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4-1-Phe
Ac
ADM
Ala
aq.
Ar
Asn
BHT
Bn
Boc
Bz
CD
cod
COE

Cys
DBBP
DFT
DIBAH
DIEA
DMAP
DMF

ECD
ESI
Et
FAB
Gln

His
HMDS
HOAt
HOBt
HPLC
HRMS
Ile

i-Pr

IR
KHMDS
LDA

Leu

LS

4-iodophenylalanine

acetyl

adamantane

alanine

aqueous

aryl

asparagine
dibutylhydroxytoluene

benzyl

tert-butoxycarbonyl

benzoyl

circular dichroism
1,5-cyclooctadiene

cyclooctene

cyclohexyl

cysteine
4,4’-di-tert-butylbiphenyl
density functional theory
diisobutylaluminium hydride
N,N-diisopropylethylamine
N,N-dimethyl-4-aminopyridine
N,N-dimethylformamide
electrophile

electron circular dichroism
electrospray ionization

ethyl

fast atom bombardment
glutamine

hours

histidine

hexamethyldisilazane
1-hydroxy-7-azabenzotriazole
1-hydroxybenzotriazole

high performance liquid chromatography
high resolution mass spectrometry
isoleucine

isopropyl

infrared absorption spectrometry
potassium bis(trimethylsilyl)amide
lithium diisopropylamide

leucine



LiHMDS lithium bis(trimethylsilyl)amide

Lys lysine

M metal

mCPBA m-chloroperoxybenzoic acid
Me methyl

Met methionine

min minutes

MMPP magnesium monoperoxyphthalate
MOC memory of chirality

MOM methoxymethyl

MW molecular weight

NaHMDS sodium bis(trimethylsilyl)amide
NFPY 1-fluoropyridinium tetrafluoroborate
NFSI N-fluorobenzenesulfonimide
NMR nuclear magnetic resonance
Orn ornithine

PCM polarizable continuum model
Ph phenyl

Phe phenylalanine

Phg phenylglycine

Phth phthaloyl

PMB p-methoxybenzyl

rt room temperature

] seconds

s-Bu sec-Butyl

Ser serine

SQU squalene

SRS regeneration of stereocenters
TASF tris(dimethylamino)sulfonium difluorotrimethylsilicate
TBAF tetrabutylammonium fluoride
TBS tert-butyldimethylsilyl

t-Bu tert-butyl

TDE 7-tetradecene

Tf trifluoromethanesulfonyl

THF tetrahydrofuran

Tle tert-leucine

TMS trimethylsilyl

Trp tryptophane

Tyr tyrosine

uv ultraviolet

Val valine

VCD vibrational circular dichromism

WSC water soluble carbodiimide
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FHE ¥

GO E ORIRIZIT, FTNVMEEEET HDAAE GNP ARARTH D, AHFEGHIELZ D 30 F
TREOELRZZET, ARKBIIIAL S L LTWD, —F, AFGROFTEmBEFTEM L TEY | FFE
BAEDRT LWRIRZ BRI T 2 AIZZ LW OBRBRTH 5,

sp® RSB A% BUG R & T D AN IE RS & 72 2 IRFE T OIRENEIZE S EZ Y TS & KIS (sp’)
=R (sp?) =R (sp’) LB TED DR —IRKIITH D, DL D7 sp? IBALTPRUAZ#E D BSOS IT
FOGRICARF RO AR T 2GR A REE L LI5S, PREEARICARFEREIHEA L, A E LTI
IRk E G5 X% (Scheme 1-1,a) . 1E> T, HFER LU 2 W2 HE TH . AR 2 e EMER S L TR
2 T2 DI IEAF MBS A A 72 & OINBAFIROWMPI LI L 72 5, 1981 4, Seebach BT ARF H A
(Self-Regeneration of Stereocenters, SRS) OHEZIZFESWZKISOBIFIZ L W . AjREZ 7R L7= (Scheme 1-1,
b) ' RFEFKIEHOFORFIZHESNT, VT AT VAR H TR AF T LEMEE L, MISOARFR
ELTHIHT 2 RICHER S 5, —F ., FEDOFTBIFIEE TIX 1991 FFIZARHFLE (Memory of Chirality, MOC)
DOREERIZIEASWIZFUS (RALIEMES) B3 L, RAGRHIED#EKZ#\V /2 (Scheme 1-1, ¢) 2, AFE
IEUS DO H AT & PRA DI ICEEE L, RSO ARFR E U TR 2 ISR R & 5, BUEE TIC
AFRBAESONNI I F A3, Z VBNV RRIE L U TR 5 272 ORI ER S v, A RIED — K
ELTHEINMRIEDN Y 2 RETW5ES, £72, EERCBE ZMT 5 &, AFRREMNIAFAEEERDO AFRE
57T I WREE T HBEEMEAMICANTH Y | EEREMWEDOFX v 7T AR —/ TOHFHEIZB
TEBTHITE > TN B,

X oo /Sp2 Y o3 Y
sp X A, +Y sp ~
(a) A rg—c — N
AB)\C B AB)\C + CABA

. cation, anion, radical .
nonracemic e ’ racemic
achiral intermediate

MO,
0 OH t-Bu-CHO 0 base 0
® — Do A,
NH H+ N t-Bu N t-Bu
0o (0]
E* 0 H* OH
o E ) o E
N~ “tBu NH

Ph

0
MeO base

OEt
OO solvent
OEt

Scheme 1-1. (a) A general scheme via sp>-hybridized intermediates (b) Asymmetric reaction

(c)

via Self-Regeneration of Stereocenters (c) Asymmetric reaction via Memory of Chirality



RELERSIIFGOH D RE (BORE) 2o PFREEEZREAT 720, FREABFOT Lt %
NERBT O ARAFRISVRHEET DEMICH D, o T, RHALBERIC L2 ARFEFEIIL, FREDO T Ik
(L THBDORIER FICBWGEICRE SN D, FHOFTBIIIEETIE, 1991 FE0HmE LI, 756 ik
L LTOMAMEAZIBRT 7202, X0 EFFmF 7 VP RIEOFMICEREZ Y TEAFOSORFICE LT
X7z, 1994 4, 2000 2T X BEFHERNGEL D CN BEARFT ) 7 — R ERHAREE~E BB LT,
2006 FEIZITHIRICIBVTHM DD T 0> 0.1 FPLUT O P A Z 8 2 AF e bOs &2 5281 L8, 2013 421213-78 °C
IRWTHHEMPDT I | ORI E R T 2 RA B GZ WA Lz (Figure 1-1) % 2O X H 12, i
THFMREERT T, 77— MR A5GETH, WU THISERET 52 LT, AEFENAETH D
ZERBECHBNE L, —0 . BORSICHBIYR R 2 519 2 4 R BOS Tk, ARIR TRl SOSTe/E T % @&
IEMEZ2 S REFAIOFIRA N E T F o FABRPRERBLUCMEATH O . TAFAB0 7oL R— VOGN %12
BREDEAICEE> T, ZOXIREROS L, FEHTAH DB RIS D S & 70 28 FIHEK & &8

x| WERDOFFRIZUE - T AF IR SUS ORI 2 T, @ T v F AR BUC AT 728 R & L
THHEDZ & koM, ThbbXd I 0> 77— s ORFEMIEOHESL L EDISHEZMZEREE LT,

Asymmetric induction

The first report C-N axially chiral enolate at ambient temparature C-0 axially chiral enolate

| [1991] | [1994] | [2006] | [2013]

Ot-Bu o Ot-Bu

%B“ OFEt Me., .OEt pr
oM NB‘ ~OM
& ( R Me,‘,\ wOEt
AN 02 ~oMm
E
/ Br
ty2 = 24 days (-20 °C) typ=22h (-78 °C) ty2~0.1's (20 °C) typ~1s(-78 °C)

G* ~22.6 kcal mol™! G* = 16.0 kcal mol™ G* = 15.5 kcal mol” G* = 11.5 kcal mol™

Figure 1-1. Selected milestones in axially chiral enolate chemistry

Sofs —=

B ECIE, AU DM C-O BitEREF T ) T — M ERRB T D AR EF NG O SLIR A%
B OFFIZE Y KA TS, BEAVEE W ~DFFEEARIC X 0 M YRR E A TR E T 5 2 & Ty /0 N ORERIHIC
FoT, VMRMLFRENBKERT 5 Z L2 BN E LS,

SETIE, XA R EDTIA v ERBTRIELTHWD T R BEBHEAROAFLER -7 U —L
{LOBRFIZE D MLATE, REFH & LCEmiEtR 7 U — Ltk chr7 74 V2FIATH 2 LT, E=
FTUFABERN) -7 U — /LR EBARETH D Z L AW 5 E Lz,

FENETIE, ¥ 7=/ 7 — FOSEEREEOHIC X 2 BRFMUICIRVAALR, 7 /BT A7 VI
WU HEFREEATHIE T, ¥T0x ) T— MNERRIZHFNI T A HEEHL, ¥ 0>/ F—
NIRRT T b R T L RO E LT,

BLETIH, EHEMEI IV ) T—  2FH LT 2 BHEEROARFLER o-7 v FLOBIFICHR Y
AT, BEEROERMICE Y, 2 CEARNE T 2 AFLEY o-7 v FIC LD a7 v FILT 2 B
EAKORARIELEMS LTz, £72, o-7 v FE(LT 2/ BFHEARO C Kk L OVN RigdEEZ2 R Lz,

IR, BF_EB LB ROV TEHMICRE L, FHNEL LSRRI OV TERN L TRtk T 5,



B COEMERF T T — M ER D AEFIRRAIMO LA

B B R & EE O

FHZOFTBIEE T L-ABFH SR LA T D C-O MRS ) 77— FMEaROARFRISEFHRE L T D
(Scheme 2-1)°, C-O #lifE KA T /T — h AIE-78°CIZBWTH 1 O TT7 e I{baE - T EEM T T L
TR THDHN, S FAOEE R EIC a7 AL T VXL UL id~ A FAVZRIE e EORETHI DB E
INDHZ LT, FFHNARFT XA K ORFLEAIMNA G =T o F ARG (R 99% ee) (ZH#EITT 2,
AR e LTHEOLND NERAFRESARRD— 7 VEITABEHERAYCEIRMICE < & 5 HEEE
WTHDHID, REFFRARIILVELT 0 77 ny 7 &IEE UTUIEREV 55T T7 LD E
BB LT, EERBRGIFNIARRE CHEIT L. NERB(LIISAEE TEITT 2 2 L 3T TITH LIS
NTWD, LNLRBE, 5 FWNIERMAIMO LB REBEOSKLFATI AR TH o7, ABFZETIZ, C-O #hitEA
Fr /) 7— N0 FNIEMMONRLFZOWREEZ BIIZ, A THL VL RuxXr Yy 77 U iFEke6
EHEREE 2 ~EFHE L, 6 OMXIIERIEDREZITS Z & & L7 (Scheme 2-2) .

Br
Me base Br CO,Et
: — — \'Me
PO Me, \OEt o \ ;
0~ “CO,Et solvent (R Y —
2 OE\OM R retention (R =Me)
R 1 L A | ent-2
/l\'/l\e tyo~1s(-78 °C) up to 99% ee
= -1
HO COH | ) G* =11.5 kcal mol B
N Me,  ..OEt
L-lactic acid base oX ~om /- inversion (R =Me)
Me — R | — !\CO,Et
i solvent 0" Me
O~ "CO.Et R
R L - 4
3 B

up to 91% ee

Scheme 2-1. Asymmetric cyclization of lactic acid derivatives via C-O axially chiral enolates

Et0,C.__CO,Et EtO,C

| CO,Et
" NaHMDS GOt _ ©\/>*<002Et
o >Sco,et R 78°C o ‘\Me Derivatization o Me
R unknown R
5 6 2

96% ee, dr = 2:1
(R = Me)

Scheme 2-2. Asymmetric conjugate addition of lactic acid derivatives via C-O axially chiral enolates



5 FAEARIT K D MR SAREL E S L OH L DR E
AERBMAMEIVFTOENLVE PRy 7T U fFEK 6 2 ARET7 VF LIV ELND 2 ~FFEL
7= (Scheme 2-3) . 6 Z A/ T 4 =/ALED, mCPBA BBLIZ X VG AL T +F & MLz o HNEGE S
HZETHANT %2 RIKT 2572, IRWT R~ BB Y ALY A LT ¢ U ERBLBIR L7141
4 JUEKRFEFRFK T KRR ST 20 A X DS TR 2 T2 257, Bohlc20xF 0 F
WRIZIL 93% ee T2 Z LB, FEMBRICEWNTT B IR EE TWRNWT &2l LT,

N
EtO,C Phs’
2

o)
K,COj3, MeCN
91%

2) mCPBA, CH2C|2

1) KMnO,, MgSO,

H,O/acetone
18% WCO,Et
> o Me
2)  H, (4 atm)

Me 6 3) toluene, reflux Pd(OH), Me 2
64% (2 steps) MeOH
93% ee 55% 93% ee

Scheme 2-3. Derivatization of conjugate adduct 6 into alkylation product 2
2 L TNFIALDERR TH D ent-2 D UV A7 hLE LN CD A7 kL% MeOH ¥R H I CHIE L 7=
(Figure 2-1) , 2 B L Went-2 O UV A7 hMAAREWI—H L7722 EIZMA T, CD A7 hMUREWIZHiE
BRICHDHZ LD, 2 & ent2 1Z=F 0T A~v—DOBMRICH D Z LRI L NE R ST, ent-2 ORERISTIRRL
BIXS THHZ LD, 2 OMERISLARELEIL R &7 0, AT TEITL TWD 2 ERH L E
ol

