|

) <

The University of Osaka
Institutional Knowledge Archive

BB EREMEZE AW SBRIENAFC-0RVC-CHEETE MK

Title 1 i 0D B
Author(s) |F®kH, =1
Citation |KFRKZ, 2014, HEHmX

Version Type

VoR

URL

https://doi.org/10.18910/34038

rights

Note

The University of Osaka Institutional Knowledge Archive

https://ir. library. osaka-u. ac. jp/

The University of Osaka

: OUKA



BREREMEE WD
BALEIAREF C—0 RN C—C AT R it D B %&

PNEN
B AR

LFHERL

2014 4

KHE=F



H K

B il 1
55— f s ) A7 B Rk 1
[ O ] BB LD C-H A BRI 3
] T U FAERA e C-H FE A BRERAL 6
o5 DU Eh AT 8

235 3CHR 9

B ¥ F /U Pd itz X 5ERLAYT U VAL C-H R = AT WVLRIGDOKR 11

ISR ARAT
i ] 11
W—IE  REFEBREAIT VUL C-H fE A B RERAVFUS O BLIR & FRE 11
5% "TH  Pd-SPRIX it D FAb A BR ALt~ D1 15l 15
B 4T N UEEEE LT A LRBRAL S OWF ST = 20
o i S KA 0 5 %% 22
F—IH  Wacker B EDO S E 22
I A LT g RO B 24
B CH AEATEMEALE RS C B9 2 B 52 25
U RS ORGET 28
BIH p-Nr Yk ) CONRIZET 5 E 5 31
FONTE HEE SR OB 5L 35
BT SEASRIRME O S BIEAE D5 22 37
i B — O R 40
o5 DU FEO 46
235 3CHR 48
FEERIH 51
=5 37 /U Mn filfitic X 5 92
2-F7 b—NVOBLAREZ D v 7V VT K
i i 92
T ERERMEIC LD 2-F7 7 F—AVHEOBILIRERES Y Y T 92
KIS OB Zes 2
¥ IH 7L Mn il X B RE ERAL B O B 98
55 A &7 /L Mn filliEic X % 99
2-F7 7 b=V OBALIRFE T v 7V T RSO}
B USSR OmGE 99
B RS AT O 103
= ERRS 105
235 3R 108
FEBRIH 109
KerE 110

BIEE 111



{GE I SN

Ac
acac
t-Amyl-OH
BINAP
BINOL
Bn

Boc
BOXAX
BOX
t-Bu
Bz
conv.
Cp
DCE
DCM
DMA
DMF
DMSO
ee

Et
HPLC
Ile

KIE

L

Me

mp

MS
2-naph
SPRIX
Ph
Phebim
Piv

i-Pr
Py-box
quant
Salen
TBME
THF

Ts

LEBUZ BV TLL PR TIEEE L OS5 & iz,

acetyl

acetylacetonate
2-Methyl-2-butanol
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
2,2’-dihydroxy-1,1’-binaphtyl
benzyl

tert-butoxycarbonyl
2,2'-bis(oxazolyl)-1,1'-binaphthyls
bis(oxazoline) ligand

tert-butyl

benzoyl

conversion

cyclopentadienyl

dichloroethane

dichloromethane
N,N-dimethylfacetoamide
N,N-dimethylformamide

dimethyl sulfoxide

enantiomeric excess

ethyl

high performance liquid chromatography
isoleucine

kinetic isotope effect

ligand

methyl

melting point

molecular sieve

2-naphthyl

spiro bis(isoxazoline) ligand
phenyl

phenyl bis(imidazoline)

pivaloyl

isopropyl

bis (oxazolinyl) pyridine ligand
quantitatively
N,N'"-bis(salicylidene)ethylenediamine |
methyl tert-butyl ether
tetrahydrofurane
p-toluenesulfonyl



