O

O
PMB 7 o pPmB 0O PMB
N Amide insertion >— N< N
Rh] H2 H,C N (H:Z
W C ,
N \K HoN
not obtained Hofmann
o rearrangement
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2-4-2-3. v LAy D C-H i AKIG DMt

HISH ORI T OWEETR L7201 T VAT MUEY 3 26 L. 7 I FAK
JGDRBESEIFITAT LTz, Z DR, LAV OREL Y T LAV T I F C-N
WANFALLZZ2O, I FoBBEFR Iy Yo rxviaod YA+ PLvyORA
BBEOHERTIZ R WwEE 2 513 (Scheme 2-8 (a) ) o

DARTOMFFEIc X 0. 7 2 & — b REALT %52 Rho(NHCOBu)y & 1,4-2 7 % 4 v 1S
7 FEAMCERET 2 EBHL AL o TS, 72 Wee b8 7 nu XA & v
TYTVIATARFEEL L THWS C-HIFARIGZRE L TW 25255, il & E
X2 EREZ, 22T V70 RARVHTHLRFY 7 - Rud Y AfillEcHh 2
Rhy(esp), Z W T C—H ARG % A& 7228, C-H A KIGIC X 2 2 e ufb &Y 04K 1%
BT, 77 F—RIEAMGPICIXEZ M)V E5REONEDATH 72 (Scheme 2-
8 (b)) .

Scheme 2-8. Examination of C—H insertion of Rh-carbene

C-H insetion Amide insertion
a) 0
PMB_ 2 mol% Q o
N ha(NHCOtBU)4
o - - O N-PMB
dioxane/CH,Cl,
Nf\\( 40°C, 1h :
O 3 4: 56% vyield
) PMB ? e
N 2 mol% O
Rh(esp), ij
@) - _ =
CH,Cl, 0™ o
Nf\\( reflux, 1 h ,
O 3 ) 5: 74% vyield
not obtained | Biichner ring expansion |

=24 -



2-4-3. BALFEEIC X B T

BYYLFA LYYy LAY DR B RIS 2R SRR 2 KR IS 5
CEDBRETH o 72720, BTLERHEZH G 2T 21T 7.

2-4-3-1. a7 L F 4 L voOKIGIcE$ 2 DFT &

9. EBIVBEIZrYYLFA L VYORIG (C-HIFAKIG, 40 PR, 7YYV
{b) 1coWT DFT 5 %2175 7= (Figure 2-2) *, JLBI% L L < RB3LYP, KR % E L <
6-31G* (C,H,N,O) & LANL2DZ (Rh) ZMHWwTw3 4,

DFT SHEOER, vy v Lo+ 4 L vo C-H ffAKCIEERE D IKWIEELZ 2L ¥ —

(+5.3kcal/mol) THEFTT 2 Z EXRBINZ, 7T I FFADOE—KETHEZA4 Y FIEED
EME LT A v F —13+10.0 keal/mol, FHFEERDO T VU ¥ v LoEH LT A L F —13+17.1
kcal/mol THH, &b Hd C-H fHFAKRICEL Y dbEhoTwd, L AL F—iC 3
kcal/mol LA LD #EH B 256, 99:1 LA LD KISHEE CH A RICHELICHETT 5 L&
ABTLBTED, Lo, DFT GIHEOHRIF C-H AKICICE 2 AR T 1) —
MALD BDHELT L 72 & v 5 FERFER & A3 %,

Figure 2-2. Energy profiles of postulated reactions of Rh-nitrene

AGg,s (kcal/mol) [Rj\\] o
+17.1 0 ‘N |
— S
+15 |- ig NF
+10.0 ///y////
+10 |- —_—
s L [Rh] H 7«63
+ S N AR
\oo N [Rh] o Amide
0_0 [Rhl H‘ N Vo lnsertlon
- / \
0 \N \ . “\ \‘\\\\ Y '1,,’\’,
O;(\ ' N
-5 |— O \\ \‘\
LN -7.7 ;
MeO
-10 |~ o® -8.9 \
== C(C-H insertion ~ N 0
-15 |— = Ylide formation H \ N N
MR Aziridination o:< o -70.41 o A
O 4+ IRnh o
-90 [~ [Rh] = Rh,(OCOH), [Rh] +[Rh]
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2-4-3-2. VY L ANy D C-HIFARIGDEHE L Rh 74 L v b DLLig

Oy LAY D C-H EAKIGICOWT S FREDEH L ~ AT DFT §#tH%2{T7- 72
(Figure 2-3) ., ZDfEHR, v v LA r~v d C-H i AS)GIZ+7.5 keal/mol D iE AL =
FINF—TETTEILRRBIN. 2T LF 4 L vDd C-H #FHAKMIG (+5.3 kcal/mol)
IV RLENETH 57z, —MNIcd Y Y LF 4 Ly C-HFAKIG 2 i3y 4
ANy D C-H ARG 910 L) DEIHEHEL T AN X —CHITT 5 2 L BbhoTE
D, AWFETHEBEOEAS R ONZ, LELADEL, vy A~y D C-H fAKIE
ey LF A bL YIS ARFTHEZDDOD, B 5B RERZHZITEEZNLD L & I13E
ZIC v, L7zdsoC, C-HffARIGHEKIIR Y Y A F 4 FLvbuad v arb 4 bLyD
F7p 2 RICHEDER Tl v e F 2 72,

Figure 2-3. Activation energies for C—H insertion reaction of Rh-carbene and Rh-nitrene

[Rh]
AGggs (kcal/mol)
o=,
+10 |—
+5 — ,"
00 .
0 / 5
v oot \ o
-50 |- ! N
523 [ o [Rh] o |
-55 |— AN X\‘( H \‘ (o)
N o) -
X =N : Rh-nitrene H N
-60 - O X = CH: Rh-carbene ' N
0~ +[RN] 10=<(
_65 __ ““ O
[Rh] = Rhy(OCOH), ! +[Rh]
-70 |- v =701
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2-4-3-3. BT LA AR Y DD K ERRE D E 5K

C-H i A HRIZ R 7 2 KGO BER TII RV EE A2, Y Y LAY DOl
DIIEFRIE D B TER L2 BY T LALRYDENEFNDKIGICO W T k% FHE L
TAERRh ARy DAY PR & v 7 m 7 a8 oA 48 13— fkifgic C—H $fi ARG 20w
L0 b EER LT AV ¥ —CTiHlfTS 2 2 L 3bp o7z (Figure 2-4)

Figure 2-4. General activation energies of other reactions of Rh-carbene

\ O
R\
AGggs (kcal/mol) :

+10 |- O +10 -

AGggs (kcal/mol)

I .
o

+7.5 _L C-H insertion
5 5L Cyclopropanation
/ ' Ylide formation
/ v 0.0 —
0— ; o 0—
VY m \ General activation energies
-50 |- / N of Rh-carbene
- ! Rh
52.3 | o [Rh] o)
55 ~N H
55 |— N 5
Rh-carbene
-60 - O
O~ +[Rh]
-65 |—

[Rh] = Rhy(OCOH),

COMHINEE T LAY DT I FEAIGICBE T 20198 Y o T b B 6 7z (Figure
2-5) . Tbb, 4V P (7 I FIAKRISOHE ) 13+2.9kcal/mol & \» 5 JEH I
i b 4L ¥ —TiH#EfT LT 2 —77 T, C-H #F AKRIEIZHI 8 keal/mol 3 K & Wifitk
L ANVF—DBHECTH 2 LEHIN, b, ZOFHEICECTH IS L L T RB3LYP,
FERA% L LT 6-31G* (C,H,N,0) & LANL2DZ (Rh) %7z,

LERoT, advarfbrvialy Ay cidf ) FIBROER L AL ¥
—WRELCEE-TEY, TR IEHEDOHREKTHE EZ LND,
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Figure 2-5. Previous calculations on the reactions of Rh-carbene

AGggs (kcal/mol)

+15 |—

+10 [~

-10 |—

33
13

+ [Rh]
-28.0
——

-25 |—

-30 [— === C-H insertion .
—— Ylide formation vvalel +[Rh]

~ [Rh] = Rhy(NHCOH), 2560

s
22

-5
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2-4-3-4. LUMO ~ v 71 X % f@thr

WM 2MA%/257-20, LUMO v v 7% W 5T 2175 72 ¥ LUMO ~= v 7' L |3&
MR %Z LUMO OX/NMC XV EABLEZMDOZ EThHH ., HEBBETNITEVIZEZ D
PLORBFUREN T & 2R T, RFFR T OE TR D BEICEHET 2720, L
BAf L L CwBI7X-D Z T %, FEBABULEM L = 2 v ¥ — O FHE & [FER I, 6-31G*

(C,H,N,O) & LANL2DZ (Rh) ZHw7=,

SR O NM (Figure2-6) 2L LR X 51T, RY T LAAARVITHLRELH
CREFHELREWERBEDONTWE—HT, Y YL+ PLvobLEZRIF ko
TELTRETHEME G, Lo T, BV T ARV I~T AT ORKKERIC L 24
U IR HEICGETT 525, vy v A+ 4 LY iZZDEWKREBFHEICL>TA Y FIE
WENET, C-HEARIGEREZTEEZ LD,

Figure 2-6. LUMO map analysis of Rh-nitrene and Rh-carbene

Rh-carbene

highly
electrophilic
MeO,CHC=Rh,(esp),
Rh-nitrene
not so
electrophilic

MeO,CN=Rh,(esp),
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2-4-4. T LFA LY ERT T LAANRY RERL B RIGHE R R TEK

DL EoSRERR, SHREAL AN REITIC X Y . v T AF L b v ud T LAY TN
JGH L TORETFERRLRY, ZHICK > T~T R TOREKECIHE 24 ) FEKD
EHALZ AN =B e BHL P L o7z, ZNICED, vV Y A ARV ITRE
HERE 2D A4 ) FIEBES ICHETT 52—/, e v A+ A4 b L VIidsREFHEIME W7
D~TOETORLER~ORBBMBICIRKERIALVLF DL EL R DL, ZOMEER, Th
ZNOLEMICEWTA U PR E C-H ARG & DIGHAL T 4 v ¥ — OBfRHR L |
R 5B % 5 2 72 L fGamo 2,
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B3 v LFA L VYOT I FFEARIGDOBF

Paxaxd

F1E RS R
3-1-1. N=N 4 Y Fofb2

SEANR Y EFARICSIEFA Ly A ~TuRT L D4 ) FTREAAREIC 2 4L
X, BEFA L YRRV SR ATEERISAFFETE 5,

Bz 1E, ERIFTOREKKELZTEL N-N 4 ) FBREKT 52085, N-N 4V Fld@E
O JIGTITER T E R BEEI O 720 0 HPRETH 2, fEkiTe P72 VA
DPOARENDE T ED% L (Scheme3-1) . C-H BRgfib o 7z » Dtk % EiEA & D

BFALIEOHEE & LU THW b 7z 14ach0

Scheme 3-1. Previous methods for the preparation of =N~ ylide

a) O
OMe
\ —
+ N-NH, +
o) / O
20°C,2h iNb“\r/
40 °C, 48h AN

b) Br
+ H,NHNBz 1) MeOH, reflux
2) EtsN (1.5 eq) _NT
"NBz

CHO

c)
/ N\ + base 72 + —
N—-NH, + BzCl N—NBz

d)
9 N A 9_+—
R-S-N; + P R—§—N—N\ /
o) N o}
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3-1-2. &@F A4 L vaoA ) FIEK

FBIHF4ECTERZEY, @EF ALy Y MEFICBET 2RI E A ERny,
T2 RN ASERFTEHACZHIL 2HED R VETH, I LR IWERLAMLE LD TH
%,

LLARBLE2WMTHL 2 ICho728 91, &EF A PLvidE@hr~vick~x<
RIGHLOREFHEIME 7204 U FEERL OOV, ZHICK Y RENET I v ERW
B EELRVD D EEZ LMD, £/, BT 1 L v o C-HFARIGOE R
ANF=BEFEHIALR DO C-HIFARKISL D DEVE 22508 4 ) FERZ#HLLT
W5, 21X, Romo & IRIZENE VEIHRT I vERHVCTWRICHEDbLT, VM-N 4
U Fo4pk e i C-H A2 EIZAEL Tw3 (Scheme 3-2) 15,

L7zA> T, &EF 4 bL v e RBEEAEWT I FERL D4 Y FEEE EVEREC
ETXE2DIEIARED X 9 IR 5,

Scheme 3-2. Romo’s report on N*—=N~ ylide formation

SO,R
0] _2
0P O I\
R” "NH, e} AN
2 H, |
(2 eq) MeO 7

Rhy(esp); (5 mol%)
PhI(OPiv), (4 eq)

benzene
MeO OMe MeO OMe
N*-N- ylide product C-H insertion product
37% vyield 21% yield
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3-1-3. ey ALF AL FLVYDT I FEARIG
[1-5-2. e LF A4 L vDT I FEAMGOFR | ThiR7-@E), AT I+—1
{LIEDWIFE DR TCHA R AR ZBAA~NEBE L 2, BEMETFed Y LF 4L L vy

7 3 FIRAKIGZ B L 72 (Scheme 3-3)

Scheme 3-3. Discovery of amide insertion reaction of Rh-nitrene

O
O PMB
Rhy(es 2 mol% N
~ 2(esp)z ( 0) O pmB O Y
PMP N Phl(OAc), (1.4 eq) > ‘ N
o MgO (2.3 eq) o N + O:<
HzN\\( benzene (0.05 M) 0
O 1a 60°C,1h Amide insertion product Spiroaminal
not obtained 95% yield
O
Rhy(esp), (2 mol%) Bz Bz,
Ph\v/T::> PhI(OAc), (1.4 eq) o N H N
MgO (2.3 eq) %( N "
o
HzN\« benzene (0.05 M) 0 + O:<O
0 60°C,1h
6a Amide insertion product Spiroaminal
55% vyield <23% vyield

73 FRARIGIEREF A | Ly 0f CHLWRIEETS Y . 2 OB X ) 284
by OFEORBICHMTE 5 e H A7, £ ARIGRE Y AF 4 b LY LT I FE
FLOA ) FIERESE TS A EOEBIC X o TR LT3 LE L BIE A, 2RI A
FLYDBT I FERD LD BRIEEDE~T i 4 Y FE2BRL flid7m w70,
REHH 70 SO HERBIRNT & HINIC IR IS T L 72,
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FH2E ISEM ORI

3-2-1. VABEO B

H =N A — MMEEY) 6a &\ CEBEOIRE 21T - 72 (Table 3-1) , filtfitid Rhy(esp)2 fil
A 73—y FvREDDDOILAIZ PhI(OAC),. Il E LT MgO w7z, ~
FFT7NFuRVE Y BTG RIE LA DB L 782 o T 7o DI RS HSEIT L
o T2 B3, OB Tl T b RIFRIGECRIGHET L7z, FRICR v Y MY 7
U FZHOEZBRICR D ROERPIELN/720 (entry7) . XYY U 7 AA Y F % FRBEA
Be L7z,

Table 3-1. Study of solvent
Rhy(esp)s (2 mol%)

Bz Bz
\)\13 Phi(OAc), (14eq)
MgO (2.3 eq) Y °N
HoN \\(O solvent (0.05 M) o\/‘:>
60 °C, 1 h-2d
O 6a 7a
entry solvent yield (%)
1 benzene 55
2 CH,Cl, 59 lesp=
3 PhF 66 | O o
4 PhCI 66 | 6Wo‘i
5 'PrOAc 53 ' !
6 CeFs n.r. e '
7 PhCF3 68
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3-2-2. Ml & SR O RRET

BT DMRE 21T 572 (Table 3-2) , BV AAARY DT I FEAKRIGICE T 3
bfifi, Rh,(NHCOBu)s Z VBRI A v w7 I+ — L 8 BRFEEFPE LTHELN, T
IFHAMR 7a 13 8WINKICE T -7 (entry 1) . ZHOT I X -+ REMLT%2HT 5
Rhy(espn),CI2 % Fl W 728545 b AR OFER G H 17z (entry2) o L2 L7235, AR F
V7= Ry AlBETH 5 Rhy (OAc) s Z v 3 & AW OEIRIEHERL L, 7 3 FiF
METa BFAEPE LTE LN (entry 3, 17% yield) . X 5ic, X 0 EE VI %2H
on Yy LA 2 1 E N TERY OB IRYE. I L b Icm | L 7z (entries 4,5)

(entry 5 1% 0.2 mmol 27 — A TfT> Tk H, 0.05mmol 2% — L TfT - 7z Table 3-1 & i%
IEREL>TWD) , RICEEZE 80 CETHIBT 2T I FHARISHE—DERY L L
TfHons (entry6) o

BEALAIC RGO IREIC DOV T H B 2T o 2B INEOWRBICIEESL 572728,
Rhy(esp), DETFNTF 2 —=v 7 %{To 72, ZDFER, esp B FICA P F U HEAEAL %2
Rh;(esp-OMe), Z 2% 2 & T7 I FHfiAMK Ta DD 78% F CiE L 72 (entry 8) o

Table 3-2. Optimization of the reaction conditions

Bz cat. (2 mol%) Bz Bz,
N Phi(OAc), (14eq) o H N
. N
o\/‘Q MgO (2.3 eq) %]/ N r o
HzN\\< PhCF3 (0.05 M) 0 _j/o
temp., 1.5 h
O 6a 7a 8
entry catalyst temp. yield (%)?@
7a &
1 RhyNHPiv); 60°C 8 38 0 0 :
2 Rhy(espn),Cl 9 36 | )_(J><\(;\/><‘L X i
3 Rhy(OAC)4 17 7 4 !
4 Rhy(OCO®Bu), 36 6 2 R !
5 ha(esp)z 62 8 : espn: R'=R2= H, X = NH :
6 ha(esp)z 80 °C 71P 0 E esp: R'=R2= H,X=0 '
7 Rhy(espNOp); | 62° 0 ! esp-NOy R'=NOp R?=H,X=0:
| 8 _Rhylesp-OMe);  y 78° 0 esp-OMe:R'=H, R?=OMe X=O;

2 Yield was determined by "H NMR analysis of the crude mixture using CHPh; as an internal standard.
b |solated yield
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TIX—PZuI T L E AR F S T — b R0 DT L OGO BRI TE AL L
7B E LT, R Oy A OMBARL 3 S8BT o5, ALRFL T —FFRRA
VLD 2 oon Yy LFFIEED S D AliTH % A (Rho(ILID)), Rha(espn).Cl DF
Jiomn Yy LFEFIF s b (Rhe(ILIT)) . Rha(NHCOBu) 1F IGHIARE R IR 23
fERe Rk 3720 AP CHRILINT R(LID ER>TWna eEZLNDG B FJ
D v Yy AR Ll (Rhe(ILI)) TH 2 v 27 L+ 4 L vid, JERICEGEE LD 4
N —TC-HFEARIGER I T ERHEINT WS 729 % entries 1,2 & entry3 AL T
ERMESHEHL L 2 B2 b B,
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FI3E koGS

BOBMGAF T oA B BEE O 7 I FIARIGE MG L 72 (Table 3-3) o £, _v Y4

HoONFACAFAR, 7uoukh, A FFOR S bolEAEAL ZRE 2 RESEF ML
A ENFNRIGTE T I FEAMKICEf LN (Tb—T7e,47—68%) , TL XA T
I FICHBEAATRETH - 72 (T£(60%), Tg (52%)) . F7-. fldiiE & N 282 L83
HottbDOD, v TLFAFLVIERALEYT I FD S-N fEAE~biFALZ (Th—Tj,
40—51%) o 53 THNT PV P ALPMHET LIS 2 v = A BE G T 2B 6k b 7 I FifiAM 7k
(44%) & x N, TIFNEZET BT IV AIAFR=AEoBicI oy hrrsay 7 LT
voa7axNvERT AT, ROMAEZEDL TG ET Lz (714 (73%), 7Tm
(48%)) o 7z, TXF ¥ VEREZFROHEECHROELE ZH 725610 b RINEZR A 5 HIY
DT I FiEAKDBE SN (6n (37%), To (21%)) .

Table 3-3. Substrate scope of the amide insertion reaction of Rh-nitrene

EWG R Rhy(esp-OMe), (2 mol%) EWG
N Phi(OAc); (14€q) o N

OJ‘\) MgO (2.3 eq) Y "N R
HN—( PhCF3 (0.05 M) o\/l\/
80 °C, 1-1.5h
O 6b-o 7b-o

R
O  7b(R=Me) :67% O \N( 202
7c (R=Cl) :68% NN OYNN
0 0

0) N.N 7d (R = OMe): 61%
%‘/ (brsm 75%)
0] 7e (R=NO2):47% 7f (R=Bu) :60% 7h?" (R =Me): 51%

79 (R=1-Ad): 52%  7i? (R = OMe): 48%
7i# (R =Cl) :40%

o EZ e EZ o ’ S v
~ ~ N O N. O N~
%]/\)Néi YJN\/> OYN’N YJ:' Y N~
o o 0 o o)
7k: 44% 71: 73% 7m: 48% n: 37% 70:21%

a4 mol% Rh cat., 2.8 equiv. PhI(OAc),, and 4.6 equiv. MgO were used. © Conducted at 60 °C
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A7 I VARSI LT F FHZEE L L CHOWAEGAICHETL, a-e V7Y
I NEE S R RO T T VOSSN L7z (Tp, 31%) (Scheme 3-4) , a-t F 7
V/T:F%mi\7DTTV~A@%%E%\ﬁi%gm\i%ﬁﬁ%§%®%%ﬁﬁm
FLTLIE LI TS,
Scheme 3-4. Application to peptide substrate

Z-(L)-Phe-Gly. Rh,(esp-OMe), (2 mol%) Z-(L)-Phe-GI)l/
N PhI(OAC), (1.4 eq)

O<__N.
HN_ O MgO (2.3 eq) YN
il PhCF (0.05 M) O

@) 6p 80°C,1.5h 7p: 31% yield

F72, FIONARREEERRACESGARFIALRT I FHEAEG)-Ta 235 5172 (Scheme 3-
5) o

Scheme 3-5. Retention of the stereochemistry

Rh,(esp-OMe), (2 mol%)

Bz\N PhI(OAc), (1.4 eq)
PhCF5 (0.05 M)
HZN\T( 80°C,1.5h
{ (-6 (+)-7a: 78% yield

>99% ee >99% ee

- 38 -



FHAE T I FEAKROFEERL

7 I FIEARR Ta UM RE A B2 W o2 d 5, 7 I FIEARIGH O HE 7 5 L%
A7 22 W% 3BT 5 T DI 2 DS R R L 7R, RIEA YV 7 L AR 7 — L THL
B 2Lh—"A—MEED C-N 25, —&ET#EILHITH % LiIDBB 2 & N-N #itr
PSEIRIICYINICE 2 2 L3O A2 & 75 72 (Scheme 3-6) . N-N #E& I L&Y I
FEHLD 720 D WRRER KB ICBITLCLE o 72720, AU HE 207 I v % Boc {1
L7-BICHEEL T 5,

Scheme 3-6. Derivatization of amide insertion product
LiDBB

o KoCO 5 THF; Boc.
AN\ MeOH O%ﬁ“ﬁh then Boc,0 N \/jt:>
HO\/Q C—-N bond O\/‘\/> N-N bond Bz/le/o
9: 72% yield cleavage 7a cleavage O 10:48%

~
uy]
c
o
c
[ —
-
3
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FHE5E ST

3-5. 2 b3 300Dk

REIGIEE YT ANy DT I FIAKRIGE FERICA Y FHEGFEEZRZCGETLTWw 3
EEZOLNDD, MRERCTHBRZEY, RFEFA P vdkEEosHe~Taire 4
MR % L 72lid 72\, % 2°C, fthod ROGHERE CHEFT L T 2 AlREME 2 F 8 L. OGRS
Wr&a1T > 72,

%il’ohé}if\“ﬁ%i‘% ¥3252% (Scheme3-7) . 1 2oHImEKMCcHY., 7 I FC-N

BOYIWT L [FIFIC N-C (F4 FL v e T I FALFR=AE) FiAE N-N (F4 bL v

IVER) BEXP-FICEEEIND (@) , 220HIIIhETICBARTE 24V FoREEk

nﬁi%ﬁiﬁﬁ’ézﬁb By LFA P LY~DT I FPERORKEKEICL > TA Y Pk
DER L, il TYAEDEBIC L >TT I FEAKES 22 (b) , 320HIIF=HEIERAE
DuYYLFA LY P hbe T UANTHGERCGETT2 7V AEETH S (o) .

Scheme 3-7. Three possible reaction pathways of the amide insertion of Rh-nitrene

a) concerted pathway

[Rh] OV Ph
O« NI_!
el - %]/ NN .
O \\
S K
Bz. b) ylide pathway [Rh]

z
N |
[Rh] \/‘\/> ylide formation Y acy/ transfer Y N. N
N \« o

Rh-nitrene N*—N- ylide intermediate Amide insertion

product
c) radical pathway 4

[Rh] BZ jN\/>
LU Y O L
\)\/> [Rh]

radical pairs
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3-5-1. 7 ¥ 7 KRR I B3 % SR 7 AT

BT, 7Y ARl e LC BHT  TEMPO %/l C 6ad7 I FiEARIGZIT
o7& A, KIERICEDIE T ZEES 2 & %< T 3 FREARIGHHET L 72 (Scheme 3-8) .

TEMPO &AL 72 IR & 15 5 1L is d> o 72 0

Scheme 3-8. Amide insertion reaction with radical trapping reagents

Rh,(esp-OMe), (2 mol%)
Phl(OAc), (1.4 eq)

I|32
(@) N.
+  BHT MgO (2.3 eq) YJ‘D
PhCF5 (0.05 M) o)
5 (1 eq) o

\)\l:> 80°C, 1.5h 7a: 61% yield
O Rh,(esp-OMe), (2 mol%)

Bz
HZNT{ PhI(OAc), (1.4 eq) o) N
O 6a + TEMPO MgO (2.3 &q) T
(1 eq) PhCF; (0.05 M) O

80°C,1.5h 7a: 62% yield

¥/, RE ARG oh T, Jvhrsmy sl LTy T VviRERT 3 EE
DEROFAZ DL TICT I FRARICEINZ LB FEL, VT VR ERET

HELT LT 2 AJREME 13 AR D TR W & 5w D I 72 (Figure 3-1) 1,

Figure 3-1. Amide insertion products with cyclopropane ring

NN OYN\
3 N
ST
71:73% 7m: 48%
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3-5-2. WM. A ) FEE. C-H iR ASUGICBES 2 B LR

R L 4 U PR Z EERIC X3 2 C L 3N CTH > 72720, BT LYatHE 2 H
WCENT 24T - 72 (Figure 3-2)

FIAY FEREICOWTEIR L, 4 ) PHhffRicizIe e Y O VBREHZICEE L7 6
BENY AHERD cs-Nt-N"4 VK&, F IV RICHEERLTW3 trans-N—N-4 D F 23 fF
Y3 %, DFT S OFER, casfBi L T\ 3 cs-N—-N 4 ) F 2k e 3 2 25% b /N
SVIEHEL AN X — Tl TT 2 2 L HL 2L 72 Y (+6.9kcal/mol) | Hi T ¥ VK
JeDWEHEL = AN F— b IR NETH - 72 (+12.5kcal/mol) , —75 T trans-N'—N~ 4
Y FOERICIE cis-N =N 4 Y F X0 b @EmueiGtEb s+ v ¥ — (+18.5 keal/mol) A34ET
HY, Kk TNEEIEDEEL T ANV F— cis-N-N A ) FOZNX Y b E» o7

(+15.4 kcal/mol) .

B O BRI OREE IR IC X o TRk b v b o 72720 (KA DB IRAENE

(TScone) DIZANF—%FHHL7ZE A, cis-N=N"4 Y FIER X Y i @ »idtEdt
IANF—DBUEE L b o7 (+20.3 kcal/mol) , T/, BISTH 5 C-HFHAK)LD
EHALZ AL F—d cis-N-N 4 Y FIEE D KE v (+8.2kecal/mol) Z & %2 HEEL 72,

Figure 3-2. Potential energy surface for the possible amide insertion reaction and the

competing C—H insertion reaction
[Rh]
AG (kcal/mol) Bz

il VQ

N\\( Amide insertion [Rh] Bz

o I|32 (0] via trans-N*-N-
ylide o ’
T

N. N
o< L)
2 trans-N*-N- ylide

-26.3

e
"aa,
e
.

0}
%( [Rh] ) Ph
VO Concerted OYN‘/I\j"‘

amide m.sertlon o)

-10.9

conc

C-H insertion

Amide insertion
via cis-N*-N- ylide

)/ -29.4 169
[Rhl g,

=< [Rh] O ”.'~. ?Z
O o) N_ d \>/Ph el W o) N
© R 0 D 432 ©

cis-N*-N-ylide +[Rh]
RwB97XD/6-311G* (for H, C, N, O) and SDD (Rh) (PhClI solvent, 353 K)  [Rh] = Rhy(esp-OMe),
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cis-N'=N-4 U FEE#E, v & v LESRREL CH o 7 o VEEDTERS 3 5 AlRETE D & 2
bd, LeLAadb, ndy Al OFEERERSEE I NS & 4L F —IcAH] 7z
N-N AV FPELELHEBINS720, TNV EHOEBERICE W TS vy LMl
HFICAEL Cwb eEZ bd (Figure 3-3) o

Figure 3-3. Dissociation energy of Rh associated cis-N*—N~ ylide complex

[Rh] Bz _ Bz
= +13 3 kcal/mol O N_ &
Y YOUNEN 4 e
O
cis-N*-N ylide free ylide

3-5-3. FYANKEREE B ET DRGSR

I YNNI ERICEEI N DO, FHEMD T Y ANAPRUE (ke <1.3x 1085
D R CGETL T 2RSS 2720, ZHEREORY Y A4 b LY ORIGICDO W
TEtHE %17 o 72 (Figure 3-4) , Z DFER. 7 I FIEARIGD 2 D DESIRFE (+62.4 keal /mol,
+54.2 kcal/mol) & C—H FAKIEDESIRAE (+18.6 kcal/mol) 13 ic—FEHIFRAE L Y
EPICEHWIANLF—TH DL LRHL N L R o7,

¥ AREHEIC B W TIRINEIE L L T UeB97XD, FEJEKEEE & L T 6-311+G*(C,H,N,0)
& SDD (Rh) ZFHwTw 5,

ORI, TUANMERITTERICRIE I N,

3-5-4. FGHERE D HRE
DL F o EERE), S ECENRBITICE Y, e Y AFA FL YD T I FEARIGIE cs-

N=N A4V PR AR &t 7 ¥ MEBRISIC X 2 BRI 72 SOom cEfT L T %
kfﬂ Ooj’f;o
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Figure 3-4. Reaction coordinate diagram of the amide insertion and the C—H insertion

reaction of triplet and singlet Rh-nitrene

(Rh)\ Ph%o
N--

N
AG (kcal/mol) °:<0 \/:> e
=~/ e

H —_—
+60|— TS ¢ipet.c-N !
+55| — ‘.
450/~ (Rh) BZ\N
\N"H\ :,
0 o \
+20|— . +18.6
TS triptet-c-H N —
+15— ’," : ‘
+10— Bz
N , +8.2 \
+5 — 0 ’ |
0 T
5 | 5.2
10 R0-N
=10 Bz
(o} |
O)N N
15
-20- RTt.‘riplet
-25|—
-30(|—
_35 —
40|~
= C-H insertion (triplet)
45— —— Amide insertion (triplet)
_7;: = C-H insertion (singlet)
—— Amide insertion (singlet)
-80|=  [Rh] = Rhy(esp-OMe),

(Rh) Ph o
N

N
Ees
0" .
H (Rh) Ph o
) T\
IM1ipret-c-n N R
oz< \/‘3
+54.2 0~
‘ H
: , L TS24ip0et.c-N
4196/ "
" Ph
. (Rh)
(Rh) Bz /E

OJ\O

M triplet-C-H

o

e oD
L +22 0+
_" H

IM2 triplet-C—N

b -5.7
‘ " via MECP
| 2169 . via MECP
| -29.i: '. Bz
R g, N OYN\N
O N_ /7 YR
%‘/ N7 S o
O " .1 +Rhyesp-OMe),
‘ N -43.2

cis-N*-N- ylide

+ Rhy(esp-OMe),
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AELFCE, UTICRT 2200 Y4 F4 L v OHFHFEAKGICOWTHED 72
DTH 5,

TP, vV VLA Ly RELEERNIC EFafio C—H HEE~FAL, X
ve7 IF—VEREG 25 C a%ﬁﬁbtoﬁﬁfiﬁﬁ®¢%m%%%htf T3
270, HERECENECH >7-FINAARALTT I F— AL DOEENRAEAHETSH S,

¥, REFA LV ERBAAR YRR RIS R TERIC O WTER L BT
SEEIC L o TR L., FNEFNOEEORKIGHLIC BT 2 BFEEOE N L > TR
BB ERLTWE Z L EZHL T LT,

o 0
R\ J( Rl R J( '
N C-H inserti H N~XR
[Rh] XW insertion H
\ n \
N~y m Y, ) n
X=0orN X 11 examples
Y = CO, SO,, CNR’ spiroaminals  52-quant. yield

o, Fidoiffstorcry vy A F A bLyo T I FEAZRBL, RCZHET 2 L
HICFEM 2 FOCHEREIAT 21T o 70 2 DRER, BV LFA LY DOT I FHARIGIE cis
MHER L T\ % cis-N'— N A Y FHEERDIZK & ki 7 o VBB ic X - TEITL T %
ZeRHALPIC L7z, AR IEREF A P L v EREEME~T a7 e 4 U F 2K
L7zwlofltd 5,

T Rh O
O)\N —~ R ylide (Rl \ acyl Y
[Rh] \)\) formation Y v‘:> transfer O N —~ R
N (@)
0 cis-N*-N- ylide Amide insertion 16 examples

product 21-78% yield
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e

FERDH
1. General information

NMR spectra were recorded on a JEOL ecs 400 spectrometer. Chemical shifts in CDCls, were
reported downfield from TMS (= 0 ppm) for 'H NMR. Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br =
broad), integration and coupling constants in Hz. For *C NMR, chemical shifts were reported
in the scale relative to the solvent signal [CHCI; (77.0 ppm)] as an internal reference. ESI
mass spectra were measured on JEOL AccuTOF LC-plus JMS-T100LP. Optical rotations
were measured on a JASCO P-1020 polarimeter. The enantiomeric excess (ee) was
determined by HPLC analysis. HPLC was performed on JASCO HPLC systems consisting of
the following: pump, PU-980; detector, UV-970; column DAICEL CHIRALPAK AD-H,
DAICEL CHIRALCEL OJ-H; mobile phase, n-hexane/PrOH. Melting points were
measured with a SIBATA NEL-270 melting point apparatus. Analytical thin layer
chromatography was performed on Kieselgel 60F254, 0.25 mm thickness plates. Column
chromatography was performed with silica gel 60 N (spherical, neutral 40-50 mesh).

Reactions were conducted in dry solvent. Other reagents were purified by the usual methods.
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2. Rh-Catalyzed Stereospecific C—H Amination for the Construction of Spiroaminal Cores:
Reactivity Difference between Nitrenoid and Carbenoid Species against Amide

Functionality
2-1. Characterization of spiroaminals 2a — 2k

General procedure A for the C—H insertion reaction

A primary carbamate substrate (0.2 mmol), PhI(OAc), (0.28 mmol, 1.4 eq, 90.2 mg), MgO
(0.46 mmol, 2.3 eq, 18.5 mg), and Rhz(esp)2 (4 u mol, 2 mol%, 3.0 mg) were suspended in
benzene (0.05 M, 4 mL), and the whole was stirred for 1 h at 60 °C. After complete
consumption of the starting material, the reaction mixture was concentrated under reduced
pressure. The crude residue was purified by flash chromatography on silica gel to afford a

spiroaminal.

6-(4-Methoxybenzyl)-3-oxa-1,6-diazaspiro[4.4]nonane-2,7-dione (2a)

Prepared according to the general procedure A and isolated as white solid in 95% yield
(column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1): mp 134—136 °C; R;=
0.2 (EtOAc); '"H NMR (400 MHz, CDCl3) 6 2.21-2.38 (m, 2H), 2.44-2.62 (m, 2H), 3.79 (s,
3H), 4.15 (d, /= 10.0 Hz, 1H), 4.22 (d, /= 10.0 Hz, 1H), 4.24 (d, /= 15.2 Hz, 1H), 4.57 (d,
J=15.2 Hz, 1H), 5.87 (s, 1H), 6.84 (d, /= 8.4 Hz, 2H), 7.27 (d, /= 8.4 Hz, 2H); “C NMR
(100MHz, CDCl;) 6 28.6, 32.1, 42.1, 55.3, 73.3, 79.0, 114.2, 129.3, 129.4, 157.4, 159.2,
173.5; IR (ATR) v 3254, 2925, 1761, 1683, 1513, 1387, 1246, 1033 cm~'; HRMS (ESI-TOF)
[M + Na]* caled for C14HisN2NaO4t m/z299.1002, found m,/z 299.0997.

PMB _
H N

YN

o

@)

1-(4-Methoxybenzyl)-8-oxa-1,6-diazaspiro[4.5]decane-2,7-dione (2b)
Prepared according to the general procedure A using 4 mol% catalyst in PrOAc for 3 h and

isolated as a pale yellow oil in 81% yield (column condition; gradient elution: EtOAc —

- 47 -



EtOAc/MeOH, 10/1): R,= 0.1 (EtOAc); '"H NMR (400 MHz, CDCl;) 6 1.72 (d, /= 14.0
Hz, 1H), 2.09 (m, 1H), 2.17-2.27 (m, 2H), 2.48 (ddd, /= 16.8, 8.0, 8.0 Hz, 1H), 2.63 (ddd,
J=16.8,8.8, 6.4 Hz, 1H), 3.78 (s, 3H), 4.13-4.27 (m, 3H), 4.60 (d, /= 15.2 Hz, 1H), 6.40 (s,
1H), 6.84 (d, /= 8.8 Hz, 2H), 7.21 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl3) 6 28.3,
31.3,35.2, 42.0, 55.2, 63.0, 75.8, 114.1, 128.9, 129.9, 153.7, 158.9, 173.8; IR (ATR) v 3249,
2926, 1679, 1513, 1396, 1287, 1244, 1175 cm~!; HRMS (ESI-TOF) [M + Nal* calcd for
CisH1sN2NaOut m/z313.1159, found m/z313.1171.

PMB .
AN

N
o
(0]

6-(4-Methoxybenzyl)-3-oxa-1,6-diazaspiro[4.5]decane-2,7-dione (2c)

Prepared according to the general procedure A and isolated as a pale yellow oil in 97% yield
(column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1): Rr= 0.2 (EtOAc); 'H
NMR (400 MHz, CDCl;) 6 1.80 (m, 1H), 1.89 (m, 1H), 2.07-2.15 (m, 2H), 2.54 (d, /= 6.4
Hz, 1H), 2.55 (d, /= 7.2 Hz, 1H), 3.78 (s, 3H), 4.19 (d, /= 10.0 Hz, 1H), 4.34 (d, /= 10.0
Hz, 1H), 4.49 (d, /= 15.2 Hz, 1H), 4.67 (d, /= 15.2 Hz, 1H), 6.04 (s, 1H), 6.83 (d, /= 8.8
Hz, 2H), 7.21 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl;) 6§ 16.7,32.1, 36.8, 44.2, 55.2,
74.0,75.8,114.0,128.4,130.5, 157.4, 158.7, 170.5; IR (ATR) v 3245, 2953, 1762, 1633, 1513,
1442, 1388, 1246 cm~!; HRMS (ESI-TOF) [M + Nal* caled for CisHisN2NaOus+ m/z
313.1159, found m/z313.1156.

PMB _
H'N

YN

0]

0]

7-(4-Methoxybenzyl)-3-oxa-1,7-diazaspiro[5.5]undecane-2,8-dione (2d)

Prepared according to the general procedure A using 4 mol% catalyst in PrOAc for 3 h and
isolated as yellow solid in 65% yield (column condition; gradient elution: EtOAc —
EtOAc/MeOH, 10/1): mp 181183 °C; R,= 0.1 (EtOAc); 'H NMR (400 MHz, CDCl;) &
1.72-1.98 (m, 3H), 1.99-2.14 (m, 2H), 2.25 (ddd, /= 14.4, 11.2, 6.0 Hz, 1H), 2.54 (m, 2H),
3.77 (s, 3H), 4.12-4.24 (m, 2H), 4.31 (d, /= 16.0 Hz, 1H), 4.70 (d, /= 16.0 Hz, 1H), 6.71 (s,
1H), 6.82 (d, /= 8.8 Hz, 2H), 7.13 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl;) § 15.9,
31.3,32.2, 36.9, 44.3, 55.2, 63.1, 72.6, 113.9, 128.0, 130.6, 153.9, 158.4, 171.0; IR (ATR) v
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3254, 2954, 1701, 1635, 1512, 1393, 1315, 1245 cm~; HRMS (ESI-TOF) [M + Na]* calcd
for C14H20N2NaOut m/z327.1315, found m/z327.1308.

H N Me
Me
o=
o)

6-(4-Methoxybenzyl)-8,8-dimethyl-3-oxa-1,6-diazaspiro[4.4]nonane-2,7-dione (2¢)
Prepared according to the general procedure A and isolated as a yellow oil in 87% yield
(column condition; gradient elution: n-hexane/EtOAc, 1/2 — EtOAc): Rr= 0.5 (EtOAc); 'H
NMR (400 MHz, CDCl3) 6 1.21 (s, 3H), 1.27 (s, 3H), 2.10 (d, /= 13.6 Hz, 1H), 2.22 (d, /
=13.6 Hz, 1H), 3.78 (s, 3H), 4.13 (d, /= 10.0 Hz, 1H), 4.17 (d, /= 10.0 Hz, 1H), 4.24 (d,
=14.8 Hz, 1H), 4.55 (d, /= 14.8 Hz, 1H), 6.08 (s, 1H), 6.84 (d, /= 8.8 Hz, 2H), 7.25 (d, /=
8.8 Hz, 2H); *C NMR (100MHz, CDCl;) 6 25.6, 26.0, 39.4, 42.2, 47.9, 55.2, 74.1, 76.3,
114.2, 129.3, 129.6, 157.4, 159.2, 178.4; IR (ATR) v 3249, 2963, 1765, 1675, 1513, 1437,
1388, 1246 cm~!; HRMS (ESI-TOF) [M + Na]* caled for CisH20N2NaOu+ m/z 327.1315,
found m/z327.1313.

Boc
H N

N
0=
O

tert-Butyl 2,7-dioxo-3-o0xa-1,6-diazaspiro[4.4]nonane-6-carboxylate (2f)

Prepared according to the general procedure A using 4 mol% catalyst in /PrOAc for 2.5 h and
isolated as a colorless oil in 69% yield (column condition; gradient elution: n-hexane/EtOAc,
1/2 — EtOAc): Rr= 0.2 (EtOAc); '"H NMR (400 MHz, CDCl;) 6 1.55 (s, 9H), 2.22 (m, 1H),
2.38-2.51 (m, 2H), 2.72 (ddd, /= 18.4, 10.0, 10.0 Hz, 1H), 4.34 (d, /= 9.6 Hz, 1H), 4.69 (d,
J=9.6 Hz, 1H), 7.14 (br s, 1H); *C NMR (100MHz, CDCl;) § 27.9, 30.0, 33.2, 74.7, 78.2,
85.5,148.8,157.7,172.7; IR (ATR) v 3303, 2982, 1747, 1534, 1397, 1370, 1300 cm ~'; HRMS
(ESI-TOF) [2M + Na]* calcd for Cz2H3:NuNaOqo™ m/z535.2011, found m,/z535.2012.
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H N

N
0=
0]

6-Benzyl-3-oxa-1,6-diazaspiro[4.4]nonane-2,7-dione (2g)

Prepared according to the general procedure A and isolated as a colorless oil in quantitative
yield (column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1): R= 0.2 (EtOAc);
'"H NMR (400 MHz, CDCl;) 6 2.23 (ddd, /= 14.0, 9.6, 8.0 Hz, 1H), 2.36 (ddd, /= 14.0, 9.6,
4.4 Hz, 1H), 2.47 (ddd, /= 17.2, 9.6, 4.4 Hz, 1H), 2.61 (ddd, /= 17.2, 9.6, 8.0 Hz, 1H), 4.12
(d, /=10.0 Hz, 1H), 4.18 (d, /= 10.0 Hz, 1H), 4.21 (d, /= 15.2 Hz, 1H), 4.67 (d, /= 15.2
Hz, 1H), 6.71 (s, 1H), 7.27-7.35 (m, 5H); *C NMR (100MHz, CDCl;) & 28.6, 32.1, 42.6,
73.2,79.0,127.9 (2C), 128.9, 137.3, 157.4, 173.7; IR (ATR) v 3244, 2924, 1759, 1679, 1437,
1386, 1234, 1163 cm~!; HRMS (ESI-TOF) [M + Nal* caled for Ci3sH1uN2NaOs* m/z
269.0897, found m/z269.0896.

