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Optically active cyclopropane derivatives play an important role in natural product
synthesis and are valuable synthetic intermediates in organic and pharmaceutical
chemistry. Especially, transition-metal-catalyzed asymmetric cyclopropanation of olefins with
diazo compounds is a useful method for the stereoselective synthesis of chiral
cyclopropane derivatives. However, most of the successful examples of asymmetric
cyclopropanation are limited to diazocarbonyl compounds. The development of a
general and efficient catalytic system for the asymmetric cyclopropanation with other
type of diazo reagent is highly desirable. In this report, | developed a novel
catalytic system using Ru(ll)-Pheox catalyst and achieved high stereoselective
synthesis of functionalized cyclopropane. The outline | follows.

1. Highly Stereoselective Cyclopropanation of Various Olefins with Diazosulfones
catalyzed by Ru(ll)-Pheox complexes

For the wide applications of cyclopropyl sulfones in synthesis and biological
activities, our attention was focused on the cyclopropanation with diazosulfones.
In presence of Ru(ll)-Pheox, highlyenantioselective cyclopropanation of various olefins
including styrene derivatives(up to 98% ee), vinyl ethers and vinyl amines was achieved.
The absoluteconfiguration is determined by a X-ray crystal structure analysis. Moreover, alkyl
ation of the resulting cyclopropyl sulfone proceeded smoothly without loss of enantiopurity.

2. Enantioselective Synthesis of Thiabicyclo[3.1.0]hexene Dioxides via Intramolecular
Cyclopropanation of a-Diazo Dienyl Sulfones

Optically active thiabicyclo[3.1.0]hexane dioxide compounds are important structuralmotifs
which show wide application as synthetic intermediates and exist in numerous
pharmaceuticals. However, achiral Rh;(OAc), is often employed as a catalyst for
the synthesis of racemic thiabicyclo[3.1.0]hexane dioxides and until now the
enantioselective synthesis of thiabicyclo[3.1.0]hexane dioxides has not been reported.
In this chapter, we have developed a highly enantioselective intramolecular
cyclopropanation of a-diazo dienyl sulfones in the presence of chiral Ru(ll)-Pheox
catalyst. The cyclization proceeded smoothly at room temperature to give the
corresponding optically active thiabicyclo[3.1.0]hexene dioxides. To the best of our
knowledge, this is the first example of the direct and enantioselective synthesis of
thiabicyclo[3.1.0]hexene dioxides with high enantioselectivity.

3. Highly Enantioselective Synthesis of Trifluoromethyl Cyclopropanes Catalyzed by
Ru(I-Pheox Complexes

Trifluoromethyl cyclopropanes constitute attractive synthons in medicinal chemistry
as they combine the conformational rigidity of three-membered rings with the unique
and often highly beneficial features of fluorinated substituent. However, highly




enantioselective synthesis of these compounds have been only two reports. In this
chapter, highly enantioselective synthesis of trifluoromethyl cyclopropane was achieved
(up to 98% ee). This catalytic system can be applied for cyclopropanation of various
olefins including styrene derivatives, vinyl ethers, and vinyl amines. We also achieved
cyclopropanation of phenylbutadiene. This resulting compound is known as a synthetic
intermediate for biologically active compounds.
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1.1 v7u7uXvoRRLEROBE

a7 a R AFBRARRIRILKRFZO P TR/ OREGEERD, EATTKEAMAICER
THEAZFINAX—ENELTND, 20X IefEaR) & 1876 4, Meyer 1X — BB
BEDT 7 a7 a /N AIFETERWE FHIL T L, LasL 1882 45, Freund (% 1,3-3
TaETaNrEF M) U LADRIENLRFB LIS LN T B X OREIERMEERZ R L,
ruTaNr R THIO TERET D 2 L ITEE) L7 (Scheme 1.1-1) 2,

Br\/\/Br + 2Na @ ——— v + 2NaBr

Scheme 1.1-1. The first synthetic example of cyclopropane.

a7 aNrOC-CRAEDRAEAITE=ZAE THHT-DIZ60°TH L0, TIUTET

BINCETE & SNDRFEOENEERD 10950 HIEEREVMETH 5, L LR S EED S 7
n 7 asrORE, BRE/NESL T HOICHGENET O spPIRREE X VD b p BBt A R
DI EIZE ST spP IBAELEICETE L, HICHUER O AN 104°12725 £ 512 C-C A%
OIS Z Llc k> TREMEEZH L T (Figure 1.1-1), 2D XL 91V HEELL T
WHHLOD, EKIRE L TERIFHELTEY, 27.6kcalmol DEA TR LF —%FFD3, =
DEATEREE LM U p BEMEDZOICy 7 a7 a /T LIELIEA L 7 4 v OREICHE
D89,

Figure 1.1-1. Valence bond model of cyclopropane.

ra N OERBEND 2 %, Perkin IO 7 a T a R EERTHD YT
FhvraraRl1-CANRFL— R EAR L, BICRIbKFBIZL D7 a s aRy
B2 O BABR SIS & A L Cuy 5 (Scheme 1.1-2) 4,

1) Na
:ﬁ\viﬁ\ Alcohol Q@ 0 HBr Q@ 0
EtO OEt o Bre_ g, EtOJKU\OEt EtOJ\éi)Et
Scheme 1.1-2. The first synthesis of cyclopropane derivative. Br



—5 T, BRI ZBREEZ S0 ABEEMNAET 2 2 ERlE STV, 1892
£ Semmler (2 X » THEES 7= ¥ 3 > (Tujone)iE. 1900 4 Semmler (2 & 2 TAHZ & T
Tschugaeff |Z L 2415 O EN K X7z, 1906 4-1Z 1% Wallach (2 & - T ¥ = > (Thujene) D
HEMHINLTWD, TROIFERANOHBESN RGO 7 a7 a /U FERTh S
(Figure 1.1-2) °,

Ty, iy,

Thujone Thujene

Figure 1.1-2. The first isolated cyclopropane from essential oil.

1924 41213 Ruzicka & Staudinger (2 & > T, v u/NF AT =7 X 7 (Tanacetum
cinerariifolium) 2> & HEE S 72 RAROFEBFI TH L E LAY U OBIENH LM Sz
(Figure 1.1-3)5, Z O#ELIRE, 7 v 7 a /R FiEH B IR FUZ B TRk & 7o 2E TR E L
BENTND Z EMPRAITRMIN TN o7,

X N
AN, o, =\_. = 0N, o, —\_
o) o)
o) o)

Pyrethrin | Pyrethrin 1|

Figure 1.1-3. Pyrethrin, isolated from Tanacetum cinerariifolium.

T v uru UKL ORI E ZACLALND, TOLX v sa T
N D1OELTL-T /v 7aranNy-1-I)VR U BBRET b, 2 1957 412
A EFNGHESN v s uTa kG wTHY . T /v ra T asr RSy
L— hAF ¥ —E8 (ACCO)Afilili & L CHEMAINLE L Th DT Lo Z ¥ % (Scheme
1.1-3)', ZORISTIET Aa B iR & LTHWHRTEHY | ACCO IZREGT 52
& CHRAADIRIEZ B L &85 2 LTt A E&E TV D,



O,, ascorbate
A \ > _— + C02 + HCN

2H,0, dehydroascorbate

Scheme 1.1-3. Biosynthesis of ethylene catalazed by ACCO.

EHMOEETIZH V7 u 7 a R FRITEBEICR O, B2 Emof & LT
FR-000848 (¥ 2 —#'~ A L )& U-106395 N 3(F B 5 8, ¥ 3 —H'~ o1 2103 1990 4T
Streptoverticillium fervens 7> & Bt SN ETEHEOHHX 7 LAY R THY | U-106395 |
1995 4|Z Streptomyces sp. UC11136 7 b B S L7 2 L AT B — /L AT )VEE X /87 /8
FHE & L CHRE T 21b&6% T 5 (Figure 1.1-4),

o HO

HN’« Z \\\OH
0] N_<oj\

U-106305

Figure 1.1-4. Polycyclopropane compounds.

ER U7 ATEEE I CE E O, BUETHbRA RAEWIENE o s n T X bh
MR EREENTEY O ETETIRARAEMIENRDONDL EEZOND, DL 7%
BraliER 2ETIII 7 0 a XU OGRIEDOERD 1 D TH D AN Z2FM LK
JEZ DWW THRIT T D,
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2.1 AINRUOME!L
%E*WW?%%%W&ViGM%%%%OﬁfM%@T%D20@cﬁéklo@#
HHEREFED, FHEOLFEFRETIEIHL2H0D 6 MEFTHITZOIZETFNAELTE
D RN O & SERK S D T2 OB DE R 2 RKD D Z &L ETKH&@%EE(CE?)%)O E N
%TE“CE%Z) EMBREFMETIEH D OO, TR T2 DITRER L ROGMEZ T, il %
WITREA & L TEIBB SNV A LT 4 VEHEDO V7 a7 a ARG, C-H
A%® LHRE A ~OFASIGNEIUTEYS T 5 2,
H R ia%%@ﬁﬂﬁ Ko T2HEICHEEIND Z ERMBNTED, sp? Bz 1 xf
DEFEZFFLIRN D HZED p WENFIET % —EEH A1 /L (singlet carbene) & sp? #liE & p
$ﬂﬁibl%ﬂ7€ﬂﬂ<ﬁﬁ¥%ﬁogﬁiﬁﬁ/V/\/(tnplet carbene) 23713 % (Figure 2.1-1) 2,

C—R C—R
triplet carbene singlet carbene

Figure 2.1-1. Triplet carbene and singlet carbene.

ANRAIF VLT 4 ERIGT D Ty a7 v b2 2 EBRHMLILTON DM,
ZFOBFHIMEIC L - TR DB CRIGHEITT 5, —BIED LU ISR RIS A
L7 4 ST D28, ZEHIED LAY T VBV ORRITIET 5 72 OISR ER LAY
WA % 2 &3 d B (Figure 2.1-2),

Me Me Me Me o
\—/ stereospecific:
o ) singlet carbene

CR,
singlet carbene

Me Me Me Me Me Me
=/ — \—< — Y - Me“\\Y
. \_CHR,

CR, R R R R

triplet carbene stereoselective:
triplet carbene

R R

Me

Figure 2.1-2. Difference of cyclopropanation between singlet and triplet carbene.
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1862 41T Geuther LY LR UHIBMEA L LT m RV LAZFIHT 5 FELRE LS, &
|2 100 = > 1954 45, Doering & Hoffmann |3 tBUOH A1, v 7 e~k brnny
71 RV ADOIREGYZ tBUOK TRUHET 2 Z L IC K> THMILS SDNEITT 2 Z L2 AL
7-(Scheme 2.2-1)%, & oN7-bAWIT 7,7-P 7 vy 7 bl ~7% & L THESERE
SN NS, ARUSITERIC LD oz h250 2700l 6D TH
5D ENRE T, 1977 41213 Cory & McLaren 23 Ishwarane D2 &K O TZ O HEDH
AMEZ R LTSS, ZOWRETIIA L7 40T T T7 0T H %278 °C, BFEIED A
FNLIVFULATUE L CHMET AV Ve ara XUk Es2 &L T s, HiZ
BE%Z-30  CETLRSEDLZLTYFU LN T U ZHOSEHET, fi oD 5
W27 ara R IR R C-H ARG ERZ 32 & THIO Ishwarane % &% L Ty
% (Scheme 2.2-1),

Doering and Hoffmann: 1954

H
Cl H KOtBu Cl .. @

X (“)\ —— o o~ (}<CI
Cl Cl -tBuOH ¢ cl —KClI Cl

H
Cory and MclLaren: 1977
CBry H
MelLi Br MelLi
R Br\\\\ . R
-78 °C -30 °C 26%
Ishwarane

Scheme 2.2-1. Formation of dihalocarbene and total synthesis of Ishwarane.

1967 4F, Crandall & Lin (X a UV FA LI ARE > RREGICHBEZ S| &L, B
RUEBAERTHZ RN LIS ZoWETIE 2 EEAZ2FF > AR¥ 2 N4 tBuLi COLEt
TZD ETRIAERME LTy 7 r 7 ax) — a2 Tn5, KFEIL Jacobsen 5 imit

FOENASRICE > CRE SN EAFMEO S W AR v REFHTETH D, Tk
¥ Hodgson 78 Z O 5O BAIZHIEZ Ff D . LITMP 12 X > TEWWIER TR H#EITT 5 2
LERRHLTWD 7, %13 2010 FICFEFEZ VTV VEIZE D Cubebol DANFH
AR RH) L CTU % (Scheme 2.2-2) &,



Crandall and Lin: 1967 Hodgson: 2007

O muwi M 0 oLj o L S
R0 T =S e [ =t e
o ’z// N 2 ’///
7 o Z o°Ctort
70%
Hodgson: 2010
LiITMP
tBuOMe 2 steps
WOH
: ) O °Ctort < OH :
/:\ 90% : :
Cubebol

Scheme 2.2-2. Carbene formation from a-lithiated epoxides and
a application for total synthesis of Cubebol.

2.3 Simmons-Smith &

ABNTANNZRA LT 7 a7 a N Abo R THEA G & LT Simmons-Smith
FOGHBZET B D, ZOJSIE 1958 4512 Simmons & Smith [k » THESh TRy, 3
— R A X ACHh-BG S Z G SE5H 2 L TICH2Znl Z{EV L, v 7 a~F & &Kk
EIT-oTND 9, ﬁ}iﬁi\@ﬁﬁﬂék U CIEEE NI & flixe OFRERICKT LTt
HDOHLOETHDZ L, T LTESITBER F P& 5 L EITBEIND Syn BRI
JEDIZET BALD, FFIZ 1969 40 Pouler 1 L 5 KL Scheme 2.2-2. T/R S 4172 o- Y F ALK
JSZBT DERD DEMKTH D cis KRG HNL Z L, MR KRE LTHNWS Z
L N A[RE T & % (Scheme 2.3-1) 19,

Simmons and Smith: 1958

CH,l»
Zn(Cu) @
Et,O
Poulter: 1969
CH,l,
Zn Cu) ?
@ e @
67% yleld
>99:1 dr

Scheme 2.3-1. Simmons-Smith reaction.



T Simmons-Smith S 3ER % I R FSONITISH STV D, 20 Th, bR LI F
D 1oL LT Charrette R 7 mnra U ALIGE LTHIBND T VLT va—L k&
I aTas AT D HERET B MR, 1994 YD TRE SN2 ZORKINET T
AFIVEATEY T X REO T F R VBN OEGICH ST Fria VBBm AT v
ZARFIRE L CHIAT 2% &6 T % (Scheme 2.3-2),

Charette: 1994 Me,NOC CONMe;

o._ O
P
Bu
“~ (1.1 eq.)
Ph” " 0H ~ Ph > oH
Zn(CHl), (2.2 eq.) _
CH,Cl,, rt >98% vyield

93% ee

Scheme 2.3-2. Charette asymmetric cyclopropanation.

A B OB K OSSR ME OB I DFT IC X > TR SR TR B, Zhuc kY
FOSHIZA R VR AT VT R VF —WIZZER 4 Bifix 7 VHnsER 2 e+ 2 2 &
DAL TWND, ZOFEITI— FATFAEEFEELTBY, FT7 AT va— L ERnR
VR ATV EOBEIRFICL o TR SN TWD, =) v FABERPEICITEBRIREBICE
F55725 3 OOERMPERL TS, T7hbb, BlEhd CCREGDRALYEAR, H
FHADOSSARHEEIC L D 13- TV NVDER, £ L TEBIKETERINTZREATHD, 1TEA
EOTIVNTNa—LOEE, 2O OERPHEFEMIEN L, T 537 m7m e L i
H ) =LK 98% ee DIEEEHIE TH LN TV 5,

—77, 2005 41 Walsh 2 [Tt & DE /LR Y /A VR XA —/V(MIB) & FH W T ENE
a7 Ry OERIEERE L TWD 2, KRFET=F— ISk LTRET LR b %
TV, TUAT A axd A RICERBR L7721 Simmons-Smith GIZ K5 YT AT L A 38R
MRy 7 a7 a N AR EITH 28T, Mt FARRNICT 7 v T a S AbE %z
BT 5 Z LT L7 (Scheme 2.3-3), BICT /¥ Db Rakh B icH< h T AR
ZMIC L > THE T U T v afxd A Raeak L, [FERIZ Simmons-Smith SUSZ1T > T
Do



Walsh: 2005

Q 1) 2ZnEt OZNEt] 5y 2CF,CH,0ZNCH,| oH
H —_—
(-)-MIB 3) H20
4 mol%
90% yield
//\O 99% ee
N
o
()-MIB

Scheme 2.3-3. One-Pot methods for the synthesis of cyclopropyl alcohols

L2 L7223 5, Charrette & Walsh OUSIARF T 7 v 7 m i ALRGR & L TAERN 2 Tk
Tixd 203, AR 72475 Simmons-Smith i TIE72 V), Charrette O FiEIF il <& 5137
DR BT AT AIPMEFEERELETHSH L, Walsh D FEELT VLT L a—LOREE
R DH%IZ Simmons-Smith SIS Z1T-> T Y . EMECITEFEET VAT La— Lo o T A
7 L A3 RAY Simmons-Smith K& TH D EE 25,

2003 47, Shi FH ML FREMED T XTF RIZLDH4-T7 2= 12-V RuF 7 XL OR
# Simmons-Smith S A2 L T2 138 RS 5%IE N-Boc-L-Val-L-Pro-OMe &\ 95 Hifii
REXTNURTF Rt LT\Wo, ZOIGIE Charrette RF S 7 1 7 m /S ABRIRIC
RONDTNa—NO L) R EREEE LE L FICOSPETT 5, 2 2005 4, %51
TFNRA XL TET— AT X ITARBIFE LTMA D Z & T ED O _7F R T
b RIS HEITT 5 2 & & R LTV % (Scheme 2.3-4)130, ARG L A5 0D 70 7 Mk
72 ARFF Simmons-Smith i 1 -5 Tdh 5,

Shi: 2005 O CO,Me

BocHNJJ\N
iPr Q

Ph Ph

(0.25 eq.)
CH,Cl,
o 87% yield
89% ee
EtOJ\/OMe
(1.0 eq.)

Scheme 2.3-4. Asymmetric Simmons-Smith catalyzed by N-Boc-L-Val-L-Pro-OMe.



24 DT IEMEINRUBIRIEL LT A ZNVINARGERD Y 7 v Fa XU AbRG
241 TUTIVEHOME 4

BONCBERENTY T MW Th H=F N7 Y 77— Mt 1883 4F, Curtius 52 X
S THE SN B, Y, RMEEMOEIEITS A TE I VT VY OBETHLON, TV
> DR T D D DiERm D53 3T Tz (Figure 2.4.1-1),

1
R>: hl
N2
R? R N
Diazo compound Diazirine

Figure 2.4.1-1. Struture of diazo compounds and diazirines.

Z DREIEIE 1957 A, Clusius (2 K D 7 ~ALIEERIZ K - THfEICIRE S Nvic, T OWmiE
TIE=TF AT Y vrx— & BN TT7~MbENHliEgR ;T ) v AL ToT7 Vb L
BITRITLIZEZA BN TT7UMbEnTWRN=F LT Y o x— k& BN-T U E=T )0
Bohnle, ZV9UULENTEZT ATV R— I BB ONRDST2Z Enb, DT VY Ok
TEILASE X7z (Scheme 2.4.1-2) 16,

Na'®NO, .5 Zn
C|H3NVC02Et T NN\VCOZEt W HszCOZEt + 15NH3

Scheme 2.4.1-2. Evidence for the ethyl diazoacetate.

DT YT NI T 2 DOOLIGEEN RS L HEICES LTS B 6
TWb, V7V AZ D C-NFEAIT132pm TH Y . N-N FEEIE 112ppm TH D Z LR 5
ALTEY, WO C-NFEARA7 pm)E Y HF <. N-N ZHEFEA109.8 pm)Eh bRV, Zo
2B UT AL AT IS A D X 9 72 C(sp?)-N(sp)-N(sp) D CRElk T 5, 72,
B REIMERZ ROV T VLA OGA I E N - ERIEICEICIEREL S D Z &
2 & - TS B O X 5 2% & 0 o9 < 72 5 (Figure 2.4.1-3),

; ] 116.5°
R . R + H
=N=N" =—N=N + _
R2 R2 127° N:N
A B H 132 112

Figure 2.4.1-3. Resonance structure of diazocompounds and geometry of daizomethane.



DT IMCEWTIETE IR IR A SRR A L TR YD . HEAREZ RS Z &
5 AMRSER O ZWRINT D Z ENMmbLE TN D, T Y A X U ORAIZIL410nm & 270nm
WCRARENRH SN D, IRICBWTHERRICHSNTH Y, BERLDHFEICE > TN-NZH
fEA OMHEIREN2 3 L% 1950 cmrl > 5 2300 cm?t (2B,

BOFCLERBR MM T 2L NES TH LD, VT VLB WIIRLEN D
JEPED BN FHETH D, AT D ERGITHEL TN 2T 25 2 L nmbin
THEY ., BT HLEVE LB K ET D, =AT V732 EOB AR IMEEHRE O AIC
XZEMERM L, G IEERL A RO A ST T 5, F. bR eiE i bic
Ko THINRUEREIELZEDMLNTND, ZILLDEWEINEND VT VibE
WITIERMEOEVMEEIRETH Y | BFFEE1T O BRI N A — L TOR RS h D, L
LIRS, BT T A X MR ER T 5—FH T, = F AT YT T— MIEE
DEHET TOBBEERER2, ZOXIIZEFRIEERLEZH T 507 {LEMITL
ECTEBRIIFNCT WV E VIR S S, IV 7Y 77— MR FRIRT LI
TV T AT OVEMNE RS A L D 2 LN TE D729 Th S (Figure 2.4.1-4),

0 0 0
N\ + - N\\ + - N\\ +
N SN SN
X 0OR \“JKOR \éJ\OR
I

O

. N H
stability 2
NZ%OR > Y

H

Figure 2.4.1-4. Resonance structure of diazo acetate.

FIZO T MEBEMITILAEORm WL LTabh T D, ERE LTI AESIC
P TELZ L IRV BRIV A FEOFRRPRIEORIBRE & 725 2 L B3ES
bId, EBRIZ, 7 a7 a R AURUS, FRARSEDOSFE T LR BB ORS8N T AV
NUFTER AR E L CORHAREANATHOI TS,
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242 FVT 4V EANRUBERLDREF V7 v T a ARG

ABENHNNR R a7 a s ALRIGIZFIA L= of o 15 & LT 1957 4, Sorm
Lo THE SNFENET LN, ZOWE TIEEEMD L IMEBIRAOFE T, A1
T4 T TR NAERIGSEDLZ LI o THRIET A/ r T R A BTN D
(Scheme 2.4.2-1) 17,

Sorm: 1957
R2 R3
Cu or CuSOy4
R1)\ + NZVCOMe T’ Rz: /\ _COMe
R3 2 R1

Scheme 2.4.2-1. Cupper-catalyzed cyclopropanation.

T 1966 4F, Nozaki ZEREAZFIT L7z> 7 v 7 a S Abs 2 & Lz, AiET
FAF LU VT T T — DOV 7 a7 a U AERIRCEBW T 6% ee & ARWEFEMIE T
3H 5 HDOYDTDOZTF o F A BRI 2B R LTV 5 (Scheme 2.4.2-2) 18, KRFEIT
IR I AN S 7 b T a S AVEOR EAT S T2 IO TORFITH %,

1966: Nozaki Ph
o)
oS
S
Ph

A\\\CozEt
(1 mol%) Ph

Ph/\ + N2§/COOEt o 72% YIe|d

70/30 trans/cis
6% trans ee

Scheme 2.4.2-2. First asymmetric cyclopropanation.
FROBELE, L7 4 T IHMEEW E OESAREIRW R > 7 v T a N AURUS

DHFFESN TN Z & o lz, RETCIEET o F AR ARE 7 a7 /UMK
MR L2 DWW TR T 5,
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243 BBESRMEIICX 2B T U FBROBRAFT Y 7 v X a ARG
[Cu]

o)
ﬁyﬂbR OR

O/\ o}
+ _— \\\\ +
kvkbR [:j 1

Pfaltz: 1986 Evans: 1991 Kanemasa: 1994
CN Me_ Me Ph. Ph
I <Vj | Me NH HN Me
N N N N
HOMe,OC e CMe,OH 3 +
HOMe,C, <\ ..CMeoH BY cuorr BY Me Me
N N
Z 94:6 dr o
99% ee =
CN ’ 93:7 dr
R = d-menthyl 96% ee
82:18 dr
97% ee

Scheme 2.4.3-1. Selected chiral copper catalyst.