Ag

CD

COZEt
o “Me

Al

Me
ent-2
alkyation product

WCO,Et
o Me

g

Me
2

derivate from 6 €
0.4 x10*

COzEt

g

Me
ent-2
alkyation product
0.2 x10*

COzEt

g

Me
2

derivate from 6

210 230 250 270 290 310 330 350

Figure 2-1. UV and CD spectra of 2 and ent-2



WIZ, 6a % 10 ~ELFHE L, 10 O NOESY HIEH bR E A & L 7= (Scheme 2-4) , 6a @ DIBAL i#JL(C
K 0B 5D 9 % BF;*OEtL 38 L O EGSiH /F7E FKSEFIZAT 32 & T 10 #157-, 10 © NOESY FHEH L 0 | 10
OFFIAR LT cis (KTH B Z E BB L & 72 o7z (Figure 2-2)

EtO,C Eto,c.  OH EtO,C

\—COEt BF;+OEt, _
: DIBAH (4.4 eq.) S0 Et,SiH >/\o
Me CH,CI CH,CI
0 201 M 2Ll Me
-78°C,1h o € -78 °C~-40°C, 1 h ©
Me 6a then -40 °C, 15 h Me 9 thenrt, 15 h Me 10
Scheme 2-4. Determination of relative configuration of 6a
=3 }l
=i i
g _ ] Ha iy
= HE
27 &’ s oL
3 b i ]
EFR 1 a_a i ALl . HEE
":.E !
; .;_ :
E .. |
= - i
3 " ]
.:__E " Meb
1 NOESY experiment of 10 " ©- Lol ﬁ !/
o3 . '
HE - 3_ - —
=3
e : 3
3 . !
H“..: !
oE |
rE !
E E @ -
= =27 e . =
R - - . ke
= 31 r .
= 3 : L |
T 3
g 3
L. 3
D R - S R || S
80 7.0 6.0 50 4.0 3.0 20 1.0 o |0 w0 20
X : parts per Million : 1H pbundance

Figure 2-2. NOESY experiment of 10



HETE BSOS
U EORERAE S iz, #EE RS 2588 L72 (Scheme 2-5) . 51%-78 °CTHF HicB\W (a7 4~—C &

o —Hfi

a7 v —CDORNEHRREEICH D, NaHMDS (2L A7 v b AL D’ Tld~ A Z VS BARER & o ~r
KRENPRENTZD, DO T 1 b ALPMBEERICEI T TS B2 b5, AL D C-OfEARFT ) 77—
kM E 1X-78°C 2B WT 1 UL F O TF & k#7208, 7 kL0 bl FHNO~A 7T 7

T IR ER T2 I L0 KRR T e G o N L B LT,

TMS_ TMS
H
o H~ "Na Me., . OFEt
Me ZN,
R O NaHMDS Me .y Lo R P ona
OEt R O L
— OEt ”
| THF \
-78 °C CO,Et
20,0 COaE! \ o Et0,C
c i EtO,C p, CO2 E | 6
A
racemization ' tip~1s (-718°C)
4 Gt =17.0 kcal mol™
EtO,C EtO,C_ CO,Et EtOoC
NaHMDS NTTMS
! NS _ /) \CO,Et
R g"ykfo THF R g%fd { e, ) okt 0‘\Me
OEt -78 °C Ot [e] ONa retention
c L D' ent-E - ent-6

Scheme 2-5. Plausible mechanism for asymmetric intramolecular conjugate addition



B TIACERWDT R BHEROARF LB 1 o-7 U — 11k

B AR R EE O

T TA ISR FERICRI SN D SIS T U — VBRI TH 516, FrS, AR = LAY
D a-T V=BT, HFEEREFEHSOG (SvAr) BB RAMBLUS & E LT, REMO AL
ok a2 IRy EBSOSICRIA SN TE 72, HE, 774 ORAIZI VR =LAV DOARFE o-7 ) —IL
fb~& BB & Cu %, Barrett 5% Scholkopf B AT 7 F AT —TFT VAR ) U SR E L CREIHW,
TIA v REFHE LT T AT UAERNR -7 U — /b A 8% L7 (Shcheme 3-1,a) 8, 7ok, KIS
DT AT UABRIRMET a-7 UV —NMALRICE T DT =4 v FEO 7 v R ALEEBICB W TRIET 5,
Rodriguez B B-7 b7 I FMHAEL DL T—MIH LT IA V2EHSEDLZ LT a7 U —/HEA HiE
WCHEITT 22 L 2L E LY, RAMAICENT, 40 LT ildiiE VD RF o7 U —ALICER L, ©
OERBIA[EEMEZ D TR LN, =F v FABPWEICHEZ 7% L T 5 (Shcheme3-1,b) , 2D L2, 77
A ATSOSTEMERE & L CIEIL S R ST E 2, ZO@EE S 2 ARFRIE~OFIZRENTHY . 77
A D ETT o F AR 2 NS O BT X PRER A 2 & S 2 D,

MeO t-Bu Me
OMe \©\
H OMe HO

oM _Buli
/ﬁ::rﬂ/ ° 1.$£;H78°C
N + ’ 2 OMe t-Bu
a Y
(8) MeO™ Cl  2.BHT, 20°C N/\( MeO <Meo

= |
o S U = &
= N
<N OMe  “OMe

75% yield, 88% de — —

CF3

/N\
NO
O o 2 TBAF o O
(b) oTf thiourea cat NH
N + *
H ™S THE

76% yield, 21% ee

Scheme 3-1. Attempt to use arynes for asymmetric reactions

EFROFBMIRETIX, 7V BHFEERP AL 28MEARFTT /7 — M AW D AR FLEREG O BR%E % i
DTS, FEETHD CNEIERET ) 7 — MIABMOKIRICHA L TT7 BT 2HEEE2 /AL TEBY, =
D7k DR E =T o FARRIERBR O LD 0 FNRISICB W TET 2 7 — MERAERIEIZ S
T5HEOWUNCREBETAEAEET S Z LT, BETOET T U F AR IEOBREIZ LR LT D,
—J . 3 FAEONIZH U TROSHE DIV TG Tl @ o F A @R B IHMRIR S I BV TR
SR T D RETFHIORIRDYUIB L 72D, T T A TG TEIGER 72 DRI TG 72 SOG 23 1 FE
T&E, AFRES PR o-7 V=i LT b EE X T,



T IA ROV REREN S M o-7 U —ALDBRIE AR (Scheme3—2) . ZF# % Boc & & MOM

TiE#E L7z N-Boc-N-MOM-7" X /R AT AN BLAETLX T 0= ) T — ML, AU RHPTHRAESET
TIAVEERASED, HALDT V=N B NNR=F B TNT VIBIZE W EABRT 5 2 & T, HEEMEA N
YU aTT ) UHEEREARFERTED LB R, XY v a T T ) VEITEAEAR Y Y EE U ER &
ALTHEY, 20 C-C FEATEMLRIL A Bl & Lo 24k 0 FABUCHIA S D B iR S LTabiT
B0, o MICHBEBRIRFEEZAT LY v ru7 T ) VTN E TIEAFEGREIN 2 < . RREORFEIC
EOHHITNVENT o 7T ay 7 ORMIENAERRIC D EHIFE LT,

X o}
RYCOZR' base o |
L. O L
MOM™ “Boc N.
Boc” "MOM
Aryne precursor
Intramolecular
C-Acylation
o Ot-Bu o Ot-Bu o)
Q( §< R, X
OR
=5 |O ¢
< Intermolecular <
0] Aryne Asymmetric 0
7 a-arylation /

Scheme 3-2. Strategy for asymmetric intermolecular o-arylation of chiral

enolates with arynes via memory of chirality



B RSSO RGEAL

Phe 7&K 11a ZHEIC, @YUIRT 74 U RAELEEZEER LIz (Table 3-1) , X2 WA O FMmIL 400 ps &R
DTEFEMTHDHOY, ¥TNVT ) T— "NBRERICRU A VEREISEINENDHD, £T-, ¥T71x)
77— MNEAK D T LB SRS D72 OI121F, -78°C BT 2 e XA LV ORENEE LV, T T
A CRIBMR 13 1TKT 5 7 oAb A A & W2 R AEE TR, 78 °CIZBW T T 74 U3 AE T, ik
[FIUL & 72 572 (entries 1 and 2) . 7 7 A HIBA 4 (2% 5 OMe ZE4 Flr 3k & U7z +-Buli IZ X % o- 5 &G~
02 ROFERZICEDIAEETIE 2, B EOESMZ 5 X 5D Th o7 (entries3and4) ., — ., 1la ks
KT Z A URIBRA 15a @ THF I8 % -78°C 128\ T +-BuLi O THF ISIRICINZ T2 2 A, ~"a A U F U A
RN L0 BIBEIZ R A AR L 2, e T DX v a7 T ) ViEER 2 B 43%IEE 23% ee THD
7z (entry 5) o

Table 3-1. Screening of suitable methods for the generation of arynes

aryne precursor 0
BnYCOZEt conditions
N —=Bn
Boc” "MOM THF, -78 °C _N.
time Boc”™ MOM
11a 12
entry aryne time conditions yield &
precursor
OTf
1 ©: 24h KHMDS, TASF no reaction
2 TMS 24h KHMDS, KF, 18-crown-6 no reaction
13
OMe
(¢]]
3 24 h t-BuLi trace
4 24 h s-BuLi trace
OMe
14
OTf
5 ©: 0.5h t-BuLi 42 23
Br
15a

TIA SR Aa S ) F T AZHICEE L, ROGSED & 57 b i 21T - 72 (Table3-2) , 11a s
LW 15a % LiIHMDS T L72#21C +-BuLi Z{EH S B/ L 2 A, 22%INFE 31% ee T12 25 272 (entry2) o
WAk & LT NaHMDS £ 721X KHMDS & iV % & ZHE4 22%I0R 28% ee. 28%IX 49% ee T 12 52 7=
(entries3and4) ., KHMDS IZ X DM~ 2 b AKIC KV P MEDOR W T > ) 7 — MR LToT2D, AR
MO o F RPN E LB L, HEE LT Val FHEEK 16 ZHW5 &, = o F AR
U 18%IH# 92% ee THRM 7 % 5272 (entry 5) o RUSIEAWH 26 15a HERD 53 #M & 12 kO 55
NEE SN0, WROKFEE BINCHEYIR T 74 VRIBMA & A4 B RIROERE 21T > 72 (entries 6-10),
LA 3 DR RFA~OEET D Z LT, XUV A UHIBMKE RO iEmITBE S e ol b DD, K
TRIEOWEITITE SR o7 (entries 6 and 7) . AHESERIEL L T MeLi X i-PrMgCI-LiCl 72 & & 5t L
TS MURICKR & B I e <, — B AR A LB L T 5720 v F ARIRVEDOIK T 2 72 (entries 8 and 9)



—J. PhLi ZHIWEGEIC, =T U T ANRT U ABRYGE L, 56%IEE 84% ee THWIM A 1372 (entry 10) . =
UL, PhLi 23RBS REEIE 2 L QD 728 AR~ D REEFINC X B Rl S -z & B8 L
770 & 51T, 18-crown-6 TF(E FRSEITH Z & T F U F RN L. 52%I0K 95% ee T 17 2157~

(entry 11) ,

Table 3-2. Optimization of asymmetric a-arylation via MOC*
O

R \‘/COZE’( @[X base @i
+ =R
N. THF -
MOM Boc Br -78°C, 0.5 h Boc/N‘MOM
11a (R =Bn) 15a (R = OTf) 12 (R=Bn)
16 (R = i-Pr) 15b (R=1) 17 (R = i-Pr)
15¢ (R = Br)

entry R X base procedure’ yield® ee?
1 Bn (11a) OTf (15a)  #-BuLi 1 42 23
2 Bn(lla)OTf(15a) LiHMDS then ¢-BuLi I 2 31
3 Bn (11a) OTf (15a) NaHMDS then ¢-BuLi 11 22 28
4 Bn(l1a)OTf(15a) KHMDS then r-BuLi i 28 49
5 i-Pr (16) OTf (15a) KHMDS then #-BuLi 11 18 92
6 i-Pr(16) 1(15b) KHMDS then s-BuLi I 21 87
7 i-Pr (16) Br(15¢) KHMDS then s-BuLi I 22 (31) 88
8 i-Pr (16) Br(15¢c) KHMDS then MeLi I 22(29) 83
9¢  i-Pr(16) Br(15¢) KHMDS then i-PrMgCI-LiCl  III 15(18) 15
10 i-Pr(16) Br(15¢) KHMDS then PhLi 111 56 (80) 84
11/ i-Pr(16) Br(15¢) KHMDS then PhLi I 52(76) 95

@ All reactions were run at substrate the concentration of 0.1 M. ? I: A
solution of 11a (0.10 mmol) and 15a (2.0 equiv) was added to a solution
of the base (6.0 equiv) at -78 °C. II: A solution of 11a or 16 (0.10 mmol)
and 15 (5.0 equiv) was added to a solution of the metal amide base (1.2
equiv). After stirring for 10 min, alkyl lithium reagent (10.0 equiv) was
added to a reaction mixture. III: A solution of 16 (0.10 mmol) and 15 (5.0
equiv) was added to a solution of the metal amide base (1.2 equiv). After
stirring for 10 min, alkyl metal reagent (5.0 equiv) was added to a
reaction mixture.  Numbers in the parentheses indicate the yields based
on the recovered starting material. ¢ Enantiomeric excess was determined
by HPLC analysis. ¢ The reaction was run at —78 °C to room temperature.