N

H N

N
0=

(@)

6-Allyl-3-oxa-1,6-diazaspiro[4.4]nonane-2,7-dione (2h)

Prepared according to the general procedure A and isolated as a colorless oil in 92% yield
(column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1): Rr= 0.1 (EtOAc); 'H
NMR (400 MHz, CDCl3) 6 2.26 (ddd, /= 13.6, 10.0, 8.0 Hz, 1H), 2.36-2.47 (m, 2H), 2.59
(ddd, /= 18.0, 10.0, 8.8 Hz, 1H), 3.83 (dd, /= 16.0, 6.4 Hz, 1H), 3.93 (dd, /= 16.0, 5.2 Hz,
1H), 4.27 (d, /= 10.0 Hz, 1H), 4.52 (d, /= 10.0 Hz, 1H), 5.17 (dd, /= 10.0, 1.2 Hz, 1H),
5.25(dd, /=17.2, 1.2 Hz, 1H), 5.84 (dddd, /= 17.2, 10.0, 6.4, 5.2 Hz, 1H), 7.18 (s, 1H); 1*C
NMR (100MHz, CDCl;) 6§ 28.6, 32.0, 41.8, 73.3, 79.0, 117.9, 132.9, 157.6, 173.5; IR (ATR)
v 3259, 2928, 1759, 1683, 1388, 1234, 1040 cm~!'; HRMS (ESI-TOF) [M + Nal* calcd for
CoH12N2NaOs* m/z219.0740, found m,/z219.0741.
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1-(4-Methoxybenzyl)-8-oxa-7-thia-1,6-diazaspiro[4.5]decan-2-one 7,7-dioxide (2i)
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Prepared according to the general procedure A and isolated as yellow oil in 81% yield (column
condition; gradient elution: n-hexane/EtOAc, 1/2 — EtOAc): Rr= 0.5 (EtOAc); '"H NMR
(400 MHz, CDCl3) 6 1.60 (dd, /= 14.8, 2.0 Hz, 1H), 1.93 (ddd, /= 13.2, 9.2, 9.2 Hz, 1H),
2.43-2.55 (m, 2H), 2.68 (ddd, /=17.6,9.2,9.2 Hz, 1H), 3.06 (ddd, /= 13.2,9.2, 2.8 Hz, 1H),
3.79 (s, 3H), 4.47 (d, /= 15.6 Hz, 1H), 4.51 (ddd, /= 12.4, 5.2, 2.0 Hz, 1H), 4.57 (ddd, /=
12.4,12.4, 2.0 Hz, 1H), 4.65 (ddd, /= 12.4, 12.4, 2.0 Hz, 1H), 4.93 (s, 1H), 6.76 (d, /= 8.4
Hz, 2H), 7.22 (d, /= 8.4 Hz, 2H); *C NMR (100MHz, CDCl;) § 28.2,30.3, 33.1, 42.0, 55.3,
66.9, 80.5, 114.5, 128.9, 129.0, 159.3, 175.7; IR (ATR) v 3145, 2938, 1652, 1513, 1439, 1408,
1294, 1247 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for CisHisN2NaOsS* m/Zz 349.0829,
found m/z349.0837.
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2,2,2-Trichloroethyl 6- (4-methoxybenzyl)-2,7-dioxo-1,3,6-triazaspiro-[4.4]nonane-3-
sulfonate (2j)

Prepared according to the general procedure A and isolated as a colorless oil in 70% yield
(column condition; gradient elution: n-hexane/EtOAc, 1/2 — EtOAc): R = 0.2 (n-
hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl3) 6 2.32 (m, 1H), 2.48-2.58 (m, 2H), 2.70
(m, 1H), 3.80 (s, 3H), 4.11 (d, /= 11.2 Hz, 1H), 4.24 (d, /= 10.8 Hz, 1H), 4.37 (d, /= 10.8
Hz, 1H), 4.65 (d, /= 11.2 Hz, 1H), 4.70 (d, /= 11.2 Hz, 1H), 4.73 (d, /= 11.2 Hz, 1H), 6.86
(d, /= 8.8 Hz, 2H), 7.22 (d, /= 8.8 Hz, 2H), 7.94 (br s, 1H); *C NMR (100MHz, CDCl3) &
28.2, 31.2, 42.4, 55.3, 74.6, 78.7, 81.4, 93.6, 114.5, 128.4, 129.2, 159.5, 161.0, 173.4; IR
(ATR) v 3215, 2925, 1697, 1615, 1513, 1352, 1247, 1173 cm~'; HRMS (ESI-TOF) [M +
Na]l* calcd for C16H1sCIsN3NaOQeS* m/z507.9874, found m,/z507.9864.

PMB
H N

N
TcesN ‘ﬁ/

N

H

2,2,2-Trichloroethyl (6-(4-methoxybenzyl)-7-ox0-1,3,6-triazaspiro[4.4] -nonan-2-
ylidene)sulfamate (2k)
Prepared according to the general procedure A using 6 mol% catalyst in benzene for 24 h and

isolated as a colorless oil in 52% yield (column condition; gradient elution: EtOAc —
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EtOAc/MeOH, 10/1): R-= 0.5 (EtOAc); 'H NMR (400 MHz, CDCl;) (major rotamer) &
2.28 (m, 1H), 2.44-2.55 (m, 2H), 2.69 (m, 1H), 3.51 (d, /= 11.2 Hz, 1H), 3.54 (d, /= 11.2
Hz, 1H), 3.77 (s, 3H), 4.07 (d, /= 15.2 Hz, 1H), 4.62 (s, 2H), 4.68 (d, /= 15.2 Hz, 1H), 6.61
(br s, 1H), 6.83 (d, /= 8.8 Hz, 2H), 7.24 (d, /= 8.8 Hz, 2H), 7.29 (br s, 1H); *C NMR
(100MHz, CDCl;) 6 28.5, 33.0,42.3, 52.7, 55.3, 77.9, 80.5, 94.0, 114.2, 129.2 (2C), 159.0,
150.3, 173.5; IR (ATR) v 3235, 2924, 1684, 1607, 1512, 1245, 1166, 1021 cm~!; HRMS (ESI-
TOF) [M + Na]* calcd for Ci6H19CIsN4sNaOsS+ m,/z507.0034, found m,/z507.0017.

(8)-6-(4-Methoxybenzyl)-3-oxa-1,6-diazaspiro[4.4]nonane-2,7-dione ((-)-2a)

Prepared according to the general procedure A for the synthesis of 2a and isolated as white
powder: mp 146—148 °C; [a]®p — 24.2° (c 1, CHCl;). The enantiomeric excess was
determined to be >99% by analytical chiral HPLC. Thirteen min, 16 min (AD-H column,
85/15 n-hexane/iPrOH, 1 mL/min, 254 nm).
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2-2. Synthesis and characterization of substrates

PMB

MeO
(0]

Methyl 1-(4-methoxybenzyl)-5-oxopyrrolidine-2-carboxylate (s1a)

To a stirred solution of methyl 5-oxopyrrolidine-2-carboxylate (20 mmol, 2.3 mL) in DMF
(0.3 M, 67 mL) was added NaH (22 mmol, 1.1 eq, 880 mg) at 0 °C. After being stirred for 30
min at 0 °C, PMBCI (22 mmol, 1.1 eq, 2.8 mL) and TBAI (2 mmol, 0.1 eq, 738 mg) were
added, and the reaction mixture was stirred for 17.5 h at room temperature. The reaction was
quenched with saturated aqueous NH4Cl, extracted with toluene, washed with brine, dried
over Na,SOy, and concentrated under reduced pressure. The crude mixture was purified by
flash chromatography on silica gel (n-hexane/EtOAc, 1/1) to afford s1a as a colorless oil (3.1
g, 51% yield).

'H and 3C NMR, IR, and MS were identical to those reported.®?
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5-(Hydroxymethyl)-1-(4-methoxybenzyl) pyrrolidin-2-one (s2a)

To a stirred solution of sla (12 mmol, 3.1 g) in THF (0.2 M, 60 mL) was added LiBH, (14
mmol, 1.2 eq, 312 mg) at 0 °C. After being stirred at room temperature for 5 h, the reaction
was quenched with saturated aqueous NH4Cl, extracted with EtOAc, washed with brine, dried
over Na,SOy, and concentrated under reduced pressure. The crude mixture was purified by
flash chromatography on silica gel (gradient elution: EtOAc — EtOAc/MeOH, 10/1) to
afford s2a as a white solid (2.6 g, 91% yield).

'H and 3C NMR, IR, and MS were identical to those reported.®®

0O
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MeO

Methyl 2-(1-(4-methoxybenzyl)-5-oxopyrrolidin-2-yl) acetate (s1b)

To a stirred solution of triethyl phosphonoacetate (10.8 mmol, 1.8 eq, 2.1 mL) in THF (0.2
M, 30 mL) was added NaH (12 mmol, 2 eq, 480mg) at 0 °C, and the stirring was continued
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for 30 min. To the stirred suspension was added 5-hydroxy-1-(4-methoxybenzyl)pyrrolidin-
2-one® (6 mmol, 1.33 g) , and the reaction mixture was stirred for 36 h at room temperature.
Then 10% NaOH aq. (8 mL) and MeOH (8 mL) were added and stirred for additional 1 h.
The reaction mixture was acidified with 1 N HCI aq. and extracted with Et,O, washed with
brine, dried over Na,SO,, and concentrated under reduced pressure. The resulting white
powder was washed with Et,O to give a crude carboxylic acid, which is used in the next step
without further purification.

To a suspension of the crude carboxylic acid in CH>Cl, (1 M, 5 mL) was added (COCI), (6.5
mmol, 1.3 eq, 0.56 mL) at room temperature, and the reaction mixture was stirred for 15 min
before adding MeOH (5 mL). After being stirred at room temperature for 15 min, the reaction
mixture was concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel (gradient elution: n-hexane/EtOAc 1/1 — EtOAc) to afford s1b
as a colorless oil (1.4496 g, 87% vyield, 2 steps): Rr= 0.2 (n-hexane/EtOAc 1/1); 'H NMR
(400 MHz, CDCl3) 6 1.79 (m, 1H), 2.21 (m, 1H), 2.30-2.45 (m, 2H), 2.51 (m, 1H), 2.65
(dd, /=15.2, 4.0 Hz, 1H), 3.65 (s, 3H), 3.80 (s, 3H), 3.85 (m, 1H), 4.00 (d, /= 15.2 Hz, 1H),
4.83 (d, /= 15.2 Hz, 1H), 6.85 (d, /= 8.8 Hz, 2H), 7.16 (d, / = 8.8 Hz, 2H); *C NMR
(100MHz, CDCl3) 6 24.4,29.7,37.9,43.8,51.8,53.9,55.2,114.0, 128.5, 129.1, 159.0, 170.9,
174.8; IR (ATR) v 2951, 1732, 1634, 1511, 1458, 1440 cm~'; HRMS (ESI-TOF) [M + Na]*
calced for CisHi1oNNaO4+ m/z300.1206, found m,/z300.1203.

o}
PMB

HO

5-(2-Hydroxyethyl)-1-(4-methoxybenzyl) pyrrolidin-2-one (s2b)

To a stirred solution of s1b (2.8 mmol, 785 mg) in THF (0.2 M, 14 mL) was added LiBH,4
(8.4 mmol, 3.0 eq, 185 mg) at 0 °C. After being stirred at room temperature for 47 h, the
reaction was quenched with saturated aqueous NH4Cl, extracted with EtOAc, washed with
brine, dried over Na;SO4, and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography on silica gel (gradient elution: EtOAc — EtOAc/MeOH,
10/1) to afford s2b as a white solid (651 mg, 92% yield).

'H and 3C NMR, IR, and MS were identical to those reported.®®

PMB _
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1-(4-Methoxybenzyl)-6-vinylpiperidin-2-one (s3)

To a solution of 6-vinylpiperidin-2-one® (1.9 mmol, 234.6 mg) in THF (0.13 M, 14.6 mL)
was added NaH (2.5 mmol, 1.3 eq, 100 mg) at 0 °C, and the stirring was continued for 30
min. To the stirred suspension were added PMBCI (2.3 mmol, 1.2 eq, 0.31 mL) and
tetrabutylammonium iodide (0.19 mmol, 0.1 eq, 70.2 mg). After the reaction mixture was
stirred for 3 h at 60 °C, the reaction was cooled to room temperature, quenched with saturated
aqueous NH4CI, extracted with EtOAc, washed with brine, dried over Na,SO. and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (n-hexane/EtOAc, 2/1) to afford s3 as a colorless oil (411.8 mg,
90% yield): Rr= 0.3 (n-hexane /EtOAc, 2/1); 'H NMR (400 MHz, CDCl;) 6 1.64-1.74 (m,
2H), 1.75-1.92 (m, 2H), 2.38-2.54 (m, 2H), 3.63 (d, /= 14.8 Hz, 1H), 3.79 (s, 3H), 3.86 (m,
1H), 5.12 (d, /= 17.2 Hz, 1H), 5.26 (d, /= 10.8 Hz, 1H), 5.46 (d, /= 14.8 Hz, 1H), 5.74
(ddd, /=17.2,10.8, 6.8 Hz, 1H), 6.84 (d, /= 8.8 Hz, 2H), 7.16 (d, /= 8.8 Hz, 2H); *C NMR
(100MHz, CDCl;) 6 17.2, 28.7, 32.1, 46.6, 55.2, 57.7, 113.8, 117.0, 129.4, 129.7, 137.4,
158.7, 170.2; IR (ATR) v 2946, 1632, 1511, 1459, 1413, 1242 cm~'; HRMS (ESI-TOF) [M
+ Na]l* caled for CisH19NNaO»+ m/z 268.1308, found m/z 268.1306.

1-(4-Methoxybenzyl)-6-oxopiperidine-2-carbaldehyde (s4)

To a solution of s3 (1.7 mmol, 412 mg) in THF/H,O (10/3, 0.1 M, 17 mL) were added OsO,
(10 wt% in BuOH, 0.1 mmol, 6 mol%, 0.32 mL) and NalO, (8.5 mmol, 5 eq, 1.8 g) at 0 °C.
After the reaction mixture was stirred for 46.5 h at 0 °C, the reaction was quenched with 2 M
aqueous NaS;0Os, extracted with EtOAc, washed with brine, dried over Na;SO,, and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (n-hexane/EtOAc, 2/1) to afford s4 as a colorless oil (172.1 mg,
41% yield): Rr= 0.2 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;) 6 1.64 (m, 1H),
1.75-1.92 (m, 2H), 2.14 (m, 1H), 2.42-2.59 (m, 2H), 3.79 (s, 3H), 3.89-3.95 (m, 2H), 5.30
(d, /=15.2 Hz, 1H), 6.84 (d, /= 8.8 Hz, 2H), 7.14 (d, /= 8.8 Hz, 2H), 9.48 (d, /= 1.2 Hz,
1H); *C NMR (100MHz, CDCl;) 6 18.3, 23.5, 31.9, 48.4, 55.2, 64.0, 114.1, 128.2, 129.8,
159.2,169.9, 199.8; IR (ATR) v 2949, 1733, 1636, 1512, 1458, 1244, 1174, 1032 cm~!; HRMS
(ESI-TOF) [M + Nal* calcd for C1sH7NNaOs+ m/z270.1101, found m/z270.1104.
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MeO

Methyl 2-(1-(4-methoxybenzyl) -6-oxopiperidin-2-yl) acetate (s1d)

To a stirred solution of 2-(1-(4-methoxybenzyl)-6-oxopiperidin-2-yl)acetic acid'’ (2 mmol,
554.6 mg) in CH2Cl, (1 M, 2 mL) was added (COCI); (2.6 mmol, 1.3 eq, 0.22 mL), and the
reaction mixture was stirred for 15 min before adding MeOH (3 mL). After being stirred for
15 min at room temperature, the reaction mixture was concentrated under reduced pressure.
The crude product was purified by flash chromatography on silica gel (n-hexane/EtOAc, 1/1)
to afford s1d as a colorless oil (567.5 mg, 97% yield): B,= 0.4 (EtOAc); 'H NMR (400 MHz,
CDCl;) 6 1.73-1.82 (m, 3H), 1.88 (m, 1H), 2.39-2.56 (m,3H), 2.68 (dd, /= 15.6, 4.0 Hz,
1H), 3.67 (s, 3H), 3.79 (s, 3H), 3.84 (m, 1H), 3.93 (d, /= 14.8 Hz, 1H), 5.19 (d, /= 14.8 Hz,
1H), 6.85 (d, /= 8.8 Hz, 2H), 7.18 (d, /= 8.8 Hz, 2H); 3*C NMR (100MHz, CD;CN) &6 17.7,
27.9,32.4,37.9, 47.6, 52.3, 53.5, 55.8, 114.8, 129.7, 130.9, 159.8, 170.8, 172.5; IR (ATR) v
2951, 1732, 1634, 1511, 1458, 1440 cm~'; HRMS (ESI-TOF) [M + Na]* caled for
CisH21NNaO4s* m/z314.1363, found m/z314.1361.
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tert-Butyl 5-(((zert-butyldimethylsilyl) oxy) methyl) -3,3-dimethyl-2-oxopyrrolidine-1-
carboxylate (s5)

To a stirred solution of tert-butyl 2-(((zert-butyldimethylsilyl) oxy) methyl) - 5-oxopyrrolidine-
1-carboxylate®” (5 mmol, 1.6466 g) in THF (87 mL) was added 1.3 M LHMDS solution in
THF (10.5 mmol, 2.1 eq, 8.1 mL) at -78 °C. After being stirred for 20 min at -78 °C, Mel (10
mmol, 2 eq, 0.62 mL) in THF (5 mL) was added, and the reaction mixture was stirred for 15
min at -78 °C and for 4.5 h at room temperature. The reaction was quenched with saturated
aqueous NH4Cl, extracted with CH,Cl,, washed with brine, dried over Na;SO., and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (n-hexane/EtOAc 15/1) to afford s5 as a colorless oil (1.03 g,
58% yield): Rr= 0.6 (n-hexane/EtOAc 3/1); 'H NMR (400 MHz, CDCl3) 6 0.01 (s, 3H),
0.02 (s, 3H), 0.85 (s, 9H), 1.17 (s, 3H), 1,22 (s, 3H), 1.51 (s, 9H), 1.89 (dd, /= 13.2, 8.4 Hz,
1H), 1.94 (dd, /= 13.2, 5.6 Hz, 1H), 3.69 (dd, /= 10.0, 2.8 Hz, 1H), 3.87 (dd, /= 10.0, 4.8
Hz, 1H), 4.03 (dddd, / = 8.4, 5.6, 4.8, 2.8 Hz, 1H); *C NMR (100MHz, CDCl;) (major
rotamer) & -5.6, 16.0, 18.1, 25.7, 27.0, 27.9, 34.8, 41.0, 55.2, 63.0, 82.5, 150.4, 179.6; IR
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(ATR) v 2956, 2856, 1791, 1748, 1712, 1472, 1366, 1306, 1252 cm~'; HRMS (ESI-TOF) [M
+ Na]l* calced for CisH3sNNaQ4Sit m/z380.2228, found m/z 380.2234.
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1-(4-Methoxybenzyl)-5- (((4-methoxybenzyl) oxy) methyl) -3,3-dimethylpyrrolidin-2-one
(s6)

To a stirred solution of s5 (1 mmol, 358.6 mg) in CH>Cl; (2.5 mL) was added trifluoroacetic
acid (2.5 mL) at 0 °C. After being stirred for 3.5 h at room temperature, the reaction mixture
was concentrated under reduced pressure to afford the crude product.

To a solution of the crude residue in DMF (0.2 M, 5 mL) was added NaH (4 eq, 161.8 mg)
at 0 °C. After the reaction mixture was stirred for 30 min 0 °C, PMBCI (2.2 eq, 0.28 mL) and
tetrabutylammonium iodide (0.1 eq, 36.9 mg) were added and the stirring was continued for
additional 66.5 h at room temperature. The reaction was quenched with saturated aqueous
NH,CI, extracted with toluene, washed with water and brine, dried over Na,SO,4, and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (n-hexane/EtOAc, 3/1) to afford s6 as a colorless oil (111.2 mg,
29% yield, 2 steps): Rr= 0.5 (n-hexane/EtOAc 1/1); '"H NMR (400 MHz, CDCl3) 6 1.10 (s,
3H), 1.22 (s, 3H), 1.64 (dd, /= 12.8, 7.6 Hz, 1H), 1.86 (dd, /= 12.8, 8.0 Hz, 1H), 3.38 (dd,
J=10.0, 5.6 Hz, 1H), 3.43 (dd, /= 10.0, 4.0 Hz, 1H), 3.51 (dddd, /= 8.0, 7.6, 5.6, 4.0 Hz,
1H), 3.77 (s, 3H), 3.81 (s, 3H), 3.98 (d, /= 14.8 Hz, 1H), 4.35 (d, /= 11.2 Hz, 1H), 4.39 (d,
J=11.2Hz, 1H), 4.89 (d, /= 14.8 Hz, 1H), 6.79 (d, /= 8.8 Hz, 2H), 6.89 (d, /= 8.8 Hz, 2H),
7.08 (d, /= 8.8 Hz, 2H), 7.22 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl3) 6 25.2, 25.5,
37.2, 40.0, 44.0, 53.2, 55.1, 55.2, 71.1, 72.8, 113.7 (2C), 129.2, 129.3, 129.3, 129.7, 158.7,
159.2, 180.0; IR (ATR) v 2957, 1681, 1611, 1511, 1457, 1361, 1302, 1246 cm ™~ !; HRMS (ESI-
TOF) [M + Na]* calcd for Cz3H20NNaOs*™ m,/z406.1989, found m,/z406.1991.
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5-(Hydroxymethyl)-1-(4-methoxybenzyl)-3,3-dimethylpyrrolidin-2-one (s2e)
To a solution of s6 (0.13 mmol, 50.5 mg) in CH,Cl; (3 mL) was added trifluoroacetic acid

(0.6 mL) at 0 °C. After the reaction mixture was stirred for 30 min at room temperature, the

reaction was quenched with saturated aqueous NaHCOs3 at 0 °C, extracted with CH,Cly,
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washed with brine, dried over Na;SOs, and concentrated under reduced pressure. The crude
mixture was purified by flash chromatography on silica gel (gradient elution: z-
hexane/EtOAc, 1/1 — EtOAc) to afford s2e (32.8mg, 95% yield) as a colorless oil: &= 0.2
(n-hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCls) 6 1.14 (s, 3H), 1.25 (s, 3H), 1.74-1.88
(m, 3H), 3.43-3.52 (m, 2H), 3.73-3.81 (m, 4 H), 4.22 (d, /= 14.8 Hz, 1H), 4.72 (d, /= 14.8
Hz, 1H), 6.85 (d, /= 8.8 Hz, 2H), 7.19 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl;) &
25.4, 36.2, 40.2, 44.3, 55.2, 55.6, 62.3, 114.1, 129.1, 129.2, 159.0, 180.9; IR (ATR) v 3382,
2958, 1657, 1612, 1512, 1466, 1245, 1176 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for
CisH21NNaOs* m/z 286.1414, found m/z286.1413.
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tert-Butyl 2-(hydroxymethyl)-5-oxopyrrolidine-1-carboxylate (s2f)

To a stirred solution of tert-butyl 2-(((zert-butyldimethylsilyl) oxy) methyl) - 5-oxopyrrolidine-
1-carboxylate (2 mmol, 659.0 mg) in THF (0.1 M, 20 mL) was added TBAF (4 mmol, 2 eq,
1.05 g) at 0 °C. After being stirred for 40 min at 0 °C, the reaction mixture was concentrated
under reduced pressure, purified by flash chromatography on silica gel (gradient elution: -
hexane/EtOAc, 1/1 — EtOAc) to afford s2f.

'H and 3C NMR were identical to those reported.®®

Bn
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Methyl 1-benzyl-5-oxopyrrolidine-2-carboxylate (s1g)

To a stirred solution of methyl 5-oxopyrrolidine-2-carboxylate (5 mmol, 0.57 mL) in THF
(0.3 M, 67 mL) was added NaH (5.5 mmol, 1.1 eq, 220 mg) at 0 °C. After being stirred for
30 min at 0 °C, BnBr (5.5 mmol, 1.1 eq, 0.65 mL) was added, and the reaction mixture was
stirred for 2.5 h at room temperature. The reaction was quenched with saturated aqueous
NH,CI, extracted with EtOAc, washed with brine, dried over Na,SOy, and concentrated under
reduced pressure. The crude mixture was purified by flash chromatography on silica gel (z2-
hexane/EtOAc, 2/1) to afford slg as a colorless oil (398 mg, 34% yield).

'H and 3C NMR, IR, and MS were identical to those reported.®’
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1-Benzyl-5-(hydroxymethyl) pyrrolidin-2-one (s2g)

To a stirred solution of slg (1.7 mmol, 398 mg) in THF (0.2 M, 8.6 mL) was added LiBH,4
(2.6 mmol, 1.5 eq, 55.8 mg) at 0 °C. After being stirred at room temperature for 18.5 h, the
reaction was quenched with saturated aqueous NH4Cl, extracted with EtOAc, washed with
brine, dried over Na;SO4, and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography on silica gel (gradient elution: EtOAc — EtOAc/MeOH,
10/1) to afford s2g (328.1 mg, 94% yield).

'H and 3C NMR, IR, and MS were identical to those reported.”

N [
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Methyl 1-allyl-5-oxopyrrolidine-2-carboxylate (s1h)

To a stirred solution of methyl 5-oxopyrrolidine-2-carboxylate (7 mmol, 0.8 mL) in THF (0.2
M, 35 mL) was added NaH (8.4 mmol, 1.2 eq, 336 mg) at 0 °C. After being stirred for 30 min
at 0 °C, allyl bromide (7.7 mmol, 1.1 eq, 0.65 mL) was added, and the reaction mixture was
stirred for 21 h at room temperature. The reaction was quenched with saturated aqueous
NH,Cl, extracted with EtOAc, washed with brine, dried over Na,SOy, and concentrated under
reduced pressure. The crude mixture was purified by flash chromatography on silica gel (z-
hexane/EtOAc, 1/2) to afford s1h as a colorless oil (380.4 mg, 30% yield): Br= 0.5 (EtOAc);
'"H NMR (400 MHz, CDCl3) 6 2.10 (m, 1H), 2.28-2.44 (m, 2H), 2.51 (m, 1H), 3.55 (dd, /
=14.8, 7.2 Hz, 1H), 3.76 (s, 3H), 4.19 (dd, /= 9.2, 3.2 Hz, 1H), 4.35 (dd, /= 14.8, 5.2 Hz,
1H), 5.17 (dd, /= 16.8, 1.2 Hz, 1H), 5.19 (dd, /= 10.0, 1.2 Hz, 1H), 5.71 (dddd, /= 16.8,
10.0, 7.2, 5.2 Hz, 1H); 3C NMR (100MHz, CDCl;) & 22.8, 29.4, 44.3, 52.3, 58.8, 118.6,
131.9,172.3,174.8; IR (ATR) v 2955, 1739, 1681, 1440, 1409, 1272, 1199, 1172 cm~!; HRMS
(ESI-TOF) [2M + Na]* calcd for CisH2sN2NaOg+ m,/z 389.1683, found m,/z389.1698.

1-Allyl-5-(hydroxymethyl) pyrrolidin-2-one (s2h)
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To a stirred solution of s1h (2.1 mmol, 376 mg) in THF (0.2 M, 10 mL) was added LiBH,4
(3.0 mmol, 1.5 eq, 67 mg) at 0 °C. After being stirred at room temperature for 12.5 h, the
reaction mixture was concentrated under reduced pressure. The crude residue was purified
by flash chromatography on silica gel (gradient elution: EtOAc — EtOAc/MeOH, 10/1) to
afford s2h (263 mg, 83% yield).

'H and 3C NMR, IR, and MS were identical to those reported.”!

5-(Aminomethyl)-1-(4-methoxybenzyl) pyrrolidin-2-one (s7)

To a solution of s2a (1 mmol, 235.5 mg) and Et;N (1.1 mmol, 1.1 eq, 0.15 mL) in CH,Cl,
(0.5 M, 2 mL) was added MsCl (1.1 mmol, 1.1 eq, 0.085 mL) at 0 °C. After the reaction
mixture was stirred for 1 hat 0 °C, the reaction was quenched with saturated aqueous NH4Cl,
extracted with EtOAc, washed with brine, dried over Na;SO,., and concentrated under
reduced pressure to give crude compound that was used for the next step without further
purification.

A solution of the crude residue and NaN3 (1 mmol, 65.1 mg) in DMF (0.1 M, 10 mL) was
stirred for 15 h at 60 °C. The reaction was quenched with H,O, extracted with EtOAc, washed
with brine, dried over Na;SOy4, and concentrated under reduced pressure to give crude azide.
The residue was dissolved in THF (0.1 M, 10 mL), and PPh; (3 eq, 787.2 mg) was added to
the solution. After being stirred for 20.5 h at room temperature, 5 drops of H,O was added,
and the reaction mixture was stirred for additional 11 h. The solution was concentrated under
reduced pressure, and the crude mixture was purified by flash chromatography on silica gel
(gradient elution: EtOAc — EtOAc/MeOH, 10/1) to afford s7 as a pale yellow oil (97 mg,
41% yield, 3 steps): Rr= 0.1 (EtOAc/MeOH, 5/1); '"H NMR (400 MHz, CDCl3) & 1.25 (br
s, 2H), 1.87 (m, 1H), 2.06 (m, 1H), 2.40 (ddd, /= 16.8, 10.0, 6.0 Hz, 1H), 2.54 (ddd, /=
16.8, 10.0, 7.2 Hz, 1H), 2.73 (dd, /= 13.2, 2.8 Hz, 1H), 2.84 (dd, /= 13.2, 5,6 Hz, 1H), 3.49
(m, 1H), 3.79 (s, 3H), 4.07 (d, /= 14.8 Hz, 1H), 4.78 (d, /= 14.8 Hz, 1H), 6.85 (d, /= 8.8
Hz, 2H), 7.19 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl;) § 21.3,30.3, 43.1, 43.9, 55.1,
58.8,113.9,128.8,129.1, 158.9, 175.6; IR (ATR) v 3371, 3297, 2935, 1659, 1511, 1417, 1242,
1175 cm~L; HRMS (ESI-TOF) [2M + Na]* caled for CysH3sNaNaOut m/z 491.2629, found
m/z491.2619.
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(8)-5-(Hydroxymethyl)-1-(4-methoxybenzyl) pyrrolidin-2-one ((.5)-s2a)

To a stirred solution of (5)-5-(((zert-butyldimethylsilyl) oxy) methyl)pyrrolidin-2-one” (3
mmol, 688 mg) in DMF (0.3 M, 10 mL) was added NaH (3.3 mmol, 1.1 eq, 132 mg) at 0 °C.
After the reaction mixture was stirred for 30 min at 0 °C, PMBCI (3.3 mmol, 1.1 eq, 0.41 mL)
and tetrabutylammonium iodide (0.3 mmol, 0.1 eq, 110.8 mg) was added, and the reaction
mixture was stirred for 13 h at room temperature. The reaction was quenched with saturated
aqueous NH4Cl, extracted with toluene, washed with brine, dried over Na;SO., and
concentrated under reduced pressure to afford crude residue.

A solution of the crude residue in THF (24 mL) was added TBAF (1 M solution in THF) (6
mmol, 2 eq, 6 mL) at 0 °C. The reaction mixture was stirred for 1 h at 0 °C, concentrated
under reduced pressure, and purified by flash chromatography on silica gel (gradient elution:
EtOAc — EtOAc/MeOH, 10/1) to afford (5)-s2a (511.8 mg, 73% yield (2 steps)).

'H and 3C NMR were identical to those reported.”

PMB

MeO
(0]

Methyl 1-(4-methoxybenzyl)-2-methyl-5-oxopyrrolidine-2-carboxylate (s1m)

To a stirred solution of sla (0.5 mmol, 132 mg) in THF (0.2 M, 2.5 mL) was added LHMDS
(1.3 M solution in THF) (0.53 mmol, 1.05 eq, 0.4 mL) at -78 °C. After the reaction mixture
was stirred for 1 h at -78 °C, Mel (0.6 mmol, 1.2 eq, 0.037 mL) was added, and the stirring
was continued for additional 16 h at -78 °C. The reaction was quenched with saturated
aqueous NH,Cl, extracted with Et,O, washed with brine, dried over Na;SO4, and concentrated
under reduced pressure, and purified by flash chromatography on silica gel (gradient elution:
n-hexane/EtOAc, 1/1 — EtOAc) to afford s1m (62.5 mg, 45% yield).

'H and 3C NMR were identical to those reported.™
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General procedure B for carbamoylation of alcohol substrate

To a stirred solution of alcohol substrate in CH»Cl, (0.1 M) was added CI;CCONCO (1.2 eq)
at 0 °C. After being stirred for 10 min, the reaction mixture was concentrated under reduced
pressure, and used for the next step without further purification.

The solution of the crude residue and K.CO3 (0.2 eq) in MeOH (0.1 M) was stirred at room
temperature for 2 h, and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography on silica gel (conditions given below) to afford primary

carbamate 1.

PMB

N

N
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H,N
X

(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl) methyl carbamate (1a)

Prepared according to the general procedure B using s2a, and isolated as white solid (220.4
mg, 99% yield, two steps) (column condition; gradient elution: EtOAc — EtOAc/MeOH,
10/1): mp 134—136 °C; Rr= 0.3 (EtOAc); '"H NMR (400 MHz, CDCl;) 6 1.89 (m, 1H),
2.08 (m, 1H), 2.39 (ddd, /= 16.8, 10.0, 4.8 Hz, 1H), 2.54 (ddd, /= 16.8, 8.8, 8.8 Hz, 1H),
3.63 (m, 1H), 3.79 (s, 3H), 3.95 (d, /= 14.8 Hz, 1H), 4.01 (d, /= 11.6, 4 Hz, 1H), 4.21 (dd,
J=11.6,4.0 Hz, 1H), 4.97 (d, /= 14.8 Hz, 1H), 5.14 (br s, 2H), 6.85 (d, /= 8.8 Hz, 2H),
7.17 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl3) 6§ 21.4, 30.1, 43.7, 55.2, 55.6, 64.2,
114.0, 128.3, 129.2, 156.5, 158.9, 175.3; IR (ATR) v 3351, 3197, 2951, 1716, 1666, 1611,
1512, 1450 cm~L; HRMS (ESI-TOF) [M + Na]* caled for Ci4sHisN2NaOu+ m/z 301.1159,
found m/z301.1168.

PMB _
N
)
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2-(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl)ethyl carbamate (1b)

Prepared according to the general procedure B using s2b, and isolated as white solid (147.3
mg, quant., two steps) (column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1):
mp 134—135 °C; Rr= 0.2 (EtOAc); '"H NMR (400 MHz, CDCl;) § 1.65 (m, 1H), 1.75 (m,

1H), 2.01-2.18 (m, 2H), 2.39 (ddd, /= 16.4, 10.0, 6.4 Hz, 1H), 2.49 (ddd, /= 16.4, 9.6, 6.8
Hz, 1H), 3.50 (m, 1H), 3.79 (s, 3H), 3.92 (d, /= 14.8 Hz, 1H), 4.01-4.13 (m, 2H), 4.86 (br
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s, 2H), 4.92 (d, /= 14.8 Hz, 1H), 6.85 (d, /= 8.8 Hz, 2H), 7.16 (d, /= 8.8 Hz, 2H); *C NMR
(100MHz, CDCl3) 6 23.9,30.1,31.8,43.5,54.3,55.2,61.2,114.0, 128.5, 129.2, 156.6, 158.9,
174.9; IR (ATR) v 3352, 3197, 2956, 1714, 1660, 1611, 1512, 1417 cm™~!; HRMS (ESI-TOF)
[M + Na]* caled for C15H2oN2NAOL+ m/z315.1315, found m/z315.1315.

(1-(4-Methoxybenzyl) -6-oxopiperidin-2-yl) methyl carbamate (1c)

To a solution of s2c in MeOH (0.2 M) was added NaBH, (1.2 eq) at 0 °C. After being stirred
for 1.5 h at room temperature, the reaction was quenched with saturated aqueous NH4Cl, and
the solvent was removed under reduced pressure. The reaction mixture was extracted with
EtOAc, washed with brine, dried over Na;SOu, and concentrated under reduced pressure. The
residue was used for the next reaction without further purification.

The crude alcohol was converted to carbamate according to the general procedure B, and
isolated as a colorless oil (77% yield, three steps) (column condition; gradient elution: EtOAc
— EtOAc/MeOH, 10/1): Rr= 0.3 (EtOAc); '"H NMR (400 MHz, CDCl;) § 1.70-1.80 (m,
2H), 1.84-1.96 (m, 2H), 2.40-2.55 (m, 2H), 3.55 (m, 1H), 3.79 (s, 3H), 3.95 (d, /= 14.8 Hz,
1H), 4.11 (dd, /= 11,6, 7.2 Hz, 1H), 4.19 (dd, /= 11.6, 3.6 Hz, 1H), 4.71 (br's, 2H), 5.36 (d,
J=14.8Hz, 1H), 6.85 (d, /= 8.8 Hz, 2H), 7.20 (d, /= 8.8 Hz, 2H); *C NMR (100MHz,
CDCly) 6 17.2,25.2,31.9,47.1, 53.6, 55.2, 63.9, 113.9, 129.3, 129.4, 156.1, 158.9, 170.5; IR
(ATR) v 3360, 3197, 2951, 1716, 1612, 1511, 1401, 1329 cm~'; HRMS (ESI-TOF) [M +
Na]l* caled for Ci15H20N2NaOs™ m/z315.1315, found m/z315.1316.

2-(1-(4-Methoxybenzyl) -6-oxopiperidin-2-yl) ethyl carbamate (1d)

To a stirred solution of s2d (1mmol, 263mg) in THF (0.2 M, 5 mL) was added LiBH, (2.4 eq,
52.3 mg) at 0 °C. After being stirred for 67 h at room temperature, the reaction was quenched
with saturated aqueous NH4Cl, and the solvent was removed under reduced pressure. The
reaction mixture was extracted with EtOAc, washed with brine, dried over Na,SO4, and
concentrated under reduced pressure. The residue was used for the next reaction without

further purification.
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The crude alcohol was converted to carbamate according to the general procedure B, and
isolated as white solid (73% yield, three steps) (column condition; gradient elution: EtOAc
— EtOAc/MeOH, 10/1): mp 94—95 °C; Rr= 0.3 (EtOAc); 'H NMR (400 MHz, CDCl;) &
1.67-1.92 (m, 5H), 2.05 (m, 1H), 2.43-2.50 (m, 2H), 3.41 (m, 1H), 3.79 (s, 3H), 3.81 (d, /=
15.2 Hz, 1H), 4.00 (ddd, /= 10.8, 8.4, 5.6 Hz, 1H), 4.09 (ddd, /=11.2, 5.6, 5.6 Hz, 1H), 4.91
(brs, 2H), 5.36 (d, /= 15.2 Hz, 1H), 6.84 (d, /= 8.8 Hz, 2H), 7.17 (d, /= 8.8 Hz, 2H); 1*C
NMR (100MHz, CDCl3) 6 16.9, 26.2, 31.2, 31.7, 46.7, 52.0, 55.2, 61.8, 113.9, 129.1, 129.4,
156.6,158.7,170.1; IR (ATR) v 3354, 3192, 2951, 1713, 1609, 1511, 1465, 1414 cm~'; HRMS
(ESI-TOF) [M + Nal* calcd for CigH22N2NaOut m/z329.1472, found m/z329.1465.
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(1-(4-Methoxybenzyl)-4,4-dimethyl-5-oxopyrrolidin-2-yl) methyl carbamate (1e)

Prepared according to the general procedure B using s2e, and isolated as a colorless oil (35.1
mg, 92% yield, two steps) (column condition; EtOAc): Rr= 0.2 (n-hexane/EtOAc, 1/1); 'H
NMR (400 MHz, CDCl;) 6 1.14 (s, 3H), 1.25 (s, 3H), 1.68 (dd, /= 12.8, 7.6 Hz, 1H), 1.92
(dd, /=12.8, 8.0 Hz, 1H), 3.54 (dddd, /= 8.0, 7.6, 4.4, 4.0 Hz, 1H), 3.79 (s, 3H), 3.92 (d, /
= 14.8 Hz, 1H), 4.01 (dd, /= 11.6, 4.4 Hz, 1H), 4.21 (dd, /= 11.6, 4.0 Hz, 1H), 4.84 (br s,
2H), 5.01 (d, /= 14.8 Hz, 1H), 6.84 (d, /= 8.8 Hz, 2H), 7.14 (d, /= 8.8 Hz, 2H); '*C NMR
(100MHz, CDCl3) 6 25.3, 25.4,36.7, 40.0, 43.8, 52.3, 55.2, 64.3, 114.0, 128.5, 129.1, 156.3,
158.9,180.1; IR (ATR) v 3348, 3200, 2960, 1718, 1670, 1612, 1513, 1416 cm~!; HRMS (ESI-
TOF) [M + Na]* calcd for Ci¢H2:N2NaOut m,/z329.1472, found m/z329.1474.
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tert-Butyl 2-((carbamoyloxy) methyl)-5-oxopyrrolidine-1-carboxylate (1f)

Prepared according to the general procedure B using s2f, and isolated as white solid (207.4
mg, 41% yield, two steps) (column condition; gradient elution: n-hexane/EtOAc, 1/1 —
EtOAc): mp 117—118 °C; Rr= 0.1 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;)
1.53 (s, 9H), 1.99 (m, 1H), 2.19 (m, 1H), 2.42 (m, 1H), 2.73 (m, 1H), 4.19 (m, 1H), 4.32-
4.42 (m, 2H), 5.30 (br s, 2H); *C NMR (100MHz, CDCl3) § 20.7, 27.8, 31.6, 56.5, 65.1,
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83.1, 149.3, 156.6, 174.7; IR (ATR) v 3355, 3197, 2978, 1776, 1711, 1604, 1397, 1367 cm ™ ;
HRMS (ESI-TOF) [M + Na]* caled for C11HsN2NaOs* m/z281.1108, found m,/z281.1100.
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(1-Benzyl-5-oxopyrrolidin-2-yl) methyl carbamate (1g)

Prepared according to the general procedure B using s2g, and isolated as a colorless oil (236.2
mg, 93% yield, two steps) (column condition; EtOAc): R-= 0.3 (EtOAc); 'H NMR (400 MHz,
CDCl3) 6 1.89 (m, 1H), 2.10 (m, 1H), 2.40 (ddd, /= 16.8, 10.0, 4.8 Hz, 1H), 2.56 (ddd, /=
16.8, 8.4, 8.4 Hz, 1H), 3.64 (m, 1H), 4.00 (dd, /= 12.0, 3.6 Hz, 1H), 4.03 (d, /= 15.2 Hz,
1H), 4.21 (dd, /= 12.0, 3.6 Hz, 1H), 5.01 (d, /= 15.2 Hz, 1H), 5.14 (brs, 2H), 7.21-7.35 (m,
5H); *C NMR (100MHz, CDCl;) § 21.4, 30.0, 44.3, 55.8, 64.2, 127.5, 127.8, 128.6, 136.3,
156.5,175.4; IR (ATR) v 3348, 3192, 2951, 1713, 1665, 1444, 1418, 1402 cm~!; HRMS (ESI-
TOF) [M + Na]* calcd for Ci3sH14N2NaOs+ m,/z271.1053, found m/z271.1055.
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(1-Allyl-5-oxopyrrolidin-2-yl) methyl carbamate (1h)

Prepared according to the general procedure B using s2h, and isolated as white solid (178.9
mg, 90%, two steps) (column condition; gradient elution: EtOAc — EtOAc/MeOH, 10/1):
mp 68—70 °C; Rr= 0.2 (EtOAc); 'H NMR (400 MHz, CDCl3) 6 1.92 (m, 1H), 2.18 (m,
1H), 2.36 (ddd, /= 16.8, 10.0, 4.8 Hz, 1H), 2.51 (ddd, /= 16.8, 8.8, 8.8 Hz, 1H), 3.59 (dd, /
= 15.6, 7.2 Hz, 1H), 3.83 (m, 1H), 4.08, (dd, /= 12.0, 3.6 Hz, 1H), 4.22 (dd, /= 12.0, 3.6
Hz, 1H), 4.32 (m, 1H), 5.10-5.25 (m, 4H), 5.73 (m, 1H); *C NMR (100MHz, CDCl;) &

21.4, 30.0, 43.4, 56.2, 64.4, 118.0, 132.4, 156.5, 175.1; IR (ATR) v 3352, 3202, 2951, 1707,
1659, 1455, 1403, 1328 cm~!; HRMS (ESI-TOF) [2M + Na]* calcd for Ci1sH2sNsNaOg* m/z
419.1901, found m/z419.1904.
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2-(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl)ethyl sulfamate (11)

To stirred chlorosulfonyl isocyanate (3 mmol, 3 eq, 0.28 mL) was added formic acid (3mmol,
3eq, 0.11 mL) at 0 °C. After the reaction mixture was stirred for 5 min at 0 °C, CH3CN (0.77
mL) was added and the stirring was continued for additional 8 h at 0 °C to room temperature
gradually. A solution of s2b (1mmol, 247 mg) in DMA (0.38 mL) was added at 0 °C, and the
reaction mixture was stirred for 14.5 h at room temperature. The reaction was quenched with
water, extracted with EtOAc, washed with brine, dried over Na;SOy, and concentrated under
reduced pressure. The crude mixture was purified by flash chromatography on silica gel
(EtOAc) to afford 1i as white solid (149.4 mg, 46% yield): mp 102—104 °C; R = 0.4
(EtOAc); 'H NMR (400 MHz, CDCl;) 6 1.72-1.87 (m, 2H), 2.08-2.23 (m, 2H), 2.42 (ddd,
J=17.2,10.0, 6.0 Hz, 1H), 2.53 (ddd, /=17.2, 9.2, 6.8 Hz, 1H), 3.62 (m, 1H), 3.80 (s, 3H),
3.96 (d, /= 14.8 Hz, 1H), 4.15-4.25 (m, 2H), 4.88 (d, /= 14.8 Hz, 1H), 5.07 (br s, 2H), 6.85
(d, /= 8.8 Hz, 2H), 7.16 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl;) 6 23.7,30.1, 31.7,
43.8,54.3,55.3, 67.0, 114.1, 128.3, 129.3, 159.1, 175.2; IR (ATR) v 3198, 3090, 2939, 1659,
1513, 1461, 1414, 1364 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for C14H2N2NaOsS* m/z
351.0985, found m/z351.0984.
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2,2,2-Trichloroethyl-carbamoyl((1- (4-methoxybenzyl) -5-oxopyrrolidin-2-yl) methyl) -
sulfamate (1j)

To a stirred solution of s2a (0.5 mmol, 117.6 mg), PPh; (0.65 mmol, 1.3 eq, 170.5 mg), and
TcesNHCONHj; (0.67 mmol, 1.33 eq, 180.5 mg) in THF (0.3 M, 1.7 mL) was added diethyl
azodicarboxylate (0.65 mmol, 1.3 eq, 0.1 mL). After being stirred for 39 h at room
temperature, the reaction mixture was concentrated under reduced pressure and purified by
flash chromatography on silica gel (n-hexane/EtOAc, 1/1) to afford 1j as a colorless oil (118.2
mg, 48% yield): Rr= 0.5 (EtOAc); '"H NMR (400 MHz, CDCl;) (major rotamer) & 1.91 (m,
1H), 2.17 (m, 1H), 2.41 (m, 1H), 2.60 (m, 1H), 3.72 (m, 1H), 3.80 (s, 3H), 4.05 (d, /= 14.8
Hz, 1H), 4.18 (dd, /= 11.6, 3.6 Hz, 1H), 4.29 (dd, /= 11.6, 3.2 Hz, 1H), 4.63 (s, 2H), 4.82
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(d, /= 14.8 Hz, 1H), 6.81 (br s, 1H), 6.86 (d, /= 8.8 Hz, 2H), 6.98 (brs, 1H), 7.15 (d, /=
8.8 Hz, 2H); *C NMR (100MHz, CDCl;) & 21.4, 30.0, 44.2, 55.3, 55.6, 67.8, 78.4, 93.6,
114.2, 127.8, 129.1, 159.2, 160.3, 175.4; IR (ATR) v 3427, 3319, 2953, 1642, 1558, 1513,
1440, 1334 cm ™~ !; HRMS (ESI-TOF) [M + Na]* calcd for C16H20CI3N3NaOsS* m,/z510.0031,
found m/z510.0038.
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2,2,2-Trichloroethyl (amino(((1-(4-methoxybenzyl)-5-oxopyrrolidin-2-yl)methyl)amino)-
methylene)sulfamate (1k)
Prepared according to Du Bois’s method™.
A solution of S-methyl- N-(2,2,2-trichloroethoxysulfonyl)isothiourea (0.49mmol, 1 eq, 147.8
mg) and s7 (0.49 mmol, 114.3 mg) in H.O (1 M, 0.49 mL) in was stirred for 3.5 h at 100 °C.
The reaction mixture was cooled down to room temperature, extracted with CH,Cl,, washed
with brine, dried over Na,SOy4, and concentrated under reduced pressure. The crude mixture
was purified by flash chromatography on silica gel (gradient elution: EtOAc — EtOAc/MeOH,
10/1) to afford 1k as colorless gum (87 mg, 37% yield): RBr= 0.4 (EtOAc); 'H NMR (400
MHz, CDCl5) (major rotamer) & 1.99 (m, 1H), 2.13 (m, 1H), 2.40-2.50 (m, 2H), 3.36 (m,
1H), 3.69 (m, 1H), 3.75-3.88 (m, 5H), 4.62 (s, 2H), 4.96 (d, /= 14.4 Hz, 1H), 6.68 (br s,
1H), 6.70 (br s, 1H), 6.73 (brs, 1H), 6.88 (d, /= 8.4 Hz, 2H), 7.11 (d, /= 8.4 Hz, 2H); 1*C
NMR (100MHz, CDCl3) & 20.6, 30.9, 40.8, 43.6, 55.3, 56.1, 78.0, 94.3, 114.5, 126.4, 129.2,
158.2,159.6, 176.6; IR (ATR) v 3447, 3342, 2938, 1665, 1550, 1513, 1419, 1246 cm~'; HRMS
(ESI-TOF) [M + Nal* calced for CisH21CIsNsNaO5S* m,/2509.0190, found m,/z509.0182.