R TR L 7= Nozaki SOBELIE, BxT L FARIRMRY 7 17 0 AU L
TR % < DRI (Scheme 2.4.3-1), ) OSMIEIC & % 8= 5 o F AR Aty
piiE, 1986 1T Pfaltz %2 Ko TEpisavie 9 ST Ia) v Efii a2 Hns 28T
AFLLL GAVTFAVT I TET = hOV 7 0T usSAURIET 97% ee THEMEAY
BTV D, D%, Evans %IC L - T Box AR S, AF LoDy 7 nFrsiudl
BT 99% ee Z 3R L CUN 5 20, 1994 4E1713% Kanemasa (2 & » THEE THH Y7 = =)L
T I UPLEEICRE SN T I VB I Lo TCETFAT T YT T — RN
VHIBRER S Licy 7 m 7 o ARIZB VT 96% ee THIULEMAEHR TS 2, 2D L5
Sy FRIBUS TEWBUEE R T b DD, TN 27 1 7 a SRS TR 7207,

[Ru]

VT =T LT 2 BREESODASCBBRISCBN THRBERTH Y Biib, VT =7
LHNRUNA BB RAEFRET HMEANCH D720, BficfafmEsgsr2&Tcrra”
AN 72 i 2 BR BT D BN B D, BUE, B ZefiliEABRR S THY ., Cu
MO'Rh D X5 72 @@l L AT 0 L O RERE Lo TND, ZDORINTHLAF L OA
Fy a7 asr U ALROSIZ AW Sl 5 B < 223 E BT D (Scheme 2.4.3-2),
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0
MOR OR

AN (0]
©/\ ! \)J\OR © ' 0

Nishiyama: 1994 Che: 2001 Scialdone: 2003

N_PYN=
R
(0] PyO tBu
Bu

tBu f
R = OEt
84% dr

. R = OEt o
R'= (’ 93:7 dr 99% ee
98% ee

Scheme 2.4.3-2. Selected chiral ruthenium catalyst.

X

@) | % (@)
T Ne T
N Ru—N
(of

RI
tBu

R = I-menthyl
97:3 dr
96% ee

1994 4|2 Nishiyama %52 & » T X372 Pybox 13V 7 = 7 AfillEC X 5 RE A RGBS
L COEBE B TH Y, 96% ee THIGT HT 7 a7 a/X 215 Tn5 22, H|Z Che X
Haldeman’s /L7 4 U DT =77 AEERIZ L - T 98% ee Z iRk L7- 2, 2003 4E12i%
Scialdone 234 L > 88K % VN5 Z & T 99% ee THIIMD AT L T 5 24,

0]

X O o}
O o — Y ok

Katsuki: 1999 Mezzetti: 2003

-
-
-
-

N
\
D

—N_ NON= —N N=
|
R R

(o a0 ) £
O RO
R = OEt
&)
O~ O

R = OEt

93:7 dr

97% ee

Scheme 2.4.3-3. Selected cis-selective chiral ruthenium catalyst.
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BULPRIR\N Z S A2V T = 0 Al A IO T RS RIS W TE O cis BIRPE 2 R f03 S &
NTHEY, MET o r7ara X AbEMEEWT T AT LA KO F o F A EIRME T
TV 5 (Scheme 2.4.3-3), 1999 4E, Katsuki Z5(3/L 7 =7 A% L UK ARt e L CHWD 2
& T, ZHETITA cis IBIRAY R SUSIZ BT 93:7 dr 73 97% ee THHIDIL AW & AT
T5HZ LTI LTS B, 2003 AEI21E Mezzetti 25723 PNNP L2 U > R&ZBA%E L. cis
a7 ash 86dr. 91% ee DNAAFRMETERK L TN D 28,

[Rh]

0Py AR BRI T YT LD TRSEKII D RO BEIRISICB W TR b EHEED H B
ikt TH 2 & I TRV, BN 7 a7 a Ak, ARG % )8 [ 72 RS IR &
NTW5D, 26O RGHER OB IR PRI XEL F DRI K- THE S ”7‘“45311“6 ZENT
& 5 (Scheme 2.4.3-4)', 7 v HFLENTZE A RRERANARF T L— ML ITEF O 7 L+
VIV F T L— b & EAIETEITEEINT 5 L O OBIRMEIFIR 35, —FH. 7 I RKEDT 7
Z DB DA BOSEITIBA T2 S OO X0 BRI OENATREE 725,

Increasing reactivity for diazo decomposition

CHj3 CHj3 CsF;
o)\N’H o)\o 02\0
/S N/ /S 1/ '/ L/
Rh—Rh Rh—Rh Rh—Rh
77 7| I 77

ha(acam)4 ha(OAC)4 ha(pfb)4

Increasing stereoselectivity and regioselectivity

Scheme 2.4.3-4. Relative reactivity of different rhodium-dimers

Y7 a7 a AR T, IRV O R U Y A T ESERR B T A%
P CRISBETT D05, 1 EHD /7/4K/\%7&73/W\/EU%EM§& LEBAIIEY T AT

L ATRIRVEIZ DV TR AR Ml 2 7R T,

ZODRp o Tl K D ER A LU I3 (Scheme 2.4.3-5), 1996 -2 Doyle (2L~ T
BIRENTZT 7 ¥ L — R L Uil Gl cis BRI i = o T AR IR I s H3
fTL7= 8, £7-, Achiwa & ZDFRIEBREICL > TET V=L EFFOINLRF T L— Mid
MF e AOSKRGEE F cis-> 7 0 7 a ELT A5 L% 99% ee TESD Z LTI LT
W5 2, 21T Lahuerta %812 Ko TR SNV fiilE 258095, ZOMEE N Y 7 = =)Lk
AT 4 mmr Yy LATHEE CHIEH L L, fi< 7m ) & ORNLFAHIZ L - TEG IR
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0]

A O OR
©/\ + N2\ - \\\\MOR +
OR

o)
Doyle: 1996 Aciwa: 2003 Lahuerta: 2001
BuO,C B MeO  Me ] Q
N+Rh >
@ | PhoPE=pp,
\ Rh—Rh
FsC I
R = ¢c-Hex,CH CF3
34:66 dr
R = Et
77%eel/95% ee
’ ’ R = d-menthyl 39:61 dr
37:63 dr 75% eel87% ee

45% ee/99% ee

Scheme 2.4.3-5. Selected chiral dimeric rhodium catalyst.

THIENTED, RMEIIT X7 NREN T2 BT HF 7 VERIEERE VOB LWWIT
HY ., 8T%ee THMEMMZ 52 T% %,

Davies %53 v ¥ U AELIZ L2 DNARUOBERISICBWNWT K F—7 27872 =7 1k
AW & L7 (Scheme 2.4.3-6), ZiL b XHAMlieY 7 Y 77— MEDOL A LIXRRY &
WO T AT LA BRPIECTRISDEITT 5, e T VAT L— MEREFET, IS
FHPFADSISIZ BN TER R EZ R L TV D,

Ny Rhy(S-DOSP)s  Me0,C,

Ph” ~CO,Me Ph Ph
98:2 dr, 87% ee

oh
©/\ N, Rh,(S-DOSP), M%
+ =z Ph
Z
/COZMe o

1Rh

(]
N

92:8 dr, 89% ee
| O+Rh

| C12H2

5 4
Rh,(S-DOSP),

Scheme 2.4.3-6. Selected cyclopropanation with EDG/EWG diazo compounds.
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Scheme 2.4.3-6 CTIX R —7 27 7% —U T bEWME IV URIBRIRE LTZREOE YT
AT VABRR e SOGH 2R T, 7oV E ATV EROUT ke ra >
B NAGBOSIZ BN T 98:2 dr, 87% ee & mWTY T AT LA, ) U FAERMEZ R LT
W53 RSB W C AT IVY T V7T — N TOMIGELT S 2356 T ERY D=5
FAEIRNMEITL 6 % ee LIRNEDTH o7, BICARRISIFRICT VX =LTT VGO~
T F BRI R ONIC b A S TVn 5 %2,

[Co]
(0]
SN Fon . ey
+ _— ' + w
A @
Katsuki: 1997 Yamada: 1999

Me
P O O
Me

R ={Bu = tBu
96:4 dr 91 9dr
93% ee 96% ee

Scheme 2.4.3-7. Selected chiral Co-salen catalyst.

a0 NI ZM2 Z LB ERBEED VDL ERETHY , ITHFEARE Y7 o7 X
AUSOSIZRA &5 X 51272 > 7= (Scheme 2.4.3-7), 1995 4F, Katsuki (38— 7 > F 42N
W7z 7 a7a s ALKISEO T Ofiffit & LCTa v b L g RE YD TRIH LTV D
1997 412 &1, Scheme2.4.3-7 IZFtdi SN TND L AT A "F VA EATHZ L TET
G- 21TV HEEIND A XNV IANNCHRELZENESED Z L TENT T o F AiER
PR R L7z 38, B2 1999 4, Yamada 512 & - CRIF S vz L o BRI SEREL U 72 BBk e
WA X RIRR OSSR =T o FA BRI T T 2 Z L 2 R ST g 3

WIZa L bR L L CHBERF T ARLT V) A ACOWTRE#ET 5, Zhang %137 1 &
RNT7 4 VBB MEE LT T ARV T 4 ) VB EERA~OH LR ERE LT, 2
DFEFIATF L DARF L7 a7 a AU E 72 it 2082 Z L 2 mfaE L LTz
B HREN LIZZORNVT 4 U IS T A —BLERS Z EDTE HHIT
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0 DTS 1.2 4 BO VT LA E AT L7 ¢ VA RIRREE L L CRIEE
152 LR TED, ZORMIZLY @fi/ed L7 4 CORIGICBWTEHERERTH S,

. cat. .CO,R'
R + Nog COR —— /Z&‘ Me tBu Bu Me
R Me Me
_/\.COE! AN A\\\CoztBu H
97:3 dr 76:24 dr 99:1 dr NH
81% ee 93% ee 95% ee
Ny cat. CN
N . O
R + ,
Nc/ﬂ\cozR' R CO2R
/%kacogsu ’/é¥:CN H
Ph “CN R CO,tBu o O
99:1 dr 99:1 dr Me (Bu tBu Me
98% ee 91% ee cat.

Scheme 2.4.3-8. Zhang's catalyst and selected reactions

TR N ETEHE LW E SN TCWEEREMEOF L7 4 v BB Ly 7 m
Ta N AEBONZBNTEWS T AT LA, = o F SRR THEE M ESE L Z LI
B2 L Cur%(Scheme 2.4.3-8)%, F£7-, Afillilixs 7 /b = AT VA B REIFEIZFFOY
T IMCB I E NS URTERIE L L=y 7 m ARSI b AR Th D ¥,

/A/COZR'
R NZVCOZR'

Ny

Scheme 2.4.3-9. Catalytic cycle for Co-porphyrin-catalyzed cyclopropanation
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Zhang Z XL RV T 4 U UEERO R R MEE (B MBI IE, B ARR A L
7 4 L OO EEM AR D EPR /0 GEKR ONDFT 3HRICE » TET /UL EITo 72
(Scheme 2.4.3-9)%8, Z Dl R, AR IC L DRUST IS0 R AR T D h A%
T DM 72 T NS TH D Z EPRINTWD,

[Fe]

SRITH R RSB E . 2, NMRISK 2 m MR Ve E ORI S B IS 5 2 &
DRWCHIFFESNDEBBTH D, LLRN L, 2O & I3 I OER &8 &
Ty 7 a7 AROSZ BT 2B BIEL L T 720,

AR KB v a7 a AR OFAIOFID 1> & LT 1992 4£1Z Hossain 5|2 &
HEIMET HEND B HIIATF L ExTFATT YT T— OV 7 a7 a U AURIRIT
BT B5%NETHHIET A7 a7 a w2552 EICEIL TS, BEBREN &2
DOt cis BIRBICRISSEIT L, 80:220 dr DY 7 AT LA BRIRMETH S Z L SN
TV ™% (Scheme 2.4.3-10),

Hossain: 1992 @

+

\‘Fe
oC
0

80

/\_CO,Et

20

P + X COEt

+
Ph CO,Et Ph
65% yield

Scheme 2.4.3-10. cis-Selective cyclopropanation catalyzed by iron catalyst.

Woo: 1992 Ar
Ar Ar
cat.
P + X COEt — \\A/CO2Et
Ph"
up to 13:1 dr Ar
up to 4300 TON cat.

Scheme 2.4.3-11. Cyclopropanation catalyzed by iron porphyrin catalyst

F72. Woo 38R L7 4 U UERIC K DY 7 n T a AL RISO RIS E S LTV D
(Scheme 2.4.3-11)%, 1% STV OHDEERNL 7 ¢ U UEEEARE L, ok 13:1 ORI,
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4300 @ TON CRIGHHEITT H 2 & & B LT, [F 7 — 713 oG T RE S8R (11) Tl
BRLBEINTHDL Z L2 W|E L TWD, B ARBREERLT 1 U USROS TR T TE®)
NOBILEAT O TeOITEWVRE EAABEFIRE LTa sV MR UETH o7z, Al
Ti%%%ﬁv74/®y7m7uA/Mﬁﬁ IZBWTIHEWIEEZ R L TR Y . FRCN
WALV T 4 U EEE LG AIITERE LK T T 5,

2006 F-1Z 1L Wong 03X Z L ARV 7 4 U RN A il & U C VAR 86% ee T |
T LAY 215 TS (Scheme 2.4.3-12)%4,

Wong: 2006

cat.
+ X COEt — Ph“\\A/COZEt
up to 96:4 dr
up to 86% ee

)

Ph

Scheme 2.4.3-12. Cyclopropanation catalyzed by Haldeman's porphyrin

[ir]

cat
RPNy + Nag COR'
C%
A CO,tBu
Ph CO,Et
97:3 dr H  co,Bu 99:1 dr Ph Ph
81% ee = 95% ee
QQ O
76:24 dr
93% ee t. = (4-CH3)CgHy4

Scheme 2.4.3-13. Chiral iridium catalyst and selected reactions.

TR, AV VU LIAREFY 7 a7 a AL s8R D 1 2L LTabTn
%, 2007 F\ZHAE S 7z Katsuki ZE O SeBRI 7278 TldA U U0 20% L U 8EIRTFE T, &
raFa AN E T T8 A, BT AT LAEIRIIC cis R A 1S TW 5D 2, 1%
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22 ORISR, F LT Cis-12-BEHOA L T 4 ATHISH SR TN D 4,

Ub, AEiCIlEms T o FARRER S 7 0 P MRS EER LT ENENDO 4R
fil i 2 Rrf & & BITHRI LT, LIS OREE L LT 5, 2% < OSBEAS CILE 1238
*@ﬁv74/%ﬁgkbtEA’mwif/%ﬁ%ﬁﬁf/7m7mﬂ/m#@ﬁﬁé
SN AON=PAVIZ }\ﬁﬁi?;%’;f I trans BERAY 7R SOGMHETT L, HFIC Zhang 5512 & » T SR
VT 4 ) CEERTITIEE ISR L E S D F %TE@%V74/T@/7u7mA
/fbﬁm@@ﬁﬁ“éo —H NT =T LKA VT ATIEEY VBN EE2RHT D Z &
T cis BIRMNCFUGNHEITT 5 2 L AAHIE STV 5728 trans BERAG 7 ROGITxE L CHaf
HTHDHESAD, B YU LBERITIEFITIFMER S 0 | =) o F RPN SIS HEI T 5
HLDODTT AT LARPRMEDMRMERNICH D, LOLRRL, 21@BBO T &M% 1V
NUBTERME L LERISICB W TS YT AT LA, =) o F ARV RIS T % 72
DD THHATH 5,
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2.44 Ru(l1)-Pheox filif

242 J X 243 TRHEH LI XTIy 7 a7 a oAb EEET 2 FiEE LT
GBI X D W N RUBEIRISEEFIA LY 7 v 7 a S ALOS IS TR e FEE T
b5, I T2010 F, YFRRETIILT =0 L4 %V U UK, Ru(Il)-Pheox ZBA%E L
fo 4, ZOWME CARMBLERIZT T Y T T — ME VR UFIEEE S Ly s v T r oAb
JEFUNT @ WSS S ONTARIEIR M 2 7~ L 72 (Scheme 2.4.4-1),

)OJ\/ Ru(ll)-Pheox (1 mol%) ﬁ\ PFe
N, “NOEt o)
EtO CH,Cl, R\ i

up to 99% yield R.“_NJ;
up to 99:1 dr (HsCCN)3 by
up to 99% ee Ru(1l)-Pheox
H 0]
R1 0 Ru(ll)-Pheox (1 mol%) R
N ) 0
RZJ\/\O& 2 CH,Cl, R2
H

up to 99% yield
up to 99% ee

Scheme 2.4.4-1. First cyclopropanation in presence of Ru(Il)-Pheox.

RO LI, Ru(ll)-Pheox (2 K BkE % 72 I VAR UBEN G R A TEBY . ZHETIC
a7 a N ARRIRPSNT G  A TR ARG IZ B EE) L T4 (Scheme 2.4.4-2) 45,

Ru(ll)-dm-Pheox

2 o (0.5 mol%) R 0 PFe
5 mo |
FIQ + NZQ)J\N,R‘1 o 4N _R* 0
R1NH ! CH,ClI, or acetone R N +
Rs 2Ll Rs Ru—nN
up to 98% yield (HsCCN)g

Ru(ll)-dm-Pheox

Ru(Il)-Pheox 4 PFg
i R4 (1 mol%) R'rs0
N 1+ ' RO > 3Si 1 0
OR SSL R OR + |
2 R®> "H  CH,Cl; or acetone Ru—N
R R2 : /
up to 99% yield (H3CCN)3 ph
up to 99% ee Ru(ll)-Pheox

Scheme 2.4.4-2. Insertion reactions in presence of Ru(I)-Pheox.
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Brloyvza7a U AUROE TR Y T Y T 7 — M & AV URIBRMR L LiZREC, AT L
VIBER, vl m—T b BV AN A — R o RfAfI VR = AL E ), TV U E
DAV T 4 VBN TEWINER L OSARERMETRIGAEITT 22 L2 AL TWD
(Scheme 2.4.4-3) %,

o) o)
o] Ru(ll)-Pheox | |

XN - 2 o 1 2 1
RN+ Nz.Q/U\OR1 R\N::7 OR |Q7r,:7 OR
R

CH,Cl,

R3 o}

Rfk\§7“ﬂ\0R1

Scheme 2.4.4-3. Various cyclopropanes synthesized from olefins.

AR CIIAR TS B D LB D 72 N T AL G DI Z2 T > TR Y, ZHETIZYT
VRARF— IRV T VT I REANRUFIEME L LTEARF V7 v 7 a R ARG IZ )
L Tu % (Scheme 2.4.4-4) 47,

Ru(ll)-Pheox

o) PFs
o) (3 mol%) i_OEt 6
R/\ + N2\ B:OEt ° ‘\\P\OEt O
" OEt CH,Cl, R\ f |\d>
t093% yield | U\
up to 93% yie -
up to 99:1 dr (H3CCN)3 ppy

up to 99% ee Ru(ll)-Pheox

Scheme 2.4.4-4. Cyclopropanation with diethyl diazomethylphosphonate.

245 HFERHEH

K SUCIIERERL T b E VR UBTERA L LG RN e v 7 v
T ARG ORFEE BN E L, EEEREOEMISHEMEARICER T D8
s ara N AEME GRS DEAMN AT 2, BARRZRTTERE & LTk, EMiETEmE
HIZE S BB DD, ELEENTFIEDBRE STV RWILFEEEY 7 5 7 e BV 2Lk
E NI AT T a N OE g ER T E R SLRTHIE A 1 O B R TE A B3
THZETHD,
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3 & Ru(ll)-Pheox il iz KL D4k 2 72 A L7 4 2 & VTV ANVIR L DENAR
EIRAY S 7 v 7 R AGRE

31 Hx

a7 a ) AVR CERITAERTEEEICR OGN D 72T TIER <, AR =VED
BERE ) D AR R E L CHO AR & Th 5 12, 1% 1X. Hybridalactone DA K
BN 77 a BN AR EER LTRICA Y ) —VIEHP T~ 732V T L LK
JESHD DL ORI LS, AR VR ST T D, ZORISITEEIES
ZENELWANR =NV EEOERENRVTFEN Y 7 n T a R B E T 5 2 L
MNTELDIBOTHHTH S,

(-)-Hybridalactone
Scheme 3.1-1. Total synthesis of Hybridalactone.

LINLZR S, OTV ZIVR B AN UFIERR L L) o F R R s 7 a7 o
IR DERBNTAD 72, 2006 4RI Corey I L » THE SNIEAF Y7 a7~ Ak LT
BICA L7 4 v DIRTEAT 5 F1E(Scheme 3.1-2)3, % L T 2008 £E|C Zhang 2812 & » T
ENTHRILT 4 U rDargy MERICE DTV A NVR & VR URERR & LA EF Y
7 a7 a s ARG DI T & % (Scheme 3.1-3) 4,

1) Rhy(DPTI)30Ac (1.5 mol%), MgO (1 eq.)
1-heptyne (10 eq.), CH,Cl,

NZ\VTS > \\\\A,,,
2) H, (1 atm), 10% Pd/C (5 mg), EtOAc CsH1q Ts
56% vyield
91% ee
Ph
Ph N
T\N-Rh Q
crs05 (| Me
0-Rh—0

Rh,(OAC)(DPTI);

Scheme 3.1-2. Asymmetric cyclopentation and hydrogenation.

23



Scheme 3.1-2 [Z/R &5 K 912 R(OAC)(DPTI); il b 425 Z L T F LU DARKF V7
17 RIS EAT 2 T2 RICN T V0 LRFBICK DKFRIMNZ L > TAH LT 4 DB
ZIToTW5D, Tk E LTHEOND Y7 a7 rX 03 91%ee THDHZ LN ZDKER
TCIXFME 2D Z L E\ITL TV D,

cat. (1-2 mol%
R1/\ + NZVSOZAF ( 0)= \A/SOZAr
-20°C,24-48h R!

57-99% yield
61-97% ee

(0]
R2=§_©$3§—:N
R® ’ R

R™= 4 ""]/ “H
0] (0]

Scheme 3.1-3. Cyclopropanation with diazosulfones reported by Zhang.

— T, VTV RNVKR BN R L LT AR E oS 7 a7 a S ARG O HF
& LTI Scheme 3.1-3 IZ/R &L D Zhang FDOWREFIT-72 L BIOHRTH D, Z OHETIEE
W F RNV TG EIT LTV D b OO, RUGKRE], E otk E VI | T
BEORMMH D,

% Z CABFZETIE, Ru(Il)-Pheox IZ LA AF L U iFiEk, =1 o—F)L, E=)LT I
DEI kR T A LT 4 VHHE DTV ANVR DY 7 v T a N KSR R,
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32 bt

DI 7 a7 a ARSI L W B LS Box fillll: 4a,4b & ABAAREE 5 2 VTR
AEAToTE ZAH, WTHRIZBW T HIRWIEEZ 7R LTz, Box filtfif 4a,4b 122 Tl 80%H(
BORWZF U FAIRPETH - 720, BAMEE 51X 2% L1ZET7EIKTHoTZ, 22T
FIRGME T, Ru(ll)-Pheox6a Zfitlit & U CRIGZEIT o7& 2 A, T6%IF, 93% ee & B\
W, @V FARIRME T H B9 2035 5 L7 (Table 3.2-1, entry 4), SO R 2 (K F S+
HIETEEWEF U TFARIREZ TR T HOD, —20 °CETREZKT S5 L IEERN
67% £ TIKT L7z, £7 Ru(ll)-Pheox 6a D& HICEFHEGMHETH D A FF M, &
TRBIMERTH 2 = b r A FFOMEECITNGEE, =) FABIRMEICSGEIT R o e o
Too THUHLODOFER LY . —10 CCOWEESRME T, 3 mol%d Ru(ll)-Pheox & AW TEE O —fik
PEDYER 24T - 7= (Table 3.2-1, entry 7). £7=. #ixiElE (X 2008 40D Zhang % 312 L - THRIE

SNTWDT=, FELEZIE L, DO X )RR THD Z L & Lz,

Table 3.2-1. Optmization (catalyst screening, tempareture effect).

0,
N + Nz\st cat. (x mol%) \\A,Ts
) CH,Cl, Ph
1a (5 equiv) 2a 3a
entry cat. (mol%) temp (°C) time (min) yield (%)°  transicis®  trans ee (%)%
1 4a (3) rt 5 13 >99:<1 85
2 4b (3) rt 5 22 >99:<1 77
3 5(3) rt 5 25 66:34 2
4 6a (3) rt 5 76 >99:<1 93
5 6a (1) rt 24 h 57 >99:<1 95
6 6a (3) 0 5 69 >99:<1 95
7 6a (3) -10 5 80 >99:<1 96
8 6a (3) -20 5 67 >99:<1 96
9 6b (3) -10 5 62 >99:<1 95
10 6¢c (3) reflux 5 17 >99:<1 91

4Reaction conditions : to a solution of catalyst and styrene (1.0 mmol) in CH,Cl, was added
a solution of NoCHTs (0.2 mmol) under Ar. Plsolated yield. “Determined by NMR.