BHB—E Fim
B AR E SR

HARFUAAEL TODIEAEMOTIZIE, fEOMAHRZ 2 L TiEnF 2B S DOFitg
ICEREDLELNRNWLDRHD, ZOLIBRMWEEZXFTINLESN, FFREEFOLIIT
HWIZHEBOBRICSH D BMER (=) v FA~—5 2D WIS G RIER E T 5) BN ET 5,
] = F o F A~ — O PEIIFENE R OAETEPELISNE LV, AEWTEMES 72 5 Frilt e &
LT, =F o F AR TIERRSLEWDRE S, ZHUuEx, AMEEHERT 27 I VB0
TFUoF A —IOHR SN TEY . MEORE 2 I D FIEE R /R L LTE< 72
OTHDH, LN T EAET O O o TFA~—72F 2 @RMICART 5 Z &3
TR M2 TR B, BE FEL BRI O G RR E T EDIERN T
HEHINTWD,

—RIHFIEIA L EME S D HIEE LTI, T 07— Wk, AWiye RINEER %% H
WAHERIE, T IEOKFELE, £ L TR AREARAA LN TWD, RERDOFF L
BEFAT AT V7 —NEE, EFERED LIZThU EOXF I NRELEL 55 &
VN9 RTCRIER N, B G RGE TR, FEEICEWVEBIIEN S S0 b O O | AN,
pH « RERANE, @B R RN EOBLE D DA SHICHINA 2V, 7' IR0
SENIR FOEF o F A~ —RNEKC R 256 bH 50T, 7 haxa )/ I —0RIFH7AR
[ CARILE 2 ETe, AU U TR AR AR, D EOF T /VIED B RE DI FIENE
IbEWE B TE DIZDFEMICHF TTND, LLEOBLED D, TEAIC & A 27 ity
AEAPZHEIFE S, 2001 FEOEHK BIG#EEZ, W. S. Knowles [#1:, K. B. Sharpless 2
BoD ) —VULFESZEICAOND L HI2, Z00HOERIHEMICHIARBD LN
Tn5,



ER @R AR 2 O D MR AT B RIS N T, b EERMEO—> & LT MllEr:
T U FABRMEDRE ] BT DND, (EME - BRIEOR EOTZ 02X, 2RSS
HEOEREAITVETH L b DD, i bIREMRERITRE T 0L a2 D & ARFRAFIZH
Do THIVETIVERBICADNRAFTRE LR L, JOSZRESED -0 Db 72 %E
BN RZ LRI G 2 5 ARFBNLT DB EANATDOITWD, BUIHR R T ¢ R
PA-y AV RENL . TR T a— VRENLT, UA—VRENL T, LA
BN 755, Bkx 2 RFFBLAL B STV D, 4D OFUL DR FEH % Figure 1-1 12
Y

Figure 1-1. Chiral Ligands.
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Scheme 1-1. Co-catalyzed C-H Functionalization.
cat Co,(CO)g
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80%
1 2
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bW 727 a2 Jp v 7V v 7 &R LTz (Scheme 1-2) 19, L L7278 5 Z ORGSR TIE,
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Scheme 1-2. Fujiwara-Moritani reaction.
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Scheme 1-3. First o-Selective Catalytic C—H Bond Functionalization.
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Scheme 1-4. First Example of Aromatic C—H Bond Oxidation.

Pd(OAC), (1-5 mol %) _
— PhI(OAC), (1-2 equiv) Q Solvent=MeCN R =Ac 86%
\ 7 Q \ ,\f Solvent=MeOH R=Me 95%
N RO

solvent, 75 °C, 12 h
H
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Scheme 1-5. First Example of m-Selective C—H Bond Olefination.

t-Bu t-Bu
Pd(OPiv), (10 mol %)
AgOPiv (3.0 equiv) X o
o 00k DCE, 90 °C, 24-48 h N tBu
£Bu 1.1-2.0 equiv ’ ’ NC t-Bu
up to 98% _
t-Bu up to 100% m-selectivity
CO,R, 13



Scheme 1-6. An Example of Late Stage Functionalization.
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Scheme 1-7. Enantioselective Oxidative Heck Reaction.