3-(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl) propanamide (11)

To a stirred solution of 5-(3-diazo-2-oxopropyl)-1-(4-methoxybenzyl) pyrrolidin-2-one!!
(1.7 mmol, 498.3 mg) in dioxane (15.6 mL) and H,O (1.7 mL) was added CF;COOAg (0.52
mmol, 30 mol%, 115 mg), and the reaction mixture was stirred for 46 h at room temperature.

The reaction was acidified with 1N aqueous HCI, extracted with EtOAc, washed with brine,
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dried over Na;SOy, and concentrated under reduced pressure to afford carboxylic acid, which
was used for the next step without further purification.

To a stirred solution of the carboxylic acid in CH2Cl; (1.6 mL) was added (COCI); (2.1 mmol,
0.18 mL) at room temperature, and the mixture was stirred for 10 min. The reaction mixture
was concentrated under reduced pressure to give crude acid chloride.

The residue was dissolved in CH,Cl, (8.1 mL), and saturated aqueous NH3 (1.9 mL) was
added to the solution at 0 °C. After being stirred for 30 min at 0 °C, the reaction was
quenched with H,O, extracted with CH,Cl;, washed with brine, dried over Na;SO., and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (gradient elution: EtOAc/MeOH, 10/1 — 5/1) to afford 11 as
yellow solid (254 mg, 53% yield (3steps)): mp 103—105 °C; Rr= 0.1 (EtOAc/MeOH, 10/1);
'"H NMR (400 MHz, CDCl3) 6 1.63-1.77 (m, 2H), 2.03-2.19 (m, 4H), 2.34-2.52 (m, 2H),
3.52 (m, 1H), 3.79 (s, 3H), 3.98 (d, /= 15.2 Hz, 1H), 4.88 (d, /= 15.2 Hz, 1H), 5.27 (brs,
2H), 6.85 (d, /= 8.4 Hz, 2H), 7.20 (d, /= 8.4 Hz, 2H); *C NMR (100MHz, CDCl;) § 23.3,
28.0, 30.1, 30.2, 43.6, 55.2, 56.1, 114.0, 128.7, 129.4, 159.0, 174.0, 174.9; IR (ATR) v 3329,
3192, 2929, 1660, 1607, 1511, 1450, 1416 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for
Ci15H20N2NaOs* m/z 299.1366, found m/z 299.1363.

PMB

AN

N
o)
H,N
R

(8)-(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl) methyl carbamate ((+)-1a)

Prepared according to the same procedure B for the synthesis of 1a using (.5)-s2a and isolated
as white solid: (220.4 mg, 99% yield, two steps): mp 138—140 °C; [a ]?p + 80.8° (c 1,
CHCl;). The enantiomeric excess was determined to be 99% by analytical chiral HPLC.
Eleven min, 12 min (AD-H column, 85/15 n-hexane/iPrOH, 1 mL/min, 254 nm).

PMB

AN

N
o)
H,N
k!

(1-(4-Methoxybenzyl) -2-methyl-5-oxopyrrolidin-2-yl) methyl carbamate (1m)
To a stirred solution of slm (0.2 mmol, 56.0 mg) in THF (0.2 M, 1 mL) was added LiBH,4

(0.24 mmol, 1.2 eq, 5.2 mg) at 0 °C. After being stirred for 3 h at room temperature, the
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reaction was quenched with saturated aqueous NH4Cl, and the solvent was removed under
reduced pressure. The reaction mixture was extracted with EtOAc, washed with brine, dried
over Na;SOy, and concentrated under reduced pressure. The residue was used for the next
reaction without further purification.

The crude residue was converted to carbamate according to the general procedure B, and
isolated as white solid (53.2 mg, 80% yield (three steps)) (column condition; gradient elution:
EtOAc — EtOAc/MeOH, 10/1): mp 138—140 °C; R-= 0.3 (EtOAc); '"H NMR (400 MHz,
CDCl;) 6 1.13 (s, 3H), 1.79 (ddd, /= 12.8, 10.0, 8.4 Hz, 1H), 2.12 (ddd, /= 12.8, 8.8, 4.4
Hz, 1H), 2.42 (ddd, /= 17.2, 10.0, 4.4 Hz, 1H), 2.57 (ddd, /= 17.2, 8.8, 8.4 Hz, 1H), 3.77 (s,
3H), 3.84 (d, /= 11.2 Hz, 1H), 3.92 (d, /= 11.2 Hz, 1H), 4.30 (d, /= 15.6 Hz, 1H), 4.48 (d,
J=15.6 Hz, 1H), 5.04 (brs, 2H), 6.81 (d, /= 8.8 Hz, 2H), 7.11 (d, /= 8.8 Hz, 2H); *C NMR
(100MHz, CDCl3) 6 23.0,29.8,30.3,42.4,55.2,62.7,68.2,113.8, 128.9, 130.4, 156.3, 158.7,
175.6; IR (ATR) v 3352, 3197, 2965, 1715, 1666, 1611, 1512, 1466 cm~'; HRMS (ESI-TOF)
[M + Na]* caled for C15H20N2NaO4+ m/z315.1315, found m,/z315.1307.

PMB

Me
(0]

1- (4-Methoxybenzyl)-2-methyl-5-oxopyrrolidine-2-carbaldehyde
Primary carbamate 1m (0.05 mmol, 14.6 mg), PhI(OAc), (0.07 mmol, 1.4 eq, 22.5 mg), MgO
(0.12 mmol, 2.3 eq, 4.6 mg), and Rhz(esp)2 (1 xmol, 2 mol%, 0.8 mg) were suspended in
benzene (0.05 M, 1 mL), and the whole was stirred for 2 h at 60 °C. The reaction mixture
was concentrated under reduced pressure, and purified by flash chromatography on silica gel
(n-hexane/EtOAc, 1/1) to afford the aldehyde (2 mg, 16% yield).

'H and 3C NMR were identical to those reported.’

O
PMB

0]

A

0]

(1-(4-Methoxybenzyl) -5-oxopyrrolidin-2-yl) methyl 2-diazoacetate (3)

To a stirred solution of 2-(2-tosylhydrazono)acetyl chloride (3.0 mmol, 2 eq, 755.2 mg) in
CH:Cl; (0.1 M, 15 mL) were added s2a (1.5 mmol, 350.6 mg) and PhNMe; (2.25 mmol, 1.5
eq, 0.26 mL) at 0 °C. After the reaction mixture was stirred for 30 min at 0 °C, DIPEA (1.3
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mL) was added and the stirring was continued for 1 h at 0 °C. The reaction was quenched
with aqueous critic acid, extracted with CH,Cl,, washed with saturated aqueous NaHCO3 and
brine, dried over Na;SO4, and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography on silica gel (gradient elution: n-hexane/EtOAc, 1/2 —
EtOAc) to afford 3 as a pale yellow oil (417 mg, 92% yield): Br= 0.4 (EtOAc); '"H NMR (400
MHz, CDCl;) 6 1.88 (m, 1H), 2.10 (m, 1H), 2.39 (ddd, /= 16.8, 10.0, 5.2 Hz, 1H), 2.50
(ddd, /= 16.8, 8.8, 8.8 Hz, 1H), 3.65 (m, 1H), 3.79 (s, 3H), 3.98 (d, /= 15.2 Hz, 1H), 4.08
(dd, /=12.0, 3.6 Hz, 1H), 4.32 (dd, /= 12.0, 3.6 Hz, 1H), 4.77 (br s, 1H), 4.93 (d, /= 15.2
Hz, 1H), 6.85 (d, /= 8.8 Hz, 2H), 7.17 (d, /= 8.8 Hz, 2H); “*C NMR (100MHz, CDCl;) &
21.4, 30.0, 43.9, 46.2, 55.2, 55.5, 64.0, 114.0, 128.3, 129.2, 159.0, 166.4, 175.0; IR (ATR) v
2956, 2111, 1682,1513, 1396, 1352, 1244, 1176 cm~'; HRMS (ESI-TOF) [M + Na]* calcd
for C15H17N3NaOut m/z326.1111, found m/z326.1110.

O»TLWB ’
O N

9-(4-Methoxybenzyl)-3-oxa-9-azabicyclo[3.3.1]nonane-2,8-dione (4)

To a stirred solution of Rhy(NHCOBu)4 (0.16 u mol, 0.8 mol%, 1.0 mg) in dioxine (5 mL)
and CH,Cl; (3 mL) was added a solution of 3 (0.2 mmol, 60.7 mg) in CH,Cl, (2 mL). The
reaction mixture was stirred for 1 h at 40 °C, concentrated under reduced pressure, and
purified by flash chromatography on silica gel (n-hexane/EtOAc, 1:1) to afford 4 as a pale
yellow oil (30.7 mg, 56% yield): Rr= 0.7 (EtOAc); 'H NMR (400 MHz, CDCl;) § 2.14 (m,
1H), 2.47-2.65 (m, 2H), 2.73 (m, 1H), 3.14 (m, 1H), 3.76 (d, /= 13.2 Hz, 1H), 3.80 (s, 3H),
3.81 (d, /= 13.2 Hz, 1H), 3.88 (s, 1H), 4.50 (d, /= 11.6 Hz, 1H), 4.92 (dd, /= 11.6, 5.2 Hz,
1H), 6.87 (d, /= 8.8 Hz, 2H), 7.22 (d, /= 8.8 Hz, 2H); *C NMR (100MHz, CDCl3) 6 28.2,
35.9,47.2,55.3,56.0, 71.4, 72.8, 114.1, 127.6, 129.9, 159.4, 164.4, 201.1; IR (ATR) v 2961,
1745, 1712, 1612, 1513, 1455, 1298, 1244 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for
CisH17NNaOst m/z298.1050, found m,/z298.1041.

9-Methoxy-2,3,3a,4,6a,12-hexahydro-1H,6H-cyclohepta[f]pyrrolo[2,1-c][1,4] oxazocine-
1,6-dione (5)
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To a stirred solution of Rhs(esp)2 (1 xmol, 2 mol%, 0.8 mg) in CH2Cl, (0.5 mL) was added
a solution of 3 (0.05 mmol, 15.2 mg) in CH2Cl, (0.5 mL). The reaction mixture was refluxed
for 1 h, concentrated under reduced pressure, and purified by flash chromatography on silica
gel (gradient elution: n-hexane/EtOAc, 1/2 — EtOAc) to afford 5 as a coorless oil (10.1 mg,
74% yield): Rr= (EtOAc); 'H NMR (400 MHz, CDCl;) (mixture of diastereomers) & 1.60-
1.69 (m, 2H), 2.01-2.22 (m, 2H), 2.25-2.45 (m, 3H), 2.51 (m, 1H), 3.06 (d, /= 14.0 Hz, 1H),
3.30 (d, /= 14.0 Hz, 1H), 3.49 (dd, /= 11.6, 8.4 Hz, 1H), 3.55 (dd, /= 12.0, 2.8 Hz, 1H),
3.62-3.73 (m, 8H), 4.02-4.11 (m, 2H), 4.37 (dd, /= 11.2, 4.0 Hz, 1H), 4.42 (dd, /= 12.0,
11.6 Hz, 1H), 5.12 (d, /= 14.0 Hz, 1H), 5.26 (d, /= 14.0 Hz, 1H), 5.33 (d, /= 6.0 Hz, 1H),
5.37 (d, /= 6.0 Hz, 1H), 5.73 (dd, /= 8.8, 8.4 Hz, 1H), 5.82 (dd, /= 8.8, 8.8 Hz, 1H), 6.23
(d, /= 8.8 Hz, 1H), 6.33 (d, /= 8.8 Hz, 1H), 6.36 (d, /= 6.0 Hz, 1H), 6.59 (d, /= 6.0 Hz,
1H); BC NMR (100MHz, CDCl;) (mixture of diastereomers) & 2.2, 23.5, 29.4, 30.0, 47.9,
49.3, 49.6, 50.9, 56.0, 56.51, 56.53, 59.9, 65.3, 67.8, 95.1, 96.0, 119.6, 121.7, 128.2, 129.3,
130.3, 130.9, 135.0, 136.7, 155.0, 157.0, 170.1, 171.9, 175.1, 176.5; IR (ATR) v 2948, 1727,
1673, 1617, 1542, 1440, 1365, 1324 cm~'; HRMS (ESI-TOF) [M + Nal* calcd for
CisH17NNaOs+ m/z298.1050, found m,/z298.1052.
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2-3. Computational details

Calculations were performed with the Spartan’16 packages’” except for the ylide formation
calculated with Gaussian 16 program’ using the hybrid density functional method based on
Becke’s three-parameter exchange function and the Lee-Yang-Parr nonlocal correlation
functional (B3LYP)? and wB97X-D?., We used the LANL2DZ basis set for Rh and the 6-
31G(d) basis set for the C, H, N, and O. Geometry optimization and frequency calculations
at the same level of theory have been performed to identify all of the stationary points as
minima (zero imaginary frequencies) or transition states (one imaginary frequency) and to

provide free energies at 298.15 K.

MeO
o
Rh--N° N
™6
AGg,s (kcal/mol) TSb1 [R\R\] 6- o
+17.1 . 0 ‘N\ |
+15|— 0 T)/ N5+
+10.0 / TSa’
+10]— R-N J o —
J R 0TH T sy _
B O A S VO
LN OsU NG
ol— 0.0 A [Rh] H\N ON \\\\‘ Y N T
RTa and RTa’ N RN O NG Amide
aandRfa N-- SN G 4, insertion
5 R=Me — 0=\ N IMa? a
RTb R = PMB O N \ ,
TSa1 S N 47 MeO
\\ e
-10|— O\\ -8.9 \
= C-H insertion N o
-15|— = Ylide formation H N N N
MY Aziridination o:< o -70.1 o A
O +[Rh O
~75|=  [Rh] = Rhy(OCOH), pDat1 | RN IMb1  +[Rh]
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RTa

Energy (RB3LYP) : -1583.70605 A.U.
Gibbs Free Energy : -1583.49280 A.U.
Cartesian Coordinates (Angstroms)

Atom X Y Z

2.8759101 -1.0365513 0.0464139
2.6338820 2.0238730 -0.6323071
3.8204112 1.5800769 -0.7359050
2.4785304 0.3850147 2.5133861
0.2111087 -1.9246407 0.7465841
-0.5511334 -2.6480229 1.0682128
1.6367776 -0.8157810 -2.5190807
3.1851118 -0.5392289 2.0301731
1.3850396 -2.3632398 0.6247640
0.9161190 0.1154682 -2.0420329
1.4500852 -1.0516316 -3.5756305
4.5685238 2.3218448 -1.0471926
-0.2191750 -0.7428273 0.5424565
2.5258749 -1.4919932 -1.9351209
1.5818694 1.0702011 1.9258475
4.2425387 0.4083052 -0.5279850
-4.8089153 -1.9274427 0.4731614
-4.4012804 -1.8252872 1.4870553
-3.8946583 -1.3117526 -0.5983689
-2.8344808 -1.3071800 -0.3330221
-3.9988393 -1.8565835 -1.5421061
-4.4346738 0.1282749 -0.7803923
-6.0997303 -1.1115342 0.3872645
-7.1837815 -1.3902889 0.8699511
-5.8182540 0.0282135 -0.3369457
-1.4544045 1.9362928 0.1989694
-1.6396875 2.5220668 1.2651096
-6.8269387 1.0277425 -0.6269988
-6.6141729 1.9845643 -0.1338483
-6.9007011 1.2012113 -1.7080418
-4.3922902 0.4456846 -1.8304747
-7.7786956 0.6444076 -0.2537617
2.6434171 0.6427808 3.5677339
-5.0263722 -2.9873136 0.3198363
1.1539329 0.7024072 -0.0527028
-0.2005135 2.0725666 -0.2917870
-3.6749778 1.1612667 0.0593647
-4.1489629 2.1466676 0.0248831
-3.5952798 0.8477765 1.1041994
-2.3461106 1.2635386 -0.5173084

OXXTOZAZIZIIZIIZITOOOZOOOIZTOZOOOOOTLTTOOOOTOOOOZRA
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TSal

Energy (RB3LYP) : -1583.48435 A.U.
Gibbs Free Energy : -1583.70095 A.U.

Cartesian Coordinates (Angstroms)

Atom X

C -2.2217100
H -1.3044450
Rh 3.9226075
4.5770291
3.7678100
2.5738052
4.6101550
2.6256646
1.1583482
3.1507717
3.8145693
1.9764821
3.1348451
1.1451266
1.9585455
4.1883422
4.1304447
1.5945894
1.5766597
0.0815338
1.7862498
-1.7700130
-2.5999593
-0.9482659
-3.3947938
-3.0450593
-4.0388830
-2.6706729
-0.3543613
-1.3421687
0.1572279
-4.1378354
-5.2257831
-3.8232878
-3.7288651
-4.2030903
-1.9175320
-0.8829604
-1.9108175
-2.4103039

TZTZTOO0OOIXTITOO0OO0OZITOIDIITOZZITDTIIOOOOOOOOOOOO0

-0.2695714
-0.2208447
0.6907470
-0.9663310
-1.9227384
-2.0194318
-0.1535936
-1.2269082
0.4340046
1.4876619
-0.9097433
1.1810065
2.2818883
1.2110671
2.1792370
-1.3554327
-2.7882148
1.6059665
3.0318083
-1.4390559
-0.4597225
-1.0980678
-1.2894751
-0.6155966
-0.8809613
-1.5782516
-1.4394643
1.0571186
-2.4947576
-2.4053417
-3.5697585
0.3356289
0.2303166
0.5758828
1.4935109
2.6130041
1.9909312
2.0610612
1.6813651
2.9610565

0.1289937
-0.5361879
-0.0301450

1.0234545
1.1744705
0.7497892
-1.7784859
-2.0921598
1.4158788
1.7244361
-2.4019579
2.0471307

-1.1109786
-1.4150035
-1.5535081
-3.3337985

1.7455595
2.9860159

-2.1323669
-0.7395700
-0.3590717

1.3326645

2.0175922

1.8674886

-0.6688872

-1.4332294
0.0209308
0.4551665

-0.0153166

0.8929552
-0.3084610
-1.2381519
-1.2499345
-2.2614073
-0.3365702
-0.2982301

1.2745241

0.9208165

2.3256162

1.1899385
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TSa2

Energy (RB3LYP) : -1583.67689 A.U.
Gibbs Free Energy : -1583.45916 A.U.

Cartesian Coordinates (Angstroms)

Atom

ZOITZTOITITTTOO0OOZO0OO0OO0TTOITO

IEZITZO0OO0O000000000R

=
=

-2.8841874
-2.7731318
-1.9539641
-1.8523652
-2.3026647
-0.6396149
-2.3795773
-3.0194058
-1.0650611
2.0594425
3.2271565
-0.7911705
-1.2949475
-1.1861318
-0.2645607
0.2772179
-3.9442529
0.4747872
0.5610126
0.3043835
1.7907468
1.1967619
0.8523471
2.7932107
3.2143661
2.6639446
1.9322193
1.8508319
-0.1347304
0.0236112
2.1522828
-0.3161904
-0.8467783
-0.9635724
-1.3974922
2.6723486
4.1824943
-0.8363740
-2.3720299
0.9890380

1.4114493
1.6285388
2.2989568
3.3208753
2.3477176
1.5058035
-0.0053060
-1.0319677
0.0876820
0.3875570
0.0446590
-0.8080541
-0.4696051
-1.7860233
1.6724759
-0.9091968
1.4750751
1.8726173
2.9605307
1.4907883
1.4361592
-0.4712625
-1.2835893
-1.7758765
-2.2772071
-2.2571835
1.0111540
0.5122211
-3.0271316
-2.5650230
1.2305348
-3.2669123
0.1970247
-0.2883708
0.2054376
2.1736504
-2.7915104
-4.2045268
0.7116796
-0.7638408

0.9581340
-0.1095798
1.8030599
1.4252392
2.8430370
1.6930602
1.2550781
1.1879016
1.7700788
1.4371983
1.2403921
2.9027409
3.8195921
2.6258913
0.6764065
3.0805638
1.2131083
2.6431016
2.6974043
3.6545693
2.2253600
0.8596849
-3.5031016
-1.1616579
-2.2471562
-3.3831108
-1.6261080
-3.8504195
-2.9768345
-0.7490726
-2.8590768
-1.7495399
-1.3388357
-3.5573938
-2.4864180
-3.0791095
-2.1773808
-1.5092483
-2.5373354
-1.1102227
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PDal

Energy (RB3LYP) : -607.976560 A.U.
Gibbs Free Energy : -607.835756 A.U.

Cartesian Coordinates (Angstroms)

Atom

TZTTZTTOOOTITOTTOZTTOOO0OOO

-0.0511663
-2.2301405
-3.1383910
-2.2472451
-1.0528403
-1.2794153
-0.6901234
0.8745691
0.8992143
0.4440271
1.0661317
2.2098409
2.2792808
3.1095770
2.1595677
3.0690308
0.4488763
-0.2888527
1.3379071
0.0122083
-1.0204980
-0.7365085

-0.5458795
0.0717988
0.4887936
0.0338695

-0.6010879

-1.6420267

-0.0764964
0.5820158

-1.7650384

-2.5694775

-2.1389677

-1.2216178

-1.3570579

-1.6619371
0.2770277
1.0776892
1.9576201
2.2610877
2.5834486
2.1000104

-0.4523955

-0.2456812

0.1929124
-0.4694320
-1.1402385

0.9030277

1.3703852

1.6282579

2.2566772

0.2405423
0.1214871
-0.4604627

1.1383060
-0.4599039
-1.5463508
-0.0234517
-0.1683828
-0.2882849

0.4401695
-0.3119863

0.3443730

1.4345902
-0.8943015
-1.8430865
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IMa2

Energy (RB3LYP) : -1583.72883 A.U.
Gibbs Free Energy : -1583.50744 A.U.

Cartesian Coordinates (Angstroms)

Atom

TOOOOITZITOOO0OOITOOOO0OFZITZZITITIOOOTIIZIOOOITOIO

=
=

OTITO

3.1002695
2.3581767
4.5282222
5.0144862
2.2374489
1.8352201
5.2437286
5.6954425
6.0230377
4.1685797
4.2191286
2.3145441
1.4107765
4.5110894
2.1077945
2.7634647
1.7894461
3.1100992
-2.7815880
-0.9292456
-2.1544885
-1.4234841
-1.7830305
-1.8643271
-1.0543484
-2.5709628
-2.8510364
-0.0382311
-0.8344578
-2.3752626
-0.6221651
-2.2681423
-0.3387668
-3.1525883
-1.3450159
-0.3938539
2.9899875
1.9877189
3.7247825
3.2787391

0.7301339
1.3992471
1.3029762
1.1287881
-1.7045037
-2.7702293
0.5885450
-0.3583775
1.1770564
0.2392196
-0.1575905
1.8447505
2.1792756
2.3856682
1.6212484
0.5632770
-0.4662777
2.5879594
0.2020962
-1.6047711
-1.8961392
-1.6335676
1.7495522
2.4480202
2.0517161
-1.1566339
1.5206505
1.5042232
2.8770118
-2.7201548
1.2833290
1.7704930
-1.3911384
-1.3638014
-2.3502794
-0.0852112
-0.6842581
-0.8589709
-0.8340785
-1.6535040

-1.1796213
-1.6155738
-1.1835543
-2.1466519
0.2063929
0.5900754
-0.0265991
-0.3432704
0.4654753
0.9715434
2.0861554
0.9389602
0.4361115
-1.0206366
1.9836346
0.2987446
0.6192821
0.8411951
-0.2422650
1.4961006
1.6181024

-2.0180268

1.9887957
2.8348323
-1.6787094
-1.8000257
1.3567676
-1.1393975
-2.3731158
2.3108557
1.7758383
-1.5187346
-1.4037546
1.0490743
-2.8482251
0.2134318
-1.7720541
-2.1735050
-2.5673675
-0.7550776
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RTb
Energy (RB3LYP) : -1929.28015 A.U.
Gibbs Free Energy : -1928.96175 A.U.

Cartesian Coordinates (Angstroms)

Atom X Y Z
C -0.1070451 -1.1812652 5.5567685
C -0.4025262 -2.5245237 3.5623030
C 1.1648765 -0.6654338 3.5431769
C 0.5338897 -1.7406693 2.8982600
C 0.8288771 -0.4018588 4.8743658
C -0.7284279 -2.2504579 4.8979724
H -0.8941973 -3.3561031 3.0671075
H 1.3043391 0.4309792 5.3873512
H -0.3379325 -0.9506981 6.5906208
H 0.7709930 -1.9645758 1.8601556
N -1.1091910 -0.1556481 -2.3676750
C -0.1195061 -0.0324137 -1.4527509
O -1.6538871 -3.0791512 5.4637103
C -2.0250586 -2.8505278 6.8134434
H -1.1664996 -2.9476841 7.4912893
H -2.7628871 -3.6180698 7.0547600
H -2.4779539 -1.8589318 6.9465748
C 2.1584686 0.2168525 2.8145766
H 2.9548346 0.5477670 3.4865560
H 2.6220317 -0.3385273 1.9904257

Rh -0.5437231 -0.2842783 -6.7104411
O 1.2393313 -0.6219793 -4.1205486
C 1.9038514 -0.7162891 -5.2028297
O 1.4857267 -0.6324502 -6.3885214
O -0.4458478 1.7344831 -4.3827541
O -0.2097798 1.7504167 -6.6464869
O -0.8811864 -2.3231209 -6.7148798
O -1.0890092 -2.3472897 -4.4517595
C -0.2327726 2.2864138 -5.5068627
C -1.0758013 -2.8844337 -5.6042252
O -2.8308263 0.0008773 -4.5815651
O -2.5845003 0.0452121 -6.8498937
C -3.2469969 0.1095168 -5.7766429
H -0.0460270 3.3682658 -5.4632361
H 2.9802295 -0.8943486 -5.0716275
H -1.2550957 -3.9677510 -5.6154250
H -4.3273262 0.2816236 -5.8803711
Rh -0.8024900 -0.3161860 -4.2717913
O 0.1424618 -1.0752757 -0.8516797
O 0.3992066 1.1745513 -1.2507646
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TSbl

1.3444353
1.9364430
1.9923498
1.5614536
1.7362696
2.4531131
0.6049054
-0.0970447
0.8874014
0.4132719
1.5477211
-0.1055276
-0.3780655
-1.0293490

1.2894864
2.1750122
0.4100342
1.4457803
2.6680345
2.8816914
1.4529645
0.6185437
3.6851042
4.3787639
4.2781955
2.8219844
3.2401732
2.6872145

Energy (RB3LYP) : -1929.25831 A.U.
Gibbs Free Energy : -1929.93439 A.U.

Cartesian Coordinates (Angstroms)

Atom

COzZTITIITITOOOOOO0O

T TOTTTO

CE

-0.2730959
-1.7771197
0.6020199
-0.7226138
0.7836509
-1.5702615
-2.7862630
1.7905663
-0.0975245
-0.8585136
0.3882260
1.5951857
-2.6783620

-2.5852260
-1.9784604
-3.6087663
-2.1658177
1.7791623
2.6719240
1.5261356
-2.6629433
0.4478248

3.4151395
1.6070929
1.1486830
0.7392805
2.5300578
2.9461373
1.3014337
2.8810126
4.4422602
-0.2757842
0.9673212
0.9571572
3.6961713

5.0490375
5.6521092
5.4243910
5.0942722
0.3902581
1.0157474
0.2527349
-1.9882546
-1.7120114

-0.1509625
-0.3924934
-0.1443052
2.2856601
2.8942034
3.8592187
1.1860197
1.2962806
2.1277485
2.8265835
1.4820705
1.3314390
0.3585213
1.9033299

1.1582832
1.8522380
1.5618714
1.9334005
1.2374241
1.4361615
2.1036420
1.0290469
0.8635391
2.2859499
-0.6383971
-1.2398027
1.3642038

0.9132608
1.5982702
0.9050462
-0.0975613
2.1839946
2.1304496
3.2439833
-2.4814020
-2.1656250
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0.1082548
-1.0526459
-1.1237139
-2.5927953
-2.6602444
-1.1590426
-1.8460479
-1.9201539
-2.7030301
-4.1889542
-3.8630155
-1.8213692

0.9385630
-1.9218911
-4.6943487
-1.0569296

1.6735289

2.7258894

3.2100177

4.1812752

2.5083237

2.1329182

1.4971320

0.5495348

3.3503137

4.1817623

2.1783957

2.2285584

1.5585779

3.5509642

3.9065837

4.3038614

-2.7116680
-3.0970601

0.6105344

-0.8272587
-3.0968155
-1.6886000
0.1958183
-2.7052527
0.6378741
-0.8005008
0.2280332
0.8074597
-3.3182381
-3.3097902
0.8529803
-0.4700715

1.1469375
0.7603773

-0.5976023
-0.5961242
-1.2065075
-0.9186211
-2.0675329
-2.1212192
-1.1357256
-0.6092920
-3.2321298
-4.1078153
-3.4933778
-2.6737529
-3.0678522
-2.9214537

-2.8714697
-3.1782869
-3.1970214
-4.1877938
-0.7204542
0.2504009
-4.1478414
0.2238943
-0.7762253
-1.7393767
-1.0823334
-5.0611763
-3.2619742
1.1415649
-0.7236278
-1.4167208
-2.4451964
-0.4658740
-0.5436716
-1.0526159
-1.1214112
1.6606693
2.0580868
2.8300989
0.8777061
1.3666170
1.3447737
1.9959489
0.4780694
0.9299646
-0.0273799
1.6846788
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IMb1
Energy (RB3LYP) : -953.453114 A.U.
Gibbs Free Energy : -953.207171 A.U.

Cartesian Coordinates (Angstroms)

Atom X Y Z
-1.3422326 2.7427655 -0.1269201
-2.8209662 1.0666579 0.8960310
-1.8555667 0.1336693 0.9909803
-2.5680142 2.3877925 0.3323581
-3.8154684 0.8934629 1.2966345
-1.1080802 3.7536588 -0.4384165
-2.0234143 -0.8151477 1.4920204

0.5703318 -0.0518553 -1.7350508
-3.6588439 3.1989213 0.4089299
-3.5253955 4.5263877 -0.0740641
-2.7916087 5.0928180 0.5147574
-4.5091244 49872541 0.0300529
-3.2229497 4.5346936 -1.1294243

0.6558546 -0.3556385 1.1319291

1.5097359 0.3138818 1.2426475

0.2969781 -0.6175020 2.1336680

0.4371066 -0.8283949 -2.6484198

1.8061080 0.3115572 -1.2373444

2.7601757 -0.7524913 -1.2498287

3.7386727 -0.2819955 -1.1335514

2.7161247 -1.2605694 -2.2157030

1.1291190 -1.5880459 0.4979104

0.5474930 -2.7887212 0.8521876
-0.4925383 -2.8936393 1.4833024
2.4748851 -1.7415732 -0.0764977

3.2195893 -1.5673222 0.7156937

1.4617845 -3.9169207 0.3907081

1.9180078 -4.3578433 1.2863083

0.8869667 -4.7054463 -0.1014975
2.4906588 -3.2275305 -0.5162453

2.1653690 -3.2911934 -1.5596963

3.4927614 -3.6600662 -0.4502946
-0.5126502 0.5514102 -1.0754507
-0.5066622 0.3737074 0.4290584
-0.2732511 1.7324061 -0.1842933

0.7490440 2.1008524 -0.1724796

TOQOZIIZOIZIIZIOIZIOO0OOZIITOOOIIOI I IZOOOI T T OOOO0
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RTa’

Energy (RB3LYP) : -1583.674179 A.U.
Gibbs Free Energy : -1583.457427 A.U.

Cartesian Coordinates (Angstroms)

Atom X

2.85772600
2.55904800
3.70385000
2.87323900
0.31093800
-0.40192000
1.23504400
3.48646300
1.45008600
0.61261500
0.87842600
4.40590500
-0.13390800
2.19653900
1.89401400
4.13304400
-4.83231600
-4.51304200
-3.83389300
-2.79985000
-3.85633900
-4.36372700
-6.11591700
-7.23685000
-5.77859500
-1.45563400
-1.68411500
-6.76470400
-6.59245700
-6.75696500
-4.23773900
-7.74101700
3.21128100
-5.02875600
1.16006700
-0.18490100
-3.67516000
-4.15807600
-3.66202300
-2.31368100

OXXTOZAZIZIIZIIZITOOOZOOOIZTOZOOOOOTLTTOOOOTOOOOZRA

-1.05209500
1.96646300
1.48726600
0.53217000
-1.82717100
-2.51243500
-0.97823500
-0.43047800
-2.29420500
-0.00076000
-1.27913500
2.19225000
-0.65367300
-1.63507000
1.18962300
0.31620900
-1.85659400
-1.64381400
-1.33967400
-1.29468500
-1.97777300
0.06790300
-1.07294400
-1.31958400
-0.00387000
1.95093400
2.54530100
0.94637200
1.95380100
0.99971800
0.27749500
0.59551800
0.85397000
-2.92981700
0.71361300
2.09957800
1.18986000
2.15842800
0.97885700
1.26492600

-0.04621200
-0.85814000
-1.12798700
2.35288900
1.11426700
1.59417700
-2.38847900
1.82059100
0.85225000
-1.86908800
-3.38325000
-1.59435000
0.89484200
-1.90790200
1.87744100
-0.93046400
0.66902000
1.69714400
-0.37983400
-0.02857600
-1.26899200
-0.75181100
0.39075000
0.80175600
-0.41379900
0.28045700
1.33396500
-0.88829600
-0.48898900
-1.98445400
-1.82205300
-0.54775800
3.34678000
0.60866600
0.01622500
-0.15874600
0.03479200
-0.12676400
1.10758700
-0.46357000
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TSa’

Energy (RB3LYP) : -1583.662856 A.U.
Gibbs Free Energy : -1583.441487 A.U.

Cartesian Coordinates (Angstroms)

Atom

Zo00Oo0ozxTOITITO

~ ~
s =

ITTTOO0COIITITOITOIITIOIITOOOOOOO0OOOOO0

4.01934100
3.51113500
4.84618000
4.57135900
5.21411900
3.52131200
3.11599100
1.77857300
1.07470500
1.30594300
-0.41969300
-2.74229000
-3.39158600
-1.23543200
-0.26120600
0.07196200
-0.72547100
-2.05835700
-2.43774700
-2.88751300
-0.82437200
-1.87099100
5.33318400
6.19743200
5.70701000
4.30685800
3.68713100
4.74461700
-1.29093500
-1.16024100
-2.48663300
-2.81357300
-0.46536000
-1.98069700
3.41945800
2.75432900
3.05325700
2.60350100
2.30735100
3.88784000

1.53907500
1.23194400
2.21325800
0.30926800
0.65038500
-0.55014700
2.31284600
2.25470500
3.24700500
1.08661600
0.26762900
-0.49447900
1.11834600
1.80520400
-0.89945300
-1.34007900
1.34177100
-2.11510800
-1.56779700
0.63330300
-2.17533600
1.27988800
-0.60402900
-1.05332600
-0.04684200
-1.68891500
-1.40762500
-2.66681000
-1.53304400
-2.12672100
1.89409300
2.75883400
-3.03871000
1.86888200
-1.76981600
-2.71851700
-0.39978900
0.58301700
-1.17225800
-0.51781900

-0.58557400
-1.50415900
-0.83181900
0.14789700
0.96951900
0.68868300
0.22353100
-0.03714400
0.08466000
-0.51333800
-0.11265700
0.06069800
-1.03079500
-1.27159800
-1.82688800
1.05800100
1.62890600
1.14803500
-1.68441000
1.79625800
1.39559600
2.17398000
-0.85004400
-0.35037200
-1.71513000
-1.21384800
-2.07414500
-1.42503900
-2.21310800
-3.12873900
-1.44723900
-2.04054600
1.97006800
3.09510800
0.02700000
0.39724300
2.05989200
2.21115200
2.24057600
2.76627500
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IMa’
Energy (RB3LYP) : -1583.695699 A.U.
Gibbs Free Energy : -1583.469716 A.U.

Cartesian Coordinates (Angstroms)

Atom X Y Z
C 4.47174800 1.21004100  -0.60467500
H 4.14807200 1.22389500 -1.65390600
H 5.51835900 1.52373100 -0.56189000
C 4.31661800 -0.19374500 -0.02244800
H 5.00837900  -0.34069800 0.80970600
N 2.90926000 -0.30272700 0.58966700
O 3.71392900 2.13629500 0.15003800
C 2.33241000 1.92265300 -0.02657800
O 1.61202900 2.87391200 -0.19455700
N 1.93413800 0.60584600  -0.04036000
Rh -0.29982200 0.19237500 0.00415800
Rh -2.70646300 -0.21841500 -0.08097000
O -2.76935800 0.90092400 -1.81820500
O -0.51612300 1.24740200 -1.76735500
O -0.05817600  -1.54684100 -1.14500500
O -0.27445600  -0.90199200 1.78594800
O -0.73565700 1.85248700 1.16462400
O -2.51138900 -1.31710800 1.67376100
O -2.30322000 -1.93011800 -1.19516400
O -2.98406300 1.50030700 1.02645100
C -1.36845200  -1.39622300 2.19973800
C -1.94830400 2.12743300 1.39619500
C 4.43845500 -1.32889000 -1.07626900
H 5.13536100 -2.09683500 -0.72818500
H 4.81957200  -0.94027700 -2.02468300
C 3.02358200  -1.92188400 -1.22479900
H 2.39932400 -1.33829300 -1.90651500
H 3.00064000 -2.97214800 -1.51713900
C -1.10250500  -2.19493900 -1.46713100
H -0.93081600  -3.10462900 -2.06260100
C -1.67765500 1.36794500 -2.25529100
H -1.74250000 1.95454000 -3.18337500
H -1.30477500 -1.96674100 3.13824300
H -2.12185100 3.03009700 1.99971800
C 2.48681300 -1.75451500 0.16191300
O 2.02586700 -2.50707800 0.95348700
C 2.89323600 -0.16776000 2.08263800
H 3.22307200 0.84268200 2.32156900
H 1.86912500  -0.34204900 2.40933600
H 3.56637000 -0.90955600 2.51914100
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Rh;(OAc)4

Energy (RB3LYP) : -975.831671 A.U.
Gibbs Free Energy : -975.768726 A.U.

Cartesian Coordinates (Angstroms)

Atom

TTITZTTOO0O0OO00000OO0

MeO,CN=Rh;(esp). (Figure 3)

0.0000000
0.0000000
2.0675328
2.6233150
2.0675328
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
-2.0675328
-2.0675328
-2.6233150
0.0000000
3.7214802
0.0000000
-3.7214802

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
-2.0675328
-2.0675328
2.0675328
2.0675328
-2.6233150
2.6233150
0.0000000
0.0000000
0.0000000
-3.7214802
0.0000000
3.7214802
0.0000000

Energy (wB97X-D) : -2347.06298 A.U.
Gibbs Free Energy : -2346.40475 A.U.

Cartesian Coordinates (Angstroms)

Atom

=
=

ONONONONG)

oNoNoNONe

1.2770063
2.5956654
2.1865807
0.9996200
1.7345830
0.1529002

-0.9527217
0.6528757
1.0987354

-0.3032023

-0.0775568

-1.0964029
0.1034486
1.2130012
1.6575160

-0.1065860
1.4648459

-0.3843932
-1.9391506

0.9389909
-1.4257447
-2.2548252

1.2001539
-1.2001539
-1.1385282

0.0000000

1.1385282
-1.1385282

1.1385282

1.1385282
-1.1385282

0.0000000

0.0000000
-1.1385282

1.1385282

0.0000000

0.0000000

0.0000000

0.0000000

0.0000000

0.3444286
-0.6710577
-1.0955678
-0.9526954

2.0984995

1.7580458

-1.7217131
-1.4407788
2.4213686

-2.0736398

1.3579929
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-1.6720111
-1.2399933
-1.8431136
-0.4402121
-4.3043548
-4.6205327
-3.6620774
-2.5338854
-3.6084275
-2.1103817
-5.1676770
-2.2448095
-1.5487404
-0.9863315
-2.3057391
-3.2192957
-2.6880233
-3.7100760
-3.9883755
-3.0452514
-3.7681576
-3.6348462
1.5018778
3.0218724
3.5621322
3.3449112
3.2961088
1.1754843
1.7297583
1.5718347
3.1552166
3.2984926
3.9764833
3.7192160
2.3311998
2.5412424
3.2689179
1.6433224
-0.7806764
-0.7550118
-1.4949471
-1.0842653
-2.2352517
-2.2931469
-2.6321129
-2.8677693

-0.7029712
-1.7961725
1.8667380
0.5864066
1.0772188
2.0889244
0.6765879
1.8439610
1.0760106
2.5787136
0.4318897
-2.6021844
-3.7144148
-4.3756589
-4.3077611
-3.2283494
-3.9101646
-2.4568898
-3.8031480
-1.6618363
-2.2842415
-0.9881697
1.6156063
1.8459597
0.9028553
2.3293670
2.5016779
0.6391938
-0.2906672
1.0920889
2.1459419
3.4132769
4.1187803
3.1709935
3.9009356
2.5419835
3.1906301
3.1397512
-2.0785770
-1.0107883
-0.2397619
-1.5065745
-2.5309219
-3.2901941
-2.9691152
-1.6878287

1.0298811
1.5151652
-0.2406409
0.0043434
-2.7072132
-2.9694370
-3.4948011
-1.4130610
-1.4545162
-2.2908271
-2.5547649
2.3353804
3.1260895
2.4625687
3.6503627
1.3156464
0.6426736
0.7148318
1.8425663
3.2602993
3.8036007
2.6275129
3.7334362
3.6957130
3.56829171
4.6240254
2.8617515
4.9026042
4.7345437
5.8192688
-1.8178977
-0.9550415
-1.4473832
0.0272861
-0.8075570
-3.1911387
-3.6936177
-3.0065312
-3.3701739
-4.5010904
-4.2624603
-5.4224164
-3.1482445
-2.3606104
-4.0705485
-2.8566463
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-0.9216435
-2.4340806
-2.2955796
-0.2961832
-1.0653610
-3.0420881
-0.5951585
-4.1157100
-3.0304214
0.7715757
1.0714533
-0.3122662
1.0239128
0.5911674
3.1185463
0.9260948
1.5352079
2.7887960
2.1912066
0.1854821
1.2852311
3.56133163
4.1026099
-0.2919728
-0.8566400
0.0956396
1.1418470
-0.2581025
0.0489129
4.5170583
4.9568819
5.1963533
4.4368513

-0.5693551
0.7652593
-0.7965729
0.3444942
1.0081320
-0.1205313
1.7205238
-0.2855060
1.2790708
2.9483020
3.4022390
2.8166368
3.6419167
-0.3585833
0.8137569
0.7842807
-0.8939957
-0.3050068
1.3667142
1.2289704
-1.7733901
-0.7211836
1.2651900
-1.0975712
-3.3149275
-3.2820545
-2.9938282
-3.7299261
-4.0410167
1.4695744
1.2266495
2.1491844
0.5427518

MeO,CHC=Rh,(esp). (Figure 3)
Energy (wB97X-D) : -2330.37753 A.U.
Gibbs Free Energy : -2331.04790 A.U.