9Determined by chiral HPLC analysis.

Br  Br PFs [ R
0 o)
S/lN ,N|\> © Br | O
c E +_ \)
R o R Bu N Br i) 2 N I&
R =tBu, 4a o} (NCCH3)4 Ph Ru—N—
R=Ph4b O O 5 Ru(ll)-Pheox 6a | (NCCHa)s ppy |
/th_th R = OMe, 6b
R= NOz, 6¢c
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33 BMALVT A4V EVTYAVKYOREY Y v Fu S ALK

b L7 PRI HE - C xR BHIE A 50 2 F L L BBIEC OIS % 17 - 12 (Table
3.3-1)s W NOFISIINT b 5ekEE trans BREY TG L TV D /N T LI B A G-IEE
BEROATFVVFER LSS L 2A, MIET D27 rn7 B BV ALR VA ENER
IR L FATRIICAE AU (Table 3.3-1, entries 2-4), — 7T A LT A F A M 45
DAF U TIINARFEE D721 76% ee E T T L7 (Table 3.3-1, entry 6), /X F{LIZ&EF

Table 3.3-1. Cyclopropanation of diazosulfone with styrene derivatives.

Ru(ll)-Pheox (3 mol%
N s N ) @mork) AT
. CH,Cl,, -10 °C, 5 min Ar
1 (5 equiv) 2 3
entry Substrate yield (%)? trans/cis® ee (%)°
X
1 80 3a >99:<1 96
X
2 91 3b >99:<1 93
Me
X
3 89 3¢ >99:<1 92
tBu
X
4 96 3d >99:<1 95
MeO
X
5 88 3e >99:<1 93
Me2N
X
6 90 3f >99:<1 76
Me
X
7 72 39 >99:<1 94
Cl
X
8¢ 62 3h >99:<1 93
FsC
X
gef 43 3i >99:<1 92

o
N
pd

4Reaction conditions : to a solution of catalyst and olefin (1.0 mmol) in CH,Cl, was added a
solution of NoCHTs (0.2 mmol) under Ar. bisolated yield. °Determined by NMR. 9Determined
by chiral HPLC analysis. ®The reaction was carried out at rt. '5 mol% of Ru(ll).Pheox was
used.
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REIMEEHRILZ FFO AT L VSR TIISOSEDNE T Loz, fillii &% 5 mol% E THYM
SHTHIEEITo T2, EOREFR, FREOIETIEHH OO, @) v F A BRI G
D3ELT L 7= (Table 3.3-1, entries 7-9),
FROMRLIVEFEERAT L VHEICBNTEWKIGEZ RTZ b, E=bxo—
TARE=ZAT I DRI REFBERA VT 4 VA TOMIGEIT > 72(Table 3.3-2), =
N =T VR TEWTRICEBNTHEINER, @ o FARRIISOSET L TR Y | 4F
SR EED R E 2 tert-7 F L E =L —F /LIZB W TR S BV 99%IR, 98% ee TH
MO 7 a7 a eV ALK R3S B VT (Table 3.3-2, entries 1-3), ZDORDA L7 ¢ 1%
15 S4B TR T SE TN SEZEAICBOTHINER, = o FHEREOK I s A
ER BN DN o 7= (Table 3.3-2, entry 4), B =17 I BN TS RO RG2S S 1

Table 3.3-2. Cyclopropanation of diazosulfone with vinyl ethers and
vinyl amines.

Ru(I)-Pheox (3 mol%
/\ + N2 _Is ( ) ( 0)= \A/TS
R™ ™S N . N
_ CH,Cly, ~10 °C, 5min R
1 (5 equiv) 2 3
entry Substrate yield (%)? trans/cis® ee (%)?
1 ©\ 89 3j >99:<1 98
o
2 )\ 98 3k >99:<1 97
o
3 :>i\~ 99 3 >99:<1 98
4¢ o x 90 3l >99:<1 98
‘D‘NA\
5 87 3m >99:<1 95

O

)

NTX 86 3n 90:10 98 (89)°
H

0]
©/\O
(0]
7 NTX 71 30 >99:<1 98
Me

4Reaction conditions : to a solution of catalyst and olefin (1.0 mmol) in CH,Cl, was added a
solution of N,CHTs (0.2 mmol) under Ar. Plsolated yield. “Determined by NMR. ‘Determined
by chiral HPLC analysis. 1.5 equiv of tert-butyl vinyl ether was used. “cis ee

)

27



7o & Z AR OFE T T ARG D3 EIT L7z (Table 3.3-2, entries 5-7), L2»L
RIRD, BREIDKFLZFOE= VAN = M 1hIZBWTIEIYT AT LA EREDOIR T
M 57 (Table 3.3-2. entry 6), Z AUIZLARTIZF 2 D3 E L7z W vl = Vi L =38 EDKE
DOFENER &R A Z VTN DAV R =NV & =V R — N3 FoKkE
DAKRBREEEZELZTZ LI L o> Teis BRI DEITL T LE T2 ThH D EE XL
b s,

RN BT B ER L5l D=0 T Y AR v EDOFFERICE#HRIEZEA L TG
%47 - 7-(Table 3.3-3), ZDfER, %%15§&Uﬂ oD T Z VAR BN TR S
D3HVRICHETT L @SR DD i = o F AR UL 23 1T L 72 (Table 3.3-3, entries 1-2),
— 5T, BFREIVEBRILA STV AR & DIV UFTERR L U= B A VIR
DM L, I, = T AR D IR T 3 28R 23 i & 4172 (Table 3.3-3, entries 3-4),
o= ha a2 Ho 7 Y 2R OESIITHEEEM Th LY 7 a7 a BV A LR
NEL GNP T,

Table 3.3-3. Cyclopropanation of diazosulfone derivatives with styrene.

R R
Ru(ll)-Pheox (3 mol%)
PR+ (%Ji:r —> R
N2 S CH,Cly, =10 °C, 5 min /NS

: 2V \ ’ . \
1 (5 equiv) 0 2 Ph be) 3
entry Diazosulfone yield (%) trans/cis® ee (%)
OMe
1 N C&/J[::]/ 87 3p >99:<1 95
2§/S\\
O
o .
2 N \\S 72 3q >99:<1 95
2§/ I\
O
Cl
3e C%,/[:::T/ 67 3r >99:<1 90
N2§/S\\
o]
NO,
4f O\\ /©/ 0 _ _
N2§/S\\
o]

4Reaction conditions : to a solution of catalyst and styrene (1.0 mmol) in CH,Cl, was added a
solution of Diazosulfone (0.2 mmol) under Ar. Plsolated yield. ‘Determined by NMR.
9Determined by chiral HPLC analysis. ®5 mol% of Ru(ll)-Pheox was used. "The reaction was
carried out under reflux condition for 24 h.
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34 b )NVRIKRDT IVEMEEIG

vra7a eV ANVE DI E L TT X IERIGEIT> T2, THE IEtf, —78 °Co
FHETTTIFANYTFULEEHSELZETYFALL, 3—RFRAZ AL DT VF 11k
HATo T & 2 A, SLRBLE & OGP 2 MERF L 7o £ £ BOG A EST L 72 (Scheme 3.4-1),

nBuLi (2 eq.)
Mel (2 eq.
TS ol @ea) TS
P THF, 78 °Ctort, 2 h Ph' Me
3a; >99:<1 dr 7; 80% yield
95% ee >99:<1 dr
94% ee

Scheme 3.4-1. Alkylation of chiral cyclopropyl sulfone.

ZHUE RV EORENKEEDOT-DIZ ) FA SN RO 7 = =V H & SO
% Z LT, trans (A& HERF L TN 27 &35 2 B 5 (Figure 3.4-1),

+
Q H f B L|
A\_Ts nBuLi y o\\S S 0
- — 7,
Ph" THF VAVES - @ﬁd
N
O .

Figure 3.4-1. Interconversion between two intermediary diastercoisomeric carbanions.

35 ruaFua NV RIVE D X GG E T
X Bl bR E AT I L > TULF D X 972 ORTEP UG SN2 &b, E=Llo—F )L
G L LIZGAOHKBELE XA T Lo O L [EEETH D 2 & AR Sz (Figure 3.5-1),

Cryst syst : monoclinic
Spase group C2

Mo o/ a=16.720(7)
A , 7t b=9987(4)
Q _ *3*{.532 S e c =8.832(4)
A N5 NG z=4
o \ A Density = 1.209 g/cmg
@ 0 c3 U\ C1-C2-C3 60.6(7)
@ C1-C3-C2 60.24(17)

C2-C1-C3 59.1(2)

Figure 3.5-1. X-ray diffraction.
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36 BT rFABRBREEZFETITFRIND AL=X 2L

X HRAE b SRR 36 K ONESL LT X o TS DAL= ffe BR 18 7> O AR E S 2 SEARHHIE o B
W2 LU IRT, A Z VTR UEHK B b3 VEERNERREEE L 720 cis (K& B4 5 R
DI XU, @V trans BEIRME A "9, F 7= Pathway A ISR EN D5 X HIZATF L U M KiE T
AT & OFEHET 5556 . Ru(ll)-Pheox |2 X 2 STARREE AR T, FHBICRGEITT 2,
L L7226, Pathway B OFRIE TIZ Ru LD 7 = = VISR EE L /> TLE H 20D
FOSHEMNMETT b0 EZ 65N, it~ T, Pathway A 2MEJEAGICHEITT 572012
(IR2S)DELE N LA & LT b 5 (Figure 3.6-1), £7-. Table3.3-1 TH.HN7- 0-AF
WAF Lo B E LTER O F U F A@ERMEOE I, AR =V L A0 Miod A F
WWENRHET 5 Z L1 K 5T Pathway A DSHENME T T 272D E L2 LB 2 b b,

=2 Favored

O

= s Me@
u . O
\\\\\ Nt | Drfavored s<o
Pathway B ©

Me

Pathway A

(1S,2R)-Minor

Figure 3.6-1. Plausible mechanism for highly enantioselective cyclopropanation.

3.7 iR

AIEH Tl Ru(ll)-Pheox (25547 4 &7 Y ANKR Yy DT o T A& R e
7 a7 ACRSIZOW TR LT, ARSRITE=/L=—7 )L BE=17 I E=b
TININA— NEOQRkx oA V7 ¢ VEFEE L LT ISIZB W TR, @RI K
JET D ERRHENTZ, AL TOT VALK N Y7 v T a X AfbdD b DR
REYR AN A TH D Z LRSI,
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4F -V ANVIKR DN a T a R AL L AF T Y/ m
[3.1.0]~F B> VA XY A RO F o F AR 2 Ak

41 HE

IETHLNIZMANOARETIINFNT 7 a7 a U ALOL~D RBE 2 7=, 4 alD
BRI THHFT BT aBLOI~F T DA XV A FITHA I e oM R 2 L TRh R
D& DEMIEEME IR OGN D728, HERH S TH 5 (Figure 4.1-1) 13, ZD72H =
LS DAL EWEE DR 2B AE DRI T2 R EREMR GO RN L b7, A
HThorEZOND,

\ 0 S H\\\
H 3 - | T —— H 0 Cl
H LN COH EtOJm + Q
\
Sl N2 ' antidiabetic agent
O
NH, l CF4
LY2140023 o)
schizophrenia drug HO,C H &0 LY404039
D antipsychoftic &
H y 3 anxiolytic drug
Hzl\] COzH

Figure 4.1-1. Previous preparation of thiabicyclo[3.1.0]hexane dioxide derivatives.

WEIWFEMTTF ATz 07T T— MDY 7 a7/ U ALRIERT T EY 7 B
[310]~F o VA XV A FOAKEE L THWOLNZ, LLARRDL, TF 717
Rh(OAC)s ZEdfilift e L CTHWOHILD Z &0 T2 IROERABI L7, =F v F 4 &R
B2 B RN Z AL E TITIRE STy, LA BFZEEE Tid Ru(ll)-Pheox fF(E . &7
TET— MEDAF N7 a7 AR L TR Y | @R, @RI
FOSHHETTHZ LA AL TS, AHATIX 3 BTRLEYT Y AR O5r1 My
suaZa b E A L, - T = )L A LIR  DARF SN 7 a T asX o Apic ko T
F7TET 7 uRBlO~F B VAFIA ReBT 2 a8 1, ML LT,
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42 EHEER

AWFETIX a-F T Y V=)V AVIR e FIFREOET UG & L TRATE, H19DIC
3-A VIR L & tBUOK THLEET 5 Z LT L » TRRBREUS ZFTV, 99%IRTH U 7 A AL
Fr—b 1%/, 2T eET R 72 ) VERIESE TR B ALK EZARK L,
R 5 = L 72K p-ABSA LIREES U 7 AT Ko TOT AL EITUN, B U L ALK R —
3B 2 B, 20% IR THBID a-27 Y VT =)L A LR 2 BA R L 7Z(Scheme 4.2-1),

Q\S//o BuOK (1.5 eq.) /(/)
> /S S
[;;} THF, RT, 1 h KO™S\__/—
1; 99% yield
0
)K/Br
Ph p-ABSA (1.1 eq.) 0
0 0
(1.5eq.) /J(V? o K,CO3 (2.0 eq.) Ph/ﬁw/%éo
> \ P > pr—
EtOH, RT, 12h  Ph S{_ /= CHiCN,RT, 1h —

2; 20% yield (2 steps)

Scheme 4.2-1. Preparation of substrate.

43 @-TTI VT NVANVKRY DREFG TNV 7 v 7 a ARG

Bon oV T V)V AR Y 2 DRV A VIR BEESE D 72012 T VR T
HLIzEZA, BHOILEMPARELE Th o7, D1, T TR Y A VLA S
72%%. Ru(l)-Pheox Z Mz 5 Z &L TU KRy NRISEITo T2, fEHRE LT, 2 BT 25%UY
R 9M%ee LIRINEKRTILH D DD ENT T o F ABINME TG A ST L 7= (Scheme 4.3-1),

o) Al,O, N, QLo Ru(ll)-Pheox 0
Ph”l4ﬁj%7o (100 eq.) N (3 mol%) H 40
_— _ >
— CH,Cl,, 12 h Y CH,Cl,, RT Y
N2 0°C - RT / 1 min H
2 3; 25% yield

94% ee

Scheme 4.3-1. Asymmetric intramolecular cyclopropanation of a-diazo dienyl sulfone.
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4.4 HEE I D RUSHERE

-V T VT =)L A JLIR v b R ORE & 0 B HETE & D GRS & LLF 12 2R (Figure
4.4-1), REOSIZEBWTTSFHBOG L Z8RY , T MEEM B Vv T 0 o 3bh D70
W OARBEIZ X LA L7 ¢ ERAL E DT BT 3 < Dy THARRY) O NLARELE 23Rk & 5,
FP. A BTN UENLIZEERE L TN D A LR = LT E DONARFEE D 72 OIS R F B EE
GEaFO T 7 == VR T D 2 LT EEICALET 5, £ D%, PathwayB TIX 7226
FLT7 4 VEIR TS ZEEBELTWDEN, 7=Vl DR D7D O
ﬁ%@ﬂ\PWMWATiT%%ﬁ%®7I%Wﬁkﬁﬁﬁﬁ#5jV74/%ﬂ# fr5<

DITNRFEEDFERE T, JISHHIBICEIT T b0 LE X b5,

(0]
Ru S//\\ Favored O
o .
>~ Pathway A ML
(1R,5S)-Maijor
o.,0 (0]
Ru_s’ Disfavored H %0

Pathway B

7\

AN
=
<<

v
I/ f f
\

(1R,5R)-Minor

T

Figure 4.4-1. Plausible mechanism for cyclopropanation of a-diazo dienyl sulfone.

45 FERR

ARIEH TIE Ru(ll)-Pheox F1E T, M=) v FABRNR -7 V' V=)L A)LR Y DA
FoTWNy 7 a7 ar ARG &R LT2(94% ee), ARJSIETF 7 By 7 v[3.1.0]~F k&
AR A ROWD TOREEHKMBITH D,
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5% Ru(lD)-Pheox fitiiiiz K5 FU ZAdmn A F v rnraRromrt v
T A BRI 72 A B
51 dﬁb% 1,2

7y REPABEEMIEAIND & FORREN OB, AR R Y 5 2
HIZENHLILTWD, D7), EEELOPIZIT T v B2 G0 NEE @B INT
BY., BLZE 20%DOEREHFITDRIEL 1 OO07 B NREAINTNDS S KT, R
TNFa AFNIEFIRFEOSFIZBW TR AONEHRETH 5720, AT 5L
BHETHD, LNLERNOLEEERECN) vt a A FVErRoERELIZIZ AL
HH00, SIROILED FIC Y 7 A4 m A F R E RO R D 720 Ly 5 BUR
Db, TOZEMFERLE LTRFFLEICNY vt v A F VA EANT D FEORE
ERNTNDEBEZBND, L LIEE, REFOIZ MY 70Fdm 2 F VAR ORI K
O DR RO > TEY | ZOARFERFTEORELEAATONATND, 4 H T
ZNHIERESRKEN, RKEFH, T LTV =TIV DT o R IoEIND 4,
—HT, NI TIAFad T2 N M) 7 Fa AFboRIEE L TR Z2ED T
W5, 1943 4FE, Gilman HICE>THIDO U IAFda T Vo2 OB ER ST 5, 4
Hl. ZOTT AW OBIERI BRI L BEO T DICHRIC L 2 EMEOREITHEY
RuNn7einotz, 2010 4E, Carreira D 7 V—FIIZ2HT TR I o7 Vo i o 2384 &
BRIV 4 U UHAFIETR, AV 7 o Oy 7 a7 a U AUREERE LT 5D, bk,
U ZFd B AFAANRAZEHT DR BEANATDIL, M) 7 uFda AFAEERD
IEEMDOERRIZHN R TH L Z ENFHND LI o787,

NTH R TZFdaAF v rsarasnt 3 BRE TV v REBRLE SRR ORST
IREREETH D . WL DD OEMIEEWE N 5 D = & 3 X Ty % (Figure 5-1-1) 89,

¢ >§C><>
\NH HN
\_/)°
_J:l o \/ .
0 Lo NHR ~CF3
0__0 N—
CF {:X o
|// yﬁy 3 :
| A o)
OH O N 0

Insecticidal active agent  Antibiotic active agent analgesic active agent

ZT

Figure 5.1-1. Biological active trifluoromethylcyclopropane compounds.
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L LBRBZDOAREFERBNID 72 < ZETIC 3 #H Lodd STy, 2001 4
Simmoneaux (ZF 7 VA Z B RNV T 4 U AFIET, U TIAFARIT S22 L AF LU
Bk DT a N AMBOSEAT T2 @Y T AT VA BRRBICROSITET T2 60
DOHFEEE DT F o F A BRME(B0—79%ee) Th - 7= 1%, IO @ =+ o F A RN 7 0
a2 AR & L CiEL 2011 4RI Carreira 23355 L7222 3L b= L U 38R %2 FH U T2 i 5451
DET LD O, ZOWEFTIFXERTREB L, RPTRESELZ N 74y Ty
ZURFIHLTY 7 a7 a /N AERISEIT> TR Y, K 97% ee & @V o) o F A& IRE
R L TCW5D, BT, Fasan O 7 ) — 733 Al ChHH I A7 n e 2R AL T
BN DOE YT AT VAW, @ F ARy 7 a7 a ALK S & el L
T % (Scheme 5.1-2)1%,

Simmoneaux: 2006
cat.1 (0.5 mol%)
Ar/\ + N2§/CF3 > A\\‘CF3
CH,Cl, Ar
40-50% yield
61-69% ee

Carreira: 2011
cat.2 (10 mol%)

)
/FR , NHCl AsPhs (20mol%) o \\ \_CFs
Ar CF, NaO, (3.6 eq.) Ar
NaOAc (20 mol% i ,
(Bequiv)  oonc (2D MO 49-95% yield
2S04 (10 mol%) 84-97% ee
20% aq. NaCl, -15°C, 14 h
Fasan: 2017
Mb(H64V, V68A)
NH5CI , NaNO,/H, f‘llz . /R& whole cells R, /\ .CFs
CFs Chs]  Ar KPi (pH 7) Ar”
i RT, 5h 43-82% yield
5 b
oo 92-99% ee
R
R R R = O CI _N\ /”N_ Cl
/CO\
(y ol 0" ol o
R OBu  BuC
cat.1 cat.2

Scheme 5.1-1. Previous work.
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L LARS, 2RNETCOREFINIE = LT L—SETORINBIDOIRTH Y | Bip 5 HE
—EAEDIERNMIETH S & & 2 Ru(ll)-Pheox ZFIH Lizm=F o F AR U 70
FuaAF LT rara N DORFERERLT,

5.2 SfFmnt

TlERE L TAF L& Ru(ll)-Pheox fF(E . #ifHEEST YV o AE b ZAd e
VT VR A RIRHCRS S E S 2 LTy a S u USRI T2 E N TE RN
PRRET LT, ZORER, BN 2L G oo, N 74 av7 V=¥ VIR
ZREL, ZOEkE AT L L Ru(ll)-Pheox OIRATABEHIZ 1 BN T T4 5 ik
ZEH L=, 1mol%® Ru(ll)-Pheox filiiAF/E N CIIBISNTERE LRI EMN TLCIZ L - T
O EIRo 72720, 3mol% D il & CrUS A AT > 72, Z DR, BRI DOA A Z NMR (2 X
DR T2, BEULAEW O PMEN T DI HBEZ 1T 9 2 & 23 TX 72/ 72 (Scheme
5.2-1), §t> CLAEOSLERF Tl p-A FXRTAF LU ZIE L LTS EITo 72,

F3;CCH,NH,*HCI (3 eq.)
NaNO, (3.6 eq.)
Ru(ll)-Pheox (3 mol%)

PR X > No reaction
CH,CI,/H,0 (20:1), rt, 24 h
NHCI NaNO, cat.
(3.6 eq.) Ny (1 mol%)
¥ e .o
CH,CI»/H,0 (20:1) CF4 solvent, temp Ph'
(3eq.) t,1h slow addition 1 h. .
The reaction
was not completed.
NHCI NaNO, cat.
(3.6 eq.) N (3 mol%) E
CFz * ~ L P g \\\A/C 3
CH,CI,/H,0 (20:1) CF4 solvent, temp Ph'
(3eq.) rt, 1h slow addition 1 h.

The product was
confirmed by "H NMR.

Scheme 5.2-1. Preliminary experiment.

iR a2 1T > 72 & Z A Box filit 4 12380 TIFULER 20%, 56% ee & {K\ Vil % 7~ L, Pybox
fil i 5 TIT AN G DRV L D R DG 6 7u7-(Table 5.2-1, entries 1-2), £ Z T
Ru(ll)-Pheox 6a AL ., 7 mr A X BRI TRIGE T o7 & 2 A, 9%, 95/5
transicis kb, 96% trans ee & U, mNAAIEIRAICSOSHEI T 5 2 & 23 AL &7z (Table
5.2-1,entry 3), & Z THE% 72 Ru(ll)-Pheox &R Z IV TSRO A L& ik i, £T5%
FiR BB GBS R MR A2 B oM TS 2{To72 24, WTFhICBWT
HILR, SCAERIRPEO [ EIEER D S 72 - 7= (Table 5.2-1, entries 4-6), RICARFERBLS D
B E TR D72 R? & tBu JRICEHE Lol CRISZAT o7 & 2 A, SRERMED b
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AKX T L7z (Table 5.2-1, entry 7).,

LU, A X Fk & R ofilit 6f Tt Ru(ll)-

Pheox 6a & [FIEED 94A%INZRTH 5 b DD trans/cis th & T L F ARIRMEN Z < T n

oAk L 7=(Table 5.2-1, entry 8),

Table 5.2-1. Catalyst screening.

NH,ClI NaNO, cat.
3.6 eq. N> 3 mol%
cry + (36eq) | NN ( 0) \\\A/CFg,
CH,Cly/H,0 (20:1) CF3 CH,Cly, rt PMP
1(3.0 eq.) it 1 h 2a slow addition 1 h. 3a
entry cat. (mol%) yield (%)° trans/cis® trans ee (%)°
1 4 (3) 20 69/31 56
2 5(3) n.r. - -
3 6a (3) 94 95/5 96
4 6b (3) 88 95/5 95
5 6c (3) 89 93/7 96
6 6d (3) 88 94/6 93
7 6e (3) 86 93/7 92
8 6f (3) 94 96/4 96

@Reaction conditions : to a solution of catalyst and styrene (1.0 mmol) in CH,Cl, was added a

solution of in situ generated CF3CHN,
9Determined by chiral HPLC analysis.

iPr +

[RuCly(p-cymene)],
5

| O | Rl =OMe, R*=Ph, 6b
J R' = NO,, R? = Ph, 6c
Ru—N R' = CFy, R? = Ph, 6d

i (NCCHy), R? | R'=H, R? = tBu, 6e

)

—y
Ru—N

(HsCCN)s i
Ru(ll)-Pheox 6a

| o
Ru—NJI/"
(NCCHa),

6f

under Air. Isolated yield. °Determined by NMR.