Pd(OAc), (5 mol %)
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p-benzoquinone (5 mol %)

KHCOj3 (2.0 equiv)
Styrene

0,
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Pd(OAc), (5 mol %)
Boc-llc-OH (40 mol %)

PhI(OAc), (1.5 equiv)
KOACc (2.0 equiv)
t-BuOH, 80 °C, 12 h

17 up to 86%
up to 96% ee

2012 4F Cramer &1, RIROHEZ HFIFRHT C2 %I Z RFD X T L 7e Cp BiNL 1% BH%
LTW5, #5IEZORFENA %A 5 Rh #8420 Zi8R L, A4 /v ML C-H #EATE
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(Scheme 1-10),



Scheme 1-9. Asymmetric C—H Functionalization Using Chiral Cp Ligands.
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H Ph | NN
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Scheme 1-10. Chiral CpRh-Catalyzed Asymmetric Hydroarylations.
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Scheme 1-11. Enantioselective Oxidative Homo-Coupling of 2-Naphthols.
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Scheme 2-1. Oxidative Allylic C—H Substitution.

Tsuji-Trost Reaction

1 2 1 2
RY\/R PdO catalyst RV/%/R NuH RH/\/ R2
X Pd \ Nu
Leaving group HX

Oxidative Allylic C—H substitution

R%/\/RZ Pd" catalyst RL/A/ R2 NuH RH/\/RZ

I -

H Pd Nu

2004 5512 White H23E L7727 U MLT & b UABKE Y (Scheme 2-2a) . [ L < 2008
HIZ White 52352 L7227 2 / 1k Y(Scheme 2-2b) . 2008 (2 Shi & 2345 L7= 7 /L% 14k
B9 (Scheme 2-2¢) &YV C, 7 VUL C-H A 2 BEHA9IC C-0, C-N KN C—C #&
BT DR IR MG STV D (MO XEREICY 77 —), £z, Z<&
it Doyle HIZ X > T7 v R OB bHE I TND 9 (Scheme 2-2d)
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Scheme 2-2. Oxidative Allylic C—H Esterification, Amination, Alkylation and Fluorination.

Pd(OAc), (10 mol %)
p-benzoquinone (2.0 equiv)
a R/\/

DMSO /AcOH=1/1

29 MS4A, air, 40 °C

o;‘s . 570
Pd(OAc),

(10 mol %)
Cr(lll)(salen)CI 34 (6 mol %)
NHTsCO,Me (2.0 eqwuiv)
p-benzoquinone (2.0 equiv)

TBME, 45 °C, 72 h

Pd(OAc), (10 mol %)
Benzoylacetone (1.4 equiv)
p-benzoquinone (1.3 equiv)

29 Toluene,0,, 60 °C, 48 h

Os/ Nz
=S Sio
Bn . Bn
Pd(TFA),
(15 mol %)
Cr(lll)(salen)CI 34 (10 mol %)
EtsN-3HF (6.0 eqwuiv)

d R/\/ p-benzoquinone (2.0 equiv)

29
DCM, 23°C, 72 h

RN"0Ac
30

up to 65%
linear / branched; up to >99 / 1
E/ Z; upto>20/

0

R N-"NTsCO,Me

' =N_ N=

> ' or :

up to 72% t-Bu o c o t-Bu |

linear / branched; up to >20 /1 H

E/Z upto>20/ ' #Bu  tBu 5

RM/ Ac

Bz
32
up to 65%

linear; 100%
E; 100%

RONE

33
up to 70%
linear / branched; upto 7.8 / 1

bt U720 TR 720 Tid e < . o TS D S80S STV b, 2007 4 White ©
X, KA L7 408 Ts WIS RA— N 2FORE 34 Z# W TC, 7 UL C-H #5471
PALZR DAY Y D VR 35 OUT AT LRI S RRICEKRI L Tng D

(Scheme 2-3),

X BT, 2009 A1 White B, v E CHREEE STz C-H fEATEME

BIC XD REBROWEITHREI L, R OEBE AR A ZEM L TS Y (Scheme 2-4),

Scheme 2-3. Intramolecular Allylic C-H Amination Catalyzed by White Catalyst.