Cartesian Coordinates (Angstroms)

Atom

-0.9317073
0.5611170
1.6115286

-1.5091693

-2.2216307

-1.5495350

4.2197430
6.1095231
4.2589270
5.0727691
6.0250895
5.2301372
6.6982591
5.2875512
6.8579609
3.9116065
4.8631754
3.9151084
3.1043135
-4.7091915
-4.9586009
-3.9812600
-5.5872905
-5.7169637
-4.0731400
-3.3228413
-6.1758975
-6.4109580
-5.0579813
3.5126549
3.8714524
-3.7217574
-3.8460719
-4.6574260
-2.9362464
-1.9886250
-1.0176795
-2.5155904
-2.5614807

-0.2196314

-1.4464176
-1.5829983
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1.8556206
0.0223720
1.3224829
-0.4531622
-1.7336267
0.9211422
-1.3431631
-2.3529701
-1.0709899
-2.1031467
1.5324290
2.2649249
0.4664447
0.4121824
1.3220485
0.2392664
1.4995327
0.5208527
2.3337854
-0.4419502
-3.1161697
-4.1364649
-4.6547273
-4.8779283
-3.8432457
-4.3861596
-3.1349938
-4.5687026
-2.3832002
-3.1501350
-1.7873462
1.5737887
2.0451168
1.2095448
2.5074736
2.7921486
0.4870800
-0.3283895
0.9380077
2.7322160
3.9482317
4.7807117
3.7097614
4.2713605
3.1165839
3.9114310

-0.4279085

-2.3535702

-0.5434788
1.3700639
-0.4384252
-1.7220020
0.7304603
-0.7028855
1.1137496
0.3931808
2.0171006
2.0636801
0.4558511
5.0947890
5.6986695
4.6717691
3.1790148

4.0415468
3.2257744

5.6899515
0.9503246
-0.1165798
-0.5193792
0.3337983
2.1024249
1.7260498
2.8668968
2.5677794
1.5320996
1.9398415
2.3877624
-2.4343960
-3.8165600
-4.4046746
-4.3608812
-3.7178443
-2.6319625
-3.2213257
-3.2365741
-2.0953572
-2.3618117
-2.7435722
-3.1127861
-1.4471802
-1.0138154
-1.4383182
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-1.0235981

1.4228786
1.7769843
-1.3848141
-1.8077884
2.0421323
-2.0423031
1.0403473
1.4097156
1.6031060
0.5317256
1.3450927
0.2033660
-1.1264245
-1.1382739
-2.1181710
-0.3692113
-0.1589255
-1.2472386
-0.8089228
2.6045596
3.0144225
2.1411231
3.6837095
1.8806271
1.0068913
1.5471648
2.5568001
3.8306827
4.5023988
3.4919293
3.2308504
2.7500225
2.3632693
3.5807112
1.9543520
4.3291485
3.8962013
5.1252631
-2.4687051
-1.5633317
-2.1644838
-0.8018225
-1.0588739
-3.5181028
-4.1436289
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3.5414705
-1.9771954
-0.8486738
-0.2340730
-1.3307185
-2.6883849
-3.4975567
-3.1251719
-1.9894563
-1.0051858
-0.0495150
-1.4594767
-0.0523241

0.4199200
-0.9726167

1.1587903
-1.3184758

0.3141226

2.7600872

3.2024048

2.4559328

3.5310099

0.0389401

1.6450073

1.1673922
-0.2620145

0.5419966

1.9651465

1.4257905
-1.1288196

0.3058588

2.2647888
-1.3801944
-3.6675000
-2.9843789
-2.5120415
-3.4210318
-3.7922863

2.2904609

2.0554277

3.1003297

1.4012067

-0.1558451
1.5084645
2.0045728
2.7271959
2.5437428
2.7315569
2.4202115
3.3424522
3.3463126

-0.6102448
0.3835090
0.6321516

-1.3449759

-0.8383300
1.1129709

-1.3978609
2.0758399
0.7719609

-1.6344759

-2.1671130

-0.6409232

-1.5131109
0.9084471

-1.2021535
0.5128991
0.2438398

-0.8003771

-0.5544429
1.0409603
0.5478315

-1.3054003

-2.0249313

-1.0433401

-0.9509619
0.6340382

-0.2636495
1.2049378
0.3144147

-3.3954330

-4.1603383

-3.7690683

-3.2462895
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-2.9880570
-3.1970642
-4.1450170
-3.5980206
-4.9699818
-2.5909888
-1.9212338
-3.3887754
-2.0169188
4.1962335
6.5922146
4.6341122
4.9080299
6.1164006
5.8546121
6.6846646
6.2244759
7.5393208
3.7728139
4.6227613
4.1089597
3.0058329
-4.6857029
-5.5756389
-3.9658124
-5.8760822
-6.3219372
-4.3809732
-3.0527866
-6.4579378
-7.2541375
-5.9234323
3.2755773
3.5417021
-3.9460382
-4.3512695
-4.7737741
-3.2825180
-3.1440921
-2.3992752
-3.7814244
-3.7606302



3. Chemoselective Intramolecular Formal Insertion Reaction of Rh-Nitrenes into an Amide

Bond over C—H Insertion
3-1. Characterization of amide insertion products 7a—7p and 8

General procedure A for amide insertion reaction

To a pre-dried test tube were added carbamate substrate (0.2 mmol), PhI(OAc), (0.28 mmol,
1.4 eq, 90.2 mg), MgO (0.46 mmol, 2.3 eq, 18.5 mg), and Rhz(esp-OMe),(acetone), (4 x mol,
2 mol%, 3.7 mg), and the tube was filled with argon gas. Then PhCF; (0.05 M, 4 mL) was
added wza a syringe at room temperature, and the reaction mixture was stirred for 1 —1.5 h at
80 °C. After complete consumption of the starting material, the reaction mixture was
concentrated under reduced pressure. The obtained crude mixture was purified by flash

chromatography on silica gel (n-hexane/EtOAc) to afford amide insertion product.

L,

H

(8)-1-Benzoyltetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2(1 H)-one (7a)

Prepared according to the general procedure A using 6a (48.8 mg, 0.2 mmol), and isolated as
white solid in 78% yield (37.7 mg): mp 120—122 °C; Rr= 0.3 (n-hexane/EtOAc, 1/2); 'H
NMR (400 MHz, CDCl;) 6 1.84-2.01 (m, 3H), 2.17 (m, 1H), 2.75 (m, 1H), 3.78 (m, 1H),
3.99 (m, 1H), 4.34 (dd, /= 11.6, 2.4 Hz, 1H), 4.46 (dd, /= 11.6, 4.8 Hz, 1H), 7.42 (dd, /=
7.6,7.2Hz, 2H), 7.53 (dd, /=7.6, 7.6 Hz, 1H), 7.62 (d, /= 7.2 Hz, 2H); *C NMR (100 MHz,
CDCls) 6 22.5, 28.0, 56.3, 57.6, 69.1, 128.2, 128.3, 132.1, 134.0, 154.1, 170.0; IR (ATR) v
2975, 1755, 1697, 1666, 1466, 1448, 1383, 1359 cm~'; HRMS (ESI-TOF) [M + Na]* calcd
for C13H14N2NaOs* m/z 269.0897, found m/z 269.0902: [ a 12°5 + 152.1° (¢ 1, CHCl;). The
enantiomeric excess was determined to be >99% by analytical chiral HPLC. 59 min, 80 min

(OJ-H column, 80/20 n-hexane/iPrOH, 1 mL/min, 254 nm).
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1-(4-Methylbenzoyl)tetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2(1 H)-one (7b)
Prepared according to the general procedure A using 6b (52.5 mg, 0.2 mmol), and isolated as
pale brown solid in 67% yield (34.7 mg): mp 146 —148 °C; R,= 0.5 (EtOAc); '"H NMR (400
MHz, CDCl;) 6§ 1.78-2.00 (m, 3H), 2.13 (m, 1H), 2.38 (s, 3 H), 2.75 (m, 1H), 3.73 (dd, /=
7.6, 7.2 Hz, 1H), 3.92 (m, 1H), 4.28 (d, /= 11.6, 1H), 4.41 (dd, /= 11.6, 4.8 Hz, 1H), 7.19
(d, /=8.0Hz, 2H), 7.52 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 21.5, 22.4, 28.0,
56.1,57.5,69.0, 128.4, 128.9, 131.2, 142.8, 153.9, 169.9; IR (ATR) v 2973, 1755, 1693, 1608,
1460, 1407, 1382, 1359 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for CisHisN2NaOs* m/z
283.1053, found m/z 283.1051.

Cl
L,

N\
o

A
1-(4-Chlorobenzoyl) tetrahydro-4 H-pyrrolo[1,2-d] [1,3,4] oxadiazin-2(1 H)-one (7c)
Prepared according to the general procedure A using 6¢ (56.7 mg, 0.2 mmol), and isolated as
white solid in 68% yield (38.5 mg): mp 145—147 °C; Rr= 0.4 (n-hexane/EtOAc, 1/2); 'H
NMR (400 MHz, CDCl3) 6 1.83-2.04 (m, 3H), 2.18 (m, 1H), 2.74 (m, 1H), 3.75 (dd, /=
8.0, 7.2 Hz, 1H), 3.97 (m, 1H), 4.35 (dd, /= 11.6, 2.8 Hz, 1H), 4.44 (dd, /= 11.6, 4.8 Hz,
1H), 7.40 (d, /= 8.8 Hz, 2H), 7.56 (d, /= 8.8 Hz, 2H); *C NMR (100 MHz, CDCl3) & 22.4,
27.8,56.1,57.3, 69.0, 128.6, 129.6, 132.2, 138.4, 153.8, 169.0; IR (ATR) v 2973, 1757, 1698,
1591, 1487, 1406, 1382, 1287 cm~'; HRMS (ESI-TOF) [M + Nal]* caled for
C13H13CIN2NaOs* m/z 303.0507, found m/z 303.0513.

MeO
@%O

N

LD

H
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1-(4-Methoxybenzoyl)tetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2 (1 H)-one (7d)
Prepared according to the general procedure A using 6d (55.7 mg, 0.2 mmol), and isolated as
white solid in 61% yield (34.0 mg): mp 99—101 °C; R,= 0.5 (EtOAc); 'H NMR (400 MHz,
CDCl;) 6 1.82-2.02 (m, 3H), 2.17 (m, 1H), 2.75 (ddd, /= 10.4, 9.2, 2.0 Hz, 1H), 3.78 (dd,
J=8.8, 6.4 Hz, 1H), 3.85 (s, 3H), 3.97 (m, 1H), 4.31 (dd, /= 11.6, 2.4 Hz, 1H), 4.44 (dd, /
=11.6,4.8 Hz, 1H), 6.91 (d, /= 8.8 Hz, 2H), 7.63 (d, /= 8.8 Hz, 2H); *C NMR (100 MHz,
CDCl;) 6 22.5, 28.0, 55.4, 56.3, 57.5, 69.1, 113.6, 125.9, 130.7, 154.5, 163.0, 160.3; IR
(ATR) v 2968, 1754, 1692, 1604, 1577, 1510, 1461, 1418 cm~'; HRMS (ESI-TOF) [M +
Na]l* calced for C14H1N2NaO4™ m/z 299.1002, found m/z 299.0996.

O,N
O\fo
0

N

oL

H
1-(4-Nitrobenzoyl)tetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2(1 H)-one (7e)

Prepared according to the general procedure A using 6e (58.7 mg, 0.2 mmol), and isolated as
pale yellow solid in 47% yield (27.5 mg): mp 156 — 158 °C; R;= 0.3 (n-hexane/EtOAc, 1/2);
'"H NMR (400 MHz, CDCl;3) § 1.83-1.95 (m, 2H), 2.00 (m, 1H), 2.20 (m, 1H), 2.77 (ddd, /
=9.2,9.2,6.4 Hz, 1H), 3.74 (dd, /= 8.4, 7.2 Hz, 1H), 3.97 (m, 1H), 4.38 (dd, /= 11.6, 3.2
Hz, 1H), 4.45 (dd, /= 11.6, 4.4 Hz, 1H), 7.74 (d, /= 8.4 Hz, 2H), 8.28 (d, /= 8.4 Hz, 2H);
BCNMR (100 MHz, CDCls) 6 22.3,27.6,55.9,57.1, 69.1, 123.6, 128.8, 140.0, 149.5, 153.0,
168.2; IR (ATR) v 2967, 1788, 1759, 1703, 1653, 1604, 1523, 1472 cm~'; HRMS (ESI-TOF)
[M + Na]* caled for C13Hi5N3NaOs™ m/z 314.0747, found m/z 314.0742.

Bu
o F°

H
1-Pivaloyltetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2(1 H) -one (7f)

Prepared according to the general procedure A using 6f (45.9 mg, 0.2 mmol) and isolated as
pale yellow solid in 60% yield (27.5 mg): mp 48 —50 °C; Rr= 0.5 (n-hexane/EtOAc, 1/2); 'H
NMR (400 MHz, CDCl3) 6 1.35 (s, 9H), 1.74 (m, 1H), 1.87-1.99 (m, 2H), 2.14 (m, 1H),
2.75 (ddd, /= 11.6, 9.2, 5.6 Hz, 1H), 3.49 (dd, /= 9.2, 8.4 Hz, 1H), 3.82 (m, 1H), 4.12-4.20
(m, 2H); *C NMR (100 MHz, CDCl3) 6§ 22.4,27.3, 28.4,41.0, 56.6, 58.0, 69.0, 153.1, 179.4;

- 92 -



IR (ATR) v 2972, 1782, 1682, 1481, 1461, 1392, 1366, 1287 cm!; HRMS (ESI-TOF) [M +
Na]l* calced for C;1H1sN2NaOQs™ m/z 249.1210, found m/z 249.1206.

1-((31,51,7r)-Adamantane- 1-carbonyl) tetrahydro-4 H-pyrrolo[ 1,2- d][1,3,4] oxadiazin-
2(1H)-one (7g)

Prepared according to the general procedure A using 6g (61.3 mg, 0.2 mmol) and isolated as
pale orange solid in 52% yield (31.7 mg): mp 138 —140 °C; Rr= 0.5 (n-hexane/EtOAc, 1/2);
'"H NMR (400 MHz, CDCl3) 6 1.64-1.80 (m, 7H), 1.84-2.07 (m, 8H), 2.08-2.20 (m, 4H),
2.73 (m, 1H), 3.52 (dd, /= 8.4, 7.2 Hz, 1H), 3.83 (m, 1H), 4.10-4.20 (m, 2H); *C NMR (100
MHz, CDCl;) 6 22.4, 28.1, 28.3, 36.4, 38.1, 43.9, 56.6, 58.0, 68.9, 153.5, 179.4; IR (ATR) v
2903, 2849, 1779, 1677, 145, 1277, 1255, 1186, 1165 cm™~'; HRMS (ESI-TOF) [M + Na]*
calced for Ci7H24N2NaOs* m/z 327.1679, found m/z 327.1671.

Me

1-Tosyltetrahydro-4 H-pyrrolo[1,2-d][1,3,4] oxadiazin-2(1 H)-one (7h)

Prepared according to the general procedure A using 6h (59.7mg, 0.2 mmol), PhI(OAc),
(0.56 mmol, 2.8 eq, 180.4 mg), MgO (0.92 mmol, 4.6 eq, 37.1 mg), and Rhz(esp-
OMe):(acetone); (8 x mol, 4 mol%, 7.5 mg) at 60 °C, and isolated as white solid in 51% yield
(30.5 mg): mp 118—120 °C; Rr= 0.4 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCls)
6 1.61 (m, 1H), 1.86-1.96 (m, 2H), 2.11 (m, 1H), 2.44 (s, 3H), 2.84 (ddd, /= 9.2, 9.2, 8.8
Hz, 1H), 3.45 (m, 1H), 3.57 (m, 1H), 4.11 (dd, /= 11.6, 8.8 Hz, 1H), 4.23 (dd, /= 11.6, 8.0
Hz, 1H), 7.33 (d, /= 8.4 Hz, 2H), 7.96 (d, /= 8.4 Hz, 2H); *C NMR (100 MHz, CDCl;) &
20.6, 21.7, 25.0, 54.5, 55.3, 68.4, 128.7, 129.6, 134.6, 145.2, 148.7; IR (ATR) v 2954, 1726,
1596, 1494, 1465, 1402, 1368, 1307 cm~'; HRMS (ESI-TOF) [M + Nal* calcd for
C13H16N2NaO4S* m/z 319.0723, found m/z 319.0727.
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1-((4-Methoxyphenyl)sulfonyl) tetrahydro-4 H-pyrrolo[1,2-d] [1,3,4] oxadiazin-2(1 H)-one
(79

Prepared according to the general procedure A using 6i (62.9mg, 0.2 mmol), PhI(OAc), (0.56
mmol, 2.8 eq, 180.4 mg), MgO (0.92 mmol, 4.6 eq, 37.1 mg), and Rhz(esp-OMe):(acetone)
(8 pmol, 4 mol%, 7.5 mg), and isolated as pale yellow solid in 48% yield (30.2 mg): mp
138—140 °C; Rr= 0.4 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl;) 6 1.61 (m, 1H),
1.87-1.96 (m, 2H), 2.12 (m, 1H), 2.84 (ddd, /= 9.2, 9.2, 9.2 Hz, 1H), 3.45 (m, 1H), 3.58 (m,
1H), 3.88 (s, 3H), 4.11 (d, /= 11.6, 4.8 Hz, 1H), 4.23 (d, /= 11.6, 8.0 Hz, 1H), 6.99 (d, 8.8
Hz, 2H), 8.01 (d, /= 8.8 Hz, 2H); *C NMR (100 MHz, CDCls) & 20.5, 24.9, 54.4, 55.2, 55.7,
68.3,114.1,128.8, 131.0, 148.7, 164.0; IR (ATR) v 2954, 1731, 1593, 1577, 1496, 1464, 1443,
1402 cm~!; HRMS (ESI-TOF) [M + Na]l* calcd for Ci3H16N2NaOsS* m/z 335.0672, found
m/z 335.0670.

1-((4-Chlorophenyl)sulfonyl)tetrahydro-4 H-pyrrolo[ 1,2-d] [1,3,4] oxadiazin-2(1 H)-one (7))
Prepared according to the general procedure A using 6j (63.8 mg, 0.2 mmol), PhI(OAc),
(0.56 mmol, 2.8 eq, 180.4 mg), MgO (0.92 mmol, 4.6 eq, 37.1 mg), and Rhz(esp-
OMe):(acetone); (8 wmol, 4 mol%, 7.5 mg), and isolated as pale brown solid in 48% yield
(25.1 mg): mp 129—131 °C; Rr= 0.3 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;)
6 1.62 (m, 1H), 1.87-1.98 (m, 2H), 2.33 (m, 1H), 2.86 (ddd, /= 9.2, 9.2, 9.2 Hz, 1H), 3.47
(m, 1H), 3.60 (m, 1H), 4.14 (dd, /= 11.6, 4.8 Hz, 1H), 4.25 (dd, /= 11.6, 8.4 Hz, 1H), 7.52
(d, /=8.8 Hz, 2H), 8.03 (d, /= 8.8 Hz, 2H); *C NMR (100 MHz, CDCl;) § 20.5, 24.7, 54.4,
55.3,68.4,129.3,130.1, 135.8, 140.9, 148.4; IR (ATR) v 2957, 1733, 1583, 1475, 1396, 1374,
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1181, 1172 cm~!; HRMS (ESI-TOF) [M + Na]* caled for C12H;15CIN2NaO4S* m/z 339.0177,
found m/z 339.0179.

rac-(4aS,7 R)-1-Benzoyl-7-vinyltetrahydro-4 H-pyrrolo[1,2- d] [ 1,3,4] oxadiazin-2(1 H) -one
(7k)

Prepared according to the general procedure A using 6k (50.4 mg, 0.18 mmol), and isolated
as pale yellow oil in 44% yield (22.0 mg): Rr= 0.6 (EtOAc); 'H NMR (400 MHz, CDCl;)
1.70 (m, 1H), 1.85-2.03 (m, 2H), 2.21 (m, 1H), 3.47 (ddd, /= 10.4, 8.4, 6.0 Hz, 1H), 4.02
(m, 1H), 4.32 (dd, /= 11.6, 2.8 Hz, 1H), 4.41 (dd, /= 11.6, 4.8 Hz, 1H), 5.07 (d, /= 10.0
Hz, 1H), 5.18 (d, /= 17.2 Hz, 1H), 5.60 (ddd, /= 17.2, 10.0, 8.4 Hz, 1H), 7.39 (dd, /= 8.0,
7.2 Hz, 2H), 7.49 (dd, /= 8.0, 8.0 Hz, 1H), 7.55 (d, /= 7.2 Hz, 2H); *C NMR (100 MHz,
CDCl;) 6 27.0,28.9,57.3,69.4,71.7,119.0, 127.9, 128.2, 131.5, 134.4, 137.0, 152.7, 169.8;
IR (ATR) v 2972, 1780, 1704, 1601, 1447, 1381, 1289, 1259 cm~'; HRMS (ESI-TOF) [M +
Na]l* calced for C15H16N2NaOs™ m/z 295.1053, found m/z 295.1050.

Ph
0
o F H

: H

H

rac-(4aS5,5a R,6a R)-1-Benzoylhexahydrocyclopropal4,5] pyrrolo[1,2-d][1,3,4] oxadiazin-
2(1H)-one (71)

Prepared according to the general procedure A using 6l (52.1 mg, 0.2 mmol), and isolated as
pale brown solid in 73% yield (31.9 mg): mp 144 —146 °C; Rr= 0.5 (EtOAc); '"H NMR (400
MHz, CDCl3;) 6 0.50 (ddd, /= 7.2, 4.8, 2.8 Hz, 1H), 0.85 (ddd, /= 8.0, 8.0, 7.2 Hz, 1H),
1.62 (m, 1H), 2.02 (dd, /= 12.8, 8.0 Hz, 1H), 2.29 (m, 1H), 3.31 (ddd, /= 8.0, 5.6, 2.8 Hz,
1H), 3.86 (dd, /= 8.4, 7.6 Hz, 1H), 4.27 (d, /= 11.6 Hz, 1H), 4.49 (dd, /= 11.6, 2.8 Hz, 1H),
7.40 (dd, /= 7.6, 7.6 Hz, 2H), 7.49 (dd, /= 7.6, 7.6 Hz, 1H), 7.57 (d, /= 7.6 Hz, 2H); *C
NMR (100 MHz, CDCl;) 6 11.6, 16.1, 30.9, 48.5, 61.1, 67.3, 128.0, 128.2, 131.8, 134.1,
153.6,169.2; IR (ATR) v 2948, 1748, 1687, 1601, 1557, 1541, 1507, 1490 cm~!; HRMS (ESI-
TOF) [M + Na]* calcd for C14H14N2NaOs* m/z 281.0897, found m/z 281.0898.
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1-(2-Phenylcyclopropane-1-carbonyl)tetrahydro-4 H-pyrrolo[1,2-d] [ 1,3,4] oxadiazin-
2(1H)-one (2m)
Prepared according to the general procedure A using 1m (57.7 mg, 0.2 mmol), and isolated
as colorless oil in 48% yield (27.4 mg): Rr= 0.6 (EtOAc); 'H NMR (400 MHz, CDCl;) &
1.36 (ddd, /= 8.0, 6.8, 4.0 Hz, 1H), 1.75 (ddd, /= 9.6, 4.8, 4.4 Hz, 1H), 1.79-1.91 (m, 2H),
1.96 (m, 1H), 2.13 (m, 1H), 2.67 (ddd, /= 9.6, 6.8, 4.0 Hz, 1H), 2.73 (m, 1H), 2.86 (ddd, /
= 8.8, 4.8, 4.0 Hz, 1H), 3.54 (dd, /= 8.8, 7.2 Hz, 1H), 3.84 (m, 1H), 4.22 (dd, /= 11.6, 2.8
Hz, 1H), 4.26 (dd, /= 11.6, 4.0 Hz, 1H), 7.16-7.24 (m 3H), 7.26-7.32 (m, 2H); *C NMR
(100 MHz, CDCl3) 6 18.8,22.2, 23.8, 27.8, 28.2, 56.0, 56.9, 68.8, 126.5, 126.6, 128.4, 140.0,
152.8,173.3; IR (ATR) v 2952, 1782, 1755, 1704, 1604, 1497, 1458, 1400 cm~!; HRMS (ESI-
TOF) [M + Na]* caled for Ci¢H1sN2NaOs* m/z 309.1210, found m/z 309.1207.

Ph 0
8y
0\727

2-Benzoyl-4-oxa-1,2-diazabicyclo[4.2.0]octan-3-one (7n)

Prepared according to the general procedure A using 6n (46.9 mg, 0.2 mmol), and isolated as
white solid in 37% yield (17.3 mg): mp 121—123 °C; Rr= 0.4 (n-hexane/EtOAc, 1/2); 'H
NMR (400 MHz, CDCl;) 6 2.32 (m, 1H), 2.52 (m, 1H), 3.66 (ddd, /= 10.4, 9.2, 9.2 Hz,
1H), 4.19 (ddd, /= 9.2, 9.2, 5.6 Hz, 1H), 4.42 (ddd, /= 8.0, 4.4, 4.0 Hz, 1H), 4.50 (d, /=
12.0 Hz, 1H), 4.55 (dd, 12.0, 4.0 Hz, 1H), 7.40 (dd, /= 8.0, 7.2 Hz, 2H), 7.51 (dd, /= 7.2,
7.2 Hz, 1H), 7.59 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz, CDCl;) § 20.1, 60.0, 63.3, 69.3,
128.2, 128.5, 132.4, 133.6, 154.2, 169.9; IR (ATR) v 2961, 1778, 1753, 1704, 1448, 1381,
1291, 1268 cm~!; HRMS (ESI-TOF) [M + Na]* caled for Ci2H12N2NaOs+ m/z 255.0746,
found m/z 255.0744.

Ph.__0O

T
5

3-Benzoyl-4-methyl-1,3,4-oxadiazinan-2-one (20)

(@) Me
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Prepared according to the general procedure A using 1o (44.4 mg, 0.2 mmol), and isolated as
white solid in 21% yield (9.3 mg): mp 129131 °C; R,= 0.4 (EtOAc); 'H NMR (400 MHz,
CDCls) 6 2.94 (s, 3H), 3.47 (¢, /= 6.0 Hz, 2H), 4.70 (t, /= 6.0 Hz, 2H), 7.42 (dd, /= 8.0,
7.6 Hz, 2H), 7.52 (dd, /= 7.6, 7.6 Hz, 1H), 7.61 (d, /= 8.0 Hz, 2H); '*C NMR (100 MHz,
CDCls) 6 43.0,49.5, 64.5,128.12,128.13,132.1, 134.4, 149.2, 170.3; IR (ATR) v 2923, 1766,
1732, 1694, 1447, 1397, 1249, 1202 cm~'; HRMS (ESI-TOF) [M + Nal* caled for
C11H12N2NaOs* m/z 243.0740, found m/z 243.0746.

~

0. O
Ph. O. N i 7\1/ H
~ /. N
RO
o) o O

Benzyl ((S8)-1-o0xo-1-((2-ox0-2-((5)-2-oxotetrahydro-4 H-pyrrolo[1,2-d][1,3,4]oxadiazin-
1(2 H)-yl) ethyl)amino)-3-phenylpropan-2-yl)carbamate (7p)

Prepared according to the general procedure A using 6p (94.2 mg, 0.2 mmol), and isolated as
colorless oil in 31% yield (29.0 mg): Rr= 0.5 (EtOAc); '"H NMR (400 MHz, CDCl;) § 1.70-
2.00 (m, 3H), 2.13 (m, 1H), 2.70 (m, 1H), 3.04 (dd, /= 14.0, 7.6 Hz, 1H), 3.16 (dd, /= 14.0,
6.4 Hz, 1H), 3.50 (m, 1H), 3.78 (m, 1H), 4.20 (dd, /= 12.0, 4.4 Hz, 1H), 4.25 (dd, /= 12.0,
4.4 Hz, 1H), 4.34 (dd, /= 19.2, 5.6 Hz, 1H), 4.45 (dd, /= 19.2, 4.4 Hz, 1H), 4.55 (m, 1H),
5.01 (d, /= 12.4, 1H), 5.07 (d, /= 12.4 Hz, 1H), 5.52 (d, /= 8.0 Hz, 1H), 6.84 (br s, 1H),
7.16-7.36 (m, 10H); *C NMR (100 MHz, CDCl;) 6 21.8, 27.2, 38.4, 43.7, 55.1, 56.0, 56.2,
66.9, 68.7, 126.9, 127.9, 128.1, 128.4, 128.6, 129.2, 136.1, 136.4, 150.9, 156.0, 169.6, 171.4;
IR (ATR) v 3304, 2948, 1791, 1715, 1661, 1521, 1455, 1382 cm~'; HRMS (ESI-TOF) [M +
Na]l* calced for CasH2sNsNaOg™ m/z 503.1901, found m/z 503.1898.

6-Benzoyl-3-oxa-1,6-diazaspiro[4.4]nonan-2-one (8)

Prepared according to the general procedure A using Rho(NHCO®Bu), instead of Rhz(esp-
OMe)>, and isolated as white powder: mp 153 —155 °C; Rr= 0.2 (EtOAc); '"H NMR (400
MHz, CDCl3) 6 1.86 (m, 1H), 1.97 (m, 1H), 2.13 (ddd, /= 12.8, 9.6, 6.4 Hz, 1H), 2.33 (ddd,
J=12.8,5.6,5.6 Hz, 1H), 3.47 (m, 1H), 3.56 (m, 1H), 4.35 (d, /= 8.8 Hz, 1H), 4.80 (d, /=
8.8 Hz, 1H), 6.90 (br s, 1H), 7.32-7.43 (m, 3H), 7.49 (d, /= 8.0 Hz, 2H); '*C NMR (100
MHz, CDCl;) 6 23.1, 40.1, 50.4, 73.2, 78.5 127.0, 128.3, 130.2, 136.6, 155.7, 170.4; IR
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(ATR) v 3259, 2955, 1749, 1633, 1577, 1446, 1392, 1287 cm~; HRMS (ESI-TOF) [M +
Na]l* calced for Ci13H14N2NaOs™ m/z 269.0897, found m/z 269.0892.
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3-2. Derivatization of the amide insertion product 7a

3 e
KoCO3 ! ; oc.
H\’\J\j\/> MeOH Oﬁ}i\lﬁ\l} then Boc,O H O\/I‘\l:>
HO C-N bond O N-N bond Bz™
cleavage cleavage (0] )
9: 72% yield 7a 10: 48%
| LiDBB }
E L
' tBU tBU '
Bz

N-(2-(Hydroxymethyl) pyrrolidin-1-yl)benzamide (9)

A mixture of 7a (0.2 mmol, 49.4 mg) and K,COj3 (0.04 mmol, 0.2 eq, 5.5 mg) in MeOH (0.2
M, 1 mL) was stirred for 1.5 h at room temperature and then concentrated under reduced
pressure. The crude residue was purified by flash chromatography on silica gel (EtOAc) to
afford 9 as white solid in 72% yield (31.9 mg): mp 158 —160 °C; Rr= 0.2 (EtOAc); '"H NMR
(400 MHz, CD3;0D) 6 1.63-1.81 (m, 3H), 1.90 (m, 1H), 2.79 (m, 1H), 2,89 (m, 1H), 3.20
(m, 1H), 3.39 (dd, /= 12.0, 4.4 Hz, 1H), 3.46 (dd, /= 12.0, 4.8 Hz, 1H), 7.36 (dd, /= 8.0,
7.2 Hz, 2H), 7.45 (dd, /= 7.2, 7.2 Hz, 1H), 7.69 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz,
CD3;0OD) 6 22.6, 26.6, 56.4, 63.6, 68.2, 128.4, 129.6, 133.0, 134.4, 170.1; IR (ATR) v 3321,
3207, 2934, 1650, 1536, 1309, 1281, 1042 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for
C12H16N2NaO,* m/z 243.1110, found m/z 243.1105.

tert-Butyl 2-(((benzoylcarbamoyl) oxy) methyl) pyrrolidine-1-carboxylate (10)
To a stirred solution of 7a (0.2 mmol, 49.1 mg) in THF (2.9 mL) was added LiDBB in THF
(prepared by stirring Li (5.3 mmol, 37 mg) and 4,4" -Di-tert-butylbiphenyl (5.1 mmol, 1.4
g) in THF (17 mL)) at -78 °C until the dark green color persisted. The reaction mixture
was stirred for 10 min at the -78 °C, and Boc,O (0.22 mmol, 1.1 eq, 48.0 mg) was added.

After being stirred for 17 h at room temperature, the reaction mixture was concentrated
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under reduced pressure and purified by flash chromatography on silica gel (EtOAc) to afford
10 as pale yellow oil in 48% yield (33.1 mg): R,= 0.5 (EtOAc); '"H NMR (400 MHz, CDCls)
6 1.46 (s,9H), 1.84 (m, 1H), 1.88-2.03 (m, 2H), 2.10 (m, 1H), 3.53 (m, 1H), 3.67 (m, 1H),
4.05 (dd, /=10.0, 4.8 Hz, 1H), 4.32-4.16 (m, 2H), 7.43 (dd, /= 7.6, 7.2 Hz, 2H), 7.53 (dd,
J=17.6,7.6 Hz, 1H), 7.89 (d, /= 7.2 Hz, 2H); *C NMR (100 MHz, CDCl;) & 23.4, 27.7,
28.4,47.4,56.6, 68.0,82.9,127.8, 128.5, 132.3, 133.8, 152.2, 153.0, 165.6; IR (ATR) v 3239,
2977, 1735, 1651, 1476, 1394, 1370, 1271, 1251 cm~'; HRMS (ESI-TOF) [M + Na]* calcd
for C1gH24N2NaOs* m/z 371.1583, found m/z 371.1573.
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3-3. Synthesis and characterization of substrates and catalysts

3-3-1. General procedures
General procedures B and C for acylation and sulfonylation of methyl prolinate hydrochloride

procedure B:
acyl chloride or sulfonyl chloride, R

HN Et;N, DMAP, CH,Cl, N
MeO _ procedure C: MeO
o) HCI carboxylic acid or sulfonic acid, ')
EDCI hydrochloride, HOBt
Et;N, CH,Cl, R = acyl or sulfonyl

General procedure B

To a stirred solution of methyl prolinate hydrochloride, Et;N (3 eq), and DMAP (10 mol%)
in CH,Cl, (0.2 M) was added acyl chloride or sulfonyl chloride (1 eq) at 0 °C, and the reaction
mixture was stirred at room temperature (reaction time is given below). The reaction was
quenched with saturated aqueous NH4Cl, extracted with CH,Cl,, washed with brine, dried
over Na,SOy, and concentrated under reduced pressure. The crude mixture was purified by

flash chromatography on silica gel (conditions are given below).

General procedure C

To a stirred solution of carboxylic acid, methyl prolinate hydrochloride (1.2 eq), and Et;N
(1.5 eq) in CH,Cl; (0.2 M) were added EDCI hydrochloride (1.5 eq) and HOBt (1.3 eq) at
0 °C. Et;N (1.2 eq) was added dropwise, and the stirring was continued for 2 h at 0 °C. After
being stirred at room temperature (reaction time is given below), the reaction was quenched
with H,O, extracted with CH,Cl,, washed with brine, dried over Na,SOy4, and concentrated
under reduced pressure. The crude mixture was purified by flash chromatography on silica

gel (conditions are given below).

General procedure D and E for reduction of esters

R. N procedure D:
LiBH,, THF RN
MeO procedure E: HO\)\/>
0] NaBHy, LiCl, THF/EtOH
General procedure D

To a stirred solution of ester substrate in THF (0.2 M) was added LiBH4 (2 eq) at 0 °C. After

being stirred at room temperature (reaction time is given below), the reaction was quenched

with saturated aqueous NH4Cl, extracted with EtOAc, washed with brine, dried over Na;SOy,
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and concentrated under reduced pressure. The crude mixture was purified by flash

chromatography on silica gel (conditions are given below).

General procedure E

To a stirred solution of ester substrate in THF (1 M) were added LiCl (2 eq) and NaBH, (2
eq) at 0 °C. EtOH (0.33 M) was added dropwise over 30 min at 0 °C, and the reaction mixture
was stirred at 0 °C for 1 h. Then the reaction mixture was stirred at room temperature
(reaction time is given below), quenched with saturated aqueous NH4Cl, and THF and EtOH
was removed under reduced pressure. The reaction mixture was extracted with EtOAc,
washed with H,O and brine, dried over Na,;SOy4, and concentrated under reduced pressure.

The crude mixture was purified by flash chromatography on silica gel (conditions are given

below).

General procedure F for carbamoylation of alcohols

To a stirred solution of alcohol substrate in CH»Cl, (0.1 M) was added CI;CCONCO (1.2 eq)
at 0 °C. After being stirred for 10 min, the reaction mixture was concentrated under reduced
pressure, and used for the next step without further purification.

The solution of the crude residue and K.CO3 (0.2 eq) in MeOH (0.1 M) was stirred at room
temperature for 2 h, and concentrated under reduced pressure. The crude mixture was
purified by flash chromatography on silica gel (conditions are given below) to afford

carbamate compound.
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3-3-2. Synthesis and characterization of 6a— 6j, 6n

0 O

(0]
\ﬂj\l} procedure B ©4Z<N procedure D @N procedure F %
MeO - _—
21 h, 92% MeO 16 h, 80% \):> 94% o
5 - Hal HO ol
O s8a s9a o 6a

Methyl benzoylprolinate (s8a)

Prepared according to the general procedure B (reaction time 21 h) using L-methyl prolinate
hydrochloride (828.1 mg, 5 mmol) and benzoyl chloride (0.79 mL, 1 eq, 5 mmol) in 92% yield
(1.1 g) (column condition; n-hexane/EtOAc, 1/1).

'H and 3C NMR, IR, and MS were identical to those reported.?!

(2- (Hydroxymethyl) pyrrolidin-1-yl) (phenyl) methanone (s9a)

Prepared according to the general procedure D (reaction time 16 h) using s8a (1.1 g, 4.6
mmol) in 80% yield (750.5 mg) (column condition; EtOAc).

'H and 3C NMR, IR, and MS were identical to those reported.??

(1-Benzoylpyrrolidin-2-yl) methyl carbamate (6a)

Prepared according to the general procedure F using s9a (750.5 mg, 3.7 mmol), and isolated
as colorless gum in 94% yield (2 steps, 853.9 mg) (column condition; EtOAc): Rr= 0.5
(EtOAc); '"H NMR (400 MHz, CDCl;) 6 1.72-2.01 (m, 3H), 2.06 (m, 1H), 3.47 (brs, 2H),
4.26 (brs, 2H), 4.53 (brs, 1H), 4.86 (br s, 2H), 7.33-7.42 (m, 3H), 7.44-7.51 (m, 2H); *C
NMR (100 MHz, CD30D) (major rotamer) 6 25.7,28.3,51.6,57.6,64.9, 128.1,129.4, 131.2,
138.0,159.5,172.1; IR (ATR) v 3346, 3196, 2971, 1713, 1600, 1575, 1496, 1397 cm~!; HRMS
(ESI-TOF) [M + Na]* caled for Ci13H16N2NaOs* m/z 271.1053, found m/z 271.1049; [ a 12°p
- 154.1° (c 1, CHCI3). The enantiomeric excess was determined to be >99% by analytical
chiral HPLC. 13 min, 18 min (AD-H column, 85/15 n-hexane/iPrOH, 1 mL/min, 254 nm).

O O

\nj\l:> procedure B < > N procedure D procedure F < > J:> N
MeO
12 h, 81% MeO 4h 70% o

H,N
O  HCI from s8b
O s8b ( ) Wg 6b

Methyl (4-methylbenzoyl)prolinate (s8b)
Prepared according to the general procedure B (reaction time 12 h) using methyl prolinate

hydrochloride (828.4 mg, 5 mmol) and 4-methylbenzoyl chloride (0.66 mL, 1 eq, 5 mmol) in
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81% yield (1.0 g, 4.1 mmol) as colorless oil (column condition; n-hexane/EtOAc, 1/1): Rr=
0.3 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;) (mixture of rotamers) 6 1.88 (br
s, 1H), 1.94-2.07 (m, 2H), 2.27 (m, 1H), 2.36 (s, 3H), 3.45-3.87 (m, 5H), 4.66 (br s, 1H),
7.18 (d, /= 8.0 Hz, 2H), 7.45 (br s, 2H); *C NMR (100 MHz, CDCl;) (major rotamer) &
21.3, 25.3,29.2, 49.8, 52.1, 59.1, 127.3, 128.7, 133.1, 140.3, 169.6, 172.7; IR (ATR) v 2952,
1740, 1625, 1412, 1362, 1281, 1198, 1173 cm~!; HRMS (ESI-TOF) [M + Na]* calcd for
C14aH17NNaO3s* m/z 270.1106, found m/z 270.1095.

(1-(4-Methylbenzoyl) pyrrolidin-2-yl) methyl carbamate (6b)

Compound s8b (670.7 mg, 2.7 mmol) was reduced to alcohol substrate according to the
general procedure D (reaction time 4 h), which was used for the next step without purification
by column chromatography.

The crude alcohol was converted to 6b according to the general procedure F, and isolated as
white powder in 70% yield (3 steps, 559.4 mg) (column condition; gradient elution: n-
hexane/EtOAc, 1/2 — EtOAc): mp 149—151 °C; Rr= 0.2 (n-hexane/EtOAc, 1/2); '"H NMR
(400 MHz, CDCl;) 6 1.72-1.98 (m, 3H), 2.05 (m, 1H), 2.36 (s, 3H), 3.49 (br s, 2H), 4.23
(brs, 2H), 4.52 (brs, 1H), 4.77 (br s, 2H), 7.18 (d, /= 8.0 Hz, 2H), 7.39 (d, /= 8.0 Hz, 2H);
BCNMR (100 MHz, CD;0OD) 6 21.4, 25.8, 28.4,51.7,57.8, 65.0, 128.3, 130.0, 135.2, 141.8,
159.7,172.5; IR (ATR) v 3351, 3203, 2969, 1714, 1609, 1568, 1514, 1415 cm~!; HRMS (ESI-
TOF) [M + Na]* caled for C14H1sN2NaOs* m/z 285.1210, found m/z 285.1208.

(0] 0]
\nj\l:> procedure C cl < > \“):> N procedure D procedure F cl < > \):> N
MeO
27 h, 93% MeO 11.5h 54% H.N_ ©
O - HCI from s8¢ 2
O s8c ( ) \‘g 6c

Methyl (4-chlorobenzoyl)prolinate (s8c)

Prepared according to the general procedure C (reaction time, 27 h) using 4-chlorobenzoic
acid (782.9 mg, 5.0 mmol) and methyl prolinate hydrochloride (993.7 mg, 1.2 eq, 6.0 mmol)
in 93% yield (1.3 g) (column condition; n-hexane/EtOAc, 1/1).

'H and 3C NMR, IR, and MS were identical to those reported.®®

(1-(4-Chlorobenzoyl) pyrrolidin-2-yl) methyl carbamate (6c)
Compound s8¢ (863.1 mg, 3.0 mmol) was reduced to the corresponding alcohol according to
the general procedure D (reaction time 11.5 h), which was used for the next step without

purification by column chromatography.
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The crude alcohol was converted to 6¢ according to the general procedure F, and isolated as
white powder in 54% yield (3 steps, 491.8 mg) (column condition; gradient elution: n-
hexane/EtOAc, 1/2 — EtOAc): mp 143—145 °C; Rr= 0.2 (n-hexane/EtOAc, 1/2); '"H NMR
(400 MHz, CDCl;) 6 1.75-2.00 (m, 3H), 2.07 (m, 1H), 3.47 (brs, 2H), 4.25 (brs, 2H), 4.52
(brs, 1H), 4.74 (br s, 2H), 7.36 (d, /= 8.0 Hz, 2H), 7.44 (d, /= 8.0 Hz, 2H); *C NMR (100
MHz, CD;OD) 6 25.8, 28.3, 51.6, 57.9, 64.9, 129.7, 129.9, 136.7, 137.3, 159.7, 171.2; IR
(ATR) v 3351, 3199, 2970, 1715, 1612, 1425, 1331, 1090 cm~'; HRMS (ESI-TOF) [M +
Na]l* calced for C13H15CIN2NaOs+ m/z 305.0663, found m/z 305.0668.

0] O

\“j\l:> procedure C Meo% procedure D procedure F Meo%
MeO
32.5h,87% MeO 1.5h 54% HN_
0 - Hal from s8d ’
O s8d ( ) \g 6d

Methyl (4-methoxybenzoyl)prolinate (s8d)

Prepared according to the general procedure C (reaction time 32.5 h) using 4-
methoxybenzoic acid (609.4 mg, 4.0 mmol) and methyl prolinate hydrochloride (794.6 mg,
1.2 eq, 4.8 mmol) in 87% yield (921.2 mg) (column condition; gradient elution: n-
hexane/EtOAc, 1/1 — EtOAc).