PFg

PF3

Ru(ll)-Pheox 6a & il 6f DZEN T HOIFNTHDH Z LD, WfEED LLE 21T 5 72901

MR 21T o7, #1DI

0 °CCTRISZEAT -T2 L 2 A, filltt 6f ONTARERIRPEN [A) | L7z,

FZ-10°C, —30°C L IRE A KT &85 & Ru(ll)-Pheox 6a DULR XA T2 & DD, fill 6f

DD HMERF S 172 (Table 5.2-2),
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Table 5.2-2. Temperature effect.

NH;CI NaNO, cat.
3.6 eq. N 3 mol%
CFy + ooes) C | pues ome) CFs
CHQC|2/H20 (201) CF3 CH20|2, temp PMP

1(3.0eq.) it 1h 2a  slow addition 1 h. 3a
entry cat. (mol%) temp [°C] yield (%)? trans/cis® trans ee (%)?

1 6a (3) rt 94 95/5 96

2 6f (3) rt 94 96/4 96

3 6a (3) 0 93 95/5 96

4 6f (3) 0 94 97/3 98

5 6a (3) -10 87 96/4 97

6 6f (3) ~10 90 97/3 98

7 6a (3) -30 80 97/3 98

8 6f (3) -30 93 98/2 99

@Reaction conditions : to a solution of catalyst and p-Methoxystyrene (0.2 mmol) in CH,Cl,
was added a solution of in situ generated CF3CHN, under Air. ’Isolated yield. “Determined
by NMR. YDetermined by chiral HPLC analysis.

WIZIRBZN RO 21T o 72 & 2 A, 1T & A EDOTEBER T Ru(ll)-Pheox 6a 73 @ YR %
Ly SEARERIRPEIARAE 6 233 M@ OFER & 72 - CU 5 (Table 5.2-3),

Table 5.2-3. Solvent effect.

NH3C| NaN02 N cat.o
(3.6 eq.) R |2 P (3 mol%) A/CFs
CFy + + PMP™ XX o
CH,Cl,/H,0 (20:1) CF; solvent, rt PMP
1(3.0eq.,) . 1h 2a slow addition 1 h. 3a
entry cat. (mol%) Solvent yield (%)? trans/cis® trans ee (%)?
1 6a (3) CH,CI, 94 95/5 96
2 6f (3) CH,Cl, 94 96/4 96
3 6a (3) Benzene 87 95/5 94
4 6f (3) Benzene 76 96/4 96
5 6a (3) Et,O 87 94/6 94
6 6f (3) Et,O 61 96/4 95
7 6a (3) Acetone 89 94/6 94
8 6f (3) Acetone 81 95/5 95
9 6a (3) THF 8 77/23 90
10 6f (3) THF 28 96/4 95

4Reaction conditions : to a solution of catalyst and p-Methoxystyrene (0.2 mmol) in CH,Cl,
was added a solution of in situ generated CF3;CHN, under Air. bIsolated yield. °Determined
by NMR. 9Determined by chiral HPLC analysis.
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FRR X0 fili 6f 23 EONIRIERIMEZ R T H O D, Ru(ll)-Pheox 6a DEIZI T i
OTEmWT T T A SR Z R L, EE—MEORETTIEL Ru(ll)-Pheox 6a z V>, W
DEZ T2 0 CORESRM T CRISEITS T,

53 HMAL T4 L NI IAF DTV E U DREFY 7 v ARG
MDIZE=NT L—FHTOY 7 a7 a N AURS%1T > 72 (Table 5.3-1), /S F{LIZEF
e THDL A XU, UATFAT I KEFOL D 72 E TGS M VEICHE
7-(Table5.3-1,enties1and3), LN LZRAR L, A RF T AT L2 la BEINEE TG HEST
TVLDIZH L CAFNLT I AF L 1IciENMR ECHEMEAE— 7 BEIIIS TR,

Table 5.3-1. Cyclopropanation of vinyl arenes.

NH3C| l:\slasNOz N Rugl)—Pl?/eox
.6 eq.
cr, + ( q.) ( . AN (3mol%) f CF,
CH2C|2/H20 (201) CF3 CH2C|2, 0°C Ar'
1(3.0eq.) . 1h 2 slow addition 1 h. 3
entry Substrate yield (%)? trans/cis® ee (%)?
trans cis
X
1 96 3a 98/2 96 88
MeO
X
2 99 3b 95/5 96 91
OMe
X
3 56 3¢ 90/10 96 91
MezN
X
4 OO 80 3d 98/2 97 6
X
5¢ 77 3e 97/3 96 38
Cl
X
6° 48 3f 99 1 97 -
O5N
7 Fe 85 3g 93/7 92 75
S g

dReaction conditions : to a solution of catalyst and olefins (0.2 mmol) in CH,Cl, was added a
solution of in situ generated CF3CHN, under Air. ®Isolated yield. “Determined by NMR.
9Determined by chiral HPLC analysis. ®6 mol% of Ru—Pheox was used at rt.
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PEMETLTWD, Flo, AXAUTA FF VEEZFFOLAICBWLTHEWIENDE N
SEAROEIME TR ETT LTV B (Table 5.3-1, entry 2), FEFReIMEETHH 7ok =

Table 5.3-2. Cyclopropanation of vinyl ethers and vinyl amines.

NH,ClI NaNO, Ru(ll)-Pheox
(3.6 eq.) Ny (3 mol%)
Fy + g F R — \\\A/CF3
CH20|2/H20 (201) CF3 CHQC|2, 0°C R
1(3.0eq.) . 1h 2 slow addition 1 h. 3
entry Substrate yield (%)° trans/cis® ee (%)?
trans cis
1 @\ 74 3h 90/10 93 74
o
MeO
2 \©\ 88 3i 91/9 92 69
o
Br
3 \©\ 81 3j 88/12 92 69
o
O N
4 96 3k 96/4 97 83
(0]
5 o)J\ N 93 3l 80/20 92 55

0
O)J\ N 94 3n 85/15 97 75
e

0
8¢ OJ\N/\ 90 30 92/8 91 70

o)
7 ©AOJ\N/\ 92 3m 75125 95 76
Bn

dReaction conditions : to a solution of catalyst and olefins (0.2 mmol) in CH,Cl, was added a
solution of in situ generated CF3CHN, under Air. ®Isolated yield. “Determined by NMR.
9Determined by chiral HPLC analysis. °6 mol% of Ru—Pheox was used at rt.
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RIED X D BRI ZFF OIS TEPME L 72 0 )OS FERE LehroTe, £Z2TZh
5 DOHE TIE 6 mol% Dl & TR Z 1T o7& 2 A, HTRREDIEED D EO AR T
i3 ST U 7= (Table 5.3-1, entries 5-6), HIZE =/ 7 =t 1giZBWVTHEWIE, &
W F o F AR TS AT 5 Z & 6 AL L7 (Table 5.3-1, entry 7), 7 = u & > (3fih
B FERICBWTIAS O OH D HETH O | RIS HF T2 72 H~D R H 00 1272
O TIERV N EHIEIN D,

FROME LV EAUREHEDO AT L U FHERP SV Z R T 2 2 E, KRIZE=
NT—T VR OE =LY I CORIGNE R L7z (Table 5.3-2), #1HICE =7 ==/l =—
T 1h TRISEIT272& 2 A, MBICKIGREITL, @4, U7 27 AR
PECROCHET L7z, LU 6, HEVEM OURIMENTZDIZIERNME T L, 74% &
WO FERIZZe o7z, WITANFALIZA BFVEABEA L TRISEI T2 L 2A, mWILE, &
USSR CROGANEETT L 7-(Table 5.3-2, entry 2), 7' 1 E LA A L2 A 12IZBUSHED
KT D712 6 Mol D &NV TH 72 b DD, TH HEWIER, AR TG
MELT L7 (Table 5.3-2, entry 3), B =17 I U2 FE & LERFIZIIWTNR S BWIRER, =
CFABERMECTRUSPEIT LI DD, BV AN A— MER OB >TYT
AT U ABRPPE DR T 23 AL & 17 (Table 5.3-2, entries 4-6),
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5.4 b)?»tn%%wtwwvﬂnfn/wa%Aﬁ

WCAEMEE OB TR E /2D R 7t u AF o= 1y 7 a7 aNrOR
%é\ﬁk%ﬁo Too BB NTov 7 v R0 89%IN R, 88/12 trans/cis ., 97% ee & MY
RSIEIRIECTH o7, Z OB MITE =N EEFMEIICEHZE T 2 2 ThY 714 2
FrraTa N HNVR BN ERT A ENTED, ZOAVER IR LIS
ZIROGSE D Z L TRBIEECHETE M Z RO AW ATX 5 Z LR EICHE S
TWb, Ko ra7a/SU USRI Z O M) 7t e A F =Ly 7 a7 aNy E R
ARk L= WO T & % (Scheme 5.4-1),

Ru(ll)-Pheox

X (3 mol%) \\A/CF3
+| Nos _CF > A
Xx~~'3
CH,Cl,, 0 °C

slow addition 1 h.

2p TNaNOz 3p; 89% yield
F.C NHACI 88/12 trans/cis
NG 97% trans ee
1
RuCl; (3 mol%)
NalOy4 /N\_CF3 —»
CCl/CHsCN/H,0  HOC™ 4

56% yield

|// /\CF3

\
\
N

OH O
Insecticidal active agent Antibiotic active agent

Scheme 5.4-1. Formal synthesis of biologically active compounds.
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55 BT} rFABRBREEZHFETITFRIND AL=X L

KR DARFTHE A I = AL Z L TIRT, ABUSIZENTIE 3 BEOVT Y AR
EZIEFRR O R E H A CRUCDETT D LB DD, TRbbh, A X NI EEE
FO RN T Fa AT OVIERSARREE L 7D cis ERIREY R OGRS A3 XA, Pathway A
DERIZ AT L 2 B A2 DI BT 2 58 I3 RBEE S FEE L2 T2 D P IS SR 23
HEAT L., Pathway B Tid Ru(ll)-Pheox D RFEREE D7 = = VEESSIRREE L 72 > TLE 9
Te O BUSHEME T2 L WO ETH 5,

Ty RIFTKFLIFLAERE SITEN R KFEE T v RITEBR L IALED & EENIC
B ANTHEWVWERNENDZ ER<KBMVIAEND ZERHLIB/NSWEFTHD, L
MLRNG, MU TZAFRAFAIITT 7 TNV T — LA EENR22A THY, 4V 7
NELRBEORE S EZFOZENHLNTND B o T, ASHEIZBWNTH RY 7
N AFNIEOSEEEDPRELFLELTND EEZI LD,

c FunF
NS Favored VIC\F

Pathway A

G

(1R,2R)-Major

A

\ //TCU

<
M

C\
vl F

(1S,2S)-Minor

)Q(\ __Ru C‘F Disfavored P F
©\\‘\\ \\t::\:\l --------------- > =

Figure 5.5-1. Plausible mechanism for highly enantioselective cyclopropanation.

5.6 fEim

ATEE T Ru(l)-Pheox ZFIf L@ FAHRIRG R M) 7Ada AFLL s aT
BV DARF AR LTz, RARJST 2 E TOREFN AT, Dl TR
WITTHZLITMAT, E=lm—T b, E=2AT 0, LTV OEEEEE L L
OB T D, BoNT- R ZAFdaXF s s a7 a3 AEYEIEYE O s &
Y RDTEND, AT RERELEGROEHNVICRD EEZBND,
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General methods: All non-aqueous reactions were carried out in glassware under argon atmosphere
and stirred via magnetic stir-plates. Thin-layer chromatography analyses were performed using Merck
pre-coated silica gel plates with 254 indicator. Visualization was accomplished by UV light (254 nm),
potassium permanganate, phosphomolybdic acid, or anisaldehyde. Flash column chromatography was
performed using silica gel 60 (mesh 40-100) supplied by Kanto Chemical Co., Inc. *H and *C NMR
spectra were recorded on a JEOLINM-ECS400 (400 MHz *H, 100 MHz **C) or a JEOL JNM-ECX500
(500 MHz H, 126 MHz *3C). Chemical shift values (8) are reported in ppm (tetramethylsilane & 0.00
ppm for *H; residual chloroform & 77.0 ppm for 3C). Optical rotations were measured on a JASCO P-
1030 digital polarimeter. DART mass (positive mode) analyses were performed using a JEOL the Accu
TOF TLC JMS-T100TD. Analytical HPLC was performed on a JASCO PU1586 with a UV-1575

UV/Vis detector using a chiral column.

1. General procedure for catalytic asymmetric cyclopropanation of olefins with diazosulfones.

Ru(Il)-Pheox
(3 Mol%) yAVAL

XN + Nos Ts !
R ~ CH,Cl,, 5 min, =10 °C

The solution of diazosulfones (0.2 mmol) in CH2Cl, (2.0 mL) was slowly added to a mixture of Ru(ll)-

Pheox catalyst (3.8 mg, 0.006 mmol) and olefins (1.0 mmol) in CH2C1, (2.0 mL) under argon
atmosphere at room temperature. After the addition completed, the reaction mixture was thenstirred
for 5 min at —10 °C. The progress of the reaction was monitored by TLC. Upon completion, solvent
was removed and the residue was purified by column chromatography to give desired product. The
trans/cis ratio was determined from the crude 'H NMR spectra, and the ee value was determined by

chiral HPLC analysis.

2. Analytical data of asymmetric cyclopropanation reaction products.

1-methyl-4-(((1R,2S)-2-phenylcyclopropyl)sulfonyl)benzene (3a)

This compound was prepared according to the general procedure for

A/ TS asymmetric cyclopropanation between styrene (104.2 mg, 1.0 mmol) and
© TsCHN:2 (39.2 mg, 0.2 mmol). The resulting mixture was purified by silica gel

column chromatography with Hexane/EtOAc as an eluent to give 1-methyl-4-
(((1R,2S)-2-phenylcyclopropyl)sulfonyl)benzene 3a (80% yield, 43.5 mg, 0.16 mmol), 96% ee. *H
NMR (500 MHz, CDCls): & 7.81 (d, J = 8.41 Hz, 2H), 7.35 (d, J = 8.41 Hz, 2H), 7.30-7.15 (m, 3H),
7.02 (d, J = 7.26 Hz, 2H), 2.87 (ddd, J = 4.20, 6.12, 10.13 Hz, 1H), 2.65 (ddd, J = 4.78, 4.78, 8.22 Hz,
1H), 2.44 (s, 3H), 1.87 (ddd, J = 5.59, 5.59, 9.94 Hz, 1H), 1.45 (ddd, J = 6.12, 6.12, 8.41 Hz, 1H); 13C
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NMR (126 MHz, CDCls): 6 144.4, 137.5, 137.5, 129.9, 128.6, 127.5, 127.0, 126.5, 41.9, 23.7, 21.6,
13.8; [a]*p=-58.0 (c = 1.0, CHCls); For C16H160,S [M+NH4] * Calcd: 290.12147, Found: 290.12143;
The enantiomeric ratio of 3a was determined by HPLC (Hexane : IPA =4 : 1, 1.0 mL/min) using a
CHIRALCEL 0OJ-H column (0.46 cm x 25 cm): major isomer 42.9 min and minor isomer 40.5 min.

1-methyl-4-((2-(p-tolyl)cyclopropyl)sulfonyl)benzene (3b)

A/Ts

/© asymmetric cyclopropanation between 4-methyl styrene (118.2 mg, 1.0
Me

This compound was prepared according to the general procedure for

mmol) and TsCHN; (39.2 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with Hexane/EtOAc as an
eluent to give 1-methyl-4-((2-(p-tolyl)cyclopropyl)sulfonyl)benzene 3b (91% yield, 52.2 mg, 0.18
mmol), 93% ee. *H NMR (500 MHz, CDCls): & 7.81(d, J = 8.41 Hz, 2H), 7.35 (d, J = 8.03 Hz, 2H),
7.05 (d, J = 7.26 Hz, 2H), 6.91 (d, J = 8.03 Hz, 2H), 2.83 (ddd, J = 4.30, 6.22, 10.22 Hz, 1H), 2.61
(ddd, J =4.97, 4.97, 7.64 Hz, 1H), 2.44 (s, 3H), 2.28 (s, 3H), 1.85 (ddd, J = 5.30, 5.30, 9.94 Hz, 1H),
1.42 (ddd, 5.73, 6.50, 8.41 Hz, 1H); 13C NMR (126 MHz, CDCls): 6 144.3, 137.6, 136.7, 134.4, 129.9,
129.2,127.5,126.4,41.8,23.4,21.6,21.9, 13.7; [a]*p=—-48.1 (c = 1.0, CHCl3); For C17H180,S [M+H]
* Calcd: 287.11057, Found: 287.11058; The enantiomeric ratio of 3b was determined by HPLC
(Hexane : IPA =4 :1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46 cm x 25 cm): major

isomer 18.1 min and minor isomer 20.2 min.

1-(tert-butyl)-4-(2-tosylcyclopropyl)benzene (3c)

This compound was prepared according to the general procedure for

T
A/ S asymmetric cyclopropanation between 4-tbutyl styrene (160.3 mg, 1.0

@ mmol) and TsCHN; (39.2 mg, 0.2 mmol). The resulting mixture was
tBu

purified by silica gel column chromatography with Hexane/EtOACc as an
eluent to give 1-(tert-butyl)-4-(2-tosylcyclopropyl)benzene 3c (89% yield, 58.2 mg, 0.18 mmol), 92%
ee. IH NMR (500 MHz, CDCls):  7.81 (d, J = 6.50 Hz, 2H), 7.35 (d, J = 8.03 Hz, 2H), 7.27 (ddd, J
= 2.1, 2.1, 8.41 Hz, 2H), 6.95 (ddd, J = 1.91, 1.91, 8.41 Hz, 2H), 2.84 (ddd, J = 4.21, 6.31, 10.13 Hz,
1H), 2.64 (ddd, J = 4.59, 5.35, 8.41 Hz 1H), 2.44 (s, 3H), 1.86 (ddd, J = 5.59, 5.59, 9.56 Hz, 1H), 1.44
(ddd, J = 5.64, 6.69, 8.22 Hz, 1H), 1.27 (s, 9H); 3C NMR (126 MHz, CDCls): § 150.1, 144.3, 137.6,
134.4,129.9, 127.6, 126. 2, 125.5, 41.7, 34.4, 31.2, 23.3, 21.6, 13.7; [0]*p=-51.5 (c = 1.0, CHCIy);
For CooH240,S [M+H]* Calcd: 329.15752, Found: 329.15750; The enantiomeric ratio of 3¢ was
determined by HPLC (Hexane : IPA=4: 1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46

cm X 25 cm): major isomer 10.7 min and minor isomer 9.37 min.
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1-methoxy-4-(2-tosylcyclopropyl)benzene (3d)

A/Ts

asymmetric cyclopropanation between 4-methoxy styrene (134.2 mg,
M O/© 1.0 mmol) and TsCHN (39.2 mg, 0.2 mmol). The resulting mixture
e

This compound was prepared according to the general procedure for

was purified by silica gel column chromatography with Hexane/EtOAc
as an eluent to give 1-methoxy-4-(2-tosylcyclopropyl)benzene 3d (96% yield, 58.1 mg, 0.19 mmol),
95% ee. *H NMR (500 MHz, CDCls): 8 7.81 (d, J = 8.41 Hz, 2H), 7.36 (d, J = 8.03 Hz, 2H), 6.94
(ddd, J = 2.39, 2.39, 9.08 Hz, 2H), 6.78 (ddd, J = 2.48, 2.49, 8.79 Hz, 2H), 3.75 (s, 3H), 2.83 (ddd, J
=4.30, 6.22, 10.22 Hz, 1H), 4.97 (ddd, J = 4.97, 4.97, 7.84 Hz, 1H), 2.44 (s, 3H), 1.83 (ddd, J = 5.45,
5.45, 9.94 Hz, 1H), 1.40 (ddd, J = 5.73, 6.50, 8.41 Hz, 1H); **C NMR (126 MHz, CDCls): § 158.6,
144.3, 137.6, 129.9, 129.4,127.7, 127.5, 114.0, 55.2, 41.7, 23.1, 21.6, 13.6; [a]*p=-53.5 (c = 1.0,
CHCls); For C17H1803S [M+NH.]* Calcd: 320.13204, Found: 320.13203; The enantiomeric ratio of
3d was determined by HPLC (Hexane : IPA=4: 1, 1.0 mL/min) using a CHIRALCEL OJ-H column

(0.46 cm x 25 cm): major isomer 25.2 min and minor isomer 29.9 min.

N,N-dimethyl-4-(2-tosylcyclopropyl)aniline (3e)

A/Ts

@ asymmetric cyclopropanation between 4-N,N-dimethylamino styrene
MezN

This compound was prepared according to the general procedure for

(147.2 mg, 1.0 mmol) and TsCHN3 (39.2 mg, 0.2 mmol). The resulting

mixture was purified by silica gel column chromatography with

Hexane/EtOAC as an eluent to give N,N-dimethyl-4-(2-tosylcyclopropyl)aniline 3e (88% yield, 55.7
mg, 0.18 mmol), 93% ee. *H NMR (500 MHz, CDCls): 8 7.81 (d, J = 8.03 Hz, 2H), 7.34 (d, J = 8.41
Hz, 2H), 6.88 (d, J = 8.79 Hz, 2H), 6.60 (d, J = 8.79 Hz, 2H), 2.88 (s, 6H), 2.79 (ddd, J = 4.21, 6.12,
9.94 Hz, 1H), 2.55 (ddd, J = 4.78, 4.78, 8.03 Hz, 1H), 2.44 (s, 3H), 1.81 (ddd, J =5.07, 5.07, 9.56 Hz,
1H), 1.39 (ddd, J = 6.12, 6.12, 7.64 Hz, 1H); 3C NMR (126 MHz, CDCls): § 149.7, 144.2, 137.8,
129.8, 127.5, 127.4, 124. 9, 112.5, 41.5, 40.5, 23.3, 21.6, 13.3; [0]%p =-66.9 (c = 1.0, CHCI5); For
CigH21NO,S [M+H]* Calcd: 316.13712, Found: 316.13710; The enantiomeric ratio of 3e was
determined by HPLC (Hexane : IPA=4: 1, 2.0 mL/min) using a CHIRALCEL OJ-H column (0.46

cm X 25 cm): major isomer 19.7 min and minor isomer 28.3 min.

1-methyl-2-(2-tosylcyclopropyl)benzene (3f)

Mo This compound was prepared according to the general procedure for

\\A/TS asymmetric cyclopropanation between 2-methyl styrene (118.2 mg, 1.0 mmol)
©\\ and TsCHN3 (39.2 mg, 0.2 mmol). The resulting mixture was purified by silica
gel column chromatography with Hexane/EtOAc as an eluent to give 1-
methyl-2-(2-tosylcyclopropyl)benzene 3f (90% yield, 51.7 mg, 0.18 mmol), 76% ee. *H NMR (500
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MHz, CDCl3): § 7.82 (d, J = 8.41 Hz, 2H), 8.03 (d, J = 8.03 Hz, 2H), 7.13 (d, J = 4.20 Hz, 2H), 7.10-
7.04 (m, 1H), 6.84 (d, J = 7.26 Hz, 1H), 2.90 (ddd, J = 4.44, 6.31, 10.13 Hz, 1H), 2.61 (ddd, J = 4.97,
4.97,8.41 Hz, 1H), 2.45 (s, 3H), 2.34 (s, 3H), 1.81 (ddd, J = 5.07, 5.07, 9.75 Hz, 1H), 1.42 (ddd, J =
5.54, 6.79, 8.12 Hz, 1H); 1*C NMR (126 MHz, CDCls):  144.4, 138.0, 137.5, 135.3, 130.1, 129.9,
127.6, 127.2, 125.9, 125.8, 41.1, 21.9, 21.6, 12.8; [a]*'o =—26.4 (c = 1.0, CHCIs); For C17H1802S
[M+1]* Calcd: 287.11057, Found: 287.11055; The enantiomeric ratio of 3f was determined by HPLC
(Hexane : IPA=4: 1, 1.0 mL/min) using a CHIRALPAK AD-H column (0.46 cm x 25 cm): major

isomer 14.1 min and minor isomer 15.6 min.