O\\S/ \S//O 0]
o K>« “Ph oK
)J\ Pd(OAc), NTs
O” "NHTs (10 mol %) R)\'/'
2-Ph-p-benzoquinone (2 equiv) =
R 35
34 THF,45°C, 72 h up to 86%

up to 18/ 1 dr (syn / anti)
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Scheme 2-4. Total Synthesis of 6-Deoxyerythronolide B by Late Stage C—H Oxidation

O/ N
=S STO
Ph . Ph
Pd(OAc),
(30 mol %)
p-benzoquinone (2 equiv)

“, 0
'uo/% DCM, 45°C, 72 h

36 56% (2 cycles)
>40:1dr

L L7 BEREHI 7 U AL C-H f5 & B R O & UL PRI O & & & 1XERIC, £
DTG F AR BOSBNTER DM DRV TIXEF OWFSERIAR R TIE 1l Lols S
TV o 72, 2008 4= White 5 1E, Pd(OAc), & B A A LR ¥ KB 10> 5 7 B fillitlz
JEERIEME 7 Cr-Salen S5 34 2SN L C. 1D = F > F A BN 2BLA T U AL C-H 7%
BB LAZENRL TS P (Scheme 2-5),

Scheme 2-5. Enantioselective Allylic C—H Esterification.

_N\ N=

o./ \.o or

PENISN t-Bu o'x 0o t-Bu
Ph pq Ph

2N tBu  t-Bu O OAc

AcO OAc 34 )LW

1 19 M

O H (10 mol %) (10 mol %) eO -
Meo/u\M)\/ ) 39
AcOH, p-benzoquinone

7
38 89%, 57% ee
branch/linear 4.8:1

2012 4, Rainy 513 Pd(OAc), (2 BINOL HIKD N FEMEZ: U Uk 42 Z A G T, U
BEBROET XX —OMHEREN )1 &35, CC GO EES 7 VAL C-H fBET
I AL BOSIZ I TR 98% ee & IFF ISR WARF IR Z 2 L TV 5 19(Scheme 2-6)

Scheme 2-6. Intramolecular Enantioselective Allylic C—H Alkylation.

Ar
o o
o oH
: 99 ;
Ar e
42
N Pd(OAC), Ar = 2,4,6-(i-Pr)3CgH> q

< oH
O‘ (5 mol %) (10 mol %)

H p-benzoquinone, PhCF3

41

up to 78%
up to 98% ee
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White, Rainy D EH LA S, REFHEICILT F T /17 Pd IS £ 205N
REXTNNA AR, XTNVT VAT Y RBBORMPUETH D, TDledTF T A4k
R 2B T U VAL C-H f & B Re b 2 | ib-Trost BUG D K 9 22 EHMED W OB IS5
FEXEDHITIE, Pd LEOF T NEMNL I L > CoF o F A BRI D 0BRSS,
2013 4F Trost H1E, H 5 23BA%E L7z phosphoramidite Bz 1 45 ZFIH L, I THIH T
T FARIRA T U AL C-H SR T VS b A R LT\ 5 1D (Scheme 2-7), A
il EiE-Trost Bk & RARIZ, T VAL I K » T o FA@PERHIE S TV 53K
DINEITEH D,

Scheme 2-7. Intermolecular Enantioselective Allylic C—H Alkylation.

Pd(OAC), (5 mol %)

o
oy

o O
9 Ac
O “V\/A‘
' CL 70O
2,6-dimethylbenzoquinone (1 equiv) 44

43 5 Et3N (1 equiv)