/Run in the presence of 18-crown-6 (1.2 equiv).
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B ER VR R HEPH O et

BRI L 7e @ S T (Table 3-2, entry 11) . ARF -7 U —/HARIZE T D7 X/ ek 844 oo B2 5w
HiPH A M L72 (Table3-3) . Phe 3538 (K 11a ZEICH W -HE . 62%I0%E 73%ee T12 2187, -7 U —/b
D C-7 VAL DRE A IFRF L, = AT A2 XD EORWAF LT AT L E Lz 11b ZREITHW
e, WERBLIO=F U FABREOIR T 2N, —FH, ZATAEHEN VLT X7 UK 1le & W85
B U FARIRMEN T L L7223, -Bu = A7 VIR 11d CTIEFEFEE O =) > F A RPUWE TSR HET L2 b D
D, WEROEK T 2N, = AT AEORRIT Ala FEKRIZB W TRICHEICRIL, =F /LT AT /UK 18a &
FAW T B3 60%I0ER 24% ee THEAITT 52—, Xy UL 25 LK 18b Tid 57%INER 53% ee T 19 2157,
I, & LT 2 /THF (4:1) OIREWEETIT O & 74% ee £ T o F AR E L7, FERIC,
Leu #% K 20 Tl 58%ILE 71% ee THHET 5 21 2447,

Table 3-3. Scope of amino acid derivatives”

KHMDS (1.2 equiv)
PhLi (5.0 equiv)

R O
Br  18-crown-6 (1.2 equiv)
Boc\N /'\CO R+ @[ R
| 2 THF R

Br . N
MOM _78° NC
(5.0 equiv) 30 min., -78 °C Boc”  "MOM
11, 18, 20 15¢ 12,19, 21
entry amino acid derivative product yield ee?

1 11a (R'=Ef) 0o 62 73
2 11b (R'=Me) O. 58 62
3 Boc.. ~ He®R=Bn) N 60 82
4 N™ "COzR 11d (R'=-Bu) Boc™  “MOM 29 81
MOM
12
o
/'\'/'\e 18a (R'=EY) 60 24
Boc\,}l COR’ 18b (R'=Bn) 1<Me 57 53
7° 18b (R'=Bn) N 55 74
MOM Boc” "MOM
19
ﬁ :
8 w 58 71
Boc. B
N™ “CO,Et N
MOM Boc MOM
20 21

¢ All reactions were run at the substrate concentration of 0.1 M. A solution of amino
acid derivative (0.10 mmol), 15¢ (5.0 equiv), and and 18-crown-6 was added to a
solution of KHMDS (1.2 equiv). After stirring for 10 min, PhLi (5.0 equiv) was
added to a reaction mixture. ® Enantiomeric excess was determined by HPLC

analysis.  Run in toluene/THF(4:1).
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WIS, BT T 74 > O TFPH 2 MFE L7= (Table2-4) , 328 A b dE, 7 U nx gk, N
X vl EOBE G EEREL CEE L2 ORISIIRA =) T AR T L, N ER
90% ee. 77% ee, 80% ee T 23a,23b, 3L N 23c & 5272, MISIFMRILTOFEDFICLY . B—DONLE 5
PR E G 2 7, [ARRIZ, 3,5 fib L<IE 4,5 (& 7 /v o VGl Lo ERICB LT BRiflemF v 4
BIRVE TG L, I 47%I0R 99% ee & 54%ULHK 83% ee THHM 23d B LN 23e 2 52 72,

Table 3-4. Scope of aryne derivatives”

KHMDS (1.2 equiv) o
CO,Et X PhLi (5.0 equiv) _ e
C[ 18-crown-6 (1.2 equiv) |

THF X B
(5 0 eqUIV) 30 min, -78 °C BOC/ ‘MOM
16 23
entry 22 product yield ee® entry 22 product yield  ee®
OMe OMe 1)
0]
Br 4 47 99
1 63 90 L
: N.
Br _N. ¢ "MOM
Boc MOM 23d
22a 23a
OAllyl OAllyl o
Br 0 0 Br O
2 54 77 5 < j@[ <O L 54 83
Br N ° B Boc" " "MoMm
Boc” "MOM 23e
22b 23b
OBn OBn
Br 0
3 41 80
Br =
Boc” N "MOM
22¢ % 23c

¢ All reactions were run at substrate concentration of 0.1 M. A solution of 16 (0.10 mmol), 22 (5.0 equiv.), and 18-
crown-6 was added to a solution of KHMDS (1.2 equiv). After stirring for 10 min, PhLi (5.0 equiv) was added to

a reaction mixture.  Enantiomeric excess was determined by HPLC analysis.
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HIUET e T AAREL E O R E

Vibrational circular dichromism (VCD) 35 X OF electron circular dichroism (ECD) T & % il S7AARC & O 7E % 7
ATz (Figure 2-1) o 3G HEIC K0 ZERE 2 BRIE L7k, 21 kI mol™! AT 32 Tl OO e JAE B AR A 15
7o FBMEIKZ WIS L LT mak/L A% PCM E7 LA & L7 DFT B3LYP/TZVP IZ X » Thpifk L 7=
FER. THEEOLERE A-G 157 (Figure2-1,a) . B EMERMOT XL X —2E000 17137 17 1RV LR
HFHZIRW TR 70% DR TR ERBRMER A & UTHET 2 Z Eme s, £, BlEEMK B-G (T,
OMe R OFM (Band C) & L <ILi-Pr & OMe DL (D-G) NWHELDHDHTHY . M A LFEE L7
WETholz, T BOLERIED M E B LT VCD Gt HE T o7 & 2 A L-Val FHEEDHER LT 17 D VCD
FEHME & B —F& R L7z (Figure2-1,b) o F£72, L-Val FHE KR KO p-Val FHEEN B AR L72 17 O VCD 1%
BEBBERTH o7, I HIZ, ECD bIRRRICEHHEIB L OEN L& 2 A, L-Val FEALD L5572 17 O ECD
D FEPNE & FHEAED BW—E %R L7z (Figure 2-1,¢) . VCD 3 LU ECD O [l F2ERAE RN 6| L-Val iFE KD 5
BOoND1TIERETH D LiEimftiTle, 202 e, A% a7 V— U KITS B RFFCHEITL T D 2 & %
o E LT,

Figure 3-1. Low-energy conformers (>2%) of R-17 obtained by optimization at
B3LYP/TZVP level with PCM for CHCls. Optimization at the same level with PCM for
MeCN resulted in the same conformers with 62.5%, 9.2%, 9.2%, 4.3%, 2.7%, 2.2% and

2.0% distribution, respectively.
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T
a) 004 VCD b) ECD -
experimental D-Val derivative [ experimental D-Val derivative 11
[
S [}
= 0%r calculated R enantiomer 7o 10 - ) 4 -0
£ - - f‘E calculated R enantiomer
2 o
Ig. $ 0
w 1=
4 w
. - T . . 10
004 - experimental L-Val derivative i experimental L-Val derivative
L 7 0
o [
L d -10
004 | i
T T T ; T T T ; ; ;
4 210*
- — experimental L-Val derivative 1 110*
E E
L o
E L = 210 °
@ w
200 calculated R enantiomer . _
r 110 calculated R enantiomer -
| | | | | | | ° .
1800 1700 1600 1500 1100 1300 1200 200 250 300 350 200
wavenumber [cm] wavelength [nm]

Figure 3-2. (a) Comparison of experimental VCD spectra of 17 measured in CDCl;3 (¢=0.12 M, 1= 100 um) and calculated
spectra for the low-energy conformers of R-17 at B3LYP/TZVP with PCM for CHCIls. Experimental VCD spectra are
corrected with ee values. (b) Comparison of experimental ECD spectra of 17 measured in MeCN (¢ = 0.25 mM, 1 = 1 mm)
and calculated spectra for the low-energy conformers of R-17 at B3LYP/TZVP with PCM for MeCN. Experimental ECD

spectra are corrected with ee values.
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EIE R radT ) v OEBBKE

Bonl_ry v rard T ) VEOBEBKGE R L2 (Scheme 3-4) , 17 % DMFE/H0 (4:1) ¥ 70 °C
IZFBWT MMPP Z1EF & 872 & Z A Baeyer-Villiger B2{LIZ X U C1-C8 #& DFHZLZ o TIUE LR 56 DR
L. 76%IEETHAFETENM A2 7 2 U REFEIR 25 215725, 17 % Ni MEAfAE T L= U 100°C TEv3 5%
L. Cl-C2 WA DB Z > TRILK L, Ry radr k) 26 % 68%INETHE-2, £7-. NaBHy |2
EDBRICLY, BV T AT LA~—L L TR Y7 a7 T ) —L 27 % 88%INE T,

0
MMPP @:lio
DMF/H,0 (4:1) N i-Pr
70 °C Boc™"\
76% yield MOM
25
0,
Me Me 93% ee
(3 equiv) Me
2 10 [Ni(cod),] (10 mol%) Me
PPh; (20 mol%
18 pr 3 ( o),
_N. toluene BoC <
Boc” ~MOM 100 °C N ipro
17 68% yield MOM
95% ee 26
95% ee
OH
NaBH, '
—=i-Pr
MeOH, 0 °C q
88% vyield Boc” "MOM
27
93% ee

Scheme 3-4. Synthetic applicability of a-tetrasubstituted

benzocyclobutenones.
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BUE 7 X BFEEENSAE L DEMEAF X T v ) T — FORFEMmL

H—E BT R R L O H O #t

T/ T — MIANR=ACEH O a fi TORBEETERICINA SN BEEREREECTH Y | ZOMEICET 5
WFFER T < M HATHOIV TN D, 1980 4EHIFHD Seebach &X° Williard HIZ L5 U F 0 A= ) T — FOHEE G XA
WSR2 B 12, ¥ TNENLT & DO~T B KRR 8 LV EMEREGIRORBEEN 2N ETITH L,
IS TV D (Scheme 4-1, a) 2, FEMIREETO—EHDOMIEN L, =/ T — N DOBRF-BBEAEEMECRFE-RE
HEEEEMR EOEMBAM R ON 2T TR AFRNL A2 EOEHREIN AR E RoTe, —F . i
FIZBWTIE, =/ 77— MIEER, & BLONERR EOSEERMEEICNZ T, RPICHFET
RENL T T2 E AT u R ERERBR L, TNOOFME UCTHEET D Z ENMOLN TN D, Fll Tl IRiET
BT 2> T — F OB FIED ZRIE LY, SRS L > CTRRLIUMEEZ RS RE, =/ F—
kN D& EEE & OSMEDOBIRMEZ EBRIICH L NS TWD, BlxIE, p-7 == MY TFaT= ) in
54ALDUF AT/ T— I THF FIZBWCEICHER, bFNICHEIRE LCTHEET DN, ~asr it
TN E DRI TIE, BERERE L CET T2 2 L0 LN ENTWD (Scheme4-1,b) ¥, Z D X 91T,
T ) T — bORABEENRISHICEBICEST 52800, =/ T — N ERBT DG E BT 5 720121,
BT CORERMEEICRT 2MANNETH 5,

(a)

i-P n-BulLi
/ﬁ\ . an OSii-Pry; — > N
hexane i i
N. W
S i-Pr”H o o \
i-Pr3Si
3 \/\/
O OLi OLi
LDA K
(b) — 4 —
THF
Ph Ph K>108M3 | pp 4
E-X L OEX
k. \ | kmonomer >> ktetramer "k
monomer + Ntetramer

Scheme 4-1. (a) Solid-state structure of an enolate and an enolate with a chiral ligand (b) Dynamic nature

of enolate aggregate in solution
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EHOFBMEETIL, ¥ 7V T — bODERNEE & RIS L0772 U OBEFRMIEIC SN T
Moea D TS, ValBEERN LA LD ) F U LAT ) T— F OGS X REERT S ARSI
T, MOM Mg D Li ~DOFNL, C-N RF#h O ) T — MEEIZHT HEITHEZH O LTW5S (Figure 4-
2,a) B, WRPICBONTIL, WEER, “E&ERB I OHERZR EOEBOSEEROY M L UTIHFET 2 L EES
NTHEY, SEEBTT & I(BEEHIN R D 2 ENERIITREI N TN D, FlZiE, Phe FEEKRNLAET
HX¥TNx )T — hD-78 °CIZBIT 5 7 I(L-HIL, toluene/THF (4:1) OIRATABEH Tl 22 K TH D
DIZ%F L, THF OB—FEEF T 0.5 B CTH 5 7, Zhd, BHOBNIEOENILY, =/ F7— FOEA
RIREDENT DD EHR L TV D, Eo, KREFAIONARERNAKSF LT F o F A RN 2 3Bl 26
MG, 2EERMTOF U FRIENR R/ D Z ERRBEIN TS (Figure4-2,b) , 774806, LV EK

BEND DRGNS L0 @RIRICHEIT T2 LIET D &L BRI U A F L ZRETAIE LTHNW:
et SERECTRIGIEIZZR W e | EITHET 2 @RS G RRR R TO &= T o F AR IRA 72 SO A8
71357, A F T L TEEOVRE A EZAWEGEE, L0 KO DR NRRESERRH O
RISHESET D720, = F U FARIREDNMET T2 EHELTVD,

(@)

Enolate t-Bu
Enolate\ / o. O
- Li—O0
T = i-Pr —Li
- O— Li S
Boc”\"MOM  heptane L N}LO o
Enolats’ EtO O\ ) o)
/ i-Pr \
®) Enolate_ /Enolate
major Q_O? Me—I
Cb small
Boc ogéo\Enolate electrophile 5 Bn _\I\/Ie
) oc.
MOM‘N% good N™ "COgEt
., 07\ enantioselectivity MOM
higher-order aggregate 96"/2 yield
electrophile (Tetramer) 81% ee
Bn
KHMDS
BOC‘NJ\CO Et |
YoM 2 toluene/THF
(4:1) MOM
° N
78°C minor THE = RN
> N—Boc ) ) _//—R
sterically hindered Bn -
Bn electrophile Boc
j j\ ‘r}l>\cozEt
m_oderate_ _ MOM
Boc™ N enantioselectivity
2 THF 87-90% vyield
MOM 48-55% ee
lower-order aggregate
— (Dimer) _