1-chloro-4-(2-tosylcyclopropyl)benzene (3g)

AVAL

@ asymmetric cyclopropanation between 4-chloro styrene (138.6 mg, 1.0
Cl

This compound was prepared according to the general procedure for

mmol) and TsCHN: (39.2 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with Hexane/EtOAc as an
eluent to give 1-chloro-4-(2-tosylcyclopropyl)benzene 3g (72% yield, 44.3 mg, 0.14 mmol), 94% ee.
'H NMR (500 MHz, CDCls): 6 7.80 (d, J = 8.41 Hz, 2H), 7.36 (d, J = 8.41, 2H), 7.21 (ddd, J = 2.10,
2.10, 8.41 Hz, 2H), 6.95 (ddd, J = 2.29, 2.30, 8.60 Hz, 2H) 2.84 (ddd, J = 4.30, 6.22, 10.22 Hz, 1H),
2.61 (ddd, J = 4.78, 4.78, 8.03 Hz, 1H), 2.45 (s, 3H), 1.87 (ddd, J = 5.54, 5.54, 9.94 Hz, 1H), 1.42
(ddd, J=6.17, 6.31, 8.41 Hz, 1H); 3C NMR (126 MHz, CDCls): § 144.6, 137.4, 136.0, 132.9, 129.9,
128.7, 127.9, 127.5, 41.9, 23.0, 21.6, 13.9; [a]**p = -50.8 (c = 1.0, CHCIs); For C16H15ClO2S
[M+NH,]* Calcd: 324.08250, Found: 324.088251; The enantiomeric ratio of 3g was determined by
HPLC (Hexane : IPA=4:1, 0.5 mL/min) using a CHIRALCEL OJ-H column (0.46 cm x 25 cm):

major isomer 49.1 min and minor isomer 45.4 min.

1-methyl-4-((2-(4-(trifluoromethyl)phenyl)cyclopropyl)sulfonyl)benzene (3h)

A/Ts

/@ asymmetric cyclopropanation between 4-trifluoromethyl styrene (172.2
FsC

This compound was prepared according to the general procedure for

mg, 1.0 mmol) and TSCHN3 (39.2 mg, 0.2 mmol). The resulting mixture

was purified by silica gel column chromatography with Hexane/EtOACc
as an eluent to give 1-methyl-4-((2-(4-(trifluoromethyl)phenyl)cyclopropyl)sulfonyl)benzene 3h
(62% yield, 44.3 mg, 0.14 mmol), 93% ee. 'H NMR (500 MHz, CDCls): § 7.81 (d, J = 6.5 Hz, 2H),
7.51 (d, J = 8.03 Hz, 2H), 7.37 (d, J = 8.03 Hz, 2H), 7.14 (d, J = 8.41 Hz, 2H), 2.92 (ddd, J = 4.40,
6.12, 10.13 Hz, 1H), 2.69 (ddd, J = 4.49, 5.45, 8.50 Hz, 1H), 2.46 (s, 3H), 1.93 (ddd, J = 5.64, 5.64,
9.56 Hz, 1H), 1.49 (ddd, J = 6.12, 6.12, 8.60 Hz, 1H); 1*C NMR (126 MHz, CDCls): & 144.7, 141.7,
137.2, 130.0, 129.7 129.5, 129.2, 129.0 127.6, 127.2, 126.9, 125.6, 125.6, 125.0, 122.9, 120.7, 42.2,
23.3, 21.6, 14.2; [a]®p=-41.2 (c = 1.0, CHCIs); For C17H15F202S [M+H]* Calcd: 341.08231, Found:
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341.08233; The enantiomeric ratio of 3h was determined by HPLC (Hexane : IPA=4:1, 0.5 mL/min)
using a CHIRALCEL OJ-H column (0.46 cm x 25 cm): major isomer 27.5 min and minor isomer 25.9

min.

1-methyl-4-((2-(4-nitrophenyl)cyclopropyl)sulfonyl)benzene (3i)

A/Ts

@ asymmetric cyclopropanation between 4-nitro styrene (149.2 mg, 1.0
O,N

This compound was prepared according to the general procedure for

mmol) and TsCHN2 (39.2 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with CH2ClI; as an eluent

to give 1-methyl-4-((2-(4-nitrophenyl)cyclopropyl)sulfonyl)benzene 3i (43% yield, 34.8 mg, 0.13
mmol), 91% ee. *H NMR (500 MHz, CDCls): § 8.12 (d, J = 8.79 Hz, 2H), 7.81 (d, J = 8.41 Hz, 2H),
7.38 (d, J=8.41 Hz, 2H), 7.18 (d, J = 8.79 Hz, 2H), 2.96 (ddd, J = 4.16, 6.12, 9.94 Hz, 1H), 2.74 (ddd,
J=4.59,5.35,8.41Hz, 1H), 2.46 (s, 3H), 1.97 (ddd, J = 5.64, 5.64, 9.56 Hz, 1H), 1.52 (ddd, J = 6.12,
6.12, 8.41 Hz, 1H); *C NMR (126 MHz, CDCls): 6 147.0, 145.3, 144.9, 137.1, 130.1, 127.7, 127.3,
123.9, 42.6, 29.7, 21.6, 14.8; [0]® = —41.7 (¢ = 1.0, CHCIs); For Ci6HisNO2S [M+NH4]*
Calcd:335.10655, Found: 335.10655; The enantiomeric ratio of 3i was determined by HPLC (Hexane :
IPA=1:1, 0.5 mL/min) using a CHIRALPAK IC column (0.46 cm x 25 cm): major isomer 37.6 min
and minor isomer 46.8 min.

1-methyl-4-((2-phenoxycyclopropyl)sulfonyl)benzene (3j)

N\ _Ts

PhO"

This compound was prepared according to the general procedure for asymmetric

cyclopropanation between phenyl vinyl ether (96.1 mg, 1.0 mmol) and TSCHN;

(39.2 mg, 0.2 mmol). The resulting mixture was purified by silica gel column
chromatography  with  Hexane/EtOAc as an eluent to give  1-methyl-4-((2-
phenoxycyclopropyl)sulfonyl)benzene 3j (89% yield, 51.4 mg, 0.18 mmol), 98% ee. 'H NMR (500
MHz, CDCl3): & 7.81 (d, J = 8.03 Hz, 2H), 7.38 (d, J = 7.64 Hz, 2H), 7.21 (dddd, J = 2.1, 2.1, 7.45,
8.60 Hz, 2H), 6.98 (ddt, J = 1.15, 1.15, 7.45 Hz, 1H), 6.91 (dd, J = 1.15, 8.79 Hz, 2H), 4.32 (ddd, J =
2.29, 4.20, 7.26 Hz, 1H), 2.72 (ddd, J = 2.20, 6.22, 9.65 Hz, 1H), 2.47 (s, 3H), 1.81 (ddd, J = 6.69,
6.80, 6.88, 1H), 1.58 (ddd, J = 4.11, 6.79, 9.65 Hz, 1H); 13C NMR (126 MHz, CDCls): § 157.2, 144.8,
137.1, 130.0, 129.5, 127.7, 122.0, 114.8, 54.5, 39.5, 21.6, 14.0; [a]*®0 =+94.9 (c = 1.0, CHCIs); For
Ci6H1603S [M+H]* Calcd: 289.08984, Found: 289.08987; The enantiomeric ratio of 3j was
determined by HPLC (Hexane : IPA=4: 1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46

cm X 25 cm): major isomer 17.2 min and minor isomer 20.0 min.
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1-((2-isopropoxycyclopropyl)sulfonyl)-4-methylbenzene (3k)

This compound was prepared according to the general procedure for asymmetric

pro™ cyclopropanation between ipropyl vinyl ether (96.1 mg, 1.0 mmol) and TSCHN

(39.2 mg, 0.2 mmol). The resulting mixture was purified by silica gel column
chromatography with Hexane/EtOAc as an eluent to give 1-((2-isopropoxycyclopropyl)sulfonyl)-4-
methylbenzene 3k (98% yield, 49.7 mg, 0.18 mmol), 98% ee. 'H NMR (500 MHz, CDCls): § 7.77 (d,
J =8.41 Hz, 2H), 7.36 (d, J = 8.03 Hz, 2H), 3.89 (ddd, J = 2.49, 4.59, 7.26 Hz, 1H), 3.63 (sept, J =
6.12 Hz, 1H), 2.50 (ddd, J =2.29, 6.12, 9.56 Hz, 1H), 2.45 (s, 3H), 1.56 (ddd, J = 6.75, 6.88, 7.26 Hz,
1H), 1.37 (ddd, J = 4.30, 6.60, 9.65 Hz, 1H), 1.14 (d, J = 6.12 Hz, 3H), 1.08 (d, J = 6.12 Hz, 3H); 3C
NMR (126 MHz, CDCls): 6 144.4, 137.5, 129.8, 127.5, 73.3, 55.7, 39.5, 21.9, 21.7, 21.6, 13.9; [a]*’p
= +14.0 (c = 1.0, CHCIs); For C13H1803S [M+NH4]* Calcd: 272.13204, Found: 272.13205.; The
enantiomeric ratio of 3k was determined by HPLC (Hexane : IPA = 4 : 1, 1.0 mL/min) using a

CHIRALPAK IF-3 column (0.46 cm x 25 cm): major isomer 26.4 min and minor isomer 23.8 min.

1-(((1R,2R)-2-(tert-butoxy)cyclopropyl)sulfonyl)-4-methylbenzene (3I)

T This compound was prepared according to the general procedure for
S

BuO" asymmetric cyclopropanation between tbutyl vinyl ether (100.2 mg, 1.0 mmol)

and TsCHNz (39.2 mg, 0.2 mmol). The resulting mixture was purified by silica
gel column chromatography with Hexane/EtOAc as an eluent to give 1-(((1R,2R)-2-(tert-
butoxy)cyclopropyl)sulfonyl)-4-methylbenzene 31 (98% vyield, 53.2 mg, 0.20 mmol), 99% ee. H
NMR (500 MHz, CDCls): 4 7.77 (d, J = 8.41 Hz, 2H), 7.35 (d, J = 8.03 Hz, 2H), 3.88 (ddd, J = 2.39,
4.30, 7.55 Hz, 1H), 2.47 (ddd, J = 2.29, 6.12, 9.56 Hz, 1H), 2.45 (s, 3H), 1.50 (ddd, J = 6.41, 6.41,
7.64 Hz, 1H), 1.28 (ddd, J = 4.40, 6.50, 9.36 Hz, 1H), 1.19 (s, 9H); 3C NMR (126 MHz, CDCls): &
144.3, 137.6, 129.8, 127.5, 76.0, 51.1, 39.9, 27.6, 21.5, 13.2; [a]?®p =-6.75 (c = 1.0, CHClIs); For
C14H2003S [M+H]* Calcd: 269.12114, Found: 269.12113; The enantiomeric ratio of 3| was determined
by HPLC (Hexane : IPA=4":1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46 cm x 25 cm):

major isomer 8.1 min and minor isomer 7.2 min.

9-(2-tosylcyclopropyl)-9H-carbazole (3m)

This compound was prepared according to the general procedure for
asymmetric cyclopropanation between 9-vinylcarbazole (193.2 mg, 1.0
mmol) and TsCHN; (39.2 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with Hexane/EtOAc as an

eluent to give 9-(2-tosylcyclopropyl)-9H-carbazolee 3m (86% vyield, 62.7
mg, 0.17 mmol), 95% ee. *H NMR (500 MHz, CDCls): § 8.01 (d, J = 8.01 Hz, 2H), 7.96-7.91 (m, 2H),
7.46 (d, J = 8.41 Hz, 2H), 7.37-7.31 (m, 2H), 7.28 (d, J = 8.41 Hz, 2H), 7.25-7.19 (m, 2H), 4.04 (ddd,
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J=3.06,4.59, 7.64 Hz, 1H), 3.03 (ddd, J = 3.06, 6.12, 9.17 Hz, 1H), 2.52 (s, 3H), 2.62 (ddd, J = 6.02,
6.02, 7.62 Hz, 1H), 1.85 (ddd, J = 4.88, 6.02, 9.27 Hz, 1H); **C NMR (126 MHz, CDCls): § 145.3,
140.4, 136.7, 130.3, 128.2, 126.0, 123.2, 120.3, 119.9, 109.6, 40.4, 30.4, 21.7, 14.8; [a]?p = -124.4
(c = 1.0); For C22H19NO2S [M+H]* Calcd: 362.12147, Found: 362.12148; The enantiomeric ratio of
3m was determined by HPLC (Hexane : IPA=5: 1, 1.0 mL/min) using a CHIRALPAK IC column

(0.46 cm x 25 cm): major isomer 26.7 min and minor isomer 22.4 min.

benzyl (2-tosylcyclopropyl)carbamate (3n)

Cbz\N\\\A/TS

H

This compound was prepared according to the general procedure for
asymmetric cyclopropanation between benzyl vinylcarbamate (177.2 mg, 1.0

mmol) and TSCHN; (39.2 mg, 0.2 mmol). The resulting mixture was purified

by silica gel column chromatography with Hexane/EtOAc as an eluent to give 9-(2-
tosylcyclopropyl)-9H-carbazolee 3n (86% yield, 62.7 mg, 0.17 mmol), trans/cis = 90:10, 95% trans
ee, 89% cis ee. 'H NMR (500 MHz, CDCls) (trans isomer): & 7.80 (brs, 2H), 7.53-7.10 (m, 7H), 5.15
(brs, 1H), 5.02 (s, 2H), 3.38 (brs, 1H), 2.58 (brs, 1H), 2.43 (s, 3H), 1.74 (ddd, J = 5.92, 6.02, 8.41
Hz, 1H), 1.33 (brs, 1H). *H NMR (500 MHz, CDClIs) (cis isomer): § 7.72 (d, J = 8.03 Hz, 2H), 7.44-
7.28 (m, 5H), 7.23 (d, J = 8.03 Hz, 2H), 5.73 (d, J = 8.41 Hz, 1H), 5.13 (d, J = 12.23 Hz, 1H), 5.09
(d, J=12.23 Hz, 1H), 3.59 (ddd, J = 7.45, 7.45, 14.33 Hz, 1H), 2.57 (ddd, J = 6.69, 6.69, 9.17 Hz,
1H), 2.42 (s, 3H), 1.70 (ddd, J = 6.50, 6.50, 6.50 Hz, 1H), 1.51 (ddd, J = 7.26, 7.84, 8.03 Hz, 1H);
13C NMR (126 MHz, CDClIs) (trans isomer): 3 156.0, 144.6, 136.9, 135.9, 129.8, 128.4, 128. 2, 128.0,
127.8, 67.0, 40.0, 30.5, 21.6, 13.1. °C NMR (126 MHz, CDCls) (cis isomer): § 156.2, 144.7, 137.3,
136.2, 129.9, 128.6, 128.2, 128.2, 127.3, 67.0, 36.7, 31.8, 21.6, 10.8; (trans isomer) [a]*%p> = -9.65
(c=1.0), (cis isomer) [0]**p = +34.9 (c = 0.35); For C1gH1sNO4S [M+NH,4]* Calcd: 363.13785, (trans
isomer) Found: 363.13791, (cis isomer) Found: 363.13777; The enantiomeric ratio of 3n (trans
isomer) was determined by HPLC (Hexane : IPA =4 : 1, 2.0 mL/min) using a CHIRALPAK IC
column (0.46 cm x 25 cm): major isomer 27.4 min and minor isomer 36.0 min. The enantiomeric
ratio of 3n (cis isomer) was determined by HPLC (Hexane : IPA =4 : 1, 1.0 mL/min) using a
CHIRALPAK IA column (0.46 cm x 25 cm): major isomer 17.3 min and minor.

benzyl methyl(2-tosylcyclopropyl)carbamate (30)

T This compound was prepared according to the general procedure for

S

CbZ\No‘ asymmetric cyclopropanation between benzyl methyl(vinyl)carbamate
Me (191.2 mg, 1.0 mmol) and TsCHN; (39.2 mg, 0.2 mmol). The resulting

mixture was purified by silica gel column chromatography with Hexane/EtOAc as an eluent to give

benzyl methyl(2-tosylcyclopropyl)carbamate 30 (71% yield, 51.2 mg, 0.14 mmol), 98% ee. 'H NMR
(500 MHz, CDClz): 6 7.79 (d, J = 8.03 Hz, 2H), 7.45-7.15 (m, 7H), 4.96 (s, 2H), 3.33 (ddd, J = 3.16,
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5.07, 8.12 Hz, 1H), 2.74 (s, 3H), 2.65 (ddd, J = 3.06, 6.12, 9.17 Hz, 1H), 2.42 (s, 3H), 1.82 (ddd, J =
6.31, 6.31, 8.03 Hz, 1H), 1.49 (brs, 1H); *°C NMR (126 MHz, CDCls): & 156.3, 144.6, 136.9, 136.3,
129.8, 128.4, 128.0, 127.8, 127.7, 67.1, 40.7, 36.7, 34.5, 21.5, 14.9; [0]*p = -33.2 (c = 0.35); For
C19H21NO4S [M+H]* Calcd: 360.12695, Found: 360.12692; The enantiomeric ratio of 30 was
determined by HPLC (Hexane : IPA=1: 1, 2.0 mL/min) using a CHIRALPAK IC column (0.46 cm

X 25 cm): major isomer 13.4 min and minor isomer 16.2 min.

1-methoxy-4-((2-phenylcyclopropyl)sulfonyl)benzene (3p)

oM This compound was prepared according to the general
e
o /©/ procedure for asymmetric cyclopropanation between styrene

A/\\S\\ (104.2 mg, 1.0 mmol) and 1-((diazomethyl)sulfonyl)-4-
©\\ © methoxybenzene (42.4 mg, 0.2 mmol). The resulting mixture

was purified by silica gel column chromatography with

Hexane/EtOAC as an eluent to give 1-methoxy-4-((2-phenylcyclopropyl)sulfonyl)benzene 3p (87%
yield, 50.2 mg, 0.17 mmol), 95% ee. *H NMR (500 MHz, CDCls): 4 7.86 (d, J = 8.79 Hz, 2H), 7.24
(dd, J = 7.07, 7.07 Hz, 2H), 7.22-7.17 (m, 1H), 7.05-6.99 (m, 4H), 3.87 (s, 3H), 2.85 (ddd, J = 4.30,
6.02, 10.03 Hz, 1H), 2.64 (ddd, J = 4.49, 4.49, 8.50, 1H), 1.86 (ddd, J = 5.26, 5.26, 10.03 Hz, 1H),
1.45 (ddd, J = 6.12, 6.12, 8.41 Hz, 1H); 1*C NMR (126 MHz, CDCls): & 163.5, 137.5, 132.1, 129.7,
128.6, 127.0, 126.5, 114.5, 55.6, 42.1, 23.7, 13.8; [a]*%> = —46.9 (c = 1.0); For C16H1603S [M+H]*
Calcd: 289.08984, Found: 289.08981; The enantiomeric ratio of 3p was determined by HPLC
(Hexane : IPA=4:1, 1.0 mL/min) using a CHIRALPAK IC column (0.46 cm x 25 cm): major isomer

35.4 min and minor isomer 39.5 min.

((2-phenylcyclopropyl)sulfonyl)benzene (3q)

This compound was prepared according to the general procedure for

o /@ asymmetric cyclopropanation between styrene (104.2 mg, 1.0 mmol)
A,\\S\\ and ((diazomethyl)sulfonyl)benzene (36.4 mg, 0.2 mmol). The

©\ © resulting mixture was purified by silica gel column chromatography

with  Hexane/EtOAc as an eluent to give ((2-
phenylcyclopropyl)sulfonyl)benzene 3q (72% vyield, 37.7 mg, 0.15 mmol), 95% ee. *H NMR (500
MHz, CDCly): § 7.97-7.91 (m, 2H), 7.68-7.62 (m, 1H), 7.60-7.53 (m, 2H), 7.27-7.16 (m, 3H), 7.05-
6.97 (m, 2H), 2.89 (ddd, J = 4.21, 6.12, 9.94 Hz, 1H), 2.66 (ddd, J = 4.97, 4.97, 8.41 Hz, 1H), 1.89
(ddd, J = 5.54, 5.54, 9.94 Hz, 1H), 1.48 (ddd, J = 5.73, 6.50, 8.41 Hz, 1H); 3C NMR (126 MHz,
CDCls): 6 140.5, 137.3, 133.5, 129.3, 128.6, 127.5, 127.1, 126.6, 41.7, 23.7, 12.8; [a]*°o = -63.0 (c =
1.0); For C15H140,S [M+H]* Calcd: 259.07927, Found: 259.07929; The enantiomeric ratio of 3q was
determined by HPLC (Hexane : IPA=4: 1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46
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cm x 25 cm): major isomer 23.8 min and minor isomer 28.0 min.

1-chloro-4-((2-phenylcyclopropyl)sulfonyl)benzene (3r)

Cl This compound was prepared according to the general procedure
0, /©/ for asymmetric cyclopropanation between styrene (104.2 mg, 1.0
. A,S\\ mmol) and 1-chloro-4-((diazomethyl)sulfonyl)benzene (43.3 mg,
© © 0.2 mmol). The resulting mixture was purified by silica gel column
chromatography with Hexane/EtOAc as an eluent to give 1-chloro-
4-((2-phenylcyclopropyl)sulfonyl)benzene 3r (67% yield, 39.0 mg, 0.13 mmol), 90% ee. 'H NMR
(500 MHz, CDCls): & 7.93-7.83 (m, 2H), 7.59-7.49 (m, 2H), 7.31-7.16 (m, 3H), 7.02 (d, J = 6.88 Hz,
2H), 2.89 (ddd, J = 4.21, 6.12, 10.13 Hz, 1H), 2.65 (ddd, J = 4.97, 4.97, 8.22 Hz, 1H), 1.88 (ddd, J =
5.54, 5.54, 9.56 Hz, 1H), 1*C NMR (126 MHz, CDCls): § 140.2, 138.9, 137.1, 129.6, 129.0, 128.7,
127.2,126.5,41.7, 23.8, 13.9; [a]*°> = —48.0 (c = 1.0); For C15H13CIO,S [M+NH.]* Calcd: 310.06685,
Found: 310.06688; The enantiomeric ratio of 3r was determined by HPLC (Hexane : IPA=4:1,1.0
mL/min) using a CHIRALPAK IB column (0.46 cm x 25 cm): major isomer 16.0 min and minor

isomer 17.2 min.

1-methyl-4-((-1-methyl-2-phenylcyclopropyl)sulfonyl)benzene (7)
To solution of 3a (108.9 mg, 0.4 mmol) in dry THF (2 mL) was added
T
© 7 s dropwise butylliyhium (1.6 mo/L in hexane, 0.5 mL, ) at —78 °C under Ar, and
Me

stirring was continued for 30 min at —78 °C after which Mel (123.6 mg, 0.8

mmol) was added dropwise to the solution. The resultant solution was stirred
at—78 °C for 30 min and then allowed to warm to room temperature over a period of 1 h before being
treated with saturated aqueous NH4Cl. The aqueous layer was extracted with ethyl acetate, and the
combined organic layer was washed with brine, dried over with Na,SO. and concentrated in vacuo.
The residue was purified by column chromatography to give desired product. The trans/cis ratio was
determined from the crude 'H NMR spectra, and the ee value was determined by chiral HPLC analysis.
7 (80% yield, 101.9 mg, 0.36 mmol), 94% ee. 'H NMR (500 MHz, CDCls): & 7.82 (d, J = 8.41 Hz,
2H), 7.39 (d, J = 8.41 Hz, 2H), 7.30-7.19 (m, 3H), 7.05 (d, J = 7.26 Hz, 2H), 3.21 (dd, J = 7.07, 9.75
Hz, 1H), 2.48 (s, 3H), 2.02 (dd, J = 5.54, 9.75 Hz, 1H), 1.27 (dd, J = 5.73, 6.88 Hz, 1H), 1.01 (s, 3H);
13C NMR (100 MHz, CDCls): & 144.4, 135.2, 135.0, 129.7, 128.8, 128.8, 128.3, 127.1, 42.8, 27.5,
21.6, 16.2, 13.6; [a]?’p =-39.8 (c = 1.0, CHCIs); For C17H150,S [M+H] * Calcd: 287.11057, Found:
287.11055; The enantiomeric ratio of 7 was determined by HPLC (Hexane : IPA=3:1, 1.0 mL/min)
using a CHIRALPAK ID column (0.46 cm x 25 cm): major isomer 11.3 min and minor isomer12.2

min.
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3. X-ray Crystal structure.
1-(((IR,2R)-2-(tert-butoxy)cyclopropyl)sulfonyl)-4-methylbenzene (31)
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.46°
Max. and min. transmission
Refinement method

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

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

Absolute structure parameter

Largest diff. peak and hole

CiaH2003S

268.36

296(2) K

0.71069 A

Monoclinic

C2

a=16.720(7) A a = 90°
b=9.987(4) A B = 90.306(9)°
c=8.832(4) A y=90°
1474.7(10) A3

4

1.209 Mg/m3

0.218 mm-!