'H and 3C NMR, IR, and MS were identical to those reported.®*

(1-(4-Methoxybenzoyl) pyrrolidin-2-yl)methyl carbamate (6d)

Compound s8d (921.1 mg, 3.5 mmol) was reduced to alcohol substrate according to the
general procedure D (reaction time 11.5 h), which was used for the next step without
purification by column chromatography.

The crude alcohol was converted to 6d according to the general procedure F, and isolated as
white solid in quantitative yield (3 steps, 974.1 mg) (column condition; gradient elution:
EtOAc — EtOAc/MeOH, 10/1): mp 144—146 °C; Rr= 0.2 (EtOAc); '"H NMR (400 MHz,
CDCl3) 6 1.74-1.89 (m, 2H), 1.93 (m, 1H), 2.06 (m, 1H), 3.52 (dd, /= 6.4, 6.0 Hz, 2H),
3.82 (s, 3H), 4.22 (br s, 2H), 4.53 (br s, 1H), 4.77 (brs, 2H), 6.89 (d, /= 8.8 Hz, 2H), 7.48
(d, /= 8.8 Hz, 2H); ®*C NMR (100 MHz, CD;OD) 6 25.9 28.3,51.9, 55.9, 57.8, 65.2, 114.7,
130.0, 130.3, 159.7, 162.8, 172.3; IR (ATR) v 3341, 2965, 1713, 1606, 1572, 1514, 1421, 1402
cm L HRMS (ESI-TOF) [M + Nal* caled for C1sHsN2NaOs™ m/z 301.1159, found m/z
301.1154.
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HIN procedure C ON procedure D

MeO

15 h, 66% 14 h, 54%
O -+ HCI

O s8e
O

% procedure F OZN%

99% H.N_
2\«

s9e e} 6e

Methyl (4-nitrobenzoyl)prolinate (s8¢)

Prepared according to the general procedure C (reaction time, 15 h) using 4-nitrobenzoic
acid (668.5 mg, 4.0 mmol) and methyl prolinate hydrochloride (797.3 mg, 1.2 eq, 4.8 mmol)
in 66% yield (731.5 mg) after recrystallization from EtOAc instead of column

chromatography.
'H and 3C NMR, IR, and MS were identical to those reported.®®

(2-(Hydroxymethyl) pyrrolidin-1-yl) (4-nitrophenyl) methanone (s9¢)

Prepared according to the general procedure D (reaction time 14 h) using s8e (556.5 mg, 2.0
mmol) in 54% yield (270.3 mg) (column condition; gradient elution: EtOAc —
EtOAc/MeOH, 10/1).

'H and 3C NMR, IR, and MS were identical to those reported.®

(1-(4-Nitrobenzoyl) pyrrolidin-2-yl) methyl carbamate (6€)

Prepared according to the general procedure F using s9e (270.3 mg, 1.1 mmol), and isolated
as pale yellow solid in 99% vyield (2 steps, 314.2 mg) (column condition; EtOAc —
EtOAc/MeOH, 10/1): Ry= 0.3 (EtOAc); 'H NMR (400 MHz, CDCl3) 6 1.78-2.04 (m, 3H),
2.10 (m, 1H), 3.33 (br's, 1H), 3.46 (br s, 1H), 4.00-4.45 (m, 2H), 4.54 (brs, 1H), 4.79 (br s,
2H), 7.66 (d, /= 8.8 Hz, 2H), 8.25 (d, /= 8.8 Hz, 2H); *C NMR (100 MHz, CD3;0D) (major
rotamer) & 25.7,28.3,51.4,58.1, 64.8, 124.8, 129.4, 144.2, 150.0, 159.7, 170.1; IR (ATR) v
3346, 3196, 2971, 1715, 1621, 1596, 1520, 1429 cm~'; HRMS (ESI-TOF) [M + Na]* calcd
for C13H15N3NaOs* m/z 316.0904, found m/z 319.0912.

0 o 0
HN %—/4 > / %——4
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Methyl pivaloylprolinate (s8f)
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Prepared according to the general procedure B (reaction time 21 h) using methyl prolinate
hydrochloride (827.4 mg, 5.0 mmol) and pivaloyl chloride (0.62 mL, 1 eq, 5.0 mmol) in 87%
yield (929.3 mg) (column condition; n-hexane/EtOAc, 1/1).

'H and 3C NMR, IR, and MS were identical to those reported.?’

1-(2- (Hydroxymethyl) pyrrolidin-1-yl)-2,2-dimethylpropan-1-one (s9f)

Prepared according to the general procedure D (reaction time 5 h) using s8f (861.1 mg, 4.0
mmol), and isolated as white solid in 74% yield (552.7 mg) (column condition; z-
hexane/EtOAc, 1/2): mp 71—73 °C; Rr= 0.2 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz,
CDCl3) 6 1.28 (s, 9H), 1.47 (m, 1H), 1.78 (m, 1H), 1.93 (m, 1H), 2.03 (m, 1H), 3.46 (m,
1H), 3.54-3.72 (m, 2H), 3.87 (m, 1H), 4.33 (m, 1H), 5.08 (br s, 1H); *C NMR (100 MHz,
CDCls) 6 25.4,27.4,27.6,39.2,48.5, 62.4, 67.8, 179.2; IR (ATR) v 3405, 2967, 1596, 1479,
1411, 1363, 1213, 1172 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for CioH1sNNaO* m/z
208.1308, found m/z 208.1304.

(1-Pivaloylpyrrolidin-2-yl) methyl carbamate (6f)

Prepared according to the general procedure F using s9f (519.0 mg, 2.8 mmol), and isolated
as white powder in 90% yield (2 steps, 579.0 mg) (column condition; n-hexane/EtOAc, 1/2):
Rr=0.4 (EtOAc); '"H NMR (400 MHz, CDCl;) 6 1.25 (s, 9H), 1.74-1.94 (m, 3H), 2.00 (m,
1H), 3.55 (m, 1H), 3.69 (m, 1H), 4.12 (dd, /= 10.4, 6.4 Hz, 1H), 4.17 (d, /= 10.4, 3.6 Hz,
1H), 4.41 (m, 1H), 4.64 (br s, 2H); ¥C NMR (100 MHz, CDCl;) & 25.2, 26.2, 27.5, 39.2,
48.0, 57.4, 64.5, 156.9, 176.8; IR (ATR) v 3350, 3207, 2969, 1714, 1603, 1479, 1406, 1362
cm L HRMS (ESI-TOF) [M + Na]l* caled for C;1HzoN2NaOs™ m/z 251.1366, found m/z
251.1364.

0]

. [ @4

procedure B procedure D procedure F N
B

6 -wa 0N 20 h’(26 Ssa:ﬁps) Ho oo HzNT(O
s9g o 6g
((31,55,7r)-Adamantan-1-yl) (2- (hydroxymethyl) pyrrolidin-1-yl) methanone (s9g)
Methyl ((37,5r,7r)-adamantane-1-carbonyl)prolinate was prepared according to the general
procedure B (reaction time, 16 h) using methyl prolinate hydrochloride (492.1 mg, 3.0 mmol)
and (3r,57,7r)-adamantane-1-carbonyl chloride (596.1 mg, 1 eq, 3.0 mmol), which was used
for the next step without purification by column chromatography.

The crude ester was reduced to s9g according to the general procedure D, and isolated as

white solid in 69% yield (2 steps, 547.0 mg) (column condition; n-hexane/EtOAc, 1/1): mp
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93—-95 °C; Rr= 0.2 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCl;) § 1.45 (m, 1H),
1.67-1.82 (m, 7H), 1.92 (m, 1H), 1.97-2.08 (m, 10H), 3.49 (ddd, /= 10.4, 8.4, 2.4 Hz, 1H),
3.56 (dd, /=11.2, 7.6 Hz, 1H), 3.63 (dd, /= 11.2, 2.8 Hz, 1H), 4.01 (ddd, /= 10.4, 6.8, 4.0
Hz, 1H), 4.35 (m, 1H), 5.08 (brs, 1H); *C NMR (100 MHz, CDCl3) § 25.5, 27.0, 28.2, 36.5,
38.0, 41.9, 48.3, 62.5, 67.9, 178.6; IR (ATR) v 3402, 2901, 2849, 1591, 1449, 1397, 1342,
1312, 1179 cm~'; HRMS (ESI-TOF) [M + Nal* calcd for CisH2sNNaOQo™ m/z 286.1778,
found m/z 286.1779.

(1-((31,51,7r)-Adamantane- 1-carbonyl) pyrrolidin-2-yl)methyl carbamate (6g)

Prepared according to the general procedure F using s9g (263.4 mg, 1.0 mmol), and isolated
as white solid in 89% yield (2 steps, 273.4 mg) (column condition; gradient elution: -
hexane/EtOAc, 1/1 — 1/2): Rr= 0.1 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl,)
6 1.66-2.06 (m, 19H), 3.59 (m, 1H), 3.79 (m, 1H), 4.07-4.18 (m, 2H), 4.45 (m, 1H), 4.59
(brs, 2H); *C NMR (100 MHz, CDCl3) & 25.3, 26.0, 28.4, 36.6, 38.2, 42.0, 48.0, 57.5, 64.7,
156.8,176.3; IR (ATR) v 3337, 3199, 2903, 2849, 1716, 1601, 1454, 1395, 1329 cm~'; HRMS
(ESI-TOF) [M + Nal* calcd for C;7H26N2NaOs* m/z 329.1836, found m/z 329.1842.

(0]
HN (”)’/O —< >— g,/o
\K:> procedure B procedure E j\,:> procedure F J:>
MeO -

0. .. 25N 4n, 2(2°/;teps) HO 89% HoN jgO -
(1-Tosylpyrrolidin-2-yl) methanol (s9h)

Methyl tosylprolinate was prepared according to the general procedure B (reaction time, 2.5
h) using methyl prolinate hydrochloride (3.3 g, 20 mmol) and tosyl chloride (3.8 g, 1 eq, 20
mmol), which was used for the next step without purification by column chromatography.
The crude ester was reduced to s3a according to the general procedure E, and isolated as
white solid in 29% yield (2 steps, 1.5 g) (column condition; n-hexane/EtOAc, 1/1).'H and
BC NMR, IR, and MS were identical to those reported.®®

(1-Tosylpyrrolidin-2-yl) methyl carbamate (6h)

Prepared according to the general procedure F using s9h (1.5 g, 6.3 mmol), and isolated as
white powder in 60% yield (2 steps, 1.1 g) (column condition; gradient elution: n-
hexane/EtOAc, 2/1 — 1/1): Rr= 0.2 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;)
6 1.52-1.64 (m, 2H), 1.76 (m, 1H), 1.84 (m, 1H), 2.43 (s, 3H), 3.15 (ddd, /= 10.4, 8.4, 6.8
Hz, 1H), 3.44 (ddd, /= 10.4, 7.6, 4.0 Hz, 1H), 3.86 (ddd, /= 7.2, 4.4, 1.2 Hz, 1H), 4.10 (dd,
J=10.8, 7.2 Hz, 1H), 4.24 (dd, /= 10.8, 4.4 Hz, 1H), 4.89 (br s, 2H), 7.33 (d, /= 8.4 Hz,
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2H), 7.74 (d, /= 8.4 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 21.5, 23.9, 28.4, 49.1, 58.2,
66.6,127.5,129.7, 134.2, 143.6, 156.6; IR (ATR) v 3472, 3370, 2959, 1714, 1598, 1453, 1402,
1335 cm~L; HRMS (ESI-TOF) [M + Na]l* calcd for Ci3H1sN2NaO.S* m/z 321.0879, found
m/z 321.0874.

o) (0]
HN §2° Meo@g//o
\H/‘D procedure B procedure E MO S\N procedure F \/I‘\l:>
MeO
10.5h 21 h, 65% HO\/‘:> 87% HN - ©
O - Hal (2 steps) . REN
s9i e} 6i

(1-((4-Methoxyphenyl)sulfonyl) pyrrolidin-2-yl)methanol (s91)

Methyl ((4-methoxyphenyl)sulfonyl)prolinate was prepared according to the general
procedure B (reaction time, 10.5 h) using methyl prolinate hydrochloride (832.3 mg, 5.0
mmol) and 4-methoxybenzenesulfonyl chloride (1.0 g, 1 eq, 5.0 mmol), which was used for
the next step without purification by column chromatography.

The crude ester was reduced to s9i according to the general procedure E, and isolated as white
solid in 65% yield (2 steps, 886.9 mg) (column condition; gradient elution: n-hexane/EtOAc,
1/1 — 1/2): mp 50 —52 °C; Rr= 0.4 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl;)
6 1.46 (m, 1H), 1.65-1.74 (m, 2H), 1.79 (m, 1H), 2.90 (br s, 1H), 3.25 (ddd, /= 10.4, 7.2,
6.8 Hz, 1H), 3.46 (ddd, /= 10.4, 6.4, 6.0 Hz, 1H), 3.59-3.74 (m, 3H), 3.88 (s, 3H), 7.01 (d,
J=9.2 Hz, 2H), 7.80 (d, /= 9.2 Hz, 2H); *C NMR (100 MHz, CDCl;) § 24.2, 28.8, 50.0,
55.6, 61.7, 65.8, 114.3, 128.4, 129.6, 163.1; IR (ATR) v 3519, 2950, 1595, 1577, 1496, 1461,
1443, 1414 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for Ci12H17?NNaOsS* m/z 294.0770,
found m/z 294.0769.

(1-((4-Methoxyphenyl) sulfonyl) pyrrolidin-2-yl) methyl carbamate (61)

Prepared according to the general procedure F using s9i (270.3 mg, 1.0 mmol), and isolated
as white solid in 87% yield (2 steps, 272.1 mg) (column condition; n-hexane/EtOAc, 1/2):
mp 91—93 °C; Rr= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl3;) 6 1.53-1.66
(m, 2H), 1.69-1.91 (m, 2H), 3.15 (ddd, /= 10.4, 8.0, 6.8 Hz, 1H), 3.43 (ddd, /= 10.4, 6.8,
4.4 Hz, 1H), 3.85 (m, 1H), 3.88 (s, 3H), 4.10 (dd, /= 10.8, 7.2 Hz, 1H), 4.23 (dd, /= 10.8,
4.8 Hz, 1H), 4.87 (br s, 2H), 7.00 (d, /= 8.8 Hz, 2H), 7.79 (d, /= 8.8 Hz, 2H); '*C NMR
(100 MHz, CDCl3) 6 24.0, 28.4, 49.2, 55.6, 58.2, 66.6, 114.2, 128.9, 129.6, 156.6, 163.0; IR
(ATR) v 3464, 3372, 2954, 1715, 1595, 1577, 1541, 1497 cm~'; HRMS (ESI-TOF) [M +
Na]l* caled for Ci13H1sN2NaO5S* m/z 337.0829, found m/z 337.0822.
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(1-((4-Chlorophenyl)sulfonyl) pyrrolidin-2-yl) methyl carbamate (6;)

Methyl ((4-chlorophenyl)sulfonyl)prolinate was prepared according to the general procedure
B (reaction time 16 h) using methyl prolinate hydrochloride (499.2 mg, 3.0 mmol) and 4-
chlorobenzenesulfonyl chloride (634.8 mg, 1 eq, 3.0 mmol), which was used for the next step
without purification by column chromatography.

The crude ester was reduced to the corresponding alcohol according to the general procedure
D (reaction time, 20 h), which was used for the next step without purification by column
chromatography.

The crude alcohol was converted to 6j according to the general procedure F, and isolated as
white solid in 48% yield (4 steps, 456.9 mg) (column condition; n-hexane/EtOAc, 1/1): mp
120—122 °C; Rr= 0.3 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCl3) § 1.57-1.69 (m,
2H), 1.79 (m, 1H), 1.88 (m, 1H), 3.15 (m, 1H), 3.46 (ddd, /= 10.4, 6.8, 3.6 Hz, 1H), 3.86
(m, 1H), 4.09 (dd, /=11.2, 3.6 Hz, 1H), 4.24 (dd, /= 11.2, 4.4 Hz, 1H), 5.83 (br s, 2H), 7.52
(d, /=8.0Hz, 2H), 7.80 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 23.9, 28.4,49.2,
58.3, 66.3,128.8,129.4, 135.7, 139.3, 156.7; IR (ATR) v 3484, 3370, 2957, 1715, 1587, 1476,
1397, 1339 cm~!; HRMS (ESI-TOF) [M + Na]* calcd for Ci,Hi5CIN;NaO4S* m/z 341.0333,
found m/z 341.0333.

0] 0]
®//<N procedure D procedure F %
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(1-Benzoylazetidin-2-yl) methyl carbamate (6n)

Methyl 1-benzoylazetidine-2-carboxylate®® (102.6 mg, 0.47 mmol) was reduced to alcohol
substrate according to the general procedure D (reaction time 12 h), which was used for the
next step without purification by column chromatography.

The crude alcohol was converted to 6n according to the general procedure F, and isolated as
white powder in 54% yield (2 steps, 59.0 mg) (column condition; gradient elution: n-
hexane/EtOAc, 1/2 — EtOAc): mp 87—89 °C; Rr= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR
(400 MHz, CDCl3) 6 2.17 (m, 1H), 2.45 (m, 1H), 4.04 (ddd, /= 9.2, 9.2, 5.6 Hz, 1H), 4.16-
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4.88 (m, 6H), 7.36-7.47 (m, 3H), 7.61 (d, /= 7.2 Hz, 2H); *C NMR (100 MHz, CDCl;) &
19.4,50.8, 60.7, 65.4, 127.8, 128.4, 130.9, 133.8, 156.6, 170.9; IR (ATR) v 3357, 3195, 2958,

1715, 1614, 1574, 1450, 1403 cm~!; HRMS (ESI-TOF) [M + Na]* calcd for Ci2H14N2NaO5*
m/z 257.0902, found m/z 257.0898.
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3-3-3. Synthesis and characterization of 6k —6m and 60— 6p
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Diethyl (E)-2-benzamido-2-(5-((tert-butyldiphenylsilyl) oxy) pent-3-en-1-yl) malonate (s10)
To a stirred solution of NaH (86.6 mg, 2.2 mmol) in DMF (4.0 mL) was added diethyl 2-
benzamidomalonate (669.2 mg, 1.7 mmol) in DMF (1.7 mL) dropwise over 10 min at 0 °C.
After the reaction mixture was stirred for 5 min at room temperature, (£)-((5-bromopent-2-
en-1-yl)oxy) (zert-butyl)diphenylsilane®® in DMF (1 mL) was added, and the mixture was
stirred for additional 2 h at 90 °C. The reaction was cooled to 0 °C, quenched with saturated
aqueous NH,CI, extracted with Et,O, washed with brine, dried over Na;SO4, and concentrated
under reduced pressure. The crude mixture was purified by flash chromatography on silica
gel (column condition; gradient elution: n-hexane/EtOAc, 1/1 — 1/2) to afford s10 as yellow
oil in 74% yield (2 steps, based on bromide, 739.1 mg): Rr= 0.4 (n-hexane/EtOAc, 3/1); 'H
NMR (400 MHz, CDCl3) 6 1.04 (s, 9H), 1.26 (t, /= 6.8 Hz, 6H), 1.91-2.01 (m, 2H), 2.52-
2.59 (m, 2H), 4.09 (d, /= 4.8 Hz, 2H), 4.25-4.33 (m, 4H), 5.50-5.67 (m, 2H), 7.34-7.48 (m,
8H), 7.49-7.55 (m, 2H), 7.63-7.68 (m, 4H), 7.83 (d, /= 7.6 Hz, 2H); '*C NMR (100 MHz,
CDCl;) 6 14.0, 19.2, 26.6, 26.8, 31.6, 62.6, 64.2, 66.4, 127.1, 127.6, 128.6, 128.8, 129.5,
129.9, 131.9, 133.4, 133.7, 135.5, 165.9, 168.1; IR (ATR) v 3419, 2931, 1735, 1669, 1507,
1476, 1428, 1369 cm~!; HRMS (ESI-TOF) [M + Na]* caled for Cs5HisNNaOgSit m/z
624.2752, found m/z 624.2756.

Ethyl (E)-2-benzamido-7-((zert-butyldiphenylsilyl) oxy) hept-5-enoate (s11)

To a stirred solution of s10 (739.1 mg, 1.2 mmol) in EtOH (9.4 mL, 0.13 M) was added 6 N
NaOH aq. (0.24 mL, 1.2 eq, 1.4 mmol), and the reaction mixture was stirred for 4 h at room
temperature. The reaction was cooled to 0 °C, neutralized with 6 N HCI aq. (0.24 mL), and

EtOH was removed under reduced pressure. The water layer was acidified with 1 N HCl aq.,
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extracted with EtOAc, washed with brine, dried over Na;SO,., and concentrated under
reduced pressure. The crude mixture was used for the next step without further purification.
A solution of the crude carboxylic acid in dioxane (6.0 mL, 0.2 M) was refluxed for 2 h,
concentrated under reduced pressure, and purified by flash chromatography on silica gel
(column condition; n-hexane/EtOAc, 3/1) to afford s11 as colorless oil in 86% yield (2 steps,
562.2 mg): Rr= 0.3 (n-hexane/EtOAc, 3/1); 'H NMR (400 MHz, CDCl;) 6 1.05 (s, 9H),
1.31 (t, /= 7.2 Hz, 3H), 1.87 (m, 1H), 2.00-2.24 (m, 3H), 4.14 (d, /= 4.0 Hz, 2H), 4.25 (q,
J=7.2Hz, 2H), 4.83 (ddd, /= 7.2, 7.2, 4.8 Hz, 1H), 5.54-5.72 (m, 2H), 6.71 (d, /= 4.8 Hz,
1H), 7.34-7.46 (m, 8H), 7.51 (dd, /= 7.2, 7.2 Hz, 1H), 7.66 (d, /= 7.6 Hz, 4H), 7.81 (d, /=
7.2 Hz, 2H); *C NMR (100 MHz, CDCl3) 6 14.2, 19.2, 26.8, 28.0, 32.2, 52.3, 61.6, 64.3,
127.0, 127.6, 128.6, 129.0, 129.6, 130.1, 131.7, 133.7, 134.0, 135.5, 166.9, 172.5; IR (ATR)
Xl 3324, 2931, 1735, 1669, 1507, 1476, 1428, 1369 cm ~'; HRMS (ESI-TOF) [M + Na]* calcd
for C32H3oNNaQO4Sit m/z 552.2541, found m/z 552.2534.

Ethyl (E)-2-benzamido-7-hydroxyhept-5-enoate (s12)

To a stirred solution of s11 (562.2 mg, 1.1 mmol) in THF (3.5 mL, 0.3 M) was added TBAF
(1 M in THF) (2.1 mL, 2 eq, 2.1 mmol) at 0 °C, and the reaction mixture was stirred for 2.5
h at room temperature. The reaction was quenched with brine, concentrated under reduced
pressure to remove THF, extracted with EtOAc, washed with brine, dried over Na;SO,, and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (column condition; gradient elution: n-hexane/EtOAc, 1/1 —
1/2) to afford s12 as colorless oil in 91% yield (2 steps, 280.8 mg): Rr= 0.3 (n-hexane/EtOAc,
1/1); '"H NMR (400 MHz, CDCl3) 6 1.31 (t, /= 7.2 H, 3H), 1.83-2.00 (m, 2H), 2.03-2.25
(m, 3H), 4.07 (brs, 2H), 4.24 (q, /= 7.2 Hz, 2H), 4.84 (m, 1H), 5.62-5.73 (m, 2H), 6.81 (d,
J=8.0Hz, 1H), 7.45 (dd, /= 8.0, 6.8 Hz, 2H), 7.52 (dd, /= 6.8, 6.8 Hz, 1H), 7.81 (d, /= 8.0
Hz, 2H); *C NMR (100 MHz, CDCl;) 6 14.1, 28.0, 31.9, 52.0, 61.6, 63.4, 127.0, 128.6,
130.6, 130.7, 131.8, 133.8, 167.0, 172.6; IR (ATR) v 3327, 2929, 1732, 1640, 1603, 1578,
1533, 1489 cm~!; HRMS (ESI-TOF) [M + Na]* calcd for CisH21NNaO4* m/z 314.1363,
found m/z 314.1363.

Ethyl (E)-2-benzamido-7-bromohept-5-enoate (s13)

To a stirred solution of s12 (280.8 mg, 0.96 mmol) in CH;CN (4.8 mL, 0.2 M) were added
PPh; (377.7 mg, 1.5 eq, 1.4 mmol) and CBry (477.5 mg, 1.5 eq, 1.4 mmol) at 0 °C, and the
reaction mixture was stirred for 5 min at the same temperature. After being stirred for 45 min
at room temperature, the reaction was quenched with saturated aqueous NaHCOs3, extracted

with EtOAc, washed with brine, dried over Na;SOs, and concentrated under reduced pressure.
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The crude mixture was purified by flash chromatography on silica gel (column condition; -
hexane/EtOAc, 5/1) to afford s13 as pale pink oil in 68% yield (232.8 mg): Rr= 0.6 (2-
hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCl3) 6 1.32 (¢, /= 6.8 Hz, 3H), 1.89 (m, 1H),
2.04-2.28 (m, 3H), 3.97 (d, /= 6.4 Hz, 2H), 4.25 (q, /= 6.8 Hz, 2H), 4.83 (m, 1H), 5.69-
5.82 (m, 2H), 6.75 (d, /= 8.0 Hz, 1H), 7.45 (dd, /= 6.8, 6.8 Hz, 2H), 7.52 (dd, /= 6.8, 6.8
Hz, 1H), 7.81 (d, /= 6.8 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 14.2,27.9,31.8,32.9,52.1,
61.7, 127.0, 127.5, 128.6, 131.8, 133.8, 134.3, 166.9, 172.4; IR (ATR) v 3326, 2981, 2934,
1737,1643,1578, 1531, 1489 cm~'; HRMS (ESI-TOF) [M + Na]* calcd for C1sH2BrNNaO3*
m/z 376.0519, found m/z 376.0502.

rac-((25,5 R)-2-(Hydroxymethyl) -5-vinylpyrrolidin-1-yl) (phenyl) methanone (s9k)

To a stirred solution of s13 (232.8 mg, 0.66 mmol) in toluene (13.2 mL, 0.05 M) was added
LHMDS (1.3 M in THF) (0.76 mL, 1.5 eq, 0.99 mmol) at -10 °C. The reaction mixture was
gradually warmed up to room temperature, and stirred for 26 h. The reaction was quenched
with saturated aqueous NaHCOQOs;, extracted with EtOAc, washed with brine, dried over
Na,SOs, concentrated under reduced pressure, and filtered through short pad of silica gel
(eluent; n-hexane/EtOAc, 3/1) to afford crude cyclized product, which is used for the next
step without further purification.

The crude product was reduced to s9k according to general procedure D (reaction time 13 h),
and isolated as colorless oil in 20% yield (2 steps, 30.6 mg) (column condition; gradient
elution: n-hexane/EtOAc, 1/1 — 1/2): R,= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz,
CDCly) (major rotamer) 6 1.66 (m, 1H), 1.80 (m, 1H), 2.04-2.30 (m, 2H), 3.75 (d,]= 9.2
Hz, 1H), 3.84 (dd, /= 11.6, 6.4 Hz, 1H), 4.34 (brs, 1H), 4.42-4.54 (m, 2H), 4.60 (d, /= 17.6
Hz, 1H), 4.81 (d, /= 10.4 Hz, 1H), 5.45 (ddd, /= 17.6, 10.4, 6.4 Hz, 1H), 7.29-7.43 (m, 5H);
BCNMR (100 MHz, CDCl3) 6 25.7,30.8, 60.8, 62.9, 66.0, 115.1, 126.8, 128.0, 129.6, 137.37,
137.42, 173.1; IR (ATR) v 3391, 2952, 1599, 1576, 1541, 1496, 1446, 1407 cm~!; HRMS
(ESI-TOF) [M + Na]* calcd for C1sH7NNaO»+ m/z 254.1151, found m/z 254.1155.

rac-((25,5 R)-1-Benzoyl-5-vinylpyrrolidin-2-yl) methyl carbamate (6k)

Prepared according to the general procedure F using s9k (51.2 mg, 0.22 mmol), and isolated
as white solid in 83% yield (2 steps, 50.4 mg) (column condition; gradient elution: -
hexane/EtOAc, 1/2 — EtOAc): mp 108 —110 °C; Rr= 0.2 (n-hexane/EtOAc, 1/2); '"H NMR
(400 MHz, CDCl3) 6 1.71 (m, 1H), 1.89 (dd, /= 12.8, 6.8 Hz, 1H), 2.08 (m, 1H), 2.26 (m,
1H), 4.18-4.93 (m, 8H), 5.48 (brs, 1H), 7.29-7.54 (m, 5H); *C NMR (100 MHz, CDCl;) §
24.7,30.6,56.1, 62.0, 64.4, 115.1, 127.0, 128.0, 129.6, 137.67, 137.71, 156.8, 171.8; IR (ATR)
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v 3340, 3196, 2956, 1716, 1614, 1577, 1496, 1447 cm~!; HRMS (ESI-TOF) [M + Na]* calcd
for C15H1sN2NaOs* m/z 297.1210, found m/z 297.1218.

Boc. BzCl Boc. BzCl
\)N:>5 TBAF  DMAP, Et3N ﬁ TFA DMAP, Et3N
TBSO THF CH20|2 BzO CH2C|2 CH20|2
s14 s15: 67% (2 steps)
Bz . Bz

N-N: NaOH procedure F \;D
BzO EtOH 81% H,N___O
(from s16) \ﬂ/
$16: 84% (2 steps) o 6l

rac-tert-Butyl (1R,35,5R)-3-((benzoyloxy) methyl)-2-azabicyclo[3.1.0]hexane-2-carboxylate
(s15)

To a stirred solution of s14°! (561.7 mg, 1.7 mmol) in THF (5.7 mL, 0.3 M) was added TBAF
(1 M in THF) (3.4 mL, 2 eq, 3.4 mmol) at 0 °C, and the reaction mixture was stirred for 30
min at room temperature. The reaction was quenched with brine, concentrated under reduced
pressure to remove THF, extracted with EtOAc, washed with brine, dried over Na;SO,, and
concentrated under reduced pressure to afford crude alcohol which was used for the next step
without further purification.

To a stirred solution of crude alcohol, Et;N (0.59 mL, 2.5 eq, 4.3 mmol), and DMAP (20.8
mg, 10 mol%, 0.17 mmol) in CH,Cl, (8.5 mL, 0.2 M) was added benzoyl chloride (0.3 mL,
1.5 eq, 2.6 mmol) at 0 °C, and the reaction mixture was stirred for 3 h at room temperature.
The reaction was quenched with saturated aqueous NH4Cl, extracted with CH,Cl,, washed
with brine, dried over Na,SOy4, and concentrated under reduced pressure. The crude mixture
was purified by flash chromatography on silica gel (column condition; gradient elution: n-
hexane/EtOAc, 10/1 — 1/1) to afford s15 as colorless oil in 67% yield (2 steps, 280.8 mg):
Rr=0.4 (n-hexane/EtOAc, 3/1); 'H NMR (400 MHz, CDCl3) 6 0.42 (m, 1H), 0.91 (m, 1H),
1.45 (s, 9H), 1.55-1.73 (m, 2H), 2.06-2.20 (m, 2H), 3.25 (brs, 1H), 4.15 (br s, 1H), 4.73 (d,
J=4.8Hz, 2H), 7.44 (dd, /= 7.6, 7.2 Hz, 2H), 7.57 (dd, /= 7.2, 7.2 Hz, 1H), 8.05 (d, /= 7.6
Hz, 2H); *C NMR (100 MHz, CDCl;) 6 15.5, 18.8, 28.5, 31.6, 37.4, 60.3, 66.2, 79.8, 128.3,
129.7,130.4,132.9, 155.8, 166.4; IR (ATR) v 2975, 1719, 1693, 1602, 1476, 1453, 1389, 1365
cm~ L HRMS (ESI-TOF) [M + Nal* caled for CigH2sNNaOast m/z 340.1519, found m/z
340.1512.

rac-((1R 35,5 R)-2-Benzoyl-2-azabicyclo[3.1.0]hexan-3-yl) methyl benzoate (s16)

To a stirred solution of s15 (364.4 mg, 1.1 mmol) in CH>Cl, (10 mL) was added trifluoroacetic

acid (1 mL) at 0 °C. After being stirred for 1.5 h at room temperature, the reaction mixture
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was concentrated under reduced pressure to afford crude product which is used for the next
step without further purification.

To a stirred solution of the crude product, Et;N (0.46 mL, 3 eq, 3.3 mmol), and DMAP (13.4
mg, 10 mol%, 0.11 mmol) in CH,Cl, (5.5 mL, 0.2 M) was added benzoyl chloride (0.13 mL,
1 eq, 1.1 mmol) at 0 °C, and the reaction mixture was stirred for 7 h at room temperature.
The reaction was quenched with saturated aqueous NH4Cl, extracted with CH,Cl,, washed
with brine, dried over Na,SOy4, and concentrated under reduced pressure. The crude mixture
was purified by flash chromatography on silica gel (column condition; gradient elution: n-
hexane/EtOAc, 3/1 — 1/1) to afford s16 as pale yellow oil in 84% yield (2 steps, 309.2 mg):
Rr= 0.4 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCl;) 6 0.60 (m, 1H), 0.93 (br s,
1H), 1.81 (m, 1H), 2.13 (dd, /= 13.2, 8.4 Hz, 1H), 2.24 (ddd, /= 13.2, 6.8, 2.4 Hz, 1H), 3.23
(brs, 1H), 4.52 (d, /= 8.4 Hz, 1H), 4.62 (br s, 1H), 4.75 (br s, 1H), 7.36-7.46 (m, 5H), 7.55
(dd, /=7.2, 6.8 Hz, 1H), 7.65 (d, /= 5.2 Hz, 2H), 8.06 (d, /= 7.2 Hz, 2H); *C NMR (100
MHz, CDCl;) 6 18.5, 21.5, 30.8, 39.2, 61.8, 65.3, 127.2, 128.1, 128.3, 129.6, 129.7, 130.2,
132.9,137.1,166.4, 170.9; IR (ATR) v 2951, 1716, 1628, 1576, 1541, 1495, 1448, 1410 cm ™ };
HRMS (ESI-TOF) [M + Na]* caled for C2oHioNNaOs* m/z 344.1257, found m/z 344.1249.

rac-((1R 35,5 R)-2-Benzoyl-2-azabicyclo[3.1.0]hexan-3-yl) methyl carbamate (61)

A solution of s16 (300.2 mg, 0.93 mmol) in MeOH (2.3 mL) and 1 N LiOH aq. (2.3 mL) was
stirred for 30 min at room temperature. The reaction was quenched with saturated aqueous
NaHCOs3, extracted with EtOAc, washed with brine, dried over Na:SQO,, concentrated under
reduced pressure to afford crude alcohol which was used for the next step without further
purification.

The crude alcohol was converted to 61 according to the general procedure F, and isolated as
white solid in 81% yield (3 steps, 197.3 mg) (column condition; gradient elution: n-
hexane/EtOAc, 1/2 — EtOAc): mp 93—95 °C; Rr= 0.3 (EtOAc); 'H NMR (400 MHz,
CDCl3) 6 0.51 (ddd, /= 5.2, 5.2, 2.8 Hz, 1H), 0.86 (m, 1H), 1.72 (m, 1H), 1.99 (ddd, /=
13.2, 8.4, 1.6 Hz, 1H), 2.12 (ddd, /= 13.2, 7.2, 2.8 Hz, 1H), 3.17 (m, 1H), 4.27 (d, /= 5.2
Hz, 2H), 4.53 (m, 1H), 5.02 (brs, 2H), 7.34-7.42 (m, 3H), 7.61 (d, /= 8.0 Hz, 2H); *C NMR
(100 MHz, CDCl;) 6 18.3, 21.5, 30.5, 38.9, 61.9, 65.1, 127.1, 128.0, 129.7, 137.1, 156.9,
171.1; IR (ATR) v 3346, 3196, 2951, 1714, 1613, 1574, 1542, 1496, 1446 cm~'; HRMS (ESI-
TOF) [M + Na]* calcd for C14H14N2NaOs* m/z 283.1053, found m/z 283.1045.
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Methyl (2-diazoacetyl)prolinate (s17)

To a stirred solution of methyl prolinate hydrochloride (829.2 mg, 5.0 mmol) in THF (10 mL,
0.5 M) were added EtzN (2.1 mL, 3 eq, 15 mmol) and 2,5-dioxopyrrolidin-1-yl 2-
diazoacetate?? at room temperature, and the reaction mixture was stirred for 35 h at room
temperature. The reaction was quenched with A, N-dimethyl-1,3-propane-diamine (2 eq),
and stirred for 2 h. The reaction mixture was filtered through celite, concentrated under
reduced pressure, and purified by flash chromatography on silica gel (column condition;
gradient elution: n-hexane/EtOAc, 1/1 — 1/2) to afford s17 in 65% yield (643.7 mg).

'H and 3C NMR, IR, and MS were identical to those reported.”

Methyl (2-phenylcyclopropane-1-carbonyl)prolinate (s8m)

A solution of s17 and Rh»(OAc)4 (30.1 mg, 4 mol%, 0.070 mmol) in styrene (6.1 mL, 20 eq,
34 mmol) was stirred for 31 h at room temperature. The reaction mixture was concentrated
under reduced pressure, and purified by flash chromatography on silica gel (column
condition; gradient elution: n-hexane/EtOAc, 3/1 — 2/1) to afford s8m (mixture of
diastereomers) as colorless oil in 37% yield (172.7 mg): Rr= 0.4 (n-hexane/EtOAc, 1/1); 'H
NMR (400 MHz, CDCl;) (mixture of diastereomers) & 1.19-1.35 (m, 1H), 1.59-1.78 (m,
1H), 1.87-2.36 (m, 5H), 2.36-2.59 (1H), 3,23 (s, 0.5H), 3.54-3.87 (m, 4.5H), 4.49-4.59 (m,
1H), 7.09-7.15 (m, 2H), 7.16-7.24 (m, 1H), 7.25-7.29 (m, 2H); ¥*C NMR (100 MHz, CDCl;)
(major diastereomer) & 16.6, 24.4, 24.6, 25.8, 29.2, 47.0, 52.2, 58.8, 125.95, 126.03, 128.4,
140.8,170.8,172.9; IR (ATR) v 2952, 1742, 1636, 1442, 1425, 1375, 1279, 1196 cm~!; HRMS
(ESI-TOF) [M + Nal* calcd for CigH19NNaOs™ m/z 296.1257, found m/z 296.1255.

(1-(2-Phenylcyclopropane-1-carbonyl) pyrrolidin-2-yl) methyl carbamate (6m)
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Compound s8m (136.7 mg, 0.5 mmol) was reduced to the corresponding alcohol according
to the general procedure D, which was used for the next step without purification by column
chromatography.

The crude alcohol was converted to 6m according to the general procedure F, and isolated as
colorless oil in 82% yield (3 steps, 125.6 mg) (column condition; gradient elution: -
hexane/EtOAc, 2/1 — 1/2 — EtOAc — EtOAc/MeOH 10/1): Rr= 0.3 (EtOAc); 'H NMR
(400 MHz, CDCl;) (mixture of diastereomers) 6 1.21-1.33 (m, 1H), 1.58-1.71 (m,1 H),
1.81-2.23 (m, 5H), 2.44-2.59 (m, 1H), 3.51 (m, 1H), 3.64 (m, 1H), 3.82-4.00 (m, 1H), 4.06-
4.23 (m, 1H), 4.24-4.44 (m, 1H), 4.84-5.14 (m, 2H), 7.08-7.16 (m, 2H), 7.19 (m, 1H), 7.24-
7.31 (m, 2H); ¥C NMR (100 MHz, CDCIl3) (major rotamer of major diastereomer) & 16.3,
22.0,24.7, 25.6, 27.3, 47.2, 56.1, 64.7, 126.1, 126.2, 128.4, 141.1, 156.8, 171.0; IR (ATR) v
3347, 3196, 2959, 1714, 1603, 1444, 1400, 1377 cm~'; HRMS (ESI-TOF) [M + Na]* calcd
for C14H20N2NaOs* m/z 311.1366, found m/z 311.1367.

0%]/ N/ PhLi | procedure F | )(J)\
b)) T B Ton T g B 07 g
-10°Ctort s90: 62% 60

N-(2-Hydroxyethyl) - -methylbenzamide (s90)

To a stirred solution of 3-methyloxazolidin-2-one (0.43 mL, 5.0 mmol) in THF (25 mL, 0.2
M) was added PhLi (2 M in dibutyl ether) (2.5 mL, 1 eq, 5 mmol) at -78 °C. After being
stirred for 1.5 h, the reaction was quenched with saturated aqueous NH4ClI, extracted with
EtOAc, washed with brine, dried over Na,SO,, concentrated under reduced pressure, and
purified by flash chromatography on silica gel (column condition; gradient elution: EtOAc —
EtOAc/MeOH, 10/1) to afford s90 in 62% yield (558.5 mg).

'H and 3C NMR, IR, and MS were identical to those reported.??

2-(NN-Methylbenzamido) ethyl carbamate (60)

Prepared according to the general procedure F using s90 (358.4 mg, 2.0 mmol), and isolated
as colorless oil in 72% yield (2 steps, 318.6 mg) (column condition; gradient elution: EtOAc
— EtOAc/MeOH, 10/1): Rr= 0.4 (EtOAc); '"H NMR (400 MHz, CDCl;) 6 3.04 (s, 3H),
3.71 (brs, 2H), 4.28 (br s, 2H), 4.81 (br s, 2H), 7.38 (s, 5H); *C NMR (100 MHz, CDCls)
(major rotamer) & 38.5, 46.9, 62.0, 126.7, 128.3, 129.5, 136.1, 156.9, 171.7; IR (ATR) v
3348, 3198, 2957, 1712, 1614, 1577, 1400, 1327, 1070 cm~'; HRMS (ESI-TOF) [M + Na]*
calced for C11H14N2NaOs* m/z 245.0897, found m/z 245.0901.
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Z-(L)-Phe-Gly,

LiOH procedure C
Z-(L)-Phe-Gly-OMe Z-(L)-Phe-Gly-OH
15.5 h, 19% MeO
2 steps
(2 steps) s8p O
Z-(L)-Phe-Gly._ Z-(L)-Phe-Gly|
procedure E \)N:> procedure F N
(0]
16 h, 54% HO 68% H2N\‘(
s9p O 6p

Methyl ((benzyloxy)carbonyl) - L-phenylalanylglycyl- L-prolinate (s8p)

A solution of Z-(L)-Phe-Gly-OMe (2.2 g, 5.8 mmol) in THF (24.5 mL) and 1 N LiOH agq.
(24.5 mL) was stirred for 4 h at room temperature. The reaction mixture was concentrated
under reduced pressure to remove THF, and washed with CH2Cl,. The water layer was
acidified with 1 N HCl aq., and extracted with EtOAc. Combined EtOAc extracts were washed
with H,O and brine, dried over Na;SO4, and concentrated under reduced pressure to afford
crude carboxylic acid which was used for the next step without further purification.

The crude carboxylic acid was converted to s8p according to the general procedure C
(reaction time, 15.5 h) using methyl prolinate hydrochloride (1.2 g, 1.2 eq, 7.0 mmol), and
isolated as white solid in 19% yield (2 steps, 516.3 mg) (column condition, EtOAc): mp
71—73 °C: Rr= 0.3 (EtOAc); 'H NMR (400 MHz, CDCl;) (mixture of rotamers) & 1.78-
2.24 (m, 4H), 2.94-3.07 (m, 1H), 3.07-3.17 (m, 1H), 3.38-3.48 (m, 1H), 3.49-3.64 (m, 1H),
3.65-3.77 (m, 3H), 3.90-4.07 (m, 2H), 4.35-4.55 (m, 2H), 5.02 (d, /= 12.0 Hz, 1H), 5.08 (d,
J=12.0 Hz, 1H), 5.23-5.40 (m, 1H), 6.81 (br s, 1H), 7.11-7.35 (m, 10H); '*C NMR (100
MHz, CDCl3) 6 24.6,29.0, 38.7, 42.0, 45.9, 52.2, 56.2, 58.9, 67.0, 126.9, 127.9, 128.0, 128.5,
128.6, 129.3, 136.4, 136.5, 155.8, 166.6, 170.9, 172.1; IR (ATR) v 3299, 2953, 1717, 1635,
1525, 1497, 1453, 1435 cm~!; HRMS (ESI-TOF) [M + Na]* calcd for CasH29N3NaQg™ m/z
490.1949, found m/z 490.1958.

Benzyl ((89-1-((2-((9)-2-(hydroxymethyl) pyrrolidin-1-yl) -2-oxoethyl) amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (s9p)

Prepared according to the general procedure E (reaction time 16 h) using s8p (471.9 mg, 1.0
mmol), and isolated as colorless oil in 54% yield (238.2 mg) (column condition; gradient
elution: EtOAc — EtOAc/MeOH, 10/1): Rr= 0.2 (EtOAc); '"H NMR (400 MHz, CDCls)
(mixture of rotamers) 6 1.65-1.99 (m, 4H), 2.98 (dd, /= 12.8, 8.4 Hz, 1H), 3.15 (dd, /=
14.0, 5.6 Hz, 1H), 3.30-3.49 (m, 2H), 3.50-3.67 (m, 2H), 3.74-4.05 (m, 2H), 4.11 (m, 1H),
4.19 (m, 1H), 4.59 (brs, 1H), 4.98 (d, /= 12.8 Hz, 1H), 5.04 (d, /= 12.8 Hz; 1H), 5.84 (br
s, 1H), 7.12-7.38 (m, 10H):; 3C NMR (100 MHz, CDCl5) (major rotamer) & 24.0, 27.5, 38.6,
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42.1,46.6,55.9, 60.8, 64.8, 66.7, 126.6, 127.6, 127.8, 128.2, 128.3, 129.1, 136.3, 155.9, 168.0,
171.3; IR (ATR) v 3292, 2949, 1710, 1627, 1523, 1454, 1326, 1246 cm~; HRMS (ESI-TOF)
[M + Na]* caled for C24H29N35NaOs™ m/z 462.1999, found m/z 462.1999.