Scheme 4-2. (a) Solid-state structure of a lithium enolate with a chiral C-N axis (b) Tetramer-dimer hypothesis

on the electrophile dependency on enantioselectivity
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INHOMAE L LI, RENREEOH - LEERN L, TATIEICT = ) — KRS EZ F T 5 E 28
MHAELLFTrx )T —h F ikt F Z2#MT 50 = 0 F AR5 2 BB RO E
FHIDOSTARAURAEERTH R S LTS D Z L2 v 8 ST % (Scheme4-3,a) ¥, Z DOfERIL, 28
MHAELLZFINT ) F—F FlE7 =/ b— M&ERLHT /) 7 — ML E LICHRE R0 FREEIROTZRIC
F0, 2EREERHRALINTCZEERBL TS, £/, FRENZ LIZ, -8 CIZBITLFDTE I
IR toluene/THF (4:1) OIRATABEF ) 1020 R CTH Y | ERIETHO LN TNWD ZF L AT VIR L M
T 5 &S0 5T ' U MHISND Z ERH L E o TNDN, LLEDEITIIZENS, ¥ T2/ T — K
ZREH T D ISRV T, E ORISR IRE, 7 I(bFB R ) 7 — NOSAEREEIRTFET 52 &
FEARTHL OO, WRTIZKIT 226 OIS PR LIIEETH DS, £, FT712/ 7—10
KA PEHEEHIEIC X 2 7 & {bOMBIEE L TE UL, RERRIEHRSZFA LIBT3 5 &
HERMR 72D LB 2T, FOSARBEDRLRERE Y B b BEIC L VR A, BRENZ &I
TRATNVHFEEFERED ) T— b ORI T AU NI T L - HHEER LM G MEfE LTEORE, 20
HRZSEI, T AT VEOHGEZ L0 Bk U, JURPEICE ATZHE L Lz Ala X YL 27 11K 18b %
%5 L7 (Scheme 4-3,b) , 18b NDHAEL XTIV /) T— b H OfcLZEMEE DFT #HRICL VRO L2
A, BB T NA T A v n MEAER % & ATHESEN G DTz, S TNA T4 fHEERO L 5 73kt
HREGIEMAERIC L 226 EMEOHIENEC RV H5 EHfFL, FRICETF LI

o Ot-Bu
Bnc o)
(@
KHMDS /O
. Bn o O 22equiv) L F gn Bn R OH
(a) OC‘N/'\H/ \/\© B designed structure E— BOC‘N>\H/O\/\©
! toluene/THF B !
MOM O MOM O
28 (41) t-BuO /Onlll\lllllll?
t1;o(racemization \(Bn, "
:/i(ozo h (.78 °o)) N‘>I===‘\% (R = Me) 81% yield, 88% ee in toluene/THF (4:1)
(R = Me) 71% yield, 82% ee in THF
(R = Allyl) 71% yield, 82% ee in toluene/THF (4:1)
o
This Work / @ n
simplyfyin - -
strfl({tl};reg calculated structure, HF/3-21G(d)
cation-r interaction?
t-BuO
it o 1 e
KHMDS en
Boc. (0]
(b) “.‘)Y
MOM O <
18b
H n

cation-r interaction

Scheme 4-3 Aggregate structures of chiral enolates generated from 28 and 18b
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B A E T T — FORFEMILBLIG O

Ala TF LT AT K18 B L ORI N AT /LK 18D NHAEL DX TV ) T — hO T IR %
HWEL, ZNENEZHRLTEEZA, ZF AT AT IVRE RG-S TT7 8T H—FH, X ULT X
TARIE—REOGIZEDTIC T B LT D5 2 EBH LN E I oTz, T2, RUPAZATIVERD T & b=
FNT AT VARIZHE LT ST Z B b nE o7,

NRUVNVT AT AR 18 IZHB T B O T IEABII SN D FEIE, =/ T — N O ERH O FHRRGE
WCHET DI RFMEET 272D EME L, T2bb, 2 F L ZAT A E18a DAL DT ) 77— NI
BARAEICE—S LIFEEOREGERE G0 EMICET 2720, FREERTT7 & MLEENR R G510,

— RS T2T % SHEDNEITT B~ RV AT IR 18 NS AL D /) T — MMIEERIN A
AR, BNFISARICED ETICRMZE L, EERNSGERERNFHRAER TR D 7 JLfE
EAET L0, 7 IEREMIE U2 T IEEEOZB(EABI SN LB X T, 7o, ABRBZF LT
AT VK 18a TBIER ST, XUV AT K18 IZHAE TH D Z LITA T, KBS LTI ' 1k
HEMNMIHI SN TS Z 2T 2D L DFNIF A MAEERICESWEZ, @REARIERICER LT
WHZ kSN, 2T, NI T A HEEHOARE, BXOERSAEERIZE ST bz
EA~ORBEO _RICEREY T, FHEERICIVBREET 22 & L LT,

BEE X T T — DT ICEENKRT D AT DO RFE

XINT ) T— b DT IITHT HRU PNV AT VERROBEBRENRERFE LT, TOMRER, 7€
LN 5 F R R OB R BIE S, B REMEEREZEALSAIC XY T & IR
F<7p0, B REMEEBREZEALZEAICKY 72 (BN ELS R Z ERNHL N o Tz, — R
W2, RVEFEERGFEFEVLIVBIITFA U EMAEFERTL2ZL03MoNTVDY, ZAbDRRNG, X
VIUNTERTNVERRET ) T— ORI A F AL EOIFF v -n HEAEAOFEN RSz,

W, T8 LRI T 2R R A REE L 72, £ ORR. =/ T — My FIMEIRE D56 0 m iR RS
MR Ci, ZEBO T MRITBEIN T, RS> TTI BT D2 2L E Lz, 2O
Kb, ZEBIED T & BN S D FIRIIRE R e > To= ) 77— FO@mRSEWRTEEICER L TWhWD
TR ENT,

EET T Lx ) T — b OREERRAT

Ala X PNV AT AR 18 MOHA L D F T Vx ) T — OB MR 2 I E L7z, Toluene/THF (4:1) &
AL -78 °C 12BN T 18b 12Xt L KHMDS #{ER &, £ UL7¥ 71>/ T — % TBSOTfIZ XV fififE L
Too TORER, MIET D ZEOY I NV ) — VT =T VPR E—ORMAEMEL LTELIL, EFKIIHELRD
ST, AMEBWOSIREEIE NOESY JIEIC L 0 hiE Lz,

WIZ, 18b @ KHMDS AP X VAL HF T /0= /7 Z— h® 'H-NMR % JIE L7z, Toluene-ds/THF-ds (4:1)
IRATRUEH-78 °C IZBWT 18b DA, B LT 18b 2 KHMDS ALHE L 724 D% 'H-NMR HIE L 72 fEH, %37
FTARTr—RNURRREECTH-72, —FH, 25°CETHIRT DL 18 BLIRT /77— MHRD T 7 F LD
BEIC72 0 . KHMDS UBRIC X 228 b &2 BRI CHER T2 2 &3 CT& 7o, =/ 77— MEMRE ORI 722k & LT
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FEBRIRD > 7T N OB > 7 S BIE ST, RIS, FEBEP A TF A v -n AT 5 L RIS >
ThTHZENMBNTEY M =) T— MNERBEOR PV AT IVERR E OB F A v -n AHEAER OIFAE
DRI T,

WIZ, 18b kD= 7 T — F®D NOESY HIiEZAT o7, ZIKRD T U vx ) —/Lx—T7 L L FERRIZ, MIEH Me 2
BRI Y — 7 H R L7 2 E2MA T, Boc B &RV VN AT AERICH KT 5 5 EFREICH
WHHB OB & & 512 MOM B A A TV 3k &5 F MBI R E O BERBIH S iz, RKEIFTIE 2=
T—IFREELTEY, Z= /) 7—FTCEIALOMHERAONRNWEEZEZXLNLDOT, =/ 77— MZ
toluene/THF (4:1) DIRATAETICEB W THERTIHRLS AR L LTHEEL TWD Z ENRBENT,

18 NHAELDF I NT ) T — bOREERBAERET 572D 'H-DOSY HIE 21T > 72, 'H-DOSY #IEIZH
CEHARE D & TH-NMR @ Rt NMR IETH Y | B CIEBIREN 0 78 MW ICHBI T2 2 L 2FIH L. X
ISR D FBEOHEE IS STV D 29, NIEIEEWE 2L T 'H-DOSY MIET 52 & T, =/ F—
Ny T ORTERNORAREERET D2 LN TE D, =) 7— NOEHBRE» L= ) 77— Oy T RBEHETE
L2 ZA 18 BAELDZF I NT ) T — MIRFMHETTIE &R L LTRITFEEL TV Z ERH LML
ol

A REMCBIGOHEEE

BB I OENEOERERLY . TR TF A -n HEEAICEY T A IH ShTWDS Z &R
RSN, =/ 77— FNORKEREEZ S THNI T4 - HHAEERICLVEZELL S, 78 I(LOEBEBIKEICE
WCHTHNATF A - HAMERADPROICEN N TZDIZ, T8 I{LEES=F L AT VRIZH L TER
L7 EBR LT, 207 ILEREOMEREIX, XV T4y HAEERAT 21372 I amfl S
TEEBRERETFE LR, o, 2078 IBRRICET 2BL8IE, 2 F LT AT /R E X DT X7 UK
OREEDZEFRITFHE L TER LTV D, RIZERD L H 1T, EEOT & BRI O\WTIE=/, 77— hOS
BHEEICE DN EBRZRMHLEE X TN D,

5 = Hiids KOV IUET D FERFE RITHEDW T, ZEEO 7 & IMLBRBROHEMEALER L., =F L= X7 L
K18a N HEL DX T4 /) T — b, toluene/THF (4:1) IREVREEF Tld= / T — b AERE B |2 AT ~F 2
L. —&ESIZHE - T T kx4, —F . XV 25 UK 18b TIIE/NIH F 4 -n I AVER %2
BATEBIFRN R E R RN Z RIS L, e ICREER —REEBRT 2 BE L, LV &
W ERIIAFME D OSAREE R EG L, T2 IEERS N EE2ZBRT L L, KRR L L HicT &R
LHEMET T 2B 20 TE 5,
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FhE RFaXINT/T7—bEMMAT L7 X BFEEROAFLEE o0-7 v F L

B AR R L EE O

= IR R LA~ DY) 72 7 v R OB AN LY | AL - WM OB IES < A ERFI I RE
FKOBENARETH D, ZOWRIIA LT F RIFEEBICH AT, XTF RE~OF 7 v H#T I/ BEAI
& B @RS ORI « FERETIEI N AICRE LTV (Figure 5-1) 32, L2 LS, ZAUBIIMEEN 7 v #
BENTT I VBICRESNTEY 7 JBOARFRFEICEE Y vy BNEAINT o-7 v H#T I BITAR
FERBNZZ L, ZNEEREN L T D o-7 v FERTF ROAR - WHEFRITRBHEL E S 2 5,

Side-Chain .
Fluorinated a-Fluorinated
R H R :\F

Amino Acids H, COH HoN CO,H

well known few examples

Ry Ry R F

Peptide N\ M

Ry F

well known unknown

Figure 5-1. Fluorinated amino acids and peptides

2000 4F. 2001 4FIZE4EM & & Cahard HiXT v aF T A b a A RHEORE 7 v ZAIZHE L. 7 B
BIKOAE a-7 v ELEWE L7- (Scheme 5-1, a) ¥, AFEIX a-7 v FEILT 2 BFEROYD TORES
RBITH DA, WEEARGHAEE SN TELT, PhgBEiK 1 fl~DEMAICE EE-oTnD, /-, AFiE
BRI LI AT F NFEREEE LT85 o-7 v FETIE, mKT 44% ee & ZDFEE —MENEITHIRD &
52 EaHELTND (Scheme 5-1,b) *, 72, b a-7 v FLT X/ BEFHEIRO C Kk X OYN Kinfif
BRO—RAFIEITHRE SN TRV, ZOX DI, BAWVEE—BEEZ AT 25 o-7 v FET X/ BOMELE
B, BELOXT T RMBRIEO RN a-7 v FL_TF REBOBEZ T 0D & Bbild,

0 \©\f _ LHwps Q
(a) N
N COzEt BT N° COzEt
BF4 78°C,3h
o) (0]

only 1 example
76% yield, 86% ee

Cl
7
o)
0 NZ . QPph F
) o . O F LiHMDS PhthN\ej\N/(CO -
- S 2
N‘\ej\,}l COan MeO | X BF4 THF N I\I/Ie
o - Me