14



5 _TH  Pd-SPRIX il o> e (b B9 A~ 75 BRALUE ~ 0D 36k 1

FR{bH) C-H & B RERELIZB W T SVEFIE R N o F AR A 15 5 72 D121
AL 72 SRR I 2 D A ARFENL - DIBRBMLETH H, RFENL & LTLS HnHi
TV % BINAP 46 DR AT ¢ U RENFIEL, FREHY R S TIEEALF AR Rk L Tk
&L, ONEENGE 20, AV U RN 2 D BOXAX 47 B3R Ay 72 56
HIZZERETHLHOD, BINAP EEEE LI-EF 7 F LBk E2HT 50 CTEETIEIT &
bT L8N D D,

o)
SO A, .
S 2 P, s N""ipr Y H
PPh : ,
O LD AT
o
R O/N N\O R

(S)-BINAP 46 (S,S)-i-Pr-BOXAX 47 (M,S,S)-R-SPRIX 48

2OV ROT, EFOMRAETIE, AV REKE I E Tl (W}h
E L THRERID e oled Vv AXY VY VENLEAL Z OF RO BLAL 1 o-N
SPRIX 48 ZBH¥E L7z 12, Gplik% Scheme 2-8 [Z/RF, (M*.S%,5%), WF;;NW
(M*,R*R*), BLOWM*S*R* & “FHAL LT AT LAY —DN, o _Ph
(M SESO K D B8 L T 2 LT T 5. ki simn L
(M*,S*,S%){K1%. DAICEL 0 CHIRALPAK AD 71 7 A % = 5245 50
IZE->THELND, SPRIX VX, MMk, MM, BLAISME T oW

LEETHY, HIERAE 2 EKPZ 77 {bORNITDRN, 612, £V FFHVY
249 O IR D pKald—235 EXHET DA X U 250 D449 1N FREI>TEY
AVFXHY Y o OERBIHT H o~ N —MRITERWEFTREIND, TOREER, 4 V4%
VU UIRENL LT AR O OB EENED LT, SREAKOE Lewis FEMENSREES
N2 T2 B ERIBRAL S ORI EEE R IR R — IRFR L BB OTEMHELICKRE LS FET 5,
T 725, SPRIX (X7 » F AR 2B LR BRILROSIZ BT 2 A e 7 VB & L
THIfFCTE 5,

pKa=44

15



Scheme2-8. Synthesis of SPRIXs.
R

— R R
R — —
EtOWOEt Br LiAIH, R R 1) Swern Oxidation _
0 fo) NaH THF, 25 °C 2) NH,OH-HCI, Py, 25 °C
51 DMSO, 50 °C HO OH
R R
_ _ R R Intramolecular R
R R — — Double Nitrile Oxide
H H NaOCI aq. R R Cycloaddition R_% ‘ i *R
_—
N CH,Cly, 25°C ay R o-N N-g' "R
Hogs zOH g 5 R-SPRIXs
overall yield from 51
R=H : H-SPRIX (48a) 56%
R=Me : Me-SPRIX (48b) 53%
R=Et :EtSPRIX (48c) 38%
R=i-Pr :j-Pr-SPRIX (48d) 58%
3 M M M
' H s |.H HZEP\E%H H R |wH
; \ \ \ \ \ \
. o-N N-g o-N N-g o-N N-g
I (M,S’,S")-48a (M'\R’,R’)-48a (M',S"\R')-48a
§

FEEE, T E TEFONRETIE, SPRIX BN 1% =7 F A 8IRA Wacker BIER{L X
i~ EEH ULEN R EE HIF T D,

2001 A5 LX, 7 A= AT v a— NV EIE & DA Wacker BUBR LG DO W)
TORZERE LTS, TAT=1LTF—/ 51 ZHEITH, 15 mol %D Pd(OCOCF;),
72 5 NZ 18 mol %D (M,S,S)-i-Pr-SPRIX 777E . (kAL LT p-_v V¥ &Mz 5 &,
6-endo BRALEL 52 DM 70%, 70% ee T+ 541D (Scheme 2-9) 129,

Scheme 2-9. Enantioselective Wacker-type Cyclization Promoted by Pd(IT)-SPRIX Catalyst.