Benzyl ((5)-1-((2-((8)-2-((carbamoyloxy)methyl) pyrrolidin-1-yl)-2-oxoethyl)amino)- 1-
oxo-3-phenylpropan-2-yl) carbamate (6p)

Prepared according to the general procedure F using s9p (237.3 mg, 0.54 mmol), and isolated
as colorless oil in 68% yield (2 steps, 178.6 mg) (column condition; gradient elution: EtOAc
— EtOAc/MeOH, 10/1): B = 0.2 (EtOAc); 'H NMR (400 MHz, CD;0OD) (mixture of
rotamers) & 1.67-2.01 (m, 4H), 2.79 (m,1H), 3.06-3.19 (m, 1H), 3.20-3.49 (m, 2H), 3.70-
4.28 (m, 5H), 4.43 (dd, /= 9.6, 4.8 Hz, 1H), 4.78 (s, 2H), 4.82-4.96 (m, 2H), 7.05-7.24 (m,
10H); *C NMR (100 MHz, CDCl;) (major rotamer) & 23.9, 27.0, 38.6, 42.1, 45.9, 56.0, 56.3,
64.1, 66.7, 126.7, 127.7, 127.8, 128.29, 128.33, 129.2, 136.4, 136.7, 155.8, 156.9, 166.8,
171.3; IR (ATR) v 3296, 2961, 1710, 1635, 1517, 1453, 1401, 1325 cm~'; HRMS (ESI-TOF)
[M + Na]* caled for C2sH30N4sNaOg™ m/z 505.2058, found m/z 505.2066.
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3-3-4. Synthesis and characterization of Rhz(esp-OMe), and Rhz(esp-NO3).

Synthesis and characterization of espH,-OMe and espH;-NO,

CN NC CN
HO OH TsCl TsO OTs Y
EtzN, DMAP , LDA
CH,Cl, THF
OMe OMe

-20 °C OMe
s18: 75% s19: 50%
HOOC COOH
KOH
ethylene glycol
OMe
espH,-OMe

(5-Methoxy-1,3-phenylene)bis(methylene) bis(4-methylbenzenesulfonate) (s18)

To a stirred solution of (5-methoxy-1,3-phenylene)dimethanol (1.0 g, 6.0 mmol) in CH,Cl,
(18.2 mL, 0.33 M) were added TsCl (2.5 g, 2.2 eq, 13.2 mmol), EtzN (1.8 mL, 2.2 eq, 13.2
mmol), and DMAP (73.3 mg, 10 mol%, 0.6 mmol) at -20 °C. After being stirred for 2 h at -
20 °C, the reaction was quenched with H;O, extracted with CH,Cl;, washed with brine, dried
over Na,SOy, and concentrated under reduced pressure. The crude mixture was purified by
flash chromatography on silica gel (column condition; gradient elution: n-hexane/EtOAc, 2/1
— 1/1) to afford s18 as colorless oil in 75% yield (2.2 g): R-= 0.6 (n-hexane/EtOAc, 1/1);
'"H NMR (400 MHz, CDCl3) & 2.44 (s, 6H), 3.72 (s, 3H), 4.95 (s, 4H), 6.67 (s, 1H), 6.71 (s,
2H), 7.33 (d, /= 8.4 Hz, 4H), 7.77 (d, /= 8.4 Hz, 4H); *C NMR (100 MHz, CDCl;) § 21.6,
55.3, 71.1, 114.3, 120.2, 127.9, 129.9, 132.9, 135.2, 145.0, 159.9; IR (ATR) v 2958, 1600,
1469, 1356, 1303, 1189, 1173, 1096 cm~'; HRMS (ESI-TOF) [M + Nal* calcd for
Cy3H24NaO;S,* m/z 499.0856, found m/z 499.0850.

3,3'-(5-Methoxy-1,3-phenylene)bis(2,2-dimethylpropanenitrile) (s19)

To a stirred solution of Pr,NH (1.6 mL, 2.5 eq, 11.3 mmol) in THF (10 mL) was added z-
BuLi (1.6 M in n-hexane) (7.0 mL, 2.5 eq, 11.3 mmol) at 0 °C, and the mixture was stirred
for 30 min at 0 °C. Then isobutyronitrile (1.0 mL, 2.5 eq, 11.3 mmol) was added, and the
stirring was continued for an additional 1 h at 0 °C before adding the solution of s18 (2.2 g,
4.5 mmol) in THF (15 mL). After being stirred for 14.5 h at room temperature, the reaction
was quenched with H,O, extracted with EtOAc, washed with brine, dried over Na,SO4, and
concentrated under reduced pressure. The crude mixture was purified by flash
chromatography on silica gel (column condition; gradient elution: n-hexane/EtOAc, 5/1 —
1/1) to afford s19 as pale brown powder in 86% yield (1.1 g): mp 142—144 °C; R;= 0.3 (n-
hexane/EtOAc, 3/1); 'H NMR (400 MHz, CDCl;) 6 1.36 (s, 12H), 2.78 (s, 4H), 3.82 (s,
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3H), 6.71 (s, 1H), 6.81 (s, 2H); 3C NMR (100 MHz, CDCl3) & 26.6, 33.5, 46.6, 55.3, 114.7,
124.5,124.8,137.1, 159.4; IR (ATR) v 2977, 2232, 1595, 1462, 1391, 1339, 1292, 1194 cm ™ 1;
HRMS (ESI-TOF) [M + Na]* caled for C17H22N2NaO* m/z 293.1624, found m/z 293.1624.

3,3'-(5-Methoxy-1,3-phenylene)bis(2,2-dimethylpropanoic acid) (espH,-OMe)

A solution of s19 (1.1 g, 3.9 mmol) and KOH (1.2 g, 5.6 eq, 21.8 mmol) in ethylene glycol
(7.8 mL, 0.5 M) was stirred for 15 h at 180 °C. After the reaction mixture was cooled down
to room temperature, small amount of water was added, and washed with CHCIs. The water
layer was acidified with 1 N HCI aq., and extracted with EtOAc. Combined EtOAc extracts
were washed with brine, dried over Na;SO4, and concentrated under reduced pressure to

afford crude espHz-OMe which was used for the synthesis of Rhz(esp-OMe), without further

purification.
HOOWOOH fuming HNO3 HOOWOOH
AcOH NO,
espH, espH,-NO,

3,3'-(4-Nitro-1,3-phenylene)bis(2,2-dimethylpropanoic acid) (espH2-NO,)

To a stirred solution of espH,%"* (146.4 mg, 0.53 mmol) in AcOH (5.4 mL) was added fuming
HNO; (2.6 mL). After being stirred for 29 h at room temperature, the reaction was quenched
with crashed ice, extracted with EtOAc, washed with saturated aqueous NaHCOs3 and brine,
dried over Na;SO4, and concentrated under reduced pressure to afford crude espH,-NO;
which was washed with n-hexane/Et;O (1/1) and used for the synthesis of Rhz(esp-NO3)

without further purification.

espH,-OMe
or
espH>-NO, Rh,(esp-OMe),(acetone),
Rho(OAc)y ———— or
PhCI Rh,(esp-NO,),(acetone),
155 °C

Rh;(esp-OMe).(acetone),

The mixture of Rh2(OAc)4 (89.2 mg, 0.2 mmol) and espHz-OMe (258.1 mg, 4 eq, 0.8 mmol)
in chlorobenzene (30 mL) was refluxed for 12 h, and then the solvent was distilled off by
heating at a rate that ~10 mL of the solvent was removed per hour. After 3 h, chlorobenzene
(30 mL) was added to the mixture, and the solvent was distilled off at the same rate for 3 h.
This process was repeated one additional time, and the residue was purified by flash

chromatography on silica gel (CH2Cl,/ acetone, 19/1) to afford Rhz(esp-OMe).(acetone) as
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green powder in 52% yield (96.6 mg): mp >300 °C; Rr= 0.4 (n-hexane/EtOAc, 3/1); 'H
NMR (400 MHz, CDCl3) 6 1.01 (s, 24H), 2.26 (s, 12H), 2.61 (s, 8H), 3.73 (s, 6H), 6.40 (s,
4H), 6.58 (s, 2H); *C NMR (100 MHz, DMF-d;) 6 26.0, 30.6, 45.8,47.2,55.2,113.9, 124.2,
140.1, 159.1, 195.9, 206.6; IR (ATR) v 2923, 1684, 1573, 1475, 1460, 1408, 1375, 1361 cm ™ };
HRMS (ESI-TOF) [M (Rhz(esp-OMe)2) + Na]* calcd for C3sH44NaO1oRh,* m/z 841.0937,
found m/z 841.0934.

Rh;(esp-NO,).(acetone),

The mixture of Rh2(OAc), (14.6 mg, 0.033 mmol) and espH,-NO> (41.0 mg, 4 eq, 0.13 mmol)
in chlorobenzene (6.6 mL) was refluxed for 12 h, and then the solvent was distilled off by
heating at a rate that ~3.3 mL of the solvent was removed per hour. After 2 h, chlorobenzene
(6.6 mL) was added to the mixture, and the solvent was distilled off at the same rate for 2 h.
This process was repeated one additional time, and the residue was purified by flash
chromatography on silica gel (CH,Cl,/acetone, 19/1) to afford Rhz(esp-NO2)2(acetone); as
green powder in 98% yield (31.3 mg): mp >300 °C; Rr= 0.3 (n-hexane/EtOAc, 1/1); 'H
NMR (400 MHz, DMF-d;) 6 0.97 (s, 12H), 1.03 (s, 12H), 2.28 (s, 12H), 2.71 (s, 4H), 3.24
(s, 4H), 6.96 (dd, /= 8.0, 2.0 Hz, 2H), 7.07 (d, /= 2.0 Hz, 2H), 7.67 (d, /= 8.0 Hz, 2H); 1*C
NMR (100 MHz, DMF-d;) 6 25.4, 25.7, 30.6, 41.4, 45.9, 46.5, 46.7, 124.3, 130.1, 132.7,
134.1, 144.7, 149.7, 195.7, 195.9, 206.6; IR (ATR) v 2927, 1682, 1573, 1520, 1475, 1408,
1348, 1245 cm™!; HRMS (ESI-TOF) [M (Rhz(esp-NO3);) + Nal]* caled for
C32H3sN2NaOq2Rhot m/z 871.0427, found m/z 871.0416.
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3-4. Reaction of cis-isomer of 61

HoN
i PhCF, o)
o 80°C o

cis-6l s20: 30% s21:41% s22: 9%

Bz
N
Bz. N Rh,(esp-OMe), Bz. HN
PhI(OAC),, MgO f Jj ﬂ
0 + + 0 A
NH BzHN
o=
: h

Scheme S2. Nitrene reaction of cis-61

Synthesis and characterization of cis-6l, and s20—s22

Boc. Boc BzCl Bz
N ~ ~
Ny G\ Etyzn N TFA  DMAP, Et;N h
MeO MeO MeO
toluene CH,Cl, CH,Cl,
o o) o)
s23 s24: 41% s8cis-6l:
quant. (2 steps)
Bz. Bz N
procedure D N procedure F ﬂ
— 7 HN_O
11h,50% O 88% g

s9cis-6l (0] cis-6l

rac-2-(tert-Butyl) 3-methyl (15,35,55)-2-azabicyclo[3.1.0]hexane-2,3-dicarboxylate (s24)
To a stirred solution of s23% (362.1 mg, 1.6 mmol) in toluene (3 mL) was added Et,Zn (1.1
M in n-hexane) (3.1 mL, 2 eq, 3.2 mmol) dropwise at -20 °C. Then chloroiodomethane (0.47
mL, 4 eq, 6.4 mmol) in toluene (1 mL) was added dropwise at -20 °C, and the stirring was
continued for 2 h while the reaction was gradually heated up to room temperature. The
reaction was quenched with half saturated aqueous NaHCOs, filtered through Celite,
extracted with toluene, washed with H,O, dried over Na»SO,, and concentrated under
reduced pressure. The crude mixture was purified by flash chromatography on silica gel
(column condition; gradient elution: n-hexane/EtOAc, 10/1 — 5/1) to afford s24 as pale
yellow oil in 41% yield (157.1 mg): Rr= 0.4 (n-hexane/EtOAc, 3/1); 'H NMR (400 MHz,
CDCl;) (mixture of rotamers) & 0.65-0.79 (m, 1H), 0.83-0.94 (m, 1H), 1.36-1.58 (m, 10H),
2.00-2.06 (m, 1H), 2.50-2.67 (m, 1H), 3.44-3.57 (m, 1H), 3.71 (s, 3H), 4.50-4.65 (m, 1H);
BC NMR (100 MHz, CDCl3) (major rotamer) & 13.0, 14.4, 28.2, 31.6, 37.2, 52.0, 59.8, 80.0,
154.1,174.0; IR (ATR) v 2975, 1749, 1695, 1404, 1365, 1353, 1317, 1295 cm~!; HRMS (ESI-
TOF) [M + Na]* caled for C12H1sNNaOs™ m/z 264.1206, found m/z 264.1213.
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rac-Methyl (15,35,5.5)-2-benzoyl-2-azabicyclo[3.1.0]hexane-3-carboxylate (s8cis-61)

To a stirred solution of s24 (157.1 mg, 0.65 mmol) in CH:Cl, (6.0 mL) was added
trifluoroacetic acid (0.5 mL) at 0 °C. After being stirred for 1.5 h at room temperature, the
reaction mixture was concentrated under reduced pressure to afford crude product which was
used for the next step without further purification.

To a stirred solution of the crude product, Et;N (0.67 mL, 7.4 eq, 4.8 mmol), and DMAP
(19.5 mg, 25 mol%, 0.16 mmol) in CH,Cl, (5.5 mL, 0.2 M) was added benzoyl chloride (0.25
mL, 1.7 eq, 1.6 mmol) at 0 °C, and the reaction mixture was stirred for 24 h at room
temperature. The reaction was quenched with saturated aqueous NH4Cl, extracted with
CH,Cl;, washed with brine, dried over Na;SO,, and concentrated under reduced pressure.
The crude mixture was purified by flash chromatography on silica gel (column condition;
gradient elution: n-hexane/EtOAc, 3/1 — 1/1) to afford s8cis-61 as pale yellow oil in
quantitative yield (2 steps, 159.6 mg): Rr= 0.4 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz,
CDCl;) 6 0.88 (ddd, /= 8.8, 6.0, 6.0 Hz, 1H), 1.12 (ddd, /= 5.2, 5.2, 2.4 Hz, 1H), 1.73 (m,
1H), 2.14 (dd, /= 13.6, 3.6 Hz, 1H), 2.64 (ddd, /= 12.4, 12.4, 6.0 Hz, 1H), 3.35 (ddd, /=
6.0, 6.0, 2.4 Hz, 1H), 3.75 (s, 3H), 5.10 (dd, /= 11.2, 3.6 Hz, 1H), 7.39-7.50 (m, 3H), 7.80
(d, /=7.2 Hz, 2H); *C NMR (100 MHz, CDCl;) § 14.0, 18.2, 29.9, 40.0, 52.3, 60.1, 127.8,
128.0, 130.3, 135.6, 168.7, 173.0; IR (ATR) v 2952, 1745, 1627, 1574, 1496, 1448, 1416, 1353
cm ! HRMS (ESI-TOF) [M + Na]* caled for C14Hi;sNNaOs* m/z 268.0944, found m/z
268.0941.

rac-((15,35,55)-3-(Hydroxymethyl) -2-azabicyclo[3.1.0]hexan-2-yl) (phenyl) methanone
(s9cis-61)

Prepared according to the general procedure D (reaction time 11 h) using s8cis-61 (196.5 mg,
0.8 mmol) as colorless oil in 50% yield (87.0 mg) (column condition; n-hexane/EtOAc, 1/2):
Rr= 0.4 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl3) 6 0.74 (ddd, /= 6.0,5.2, 2.8
Hz, 1H), 0.93 (dd, /= 8.4, 6.4, 6.0 Hz, 1H), 1.65 (m, 1H), 1.74 (dd, /= 13.6, 5.2 Hz, 1H),
2.52 (ddd, /=13.6,11.2, 2.8 Hz, 1H), 3.28 (ddd, /= 6.4, 6.4, 2.8 Hz, 1H), 3.54-3.70 (m, 2H),
4.72-4.85 (m, 2H), 7.39-7.48 (m, 3H), 7.72 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz, CDCl;)
6 16.8,17.7,29.9,42.1,64.1, 68.4, 127.6, 128.1, 130.4, 136.0, 171.1; IR (ATR) v 3373, 2946,
1602, 1573, 1496, 1448, 1417, 1341 cm~'; HRMS (ESI-TOF) [M + Nal* calcd for
C13H1sNNaO2* m/z 240.0995, found m/z 240.1003.

rac-((15,35,55)-2-Benzoyl-2-azabicyclo[3.1.0]hexan-3-yl) methyl carbamate (cis-61)

Prepared according to the general procedure F using s9cis-61 (87.0 mg, 0.4 mmol), and

isolated as colorless gum in 88% yield (2 steps, 92.1 mg) (column condition; n-hexane/EtOAc,
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1/2): Rr= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl;) 6 0.83-0.94 (m, 2H),
1.65 (m, 1H), 1.98 (dd, /= 14.0, 3.6 Hz, 1H), 2.42 (ddd, /= 14.0, 11.2, 7.2 Hz, 1H), 3.26
(ddd, /= 6.0, 6.0, 3.2 Hz, 1H), 4.12-4.24 (m, 2H), 4.87 (m, 1H), 5.07 (br s, 2H), 7.38-7.48
(m, 3H), 7.74 (d, /= 8.0 Hz, 2H); *C NMR (100 MHz, CDCl;) 6§ 15.4,18.0, 28.5,41.3, 58.7,
65.7, 128.00, 128.048, 130.4, 136.2, 156.7, 169.2; IR (ATR) v 3345, 3200, 2952, 1713, 1611,
1574, 1495, 1448 cm~!; HRMS (ESI-TOF) [M + Nal* caled for CisHisN2NaOst m/z
283.1053, found m/z 283.1060.

rac-(4aS5,5a5,6a5,6b R)-5-Benzoyloctahydro-2 H-cyclopropal4,5] pyrrolo[3,2-d] [ 1,3] oxazin-

2-one (s20)

Prepared according to the general procedure A using cis-61 (50.8 mg, 0.2 mmol), and isolated
as colorless oil in 30% yield (15.3 mg): Rr= 0.1 (EtOAc); 'H NMR (400 MHz, CDCl;) &
1.03 (ddd, /=9.2, 6.4, 6.0 Hz, 1H), 1.29 (m, 1H), 2.09 (m, 1H), 3.44 (ddd, /= 6.4, 6.0, 2.8
Hz, 1H), 4.32 (dd, /= 12.0, 4.0 Hz, 1H), 4.40 (dd, /= 12.0, 4.0 Hz, 1H), 4.53 (ddd, /= 10.0,
6.8, 2.4 Hz, 1H), 5.03 (ddd, /= 10.0, 4.0, 4.0 Hz, 1H), 5.81 (br s, 1H), 7.42-7.53 (m, 3H),
7.77 (d, /= 6.8 Hz, 2H); *C NMR (100 MHz, CDCl3) 6 14.0, 25.2, 42.0, 52.2, 58.6, 66.7,
128.1, 128.3, 131.1, 134.9, 157.2, 169.9; IR (ATR) v 3272, 2924, 1715, 1625, 1575, 1449,
1415, 1359 cm~!; HRMS (ESI-TOF) [M + Na]* caled for Ci4sH1uN2NaOs+ m/z 281.0897,
found m/z 281.0902.

rac-(15,35,55)-2-Benzoyl-2-azaspiro[bicyclo[3.1.0]hexane-3,4'-oxazolidin]-2'-one (s21)
Prepared according to the general procedure A using cis-61 (50.8 mg, 0.2 mmol), and isolated
as colorless oil in 41% yield (20.7 mg): Rr= 0.3 (EtOAc); 'H NMR (400 MHz, CDCl;) &
0.50 (ddd, /= 5.6, 5.2, 2.4 Hz, 1H), 1.00 (ddd, /= 8.8, 5.6, 5.6 Hz, 1H), 1.77 (m, 1H), 2.26
(dd, /= 14.8, 2.0 Hz, 1H), 2.76 (dd, /= 14.8, 7.2 Hz, 1H), 3.30 (ddd, /= 7.2, 5.6, 2.4 Hz,
1H), 4.24 (d, /= 8.8 Hz, 1H), 4.65 (d, /= 8.8 Hz, 1H), 7.19 (brs, 1H), 7.35-7.46 (m, 3H),
7.70 (d, /= 7.2 Hz, 2H); *C NMR (100 MHz, CDCl3) 6 14.3, 20.4, 40.3, 44.0, 74.5, 83.8,
127.7, 128.1, 130.5, 136.3, 158.8, 170.5; IR (ATR) v 3261, 2959, 1748, 1635, 1577, 1446,
1396, 1350 cm~!; HRMS (ESI-TOF) [M + Na]* caled for Ci4sH1uN2NaOs+ m/z 281.0897,
found m/z 281.0896.

rac-((15,55)-2-Azabicyclo[3.1.0]hexan-3-ylidene) methyl benzoylcarbamate (s22)

Prepared according to the general procedure A using cis-61 (50.8 mg, 0.2 mmol), and isolated
as colorless oil in 9% yield (4.4 mg): Rr= 0.4 (EtOAc); 'H NMR (400 MHz, CDCl;) § 0.43
(dd, /=9.2, 4.4 Hz, 1H), 1.12-1.21 (m, 2H), 2.00 (m, 1H), 2.71 (d, /= 15.2 Hz, 1H), 3.06
(m, 1H), 6.48 (br s, 1H), 6.54 (dd, /= 2.0, 1.2 Hz, 1H), 7.47 (dd, /= 8.4, 6.8 Hz, 2H), 7.56
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(dd, /= 8.4, 8.4 Hz, 1H), 7.82 (d, /= 6.8 Hz, 2H), 9.52 (br s, 1H); '3*C NMR (100 MHz,
CDCl3) 6 10.0, 17.1, 21.4, 28.7, 123.5, 125.7, 127.1, 128.8, 132.5, 132.7, 156.6, 170.3; IR
(ATR) v 3253, 3062, 2926, 1741, 1639, 1531, 1489, 1296 cm~'; HRMS (ESI-TOF) [M +
Na]l* calced for C14H14N2NaOQs™ m/z 281.0897, found m/z 281.0898.
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3-5. X-ray Crystallographic Analysis

ORTEP of 7a, CCDC No. 1852134

>
o™
|

(70316)

Z 111 sh1B1212KoP 21 21 21 R = 0.04 RES= 0 -123 X
EXPERIMENTAL DETAILS
A. Crystal Data
Empirical Formula Ci3H14N, O3
Formula Weight 246.27

Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group
Z value

Deale

F000
n(CuKa)

colorless, block
0.400 X 0.300 X 0.300 mm
orthorhombic
Primitive

a= 7.03405(13) A
b= 8.84024(16) A
c= 18.3533(3) A

V =1141.26(4) A3
P2:2,2; (#19)

4

1.433 g/cm?®

520.00

8.556 cm™!

B. Intensity Measurements

Diffractometer
Radiation
Voltage, Current

Temperature

R-AXIS RAPID
CuKa (A = 1.54187 A)
40kV, 30mA

-180.0°C
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Detector Aperture

Data Images

o oscillation Range (3=54.0, $=0.0)
Exposure Rate

o oscillation Range (y=54.0, $=90.0)
Exposure Rate

o oscillation Range (y=54.0, $=180.0)
Exposure Rate

o oscillation Range (y=54.0, $=270.0)
Exposure Rate

o oscillation Range (3=0.0, $=0.0)
Exposure Rate

Detector Position

Pixel Size

Zmax

No. of Reflections Measured

Corrections

460.0 x 256.0 mm
30 exposures

80.0 - 260.0°

28.0 sec./’

80.0 - 260.0°

28.0 sec./o

80.0 - 260.0°

28.0 sec./o

80.0 - 260.0°

28.0 sec./’

80.0 - 260.0°

28.0 sec./’

127.40 mm

0.100 mm

136.4°

Total: 12061
Unique: 2087 (Rine = 0.0374)
Friedel pairs: 852
Lorentz-polarization
Absorption

(trans. factors: 0.687 - 0.774)

C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (I>2.005(1))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 852)
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

Direct Methods (SIR2008)
Full-matrix least-squares on F?
> w (Fo? - Fc?)?

w=1/[c*(Fo?) + (0.0543.P)? + 0.1226 .

where P = (Max(Fo%,0) + 2Fc?)/3
136.5°

All non-hydrogen atoms
2087

163

12.80

0.0362

0.0380

0.0827

1.059

-0.1(2)

0.000

0.14 ¢'/A3

-0.27 e'/A3
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ORTEP of 7h, CCDC No. 1852135

(70316)

cool

CooK

7 -89 0B18YK P21 2121 R=0.04 RES= 0 -76 X
EXPERIMENTAL DETAILS
A. Crystal Data
Empirical Formula Ci3H16N20O4S
Formula Weight 296.34
Crystal Color, Habit colorless, block
Crystal Dimensions 0.300 X 0.250 X 0.100 mm
Crystal System orthorhombic
Lattice Type Primitive
Lattice Parameters a= 6.1889(3) A
b= 9.1001(4) A
c= 23.4628(9) A
V = 1321.42(10) A3
Space Group P2:2:2; (#19)
Z value 4
Deale 1.489 g/cm?®
F000 624.00
n(CuKa) 23.352 cm™!
B. Intensity Measurements
Diffractometer R-AXIS RAPID
Radiation CuKa (A = 1.54187 A)
Voltage, Current 40kV, 30mA
Temperature -180.0°C
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Detector Aperture

Data Images

o oscillation Range (3=54.0, $=0.0)
Exposure Rate

o oscillation Range (y=54.0, $=90.0)
Exposure Rate

o oscillation Range (y=54.0, $=180.0)
Exposure Rate

o oscillation Range (y=54.0, $=270.0)
Exposure Rate

o oscillation Range (3=0.0, $=0.0)
Exposure Rate

Detector Position

Pixel Size

Zmax

No. of Reflections Measured

Corrections

460.0 x 256.0 mm
30 exposures

80.0 - 260.0°

20.0 sec./*

80.0 - 260.0°

20.0 sec./*

80.0 - 260.0°

20.0 sec./*

80.0 - 260.0°

20.0 sec./*

80.0 - 260.0°

20.0 sec./*

127.40 mm

0.100 mm

136.3°

Total: 14180
Unique: 2411 (Rine = 0.0794)
Friedel pairs: 979
Lorentz-polarization
Absorption

(trans. factors: 0.606 - 0.792)

C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (I>2.005(1))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 979)
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

Direct Methods (SIR2008)
Full-matrix least-squares on F?
> w (Fo? - Fc?)?

w=1/[c*(Fo?) + (0.0708 . P)? + 0.6844 .

where P = (Max(Fo%,0) + 2Fc?)/3
136.3°

All non-hydrogen atoms
2411

181

13.32

0.0361

0.0511

0.0965

1.011

0.98(3)

0.000

0.29 e'/A3

-0.28 e'/A3
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3-6. Computational details

All DFT calculations were performed with Gaussian 16 program.” The molecular structure
optimizations were carried out using the hybrid density functional method based on Becke’s
three-parameter exchange function and the Lee-Yang-Parr nonlocal correlation functional
(B3LYP)? and the LANL2DZ basis set for Rh, and the 6-31G* basis set for H, C, N, and O.
The vibrational frequencies were computed at the same level to check whether each
optimized structure is an energy minimum (no imaginary frequency) or a transition state
(one imaginary frequency) and to evaluate its zero-point vibrational energy (ZPVE) and
thermal corrections at 353 K. The intrinsic reaction coordinate (IRC) method was used to
track minimum energy paths from transition structures to the corresponding local minima.?®
Single point energies were calculated at the RwB97XD® level using SDD basis set” for Rh
and 6-311G* basis set for H, C, N, and O in chlorobenzene solvent. Since similar
chemoselectivity and the yield of 2a were observed between the reaction in PhCF; and PhCl

solvent, we conducted our calculations using chlorobenzene solvent (Table S1).

Table S1. Solvent effect

B2 Rhy(esp-OMe), (2 mol%) Qfo Bz,
\/N\/> PhI(OAc), (1.4 eq) O>/N H N
MgO (2.3 eq) N N,
solvent (0.05 M) Ow + O_W/O

H N\«O
2 .
o 80°C,15h A
6a 7a 8

entry solvent yield (%)

7a 8

1 PhCF3 78 0

2 PhCI 71 0
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Table S22

Thermal Correction

Sum of Electronic and

E(RwB97XD)
to Free Energy Thermal Free Energies

(A.U.) (A.U.) (A.U.)
RT -3134.521619 0.867402 -3133.654217
TS1cscN -3134.515621 0.872441 -3133.64318
IMiscN -3134.576525 0.875509 -3133.701016
TS2iscn -3134.5556 0.874436 -3133.681164
PDc.x -838.91744 0.206358 -838.711082
[Rh] -2295.654618 0.642582 -2295.012036
TS1 trans-cy -3134.497878 0.87308 -3133.624798
IMrans-c-N -3134.572881 0.876676 -3133.696205
TS2 trans-cN -3134.54677 0.875261 -3133.671509
PTeonc -3134.492201 0.870275 -3133.621926
TScu -3134.511519 0.87043 -3133.641089
PDcx -838.974855 0.205751 -838.769104
IMree-ytide -838.873814 0.206065 -838.667749

?RwB97XD/6-311G*/SDD.
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o B?
0
RT
Cartesian Coordinates
Atom X Y Z
C -3.52701100  -0.98268700  -2.79742700
H -3.94158000 0.02234400 -2.67722200
H -3.21633200 -1.11625800 -3.83629700
C -4.55099300 -2.05763600 -2.41051100
H -4.10697700  -3.04426200 -2.55120500
N -5.03691500  -1.91928900 -1.02906000
C -5.04380900  -2.91489400 -0.06723100
O -5.82156800 -2.86766600 0.88491800
C -6.13851900  -0.93116600  -0.98804400
H -5.78714300 0.01385800 -0.56014100
H -6.91385200  -1.32526900 -0.32911400
O -2.36381800  -1.04733100  -1.94272800
C -1.16302300 -1.11930400 -2.53808500
O -0.93394300 -1.05631700  -3.74382200
N -0.10674300  -1.36950900 -1.72900200
Rh 0.68041800 -0.06015800  -0.54989300
Rh 1.50533600 1.42230900 1.18592800

0.41295100 2.93195900 0.27036100
-0.35803000 1.54610900  -1.34413500
-0.87462600  -0.43889100 0.79761700

1.77782500 -1.57573100 0.35634900

2.31188300 0.52919500  -1.65919400

2.53633300  -0.18355700 1.97300600
-0.09906000 0.97447300 2.37744500

3.10951500 1.86425100  -0.02971300
2.46282100  -1.31469500 1.40464400
-0.94692700 0.14516000 1.93347600
3.18022500 1.33890500  -1.17790700
-0.27094700 2.68710800  -0.76546500
-5.83877900  -1.85799300  -3.23970700
-6.40186000  -2.79731300  -3.24528500
-5.64144700  -1.58223800 -4.28127800
-6.60340500  -0.76774500  -2.45828300
-6.35462900 0.22921400  -2.83720400
-7.68693100  -0.88293500  -2.55337600
-4.09044200 -4.07421900 -0.18712800
-4.60359800  -5.34940800 0.09659000
-2.72199900  -3.93126400 -0.45523300

oNeoNeNN::NoRuNNoNoNoNoNoNoNoRoNoNoNONONO)
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-3.77202100
-5.65508800
-1.88620400
-2.30540000
-2.41017600
-4.18317900
-0.82583800
-1.76037000
-2.14992000
-3.48031400
-3.50539200
-4.30196200
-2.04527000
-1.12508200
-2.89425600
-2.05425300
-2.11936900
-1.20063700
-2.17893000
-2.97145700
3.23553700
4.04382600
3.38881100
4.56930200
4.78330600
2.19687700
1.59352600
2.71095500
1.52189700
4.16862900
4.70317500
3.53329300
4.36139400
5.31330100
5.73272200
6.13806100
4.79585300
5.10539400
4.42252200
5.94101900
3.78343200
3.25676500
4.59861100
3.08462200
-1.05059700
-0.86219100

-6.46665800
-5.44729600
-5.05082800
-2.94709300
-6.32009800
-7.45133400
-4.92194000
-7.19118900
-0.22677500
0.01773800
-0.67620200
-0.26432000
-1.73671700
-1.95704200
-2.03996900
-2.34089500
0.58373900
0.39089700
1.65857000
0.29274400
-2.49436900
-2.02767800
-1.60018600
-2.88475500
-1.26987300
-3.55459900
-3.88931800
-4.42258400
-3.15355500
-3.13377500
-3.95683200
-3.57636900
1.69909400
2.67004300
2.22937900
2.93299000
3.59143600
0.38981900
-0.19583300
0.69981900
2.37007000
3.29814700
2.62389800
1.70668500
3.84280500
5.14007200
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0.06634700
0.34754900
-0.46334100
-0.63086300
-0.21473700
0.27252600
-0.66298200
-0.22994100
2.81935200
2.03100900
1.18630000
2.69967200
3.13875900
3.69299400
3.76129800
2.22776700
4.12511100
4.68656000
3.93791300
4.75067100
2.02436200
3.24535600
4.00987700
3.68343000
2.97590900
2.45834600
1.60998800
2.88717600
3.22347300
0.94164700
1.43197600
0.16748500
-2.09398100
-1.37744300
-0.46996500
-2.05075900
-1.09481200
-2.52460800
-3.14881400
-3.16481800
-3.36181500
-3.10999900
-4.04912600
-3.87882700
-1.42052900
-0.61838000
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-1.40674900
-1.23458500
0.19418300
-0.49938100
-0.59982900
-1.04758900
0.56029900
-2.56528200
-3.07680400
-2.65050900
5.61039400
4.75925000
6.91236300
5.15738200
3.76577200
7.33425300
7.58237400
6.45273000
6.81044100
-3.23557800
-3.15107600
-3.91842200
-3.68132900
-2.65190100
-4.48795300
-4.00269300
-4.35958000
-4.80662700
8.58287400
-5.18637100
9.52031600
9.73760800
10.43239500
9.17084500
-5.33722700
-5.88537200
-4.36630900
-5.91253000

5.95511300
5.04069300
5.41847500
4.02754500
3.10979700
4.82974200
4.30799600
3.45877400
4.31136400
2.61623400
-0.47628600
-1.42263600
-0.32877400
-2.18554700
-1.56318300
-1.11354700
0.38938300
-2.03066400
-2.61673100
3.09754800
1.78785300
4.06146800
1.42924400
1.03296600
3.70553500
5.07429000
2.39505000
2.15645700
-1.06027800
4.56149500
-0.14554800
-0.36285800
-0.26833200
0.89212900
5.90706700
5.97852000
6.40917600
6.40199200
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-1.11050600
0.40387900
-0.56437200
-2.85330200
-3.43935600
-3.36088300
-2.83296700
-1.52090700
-1.98555500
-2.21555500
-1.38793300
-0.81460500
-0.88328600
0.29410300
-1.22494600
0.19552700
-1.34308800
0.78688700
1.62845900
-0.20997700
0.26740400
0.54862300
1.51742300
-0.32856500
1.77666500
0.17011300
2.26089700
3.22144800
0.74911900
2.58111300
0.20862700
-0.84597100
0.79602600
0.29616300
2.16356800
1.21425500
2.05549500
2.94843000
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C 1.49912800 3.68028800 -0.32476700
H 1.62042700 2.75329700 0.24544500
H 2.48569300 4.11674800 -0.50265600
C 0.63110200 4.68053400 0.45119300
H 0.48742900 5.57609900 -0.15406300
N -0.67358200 4.09743900 0.80111900
C -1.92037600 4.65429200 0.51067600
O -2.90214600 4.35550100 1.18514700
C -0.52893900 3.44416100 2.11830300
H -0.04896000 2.46940900 1.99661400
H -1.51862600 3.29714300 2.54545800
O 0.99251700 3.38508900 -1.64352500
C 0.16723100 2.33274900 -1.83285200
O -0.11809900 1.95371800  -2.96499100
N -0.44562600 1.72618100  -0.79715400
Rh 0.02202400 -0.06371800  -0.15599800
Rh 0.40180100 -2.39635800 0.39583500
O 1.85440700  -2.42996800 -1.08375100
O 1.52784500 -0.24427300 -1.56682300
O 1.44545600 0.39814000 1.29474100
O -1.43250300 -0.03277700 1.32487300
O -1.33877900  -0.81442100 -1.53625700
O -1.07954600 -2.21146300 1.82590800
O 1.80944100 -1.77519900 1.77187300
O -0.99700100 -2.97651800  -0.98452400
C -1.67650900 -1.10371800 1.98157200
C 2.04126300 -0.54471600 1.93174800
C -1.56467500 -2.06521600 -1.65774900
C 2.10643000 -1.37396000 -1.73503600
C 1.31785400 4.99679100 1.81930700
H 1.48158700 6.07156000 1.93810400
H 2.30247100 451610100 1.87267800
C 0.36103300 4.42817000 2.89362600
H 0.89376700 3.95131100 3.72237000
H -0.25909500 5.22797500 3.31321800
C -2.07943800 5.65617600 -0.60417500
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-3.03244100
-1.42808500
-3.30013900
-3.56219300
-1.71376400
-0.71289700
-2.64030100
-4.03116700
-1.21151500
-2.85496600
3.08555600
4.18385100
3.71141700
4.90034900
2.35864200
1.57775500
3.07433200
1.89303000
3.71274200
2.95047300
4.22926200
4.43757000
-2.77051100
-2.96754800
-2.04106100
-3.73506200
-3.28505300
-2.31225000
-2.15718400
-3.07389100
-1.37693700
-4.10364000
-4.84788300
-3.94301900
-2.58953800
-2.78471700
-3.16812700
-3.49875800
-1.84165800
-3.94157300
-3.77147700
-4.64014500
-2.03583800
-1.09516300
-2.75556800
-1.85307000

6.66375700
5.61235900
7.62490200
6.66935100
6.56677800
4.83216300
7.57903400
8.40385600
6.50911000
8.32251700
-0.12557800
0.76902500
1.70413800
1.02790500
0.71272000
0.12490100
1.03345500
1.60194800
-1.36889700
-1.98418600
-1.99218300
-1.05454900
-1.00756500
-2.36673000
-2.70619500
-2.27242200
-3.13678400
0.04254300
1.01868800
0.14789900
-0.26421600
-0.50485800
-0.45589600
0.51835000
-2.46522700
-3.98956200
-4.35594400
-4.25792800
-4.50521000
-1.72129900
-0.65040900
-2.05007700
-1.99389400
-2.50432900
-2.23178400
-0.91591900
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-0.37448500
-1.84552600
-1.34502500
0.57201000
-2.82497400
-2.07020100
-2.57633300
-1.14568200
-3.78671200
-3.33944000
2.98296900
2.31671900
1.99550700
3.10607700
4.05945200
4.55551600
4.82505900
3.62491300
3.63449600
4.12068600
2.90107700
4.39488200
3.06185000
3.75158600
4.22403900
4.52917600
3.04482800
4.09989200
3.63249900
4.88096700
4.58368100
2.41129700
3.21591000
2.05636100
-2.73364800
-2.74528400
-1.78993200
-3.53335900
-2.94843600
-2.46692100
-2.61710600
-3.24683400
-4.09879100
-4.33746200
-4.89070500
-4.10144200
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3.16965400
3.80655800
4.53948000
4.31424300
3.05102900
2.45646100
1.95219200
3.18784500
1.70800900
4.25348300
4.99414000
3.77402100
-4.54634200
-4.15743700
-5.47353700
-4.62659800
-3.47239000
-5.98033700
-5.79436300
-5.54713200
-5.95389500
4.94031400
4.35210000
6.14727100
4.90878100
3.43426600
6.73394100
6.61791700
6.10863500
6.58728500
-6.89785500
7.91207400
-7.37139900
-7.88481100
-8.08181200
-6.55746100
8.58960500
8.88164100
7.97772400
9.48730300

-1.42834900
-2.82506800
-2.85159500
-3.08559600
-3.59155300
-1.10486900
-0.13566800
-1.08703100
-1.86984600
-0.32760500
-0.42086900

0.64956700

-1.94388200
-1.12722800
-2.97346500
-1.35476400
-0.30689200
-3.18210300
-3.59294900
-2.38024400
-2.57597700
-0.38771200
0.24144900
-1.08232400
0.14607900
0.79913300
-1.15146800
-1.55422500
-0.54561000
-0.62685200
-4.14319200
-1.78660300
-4.99419200
-4.42935800
-5.67355500
-5.57912600
-2.43688900
-1.72953700
-3.23444900
-2.87460500
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-2.84741200
-2.91661400
-3.73220600
-1.98451000
-3.11085600
-4.18155900
-4.13640500
-4.99809300
-4.41942700
-2.59175000
-3.39593500
-2.70979400
-1.09518300
-0.03149700
-0.86689000
1.27130300
-0.21316700
0.42028300
-1.69721500
1.48632700
2.47426800
-1.24185200
-0.14296900
-1.06525500
1.14071500
-0.28476500
0.20361000
-1.92066600
1.30382800
2.27539200
0.74428800
0.47703700
-0.28441700
-1.07440600
0.19098400
-0.73399200
-0.58490000
-1.37275700
-1.02718000
-0.14403900
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0.90242800
1.76586700
1.09451200
-0.38214700
-1.20583200
-0.57288700
-2.10324900
-2.45554700
0.18545800
1.19829000
-0.23775500
0.73105100
0.32789000
0.38298700
-0.11002100
0.22383600
0.58657500
2.00213900
1.69727100
1.71269900
-1.21095500
-1.21911700
-0.85985700
2.04415400
-0.86616700
-1.44211600
2.30114500
-1.44500400
2.25369000
-0.38173200
-1.38595600
0.27437100
0.08173400
1.05247900
-0.63868000
-3.03235300

4.92077300
4.59643700
5.93566400
4.89263600
5.14302200
3.43440700
3.25048200
3.31814800
3.35267700
3.07841200
2.53212500
4.10440000
2.79163800
2.03077400
2.41218300
0.23452500
-2.06459200
-2.23542100
-0.07621600
0.75811200
0.37429700
-0.48951700
-1.77615600
-1.40020400
-2.62955300
-0.65856800
-0.16338900
-1.74404700
-1.21566400
5.70392800
6.08317000
6.57442600
4.73506100
5.02828600
4.72673600
3.19159100
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-1.14816100
-0.55124000
-1.50739500
-0.34223900
-1.01441800
0.10059300
0.36164100
1.50979400
1.42532900
1.14160400
1.99749100
-2.28859100
-2.06433900
-3.00825200
-0.81998800
-0.11090000
0.56412400
-0.92742200
-1.52999300
1.28602800
1.41587400
-1.42775100
2.02169700
1.87206700
-0.78414400
2.13650600
1.94832300
-1.48357800
-1.64242800
0.95855000
1.16599300
0.85634300
2.07923100
2.48916600
2.89872300
-0.79460400
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-4.24882500
-2.82511500
-5.21624800
-4.41540100
-3.81046400
-1.94005600
-4.99545600
-6.14135400
-3.64471200
-5.75123600
3.39307800
4.46533200
3.97595900
5.20591200
2.71393000
1.94720000
3.45729700
2.23878400
4.04484800
3.30157800
4.52699300
4.80343700
-2.50392700
-2.64621900
-1.69624000
-3.38978200
-2.96644900
-2.04574200
-1.96282300
-2.77160900
-1.07450400
-3.87338500
-4.59274200
-3.75792200
-2.49956900
-2.64908900
-2.98432700
-3.38235500
-1.69776900
-3.86714200
-3.74863000
-4.58793500
-2.02390000
-1.08477100
-2.77407500
-1.85517300

3.87643200
2.51637500
3.92752000
4.36998400
2.56992700
1.91880200
3.27682900
4.46939100
2.04223900
3.31238000
0.28199100
1.15098100
2.06691400
1.44974800
1.15825600
0.59153900
1.49890100
2.03811300
-0.93840100
-1.53355000
-1.58926600
-0.60245700
-0.51423000
-1.82927300
-2.11758800
-1.70302600
-2.64999800
0.61120300
1.56660800
0.72743400
0.37358900
-0.08986800
-0.02052800
0.91873600
-2.21538500
-3.74449900
-4.09077700
-4.06164200
-4.23730100
-1.51569800
-0.44556900
-1.90036200
-1.77525400
-2.27332000
-2.04731300
-0.69574500
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-0.57981700
-2.01230500
-1.57599900
0.37195500
-2.99971100
-2.17654900
-2.79347600
-1.40243400
-3.93413100
-3.57336100
2.94475400
2.20801100
1.85836100
2.96087200
4.02179000
4.56310500
4.75222600
3.57709200
3.61443600
4.15232100
2.88155100
4.33219300
3.24678000
4.02965800
4.48912200
4.82627500
3.38383900
4.20185500
3.67637000
5.01544300
4.65254000
2.61773600
3.44373800
2.20761400
-2.50508100
-2.46338000
-1.48276300
-3.21563700
-2.68320300
-2.20598100
-2.40383400
-2.93931800
-3.90815700
-4.17581800
-4.66066600
-3.94920300
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3.29389600
3.94240500
4.65831800
4.47230200
3.18898600
2.54555700
2.03762300
3.25443300
1.79589400
4.37077600
5.08316700
3.86938200
-4.40747600
-3.98914500
-5.31115700
-4.41238600
-3.30747000
-5.76552200
-5.65301900
-5.31057200
-5.68057100
5.10982500
4.54930000
6.33972900
5.15810500
3.60995300
6.97621600
6.78674200
6.37999700
6.89596700
-6.65527100
8.18090600
-7.13065200
-7.68516500
-7.80480800
-6.31164400
8.82419600
9.06971200
8.20932500
9.74816400