_ 78 °C
N 88%, 44% ee

Scheme 5-1. Asymmetric a-fluorination of an amino acid derivative and a dipeptide derivative
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FBEEICBWT, 7 VBRIV AT NAVFEERNSAEL DX TNV ) T — MIERO=F VT AT Vi
BRHRROF T 0> ) T— M LTI MERIHI S TWD Z ERWLMNE Lz, ZOMREZIEEE T 5
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Scheme 5-2. Strategy for asymmetric a-fluorination of amino acid derivatives via MOC
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'"H-NMR were measured in CDCl; and referenced from TMS (0.00 ppm) using JEOL ECX-400 (400 MHz) or JEOL ECX-
600 (600 MHz) spectrophotometers, unless otherwise noted. '3C-NMR were measured in CDCl; and referenced to CDCls
(77.2 ppm) using JEOL ECX-400 (100 MHz) or JEOL ECX-600 (150 MHz) spectrophotometers, unless otherwise noted.
Chemical shifts are reported in ppm. When peak multiplicities are reported, the following abbreviations are used: s, singlet;
d, doublet; t, triplet; q, quartet; quint, quintet; sept, septet; m, multiplet; br, broadened. IR spectra were recorded on JASCO
FT/IR-4200 spectrometer. Mass spectra were obtained on JEOL JMS-700 or Bruker Impact HD mass spectrometers.
Optical rotations were determined on HORIBA SEPA-200 or JASCO P-2000iRM. Flash column chromatography was
performed on Silica Gel (SilicaFlash® F60 (SILICYCLE) or silica gel 60N (spherical, neutral, KANTO). Thin layer
chromatography (TLC) was performed on precoated plates (0.25 mm, silica gel Merck Kieselgel 60F245), and compounds
were visualized with UV light followed by phosphomolybdic acid stain. Anhydrous THF was purchased from Kanto
Kagaku and pre-treated with activated MS4A for 1 day or longer. Anhydrous toluene purchased from Wako Chemical was
distilled over CaH; and kept with MS4A. Hexamethyldisilazane (HMDS) were distilled over CaH, and kept with MS4A.
n-BuLi (ca. 1.5 M in hexane) and MeLi (ca. 1.0 M in Et,O) were purchased from Kanto Kagaku and titrated with
diphenylacetic acid. s-BuLi (ca. 1.0 M in hexane) and #-BuL.i (ca. 1.6 M in hexane) were purchased from Kanto Kagaku.
i-PrMgCIleLiCl (ca. 1.3 M in THF) was purchased from Sigma-Aldrich. PhLi (ca. 1.6 M in n-Bu,O) was purchased from
TCI. LIHMDS was freshly prepared from HMDS (1.0 equiv) with z-BuLi (1.0 equiv) in THF at 0 °C for 30 min. NaHMDS
(ca. 2.0 M in THF) was purchased from TCI. KHMDS (ca. 0.5 M) was prepared from HMDS (1.0 equiv) with KH (1.2
equiv) in THF under reflux for 1 hr and kept in vial containers and titrated with standard solution of s-butanol by using

2,2’-bipyridine as an indicator.
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Determination of absolute configuration of 6a/6b

1) O
EtO,C N EtO,C
2 CO,Et PhS o) 2 CO,Et 1) KMnOg4, MgSO,
K,CO3, MeCN H,O/acetone
COzEt 91% WCO,Et 18% CO,Et
- Me
o Me 5 mcPBA, CH,CI, o Me 5 H,@4atm) o
3) toluene, reflux Pd(OH) Me
6 7 2 2
Me 64% (2 steps) Me MeOH
93% ee 55% 93% ee

To a solution of a diastereomeric mixture of 6a/6b (1.07 g, 2.82 mmol) in MeCN (28 mL) was added K,COs (0.59 g, 4.23
mmol) at rt. After being stirred for 30 min at rt, phenyl succinimidyl sulfide (1.17 g, 5.67 mmol) was added. The resulting
mixture was stirred for 30 min and diluted with CH,Cl,. The mixture was washed with water and brine, and dried over
MgSOQ,, filtered, and concentrated. The residue was purified through flash silica gel column chromatography to give
phenylthio malonate (1.25 g, 91% yield). To a solution of phenylthio malonate (1.25 g, 2.57 mmol) in CH>Cl, (30 mL) was
added mCPBA (0.74 g, 3.09 mmol) was added portion-wise at 0 °C. The mixture was gradually warmed to rt, and stirred
for 30 min. The resulting mixture was diluted with CH>Cl, and quenched by addition of aqueous sat. NaHCOs3. The aqueous
layer was extracted with CH,Cl,. The extracts were washed with water and brine, and dried over MgSOy, filtered, and
concentrated to give an oil, which was dissolved in toluene (30 mL). The stirring mixture was refluxed for 12 hr. After
removal of volatiles, the residue was purified through flash silica gel column chromatography to give 7 (0.62 g, 64% yield)
as a colorless oil; To a solution of 7 (0.62 g, 1.64 mmol) and MgSO4 (0.43 g, 3.61 mmol) in water/acetone (20 mL, 3/2,
v/v) was added KMnOj (0.52 g, 9.84 mmol) was added portion-wise at rt. After being stirred for 13 hr, the mixture was
diluted with water and extracted with AcOEt. The extracts were dried over MgSQyg, filtered, and concentrated. The residue
was purified through silica gel column chromatography to give ketone (69.1 mg, 18% yield). A mixture of ketone (23.7
mg, 0.10 mmol) and Pd(OH),/C (6.8 mg, 0.01 mmol) was stirred under H, atmosphere (4 atm) for 54 hr at rt. The mixture
was filtered through a pad of Celite and the filtrated was concentrated. The residue was purified through silica gel column
chromatography to give 2 (13.1 mg, 55% yield) as a colorless oil; [a]p?® = +5.4 (¢ = 1.0, CHCl;) [lit." [a]p'® = 8.6 (¢ =
0.9, CHCl;, 86% ee) for (S)-2]. The proton and carbon NMR spectra were identified with reported ones®.

(R)-Diethyl 2-(2-(ethoxycarbonyl)-2,7-dimethylbenzofuran-3(2H)-ylidene)malonate (7)

Colorless oil; 'H NMR (400 MHz, CDCls): 6 1.22 (t, J = 7.3 Hz, 3H), 1.28 (t, J = 7.3 Hz, 3H), 1.38 (t, J = 6.9 Hz, 3H),
1.83 (s, 3H), 2.23 (s, 3H), 4.10 - 4.29 (m, 4H), 4.38 - 4.47 (m, 2H), 6.88 (dd, J= 7.8, 0.5 Hz, 1H), 7.19-7.23 (m, 2H); 13C
NMR (100 MHz, CDCl3): & 13.8, 13.9, 14.0, 20.9, 61.4, 61.6, 61.8, 91.7, 115.6, 120.8, 121.8, 122.1, 122.3, 135.3, 156.1,
161.9,163.5,166.4, 167.3
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Determination of relative configuration of rac-6.

OH
EtOzC\:/ CO,E! EtO,C \/{ BF O, EtOzc\\;\
: DIBAH S0 Et,SiH S0
‘\\COZEt > ..n/ > --ll/
Me CH,Cl, M CHCl, O Me
-78°C,1h 0 Me  7gec~a0 °C,1h
Me 6 then -40 °C, 15 h Me 9 thenrt, 15 h Me 10

To a solution of rac-6 (22.2 mg, 5.87 x 102 mmol) in CH,Cl, (2.35 mL) was added dropwise diisobutylaluminum hydride
(0.25 mL, 1.02 M in hexane, 0.26 mmol) at —78 “C. After being stirred for 1 h at =78 °C, the mixture was warmed to —40
°C and stirred for 15 hr. The reaction was diluted with Et,O at —40 °C, then warmed to 0 °C. H,O (0.25 mL) was added to
the mixture. After being stirred for 1 hr at rt, the mixture was filtered off. The filtrate was concentrated. The residue was
purified by preparative TLC (hexane/AcOEt = 7/3) to give 9 (3.0 mg, 17%) as a colorless oil. To a solution of 9 (3.0 mg,
1.03 x 1072 mmol) and Et;SiH (5 pL, 3.09 x 102 mmol) in CH,Cl, (1 mL) was added dropwise BF;*OEt, (3.8 pL, 3.09 x
10-2 mmol) at —78 °C. After being stirred for 1 hr at the same temperature, the mixture was stirred for 1 hr at 40 °C. The
mixture was stirred for 20 hr at rt and quenched by addition of aqueous sat. NaHCOj3. The resulting mixture was extracted
with CHCIs. The extracts were washed with brine, dried over Na,SOs, filtered, and concentrated. The residue was purified
by preparative TLC to give 10 (2.0 mg, 70% yield) as a colorless oil; IR (neat) cm™: 3403, 2927, 1706, 1633, 1464, 1274,
1087; '"H NMR (400 MHz, CDCls): 6 1.33 (t, J = 7.2 Hz, 3H), 1.53 (s, 3H), 3.82 (dd, J = 11.2, 0.8 Hz, 1H), 3.88 (d, J =
11.2 Hz, 1H), 4.02 (s, 1H), 4.23 - 4.31 (m, 2H), 6.75 (t, J=7.2 Hz, 1H), 6.95 (d, /= 7.2 Hz, 1H), 7.16 (d, /= 7.2 Hz, 1H),
7.68 (d, J = 0.8 Hz, 1H); 3*C NMR (100 MHz, CDCl5): 6 14.4, 15.2, 22.5, 44.2, 60.3, 69.0, 108.0, 120.5, 120.8, 123.5,
129.9, 130.3, 155.3, 156.3, 167.1; MS (FAB) m/z 273 (M-H)"); HRMS (FAB): m/z [M-H]" calcd for [C16H1704] 273.1127,
found 273.1128.
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Synthesis of 1-(allyloxy)-2,3-dibromobenzene (22b)

\/\Br
OH OAllyl
Br K,COg3, TBAI Br
DMF
Br rt Br

22b

To a suspension of K,CO; (387 mg, 2.80 mmol, 1.4 equiv) and TBAI (74 mg, 0.20 mmol, 0.1 equiv) in DMF were added
2,3-dibromophenol*® (503 mg, 2.00 mmol, 1.0 equiv) and allyl bromide (0.21 ml, 2.4 mmol, 1.2 equiv), successively. After
being stirred for 5 h at rt, the reaction was quenched by addition of sat. NH4Cl aq. and extracted with EtOAc. The organic
layer was washed with water, and brine, and dried over Na,SOs, filtered, and concentrated. The residue was
chromatographed on silica gel to give 22b (412 mg, 71% yield) as a colorless oil. ; IR (neat) cm™: 1573, 1444, 1421, 1286,
1265, 1037, 1003, 930, 765; 'H-NMR (400 MHz, CDCl;) &: 4.60 (d, J = 5.0 Hz, 2H), 5.32 (dd, J = 10.5, 1.4 Hz, 2H), 5.48
(dd, J=17.2, 1.4 Hz, 1H), 6.05 (tdd, J=17.2, 10.5, 5.0 Hz, 1H), 6.81 (d, /= 8.2 Hz, 1H), 7.11 (dd, J = 8.4, 8.2 Hz, 1H),
7.24 (d, J = 8.4 Hz, 1H); 3C-NMR (100 MHz, CDCls) &: 70.1, 111.8, 115.4, 118.1, 125.8, 126.3, 128.9, 128.9, 132.3,
156.5; HRMS (ESI): m/z [M+Na]*= calcd for [CoHgBr,NaO]" 312.8834, found 312.8841.

Synthesis of 1-(benzyloxy)-2,3-dibromobenzene (22¢)

gBr
OH OBn

Br K,CO3, TBAI Br
DMF
Br rt Br
22c

To a suspension of K,CO; (387 mg, 2.80 mmol, 1.4 equiv) and TBAI (74 mg, 0.20 mmol, 0.1 equiv) in DMF were added
2,3-dibromophenol*® (503 mg, 2.00 mmol, 1.0 equiv) and benzyl bromide (0.29 ml, 2.4 mmol, 1.2 equiv), successively.
After being stirred for 5 h at rt, the reaction was quenched by addition of sat. NH4CI aq. and extracted with EtOAc. The
organic layer was washed with water, and brine, and dried over Na,SOs, filtered, and concentrated. The residue was
chromatographed on silica gel to give 22¢ (465 mg, 80% yield) as a colorless oil.; IR (neat) cm™: 1572, 1442, 1286, 1266,
1041, 1018, 765, 736, 696; 'H-NMR (400 MHz, CDCl5) &: 5.15 (s, 2H), 6.86 (dd, J = 8.1, 1.2 Hz, 1H), 7.10 (t, J= 8.1 Hz,
1H), 7.25 (dd, J=17.9, 1.2 Hz, 2H), 7.34 (d, J = 7.3 Hz, 1H), 7.36 - 7.43 (m, 2H), 7.46 (d, J= 7.3 Hz, 2H); *C-NMR (100
MHz, CDCl3) &: 71.2, 112.1, 115.7, 125.9, 126.4, 127.1, 128.2, 128.7, 128.8, 136.2, 156.6; HRMS (ESI): m/z [M+Na]*=
caled for [Ci3H10Br:NaO]" 362.8991, found 362.9015
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General Procedure 1: Asymmetric o-arylation of amino acid derivatives

KHMDS (1.2 equiv)

% PhLi (5.0 equiv) Y . O
R\‘/COzR |\ B 18crown-6 (1.2 equiv) [N |
+ T N L R
N, / THF N
Boc™  MOM B 30min. -78°C MoM™ Boc

A solution of amino acid derivative (1.0 equiv), aryne precursor (5.0 equiv), and 18-crown-6 (1.2 equiv) in THF was added
dropwise over 5 min to a solution of KHMDS (1.2 equiv, 0.25 M in THF) in THF at -78 °C under Ar. After being stirred
for 5 min, a solution of PhLi (5.0 equiv, 1.6 M in n-Bu,O) was added dropwise at same temperature over 5 min. The
resulting mixture was stirred for 15 min and poured into sat. NH4Cl aq. and extracted with AcOEt. The extracts were
washed with brine, and dried over Na>SOs, filtrated, and concentrated. The residue was purified through flash silica-gel

column chromatography to obtain benzocyclobutenone.

tert-Butyl (R)-(7-benzyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (12)