576

0.60 x 0.20 x 0.10 mm3

2.31to0 28.46°

-21<=h<=22, -13<=k<=12, -11<=I<=11
13131

3152 [R(int) = 0.0326]

94.7 %

0.9732 and 0.9154

Full-matrix least-squares on F2

3152 /117167

1.031

R1=0.0467, wR2 = 0.1275

R1 =0.0581, wR2 = 0.1375

0.02(10)

0.307 and -0.222 ¢ A3
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4. NMR and HPLC spectral data.

'HNMR
2] /\ TS
= L_J’U LU JL"‘L,
1B3C NMR
A JAVAL
HPLC optically active HPLC racemic
% 001 - CH6 100000 1 , 003 - CH6
20000
g 10000 % 0000:3
0
L v < ¥ I S = =
f""*"‘“""’\"/\i’ . ‘Ff g e = % ‘7 ] goe A
300 320 340 360 380 400 40 440 460 480 500 00 20 3%#0 360 380 400 420 40 460 480 500
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 40.492 29502 1.819 1 39.425 4924223 49.497
2 42,945 1592806 98.181 42.018 5024278 50.503
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'H NMR

= yAVAL
Me’ :
£ ‘L,det QAJJJL,JLMJV |
1B3C NMR
B} N\ATs
1 Me :
HPLC optically active HPLC racemic
L 1004 - CHe i 1 005 - CHe
| 100000 | ( 2
30000 | ‘
5 20000 ‘ 5
2z Zz
z 2 50000 -
10000
1 ‘
: — U e A SRR : B =1 —
13.0 140 150 160 170 180 190 200 2.0 220 0 40 130140 150 160 170 180 190 200 20 220 230 40
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 18.093 1166073 96.660 1 18.032 3504673 50.082
2 20.242 40293 3.340 2 20.118 3493258 49.918
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A/Ts

" tBu/©

.

JLN :

13C NMR
= /\ TS
= tBu :
HPLC optically active HPLC racemic
2 002 - CHE 1 001 - CHe
400000 600000
‘ 3
3 z |
E E 400000
f; 200000 ﬁ
200000
; i . \
i , VA Sel ﬁ i .\.1‘_. _\}" S —
6.0 7.0 B0 9.0 10.0 1.0 120 13.0 140 150 6.0 lyg 8.0 9.0 ; 11.0 120 13.0 140 150
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 9.370 669649 3.854 1 9.173 15183984 49.574
2 10.720 16705930 96.146 2 10.613 15444694 50.426
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'H NMR

- JAVAL
S MeO” :
% D%NJ‘LJ \ J A b LML,
1B3C NMR
= /\ TS
= MeO :
HPLC optically active HPLC racemic
1 002- CHe 1 001 - CHG
i | 2
15000 | |
200000
g E 10000
E 100000 ‘ s
5000
| 3 g e +—1 BF SRR A T
L e—— O] SN T B B .
. . 200 25.0 300 350 40.0 20.0 250 30.0 350 40.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 25.215 12298810 97.334 1 26.057 712285 40.911
2 29.855 336804 2.666 30.275 714820 50.089
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N\ ATs
<] MezN/©
% ] J[_JM_J A UJM_J_JU_g 1
13C NMR
= AVAL
a MezN/©
HPLC optically active HPLC racemic
1 002 - CHI2 — 1 001 - CHI2
30000 ‘
50000 2
g 2000 | S
% % 40000
10000 !
20000
\ 2 \
S = \"‘—; L S T {7} Sal> AUCHERERERSSNRNSS 2 AP _ — AT--— e ‘.* . s
150 0 5.0 300 350 15.0 200 5.0 30.0 350
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 19.708 1904234 96.374 1 19.883 4695213 50.063
2 28.250 71644 3.626 2 27.943 4683333 49.937
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'H NMR

EE Me

A/Ts

\
\
W

13C NMR
- Me
N\
HPLC optically active HPLC racemic
] 1 1001 - CH6 600000 1 002 - CHe
150000 i
2.
| ‘
100000 400000
g z
7 50000 - | 5 200000 ~
2
0 ! bt 0- & 5
110 120 13.0 140 1510 16.0 17.0 18.0 190 1.0 120 130 140 15.0 16.0 17.0 18.0 19.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 14.123 3036867 88.140 1 14.110 11860317 50.008
2 15.605 408647 11.860 2 15.573 11856321 49.992
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A/Ts

] cl” i

13C NMR

0 01 02 03 04 05 06 07 08 09 10 L1 12 13 14 1

ahundance

J"Il "WLF” e ‘

2100 200.0 190.0  180.0 170.0  160.0 150.0  140.0  130.0 120.0  110.0 100.0 900 80 7066 600 50.0 400 300 200  10.0 [
X : parts per Million : Carbon13

HPLC optically active HPLC racemic

) HPLC_1013 001 003 - CHG i) 1 HPLC_1013_001_002 - CHE
80000 - | / B
| 20000 -
60000
% 40000 % a0 |
20000 10000
n ey e wab—t e
s 45F‘(%mnmn Time [mins‘\?'n i o b 45ﬁ2lentiun Time [mils'\{]!-ﬂ i i
No. tR [min] Area Area% No. tR [min] Area Area%
1 45.403 227559 3.129 1 44.565 2859823 49.403
2 49.135 7044982 96.871 2 48.752 2928917 50.597
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60 50 alo 3o 200 10 6 10|

= . /\_Ts
R

o.
X : parts per Million : Proton

13C NMR

01 02 03 04 05 06 07 08 09 10 LI 12 13 14 1

|

£ UL
HPLC optically active HPLC racemic
2 003 - CHe 1 1 002 - CH6
60000
2.
1000000
& o 400
§ 500000 é
3 20000
gk v,A~{' S — ol S 1 o | 7‘ i
200 25.07 = 300 35.0 4D‘DI 20,0 250 300 350 40.0.
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 25.867 2657821 3.522 1 25.927 2561752 49.904
27.517 72814565 96.478 2 28.510 2571569 50.096
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'H NMR

] /\ TS
] O5N :
g TEmay
1B3C NMR
g /\ TS
§ O,N” :
HPLC optically active HPLC racemic
1 004 - CHS 200000 1 003 - CH1L
150000
2
g 100 g
% s % 100000
50000
ol i Sl = 8 S 0— i ¥ B
36.0 380 4 40 44 480 500 36.0 380 420 4.0 46.0 480
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 37.570 16903968 95.644 1 37.835 16552033 49.949
2 46.740 816988 4.610 2 45.340 16586150 50.051
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*3 JAVAL
- PhO"
M | A 1N
1B3C NMR
57 /\_-TS
PhO"
x’pavzl:slc;:(e)r 26087 966 1860 | 1700 1666 1560 1400 1368 1200 1100 1068 930 8087 705" 638 5087 405 836 206 6% S ‘
HPLC optically active HPLC racemic
] L 003 - CHe ] {002 - cHe
600000
- 2
100000 7
E 400000 ;__: 1
5 3 £ 50000 I‘
200000 | | ‘
D,w e NP - - (1 i  '¥",' BT
5.0 10.0 15.0 2.0 250 300 50 100 15.0 200 25.0 300
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 17.182 21521622 98.885 1 17.478 4352020 50.151
2 20.007 242610 1.115 2 19.800 4325764 49.849
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= A/Ts

Pro™

ahundance
10
L
=

bl

L

13C NMR
o N\Ts
=3 iPro”
HPLC optically active HPLC racemic
1 2 008 - CHe l L 007 - CHe
60000 | 2
400000 - | !
g [N 40000
g 200000 é 1
20000
1 \ | |
0 : . .'./\:_l. LY e o R —
160 180 200 20 240 260 280 300 320 340 160 180 200 220 240 260 280 300 320 340
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 23.780 292538 1.747 1 23.917 1537136 49.986
2 26.438 16450904 98.253 2 27.025 1537982 50.014
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ahundance
1‘0
S

13C NMR
] /N\Ts
= tBuO"
HPLC optically active HPLC racemic
2 005 - CHo | 1 004 - CHE
| 80000 - 2
60000
z 2 .
‘E‘: 500000 g i |
£ £ \
20000 !
0 L ‘«‘_. 0— —— LA = —
20 40 6.0 RetentiunE'T?me[min] 10.0 12,0 140 20 4.0 6.0 Rerentinns"lgwme[min] 100 120 140
No. tR [min] Area Area% No. tR [min] Area Area%
1 7.190 106575 0.89%4 1 7.203 920294 49.707
8.108 11810689 99.106 2 8.185 931148 50.293
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'H NMR

ahundance
!

9.0

)
X : parts per Million : Proton

770

60

50

[N W

10|

13C NMR

ahundance

210
ts py

62000 190.0 180.0 170.0 160.0 150.0  140.0 130.0  120.0 110.0  100.0  90.0
er Million : Carbon13

X : parts

HPLC optically active

HPLC racemic

2 1008 - CHo L 1007 - CHo
1000000 | 5
200000 |
Z so0000 H ‘ \
g E 100000 |
' | |
01 foony L e 0 g — -V ke
50 180 MO 20 M0 %0 2O NI R0 Mo 60 180 MO 20 M0 %O 30 B0 NI HO
Retention Time [min] Retention Time [rnin]
No. tR [min] Area Area% No. tR [min] Area Area%
1 21.905 9458503 49.067 1 22.358 1309877 2.539
2 26.182 9818221 50.933 2 26.722 50281612 97.461
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'H NMR

2
L

0 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 1§ 17 18 19

|
3 i ] N uE
i J\ M o N NG
1B3C NMR
" Ts
Cbz. A/
N
2 H
HPLC optically active HPLC racemic
L 003 - CH6 1 002 - CH6
20000
2
400000 !
3 T
£ £ 10000
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7.2 4FEDAXRY NLVT—H
1.Preparation of (2)-2-(buta-1,3-dien-1-ylsulfonyl)-2-diazo-1-phenylethan-1-one
(0]

B
Ph)J\/ ' p-ABSA (1.1 eq.)

el (15 eq.) 0 o K,CO3 (2.0 eq.) Ph#?é//o
/S pr— J&/‘ 2 — pr—
KO™\—/" EtoH,RT, 12h " S __/T CH CN,RT, 1h T —/
2
1 2; 20% yield (2 steps)

O

The acylation and diazo transfer reaction steps were performed as follows: a mixture of 2-bromo-1-
phenylethan-1-one (1492.9 mg, 7.5 mmol) and potassium (Z)-buta-1,3-diene-1-sulfinate 1 (781.2 mg,
5 mmol) in EtOH (25 mL) was stirred at room temperature for 12 h. After completion of the reaction,
as monitored by TLC, the product was extracted with ethyl acetate (EtOAc). The combined organic
layer was evaporated under reduced pressure to give crude product, which was used in the next step
without further purification. To a round-bottomed flask were added crude product, 4-acetamido
benzenesulfonyl azide (1181.4 mg, 5 mmol) and acetonitrile (25 mL). The mixture was stirred and
cooled to 0 °C and K,COs (1382.1 mg, 10 mmol) was added to the mixture. The mixture was allowed
to warm to room temperature slowly and stirred under argon atomosphere for 1 h. To this was then
added a saturate solution of NH4Cl and the product was extracted with EtOAc. The organic layer was
dried over MgSOs and concentrated in vacuo. The residue was purified by flash column

chromatography on silica gel eluted with Hexane/EtOAc to give desired product 2 (20% yield, 2 steps).

(2)-2-(buta-1,3-dien-1-ylsulfonyl)-2-diazo-1-phenylethan-1-one (2)
'H NMR (500 MHz, CDCls): & 7.68-7.63 (m, 2H), 7.61-7.56 (m, 1H), 7.53-7.43 (m, 3H), 6.71 (dd, J
=11.08, 11.08 Hz, 1H), 6.43 (d, J = 10.70 Hz, 1H), 5.72-5.65 (m, 2H);
Ph/ZSZ/C\)\ _0 13C NMR (100 MHz, CDCls): 6 183.1, 142.9, 135.7, 133.2, 130.0, 129.8,
— 128.9,127.7,127.4,127.0; For C12H10N203S [M+H]* Calcd: 263.04904,
Found: 263.04898; IR (neat) v 3062, 2925, 2113, 1731, 1703, 1643,
1598, 1577, 1447, 1331, 1285, 1222, 1143, 1110, 1076, 1026, 1002, 973, 938, 847, 782, 752, 705, 665,
648, 614, 564 cm 1.
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2. Asymmetric intramolecular cyclopropanation of a-diazo dienyl sulfone

0 Al,O4 Qo Ru(ll)-Pheox o)
Ph#(\)é//o (100 eq.) No 87 (3 mol%) HO 420
_ —_—
— CH,Cly, 12 h / CH,Cl,, RT Y
N2 0°C > RT / 1 min H
3; 25% yield
94% ee

The deacylation and asymmetric cyclopropanation steps were performed as follows: to a well-stirred
suspension of Al,0s (2039 mg, 20 mmol) in anhydrous methylene chloride (4 mL) at 0 °C protected
from light by aluminum foil, (Z)-2-(buta-1,3-dien-1-ylsulfonyl)- 2-diazo-1-phenylethan-1-one 3 (52.2
mg, 0.2 mmol) was added under 0 °C and left in the ice bath to slowly rise to room temperature. The
reaction was monitored by TLC. Upon completion, to the mixture was added Ru(ll)-Pheox catalyst
(3.8 mg, 3 mol%) under argon atmosphere at room temperature. The reaction mixture was stirred for
1 min. Upon completion, solvent was removed and the residue was purified by flash column
chromatography on silica gel eluted with Hexane/EtOAc to give desired product 3 in moderate yield
(25% yield from 2 in two steps) and with excellent enantioselectivity (94% ee).

(1S,5S)-2-thiabicyclo[3.1.0]hex-3-ene 2,2-dioxide (3)
o 'H NMR (500 MHz, CDCls): § 6.91 (dd, J = 3.25, 6.31 Hz, 1H), 6.21 (d, J = 6.50
H ‘é//o Hz, 1H), 2.99-2.92 (m, 1H), 2.64-2.57 (m, 1H), 1.64-1.55 (m, 1H), 1.34 (ddd, J =5.10,
@/\/) 5.26, 5.45 Hz, 1H); 3C NMR (100 MHz, CDCls): § 140.5, 129.1, 32.2, 23.3, 22.0;
H [a]??p = —143.6 (c = 0.1); For CsHsO2S [M+NH,]* Calcd: 148.04322, Found:
148.04321; IR (neat) v 3911, 3846, 3790, 3066, 2924, 2853, 1724, 1463, 1286, 1168, 1128, 867, 801,
726, 666, 588 cm™*; The enantiomeric ratio of 6 was determined by HPLC (Hexane : IPA=1:1, 1.0
mL/min) using a CHIRALPAK IC column (0.46 cm x 25 cm): major isomer 22.3 min and minor

isomer 17.9 min.
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7.3 BEDANRY MNLT—H

General methods: All reactions were carried out in glassware and stirred via magnetic stir-plates.
Thin-layer chromatography analyses were performed using Merck pre-coated silica gel plates with
254 indicator. Visualization was accomplished by UV light (254 nm), potassium permanganate,
phosphomolybdic acid, or anisaldehyde. Flash column chromatography was performed using silica
gel 60 (mesh 40-100) supplied by Kanto Chemical Co., Inc. *H and *3C NMR spectra were recorded
on a JEOLINM-ECS400 (400 MHz H, 100 MHz *3C, 376 MHz *°F) or a JEOL JNM-ECX500 (500
MHz 'H, 126 MHz 3C, 470 MHz '°F). Chemical shift values () are reported in ppm (tetramethylsilane
8 0.00 ppm for *H; residual chloroform & 77.0 ppm for 3C, hexafluorobenzene 5 —162.2 ppm). Optical
rotations were measured on a JASCO P-1030 digital polarimeter. DART mass (positive mode)
analyses were performed using a JEOL the Accu TOF TLC JMS-T100TD. Analytical HPLC was
performed on a JASCO PU1586 with a UV-1575 UV/Vis detector using a chiral column.

1. General procedure for catalytic asymmetric cyclopropanation of olefins with

trifluorodiazoethane.

NaNO; Ru(Il)-Pheox
NH5CI (3.6 equiv) N, 3 mol¥%
+ K + R/\ ( ) \\( §/CF3
CF3 CH,CI,/H50 CF; CH,Cl,, 0 °C R
(3.0 equiv) (20111r2 slow addition 1 h.
rt,

NaNO; (49.7 mg, 0.72 mmol) was added to solution of CFsCH;NH2-HCI (81.3 mg, 0.6 mmol) in
CHxCI; (2 mL) and H20 (0.1 mL). The mixture was stirred under air condition at rt for 1 h. The
solution of trifluorodiazoethane in CH,Cl; (2.0 mL) was slowly added using a syringe pump over 1 h
to a mixture of Ru(ll)—Pheox catalyst (3.8 mg, 0.006 mmol) and olefins (0.2 mmol) in CH.C1, (1.0
mL) at room temperature. After the addition completed, the reaction mixture was thenstirred under air
condition at rt. The progress of the reaction was monitored by TLC. Upon completion, solvent was
removed and the residue was purified by column chromatography to give desired product. The
trans/cis ratio was determined from the crude "°F NMR spectra, and the ee value was determined by

chiral HPLC analysis.

2. Analytical data of asymmetric cyclopropanation reaction products.

1-methoxy-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene (3a) This compound was prepared

according to the general procedure for asymmetric cyclopropanation
between p-OMe-styrene (26.8 mg, 0.2 mmol) and in situ generated

@ CF3CHN2. The resulting mixture was purified by silica gel column
MeO chromatography with Hexane as an eluent to givel-methoxy-4-
((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene 3a (96% yield, 41.5 mg, 0.19 mmol), 96% trans ee,
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88% cis ee. 'H NMR (500 MHz, CDCls) (trans isomer): & 7.07-7.02 (m, 2H), 6.86-6.80 (m, 2H), 3.79
(s, 3H), 2.32 (ddd, J = 5.07, 5.07, 9.75 Hz, 1H), 1.77-1.67 (m, 1H), 1.32 (ddd, J = 5.54, 5.54, 9.56 Hz,
1H), 1.14-1.07 (m, 1H); ¥3C NMR (126 MHz, CDClIs) (trans isomer): § 158.5, 130.9, 127.7, 126.0 (q,
J = 270.87 Hz), 114.0, 55.3, 22.6 (q, J = 36.49 Hz), 18.9, 10.4; °F NMR (470 MHz, CDCls) (trans
isomer): § —67.1, 1°F NMR (470 MHz, CDClIs) (cis isomer): 8 —61.5 (d, J = 7.95 Hz); [0]*p0 = —45.1
(c = 1.0); For Cu1H11F30 [M] Calcd: 216.07620, Found: 216.07626; The enantiomeric ratio of 3a
(trans isomer) was determined by HPLC (Hexane 100%, 1.0 mL/min) using a CHIRALCEL OD
column (0.46 cm x 25 cm): major isomer 16.4 min and minor isomer 13.0 min. The enantiomeric ratio
of 3a (cis isomer) was determined by HPLC (Hexane = 100%, 1.0 mL/min) using a CHIRALCEL OD

column (0.46 cm x 25 cm): major isomer 24.7 min and minor isomer 38.8 min.

1-methoxy-2-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene (3b)

OMe This compound was prepared according to the general procedure for

A/CFB asymmetric cyclopropanation between 0-OMe-styrene (26.8 mg, 0.2 mmol)

\
\
W

and in situ generated CF3CHN_2. The resulting mixture was purified by silica

gel column chromatography with Hexane as an eluent to givel-methoxy-2-
((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene 3b (99% yield, 42.7 mg, 0.20 mmol), 96% trans ee,
91% cis ee. *H NMR (400 MHz, CDCls) (trans isomer): 8 7.21 (ddd, J = 1.62, 7.78, 7.78 Hz, 1H),
6.95-6.83 (m, 3H), 3.85 (s, 3H), 2.51 (ddd, J = 5.42, 5.42, 9.46 Hz, 1H), 1.82-1.72 (m, 1H), 1.31 (ddd,
J =5.04, 5.04, 9.77 Hz, 1H), 1.13 (ddd, J = 6.18, 6.18, 8.54 Hz, 1H); *C NMR (100 MHz, CDCls)
(trans isomer): 8 158.4, 127.8, 127.2, 126.4, 126.2 (q, J = 270.20 Hz), 120.4, 110.4,55.4,21.5 (9, J =
36.74 Hz) 14.8, 9.6; F NMR (376 MHz, CDCls) (trans isomer): 8 —67.2, (d, J = 7.27 Hz), %F NMR
(376 MHz, CDClIs) (cis isomer): 8 —62.4, (d, J = 7.27 Hz); [a]?'p = —23.4 (¢ = 1.0); For C11H11Fs0 [M]
Calcd: 216.07620, Found: 216.07621; The enantiomeric ratio of 3b (trans isomer) was determined by
HPLC (Hexane : EA=50:1, 1.0 mL/min) using a CHIRALPAK IB column (0.46 cm x 25 cm): major
isomer 5.1 min and minor isomer 4.9 min. The enantiomeric ratio of 3b (cis isomer) was determined
by HPLC (Hexane : EA =50 : 1, 1.0 mL/min) using a CHIRALPAK IB column (0.46 cm x 25 cm):

major isomer 6.3 min and minor isomer 7.0 min.

N,N-dimethyl-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)aniline (3c)
This compound was prepared according to the general procedure for

/@ asymmetric cyclopropanation between p-NMe;-styrene (29.4 mg, 0.2
MezN

mmol) and in situ generated CF3CHN>. The resulting mixture was

purified by silica gel column chromatography with Hexane/Et,O as
an eluent to give N,N-dimethyl-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)aniline 3c (56% vyield,
25.7 mg, 0.11 mmol), 96% trans ee, 91% cis ee. 'H NMR (500 MHz, CDClIs) (trans isomer): § 7.05-
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6.97 (m, 2H), 6.71-6.64 (m, 2H), 2.91 (s, 6H), 2.28 (ddd, J = 5.07, 5.07, 9.65 Hz, 1H), 1.74-1.64 (m,
1H), 1.27 (ddd, J = 5.35, 5.35, 9.56 Hz, 1H), 1.12-1.04 (m, 1H); **C NMR (100 MHz, CDCls) (trans
and cis isomer): & 149.6, 130.0, 127.4, 126.7, 126.2 (q, J = 270.61 Hz), 112.8, 112.2, 40.8, 40.5, 22.4
(9, J=36.4 Hz), 18.8, 10.2; 1°F NMR (376 MHz, CDCls) (trans isomer): § —67.0 (d, J = 6.32 Hz), *°F
NMR (376 MHz, CDCls) (cis isomer): 6 —61.3 (d, J = 9.48 Hz); [a]**p =-45.8 (c = 1.0); For C12H14F3N
[M+H]* Calcd: 230.11566, Found: 230.11567; The enantiomeric ratio of 3c (trans isomer) was
determined by HPLC (Hexane : IPA =200 : 1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46
cm x 25 cm): major isomer 21.3 min and minor isomer 23.3 min. The enantiomeric ratio of 3c (cis
isomer) was determined by HPLC (Hexane : IPA =200 : 1, 1.0 mL/min) using a CHIRALCEL OJ-H

column (0.46 cm x 25 cm): major isomer 46.4 min and minor isomer 33.1 min.

2-((1R,2R)-2-(trifluoromethyl)cyclopropyl)naphthalene (3d)
ﬁ CF; This compound was prepared according to the general procedure for

asymmetric cyclopropanation between 2-vinylnaphthalene (29.4 mg, 0.2
mmol) and in situ generated CF3CHN>. The resulting mixture was

purified by silica gel column chromatography with Hexane/Et,O as an eluent to give 2-((1R,2R)-2-

(trifluoromethyl)cyclopropyl)naphthalene 3d (80% yield, 37.7 mg, 0.16 mmol), 97% trans ee, 6% cis
ee. 'H NMR (500 MHz, CDCls) (trans isomer): 8 7.82-7.73 (m, 3H), 7.56 (s, 1H), 7.49-7.40 (m, 2H),
7.21(dd,J=1.72,8.60 Hz, 1H), 2.52 (ddd, J = 5.06, 5.07, 9.46 Hz, 1H), 1.95-1.84 (m, 1H), 1.43 (ddd,
J=5.59,5.59, 9.56 Hz, 1H), 1.31-1.23 (m, 1H); *C NMR (126 MHz, CDCls) (trans isomer): 8 136.4,
133.3, 132.4, 128.3, 127.6, 127.4, 126.4, 125.9 (q, J = 270.71 Hz) 125.7, 125.1, 124.8, 22.9 (q, J =
36.79 Hz), 19.8, 10.8; F NMR (470 MHz, CDCls) (trans isomer): § —67.1, °F NMR (470 MHz,
CDCls) (cis isomer): 8 —61.4 (d, J = 7.95 Hz); [a]®p = -53.0 (c = 1.0); For CisH1:Fs [M] Calcd:
236.08128, Found: 236.08127; The enantiomeric ratio of 3d (trans isomer) was determined by HPLC
(Hexane : IPA =200 : 1, 1.0 mL/min) using a CHIRALCEL OD column (0.46 cm x 25 cm): major
isomer 10.9 min and minor isomer 11.9 min. The enantiomeric ratio of 3d (cis isomer) was determined
by HPLC (Hexane : IPA=200: 1, 1.0 mL/min) using a CHIRALCEL OD column (0.46 cm x 25 cm):

major isomer 16.8 min and minor isomer 17.8 min.