-1.35321200
-2.74568200
-2.83002500
-2.93158400
-3.52967500
-1.13618800
-0.16788300
-1.17834300
-1.92106700
-0.22605500
-0.36189100

0.73347000

-1.70005600
-0.83845100
-2.73007600
-1.00884800
-0.03121500
-2.89079000
-3.38872400
-2.03526000
-2.19216100
-0.18930100
0.49002400
-0.84564200
0.47975200
1.01279700
-0.82905900
-1.35716500
-0.17507300
-0.19172700
-3.85116000
-1.42323500
-4.76878900
-4.26272600
-5.44397600
-5.35073200
-2.12552200
-1.46373500
-2.95816600
-2.52172200
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-2.77084400
-2.74967900
-3.57697500
-1.81187000
-2.86749200
-4.10714900
-4.11839000
-4.94311200
-4.26448000
-2.63078700
-3.45475300
-2.79208500
-0.80172600
0.21376900
-0.49555100
1.54013900
-0.02517300
0.81796400
-1.28645100
1.83202900
2.84116800
-1.30799400
-0.22435100
-1.14045400
1.03911300
-0.35849200
0.10536300
-1.98587500
1.19337800
2.14913300
1.21637300
0.36688500
0.24799700
-0.55426200
0.77909500
-0.19596300
-0.68156000
-1.52342800
-1.04918900
-0.25522500
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2.03960500
2.41155700
2.84098100
0.81214000
0.42257100

-0.21082500

-1.70387400

-2.57549800

-0.21483000
0.60989100

-1.15539700
1.70412900
0.58379000
0.30934000

-0.21520300
0.03726100
0.27549500
1.67675300
1.47824700
1.56890400

-1.35346300

-1.42998500

-1.14410000
1.77080500

-1.21470200

-1.65360600
2.10196100

-1.74149800
1.97791100
1.02182800
0.91116500
2.03723200

-0.01975700
0.31744800

-0.96357300

-1.91051600

3.88367400
2.95707700
4.62616400
4.39590900
5.27301400
3.30515800
3.34852900
2.69130900
2.57850900
1.86236200
2.03433000
3.66096300
2.93508300
2.68126100
2.47326000
0.09186200

-2.30976800

-2.06729700
0.18114400
0.10088000

-0.20652000

-0.09622700

-2.45396100

-2.14828800

-2.34666600

-1.39588100

-1.01346600

-1.25116200

-0.89235600
4.62701900
5.68202500
4.32420400
3.72084900
3.35970500
4.25713200
4.58719500

- 143 -

0.50136800
0.95630100
0.50057300
1.23956500
0.71836800
1.15378600
0.39370200
0.90511700
2.45131400
2.45497100
2.52858800
-0.86857200
-1.14735500
-2.29459400
-0.07209000
0.05975600
-0.02776100
-1.52843200
-1.42814900
1.51181100
1.59339400
-1.37894000
1.46396600
1.39808600
-1.45145500
1.94427600
1.84850200
-1.81990300
-1.90139100
2.75322500
3.01705700
3.03524100
3.44579100
4.42103500
3.59669500
-0.42324500
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-2.11183500
-2.07986400
-2.44506100
-2.02577100
-2.41758700
-1.93011000
-2.59523900
-2.59661200
-2.54158100
-2.85602300
3.22123400
4.34454400
3.91398300
5.10572100
2.60304600
1.79942800
3.36843900
2.18915300
3.79699700
3.01955100
4.23480700
4.57741900
-2.70640000
-2.98907400
-2.07872800
-3.72785500
-3.38058900
-2.14074300
-1.93211400
-2.86504400
-1.21285700
-4.01430400
-4.72643300
-3.77927800
-2.83237900
-3.12990300
-3.49594700
-3.89224000
-2.23161700
-4.12199700
-3.88517000
-4.86978000
-2.30680400
-1.41592800
-3.07401800
-2.04242100

5.80451300
4.51530500
6.95080300
5.84959900
5.66606000
3.57143800
6.88271900
7.89166300
5.60785200
7.77504800
-0.96279400
0.02547500
1.03276800
0.03074400
-0.42364100
-1.07948100
-0.37706600
0.58027900
-2.36665100
-3.05390200
-2.78653400
-2.31402300
-1.54411800
-3.02736500
-3.54718800
-3.11108500
-3.54019500
-0.87270600
0.18754900
-0.95480400
-1.35992700
-0.78865600
-0.91154400
0.27808300
-1.29718700
-2.74763400
-3.33940400
-2.75559000
-3.23727400
-0.58519800
0.47381900
-0.64414200
-0.50497000
-0.98402700
-0.47285500
0.51885200

- 144 -

0.24406000
-1.81061500
-0.47684600

1.32699900
-2.52481900
-2.32071400
-1.86399800

0.04492100
-3.60233400
-2.42638200

2.90985300

2.45233500

2.41726900

3.24275200

4.22002100

4.57453100

5.00361300

4.08297200

3.15584500

3.50093800

2.24741100

3.92488600

3.06101800

3.34721100

3.65998500

4.15376800

2.46587400

4.33315800

4.16268400

5.15207700

4.65621500

2.64824600

3.47440300

2.57416800
-2.90611100
-3.31718700
-2.47474500
-4.10624400
-3.70426600
-2.37552300
-2.23133900
-3.17708900
-4.12541900
-4.54853000
-4.90836500
-3.84714900
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3.00459100
3.56824900
4.27650600
4.08727800
2.76907900
2.26899400
1.82368400
2.97288700
1.47065200
4.14834400
4.84857100
3.70719100
-4.69178400
-4.20348300
-5.68590600
-4.64286900
-3.46673400
-6.16111900
-6.08080800
-5.63125300
-6.01547300
4.89215800
4.37764000
6.07991900
4.98862400
3.47055700
6.71980100
6.49254900
6.16854300
6.68637100
-7.13817500
7.88555100
-7.70030100
-8.19822200
-8.44083400
-6.94296300
8.48234200
8.76684300
7.81611500
9.38057700

-0.72437400
-2.08720000
-1.94668000
-2.58881500
-2.75012700
-0.05655600
0.89609500
0.12131200
-0.70638200
0.23791100
0.32863900
1.22696100
-1.14678500
-0.68977400
-2.13860900
-1.24708200
0.10507300
-2.67009000
-2.47784300
-2.23110000
-2.67279100
-0.18678900
0.14880000
-0.93170000
-0.28873700
0.73815000
-1.34228000
-1.17751300
-1.02744500
-1.37072300
-3.62480500
-2.05630000
-4.12683100
-3.33632700
-4.87003300
-4.60887300
-2.43244400
-1.55619200
-3.07128900
-2.99505800

- 145 -

-3.03712600
-3.46768800
-4.29375700
-2.64689800
-3.81116300
-4.22289900
-3.92333100
-5.04492600
-4.60080400
-2.57191200
-3.41215100
-2.41195500
-1.08826800
0.13755200
-1.10542000
1.34802400
0.15707100
0.09799200
-2.05689200
1.31970400
2.23474300
-1.32130100
-0.06746900
-1.39405800
1.11672700
-0.01310600
-0.21930700
-2.36637400
1.03161200
1.92261200
0.19058300
-0.18248800
-1.00804000
-1.58630200
-0.70493600
-1.64128000
-1.41132600
-2.00966400
-2.00655700
-1.14895200



PDc_n

Cartesian Coordinates
Atom

-2.04373500
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-2.79858000
-1.25138300
-2.63887500
-2.73574100
-1.72993000
0.62557900
0.41567300
-2.42314000
-2.27613000
-2.02576600
-1.49354100
-0.47278900
0.30612800
-0.46580200
-3.98962900
-4.83838800
-4.08628700
-3.88861900
-4.57567500
-4.09328000
2.00656600
3.04261000
2.31458900
4.36326700
2.79284600
3.63813100
1.52542900
4.66335800
5.15914600
3.86950900
5.69445900

1.82751000
2.61694300
2.08707800
0.45699600
0.35747000

-0.60543500

-0.99939000

-2.18051000

-1.39432700

-0.95801100

-2.41124100
1.83301600
0.96062100

1.10680500

-0.09680000
0.18218800
0.38693700
0.82475200

-1.28729900

-1.53898100

-1.96047100

-0.43354100

-1.29852400
0.86940800

-0.85802900

-2.31212700
1.30354100
1.53968500
0.44412700

-1.53038400
2.31257900
0.78723000

- 146 -

-0.66670100

-0.67860000
-1.37772300
-0.97637400
-2.06667100
-0.46680300
-0.20059700
-0.40290200
0.57725800
1.57903900
0.57934900
0.66627500
0.87980900
1.78554800
-0.06329000
-0.28239500
-0.94182800
0.60139600
0.15829700
0.97130700
-0.68195400
-0.16141400
0.21793900
-0.57543300
0.21139400
0.51346900
-0.59660800
-0.90074100
-0.19599400
0.51937100
-0.92604400
-0.20617100



[Rh]
Rh,(esp-OMe),

Cartesian Coordinates
Atom

-1.36671200
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0.00008200
0.00010700
1.45561000
1.44711600
1.44668100

-1.44643000

-1.44707900

-1.45443200
1.45471000

-1.45537400

-1.86692600
1.86716000

-1.86783300
1.86796200
2.93732800
4.17134300
3.84944000
4.90538700
2.32391400
1.45805300
3.06622600
2.00038800
3.35338700
2.49522400
3.78696700
4.09904200

-2.93730700

-3.35344400

-2.49534000

-4.09919900

-3.78694300

-2.32397500

-2.00043300

-3.06634100

-1.45814600

-4.17125600

-4.90528200

-3.84933200

-2.94026200

-3.35757700

-3.78671600

0.08873100
0.01395500
-1.44632800
-1.39276100
1.56575100
1.56601200
-1.39271900
1.47622700
1.47625200
-1.44622400
1.93664600
1.93659300
-1.83419000
-1.83425500
3.04240100
2.59547600
2.52224900
3.40897100
4.30059600
4.65838600
5.10687600
4.09473900
3.36107200
3.69263600
2.49038300
4.16522400
3.04228800
3.36053600
3.69206400
4.16459300
2.48967300
4.30075600
4.09524200
5.10699400
4.65842300
2.59553600
3.40903700
2.52244300
-2.93758400
-3.34672200
-2.50733400

- 147 -

1.01521200
0.91088200
-1.34878800
-1.25657600
-1.25645300
-1.34847600
1.00186500
1.00173200
0.91117500
-0.10934900
-0.10947000
-0.22717200
-0.22751900
-0.08156400
-0.93582800
-1.97997300
-0.88027100
-0.73852900
-0.16901800
-0.76113700
-1.76268500
1.36315300
1.95489500
1.86068700
1.35960400
-0.08111800
1.36366100
1.95550100
1.36024300
1.86095500
-0.73770100
-1.76192000
-0.76005500
-0.16806300
-0.93553700
-0.87990100
-1.97969100
-0.27057700
1.15075600
1.70306200



OIDIZITZTO0OO0OITOZTZOTOOO0OODOTOIOCOO0OO0OO0OIIDIOIIIIOIIDI IO T TOIN T OIT

-4.10595900
-2.50075100
-4.17160200
-3.84682700
-4.90750800
-2.32982100
-1.46555100
-3.07418500
-2.00448300
2.94027800
3.35738400
4.10569700
3.78651100
2.50045100
2.32989700
2.00463500
3.07427600
1.46557100
4.17174100
4.90767200
3.84711100
-4.81103000
-4.30470100
-5.89111000
-4.81294000
-3.49044000
-6.43261300
-6.30040700
-5.88605900
-6.32574000
4.81104800
4.30481200
5.89093100
4.81292900
3.49065200
6.43229500
6.30020000
5.88583200
6.32545300
-7.49220400
7.49171900
-8.08478400
-8.49842900
-8.89550200
-7.36815000
8.08381200

-4.14678800
-3.71871600
-2.43248100
-2.29256500
-3.24669400
-4.15279100
-4.54891500
-4.95403300
-3.88212100
-2.93774200
-3.34726300
-4.14737900
-2.50806400
-3.71934400
-4.15276600
-3.88185200
-4.95397500
-4.54902000
-2.43252000
-3.24671300
-2.29252000
-1.15198500
0.07898500
-1.17816300
1.28772000
0.10152700
0.02180300
-2.13315400
1.24946000
2.16106200
-1.15202800
0.07892500
-1.17818000
1.28768900
0.10145200
0.02180000
-2.13315800
1.24945100
2.16105400
0.10560100
0.10564000
-1.09765800
-1.68664600
-0.79860400
-1.71680700
-1.09760800

- 148 -

1.09596200
1.71993800
-1.09575000
-2.13201100
-1.09615100
-1.00622500
-0.46013900
-1.08183500
-2.01456400
-0.27098400
1.15029300
1.09534100
1.70288300
1.71926000
-1.00700800
-2.01530800
-1.08275000
-0.46110300
-1.09593000
-1.09632500
-2.13222800
-0.59694000
-1.01785000
0.29974900
-0.51855100
-1.73273100
0.77380300
0.61050100
0.37140800
0.76557700
-0.59695200
-1.01801000
0.29998000
-0.51863900
-1.73301100
0.77414200
0.61081000
0.37158000
0.76581300
1.63364200
1.63417300
2.09026700
1.26041400
2.75762300
2.64671800
2.09146000



T T T

81 trans-C—-N

Cartesian Coordinates
Atom

-0.69896900
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8.49787500
7.36672300
8.89417300

-1.13059000
-0.33495200
-1.69012000
-1.12748600
-2.29912200
-2.93739400
-4.01030100
-3.13448400
-3.86210300
-2.46307900
0.45654400
0.86721300
2.05726300
0.00967400
-2.90462600
-2.61413200
-3.42627200
-3.77772400
-4.81592500
-3.77680500
-2.31510000
-3.09005600
-1.08197600
-2.61200500
-4.06759300
-0.62035800
-0.49943300
-1.37288700
-3.21093600

-1.68687200
-1.71649300
-0.79852800

4.42464900
5.19516900
4.90025200
3.35488600
2.62217500
2.54077500
3.07602200
2.62124800
1.59352100
1.12370400
0.83295200

3.92852000
2.63113300
2.37123300
1.60719700
3.76171000
4.04474400
4.61533400
2.47244800
2.70976400
1.94826900
4.20032800
5.35811100
4.08537100
6.41256200
5.42110900
5.13635500
3.17635500
6.30306400
7.31136400

- 149 -

1.26200900
2.64761400
2.75923700

2.55442300
1.91605900
3.47343800
2.95117200
3.53960300
1.86539700
0.72512700
0.34538400
2.64045000
1.98514800
3.04657800
1.85070300
1.83719000
2.00030700
1.66883500
3.80383200
4.82044500
3.35450100
3.75511700
3.50793300
4.71562300
-0.05229300
-0.23060900
-0.70700600
-1.00569800
0.23875500
-1.50289700
-0.61972500
-1.64301500
-1.12411400



0.33244100
-1.00174200

0.20360100

0.70771000
-3.58385600
-3.60974800
-2.17017100
-4.25685300
-4.19088000
-1.21631300
-2.17556600
-1.67472700
-3.90705300
-5.00164500
-0.61050300
-1.09535100
-2.84112300
-2.52137600
-1.17342600
-1.63215500
-2.35081700
-0.67323600
-4.37590300
-3.30175100
-5.49902100
-5.24156700
-3.98857100
-5.17988900
-6.30610000
-2.61794400
-3.96428100
-4.74890600
-5.58350000
-6.65283800
-1.49624000
-2.30568700
-2.67779100
-7.21744500
-5.76513600
-7.28314800
-1.29210800
-0.82824000
-1.35471100
-3.09416100
-2.24930700
-1.72826200

EEE
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5.03888600
7.12017200
0.08996100
-1.86498500
-1.61566600
-2.58847500
-3.19969900
-3.24081400
-2.41414300
-2.35010300
-4.65954700
-3.13467300
-1.25471400
-3.40247900
-2.92721000
-1.11728300
-5.25206000
-4.74213700
-5.09478400
-2.10259100
-3.70420200
-3.57046500
-1.07406500
-0.47891300
-3.22156900
-4.29471600
0.17829700
-2.06271600
-4.11420000
0.11184700
1.02542500
0.40492600
-1.95634800
-5.31551200
-0.26704800
1.51611300
-0.90699400
-5.12071900
-5.91484900
-5.87320600
0.51764400
-1.31644200
1.51767900
1.81374500
2.26453200
-0.94761400

- 150 -

-2.01514400
-2.25568100
0.39198600
-0.95361300
2.48158500
1.97954800
2.04191200
2.57991600
0.59024900
1.17904400
1.56055100
3.50405900
-0.13300500
0.00952900
0.22754200
1.49873300
2.20039900
0.52761100
1.61317600
3.86289500
4.15259100
3.59908900
-1.44310700
0.31963200
-1.28576200
0.57743200
-2.20280900
-2.00932700
-1.93533300
-2.95822400
-1.51032800
-2.96070800
-3.01207600
-1.26968800
-1.97493300
-3.52293000
-4.10861500
-0.34761500
-1.02593300
-1.96530200
-0.98073200
-2.20623200
-4.06927200
-4.22369700
-2.72881800
-4.65056500
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-2.90056400
-3.46308600
2.00309300
2.12839600
1.50569600
3.09340600
3.71310900
2.28857300
4.20236700
2.93969200
4.38134300
4.28975600
1.83086800
2.95255900
1.49386700
4.87213600
3.72143200
4.99651700
4.51135700
6.18767000
5.16981600
3.61447800
6.87945000
6.61038800
4.56201600
6.36844900
8.04561900
3.54145900
4.04676500
5.34942000
6.89281400
8.78642100
2.42374700
4.23545600
2.89537000
9.11911000
9.66065000
8.20677000
1.74907300
2.23227400
4.69767000
5.01504700
3.52371900
2.17433800
3.66931500
2.37595400

-1.91351000
-0.60983300
-0.68521800
0.54280400
1.15353200
1.39037600
0.53782600
2.55510700
1.99722400
0.12703600
1.16165500
-0.29790500
3.17210600
3.18707200
2.18261400
2.57557000
2.70394600
0.99177000
0.58568400
0.44317700
-0.39367500
1.04483300
-0.51375600
0.74738300
-0.85624900
-0.94056200
-0.96857400
-2.03895300
-0.01245000
-1.18465100
-1.68317700
-1.94733500
-1.65193200
-3.33133100
-2.25576200
-1.57732900
-2.16572300
-2.86930000
-0.60899500
-2.38885400
-3.21439300
-3.60180200
-4.16002100
-3.08165000
-2.51041400
-1.35502700

- 151 -

-3.74695200
-4.81394900
-2.04858100
-1.76511100
-0.82746000
-2.61606300
-3.73471900
-3.23442300
-1.69072600
-4.39066300
-4.34062200
-3.33248500
-2.45631100
-3.83553400
-3.89162000
-2.33978800
-1.00632100
-0.88243300
0.36972400
-1.35758000
1.11563200
0.77017000
-0.60082400
-2.31085800
2.42451800
0.62962100
-1.15450700
2.31184600
2.89416700
3.11541000
1.22111200
-0.44853400
1.32544100
1.85322600
3.69901400
0.53100100
-1.06537100
-0.30401000
1.61455500
0.31144600
0.87038700
2.57599000
1.79186800
3.67287700
4.43253900
4.03715800
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IM trans-C-N

Cartesian Coordinates

Atom X

-3.69382400

-0.19496400
0.06075600
-0.63709700
1.02367800
0.86258000
0.99399400
0.97995300
1.36402500
2.34319100
2.57293100
2.22553300
-1.17005800
-1.30571100
-2.42263200
-0.14341000
2.45274000
2.76260700
2.53323200
3.30730600
3.73744500
4.13357600
0.59839300
0.52671000
0.37498800
0.23014000
0.70445800
0.09523400
0.39882100
0.01591500
0.16660200
-0.07450900
-0.21567400
-0.09310800
-0.23704800
3.97268500
4.13210000
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3.50876400
4.50289400
2.92613100
2.78250800
1.70268500
3.00651100
4.52028600
5.28687400
2.45370100
2.76718500
1.37251800
3.70845600
2.74615500
2.44165700
2.29813500
3.09793800
2.38298500
4.10398600
2.95939900
3.92626000
2.25258400
4.91224100
6.30564000
4.03774700
6.81557400
6.96983800
4.56315200
2.96521300
5.94324700
7.88982300
3.88257400
6.33947600
0.16967100

-2.07039200

-0.49864100

-1.54233100

- 152 -

-4.06371700
-4.51082300
-3.12814400
-3.17198300
-1.61556500
-1.23979400
-2.08758500
-1.20048700
-0.18282100
-1.22838500
-2.66291800
-1.64000000
-1.28735400
-1.06788400
-3.58545400
-4.35299000
-3.99957400
-2.28732000
-2.01427300
-2.40133500
0.13549700
0.34467400
1.21688500
1.60228700
-0.49366800
2.47749000
1.08220600
2.67369500
1.74831700
3.30599800
3.65867900
-0.20400600
0.70821400
-2.48326100
-2.18809500
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2.79431000
4.87142600
4.67716500
1.71531400
3.00897500
2.31639700
4.22863800
5.62334900
1.22736500
1.38175400
3.76087800
3.34935900
2.08116400
2.13902500
3.07105400
1.38376900
4.66750000
3.50378100
6.08820000
5.99095000
4.10349700
5.60776000
7.01488900
2.75272300
3.95292000
4.82696400
5.99273200
7.52068700
1.69486700
2.25386100
2.95513500
8.05440600
6.72141300
8.22000300
1.37578100
1.21095300
1.31037800
2.99093600
2.09169100
2.01842300
3.31392500
3.68957200
-1.68686900
-2.00851300
-1.51319900
-3.07440800

-2.31818800
-1.95746400
-1.57658100
-1.81044300
-3.83067200
-2.02335000
-0.63995600
-2.53336700
-2.64723500
-0.57617200
-4.17941800
-4.07612400
-4.38105000
-0.95407900
-2.35524200
-2.55547000
-0.65136300
0.10382000
-2.54349300
-3.25254600
0.36362600
-1.60578400
-3.42258400
-0.02536700
1.31451200
0.55423500
-1.64352900
-4.41860200
-0.35741200
1.19394600
-1.22142500
-3.97807900
-5.07170000
-5.01018400
0.57590400
-1.52628000
0.96565200
1.46494100
2.05969500
-1.49247300
-2.10263400
-0.95941500
-1.39656600
-0.16848800
0.71347600
0.31475400

- 153 -

-2.43017700
-2.88505600
-0.77336200
-1.44976000
-2.25772600
-3.86894700
0.15767200
-0.37367300
-0.63904200
-1.53405400
-2.97668800
-1.24925800
-2.43805200
-4.01677700
-4.59188200
-4.08897600
1.48908400
-0.14522900
0.94674100
-1.09727000
2.46311300
1.87406100
1.43181200
3.15160000
1.93918800
3.26566600
2.88890500
0.55966200
2.07652700
3.95788600
4.09604000
-0.29348800
0.18455300
1.15369700
1.26066400
2.08255100
4.46767100
4.72309200
3.30945700
4.59147500
3.55949700
4.86767900
2.00232900
1.98184100
1.20541900
2.98499000



ITTTrTTrTrTrooxrrrrtooOoOorn oo OO0 00 T T T T T T T TTOOO0

-3.52986600
-2.44628200
-4.28424800
-2.68740700
-4.27238000
-3.97974800
-2.10631000
-3.18599800
-1.59096200
-5.02518400
-3.93405200
-4.92343400
-4.40511700
-6.00096600
-4.91534300
-3.60292600
-6.54578300
-6.44694000
-4.27228500
-6.00011200
-7.61305400
-3.07000000
-3.91224300
-5.01317000
-6.41114100
-8.20006600
-2.00241500
-3.53254500
-2.44229100
-8.60833500
-9.01497400
-7.48260700
-1.50803900
-1.67932300
-3.97721000
-4.27974800
-2.69429800
-1.59207800
-3.18450000
-2.09261700

-0.84132800
1.43337600
0.92551600

-1.25826100

-0.47311900

-1.65139300
2.26353700
1.81415200
1.05526100
1.23297500
1.83110100
0.00941900

-0.02122800

-0.81625200

-0.90059800
0.65669000

-1.67763500

-0.80522700

-0.95093700

-1.72883900

-2.42800500

-1.94480800
0.05042500

-1.23850700

-2.39414100

-3.32878100

-1.59867900

-3.40199700

-1.74524300

-2.80717100

-3.81951400

-4.08842500

-0.42429000

-2.49524700

-3.57966300

-3.63362800

-4.09561400

-2.42178600

-1.96235100

-0.71732800

- 154 -

3.88932800
3.84595600
2.20007500
4.44962500
4.60802500
3.31109100
3.22047900
4.56016700
4.41971700
2.94945700
1.69420800
1.17703300
-0.12634600
1.49857300
-1.08301900
-0.39704500
0.53565500
2.48911500
-2.45431500
-0.75121200
0.95502900
-2.59736800
-2.71109800
-3.21215700
-1.50285200
0.03491700
-1.54136700
-2.44144100
-3.99497600
-0.84187900
0.57158500
-0.30494200
-1.59678800
-0.70302900
-1.45974300
-3.21081200
-2.55867800
-4.14562500
-4.77234500
-4.12519600
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Cartesian Coordinates

Atom X

-4.07754700

0.11631300
-0.02979900
0.19208200
1.32821900
1.42778500
1.10398500
0.20650500
-0.34750200
2.37532900
2.41964200
2.40163300
-1.05250500
-1.26530800
-2.38415500
-0.16642300
2.68651400
3.21741600
2.55427300
3.42385000
3.77643500
4.29226600
0.66106700
1.36270500
0.30892700
1.73959700
1.58930800
0.67007400
-0.25694700
1.39102900
2.28924800
0.37942900
1.67145300
-0.11317800
-0.31642700
3.85794300
3.99133100

OI??IIIOIOIOOOOIIOIIOZOOOIIOOOZIOIIO

3.09466300
4.17513400
2.71624900
2.68660800
1.59403300
2.94396600
4.19927500
4.94975200
2.52221800
2.86529100
1.43228700
2.47025200
2.44395100
2.35780200
2.47951200
3.35450900
2.90030500
4.41887000
3.15234800
4.10950700
2.49515100
4.59024600
5.80222900
3.88484200
6.28896400
6.36320500
4.39363900
2.96405400
5.58476500
7.22332100
3.85526500
5.97038900
0.23350000

-1.97898800

-0.59967000

-1.64484000

- 155 -

-4.08944500
-5.09941700
-3.27254700
-3.34643900
-1.82801200
-1.16122900
-1.93894000
-1.19414800
-0.16305400
-1.20974200
-3.51959700
-2.17835600
-1.74581100
-1.25245900
-3.50219600
-4.34285600
-3.72230100
-2.13908900
-1.74514400
-2.23305400
0.20842200
0.30941800
1.36369400
1.55897900
-0.59239200
2.61411500
1.28449800
2.71491600
1.63178200
3.51140500
3.69142900
-0.17545800
0.76797000
-2.55107800
-2.24909500
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2.62084800
4.69156000
4.58125400
1.59125600
2.78870800
2.10604700
4.18508500
5.51614900
1.08717400
1.30830300
3.50567100
3.15276800
1.83790200
1.96255500
2.82449600
1.14822900
4.66535600
3.47151500
6.02264600
5.84322400
4.15530000
5.59414100
6.94301000
2.81421300
4.01591600
4.90401900
6.00995500
7.40049700
1.71093000
2.38181700
3.00570000
7.91666000
6.57650100
8.10524400
1.39913700
1.17916900
1.44829200
3.15176700
2.22766500
2.07789400
3.31542400
3.77488600
-1.70766700
-2.00297000
-1.50194400
-3.03494800

-2.37714600
-2.09364600
-1.68332600
-1.81675200
-3.89344700
-2.08876800
-0.72966400
-2.66024800
-2.62915300
-0.57078900
-4.27818600
-4.13518500
-4.41463500
-1.01650400
-2.46033400
-2.58995800
-0.74241300
0.03130600
-2.67197800
-3.39327400
0.29281300
-1.71665700
-3.56977700
-0.05761600
1.24501900
0.46658500
-1.75671000
-4.58099000
-0.34336900
1.16998500
-1.26825800
-4.15646000
-5.21910700
-5.18407500
0.59613700
-1.49388000
0.96746300
1.40795600
2.04540000
-1.50950100
-2.15765600
-1.03738300
-1.22715100
0.00637300
0.85620000
0.53504800

- 156 -

-2.43590300
-2.96521500
-0.85268500
-1.43212400
-2.24512400
-3.86345500
0.08462800
-0.47585700
-0.60348600
-1.51418000
-2.98105600
-1.24400000
-2.38839700
-4.02573600
-4.60365900
-4.04413700
1.40137900
-0.20150900
0.82925100
-1.20504100
2.38344600
1.76408400
1.29162000
3.10968100
1.85934700
3.16634400
2.76661000
0.41034800
2.06753500
3.94047100
4.03808700
-0.46149000
0.06396300
0.98610400
1.25873700
2.09638000
4.47914000
4.68400600
3.30452900
4.56469800
3.48471200
4.78533000
2.08525300
2.04425900
1.23252900
3.05838000
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-3.50595000
-2.36024300
-4.24239600
-2.66570700
-4.22536500
-3.98797900
-2.01861800
-3.07387100
-1.49944100
-4.96113700
-3.87987900
-4.92336800
-4.43126400
-6.01532300
-4.97969500
-3.61625500
-6.59967000
-6.44244400
-4.36261500
-6.07876300
-7.67699900
-3.19579800
-3.97514600
-5.12533200
-6.52041000
-8.30649900
-2.10566100
-3.70279100
-2.57910300
-8.71700000
-9.12388600
-7.61674300
-1.56185200
-1.80811600
-4.14226600
-4.46523900
-2.88870400
-1.75437200
-3.33901900
-2.19884300

-0.59577400
1.64569200
1.16761500

-1.02730800

-0.19672000

-1.40120500
2.46771900
2.04616700
1.25295900
1.50296800
2.05990600
0.25554800
0.19066500

-0.53709800

-0.69087700
0.84046100

-1.39922100

-0.49899700

-0.78076800

-1.48509000

-2.11474500

-1.81657000
0.20404100

-1.05646900

-2.15135000

-3.01256900

-1.49834300

-3.25680500

-1.64343500

-2.49237000

-3.47229300

-3.79665000

-0.34779900

-2.38725000

-3.41316800

-3.47008500

-3.97813200

-2.34935200

-1.84072800

-0.62794400

- 157 -

3.98689100
3.89459500
2.28687400
4.53923800
4.71227000
3.42845800
3.25931000
4.62404900
4.44962200
3.04547000
1.76595400
1.28730900
-0.02489300
1.64138500
-0.95853200
-0.32345200
0.70246500
2.63945400
-2.33961200
-0.59290700
1.15303700
-2.48970400
-2.61844100
-3.07973800
-1.32598300
0.25771400
-1.45072600
-2.31627800
-3.89624500
-0.61869900
0.81737900
-0.08372100
-1.53186900
-0.59444700
-1.32849800
-3.07567600
-2.43763300
-4.05441900
-4.66156200
-4.03612500
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Cartesian Coordinates

Atom X Y Z

C 0.07139200 3.17783000  -2.95596200
H 0.60191900 2.21924600 -2.91223200
H 0.04464200 3.53533900  -3.98860400
C 0.74790200 4.19948500 -2.04365500
H 0.14774200 5.11514100 -2.04423900
N 0.79210000 3.65558700 -0.67763000
C -0.41618300 3.83752500 1.00277400
O 0.15792800 3.50106000 1.97652600
C 2.12351900 3.11908900  -0.40600200
H 2.22708200 2.12457900 -0.84966000
H 2.26725900 3.03343900 0.67285300
O -1.29399700 3.00419300 -2.58033700
C -1.58254800 2.49845700 -1.35308300
O -2.73067600 2.19574200 -1.09402100
N -0.57607100 2.31965400 -0.40267900
C 2.23723600 4.45107100 -2.41254600
H 2.39692800 5.46925600 -2.77756500
H 2.54164900 3.76516500 -3.21242600
C 3.02076600 4.14422000 -1.11605400
H 4.02316600 3.74993500 -1.30638300
H 3.12452900 5.04681500 -0.50341800
C -1.45790900 4.85423900 0.74328500
C -2.80307900 4.53793100 0.96996600
C -1.07753400 6.15726600 0.39596000
C -3.76808100 5.53571500 0.83542500
H -3.08188000 3.52136800 1.22029400
C -2.05170400 7.14615600 0.26651500
H -0.02805900 6.39262900 0.24743300
C -3.39635300 6.83495200 0.48353900
H -4.81334100 5.29257300 1.00080500
H -1.76012300 8.15820500 0.00075000
H -4.15435500 7.60600000 0.37777800
Rh 0.00872700 0.16672900 -0.05080700
Rh 0.28091300 -2.20395800 0.36518900
O 1.78294500 -2.21529200 -1.05660500
O 1.54731400 -0.00741600 -1.49086400

- 158 -
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1.42351400
-1.46826000
-1.32236100
-1.22652800

1.64071600
-1.10678200
-1.76928600

1.91381500
-1.60514800

2.09306500

2.91268000

4.15848200

3.83137600

4.85628800

2.21199800

1.35197500

2.90870900

1.85416300

3.34423800

2.48034100

3.85191600

4.02841500
-2.87298300
-3.10388900
-2.18771200
-3.87565100
-3.42946500
-2.41380000
-2.21317300
-3.19131100
-1.49982000
-4.19060200
-4.95186300
-4.01533000
-2.62601500
-2.83455800
-3.21837400
-3.55137000
-1.89528600
-3.97332300
-3.79064900
-4.67314600
-2.07345800
-1.12536700
-2.78650100
-1.90577100

0.49126700
0.13631300
-0.36853000
-2.08471900
-1.72970400
-2.57635500
-0.96013800
-0.51434100
-1.59643200
-1.15230600
-0.22069300
0.53383900
1.53101400
0.67574000
0.70767100
0.20505300
0.97722900
1.62194500
-1.52414300
-2.05514400
-2.19992400
-1.29181400
-0.89355800
-2.27860900
-2.65813800
-2.20574100
-3.00822200
0.10064800
1.08841800
0.19808000
-0.25195100
-0.34410400
-0.34016500
0.69828600
-1.88747500
-3.40134000
-3.85425600
-3.568893400
-3.90306800
-1.16039300
-0.08193100
-1.40435300
-1.29324700
-1.76909600
-1.46453700
-0.21696800

- 159 -

1.46263400
1.40759200
-1.55183500
1.76139000
1.83967400
-1.12165600
1.98680400
2.07752400
-1.75336100
-1.66724100
3.21602800
2.64230700
2.32759300
3.47704500
4.23307200
4.69110100
5.03593100
3.75216400
3.90704800
4.31713800
3.21467400
4.73252300
3.06033900
3.68522600
4.14718200
4.46141500
2.94028400
4.15065000
3.72676400
4.91772100
4.64325400
2.41699800
3.20766700
2.13038000
-2.86954600
-3.02999800
-2.11301400
-3.83918700
-3.28191500
-2.53553000
-2.57353800
-3.34575000
-4.18489100
-4.46412000
-5.00006700
-4.08918200
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3.21670400
3.69408000
4.47531200
4.09948500
2.87125200
2.65775300
2.29914800
3.43878100
1.82308600
4.40605600
5.18808700
4.06159000
-4.58582800
-4.21045500
-5.50904600
-4.69429600
-3.563525200
-6.02665400
-5.81892700
-5.61124900
-6.02790600
4.98325100
4.39989300
6.09149100
4.86683200
3.54953600
6.58235000
6.56198300
5.96827000
6.37850600
-6.94346100
7.66038000
-7.39003800
-7.89940600
-8.09851900
-6.56209700
8.31056600
8.73785500
7.62898700
9.11716800

-1.24439900
-2.69802200
-2.74941400
-3.08730400
-3.35171400
-0.74025700

0.29014800

-0.77930800
-1.36545400
-0.31637100
-0.44085900

0.72186900

-1.50648900
-0.77611400
-2.55617600
-1.10934000
0.06461800
-2.87032500
-3.10793800
-2.15336700
-2.42886400
-0.55291500
0.07312200
-1.39103200
-0.14063900
0.72528000
-1.59690900
-1.86513700
-0.97468700
-1.15657200
-3.86016800
-2.38210100
-4.63470700
-4.01781900
-5.35763000
-5.17332700
-3.06645100
-2.36918800
-3.75608900
-3.63762200

- 160 -

-2.72166400
-2.87281900
-3.64152900
-1.93625600
-3.17628700
-4.07016100
-3.99139400
-4.83879400
-4.40775500
-2.30397700
-3.06416100
-2.37248600
-1.19318400
-0.06394100
-1.05802900
1.21021600
-0.17604300
0.20291300
-1.93888600
1.33414000
2.29877100
-0.92164600
0.17969000
-0.72113800
1.48449100
0.03093000
0.57352600
-1.57552000
1.67145200
2.66051800
0.43895300
0.87424500
-0.65850500
-1.41174900
-0.24842600
-1.13958200
-0.18216100
-0.91582700
-0.69808500
0.28178900
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Cartesian Coordinates

Atom X Y Z

C 0.08425100 4.14072900 -2.38507000
H 1.16139000 4.26692000 -2.51976400
H -0.43867300 4.98683500 -2.84037800
C -0.28318700 4.00290700 -0.89876000
H 0.17099000 2.98694000 -0.64292600
N 0.19571700 5.06046900 -0.03557200
C 1.47829600 5.57699700 0.12738800
O 1.63177600 6.61481000 0.76555800
C -0.90922700 5.73390800 0.68322600
H -0.70634000 6.80433200 0.72690800
H -0.95877800 5.36134400 1.71546800
O -0.35836700 2.98678800 -3.10643700
C 0.06439100 1.73944900 -2.72950600
O 0.15603800 0.85230600 -3.56687200
N 0.41701600 1.52679000 -1.44266800
Rh -0.13114900  -0.02657200  -0.30796900
Rh -0.50903900 -2.11754100 0.86050600
O 0.84124800 -3.07718900 -0.34734200
O 1.19423000  -1.14389900 -1.46042100
O 1.37591000 0.38578500 1.07793500
O -1.48755300 0.84247200 1.00917800
O -1.67999700  -0.55535600 -1.56949500
O -1.86144200 -1.11979500 2.05537200
O 1.01575800  -1.57488900 2.14854900
O -2.00089300  -2.53045200 -0.51192700
C -2.06640500 0.11693800 1.89441100
C 1.62774500 -0.47648300 1.99030500
C -2.26710000  -1.68042700  -1.41424800
C 1.40131200 -2.38447000 -1.24981500
C -1.80270000 3.94446000 -0.63707900
H -2.00042500 3.19197000 0.13105500
H -2.35077500 3.65052800 -1.53628300
C -2.14858300 5.35011000 -0.12536800
H -2.28227700 6.04678000 -0.96164200
H -3.06302900 5.37061000 0.47439900
C 2.66661900 4.88845500 -0.47905700
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3.63540200
2.90297700
4.79922700
3.46246800
4.08096800
2.19335600
5.02355500
5.53464000
4.25803100
5.93366400
2.75220700
4.07674500
3.92822900
4.84150400
2.33619200
1.41035000
3.11921000
2.17940000
2.95194100
2.03395900
3.24348800
3.73943900
-3.05996700
-3.63808900
-2.84455400
-4.32340400
-4.18734900
-2.29337900
-1.85245200
-2.97680800
-1.48709500
-4.20504100
-4.89685400
-3.77063000
-3.36820100
-4.00220100
-4.47449700
-4.76399100
-3.25116900
-4.44590100
-3.97582900
-5.21877700
-2.70696100
-1.97361500
-3.47007200
-2.19317100

5.71726900
3.50938000
5.17145400
6.78841700
2.96893700
2.84712100
3.79383500
5.81986200
1.90007600
3.36600900
-0.12522800
0.16324600
1.06934500
0.39782800
1.16585700
1.01185100
1.45477100
1.99322900
-1.26381300
-1.45494000
-2.19508300
-0.98541100
0.81994000
-0.18523100
-0.64311300
0.33518000
-0.98718700
1.93057400
2.65320800
2.46337100
1.50727900
1.48650700
1.93851200
2.30747900
-2.01578500
-3.37946300
-3.38851300
-3.61116100
-4.17435900
-0.87958400
0.03058900
-1.17328500
-2.05146900
-2.86397900
-2.22894200
-1.11184300
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-1.06883300
-0.38938800
-1.60379100
-1.09384100
-0.91154300
0.09331700
-1.52693900
-2.07210300
-0.83610100
-1.93858200
2.98373900
2.20091700
1.60445900
2.95164600
3.72578600
4.29275700
4.43622900
3.02802500
3.99678100
4.55992600
3.50552100
4.70740000
2.83765300
3.84732700
4.44476400
4.52701900
3.34893700
3.59162500
2.89883200
4.26275400
4.20173800
2.00293400
2.72454300
1.42205700
-2.43652700
-2.12051700
-1.13504000
-2.87498600
-2.13805300
-2.43083100
-2.81714300
-3.15233100
-3.83431800
-3.89758800
-4.60134300
-4.05444700
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2.39562600
2.59131800
3.28072300
3.00376600
1.64246600
1.80307000
1.60396700
2.50508600
0.86343400
3.75487900
4.42925800
3.57795200
-5.07560600
-4.45519800
-6.26143500
-4.95956800
-3.55383000
-6.79458300
-6.75750300
-6.13775400
-6.57582300
4.40759700
4.03924100
5.36387000
4.56335900
3.31638200
5.92041800
5.66710500
5.51210900
5.95928800
-7.94839600
6.86693300
-8.65437300
-8.99217200
-9.52464500
-8.04459200
7.31430600
7.78928600
6.49263600
8.05204600

-3.07295100
-4.54429500
-5.02322500
-4.64081300
-5.08760800
-2.98224200
-1.94418900
-3.41716400
-3.54324600
-2.29602700
-2.82584400
-1.30350600
-0.58369800
0.31851700
-1.21588800
0.56238300
0.82595400
-0.95260300
-1.90022500
-0.07171700
0.10432900
-2.14803300
-1.08740500
-3.07103700
-0.95692200
-0.36308300
-2.93078400
-3.88306000
-1.88067000
-1.80628300
-1.50270400
-3.76438300
-2.41663400
-1.94559200
-2.73050900
-3.29717800
-4.85608200
-4.51847200
-5.54245700
-5.38150800
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-2.20156600
-1.80456200
-2.51060100
-0.79710500
-1.83155800
-3.62760400
-3.90759800
-4.34876300
-3.69556800
-2.18430600
-2.86896300
-2.61079900
-1.08406800
-0.21757100
-0.67761400
1.06850800
-0.54088100
0.58916500
-1.35697000
1.46142500
2.43958100
-0.82384100
0.00715600
-0.37175900
1.30292600
-0.34967200
0.90449900
-1.02347400
1.74023700
2.72727700
1.07220900
1.43105100
0.25043000
-0.68255900
0.83010700
0.00747400
0.64604800
-0.28507400
0.40085700
1.25569700



Cartesian Coordinates

Bz

H N
N,
o

o
PDc_y

Atom

-0.66143700
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0.04331500
-1.30211000
-1.53162900
-1.61991500
-1.21219000
-0.02414700
-0.06131100
-2.43406100
-2.50200000
-2.38344400

0.07143200
-0.33405500

0.11740200
-1.31723200
-3.01953900
-3.51741700
-3.07733000
-3.57342300
-4.51535200
-3.74583400

1.30140800

2.26967700

1.64902700

3.54588700

2.00880500

2.93496700

0.92684000

3.88032900

4.28415400

3.19011300

4.87792500

0.84632800
0.08732800
1.14858700
0.36470000
1.48706300

-0.96243100

-1.68102000

-2.90299400

-1.76649400

-2.56375500

-2.25051400
1.99134500
2.35928100
3.29857900
1.48388300
0.19145300
1.16253100

-0.28666700

-0.75702400

-1.23021000

-0.22456800

-0.98454100

-1.55536800
0.11060900

-1.00472200

-2.43563300
0.64957400
0.53101500
0.10111000

-1.44310200
1.50102200
0.52799000
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1.53369900
1.87506200
2.36846500
0.33157500
-1.52982100
-0.25794700
-0.26456100
-0.38573100
-0.48846700
0.26169300
-1.46713600
1.09010800
-0.16334100
-0.76944200
-0.56701700
0.71510500
0.77538200
1.70203700
-0.34726100
-0.05670600
-1.29108300
-0.16398500
0.67736200
-0.96343300
0.75443900
1.25687300
-0.89912600
-1.65431600
-0.03312400
1.42039700
-1.52288800
0.02400400



3-7. Additional calculations

3-7-1. Generation of free ylide intermediate

Generation of Rh-free ylide (IM gee-yiide) from IMs.c—ywas found to be thermodynamically

13.3 kcal/mol unfavorable.