12

According to the general procedure 1, treatment of Boc-MOM-Phe-OBn 11¢'2 (37 mg, 0.10 mmol) and 15¢ (118 mg, 0.500
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 12 (22 mg, 60% yield) as a colorless oil.; 83%
ee; [a]*p=-94.1 (¢ = 0.68, CHCl3); IR (neat) cm™': 3019, 2979, 2933, 1781, 1757, 1694, 1584, 1549, 1409, 1371, 1296,
1215, 1144, 1081, 952; 'H-NMR (600 MHz, CDCl3) 8: 1.55 (br s, 9H), 2.99 (s, 3H), 3.44 (d, J= 13.7 Hz, 1H), 3.59 (d, J
=13.7 Hz, 1H), 4.49 (br s, 1H), 4.80 (br s, 1H), 7.05 - 7.18 (m, 5H), 7.30 (d, J=7.2 Hz, 1H), 7.39 (t, /= 7.2 Hz, 1H), 7.52
(t,J=7.2 Hz, 1H), 7.91 (br s, 1H); *C-NMR (150 MHz, CDCls) &: 28.7, 40.7, 55.0, 77.4, 81.4, 84.8, 121.4, 126.1, 126.7,
128.1, 130.5, 135.3, 136.3, 146.6, 154.2, 158.1, 187.7; HRMS (ESI): m/z [M+Na]" = calcd for [C2,H2sNNaO4]" 390.1676,
found 390.1678; HPLC conditions: column: Daicel Chiralpak AD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol =

97/3, column oven: 30 °C, retention time: 6.2 (minor), 7.0 (major) min.

tert-Butyl (R)-(7-isopropyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (17)

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16'° (29 mg, 0.10 mmol) and 15¢ (118 mg, 0.50
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in #n-Bu,O) in THF (0.45 mL) for 20 min
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followed by purification through silica gel column chromatography gave 17 (17 mg, 53% yield) as a colorless oil.; 95%
ee; [a]*p=-101.9 (¢ = 1.00, CHCI3); IR (neat) cm': 2971, 1766, 1701, 1466, 1408, 1370, 1293, 1171, 1145, 1081; 'H-
NMR (400 MHz, CDCls) 6: 0.71 (d, J = 6.9 Hz, 3H), 1.08 (d, J = 6.9 Hz, 3H), 1.52 (s, 9H), 2.89 (sept, J = 6.9 Hz, 1H),
2.99 (s, 3H), 4.82 (d, /= 10.3 Hz, 1H), 5.07 (d, J=10.3 Hz, 1H), 7.41 (d, /= 7.6 Hz, 1H), 7.47 (dd, J=7.6, 7.4 Hz, 1H),
7.54 (t, J = 7.4 Hz, 1H), 7.84 (br s, 1H); *C-NMR (100 MHz, CDCl;) &: 17.9, 18.8, 28.3, 28.4, 31.6, 54.7, 77.6, 838.0,
120.7, 125.3, 126.7, 128.2, 128.4, 135.4, 146.8, 158.1, 188.9; LRMS (FAB): m/z [M+Na]" = 342; HRMS (FAB): m/z
[M+Na]*= calcd for [CisH2sNOsNa]* 342.1681, found 342.1681; HPLC conditions: column: Daicel Chiralcel OD-H, flow

rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 4.9 (major), 5.5 (minor) min.

tert-Butyl (R)-(methoxymethyl)(7-methyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)carbamate (19)

19
According to the general procedure 1, treatment of Boc-MOM-Ala-OBn 18b!? (32 mg, 0.10 mmol) and 15¢ (118 mg,
0.500 mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 19 (16 mg, 55% yield) as a colorless oil.; 73%
ee; [a]®p=-77.3 (¢ = 0.92, CHCl3); IR (neat) em™: 2977 1765 1703 1458, 1369, 1297, 1159, 1071, 910, 861, 761; 'H-
NMR (400MHz, CDCls) &: 1.45 (s, 9H), 1.76 (s, 3H), 3.19 (s, 3H), 4.91 (d, J=10.8 Hz, 1H), 4.95 (d, /= 10.8 Hz, 1H),
7.43 -7.51 (m, 2H), 7.55 (ddd, J = 7.6, 6.6, 1.8 Hz, 1H), 7.75 (br s, 1H); *C-NMR (100MHz, CDCl5) &: 21.4, 28.4, 55.2,
76.5,80.4,81.7,122.0, 127.3, 128.2, 130.4, 135.6, 146.3, 160.1, 189.9; LRMS (FAB): m/z [M+Na]"= 314; HRMS (FAB):
m/z [M+Na]"= calcd for [C16H21NO4sNa]* 314.1368, found 314.1368; HPLC conditions: column: Daicel Chiralpak AD-H,

flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 7.5 (minor), 8.0 (major) min.

tert-Butyl (R)-(7-isobutyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (21)

O

N.
Boc” “MOM

21

According to the general procedure 1, treatment of Boc-MOM-Leu-OEt 20'° (30 mg, 0.10 mmol) and 15¢ (118 mg, 0.500
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 21 (19 mg, 57% yield) as a colorless oil.; 71%
ee; [a]*’p=-107.6 (¢ = 1.00, CHCl5); IR (neat) cm™': 2972, 2958, 1780, 1701, 1370, 1295, 1150, 1081, 759; 'H-NMR (400
MHz, CDCl3) &: 0.79 (d, /= 6.9 Hz, 3H), 0.83 (d, /= 6.9 Hz, 3H), 1.53 (br s, 9H), 1.56 - 1.62 (m, 1H), 1.99 (dd, J =14.7,
5.5 Hz, 1H), 2.24 (dd, J = 14.7, 5.5 Hz, 1H), 3.01 (s, 3H), 4.82 (d, /= 10.5 Hz, 1H), 5.01 (d, /= 10.5 Hz, 1H), 7.41 - 7.45
(m, 1H), 7.48 (dt,J= 7.3, 0.9 Hz, 1H), 7.55 (dt, J= 7.3, 1.4 Hz, 1H), 7.87 (br s, 1H); *C-NMR (100 MHz, CDCl3) &: 23.9,
24.1,25.2,28.6,54.8,77.0, 81.3, 84.2, 121.4, 127.6, 128.0, 130.6, 135.6, 146.7, 159.1, 189.2; LRMS (FAB): m/z [M+Na]*
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= 356, HRMS (FAB): m/z [M+Na]" = caled for [C19H2sNO4Na]* 356.1838, found 356.1838; HPLC conditions: column:
Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 6.3

(major), 7.6 (minor) min.

tert-Butyl (R)-(7-isopropyl-2-methoxy-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (23a)
OMe

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16!° (29 mg, 0.10 mmol) and 22a% (133 mg,
0.500 mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 23a (22 mg, 63% yield) as a colorless oil. The
regiochemstry was determined by 1D NOE difference experiment and HMBC; 90% ee; [a]*’p = -106.6 (¢ = 1.21, CHCl5);
IR (neat) cm': 2972, 1767, 1702, 1602, 1485, 1371, 1283, 1158, 1129, 1082; 'H-NMR (400 MHz, CDCI3) 5: 0.74 (d, J =
7.1 Hz, 3H), 1.07 (d, J="7.1 Hz, 3H), 1.51 (s, 9H), 2.91 (sept, /= 7.1 Hz, 1H), 3.02 (s, 3H), 4.10 (s, 3H), 4.81 (d, J=10.2
Hz, 1H), 5.08 (d, /= 10.2 Hz, 1H), 6.85 (dd, /= 8.2, 0.7 Hz, 1H), 7.36 (d, /= 7.3 Hz, 1H), 7.45 (dd, /= 8.2, 7.3 Hz, 1H);
BC-NMR (100 MHz, CDCls) &: 18.0, 18.8, 28.6,31.5, 54.8,59.9,77.7, 81.2, 86.7, 116.9, 117.0, 128.7, 132.0, 138.0, 153.6,
157.5,185.1; LRMS (FAB): m/z [M+Na]"=372; HRMS (FAB): m/z [M+Na]"= calcd for [C19H2;NOsNa]" 372.1787, found
372.1789; HPLC conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1,

column oven: 30 °C, retention time: 4.9 (major), 5.9 (minor) min.

---- HMBC
—— 1D NOE Difference Experiment

tert-Butyl (R)-(2-(allyloxy)-7-isopropyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (23b)
OAllyl

N.

Boc MOM

23b

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16'° (29 mg, 0.10 mmol) and 22b (146 mg, 0.500
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in #n-Bu,O) in THF (0.45 mL) for 20 min
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followed by purification through silica gel column chromatography gave 23b (20 mg, 53% yield) as a colorless oil.; 77%
ee; [a]*p = -83.1 (¢ = 1.00, CHCl,); IR (neat) cm™: 2970, 2935, 1752, 1700, 1609, 1568, 1478, 1369, 1294, 1210, 1148,
1081; 'H-NMR (400 MHz, CDCls) &: 0.73 (d, J = 6.9 Hz, 3H), 1.08 (d, J = 6.9 Hz, 3H), 1.48 - 1.54 (m, 9H), 2.93 (sept, J
=6.9 Hz, 1H), 3.01 (s, 3H), 4.82 (d, J=10.5 Hz, 1H), 4.85 - 5.00 (m, 2H), 5.08 (d, J = 10.5 Hz, 1H), 5.25 (qd, J = 10.5,
1.6 Hz, 1H), 5.41 (qd, J=17.2, 1.6 Hz, 1H), 6.04 (tdd, /= 17.2, 10.5, 5.3 Hz, 1H), 6.91 (d, J = 8.7 Hz, 1H), 7.37 (d, /=
7.3 Hz, 1H), 7.46 (dd, J = 8.7, 7.3 Hz, 1H); *C-NMR (100 MHz, CDCI3) &: 18.0, 18.8, 28.6, 31.5, 54.8, 72.3, 77.6, 81.2,
86.4, 117.7, 118.0, 128.4, 130.3, 131.9, 132.9, 138.1, 152.4, 157.4, 185.1; HRMS (ESI): m/z [M+Na]" = calcd for
[C21H20NNaOs]™ 398.1938, found 398.1947; HPLC conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min,

eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 4.9 (major), 5.6 (minor) min.

tert-Butyl (R)-(2-(benzyloxy)-7-isopropyl-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (23c)
OBn

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16'° (29 mg, 0.10 mmol) and 22¢ (171 mg, 0.500
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 23¢ (17 mg, 40% yield) as a colorless oil.; 80%
ee; [a]*p=-106.4 (c = 1.00, CHCl3); IR (neat) cm’': 2970, 2934, 1760, 1701, 1600, 1477, 1371, 1289, 1081; 'H-NMR
(400MHz, CDCl3) &: 0.73 (d, J= 7.0 Hz, 3H), 1.06 (d, J = 7.0 Hz, 3H), 1.52 (s, 9H), 2.93 (sept, /= 7.0 Hz, 1H), 3.01 (s,
3H), 4.83 (d, J=10.4 Hz, 1H), 5.06 (d, J=10.4 Hz, 1H), 5.45 (d, J=12.4 Hz, 1H), 5.50 (d, /= 12.4 Hz, 1H), 6.94 (d, J =
8.2 Hz, 1H), 7.27 - 7.48 (m, 8H); 3*C-NMR (100 MHz, CDCl5) 5: 18.0, 18.8, 28.6,31.5, 54.8, 74.1, 77.8, 81.3, 86.5, 117.2,
117.9, 128.0, 128.3, 128.6, 132.1, 136.7, 138.1, 152.5, 154.4, 157.4, 185.2; HRMS (ESI): m/z [M+Na]" = calcd for
[C2sH31NNaOs]* 448.2094, found 448.2104; HPLC conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min,

eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 6.8 (major), 8.2 (minor) min.

tert-Butyl (R)-(7-isopropyl-2,4-dimethoxy-8-oxobicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)(methoxymethyl)carbamate (23d)
OMe

MeO

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16'° (29 mg, 0.10 mmol) and 22d*® (148 mg,
0.500 mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 23d (18 mg, 47% yield) as a colorless oil.; 99%
ee; [a]*’p=-135.79 (¢ = 0.86, CHCl5); IR (neat) cm™: 2970, 1752, 1700, 1609, 1567, 1479, 1369, 1293, 1212, 1148, 1081,
1029; '"H-NMR (400MHz , CDCI5) &: 0.76 (d, J = 7.1 Hz, 3H), 1.10 (d, J = 6.9 Hz, 3H), 1.53 (s, 9H), 2.91 (qq, J= 7.1, 6.9
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Hz, 1H), 3.06 (s, 3H), 3.85 (s, 3H), 4.09 (s, 3H), 4.83 (d, /= 10.3 Hz, 1H), 5.09 (d, /= 10.3 Hz, 1H), 6.37 (d, J=1.8 Hz,
1H), 6.96 (br s, 1H); *C-NMR (100 MHz, CDCI;) &: 18.0, 18.8, 28.6, 31.3, 54.9, 56.1, 60.1, 77.7, 81.1, 85.4,102.8, 103.4,
125.2, 154.5, 155.5, 159.2, 168.1, 182.8; HRMS (ESI): m/z [M+Na]" = calcd for [C0H20NNaOg]" 402.1887, found
402.1892; HPLC conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1,

column oven: 30 °C, retention time: 7.3 (major), 11.3 (minor) min.

tert-Butyl (R)-(5-isopropyl-6-ox0-5,6-dihydrocyclobuta[4,5]benzo[ 1,2-d][ 1,3 ]dioxol-5-yl)(methoxymethyl)carbamate