— Pd(OCOCF3), (15 mol %)

(M,S,S)-i-Pr-SPRIX (48d) (18 mol %) >®<
> o) OH

HO OH p-benzoquinone (4 equiv)
51 DCM, 25 °C 52
70%, 70% ee

FLURENZ L2, 7=/ — VDR Wacker BIBALLUSICHE N2 T VA k%
BT HRHE, IS O 53908 T LK 27 4 VBT (R)-46'9, fafl, S D
(S,8)-i-Pr-BOXAX 479, BOX BUNLT-(S,5)-54'872 &5 5% L 7= Pd filfit ClIA S S Mg
SNBRWRTH D, BN & UTHERT E 2 A U UBALF(S)-550 % WD & |
FOGITEITT 56 ODOERY) 52 137 IKE LTHELND, ZOMBBIIARINCKIT S
SPRIX DEENIEZ A2 LTV 5 (Scheme 2-10)
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Scheme 2-10. Examination of Chiral Ligand in the Novel Wacker-type Cyclization.

Pd-L*

p-benzoquinone or 02

" PPh,
Pd-L* = 6 f Pd

53 )-BINAP 46 (S,S)-i-Pr-BOXAX 47
10%, 0% ee 0% 0%

iﬁ} o O
R

R

R=tBu (54a) trace R=tBu (55a) 58%, 0% ee
R=Ph (54b) trace R=Bn (55b) 0%

K ORSEE T T A= AT a— L85 ZHE L5 L SFRNTRI BORIE
AT L, BB 56, 57 & & bICBAAERY S8 BH DV T AT LAv—L L
THes 95% ee THFH LS (Scheme 2-11) 129,

Scheme 2-11. Enantioselective Tandem Cyclization via Oxy Palladation.

Pd(OCOCFs3), (20 mol %) =

(M,S,S)-i-Pr-SPRIX (24 mol %) H

— — (@) OBz

p-benzoquinone (4 eq.) + 56

° OBz
HO OBz DCM, 0 °C O
55 96% 58 o

(19:20:21=68:5:27) 95% ee o OBz

57

— . pHEELIX, 2- AT =0T 2 ) —)VHE 59 O F A IRIRA Wacker B LI
I RRED L, KW T 5 (R)-Cordiachromene (60) DOfRFEILZ VH L U WVEEERA A
Ai~& BB LT3 (Scheme 2-12) 29,

Scheme 2-12. Enantioselective 6-endo-trig Wacker-type Cyclization of 2-Geranylphenols by
Pd(II)-SPRIX Catalyst.

Pd(OAc), (10 mol %) R N
R = = (P,R,R)--Pr-SPRIX (11 mol %) o P
p-benzoquinone (4 equiv) (@)
OH

CI,CHCHCI, (0.3 M), 60 °C, 24 h 60
59 in the dark up to 55% ee
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F72 2010 4E, Suman 137 b - = ) — VEEEMELAZFIA L 13- b2 AV54)
DT F A IR Wacker BUEAVEUS DBIFEIC B LTV D, 2-7 T =1-13-T 7
Fo6l ZFEEET D e ) — VA REEM E LTIERI L, 7 v X FB8IK 62 Mifm
84% ee THDHILTWD (Scheme 2-13) 2D,

Scheme 2-13. Wacker-type Cyclization of 2-Alkenyl-1,3-Diketones by Pd(II)-SPRIX Catalyst.

1
o R Pd(OCOCF3), (10 mo 1%) o]
= R2 (M, S, S)-i-Pr-SPRIX (12 mo 1%) =
X p-benzoquinone (2 equiv) R
o X0

61 diglyme, 25 °C, 12 h 62
up to 84% ee

SPRIX | EFED L 9 22 sREEANTZ 1T Tre < | R % KA & LTz aza-Wacker U ER{EK
JSIZHEFEETH H, 2009 R HIZ, TAr=1D LT 63 RH L Ly
BT X ANVR =S K5 8RB - 7 X/ BF 8K 64 D= F L T A BN Gk %
H 1L TvW5 (Scheme 2-14) 22,

Scheme 2-14. Enantioselective Intramolecular Oxidative Aminocarbonylation of Alkenylureas by
Pd(IT)-SPRIX Catalyst.