Dissociation of the Metal Complex

[Rh]
O :_ B o _ B
MNTs 6=4133 NN
0\,& 0\,& + [Rh]
A A
IM cis-C-N IM free-ylide
0>/N_ Bz
Ny
0\—'&
H
IM free-ylide
Cartesian Coordinates
Atom X Y Z

1.99379400 1.00614600 1.43297700
3.02253700 0.95621500 1.04479400
2.05101900 1.12741200 2.51934600
1.22778500  -0.26411100 1.09784200
0.21846100  -0.17891200 1.50131000
1.11504900 -0.29183400 -0.42420100

-0.18946000  -0.95241000 -0.91643600

-0.09186300  -1.89072500  -1.66464900
2.31337700  -1.09887400 -0.86845700
3.14889200  -0.39791400 -0.83922400
2.14892800 -1.41882400 -1.89408000
1.30898700 2.12641400 0.92155700
1.02315400 2.11909000  -0.45515500
0.73557700 3.19258100  -0.95190800
1.05794100 0.96411200 -1.17417500
1.94619900 -1.57353400 1.48812500
1.27987000  -2.24042100 2.04173900
2.78980200  -1.34416700 2.14888500
2.42852800  -2.21797600 0.16125200

NTTozZzoocoZTooozzToznx O
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3.45295600

1.78535700
-1.48486300
-2.36739800
-1.89300800
-3.61525000
-2.06237400
-3.15212700
-1.26760900
-4.00868400
-4.28204600
-3.46497200
-4.98563000

-2.59383800
-3.05497500
-0.45798200
-1.47490700
0.88438900
-1.15480000
-2.51243700
1.19110400
1.67825700
0.18223500
-1.94762000
2.23019900
0.43470600
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0.22839200
-0.12284300
-0.36965800
0.04358200
-0.29612800
0.56908700
-0.05079400
0.22113500
-0.68202500
0.66305100
0.89593400
0.26370000
1.06620200



3-7-2. Calculations on the open-shell triplet pathway

Calculations with an open-shell triplet pathway were also performed using the hybrid
density functional method based on UB3LYP and the LANL2DZ basis set for Rh, and the 6-
31G* basis set for H, C, N, and O (Table S3). The vibrational frequencies were computed at
the same level to check whether each optimized structure is an energy minimum (no
imaginary frequency) or a transition state (one imaginary frequency) and to evaluate its
ZPVE and thermal corrections at 353 K. The IRC method was used to track minimum
energy paths from transition structures to the corresponding local minima. Single point
energies were calculated at the UpB97XD/6-311+G* (for H, C, N, O) and SDD (Rh) in

chlorobenzene solvent.

Table S3¢
Thermal Correction Sum of Electronic and
E(UwB97XD)
to Free Energy Thermal Free Energies
(A.U.) (A.U.) (A.U.)
RT? -3134.557772 0.864072 -3133.6937
RT tripie -3134.566026 0.864072 -3133.701954
TS1 ripter-c-v -3134.494881 0.900576 -3133.594305
IM1 riptec-c-n -3134.533938 0.871466 -3133.662472
TS2 ripter-c-v -3134.475458 0.868168 -3133.60729
IM2 riptec-c-n -3134.554405 0.864168 -3133.690237
PDca? -838.930829 0.206358 -838.724471
(Rh)? -2295.675716 0.642582 -2295.033134
TS cripter-c-a -3134.52849 0.86446 -3133.66403
M ripies-c-1 -3134.568025 0.865203 -3133.702822
PDc# -838.99033 0.205751 -838.784579

2UwB97XD/6-311+G*/SDD. * RwB97XD/6-311+G*/SDD.
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IM free-ylide

Cartesian Coordinates
Atom X Y Z
1.99379400 1.00614600 1.43297700
3.02253700 0.95621500 1.04479400
2.05101900 1.12741200 2.51934600
1.22778500 -0.26411100 1.09784200
0.21846100 -0.17891200 1.50131000
1.11504900 -0.29183400 -0.42420100
-0.18946000 -0.95241000 -0.91643600
-0.09186300  -1.89072500 -1.66464900
2.31337700  -1.09887400 -0.86845700
3.14889200 -0.39791400 -0.83922400
2.14892800 -1.41882400 -1.89408000
1.30898700 2.12641400 0.92155700
1.02315400 2.11909000 -0.45515500
0.73557700 3.19258100 -0.95190800
1.05794100 0.96411200 -1.17417500
1.94619900 -1.57353400 1.48812500
1.27987000 -2.24042100 2.04173900
2.78980200 -1.34416700 2.14888500
2.42852800 -2.21797600 0.16125200
3.45295600 -2.59383800 0.22839200
1.78535700  -3.05497500 -0.12284300
-1.48486300 -0.45798200 -0.36965800
-2.36739800  -1.47490700 0.04358200
-1.89300800 0.88438900  -0.29612800
-3.61525000  -1.15480000 0.56908700
-2.06237400 -2.51243700 -0.05079400
-3.15212700 1.19110400 0.22113500
-1.26760900 1.67825700 -0.68202500
-4.00868400 0.18223500 0.66305100
-4.28204600 -1.94762000 0.89593400
-3.46497200 2.23019900 0.26370000
-4.98563000 0.43470600 1.06620200

I TZTOTZTOTO0OCOOTIIOTITOZO000TToo0Zzron O
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RT triplet

Cartesian Coordinates
Atom

ZOo0OOoOIXTITOO0OOZT O I T O

~ =~
s 5

OZTZTOTTZTOOO0OO0O00000000O0

4.09037300
4.14290400
4.70216500
4.54854800
3.92472800
5.97728700
6.58516900
7.80779900
6.83850300
7.63114000
7.32671000
2.74407800
1.73919000
1.87671300
0.50037700
-0.74833000
-1.95327900
-2.69073800
-1.56281900
-2.38148400
-0.04829600
0.78185600
-1.16244400
-3.561118100
-0.35311100
-0.39206200
-3.41280400
0.66687000
-2.34883900
4.51388200
4.43255800
3.65863000
5.87426500
5.83937500
6.17651200
5.74208600

-1.31081200
-1.55690000
-0.42992800
-2.51287300
-3.36797800
-2.79385700
-3.22543100
-3.16113900
-2.30494300
-1.66771900
-3.15922900
-0.89962200
-1.61966800
-2.59697700
-1.13903500
0.04059100
1.51223800
-0.16045800
-1.54268200
0.08553200
1.75308800
0.14570500
3.11656900
1.44153800
1.52873700
2.90483800
0.76397200
0.84492700
-1.31175700
-2.23315800
-3.18391700
-1.61295900
-1.57455300
-0.50557800
-1.66173500
-3.78729300
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1.44696100
0.38389500
1.65171700
2.29485300
2.03353600
2.05035900
0.89563900
0.76907300
3.14662600
2.74639900
3.63254300
1.77877900
1.23526000
0.51967600
1.62610800
0.61410700
-0.88317600
-1.84146600
-0.45140400
1.86669700
1.56591200
-0.79894700
0.14609300
0.46192900
-2.17723700
1.13161900
1.52948500
-1.86205900
-1.43149900
3.80820500
4.34780200
4.08986500
4.09217400
3.85170100
5.13975000
-0.21873800
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6.04507700
4.76272000
5.34704300
6.83951700
4.07801100
4.55241400
4.35953300
5.58122900
3.32465700
3.81905800
-4.59272400
-5.04465600
-4.22985000
-5.89136700
-4.08902400
-3.76744400
-4.89945100
-3.24704800
-5.75402800
-5.44254000
-6.13047900
-6.57582900
0.16875500
-0.33678000
-1.42937500
0.05675000
-0.01829300
-0.31273700
0.01371700
0.09162100
-1.40649100
1.73405500
2.08697000
2.03933400
1.86450000
1.58736800
1.43057400
2.44089300
0.69646300
3.15159700
3.38961700
3.96916800
2.07264200
1.20155300
2.94324800
2.23610600

-3.37718500
-4.76941900
-3.90403400
-2.65245300
-5.31132300
-5.13616100
-4.87165600
-3.57012800
-6.07634000
-5.28803500
0.76335500
-0.71165400
-1.22373800
-0.65791300
1.37014800
2.40906300
1.36602000
0.80006400
1.60583000
2.64030200
1.20721000
1.61100400
4.11928500
5.42947200
5.47900100
6.28006900
5.53215600
4.01669600
3.07974400
4.85280400
4.06660000
4.05779600
4.94632200
3.18319200
0.81769000
1.70391700
2.74762900
1.65276700
1.36498400
1.28858700
0.53296600
1.27912800
-0.64867000
-1.01627500
-0.71294800
-1.30759100
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-1.52569800
-0.02137000
-2.61033700
-1.67486300
-1.11013300
0.97873400
-2.40418000
-3.61772400
-0.94507200
-3.25001800
2.51510000
2.78638600
3.30897900
3.48183700
3.84540900
3.70673000
4.58327300
4.24782200
1.96399600
1.79234500
1.01904500
2.68986800
1.89415100
1.26998300
1.29239200
1.83934300
0.23008700
3.35969000
3.81926100
3.94186300
3.41820400
1.88618500
2.42437800
2.47010300
-2.82752700
-4.05205700
-3.76927300
-4.73888300
-4.58861300
-2.06906600
-1.31339300
-2.80091600
-3.27330000
-3.82846600
-3.93628900
-2.41616100
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-2.89346500
-3.84767200
-4.20633000
-4.71205400
-3.33954900
-1.68272000
-0.97155600
-2.02742900
-1.15656900
-3.61086600
-3.99203600
-2.85274200
3.06017700
2.55435900
3.45399000
2.37506700
2.28449900
3.31852800
3.86900000
2.77033400
2.67123900
-4.73213000
-4.43510300
-6.06409600
-5.42982700
-3.41250700
-7.07085800
-6.30001900
-6.74937800
-7.55441600
3.68721100
-8.39664400
4.23610800
5.16758000
4.45050900
3.52642900
-8.79051700
-8.55107800
-8.31892700
-9.87306300

-2.54517400
-2.11893500
-3.00969100
-1.57336900
-1.47322700
-3.30154200
-3.568635600
-4.20822100
-2.68230100
-3.49130200
-4.34473500
-3.87918600
2.64718300
2.74543700
3.81456200
3.99169400
1.84249000
5.05912700
3.73730100
5.14432200
6.12720000
-2.85752300
-2.18232700
-2.91530700
-1.50980000
-2.16616900
-2.28328300
-3.45900400
-1.57400700
-1.08794700
6.24989900
-2.29454400
6.23845000
5.65796800
7.28066600
5.83343400
-2.98266600
-4.05313800
-2.55742100
-2.85993700
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-2.17448000
-3.30122200
-3.83127100
-2.91502200
-4.02322400
-2.76910200
-1.98897200
-3.27992900
-3.50522300
-1.15325900
-1.72831900
-0.46530900
-1.40329700
-0.10529800
-2.07673400
0.51483700
0.43083600
-1.45185700
-3.07562600
-0.16342100
0.28799600
-0.35416100
0.83137000
-0.79451900
1.55732100
1.19052700
-0.05628400
-1.70270600
1.11049100
1.65397500
-2.01180300
-0.38852600
-3.31835400
-3.36182200
-3.56274600
-4.05233900
-1.56301400
-1.50555400
-2.45925500
-1.63383900



v Ph
(Rh) -0
\N__x<

X L

H
TS1 triplet-C—-N

Cartesian Coordinates

Atom X

-0.92491700
-1.34405700
-1.10360400
-1.53312300
-0.92121900
-1.59792100
-0.50986400
-0.75823700
-2.94454200
-2.90842800
-3.32053200

0.51323900
1.08583900
2.29222300
0.22931400
-3.01656400
-3.27078600
-3.23374200
-3.77694800
-3.79937700
-4.81230600
0.62821100
1.88592000
0.35022700
2.87844900
2.07662100
1.35144900
-0.64246100
2.61682600
3.85898200
1.13837100
3.39488700
0.04864200
0.04730100
1.55549200
1.54540500

COFETNITZOZOCZONOOIIOITNOZO0N0OTETINO0ZTOTmC

3.32427800
2.32586000
3.63308600
4.36292900
5.26890300
3.91901600
3.56312600
3.08736600
3.48750400
2.47554500
4.14756600
3.27798000
2.67044400
2.56360200
2.20561600
4.64498200
5.65740800
4.58586800
3.59978500
2.63669300
3.88891400
4.58885200
4.16467700
5.95549700
5.10702200
3.10562700
6.89245900
6.28173700
6.47066500
4.77538500
7.95153300
7.20192200
0.15469200

-2.24485700

-1.99399000
0.24610500

- 172 -

2.64571500
2.48480500
3.67894300
1.69072600
1.77486900
0.29149100

-0.51515700

-1.67841900

-0.11267300

-0.52629100

-0.90620000
2.54771400
1.48358200
1.41533700
0.48004800
2.00754300
1.67359200
3.07866100
1.17169600
1.69323600
0.97096700

-0.68113300

-1.13358400

-0.55455500

-1.38895900

-1.26391300

-0.81340200

-0.26345000

-1.22596700

-1.71810200
-0.69680700
-1.42711700

0.13411900
-0.22001800
-1.60260700
-1.30117200



T T ITOTTTTOTITTITTIOOIIOIITOIITIOOCIITIOII IO ITIOOOOOO0000000

1.41654600
-1.47280400
-1.37030200
-1.45752900

1.44685900
-1.34373700
-1.88661700

1.82890900
-1.75245900

1.97855700

2.85653100
4.10413800
3.78141400
4.80958800
2.20051900

1.31727500

2.91199900

1.89563400

3.25672200

2.38559500

3.71747000

3.97465100
-2.98803800
-3.34151200
-2.46420300
-4.10695300
-3.72655100
-2.45343900
-2.17559300
-3.22124900
-1.57026600
-4.25343000
-5.01589800
-3.99540400
-2.77638000
-3.09992000
-3.54389000
-3.80641400
-2.19721900
-4.07480100
-3.82486900
-4.78421500
-2.15685600
-1.25936400
-2.87631800
-1.87710500

-0.20480700
-0.15670500
0.29476800
-2.38911100
-2.43337100
-1.93803500
-1.34942800
-1.38924800
-0.76678900
-0.82446100
-1.53525600
-0.64044200
0.40529500
-0.78229500
-1.00866000
-1.60311500
-1.08041000
0.03581800
-3.00783600
-3.62522400
-3.41502500
-3.09296600
-1.52904100
-3.01640300
-3.59823700
-3.12713200
-3.44325100
-0.97338600
0.08080700
-1.06829000
-1.53146800
-0.70366800
-0.89111600
0.35968500
-0.59150000
-1.94741300
-2.64214400
-1.79835800
-2.41573700
0.07765800
1.10557700
0.14157400
0.36237400
-0.08036500
0.54795700
1.31673400

- 173 -

1.65412900
1.55008100
-1.37007200
1.18550600
1.28376500
-1.71299800
1.76500000
1.89364800
-1.97215200
-1.84710500
3.03082500
2.71776400
2.73623400
3.54636600
4.32795000
4.59157900
5.15886000
4.21961600
3.21105100
3.45010600
2.30814700
4.03583500
2.82957400
2.99190100
3.28855500
3.76964500
2.06304300
4.16854200
4.08050500
4.94531200
4.50025200
2.42174800
3.18806900
2.48236300
-3.10849800
-3.75568200
-3.03836900
-4.58155500
-4.15840700
-2.54522200
-2.26303700
-3.38009900
-4.15534700
-4.60326600
-4.96183200
-3.70151000



T ITOIZITIZIITOOO0OO0OITOIOITOOO0OOOOITOITOITOOOO0O0 T IO I IO I TIOO

3.08907700
3.50785600
4.28322400
3.90328700
2.65898700
2.52876500
2.19058600
3.30482100
1.68084100
4.30908500
5.07841500
3.99341600
-4.72463500
-4.27958500
-5.76448100
-4.81703000
-3.48394200
-6.32792400
-6.12704900
-5.85027500
-6.31059700
4.88524000
4.34033900
5.94280600
4.78900700
3.55632300
6.42545200
6.38090900
5.84072000
6.23446700
7.46150200
-7.35036000
8.08487100
8.54119100
8.86697000
7.37737800
-7.86452800
-8.64982300
-8.29715800
-7.09210400

-0.65541700
-2.02211300
-1.87971800
-2.67731700
-2.53098500
0.22959800
1.19769700
0.39970500
-0.25836200
0.08345500
0.16423500
1.10242900
-0.61963200
-0.34363500
-1.54541400
-0.99831900
0.37682300
-2.18636100
-1.74823800
-1.91478800
-2.43137100
-0.57128600
-0.27424700
-1.49091300
-0.92424400
0.47033600
-2.11192200
-1.70399600
-1.83516400
-2.34185700
-3.00609900
-3.09074000
-3.34305700
-2.46577500
-4.06359100
-3.80537300
-3.43243300
-4.16907100
-2.56095600
-3.87663200

- 174 -

-2.90075500
-3.46565500
-4.22854100
-2.68601000
-3.93158800
-4.03769600
-3.65826000
-4.79334500
-4.53280400
-2.25424300
-3.03311900
-2.00727500
-1.36589500
-0.07191700
-1.54581200
1.04592800
0.07280500
-0.43641900
-2.54753100
0.85472900
1.69195400
-1.01468300
0.23617000
-1.10459600
1.39647600
0.31713900
0.05214900
-2.07359600
1.29623500
2.17264900
0.07581900
-0.50353700
-1.15003400
-1.62890000
-0.90176300
-1.85194000
-1.77919400
-1.59849700
-2.28914400
-2.42123500



(Rh) Ph o
\N)<N
o~ 1D
(0] =

H

IM1 ripret-c—n

Cartesian Coordinates

Atom X

-0.96587900
-1.40380300
-1.20338000
-1.46394100
-0.85017700
-1.39452500
-0.18294400
-0.37779500
-2.69959600
-2.63456200
-2.99685400

0.47272300
1.11139900
2.31306200
0.31113200
-2.96705800
-3.17760500
-3.28585000
-3.65240800
-3.73522900
-4.66052100
0.86254600
2.17322600
0.47697800
3.10842600
2.44304900
1.42014400
-0.55120500
2.73642600
4.12730800
1.13080100
3.46921500
0.04105300
-0.01458700
1.49441700
1.54505300

COFETNITZOZOCZONOOIIOITNOZO0N0OTETINO0ZTOTmC

3.17951800
2.20139900
3.46732800
4.26302600
5.15705200
3.88117000
3.41613600
3.09176900
3.46458700
2.46446100
4.15317200
3.08111100
2.61711400
2.48684900
2.28568800
4.55624500
5.58226500
4.46487900
3.54706000
2.56903200
3.85584000
4.52673800
4.15790500
5.87565300
5.14695900
3.10862300
6.85691500
6.13877700
6.49458800
4.86643400
7.90403500
7.26321000
0.16569800
-2.21202400
-1.94253300
0.28067200

- 175 -

2.76751700
2.54548400
3.79475300
1.79820800
1.97494800
0.38405100

-0.26571600

-1.55498400

-0.15858500

-0.59622900

-0.96116000
2.76699200
1.67236000
1.67522900
0.55612200
1.98153200
1.65924900
3.02468200
1.04273900
1.52837000
0.75216000

-0.53766800

-0.88817600

-0.55691100

-1.17941000

-0.91010500

-0.84844500

-0.33294600

-1.15672200

-1.42951700
-0.83978000
-1.38682300
0.15785300
-0.29977200
-1.67815900
-1.27050700



T T ITOTTTTOTITTITTIOOIIOIITOIITIOOCIITIOII IO ITIOOOOOO0000000

1.39754100
-1.48624200
-1.39299900
-1.51624100

1.38525200
-1.40476300
-1.92244100

1.78484800
-1.79411600

1.94874100

2.80643400
4.07554200
3.77728400
4.77653300
2.16138800

1.26480400

2.86998200

1.87971600

3.17229600

2.28645500

3.62550100

3.88600400
-3.02326800
-3.39660900
-2.52641500
-4.16170600
-3.78919700
-2.47892800
-2.18780300
-3.24582800
-1.60181500
-4.27905300
-5.04106900
-4.00690800
-2.82492900
-3.16932600
-3.61652600
-3.87961100
-2.27494300
-4.11417000
-3.85607700
-4.82711800
-2.20203800
-1.31320600
-2.92436700
-1.90511200

-0.27226100
-0.16208100
0.38983900
-2.37707300
-2.48279500
-1.83201000
-1.35418200
-1.47445600
-0.64484100
-0.77377300
-1.69117000
-0.81431100
0.23703000
-1.00677000
-1.20202000
-1.78672000
-1.32261600
-0.14764900
-3.17863200
-3.78487500
-3.55925000
-3.31427900
-1.55774200
-3.04511100
-3.64896000
-3.17409800
-3.43262600
-1.05851300
-0.00541600
-1.17241300
-1.63915000
-0.70210500
-0.90536200
0.35515500
-0.41989800
-1.74950900
-2.46218000
-1.56508600
-2.21504200
0.24269200
1.25935600
0.34023600
0.55808400
0.11871300
0.77891900
1.49477200

- 176 -

1.66238100
1.56268600
-1.35321600
1.10806000
1.19467100
-1.77717500
1.73190500
1.85084100
-1.98728700
-1.86566000
2.98248700
2.70744500
2.76921200
3.52963500
4.29947300
4.53887600
5.12730000
4.23234600
3.10322500
3.31527300
2.18501400
3.92500600
2.79303200
2.90231400
3.17502100
3.67766600
1.95949400
4.15000600
4.10035600
4.92520100
4.45818700
2.41934800
3.18213800
2.51562800
-3.11160100
-3.80170200
-3.10438200
-4.61730700
-4.22543400
-2.52095300
-2.20671200
-3.34964200
-4.13333400
-4.60117100
-4.92838300
-3.65406100



T ITOIZITIZIITOOO0OO0OITOIOITOOO0OOOOITOITOITOOOO0O0 T IO I IO I TIOO

3.06488500
3.45608800
4.23517100
3.83668100
2.59713300
2.52502900
2.20203000
3.30627400
1.67019300
4.29965800
5.07255600
4.00562700
-4.76671700
-4.30931300
-5.82338900
-4.85290700
-3.49906600
-6.39172400
-6.19476700
-5.90323500
-6.36827000
4.86034400
4.32037000
5.90038700
4.75584000
3.54668700
6.36989100
6.33492500
5.79021200
6.17341000
7.38841900
-7.42988200
8.00265300
8.47735400
8.76929300
7.28432300
-7.95435200
-8.75046000
-8.37529900
-7.19159400

-0.58556700
-1.93542500
-1.77783700
-2.63086400
-2.40661100
0.35937900
1.31451900
0.54972000
-0.09097900
0.09942200
0.19428100
1.11489600
-0.48487800
-0.26079400
-1.38609200
-0.94207600
0.43888600
-2.05415100
-1.54903100
-1.83339900
-2.36918600
-0.61474300
-0.35733000
-1.55013600
-1.05970300
0.39409600
-2.22516000
-1.73365200
-1.98569600
-2.53382200
-3.13970700
-2.93857400
-3.44377300
-2.55925600
-4.18989000
-3.86387400
-3.23095300
-3.96069100
-2.33693400
-3.66623700

- 177 -

-2.91058200
-3.563247600
-4.28870600
-2.78068600
-4.01896000
-4.00847100
-3.58533400
-4.75405900
-4.52681700
-2.23388400
-3.00771400
-1.94840800
-1.36137900
-0.06169300
-1.56591100
1.03707700
0.10184200
-0.47518400
-2.57168500
0.82148300
1.64390300
-1.02012000
0.24158900
-1.14554800
1.37609000
0.35174200
-0.01395300
-2.12217300
1.24018600
2.09610500
-0.02546600
-0.56648200
-1.26436000
-1.71106400
-1.04503900
-1.98161200
-1.85006400
-1.68968000
-2.32997200
-2.50953100



(Rr;) Ph

N0
<D
00—

H

TS2 triplet-C—-N

Cartesian Coordinates

Atom X

-1.06974800
-1.46611000
-1.36380500
-1.59595700
-1.01459200
-1.45781400
0.07984500
-0.32228000
-2.71331100
-2.53750500
-3.03191700
0.36074200
1.07028900
2.27528700
0.31466400
-3.11670400
-3.38666200
-3.43315100
-3.72869800
-3.80253900
-4.73253600
1.03290200
2.37716600
0.59393500
3.28747100
2.68708800
1.51356600
-0.45343900
2.85940700
4.33044700
1.18402900
3.57291800
0.03623700
-0.01482800
1.50531100
1.54888800

COFZIITITOZOITOOOOITIOITIOZOOO0OTTOOOZITIOIITO

3.03298900
2.08613200
3.16712500
4.24005900
5.11421200
4.08496900
3.30887000
3.06847000
3.57744000
2.62179400
4.28427300
2.98946800
2.63538800
2.57648300
2.31677000
4.42459600
5.46824900
4.18881200
3.49636200
2.47080400
3.80416200
4.47594700
4.15028800
5.80724600
5.16870300
3.11238600
6.81704800
6.02847200
6.50062400
4.92540600
7.85133900
7.29265000
0.13439700

-2.23472100
-1.93164300
0.28734100

- 178 -

2.76744300
2.39234200
3.81190600
1.95732900
2.27761100
0.50701400
-0.31580800
-1.53357000
-0.05538300
-0.56264400
-0.83591000
2.81818000
1.71792800
1.78322000
0.56940400
2.16466000
1.96717500
3.18597300
1.10023300
1.47485000
0.79432800
-0.56015000
-0.83112000
-0.64140300
-1.09063300
-0.80157400
-0.90417200
-0.47473100
-1.12601700
-1.26974500
-0.94254100
-1.33650100
0.15909200
-0.32985000
-1.69354200
-1.25725300
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1.39391900
-1.49973400
-1.38417800
-1.52869200

1.37778600
-1.40304600
-1.94028400

1.77801800
-1.78825800

1.95858600

2.79541500
4.05773000
3.74781800
4.75345100
2.13612400

1.24348800

2.83958600

1.84444700

3.17461200

2.29313700

3.63636400

3.88501200
-3.05423700
-3.45930400
-2.60401700
-4.23367100
-3.85185200
-2.50768200
-2.19303900
-3.28122300
-1.64515400
-4.28927400
-5.05686700
-3.99256600
-2.81679200
-3.19303200
-3.65217600
-3.90317700
-2.31065100
-4.08778600
-3.79932400
-4.79413800
-2.17270100
-1.29213100
-2.88895900
-1.85801700

-0.30865800
-0.20616500
0.39365800
-2.41513000
-2.51611100
-1.82210400
-1.39921300
-1.51277400
-0.63132400
-0.75924300
-1.74177900
-0.84786700
0.19929600
-1.04550800
-1.28260900
-1.88017800
-1.41117200
-0.23001100
-3.22756200
-3.84539300
-3.58771300
-3.37163000
-1.61617600
-3.09793100
-3.72815700
-3.23621600
-3.44645600
-1.17292500
-0.12548400
-1.29486000
-1.78237300
-0.72256100
-0.92787600
0.32498300
-0.38661100
-1.70889700
-2.41095700
-1.51065100
-2.19385800
0.30812600
1.31228600
0.43747200
0.57391700
0.11462800
0.80633000
1.50671400

- 179 -

1.65771600
1.55277900
-1.35371300
1.06545900
1.17134600
-1.80717800
1.69805000
1.83636400
-2.00269800
-1.86178200
2.96969400
2.72059400
2.79565800
3.54604900
4.29060200
4.51227500
5.12169800
4.23971200
3.06627200
3.26211900
2.14399100
3.88957100
2.74314700
2.80150000
3.06090700
3.56607900
1.84343500
4.11883900
4.10406600
4.88629100
4.41217300
2.39189100
3.14855400
2.51671700
-3.12489400
-3.81206500
-3.11176600
-4.62461700
-4.23900700
-2.53277100
-2.20442800
-3.36282300
-4.15023500
-4.61450800
-4.94750300
-3.67452300
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3.08268100
3.48739400
4.27206900
3.86545600
2.63522600
2.54588200
2.21703700
3.33032400
1.69552600
4.30835900
5.08477100
4.00427000
-4.76718800
-4.30082800
-5.85685400
-4.86917500
-3.46334100
-6.44923000
-6.23363800
-5.95202800
-6.43559400
4.86917600
4.31747200
5.92152000
4.75263700
3.53203200
6.39108400
6.36460000
5.79938000
6.18228100
7.42078500
-7.51971000
8.04522700
8.51284600
8.81873400
7.33559500
-8.05501800
-8.87804900
-8.44206800
-7.30938600

-0.55858700
-1.90167500
-1.73491800
-2.59986600
-2.37461400
0.38956600
1.34144500
0.58703000
-0.06130300
0.12985800
0.23841600
1.14038900
-0.41418200
-0.23172100
-1.27119900
-0.91323100
0.43237800
-1.93819500
-1.40183000
-1.76058000
-2.29494800
-0.59060000
-0.35511800
-1.51168200
-1.06634300
0.38334800
-2.19462600
-1.67860400
-1.97777300
-2.53244300
-3.09675800
-2.78164900
-3.38051200
-2.48610700
-4.12065600
-3.80042900
-3.02973400
-3.73188700
-2.11157700
-3.48085700

- 180 -

-2.89684400
-3.52462500
-4.27319500
-2.77411800
-4.02114600
-3.99340600
-3.56720800
-4.73386800
-4.51863400
-2.20780500
-2.97639600
-1.91511000
-1.38530100
-0.08222400
-1.60593200
1.00420100
0.09190800
-0.52748800
-2.61443800
0.77238900
1.58501100
-0.99781300
0.26303700
-1.12691200
1.39212300
0.37704600
-0.00015200
-2.10269200
1.25244900
2.10427400
-0.01540000
-0.63444000
-1.25389000
-1.68830400
-1.03837900
-1.97987200
-1.92274200
-1.77553500
-2.38537800
-2.59112000
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-2.56043700
-1.95992900
-3.568110700
-2.56445000
-3.16107000
-1.20710900
0.80138100
0.41386600
-0.92852300
0.13969100
-1.15845800
-2.07530900
-0.79016400
-0.30841800
-0.03395800
-3.11574000
-3.81018100
-3.66188800
-1.85073200
-1.38728900
-2.04523400
2.11107700
2.56656600
2.91490900
3.81181100
1.94874000
4.15631100
2.54762200
4.60563000
4.16168100
4.77534600
5.57575900
-0.03890700
-0.06620500
1.34050400
1.38102200

3.33010300
2.92906000
2.94902600
4.86803000
5.17337900
5.35634900
3.08547700
3.45149600
6.33011400
6.32507700
7.33139100
2.85023700
2.54282000
2.45433900
2.16745400
5.47358700
6.29089500
4.74261800
6.00568500
5.22380400
6.87046900
3.46514300
2.97255800
4.34838500
3.37391500
2.29044500
4.74022700
4.71073000
4.25362600
2.99742300
5.42291000
4.56012900
0.11674400
-2.22183200
-1.79017700
0.39957200

- 181 -

0.44165400
-0.37777500
0.36492300
0.44646500
1.32026400
0.65561100
0.02689200
-1.07065500
-0.38343400
-0.62456500
0.02696500
1.71324700
1.89828800
3.00361900
0.74925700
-0.87474100
-0.65000500
-1.48155900
-1.57409800
-2.18437500
-2.21632000
0.60815100
1.84084600
-0.13409200
2.32560700
2.41183500
0.35464900
-1.08853900
1.58739900
3.28258900
-0.22072700
1.96955800
0.20223600
-0.39781400
-1.85173000
-1.28591000
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1.44972500
-1.45552000
-1.53853000
-1.47441600

1.42907500
-1.56794400
-1.86598900

1.86301400
-1.98248200

1.75978100

2.95654900

4.21011100
3.93160300
4.96666500
2.39658600

1.52700200

3.16178400

2.09069100

3.32991200

2.45906200

3.72815300

4.09123300
-2.90033200
-3.32617600
-2.46570300
-4.04394700
-3.79586100
-2.23484600
-1.89681600
-2.95077200
-1.36998600
-4.13518900
-4.84206700
-3.79816300
-3.09094900
-3.53867700
-3.94883500
-4.31046100
-2.70079500
-4.29716900
-3.95785200
-5.05857500
-2.51025200
-1.66956600
-3.27964200
-2.15544600

-0.37140100
-0.32118700
0.37503400
-2.51193000
-2.55078300
-1.82118200
-1.52501100
-1.57759200
-0.63096800
-0.60115300
-1.85547200
-0.96706400
0.07908500
-1.22262400
-1.45220100
-2.06520300
-1.60720500
-0.40255900
-3.34652900
-3.96860000
-3.66682600
-3.52920700
-1.77230300
-3.24838300
-3.90201700
-3.40728200
-3.55086900
-1.39148100
-0.35154200
-1.52441300
-2.03398200
-0.83378400
-1.04938000
0.19981500
-0.35306800
-1.65938900
-2.36752100
-1.43843000
-2.14666400
0.35495400
1.34133200
0.52344300
0.61078700
0.14844700
0.85653900
1.53815600

- 182 -

1.56738800
1.64933700
-1.22433700
1.09132400
0.97657100
-1.75112000
1.78351900
1.66249200
-1.87625000
-1.98502000
2.71013400
2.40709400
2.57173200
3.15961100
4.09352900
4.35802400
4.86314500
4.10910300
2.71467200
2.94090400
1.74909600
3.48268600
2.89666400
2.92253300
3.09221000
3.73638500
1.98340900
4.23993400
4.23386500
5.05945800
4.44373400
2.68037600
3.49117300
2.81090900
-2.90907800
-3.58382200
-2.85983700
-4.33142800
-4.09035300
-2.20674800
-1.87295400
-2.97905400
-3.96936800
-4.49975300
-4.71081100
-3.51097600
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2.79392200
3.14330400
3.86249400
3.58243700
2.25270000
2.17015300
1.88043000
2.89219800
1.27900300
4.07273100
4.78675000
3.79741900
-4.90377100
-4.34564300
-6.00886600
-4.82906900
-3.50543000
-6.52285300
-6.45767400
-5.92708800
-6.34824100
4.72222500
4.27324500
5.75356400
4.79109000
3.49996000
6.30397100
6.11929900
5.81593600
6.26200000
7.32007500
-7.60158400
7.84428500
8.28536700
8.62476800
7.07620700
-8.23962600
-9.05516900
-8.65309100
-7.55394700

-0.31202800
-1.59894400
-1.36803800
-2.35244100
-2.03631700
0.72036000
1.63237700
0.98035000
0.30974800
0.32597300
0.49107400
1.31113700
-0.38844000
-0.24310600
-1.23792000
-0.96695100
0.42551200
-1.93823300
-1.33728700
-1.80724200
-2.37133800
-0.48168400
-0.33019600
-1.39536100
-1.11024600
0.39759400
-2.15216300
-1.49887900
-2.01399000
-2.62226100
-3.05458600
-2.77617900
-3.26148500
-2.34317400
-4.01741800
-3.63092000
-2.97163100
-3.67335000
-2.03397700
-3.40229700

- 183 -

-3.08912400
-3.85289600
-4.64843100
-3.19471900
-4.31350900
-4.05621600
-3.52715000
-4.83934600
-4.54573700
-2.44860000
-3.26573600
-2.05804900
-1.03248700
0.23873800
-1.20137000
1.33954400
0.37922500
-0.10423500
-2.18363700
1.15929400
1.98640700
-1.34262900
-0.02966300
-1.61265300
1.01500000
0.18563000
-0.57233500
-2.62836100
0.73549200
1.51701100
-0.72628000
-0.15890900
-2.02593500
-2.43710000
-1.91814400
-2.71885600
-1.40870300
-1.22285700
-1.80452900
-2.15089900
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- 184 -

Atom X Y Z
C -0.06779900 4.20558900 -2.51145100
H 1.01004700 4.37988500  -2.52379300
H -0.56452300 5.03386300 -3.02936100
C -0.60126500 4.05547700 -1.08411900
H -0.20865500 2.86046600 -0.90909100
N -0.17078900 5.01066600 -0.10808400
C 1.09604000 5.51898900 0.17560200
O 1.20418700 6.48368900 0.92734600
C -1.31567200 5.57852600 0.64327200
H -1.12048000 6.63177000 0.84425000
H -1.41145200 5.06324300 1.60828400
O -0.36941700 3.04286800  -3.29355500
C -0.13250000 1.77331900 -2.81582800
O -0.12372700 0.84780000  -3.60609700
N 0.03252500 1.63666900 -1.45206600
Rh -0.07813300  -0.05233800 -0.35437100
Rh -0.38296500  -2.09536200 0.91424400
O 0.99209000 -3.00211800 -0.32716700
O 1.28110700 -1.09518800 -1.50629200
O 1.41864000 0.46201800 0.99940100
O -1.46273300 0.83665200 0.94918300
O -1.61524000 -0.74385400 -1.55862000
O -1.74717400  -1.09249800 2.09453500
O 1.13771900 -1.45716100 2.15462100
O -1.88051900  -2.65462500 -0.38205700
C -1.99682800 0.12851300 1.87265500
C 1.71044900 -0.34704800 1.94925300
C -2.17285000 -1.87034200 -1.33465100
C 1.52464200 -2.32459500 -1.25685300
C -2.13171900 3.98683600 -0.95475300
H -2.40159500 3.13564000 -0.31982200
H -2.60958200 3.83571100 -1.92722500
C -2.51067100 5.31076700 -0.27205600
H -2.60195300 6.11409300 -1.01268700
H -3.45441600 5.25250700 0.27772200
C 2.32101900 4.90910200  -0.43993000
C 3.28560700 5.79931500 -0.93815300
C 2.58622500 3.53210200  -0.44159500
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4.47537500
3.08918200
3.78930700
1.88186000
4.72813200
5.20804700
3.99140800
5.65769700
2.82608800
4.13872800
3.96468100
4.90062600
2.37270000
1.45420400
3.14929800
2.18841900
3.06458700
2.15462700
3.38550100
3.84407700
-3.00984400
-3.53229600
-2.71256200
-4.23135400
-4.05187600
-2.28613000
-1.88207000
-2.98526600
-1.45696700
-4.19247400
-4.89626600
-3.79968700
-3.27006700
-3.84936300
-4.31010700
-4.61004600
-3.06947000
-4.38801600
-3.95509300
-5.15836700
-2.62434800
-1.86048700
-3.38886500
-2.15165800
2.53239000
2.75884900

5.31821100
6.86574600
3.05632500
2.82581700
3.94384100
6.01446300
1.98948600
3.56629300
0.08664800
0.37874000
1.25858900
0.66003400
1.39746700
1.24168400
1.74250200
2.18680900
-0.99781000
-1.19288500
-1.94049100
-0.66148600
0.83442800
-0.13960600
-0.53158400
0.38577100
-0.98939900
2.01645800
2.71541900
2.55728200
1.66247300
1.40523900
1.86463100
2.21209400
-2.29380100
-3.66293200
-3.64195100
-3.95827500
-4.42980800
-1.19740500
-0.29133200
-1.55289100
-2.37078100
-3.15658300
-2.61446300
-1.42295400
-3.01946000
-4.47495300

- 185 -

-1.47952700
-0.89095300
-0.97001900
-0.01570800
-1.49895800
-1.87820000
-0.96497500
-1.91608600
2.91751600
2.11607400
1.48819900
2.85348100
3.60089500
4.17904200
4.29302300
2.86681400
3.98055200
4.55521800
3.53098300
4.67463000
2.79583000
3.86434400
4.47318000
4.52620200
3.41590800
3.47934200
2.74116500
4.12766400
4.10292300
1.94301400
2.64831600
1.31465700
-2.32730500
-1.93845000
-0.94778600
-2.67148100
-1.92779000
-2.36051800
-2.79673100
-3.05650900
-3.73035900
-3.76513300
-4.47754000
-4.00135000
-2.18964500
-1.75229900
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3.45832700
3.17260800
1.82154200
1.94150200
1.72291100
2.65269300
1.01231500
3.87656200
4.56288300
3.68198700
-5.01193900
-4.41716800
-6.16738000
-4.91683900
-3.53933500
-6.69568500
-6.64414300
-6.06459000
-6.49840400
4.52364400
4.12789900
5.50328000
4.65010200
3.38308400
6.05597400
5.82738400
5.62254300
6.06970900
-7.82130200
7.02302900
-8.49839100
-8.86621000
-9.34824000
-7.85563200
7.49613500
7.96281700
6.69093300
8.24625400

-4.95905200
-4.53465800
-5.03846300
-2.98205200
-1.95701300
-3.42443000
-3.56157400
-2.21662300
-2.75192200
-1.23999500
-0.85818600

0.11067600
-1.51391200

0.40245200

0.63410400
-1.20624500
-2.25083000
-0.25587200
-0.04596000
-2.01680000
-0.94370200
-2.90138300
-0.75961000
-0.25210900
-2.70973700
-3.72385600
-1.64541000
-1.52972700
-1.77511500
-3.50349400
-2.75893800
-2.35203900
-3.07693900
-3.62558400
-4.60760500
-4.28713000
-5.32036300
-5.09655500

- 186 -

-2.44481900
-0.74256600
-1.76361700
-3.61844500
-3.92985600
-4.32596500
-3.67147200
-2.19232600
-2.86062300
-2.64726400
-1.02131600
-0.21064400
-0.56729300
1.06750500
-0.57152200
0.69136400
-1.20415300
1.50781400
2.48117400
-0.83572200
-0.03433900
-0.35787900
1.25539300
-0.40984800
0.91353100
-0.98600000
1.71834400
2.70139800
1.21774800
1.46345600
0.45465600
-0.49701900
1.06177500
0.24959800
0.71145400
-0.22984800
0.48798700
1.33613100
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-0.81825400
-2.04380300
-2.84905100
-1.18952700
-3.36583400
-2.75631400
-3.44727600
-4.83837300
-5.29318900
-5.05295200
-1.43987000
-0.69286400
-0.24460200
-0.51118100
0.23661700
0.75719500
2.26159400
1.79165400
1.54241700
-1.26920200
-1.02154500
-0.78707900
2.04763600
-0.54356100
-1.46284100
2.17790800
-1.15091900
2.46293700
-3.98058700
-3.99293700
-3.88730000
-5.24492500
-5.47691200
-6.12594800
-1.26472800
-0.62521800
-0.50767900

3.65583000

4.03715500
4.38699300
3.43593000
2.00129900
4.49346300
5.61367100
6.54583100
4.37045500
5.35389000
4.02425100
2.47378600
1.44664300
0.61265400
1.43491000
-0.11025600
-2.09820100
-2.48186000
-0.60398200
0.92908700
0.28020100

-1.34366500

-1.59473600

-0.94953700

-3.18888100

-0.54434900
0.28929700

-2.58292100

-1.66874700
2.47853700
1.64326000
2.03736000
3.34673200
3.85785900
2.76995900
5.66061100
6.88578500
4.56658300

- 187 -

-2.55738100

-2.09728700
-3.31973900
-1.55962300
-0.90181200
-0.79117800
-0.23090800
0.17852600
-0.62202800
-0.74205200
0.39691800
-3.31377800
-2.78357400
-3.54497900
-1.41676100
-0.33747300
0.93722900
-0.42295400
-1.59077900
0.90814800
1.05291800
-1.42901700
2.22191900
2.04937000
-0.21989000
2.01402300
1.81759300
-1.15448700
-1.37718600
-1.85802100
-1.14111200
-2.85410500
-1.68568200
-2.62698800
-1.39053700
-0.10262000
-0.34141800
0.33763600
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0.75625800
-1.22530100
0.87482300
-0.99762400
1.51004900
1.24565900
1.44689200
2.58801300
3.14810800
4.18067900
3.63586500
4.83942200
2.31847600
1.58317800
2.98175600
1.78399000
3.86514500
3.14758300
4.45493600
4.53871000
-2.59966100
-2.72539000
-1.79518300
-3.52580000
-2.96000600
-2.25886600
-2.15171000
-3.05554000
-1.32400900
-3.94101600
-4.71674600
-3.84211200
-2.10543900
-2.18953800
-2.57902800
-2.85269600
-1.20463000
-3.51713200
-3.42056300
-4.16365300
-1.54309200
-0.56831600
-2.22481300
-1.41944500
3.57910400
4.34784900

6.99754400
7.73960100
4.67983800
3.62658600
5.89287000
7.94604600
3.81236700
5.97875900
1.09252700
1.84834400
2.58507800
2.40772100
2.13407000
1.64101700
2.72686700
2.81569800
0.15994400
-0.35107500
-0.60161300
0.75080100
-0.20355800
-1.29172600
-1.39244900
-1.02172900
-2.26606300
1.15071500
1.94429200
1.43385600
1.08536500
-0.04152300
0.19600000
0.83210500
-3.38192400
-4.84423800
-4.92491600
-5.40206400
-5.31943400
-2.70386500
-1.72462800
-3.31445500
-3.31311000
-3.81112500
-3.82578600
-2.27733100
-1.97827300
-3.24363900

- 188 -

-0.19604300
-0.63966100
0.48695500
0.57302900
0.21079600
-0.39958100
0.80073500
0.31768400
2.70255700
1.80050300
1.20041200
2.47625400
3.48884400
4.13548300
4.12904500
2.82203200
3.69289700
4.34102600
3.17790300
4.32504400
2.99588100
4.07392200
4.64036300
4.77319600
3.63919200
3.65920800
2.91419400
4.35663900
4.22804600
2.20471300
2.94317900
1.55109900
-2.05801600
-1.59366200
-0.57572400
-2.26600500
-1.61374600
-2.04929600
-2.52916300
-2.69211100
-3.49741600
-3.55909500
-4.18614600
-3.82518700
-2.38933700
-1.97869300
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5.11896400
4.83269700
3.67875800
2.90229400
2.30330100
3.66716000
2.24550200
4.53684800
5.31379200
3.96618900
-4.15460300
-3.85343500
-5.03020600
-4.36235200
-3.19474500
-5.57380100
-5.28259200
-5.23160900
-5.66585900
5.17411400
4.48734500
6.43625000
5.00487400
3.52782800
6.98162000
6.98075500
6.26013400
6.70826400
-6.44520100
8.20666300
-6.82017100
-7.33547800
-7.50466400
-5.95203900
8.98366800
9.23015600
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