(23e)
g i
O z
N
Boc MOM

23e

According to the general procedure 1, treatment of Boc-MOM-Val-OEt 16° (29 mg, 0.10 mmol) and 23e* (140 mg, 0.500
mmol) with KHMDS (0.24 mL, 0.50 M in THF) and PhLi (0.31 mL, 1.6 M in n-Bu,O) in THF (0.45 mL) for 20 min
followed by purification through silica gel column chromatography gave 23e (20 mg, 55% yield) as a colorless oil.; 84%
ee; [a]*p = -115.8 (¢ = 1.00, CHCl;3); IR (neat) cm’!: 2971, 1757, 1699, 1154, 1370, 1291, 1171, 1082, 1033; 'H-NMR
(400 MHz, CDCl3) &: 0.73, (d, J= 6.9 Hz, 3H), 1.06 (d, /= 6.9 Hz, 3H), 1.51 (s, 9H), 2.82 (sept, J= 6.9, 1H), 3.06 (d, J =
10.2 Hz, 1H), 4.80 (d, J = 10.2 Hz, 1H), 5.04 (br s, 2H), 6.07 (s, 1H), 6.79 (s, 1H); 3*C-NMR (100 MHz, CDCl;) &: 18.2,
19.0, 28.6, 55.0, 77.8, 81.1, 85.3, 100.2, 102.2, 106.3, 139.6, 150.8, 154.4, 155.6, 185.8; LRMS (FAB): m/z [M+Na]" =
386; HRMS (FAB): m/z [M+Na]* = calcd for [C19H2sNOgNa]" 386.1580, found 386.1579; HPLC conditions: column:
Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column oven: 30 °C, retention time: 13.1

(major), 18.5 (minor) min.
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Conversion of 17 into 25 (Scheme 3-4 in the text)

0]
0]
@i MMPP+6H,0
. o @)
—=j-Pr >
N DMF/H,0 N i-Pr
Boc” "MOM ° =N,
70 °C Boc MOM
17 25

To a solution of benzocyclobutenone 17 (32 mg, 0.10 mmol) in 0.50 mL of DMF/H»O (4:1) was added MMPP (148 mg,
0.300 mmol) at rt, and stirred for 14 h at 70 °C. The mixture was added to H»O, extracted with EtOAc. The organic layer
was washed with water and brine, dried over anhydrous Na,SOs, filtered, and evaporated. The crude residue was purified
by column chromatography on silica gel to afford lactone 25 (26 mg, 78% yield) as a colorless oil; 93% ee ; [a]*p=-91.2
(c = 0.62, CHCl3); IR (neat) cm™': 2977, 2935, 1784, 1704, 1370, 1293, 1254, 1165, 1080, 964, 762, 693; 'H-NMR (400
MHz, CDCl;) 8: 0.77 (d, J= 6.9 Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H), 1.38 (s, 9H), 3.03 (s, 3H), 3.44 (sept, J = 6.9 Hz, 1H),
4.88 (d,J=11.0 Hz, 1H), 5.01 (d, J=11.0 Hz, 1H), 7.53 (dd, J=17.8, 7.7 Hz, 1H), 7.64 (dd, J="7.8, 7.3 Hz, 1H), 7.84 (d,
J=7.7Hz, 1H), 7.84 (d, J = 7.3 Hz, 1H); *C-NMR (100 MHz, CDCl3) &: 16.8, 16.9, 28.2, 32.8, 55.3, 77.3, 82.0, 99.8,
124.0, 125.3, 127.3, 129.7, 134.0, 149.9, 154.7, 169.4; HRMS (ESI): m/z [M+Na]" = calcd for [CisH2sNNaOs]" 358.1625,
found 358.1633; HPLC conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol =

99/1, column oven: 30 °C, retention time: 8.5 (major), 10.0 (minor) min.

Conversion of 17 into 26 (Scheme 3-4 in the text)

Me Me
M Me
o M
[Ni(cod),], PPhs e
—=j-Pr I
N toluene
N. o ~\Y
Boc” "MOM 100 °C Boe-nl
MOM
17 26

To a solution of benzocyclobutenone 17 (16 mg, 0.050 mmol), 2,3-dimethyl-butadiene, and PPh; (5 mg, 0.02 mmol) in
distilled toluene (0.50 mL) was added Ni(COD); (3 mg, 0.01 mmol) at rt under Ar, and stirred for 14 h at 100 °C. The
reaction mixture was filtrated through celite and washed with EtOAc. The filtrate was evaporated and purified by column
chromatography on silica gel to afford 26 (14 mg, 70% yield) as a colorless oil. 95% ee; [a]*’p=-186.0 (¢ = 1.00, CHCl5);
IR (neat) cm™:2979, 2931, 1699, 1473, 1406, 1336, 1170, 1080, 757; 'H-NMR (400 MHz, CDCl3) &: 0.89 (d, J = 5.0 Hz,
3H), 1.25 (d, J = 5.0 Hz, 3H), 1.41 - 1.59 (m, 12H), 1.64 (br s, 3H), 2.65 (br s, 1H), 3.03 (br s, 3H), 3.12 - 3.41 (m, 2H),
3.49 (brs, 1H), 3.92 (br s, 1H), 4.65 (br s, 1H), 7.08 (d, J= 6.9 Hz, 1H), 7.13 - 7.25 (m, 2H), 7.71 (br s, 1H); 3C-NMR
(100 MHz, CDCl3) 8:213.4, 155.6, 139.4, 135.4,132.6, 131.7, 128.9, 128.4, 124.7, 123.3, 81.8, 79.9, 78.5, 55.8, 52.0, 42 4,
36.2, 28.5, 23.2, 21.0, 20.1, 17.8; HRMS (FAB): m/z [M+Na]" = calcd for [C24H3sNO4Na]*" 424.2458, found 424.2463
HPLC conditions: column: Daicel Chiralpak AD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column

oven: 30 °C, retention time: 4.6 (minor), 5.1 (major) min.

Conversion of 17 into 27 (Scheme 3-4 in the text)
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To a solution of benzocyclobutenone 17 (32 mg, 0.10 mmol) in MeOH (1.0 mL) was added NaBH4 (5 mg, 0.1 mmol) at 0
°C, and stirred for 14 h at same temperature. The mixture was added to H,O, evaporated to remove MeOH, and diluted
with EtOAc. The organic layer was washed with brine, dried over anhydrous Na,SOs, filtered, and evaporated. The crude
residue was purified by column chromatography on silica gel to afford benzocyclobutenol 27 (28 mg, 87% yield) as a
colorless oil. The relative configuration was determined by NOESY spectrum; 93% ee; [a]*’p = -113.4 (¢ = 0.76, CHCl;);
IR (neat) cm': 3468, 2965, 2930, 1754, 1461, 1301, 1255, 1139, 1084, 1033, 943, 754; 'H-NMR (400 MHz, CDCl5) 8: 0.53
(d, J=6.9 Hz, 3H), 0.98 (d, J = 6.9 Hz, 3H), 1.50 (s, 9H), 2.66 (d, J=3.2 Hz, 1H), 3.15 (s, 3H), 3.50 (br s, 1H), 4.63 (d, J
=10.7 Hz, 1H), 4.86 (d, J=10.7 Hz, 1H), 5.18 (d, J = 3.2 Hz, 1H), 7.39 - 7.26 (m, 4H); 3C-NMR (100 MHz, CDCl;) &:
19.2,19.6, 28.5,29.5 (rotormer), 55.7, 75.6, 78.2, 80.3, 80.8, 122.7, 124.5, 128.5, 129.3, 140.7, 144.7, 155.3; LRMS (FAB):
m/z [M+Na]" = 344; HRMS (FAB): m/z [M+Na]" = calcd for [CisH27NO4Na]* 344.1838, found 344.1837; HPLC
conditions: column: Daicel Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: hexane/2-propanol = 99/1, column oven: 30

°C, retention time: 7.7 (major), 8.4 (minor) min.

H H
{_Me
\OHMeo
N—"
O\«
AN

NOESY experiment of 27
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Determination of absolute configuration by VCD and ECD analysis

Computational details:

Monte Carlo conformational search was carried out by means of the SPARTAN’10 software at MMFF level.** Geometry

reoptimizations, VCD and TDDFT ECD calculations were performed with the Gaussian 09 package.*!

Geometry
reoptimizations for the VCD calculations and VCD calculations were carried out at B3LYP/TZVP level with PCM solvent
model for CHCI; while reoptimizations for ECD calculations were performed at the same level applying PCM solvent
model for MeCN. For ECD calculations various functionals (B3LYP, BH&HLYP, PBEO) and TZVP basis set with PCM
solvent model for MeCN was applied.*> ECD spectra were generated as the sum of Gaussians® with 2400 cm™' half-
height width (corresponding to ca. 14 nm at 240 nm), using dipole-velocity computed rotational strengths, while VCD
spectra were calculated with 10 cm™! half-height width. Computed VCD and IR data were scaled by a factor of 0.98.% UV
and ECD data are not shifted. Boltzmann distributions were estimated from the B3LYP/TZVP energies of the low-energy

conformers. The MOLEKEL* software package was used for visualization of the results.
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Spectral Measurements:

IR and VCD spectra were measured on a BioTools Chiralir-2X at a resolution of ca. 8 cm™! under ambient temperature for
32 and 6752 scans, respectively. Each diastereomer was dissolved in CDCls at a concentration of 0.12 M, and the solution
was placed in a 100 um CaF; cell.

UV and ECD spectra were measured on a JASCO J-820 spectropolarimeter using MeCN as solvent at 20 °C. A path length
of 1 mm was used and the concentrations were set to 0.25 mM.

All spectral data were corrected by a solvent spectrum obtained under identical experimental conditions. Both VCD and

ECD data were corrected with ee values.

Table S3-1. Cartesian coordinates and energies of the low-energy reoptimized conformers calculated at B3LYP/TZVP

level of theory with PCM solvent model for CHCl3

Compound 17 Standard Orientation
Conformer A (Angstroms)

I Atom X Y Z

1 C 3.521771 -2.027962 1.810319
2 C 2.507476 -2.812758 1.236355
3 C 1.550553 -2.283395 0.367479
4 C 1.652994 -0.926363 0.107414
5 C 2.661564 -0.151580 0.679461
6 C 3.625370 -0.667313 1.539810
7 C 1.031736 0.221212 -0.708216
8 C 2.199777 1.067867 -0.010048
9 0] 2.560359 2213526 -0.097042
10 C 1.145337 0.125165 -2.252499
11 N -0.324497 0.628050 -0.282679
12 C 2.534008 -0.328198 -2.720016
13 C 0.753813 1.442764 -2.934602
14 C -0.517411 1.921418 0.316050
15 0] -0.168224 1.861580 1.696958
16 C -0.176296 3.146288 2.304533
17 0] -2.492363 0.175252 0.130402
18 C -3.736591 -0.630223 0.145661
19 C -3.550553 -1.865395 1.025132
20 C -4.151820 -0.984997 -1.281045
21 C -4.740365 0.332094 0.776071
22 C -1.335630 -0.304549 -0.359113
23 0] -1.179064 -1.418772 -0.827161
24 H 4.233504 -2.499283 2.476812

37



25 H 2.471665 -3.868253 1.479153
26 H 0.776353 -2.901084 -0.063802
27 H 4.405282 -0.059105 1.979292
28 H 0.426867 -0.642220 -2.549532
29 H 2.534362 -0.443184 -3.805584
30 H 2.820435 -1.286302 -2.284791
31 H 3.306131 0.403993 -2.468717
32 H 0.785218 1.320372 -4.019333
33 H -0.256831 1.754865 -2.668645
34 H 1.442787 2.247530 -2.668801
35 H -1.559607 2218621 0.202709
36 H 0.124203 2.647217 -0.189507
37 H 0.098193 3.008140 3.348613
38 H 0.549373 3.815804 1.828027
39 H -1.170122 3.607482 2.254865
40 H -4.512472 -2.367813 1.145221
41 H -3.192518 -1.576625 2.014974
42 H -2.845183 -2.565962 0.584583
43 H -5.136337 -1.456590 -1.261300
44 H -4.221507 -0.083791 -1.893424
45 H -3.446427 -1.672555 -1.741794
46 H -4.843337 1.234308 0.171281
47 H -4.421286 0.619029 1.778936
48 H -5.717340 -0.148082 0.847785
B3LYP Energy = -1056.96778469 a.u.
Compound 17 Standard Orientation
Conformer B (Angstroms)
I Atom X Y Z
1 -3.052537 2.556730 1.351161
2 C -1.701794 2.934063 1.279168
3 C -0.737713 2.147050 0.644443
4 C -1.186514 0.958954 0.092059
5 C -2.529112 0.589971 0.167630
6 C -3.501807 1.366388 0.787442
7 C -0.737263 -0.278313 -0.709447
8 C -2.294243 -0.656338 -0.587528
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9 o -2.967109 -1.547932 -1.032579
10 C -0.286031 -0.049631 -2.178094
11 N 0.150842 -1.208111 0.020099
12 C -1.195119 0.928705 -2.933276
13 C -0.165901 -1.373498 -2.945183
14 C -0.385814 -2.497225 0.444795
15 o -1.293230 -2.405014 1.525934
16 C -0.691767 -2.099801 2.781445
17 o 1.816193 0.317706 -0.044168
18 C 3.215196 0.800132 0.097422
19 C 4.165634 -0.107952 -0.681653
20 C 3.587761 0.906273 1.575212
21 C 3.161707 2.184279 -0.544987
22 C 1.457569 -0.917964 0.353636
23 o 2.189285 -1.696768 0.940459
24 H -3.752316 3.210222 1.857149
25 H -1.401861 3.871580 1.732282
26 H 0.294625 2.460362 0.598690
27 H -4.541507 1.070530 0.839808
28 H 0.705653 0.400843 -2.120587
29 H -0.793514 1.099988 -3.933880
30 H -1.262841 1.895878 -2.433369
31 H -2.207905 0.535192 -3.051140
32 H 0.219426 -1.183238 -3.949136
33 H 0.518762 -2.067606 -2.456006
34 H -1.136017 -1.863995 -3.046406
35 H 0.460905 -3.133716 0.697414
36 H -0.956739 -2.931709 -0.370829
37 H -0.244683 -1.101358 2.783690
38 H -1.486930 -2.132463 3.524204
39 H 0.077984 -2.834486 3.038687
40 H 5.161916 0.338179 -0.684710
41 H 3.836365 -0.205001 -1.718031
42 H 4.229205 -1.097104 -0.235400
43 H 4.558180 1.398411 1.665339
44 H 2.852343 1.508856 2.111707
45 H 3.648881 -0.074065 2.041070
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46 H 2.481077 2.843370 -0.004830
47 H 2.833323 2.118794 -1.583057
48 H 4.155156 2.634444 -0.525987
B3LYP Energy = -1056.96546161 a.u.
Compound 17 Standard Orientation
Conformer C (Angstroms)