RR Z R ©
J(\/ [Pd(MeCN),I(BF,), (10 mol%) N. _N.
NH (P,R,R)-i-Pr-SPRIX (11 mol%) Y Ts
p-benzoquinone (2 equiv) (6]
07 "NH
Ts MeOH 64
63 up to 89% ee

ZNETIARTE 720K D PAOYPAIN) YA 7 V& #8 5 K721 Tk 7e < . SPRIX 23F
B BY SRt R CO@EmWEEMZ A2 L, PAAN/PAIV) il E DR FALIC B LT\ 5
B, F72pbH, PA-SPRIX fAA{E T, Bl 3 v FRFE LA E LT ==
65 DARFIALRIBRIL S T 5 (Scheme 2-15), & 512 2010 4E, HEAME 11 PAIN/PAIV)
il A 2 NV ER D = 67 DIEHEELE D =) o F AR 3+ NEBRALOGR & S L
TW3A 2% (scheme 2-16),

Scheme 2-15. PA(IT)/Pd(IV)—catalyzed Enantioselective Cyclization of Enynes.

R1 R'l
, Pd(OCOCF3),[i-Pr-SPRIX] R2
I R PhI(OAc), or PhI(OCOCF;), O
0™o
oo ACOH/MeCN
o 66

up to 95% ee
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Scheme 2-16. Pd(I1)/Pd(IV)—catalyzed Enantioselective Chlorinative Cyclization of Enynes.

R Pd(OAc), (5 mol %) R' R?
R3 (M,S,S)-i-Pr-SPRIX (6 mol %) cl cl
| =2 LiCl (12 equiv) N 2
R~ ) R
urea-H,0, (2 equiv)

0™™o

(0] (0) AcOH, 15 °C 68
67 up to 70% ee

Z: up to >98%

F£72 2013 £, Yogesh EHILIZNETT IS D ULNRENENSTZARET VLT L
2—/1 69 O S-endo-trig BER LT & h X AMLIC L DT b T Re 7T U8k 70 D)
VT ARG A R LTV D 20 (Scheme 2-17)

Scheme 2-17. PA(I)/Pd(IV)—catalyzed Enantioselective Cyclization of Homoallyl Alcohol.
R2 PdCl,(MeCN), (10 mol %)

(P,R,R)-i-Pr-SPRIX (15 mol %) R? OAc
TfOH (18 mol %)
1 PhiI(OAc), (3.0 equiv) R’ up to 92%
R (@) up to 90% ee

OH 1
R ACOH/DME =1/1,25°C, 4 h R
69 70

LD X 91T, SPRIX (X, £ DFHE T 2 OMIE 72 A B BRI S < @ E R R R EE.
OQOALAIEIE T TOBNILEN, @A VA X9 U VENLENLHSRDR 6- K F—1Eo
2O, BEFDORL A CILER T & Wk 4 e = U F AR IRA 2 BB LI BR AL RIS % 281
T& 5, SHICYFZEETIE, SPRIX OREIZKTT D @mWEEMELZ AL, T E TEMX
IS LR D E N TN Do T, REFN T VR i OB LEBRAV S & D =) v F A
W77 7 N oA E#RE L TWD, HIFFEED Gan f# L, Priti fiit:i%, Pd(IT)-SPRIX fif:
WA XD By AREIFN A VR R T DOFRIEEY S-endo-trig BB LR A R L . y-77 2 U K
72 O=F U FARINOA K Z#E LT 2 (Scheme 2-18)

Scheme 2-18. Pd(II)-SPRIX—catalyzed Enantioselective 5-endo-trig-type Cyclization of
B,y-Unsaturated Carboxylic Acid.

S _Et _ Pd(OAC); (10 mol %) _
ﬁ (P,R,R)-i-Pr-SPRIX (11 mol %) p—Et

p-benzoquinone (2 equiv) 0

07~ “OH 0 72
71 DCE, 30 °C, 24 h 04%. 60% o6
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B_IH 4TV CREVE L D IERIBR LIS DR &

B O EE LI, 1993 4 Larock & 23 #d L7c v,8-RESFN A1 LR B 73 ORE{EHY
5-exo-trig BUERILIZ L B y-F 7 F 2 74 DT & IBEER? (Scheme 2-19) IZFHHBE L, =)
F A BIRAI S~ DIEH Z FEt LT 30, Z OfE SR, Scheme 2-20 (2777 X 9 1T Pd-SPRIX
WD ZE Ty TN r=)L—y-F7 F76a 82%ee TH LN TS,

Scheme 2-19. Pd-catalyzed 5-exo-trig-type Cyclization of v,6-Unsaturated Carboxylic Acid.