1-chloro-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene (3e)

/\CF3

/@ asymmetric cyclopropanation between p-Cl-styrene (27.7 mg, 0.2 mmol)
Cl

This compound was prepared according to the general procedure for

and in situ generated CF3sCHNy. The resulting mixture was purified by

silica gel column chromatography with Hexane as an eluent to give 1-
chloro-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene 3e (77% yield, 33.8 mg, 0.15 mmol), 96%
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trans ee, 38% cis ee. 'H NMR (400 MHz, CDCls) (trans isomer): 8 7.30-7.22 (m, 2H), 7.09-7.02 (m,
2H), 2.33 (ddd, J =5.04, 5.04, 9.69 Hz, 1H), 1.83-1.70 (m, 1H), 1.38 (ddd, J = 5.57, 5.57, 9.46 Hz,
1H), 1.19-1.09 (m, 1H); **C NMR (100 MHz, CDCls) (trans isomer): & 137.5, 132.5, 128.7, 127.9,
125.7 (g, J = 270.93 Hz), 23.0 (g, J = 37.06 Hz), 19.0 (d, J = 1.92 Hz), 10.8 (d, J = 1.92 Hz); *®F NMR
(376 MHz, CDCls) (trans isomer): 5 —67.3, 1°F NMR (376 MHz, CDCls) (cis isomer): 6 —61.6 (d, J =
7.27 Hz); [a]*®o = —45.0 (¢ = 1.0); For C1oHsCIF; [M] Calcd: 220.02666, Found: 220.02670; The
enantiomeric ratio of 3e (trans isomer) was determined by HPLC (Hexane 100%, 1.0 mL/min) using
a CHIRALCEL OD column (0.46 cm x 25 cm): major isomer 7.54 min and minor isomer 6.80 min.
The enantiomeric ratio of 3e (cis isomer) was determined by HPLC (Hexane 100%, 1.0 mL/min) using
a CHIRALCEL OD column (0.46 cm x 25 cm): major isomer 21.7 min and minor isomer 24.1 min.

1-nitro-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene (3f)

This compound was prepared according to the general procedure for

\\\A/CF3 asymmetric cyclopropanation between p-NO.-styrene (29.8 mg, 0.2
/@ mmol) and in situ generated CF3CHN>. The resulting mixture was
O2N purified by silica gel column chromatography with Hexane/Et,O as an

eluent to give 1-nitro-4-((1R,2R)-2-(trifluoromethyl)cyclopropyl)benzene 3f (48% yield, 22.3 mg,
0.10 mmol), 97% trans ee. *H NMR (500 MHz, CDCls) (trans isomer): & 8.18-8.14 (m, 2H), 7.30-
7.23 (m, 2H), 2.46 (ddd, J = 4.97, 4.97, 9.17 Hz, 1H), 1.97-1.87 (m, 1H), 1.53 (ddd, J = 5.92, 5.92,
9.17 Hz, 1H), 1.32-1.23 (m, 1H); 3C NMR (126 MHz, CDCIs) (trans isomer): & 146.8, 146.7, 127.1,
125.3 (g, J = 270.71 Hz), 123.9, 23.9 (q, J = 37.19 Hz), 19.5 (d, J = 3.60 Hz), 11.8; °F NMR (470
MHz, CDCls) (trans isomer): § —67.5; [a]?’p = -50.0 (¢ = 1.0); For C10HoFsNO, [M+H]* Calcd:
232.05854, Found: 232.05854; The enantiomeric ratio of 3f (trans isomer) was determined by HPLC
(Hexane : IPA=150: 1, 1.0 mL/min) using a CHIRALPAK AD-H column (0.46 cm x 25 cm): major

isomer 6.86 min and minor isomer 7.33 min.

((1R,2R)-2-(Trifluoromethyl)cyclopropyl)ferrocene (3g)

@ This compound was prepared according to the general procedure for

Fe A,CFs asymmetric cyclopropanation between vinylferrocene (42.4 mg, 0.2 mmol) and

\
\
W

in situ generated CFsCHN.. The resulting mixture was purified by silica gel

column  chromatography  with  Hexane as an eluent to give ((1R,2R)-2-
(Trifluoromethyl)cyclopropyl)ferrocene 3g (85% yield, 50.0 mg, 0.17 mmol), 92% trans ee, 75% cis
ee. IH NMR (500 MHz, CDCl3) (trans isomer): & 4.16 (s, SH), 4.09-4.04 (m, 3H), 3.98 (d, J = 1.53
Hz, 1H), 2.00 (ddd, J = 4.97, 4.97, 9.36 Hz, 1H), 1.73-1.62 (m, 1H), 1.24 (ddd, J = 5.26, 5.26, 9.56
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Hz, 1H), 0.95-0.88 (m, 1H); *C NMR (100 MHz, CDCls) (trans isomer): & 126.0 (q, J = 270.29 Hz),
87.4,68.6,67.4,67.4,67.1,66.0, 22.8 (q, J = 36.42 Hz), 15.0 (d, J = 2.88 Hz), 12.2 (d, J = 1.92 Hz);
F NMR (376 MHz, CDCls) (trans isomer): 5 —67.0, 1°F NMR (376 MHz, CDCls) (cis isomer): 8 —
61.1 (d, J = 6.32 Hz); [a]®p = +51.9 (c = 1.0); For CisHisFsFe [M] Calcd: 294.03188, Found:
294.03186; The enantiomeric ratio of 3g (trans isomer) was determined by HPLC (Hexane : EA=20:
1, 1.0 mL/min) using a CHIRALPAK IF-3 column (0.46 cm x 25 cm): major isomer 8.6 min and minor
isomer 8.2 min. The enantiomeric ratio of 3g (cis isomer) was determined by HPLC (Hexane : EA =
20: 1, 1.0 mL/min) using a CHIRALPAK IF-3 column (0.46 cm x 25 cm): major isomer 9.1 min and

minor isomer 10.0 min.
((1R,2R)-2-(trifluoromethyl)cyclopropoxy)benzene (3h)
This compound was prepared according to the general procedure for
©\ \A/CFs asymmetric cyclopropanation between phenyl vinyl ether (48.1 mg, 0.4
O\\

mmol) and in situ generated CFsCHN3. The resulting mixture was purified

by silica gel column chromatography with Hexane/Et,O as an eluent to give ((1R,2R)-2-
(trifluoromethyl)cyclopropoxy)benzene 3h (76% vyield, 61.4 mg, 0.30 mmol), 93% trans ee, 74% cis
ee. 'H NMR (500 MHz, CDClIs) (trans isomer): & 7.35-7.28 (m, 2H), 7.05-6.98 (m, 3H), 3.99 (ddd, J
=2.48,4.01, 6.69 Hz, 1H), 1.93-1.83 (m, 1H), 1.37-1.25 (m, 2H); *3C NMR (126 MHz, CDCls) (trans
isomer): & 157.7, 129.6, 125.1 (q, J = 271.71 Hz), 121.9, 114.7, 51.7 (d, J = 3.60 Hz), 21.1 (q, J =
36.79 Hz), 10.2; F NMR (470 MHz, CDClIs) (trans isomer): 5 —65.9, 1°F NMR (470 MHz, CDCls)
(cis isomer): & —61.0; (trans isomer) [a]?’p = +27.3 (¢ = 1.0); For C1o0HoF30 [M] Calcd: 202.06055,
Found: 202.06055; The enantiomeric ratio of 3h (trans isomer) was determined by HPLC (Hexane
100%, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46 cm x 25 cm): major isomer 6.7 min and
minor isomer 8.2 min. The enantiomeric ratio of 3h (cis isomer) was determined by HPLC
(Hexanel00%, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46 cm x 25 cm): major isomer

23.0 min and minor isomer 35.0 min.

1-methoxy-4-((1R,2R)-2-(trifluoromethyl)cyclopropoxy)benzene (3i)

This compound was prepared according to the general procedure for

MeO
\©\ \A/CFS asymmetric cyclopropanation between p-methoxyphenyl vinyl ether
o (30.0 mg, 0.2 mmol) and in situ generated CF3CHN>. The resulting

mixture was purified by silica gel column chromatography with Hexane/Et,O as an eluent to give 1-
methoxy-4-((1R,2R)-2-(trifluoromethyl)cyclopropoxy)benzene 3i (88% yield, 40.7 mg, 0.18 mmol),
92% trans ee, 69% cis ee. *H NMR (400 MHz, CDCls) (trans isomer): 5 6.98-6.89 (m, 2H), 6.88-6.81
(m, 2H), 3.93 (ddd, J = 2.75, 3.81, 6.71 Hz, 1H), 3.77 (s, 3H), 1.92-1.77 (m, 1H), 1.35-1.20 (m, 2H),
'H NMR (400 MHz, CDClIs) (cis isomer): & 7.00-6.93 (m, 2H), 6.88-6.81 (m, 2H), 3.95-3.87 (m, 1H),
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3.78 (s, 3H), 1.82-1.68 (m, 1H), 1.34 (ddd, J = 4.27, 4.27, 7.02 Hz, 1H), 1.30-1.21 (m, 1H); 3C NMR
(100 MHz, CDCls) (trans isomer): & 154.6, 151.7, 125,1 (q, J = 270.61 Hz), 115.6, 114.7, 55.7, 52.2
(d, J =3.83 Hz), 21.1 (q, J = 36.74 Hz), 10.2 (d, J = 1.92 Hz); °F NMR (376 MHz, CDCls) (trans
isomer): 5 -65.8 (d, J = 6.32 Hz), *°®F NMR (376 MHz, CDCls) (cis isomer): 5 —61.0 (d, J = 6.32 Hz);
(trans isomer) [a]?®p = +25.0 (c = 1.0); (trans isomer) For C11H11F30, [M] Calcd: 232.07111, Found:
232.07115, (cis isomer) For CiHiiF30. [M+H]* Calcd: 233.07894, Found: 233.07896; The
enantiomeric ratio of 3i (trans isomer) was determined by HPLC (Hexane : IPA=200: 1, 1.0 mL/min)
using a CHIRALPAK IB column (0.46 cm x 25 cm): major isomer 4.1 min and minor isomer 4.4 min.
The enantiomeric ratio of 3i (cis isomer) was determined by HPLC (Hexane : IPA=30:1, 1.0 mL/min)

using a CHIRALCEL OD column (0.46 cm x 25 cm): major isomer 8.1 min and minor isomer 8.9 min.

1-bromo-4-((1R,2R)-2-(trifluoromethyl)cyclopropoxy)benzene (3j)

This compound was prepared according to the general procedure for

Br
\©\ /\_CF3| asymmetric cyclopropanation between p-bromophenyl vinyl ether
o

(36.6 mg, 0.2 mmol) and in situ generated CFsCHN_. The resulting

mixture was purified by silica gel column chromatography with Hexane/Et,O as an eluent to give 1-
bromo-4-((1R,2R)-2-(trifluoromethyl)cyclopropoxy)benzene 3j (81% yield, 45.8 mg, 0.16 mmol),
92% trans ee, 69% cis ee. *H NMR (400 MHz, CDCls) (trans isomer): & 7.44-7.36 (m, 2H), 6.93-6.85
(m, 2H), 3.95 (ddd, J = 2.52, 8.09, 6.64 Hz, 1H), 1.93-1.80 (m, 1H), 1.38-1.23 (m, 2H), *H NMR (400
MHz, CDCls) (cis isomer): 8 7.44-7.36 (m, 2H), 6.95-6.88 (m, 2H), 3.97-3.89 (m, 1H), 1.86-1.72 (m,
1H), 1.40-1.24 (m, 2H); 3C NMR (100 MHz, CDCls) (trans isomer): § 156.8, 132.5, 124.9 (q, 270.29
Hz), 116.6, 114.3, 52.0 (d, J = 3.83 Hz), 21.1 (g, J = 37.06 Hz), 10.2 (d, J = 1.92 Hz); *°F NMR (376
MHz, CDClIs) (trans isomer): 8 —65.9 (d, J = 6.32 Hz), °F NMR (376 MHz, CDClIs) (cis isomer): & —
61.1 (d, J = 9.48 Hz); (trans isomer) [a]*’p = +18.9 (¢ = 1.0); (trans isomer) For C1oHsBrFsO [M]
Calcd: 279.97106, Found: 279.97106, (cis isomer) For C1oHsBrFsO [M] Calcd: 279.97106, Found:
279.97113; The enantiomeric ratio of 3j (trans isomer) was determined by HPLC (Hexane : IPA=30:
1, 1.0 mL/min) using a CHIRALCEL OD column (0.46 cm x 25 cm): major isomer 4.2 min and minor
isomer 4.6 min. The enantiomeric ratio of 3j (cis isomer) was determined by HPLC (Hexane : IPA =
30 : 1, 1.0 mL/min) using a CHIRALCEL OD column (0.46 cm x 25 cm): major isomer 7.0 min and
minor isomer 8.0 min.

9-((1R,2R)-2-(trifluoromethyl)cyclopropyl)-9H-carbazole (3k)
This compound was prepared according to the general procedure for

asymmetric cyclopropanation between 9-vinylcarbazole (38.7 mg, 0.2

mmol) and in situ generated CF3CHNy>. The resulting mixture was purified

by silica gel column chromatography with Hexane/EA as an eluent to give

88



9-((1R,2R)-2-(trifluoromethyl)cyclopropyl)-9H-carbazole 3k (97% yield, 52.8 mg, 0.19 mmol), 97%
trans ee, 83% cis ee. 'H NMR (500 MHz, CDCls) (trans isomer): & 8.04 (d, J = 7.64 Hz, 2H), 7.56 (d,
J=8.41Hz, 2H), 7.46 (ddd, J = 1.15, 7.64, 7.64 Hz, 2H), 7.25 (ddd, J = 0.76, 7.45, 7.45 Hz, 2H), 3.61
(ddd, J = 3.25, 4.40, 7.64 Hz, 1H), 2.25-2.15 (m, 1H), 1.74 (J = 6.63, 6.79, 6.79, 1H), 1.59 (ddd, J =
5.16, 5.16, 9.75 Hz, 1H), *H NMR (400 MHz, CDCls) (cis isomer): 4 8.06 (d, J = 7.63 Hz, 2H), 7.60
(d, 3 =8.24 Hz, 2H), 7.46 (dd, J = 7.48, 7.48 Hz, 2H), 7.26 (dd, J = 7.32, 7.32 Hz 2H), 3.72-3.63 (m,
1H), 2.23-2.10 (m, 1H), 2.06 (ddd, J = 6.31, 6.31, 6.41 Hz, 1H), 1.89 (ddd, J = 7.32, 8.17, 8.17 Hz,
1H); 3C NMR (126 MHz, CDClIs) (trans isomer): & 140.6, 126.0, 125.3 (g, J = 271.11 Hz), 123.2,
120.4, 119.9, 109.5, 27.2 (d, J = 3.60 Hz), 21.9 (g, J = 36.39 Hz), 11.0; F NMR (470 MHz, CDCls)
(trans isomer): § —66.2 (d, J = 7.95 Hz), **F NMR (376 MHz, CDClIs) (cis isomer): § —62.2 (d, J =
6.32 Hz); (trans isomer) [a]*®p = —45.5 (c = 1.0), (cis isomer) [a]*®p = -8.65 (c = 0.1); (trans isomer)
For C16H12F3N [M+H]* Calcd: 276.10001, Found: 276.10001, (cis isomer) For CiH12FsN [M+NHa4]*
Calcd: 293.12656, Found: 293.12660; The enantiomeric ratio of 3k (trans isomer) was determined by
HPLC (Hexane : IPA=50:1, 1.0 mL/min) using a CHIRALPAK IB column (0.46 cm x 25 cm): major
isomer 6.2 min and minor isomer 7.8 min. The enantiomeric ratio of 3k (cis isomer) was determined
by HPLC (Hexane : IPA=50: 1, 1.0 mL/min) using a CHIRALPAK IB column (0.46 cm x 25 cm):

major isomer 10.8 min and minor isomer 13.5 min.

benzyl ((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate (3I)

This compound was prepared according to the general procedure

O
\A/CF3 for asymmetric cyclopropanation between benzyl N-
N

©AO H vinylcarbamate (35.4 mg, 0.2 mmol) and in situ generated

CFsCHN.. The resulting mixture was purified by silica gel column

chromatography  with  Hexane/EA as an eluent to give 9-benzyl ((1R,2R)-2-
(trifluoromethyl)cyclopropyl)carbamate 31 (93% yield, 48.3 mg, 0.19 mmol), 92% trans ee, 55% cis
ee. 'H NMR (400 MHz, CDClIs) (trans isomer): § 7.40-7.27 (m, 5H), 5.21-5.0 (m, 3H), 3.0-2.86 (m,
1H), 1.69 (brs, 1H), 1.21 (ddd, J = 5.95, 5.95, 12.66 Hz, 1H), 1.12-0.97 (m, 1H), *H NMR (500 MHz,
CDCly) (cis isomer): 6 7.41-7.29 (m, 5H), 5.13 (sbr, 2H), 5.0 (brs, 1H), 3.15-3.02 (m, 1H), 1.70 (ddd,
J=7.45,7.45, 14,52 Hz, 1H), 1.28 (ddd, J = 7.64, 8.03, 8.03 Hz, 1H), 1.16 (ddd, J = 5.86, 5.86, 5.86
Hz, 1H); 3C NMR (100 MHz, CDCls) (trans isomer): & 156.4, 136.0, 128.5, 128.3, 128.2, 125.1 (q, J
= 270.93 Hz), 67.1, 26.4, 21.8 (q, J = 37.38 Hz), 10.4, 3C NMR (100 MHz, CDCls) (cis isomer): &
156.6, 136.1, 128.5, 128.2, 128.1, 125.7 (q, J = 271.9 Hz), 67.1, 27.0, 19.0 (g, J = 35.46 Hz), 9.4; 1°F
NMR (376 MHz, CDCls) (trans isomer): 3 —66.8, *°F NMR (376 MHz, CDCls) (cis isomer): § —61.2
(d, J = 9.48 Hz); (trans isomer) [a]?'p = ~7.94 (c = 1.0), (cis isomer) [a]?®p = -2.19 (c = 0.5); (trans
isomer) For CioHzFsNO2 [M+NH]* Calcd: 277.11639, Found: 277.11648, (cis isomer) For
C12H12F3NO; [M+H]* Calcd: 260.08984, Found: 260.08985; The enantiomeric ratio of 3l (trans
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isomer) was determined by HPLC (Hexane : IPA = 10 : 1, 1.0 mL/min) using a CHIRALPAK ID
column (0.46 cm x 25 cm): major isomer 5.7 min and minor isomer 6.1 min. The enantiomeric ratio
of 31 (cis isomer) was determined by HPLC (Hexane : IPA=10: 1, 1.0 mL/min) using a CHIRALPAK

ID column (0.46 cm x 25 cm): major isomer 8.7 min and minor isomer 8.0 min.

benzyl methyl((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate (3m)
This compound was prepared according to the general procedure

A/CF3 for asymmetric cyclopropanation between

O)J\N‘\\
EjA Me benzylmethyl(vinyl)carbamate (38.2 mg, 0.2 mmol) and in situ

generated CF3CHN_>. The resulting mixture was purified by silica

gel column chromatography with Hexane/EA as an eluent to give benzyl methyl((1R,2R)-2-
(trifluoromethyl)cyclopropyl)carbamate 3m (94% yield, 51.4 mg, 0.19 mmol), 97% trans ee, 75% cis
ee. 'H NMR (500 MHz, CDClIs) (trans isomer): 6 7.41-7.27 (m, 5H), 5.15 (s, 2H), 2.93 (dd, J = 3.44,
4.59 Hz, 1H), 2.91 (s, 3H), 1.82-1.70 (m, 1H), 1.25 (J = 6.88, 6.88, 7.26 Hz, 1H), 1.17 (ddd, J = 4.97,
4.97,9.17 Hz, 1H), *H NMR (400 MHz, CDCls) (cis isomer): & 7.43-7.28 (m, 5H), 5.31-4.99 (m, 2H),
3.07-2.99 (m, 1H), 2.94 (s, 3H), 1.79-1.61 (m, 1H), 1.42-1.15 (m, 2H); ¥*C NMR (100 MHz, CDCls)
(trans isomer): § 156.8, 136.3, 128.4, 128.1, 128.1, 125.1 (q, J = 270.93 Hz), 67.4, 34.7, 33.2, 22.7 (q,
J=38.02 Hz), 11.5; °F NMR (470 MHz, CDCls) (trans isomer): § —66.9, 1°F NMR (470 MHz, CDCls)
(cis isomer): & —62.4; (trans isomer) [a]?*’p = —15.5 (¢ = 1.0), (cis isomer) [a]*®p = —16.6 (c = 0.5);
(trans isomer) For CisH14aF3sNO [M+H]* Calcd: 274.10549, Found: 274.10541, (cis isomer) For
Ci3H14aFsNO [M+H]* Calcd: 274.10549, Found: 274.10542; The enantiomeric ratio of 3m (trans
isomer) was determined by HPLC (Hexane : IPA = 10 : 1, 1.0 mL/min) using a CHIRALPAK IE
column (0.46 cm x 25 cm): major isomer 6.5 min and minor isomer 7.1 min. The enantiomeric ratio
of 3m (cis isomer) was determined by HPLC (Hexane : IPA = 15 : 1, 1.0 mL/min) using a

CHIRALPAK IA column (0.46 cm x 25 cm): major isomer 8.9 min and minor isomer 8.3 min.

benzyl benzyl((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate (3n)

o This compound was prepared according to the general procedure
\\A/CFS for asymmetric cyclopropanation between benzyl
benzyl(vinyl)carbamate (53.5 mg, 0.2 mmol) and in situ generated

CFsCHN.. The resulting mixture was purified by silica gel column

chromatography with Hexane/EA as an eluent to give benzyl
benzyl((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate 3n (92% yield, 64.2 mg, 0.18 mmol), 95%
trans ee, 76% cis ee. *H NMR (400 MHz, CDCls) (trans isomer): & 7.42-7.16 (m, 10H), 5.20 (s, 2H),
455 (d, J = 15.56 Hz, 1H), 4.41 (d, J = 15.26 Hz, 1H), 2.86 (ddd, J = 4.73, 4.73, 5.80 Hz, 1H), 1.86-
1.69 (m, 1H), 1.24-1.12 (m, 1H), *H NMR (500 MHz, CDCls) (cis isomer): & 7.44-7.12 (m. 10H), 5.27
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(d, J=9.17 Hz, 1H), 5.13 (d, J = 11.85 Hz, 1H), 4.83 (brs, 1H), 4.26 (brs, 1H), 2.89 (d, J = 4.59 Hz,
1H), 1.79-1.64 (m, 1H), 1.41-1.28 (m, 1H), 1.24-1.11 (m, 1H); *3C NMR (100 MHz, DMSO) (trans
isomer): & 156.2, 137.6, 136.5, 128.5, 128.3, 127.9, 127.7, 127.2, 127.1, 125.5 (q, J = 270.93 Hz),
66.8, 50.4, 31.8, 21.8 (g, J = 36.74 Hz), 10.7; °F NMR (376 MHz, CDClIs) (trans isomer): 6 —66.7 (d,
J = 6.32 Hz), %F NMR (376 MHz, CDCls) (cis isomer): & —62.1; (trans isomer) [a]?’p = -3.00 (¢ =
1.0); For C19H18F3sNO2 [M+H]* Calcd: 350.13679, Found: 350.13681, (cis isomer) For C19H1sF3sNO>
[M+NH,4]* Calcd: 367.16334, Found: 367.16334; The enantiomeric ratio of 3n (trans isomer) was
determined by HPLC (Hexane : IPA =30 : 1, 1.0 mL/min) using a CHIRALCEL OJ-H column (0.46
cm x 25 cm): major isomer 18.3 min and minor isomer 15.7 min. The enantiomeric ratio of 3n (cis
isomer) was determined by HPLC (Hexane : IPA = 20 : 1, 1.0 mL/min) using a CHIRALPAK IA

column (0.46 cm x 25 cm): major isomer 22.4 min and minor isomer 14.0 min.

benzyl benzoyl((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate (30)

O This compound was prepared according to the general procedure

A/CF3 for asymmetric cyclopropanation between benzyl

(jA benzoyl(vinyl)carbamate (56.2 mg, 0.2 mmol) and in situ generated

CFsCHN.. The resulting mixture was purified by silica gel column

chromatography with Hexane/EA as an eluent to give benzyl

benzoyl((1R,2R)-2-(trifluoromethyl)cyclopropyl)carbamate 30 (90% yield, 65.2 mg, 0.18 mmol),
91% trans ee, 70% cis ee. *H NMR (400 MHz, CDCls) (trans isomer): & 7.53 (d, J = 7.02 Hz, 2H),
7.50 (t, J = 7.32 Hz, 1H), 7.36 (t, J = 7.78 Hz, 2H), 7.32-7.21 (m, 3H), 7.03 (dd, J = 1.23, 7.63 Hz,
2H), 5.06 (d, J = 2.14 Hz, 2H), 3.25 (ddd, J = 3.51, 4.43, 7.93 Hz, 1H), 2.05-1.92 (m, 1H) 1.48 (ddd,
J =7.17,7.17, 7.17 Hz, 1H), 1.19 (ddd, J = 4.58, 6.56, 10.07 Hz, 1H), *H NMR (400 MHz, CDCls)
(cis isomer): 4 7.61 (dd, J = 0.92, 8.24 Hz, 2H), 7.52-7.45 (m, 1H), 7.36 (t, J = 7.63 Hz, 2H), 7.32-
7.21 (m, 3H), 7.02 (dd, J = 1.53, 7.32 Hz, 2H), 5.10 (d, J = 12.21 Hz, 1H), 5.00 (d, J = 12.21 Hz, 1H),
3.28-3.19 (m, 1H), 2.01-1.87 (m, 1H), 1.63-1.54 (m,1H), 1.41 (ddd, J = 6.81, 6.81, 6.81 Hz, 1H); 13C
NMR (100 MHz, CDCIs) (trans isomer): 6 173.1, 154.3, 135.7, 134.3, 132.4, 128.5, 128.4, 128.3,
128.3, 128.2, 125.0 (q, J = 271.57 Hz), 68.8, 31.0 (d, J = 3.83 Hz), 23.4 (q, J = 37.06 Hz), 11.8 (d, J
= 1.92 Hz); 1°F NMR (376 MHz, CDCls) (trans isomer): 5 —67.1 (J = 6.32 Hz), °F NMR (376 MHz,
CDCls) (cis isomer): 8 —61.7 (d, J = 9.48 Hz); (trans isomer) [a]*"p = —25.5 ( ¢ = 1.0); (trans isomer),
(cis isomer) [a]?®p = +30.7 (c = 0.1); For C19H16F3sNO3 [M+H]* Calcd: 364.11605, Found: 364.11613,
(cis isomer) For CigH16FsNO3 [M+NH4]* Calcd: 381.14260, Found: 381.14255; The enantiomeric
ratio of 3o (trans isomer) was determined by HPLC (Hexane : IPA = 10 : 1, 1.0 mL/min) using a
CHIRALPAK IE column (0.46 cm x 25 ¢cm): major isomer 8.3 min and minor isomer 9.2 min. The
enantiomeric ratio of 3o (cis isomer) was determined by HPLC (Hexane : IPA =20 : 1, 1.0 mL/min)
using a CHIRALPAK IE column (0.46 cm x 25 cm): major isomer 19.1 min and minor isomer 14.6
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min.