I Atom X Y 4

1 C 2.648049 -2.895032 1.504373
2 C 1.260356 -3.104386 1.454355
3 C 0.396221 -2.239343 0.779094
4 C 0.984245 -1.148350 0.160915
5 C 2.362676 -0.946253 0.215557
6 C 3.236798 -1.802234 0.876213
7 C 0.688700 0.087024 -0.712748
8 C 2.279499 0.278608 -0.600292
9 0] 3.055352 1.068690 -1.072064
10 C 0.204148 -0.173152 -2.165025
11 N -0.075761 1.165082 -0.048897
12 C 0.983500 -1.296813 -2.860270
13 C 0.240363 1.107125 -3.010314
14 C 0.607485 2.379899 0.309869
15 0) 1.374696 2.157014 1.490079
16 C 2.179161 3.279913 1.823434
17 0) -1.909280 -0.151975 0.020716
18 C -3.345510 -0.459800 0.253055
19 C -4.225377 0.543653 -0.491626
20 C -3.639127 -0.495564 1.751551
21 C -3.497254 -1.850243 -0.359544
22 C -1.385519 1.037178 0.370788
23 0] -1.983345 1.911923 0.970732
24 H 3.264994 -3.602051 2.044955
25 H 0.849892 -3.971139 1.958769
26 H -0.667103 -2.424237 0.753781
27 H 4.305453 -1.634977 0.911667
28 H -0.834763 -0.495650 -2.079107
29 H 0.555413 -1.479959 -3.847709
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30 H 0.941628 -2.233198 -2.302416
31 H 2.034689 -1.033862 -3.004289
32 H -0.169824 0.905777 -4.002183
33 H -0.352429 1.906330 -2.563859
34 H 1.262516 1.469319 -3.138164
35 H -0.137249 3.156591 0.483874
36 H 1.271393 2.678591 -0.505036
37 H 1.565921 4.167608 2.019121
38 H 2.728975 3.022458 2.726745
39 H 2.891968 3.510885 1.022940
40 H -5.266506 0.222343 -0.424530
41 H -3.951348 0.581315 -1.547805
42 H -4.142220 1.541173 -0.067603
43 H -4.655529 -0.862502 1.908507
44 H -2.951831 -1.174662 2.259347
45 H -3.552195 0.492038 2.197671
46 H -2.870336 -2.579164 0.155086
47 H -3.226309 -1.841406 -1.416096
48 H -4.534739 -2.175793 -0.273390
B3LYP Energy = -1056.96529157 a.u.
Compound 17 Standard Orientation
Conformer D (Angstroms)
I Atom X Y Z
1 C 3.535643 -1.629336 2.159967
2 C 2.711289 -2.542715 1.481144
3 C 1.799499 -2.146155 0.501519
4 C 1.743851 -0.786969 0.233503
5 C 2.574099 0.113102 0.903557
6 C 3.488695 -0.268311 1.880506
7 C 1.106348 0.265875 -0.692569
8 C 2.092834 1.250694 0.100662
9 O 2.365872 2.416394 -0.021113
10 C 1.424613 0.198291 -2.208048
11 N -0.315239 0.590883 -0.443625
12 C 0.602528 -0.852601 -2.961815
13 C 2.920121 -0.000281 -2.491044
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14 C -0.681645 1.981595 -0.356487
15 o -0.625851 2.407108 1.000304
16 C -0.861170 3.801729 1.130561
17 o -2.456234 0.103409 0.028804
18 C -3.635497 -0.756154 0.279336
19 C -3.410729 -1.599569 1.533278
20 C -3.941912 -1.607421 -0.952007
21 C -4.742523 0.269007 0.513376
22 C -1.240132 -0.409504 -0.236737
23 o -0.979467 -1.596205 -0.302815
24 H 4.219813 -2.001134 2.912709
25 H 2.788233 -3.593835 1.732976
26 H 1.163842 -2.861718 0.002677
27 H 4.126097 0.439840 2.393724
28 H 1.143997 1.184001 -2.597918
29 H 0.832063 -0.797149 -4.028523
30 H -0.469269 -0.700473 -2.843320
31 H 0.838802 -1.861494 -2.619146
32 H 3.098118 0.049120 -3.566806
33 H 3.540247 0.764727 -2.021340
34 H 3.263666 -0.977250 -2.143180
35 H -1.689134 2.122740 -0.750141
36 H 0.024185 2.566118 -0.952975
37 H -1.854194 4.077728 0.754957
38 H -0.805999 4.037956 2.191577
39 H -0.104318 4.385928 0.593926
40 H -4.335481 -2.122666 1.784886
41 H -3.141687 -0.960704 2.376402
42 H -2.624625 -2.335807 1.383092
43 H -4.891605 -2.125117 -0.803045
44 H -4.037292 -0.975337 -1.837204
45 H -3.165884 -2.348398 -1.128372
46 H -4.879447 0.897329 -0.368027
47 H -4.500377 0.908910 1.362826
48 H -5.683106 -0.242814 0.721977

B3LYP Energy = -1056.96496593 a.u.
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Compound 17

Standard Orientation

Conformer E (Angstroms)

I Atom X Y Z

1 C 3.632514 -1.965226 1.812247
2 C 2.664466 -2.777315 1.198964
3 C 1.704135 -2.269253 0.321334
4 C 1.751784 -0.903217 0.089062
5 C 2.717851 -0.103569 0.700620
6 C 3.684256 -0.596482 1.571017
7 C 1.123710 0.235726 -0.739097
8 C 2.241384 1.109591 0.014194
9 0] 2.581920 2.261919 -0.058014
10 C 1.408362 0.189250 -2.265306
11 N -0.259863 0.625438 -0.390174
12 C 1.033700 1.505196 -2.959179
13 C 0.775782 -1.001426 -2.994116
14 C -0.496140 1.973922 0.059943
15 (0] -0.234721 2.057499 1.458367
16 C -0.284487 3.395911 1.932698
17 (0] -2.401833 0.182760 0.138947
18 C -3.609841 -0.647969 0.351448
19 C -3.346067 -1.686880 1.440073
20 C -4.055152 -1.280991 -0.965919
21 C -4.632996 0.381038 0.826572
22 C -1.237036 -0.342957 -0.282520
23 0] -1.055701 -1.515275 -0.552160
24 H 4.348321 -2.420761 2.485334
25 H 2.665517 -3.838325 1.419233
26 H 0.960287 -2.908381 -0.129308
27 H 4.428341 0.035398 2.038273
28 H 2.495696 0.072404 -2.343589
29 H 1.329712 1.464291 -4.009467
30 H 1.530077 2.363202 -2.504648
31 H -0.045600 1.671670 -2.927429
32 H 1.124604 -1.014886 -4.029813
33 H 1.045440 -1.951983 -2.534664
34 H -0.312100 -0.933557 -3.005257
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35 H -1.529818 2.251054 -0.146318
36 H 0.174101 2.648099 -0.475846
37 H -0.075481 3.364880 3.000400
38 H 0.467831 4.021160 1.437924
39 H -1.274637 3.841015 1.776327
40 H -4.281215 -2.194077 1.685554
41 H -2.974704 -1.202459 2.344988
42 H -2.622074 -2.429799 1.113885
43 H -5.020739 -1.769547 -0.820477
44 H -4.176657 -0.515232 -1.734659
45 H -3.339565 -2.021850 -1.314385
46 H -4.793597 1.146091 0.065394
47 H -4.293218 0.866304 1.742462
48 H -5.586140 -0.110098 1.027977
B3LYP Energy = -1056.96486687 a.u.
Compound 17 Standard Orientation
Conformer F (Angstroms)

I Atom X Y Z

1 3.957092 -2.349795 0.702677
2 C 3.167247 -2.661484 -0.417463
3 C 2.133446 -1.836033 -0.860610
4 C 1.921659 -0.675115 -0.131648
5 C 2.717487 -0.367932 0.972964
6 C 3.749281 -1.183524 1.428976
7 C 1.117289 0.639783 -0.099516
8 C 2.044014 0.924677 1.176385
9 0) 2.131209 1.844086 1.951008
10 C 1.336016 1.627786 -1.272080
11 N -0.302290 0.544321 0.307262
12 C 0.613946 1.191504 -2.551109
13 C 2.821207 1.888341 -1.556230
14 C -0.892331 1.696518 0.949251
15 o -1.567157 2.499296 -0.018796
16 C -2.220403 3.609325 0.579594
17 0] -2.316515 -0.435051 0.454578
18 C -3.398824 -1.386411 0.114941
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19 C -3.005932 -2.801835 0.535065
20 C -3.738137 -1.290596 -1.371827
21 C -4.560488 -0.875681 0.964284
22 C -1.101189 -0.497864 -0.120242
23 o -0.738280 -1.361778 -0.895247
24 H 4.741409 -3.035936 0.997522
25 H 3.370393 -3.581507 -0.952680
26 H 1.526284 -2.107088 -1.710618
27 H 4.356869 -0.932529 2.288638
28 H 0.889428 2.571255 -0.944031
29 H 0.738633 1.956296 -3.321278
30 H -0.453549 1.053249 -2.387742
31 H 1.024282 0.256774 -2.939842
32 H 2916186 2.651884 -2.330544
33 H 3.356538 2.247980 -0.675490
34 H 3.325164 0.988186 -1.915537
35 H -0.097631 2.274909 1.422227
36 H -1.601145 1.369440 1.711930
37 H -2.711641 4.161270 -0.219684
38 H -2.975035 3.285414 1.306710
39 H -1.507875 4272264 1.085429
40 H -3.864326 -3.464984 0.410333
41 H -2.714396 -2.819138 1.587006
42 H -2.182728 -3.180873 -0.065963
43 H -4.628470 -1.888799 -1.575192
44 H -3.953845 -0.256337 -1.646173
45 H -2.923949 -1.658805 -1.991600
46 H -4.814275 0.149819 0.692371
47 H -4.303896 -0.902032 2.024396
48 H -5.438729 -1.503370 0.806152
B3LYP Energy = -1056.96482069 a.u.
Compound 17 Standard Orientation
Conformer G (Angstroms)

| Atom X Y Z

1 C 3.766185 2.398968 -0.696823
2 C 2.719505 2.938902 0.070473
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3 C 1.674890 2.158419 0.570317
4 C 1.724235 0.809070 0.259137
5 C 2.764221 0.278373 -0.503932
6 C 3.815326 1.043078 -1.001644
7 C 1.011068 -0.535455 0.488213
8 C 2.212413 -1.085483 -0.414724
9 o 2.527641 -2.181365 -0.804118
10 C 1.024130 -1.080981 1.943425
11 N -0.327000 -0.650153 -0.134657
12 C 2.394339 -0.946626 2.620176
13 C 0.536784 -2.534375 2.011362
14 C -0.651531 -1.719719 -1.083852
15 o -0.919465 -1.276956 -2.397952
16 C 0.215474 -0.847114 -3.141053
17 o -2.514860 -0.138626 -0.177543
18 C -3.741300 0.635159 0.124030
19 C -3.570194 2.084058 -0.329552
20 C -4.083825 0.523792 1.608858
21 C -4.792503 -0.074083 -0.726272
22 C -1.321470 0.171427 0.354700
23 o -1.122296 1.057018 1.169134
24 H 4.546973 3.058948 -1.054014
25 H 2.729481 4.001865 0.280790
26 H 0.876845 2.588305 1.157428
27 H 4.619619 0.622175 -1.590910
28 H 0.318943 -0.455608 2.495535
29 H 2.324656 -1.286678 3.655097
30 H 2.747650 0.085051 2.634719
31 H 3.153182 -1.559355 2.126057
32 H 0.510705 -2.865499 3.051529
33 H -0.470044 -2.650060 1.607962
34 H 1.203949 -3.204550 1.464707
35 H -1.563607 -2.215042 -0.763686
36 H 0.175525 -2.428637 -1.074803
37 H 0.963494 -1.642443 -3.224394
38 H -0.143070 -0.588847 -4.136062
39 H 0.679803 0.038463 -2.695696
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40 H -4.523760 2.606165 -0.228853
41 H -3.272358 2.120611 -1.379031
42 H -2.825273 2.603689 0.268718
43 H -5.062985 0.973170 1.786257
44 H -4.134068 -0.524542 1.909642
45 H -3.349088 1.034008 2.227213
46 H -4.887260 -1.119795 -0.430015
47 H -4.523525 -0.035694 -1.782491
48 H -5.761441 0.410343 -0.596296

B3LYP Energy = -1056.96471086 a.u.
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