((E)-2-((1S,2R)-2-(trifluoromethyl)cyclopropyl)vinyl)benzene (3p)
A/CFs This compound was prepared according to the general procedure for

©/\ asymmetric cyclopropanation between phenylbutadiene (26.0 mg, 0.2
mmol) and in situ generated CF3sCHN>. The resulting mixture was

purified by silica gel column chromatography with Hexane as an eluent to give ((E)-2-((1S,2R)-2-
(trifluoromethyl)cyclopropyl)vinyl)benzene 3p (89% yield, 37.8 mg, 0.18 mmol), 96% trans ee, 91%
cis ee. 'H NMR (400 MHz, CDCls) (trans isomer): & 7.35-7.16 (m, 5H), 6.53 (d, J = 15.87 Hz, 1H),
5.75 (dd, J = 8.24, 15.87 Hz, 1H), 1.99 (dddd, J = 4.62, 4.62, 8.93, 9.46, 1H), 1.70-1.58 (m, 1H), 1.23
(ddd, J = 5.83, 5.83, 9.16 Hz, 1H), 1.00-0.91 (m, 1H); *3C NMR (100 MHz, CDClIs) (trans and cis
isomer): & 136.7, 132.5, 130.7, 128.7, 128.6, 127.4, 126.0, 125.9; 125.9 (q, 271.25 Hz), 21.6, (q, J =
36.74 Hz), 18.4 (d, J = 2.88 Hz), 9.9; 1°F NMR (376 MHz, CDCls) (trans isomer): 5 —67.1 (d, J = 7.27
Hz), 1°F NMR (376 MHz, CDCls) (cis isomer): 8 —61.1 (d, J = 7.27 Hz); [0]*®p = —48.1 (c = 1.0); For
CioHu1F3 [M] Calcd: 212.08128, Found: 212.8122; The enantiomeric ratio of 3p (trans isomer) was
determined by HPLC (Hexane : IPA=50: 1, 1.0 mL/min) using a CHIRALPAK IB-3 column (0.46
cm X 25 cm): major isomer 6.3 min and minor isomer 7.4 min. The enantiomeric ratio of 3p (cis
isomer) was determined by HPLC (Hexane : EA =50 : 1, 1.0 mL/min) using a CHIRALPAK IB-3

column (0.46 cm x 25 cm): major isomer 7.1 min and minor isomer 8.2 min.
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4. NMR and HPLC spectral data.
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F NMR (trans isomer) F NMR (cis isomer)
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2 3 200000
8 20000 £
100000 g
ol __"'3';* e el Uy S e
10,0 150 200 25,0 30.0 350 40.0 10.0 150 20.0 25.0 300 35.0 40.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 12.998 191484 1.677 1 12.947 7756099 47.284
2 16.390 10677527 93.536 2 16.635 7814351 47.639
3 24.732 513592 4.499 3 25.392 417500 2.545
4 38.810 32757 0.287 4 38.380 415422 2.533
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F NMR (trans isomer)

F NMR (cis isomer)

HPLC optically active HPLC racemic
s 2 004~ CH2 b, 003 - CH12
400000
600000
= E 300000
g 400000 g
é 1 g 200000
200000 100000
0 !'1 ! Tk "3 i 'j""t 0 ! Y : i =V / i ; / i
45 5.0 5.5 60 6.5 7.0 75 80 5.0 5.5 6.0 6.5 70 7.5 8.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 4.867 98376 1.999 1 4.907 2329982 46.665
2 5.133 4569862 92.841 2 5.188 2341318 46.892
3 6.275 242943 4.936 3 6.333 162369 3.252
4 7.045 11059 0.225 4 7.098 159371 3.192
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H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

)l -
HPLC optically active HPLC racemic
1 005 - CHIZ 1 004 - CH12
80000 - 2
200000
60000
E 100000 E "
20000
i 4 3“ 4
0 . i i T L B PN e
150 20.0 25.0 0. ﬂREtenhngsTiene [miﬂ]‘?ﬂ.ﬂ 45,0 50.0 15.0 20.0 250 moRelennorﬁ'ﬁne (i 40.0 45.0 50.0
No. tR [min] Area Area% No. tR [min] Area Area%
1 21.288 8030672 86.122 1 22.063 2564083 43.065
2 23.302 156627 1.680 2 23.682 2547055 42.779
3 33.082 51779 0.555 3 33.545 423623 7.115
4 46.353 1085710 11.643 4 46.632 419232 7.041

98



H NMR

abundance
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F NMR (trans isomer) F NMR (cis isomer)

HPLC optically active HPLC racemic
1 001 - CH5 60000 L 002 - CHy
400000 5
300000 40000
% 200000 E
2 = 20000 -
100000
S SR G 1 vg . gl Ay oo e Rl
. 10.0 I11.0 12.0 13;.0 ;1-‘0 150 160 11(; 180 190 2.0.0. 100 11.07 120 130 E] 150 160 170 13.6_“.19‘6 20.-(;
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 10.930 6687661 96.303 1 10.978 911530 49.027
2 11.917 95325 1.373 2 11.988 902772 48.556
3 16.840 85285 1.228 3 17.342 22285 1.199
4 17.842 76135 1.096 4 18.362 22666 1.219
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H NMR
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F NMR (trans isomer) F NMR (cis isomer)

HPLC optically active HPLC racemic
800000 2‘ 006 - CHé 600000 - 1 004 - CH12
2\
600000
400000
g 400000 - g
# s 200000
200000
0:‘ &\A’: l:\ R o 'L A”‘ 4’ A 0 Y r i - 1 : : f '
6.0 SD. . .ﬁo 120 14.0 16I,0: : .15,0 200 220 . .24.0. 6..0- .B.D 10.0 . .12.0 14.0 160 18.0 .20.0 220 240 260
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.795 151478 1.616 1 6.685 5575894 47.832
2 7.535 9194447 98.106 2 7.417 5653057 48.494
3 21.728 17983 0.192 3 22.372 213367 1.830
4 24.060 8025 0.086 4 24.140 214986 1.844
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'H NMR
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F NMR (trans isomer)

_J po.
HPLC optically active HPLC racemic
1 1002 - CHS 300000 001 - CHS
600000 2
200000
g 400000 E
E 200000 E 100000
0 3 - :-2 _j H r " -: = —— r
5.5 6.0 6.5 7.0 15 8.0 85 9.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.863 3906521 98.566 1 6.838 1805830 49,995
2 7.328 56815 1.434 2 7.295 1806158 50.005
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'H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

G0 61 2 63 G4 G

HPLC racemic

HPLC optically active
2 002 - CHS 1 3 001 - CHS
600000
300000
ot A 2 200000
. 200000 : 100000
3 3 4
0 AN K — 4 0 LI ‘I 1”:,‘7
60 6.5 7.0 75 8.5 91) 95 10.0 10.5 11.0 15 60 65 70 75 B0 8.5 9.0 95 10.0 10,5 1.0 11.5
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 8.215 219182 4.002 1 8.327 2406149 45,185
2 8.600 4945123 90.288 2 8.735 2472022 46.422
3 9.095 273235 4.989 3 9.227 223325 4.194
4 9.982 39528 0.722 4 10.145 223566 4.198
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H NMR
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X : parts per Million : Carbon13
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F NMR (trans isomer)

F NMR (cis isomer)

P ““\7 B N
HPLC optically active HPLC racemic
800000 ] 005 - CH7 004 - CHo
600000
3
600000 - |
S 5 400000
S 400000 E
~ i 200000
200000 ;
| 2 )
0 1 ! = '1'3 i ! i 0 EEa 2 s 1/} B T RS 3
5.0 55 6.0 6.5 7.0 7.5 8.0 85 9.0 95 50 5‘5 6.0 65 7.0 75 8.0 85 9.0 9.5
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.302 4928182 86.804 1 6.230 3891910 42.619
2 7.088 648658 11.044 2 6.987 701429 7.681
3 7.408 92619 1.588 3 7.272 3756089 38.864
4 8.235 37876 0.564 4 8.080 782521 7.385
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H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

|

HPLC optically active (trans isomer)

i

002 - CH|

HPLC racemic (trans isomer)

1 002 - CHS
300000 - 100000 |
2
g‘ 200000 g
g =
E E”: 50000
) 100000 | )
!
| 2
S w _j / S &R S gt LD N [ el
5.0 Bib: 6.0 65 7.0 75 8.l 8.5 9.0 95 5.0 55 60 6.5 7.0 75 8.0 85 9.0 9.5
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.660 3192625 96.700 1 6.627 860793 49.943
2 8.223 108937 3.300 2 7.920 862773 50.057
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
1I‘i F004 - CHO et ] ‘ 003 - CHg
15uouo—-§ “\ [l
| ' 60000 - |
z | I g
% 100000 |‘ % Pty ‘ | i
£ N £ |
50000 } | " 20000 ‘ “
: |
e — T S S - TS RS TN
150 : 20..0 ; 25.0 30.0 ‘ 35.0 ‘ 4‘0.D ‘ 15.0 20.0 25.0 30.0 3§.0 40.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 23.035 6545804 86.848 1 23.007 2549562 50.005
2 34.998 991311 13.152 2 33.717 2549043 49.995
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F NMR (trans isomer)

F NMR (cis isomer)

HPLC optically active (trans isomer)

800000 - 1

003 - CH12

HPLC racemic (trans isomer)

i {bromo phenyl vinyl ether 002 - CH12!

'. 800000 3
600000 - ‘
600000 i
g [l 2 ‘
E 400000 - | S
g ‘! é 400000 I
| e il
200000 - 200000
0 ';7 = ": e ;‘ 3 N s j_"_'_"' 0 ‘ = i 7777*1 : :A '7”777777777777 Bt
20 25 3.0 A 4.0 45 5.0 5.5 6.0 65 70 2005 145 30 35 4.0 45 5.0 5.5 6.0 65 70
Retention Time [min] Retention Time [min] 5 i
No. tR [min] Area Area% No. tR [min] Area Area%
1 4,118 3867899 96.144 1 4.095 4504841 49,988
2 4.407 155111 3.856 2 4.367 4507076 50.012
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
500000 1‘;| B079 cis 003 - CHY 124 ‘ A‘ 2 Ex079 cis 002 - CH)
| |
I | |
400000 - | < 2000 ‘
: 1 P |
2 200000 } ‘ | ; 100000 ‘ | ‘
1 | [}t
L1k ‘
i PR o o 777"_‘ ‘*,"" e 0 T R 7' “'E G VR 0 T R
|4.‘o 50 .a.o 70 g 80 = ‘9‘0 10.0 11‘0‘ ‘ 120 ‘ 130 40 50 60 70 8 0 : ,‘10‘.0 1o 120 130
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 8.132 7461527 84.543 1 8.228 3818240 49,980
2 8.948 1364141 15.457 2 8.958 3821353 50.020
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H NMR
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'H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

HPLC optically active (trans isomer)

HPLC racemic (trans isomer)

0005 004 - CH1Z L phenyl vinyl ether Br_003 - CH11
I 100000 — I ]
600000 |
? 400000 | | §
i 1 1 5 5000 ‘
- ! | 7 ||
zouooo—j ‘
2 |
32 34 .3‘6 sja 40 4.2. 44 Iq.e 48 5.0 5.2. 5.-&. 5.5l5‘s E.UI 7 32 34 36 38 40 42 4.; 4:6 48 5.0 ;.2 57,4775:(: ;‘860
Retention Time [min] " Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 4,242 5012944 095.783 1 4.242 678190 49.858
2 4,587 220711 4.217 2 4.602 682044 50.142

HPLC optically active (cis isomer)

HPLC racemic (cis isomer)

600000 - 1 phenyl vinyl ether Br_002 - QH_?: | [phenyl vinyl ether Br_001 - CH9
| 1 :
I 200000
400000
; | : |
2 ‘ ‘ é 100000 |
200000 | | [ |
‘ |
2
e - e b i i Yo S s LN W g ]
30 4D 50 6. 7.0 80 90 100 10 120 30 40 50 60 7.0 80 9.0 00 10 120
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.950 6057119 86.639 1 6.872 2541642 50.104
2 7.990 1092838 13.361 2 7.940 2531046 49.896
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'H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

HPLC optically active (trans isomer)

HPLC racemic (trans isomer)

1 1 {carbazole_003 - CHY 4 1 fearbazole_004 - CHY
800000 - | 1 !
] I 800000
] | | |
. 00000 - 600000 < 1 |
B soomo - ‘i g 40000 - I '
S ‘ 15 '1 | | ‘ “
20000 - ‘ 2000 - I [
I ‘ |I ()
0 e 4 s oo Ly 1,“77-1:_ B
20 40 84 100 o u 20 w0 : 80 o 120 149
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.193 7632199 98.296 1 6.223 7570506 49.913
2 7.785 132329 1.704 2 7.662 7597042 50.087
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
] L carbazole_001 - CHY| 300000 - | fcarbazole_002 - CHS)
600000 - I ] |
. | | 2
! . f
|1 200000 | [l
E 400000 - I g 4 | ‘ "I‘
| | 1
! 200000 - | : o | | ‘ | “.
| z e
Ly s 1;;7',"": %% T B e o i e e SR
70 80 80 Do 10 120 B0 40 B0 .0 170 70 8 80 M0 0 20 B0 M0 150 160 10
Retention Time [min] Retentien Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 10.798 10280285 91.283 1 11.025 4521761 50.116
2 13.497 981749 8.717 2 13.643 4500808 49.884
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'H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

3
X partspr

1003 - CHYl

HPLC racemic (trans isomer)

| 004 - CHIO
800000 ‘ =
J; 400000 [
600000 i |
5 400000 1 : | o
i = |
200000 — [ “
] 2 /
0 e T od ﬂ_If’j e 0 e =il 1'/ i
46 48 50 52 54 56 5:8 6.0 : 64 66 Sjﬂ 46 48 50 5‘2‘ 54 56 58 60 62 64 66 68
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 5.653 6572156 96.256 1 5.717 3381484 49.932
2 6.103 255622 3.744 2 6.167 3390639 50.068
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
] z 002 - CH12 | £001 - CH12
’i | e
400000 - 200000 - [ i
4 i |
g 200000 - | LE 100000 Jed ,‘ |
S b 7 fo o
L | (2]
1 — - el R | _;‘7,,, bt J Lt E s -~
7?0 7.5 8.0 . 8.0 95 10.0 7.0 75 8.0 ‘ 85 9. 5j5 10.0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 7.955 1554560 22.328 1 7.902 2230402 49,747
2 8.652 5407764 77.672 2 8.612 2253048 50.253
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'H NMR
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X : parts per Million : Carbon13
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'H NMR
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F NMR (trans isomer) F NMR (cis isomer)

| / \
HPLC optically active (trans isomer) HPLC racemic (trans isomer)
L 001 - CH13 ] 002 - CH12
} : " 300000 - [
% 500000 ‘ % 200000 - |
100000 l |
L e s e L e .
52 5.4. 5:6 E‘E ‘5.0 ..612 GA‘ 6.El G:E 7.‘0. 7i2 7.4“ 7?5 7.3‘ 8.0 5:2+1'54 5:6 58 E:G 62 64 ‘ 6.6‘ 68 7.0 ‘7,2 74 76 18
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 6.457 7662102 98.569 1 6.495 2683291 50.242
2 7.062 111234 1.431 2 7.067 2657488 49,758
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
s 2 004 - C0 ] L ; 005 - CH12|
] 300000 |
600000
E g 200000
g soo000 - 5
i 100000 -
S e i o 1 1 e - b =
7.0 75 80 85 9.0 9.5 10.0 105 7.6 75 8.0 85 9.0 9.5 10.0 10.5
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 8.318 1600874 12.644 1 8.362 4056594 49,831
2 8.923 11060758 87.356 2 8.990 4084052 50.169
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'H NMR
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'H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

X:parsper

HPLC optically active (trans isomer) HPLC racemic (trans isomer)
] 2 003 - CH12 t 004 - CH12
300000 - i
400000
‘ :
o 200000 - ! B
g | g 200000 :
100000 - | |
: |
) /i EIMEL (A 2 ‘Y : ~ — — 0+ o Y s 7! S I ;
76.07 12,0 14.0 i 16‘.0"7 180 7;&]77”"" 220 240 .LU.D 120 140 160 18.0 200 220 24..0
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 15.678 374430 2.453 1 14.849 15471862 49.411
2 18.268 14887302 97.547 2 17.480 15840597 50,.589
HPLC optically active (cis isomer) HPLC racemic (cis isomer)
1 2 2- Y ¥ 003 - g
I |
i !l i
200000 - [ 400000 + 1l
[ M z
: | e I |
£ s | ‘ “ ‘_’E 200000 - i' . ‘
1 |4 | ‘ |
o e 1) L ; RS SR D 0 L, E £ ._—__L./; S
10.0 12‘.0 14.07 16‘A0 18.0 20‘7 22.0 240 260 280 lﬂl;iwl;ﬂii:ﬂ ISI;) ls.rﬂi IZd.D 22‘:0 240 26I0 IEE.UI
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 13.962 1110830 11.996 1 13.847 9903412 48.325
2 22.365 8149243 88.004 2 22.215 10590055 51.675
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H NMR
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F NMR (trans isomer)

F NMR (cis isomer)

-

X:parsper

67
X pats per

HPLC optically active (trans isomer)

1
Il

| carhamate Bz 001 - CH12

carbamate Bz_002 - CH12

4uouuo—1 | |
| ! 300000 - |
o P “ ‘1
g ‘ ; 200000 -
g 200000 - é !
5 1 ‘ | = 1 ‘ | |
1 ‘ ' 100000 -
e ‘r_ - e AN I = T8N o .
S0 60 70 80 90 100 10 120 150 140 s,a‘ 60 7.0 s.oi 7.0 Tf" W 2o B0 10
Retention Time [min] Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 8.285 5021519 95.314 1 8.238 3929356 49.843
2 9.152 246878 4.686 2 9.027 3954182 50.157

HPLC optically active (cis isomer)

HPLC racemic (cis isomer)

2‘ [carbamate Bz minor 2_005 - CH 100000 | 1 ~carbamate Bz minor 2_006 - CH|
300000 f .“' ‘:‘
i | f
o 20000 | S } ‘\ 2
S | | % 50000 - ‘ \‘ ‘\‘
) 100000 ‘ | I\, 3 [ [
| i ‘ ‘
! I | ‘ !
| | | |
0 I_ﬁ T A, | i 40 ‘—_'”, 7:7 e 0 U8 SEEA e Y S
100 120 14.0 16‘..0 180 ‘ 20r,0 ZZI,O‘ 40 10.0 12,0 14,0 ‘ 16.0 18.0 200 20 240
Retention Time [min] 2 Retention Time [min]
No. tR [min] Area Area% No. tR [min] Area Area%
1 14.630 2149066 14.917 1 14.737 2094653 50.881
2 19.092 12257452 85.083 2 19.743 2022101 49.119
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B 72 A BIED R IXEIED GBI B W TEHEERRETH L, 20 TH, EBEE A2 5] H
LIz ANRCBENEIARF 7 m 7 a S AURSICE N 2 FIETH D Z ERA LT
Do LML E, HARUHIBMEE LTHWONRD DT IEEDIZEALENT TV IR
=ALEMIZIRE SN TR Y . E MO IER O 12 DI LH - 22 iR O BRI R D 5
N5, KX Tl Rul)-Pheox & W= Hi7- 7oz #BA% L. 2 FE TIZAERBI DD 72
Moo HRERAL Y 7 1 T a S AL G O @ SRR B e A R T 1 & fESL L T2,

Ru(ID-Pheox il L B84 7oA L7 4 & TV ANAKR Y L ORNARRIR > 7 a7
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Dkkx I A V7 4 VORI U F AR e v 7 a7 a ARG EER L TR Y X
S IERAT I K o TR LN LA OMRIEE bIRE L T D, £z, Fohizv e
B ENLANKR L E Buli iZ X > Tafid ) FA L LIz, TVXNNT A RTUEEZT5H 2
ETHIEME AR ) Z L2 T AT IMRITRFI LTV 5,

—H VTV AR DAFFNT 7 v T a S AERS T, FTEY B
[3.1.0]~F & A FH A FREMIEEETICRON L EERTOMETH D Z &
BNTWS, LNLARBREL, ZNETTF I /07 Rha(OAe)s Hfille Li=F A7 =&
TYTET—MILDTEIROT I a7 a MG L ERE SN TE LT, RAEAK
DHEFNL7e N, % Z T RulD)-Pheox {F7E F TO N7 v 7 m U ALKIRIZ X - TH
EEMETF T L7 m[3.1.0l~F v VA XY A ROSKTIEE S LT,

E 52 Ru(D-Pheox il LB MY 7t AF v 7 ara X OExT) o F 43R
72 ARRICBEI L CiX, Y 7t erFryrsanrasrit 3 BRE 7 v RERLEZ M
FEO R 720 T H vV . Ru(lD)-Pheox lEfF/E T, AL 7 4 VHHE R TRAESHE
RV IAAR YT Y2 H o ERINSESZETHHET S Ny vt arFryrars
B OENE, BT s F AR e Ak & R L 72 (up to 98% X =R, up to 98% ee), F
ToARMMEERIL, AF L UFHEER, oz —T b BT IV, LTV EREEE L
fev /a7 a /N ARICEBAFRETH D, BILT7 == AT V2 LORISTHLALZE =
N7 a T a N ATEREEWE O GRPHETH DL N I AFa AF I sa T a e
TR UBENEBRGICEBRTEDL Z EDRMOLNTODHILEHTH Y . ABFFETHID TRF
AR ER ST,
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