R1
P R2 Pd(OAc), (5 mol%) NW
NaOAc (2 equiv) o” O R’
0~ OH DMSO (0.1 M), O, (1 atm) 74
73 25 °C, 48~168 h

78~82 %

Scheme 2-20. Pd(II)-SPRIX-catalyzed Enantioselective 5-exo-trig-type Cyclization of
v,0-Unsaturated Carboxylic Acid.
Ph

Ph Pd(OAc), (10 mol %) Ph
Ph = (M, S, S)-i-Pr-SPRIX (15 mol %) j;>—/<
p-benzoquinone (4.0 equiv) o (0]
0~ ~OH
752 DCM (0.1 M), 0°C, 60 h 76a

>98%, 82% ee

ARBSIZ SPRIX LIS D RFENL -5 VT 6 FREOAFFEITBH S o0,
WIS SHENE LSES, HIUZ 7 UK 76a OIEE LK)~ 7= (Figure 2-1),
Scheme 2-20 IZ/ R HRESFMHEFTIE ANy 7 77 00 FRISIZTIFE L EETES,
PA(11)-SPRIX i D BEE 72 FOSMEEIEH 2 RS AU TW 5,
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Figure 2-1. Effects of Other Chiral Ligand on the 5-oxo-trig-type Cyclization.

o)
Mg s
\ O%O Pr., N “iPr
i-PrS Y S_i-Pr R<./N NQR S E \
iPr NN Neg iPr | s - o
48d 54c 47
(M,S,S)-i-Pr-SPRIX (R,R)-Bn-box (S,S)-i-Pr-boxax
99%, 70% ee 1%, 37% ee 4%, 51% ee
.,
oo e s e
2
46 77 53
(S)-BINAP (-)-sparteine [(3,2,10-7°-Pinene)PdOAc],
6%, 57% ee 10%, 57% ee 18%, 10% ee

T ZTCERIT, AUSOERESCE BALFOMME mD 5 XM RICEFT Lz, T7hb
B RSO OW TR B 2252170 & L HIT, 1. REFI I V7R 2k O i
#HPHZ A L=,
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F_H RISHEOEE
% —IH  Wacker A DR E

Z OBALHIBLES T B DA L7 ¢ o A PAICEML L7851 248 L CHEfT LTV 5
EHEZZE D (Scheme 2-21), ZDHOMWMERIL2 B B2 bivd, T7RbOHLT/LF/LPdH
BRI AR ALTFIRNTGTF— g o B 5 U7- Wacker s & . AL 7 ¢ V8K T O
T VML C-HfEEDEMEAL S TERR L7z n-7 UL Pd A Z R 2B Th 5,

Scheme 2-21. Possible Pathways.

X
Wacker-type =-Allyl
mechanism o o P 4N mechanism
Oxy-palladation N ol C-H activation

Chelation
* —~N
. (] o OH
N—Pd—X

R \ /
0] X O (©)
o I Y

HO
BH Oxidation
elimination

e
R R
S ~HX (P c

(0] 0]

I11

Scheme 2-22. Contradiction of the Wacker-type Mechanism.

Ph Na,PdCl, Ph iy
Ph Z Cu(OAc), Phj;>: . j/\/\>,
0” “OH DMF, 60 °C, O, -0 80
8 44% 26%

Pd(OAc), (10 mol %)
(rac)-i-Pr-SPRIX (15 mol %)
p-benzoquinone (2 equiv)
b 78 > 79 or 80
DCM, 25 ~40°C, 60 h No reaction
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FT. AR EL D OETHEITL TV A0 EZH LML L D LR AT, FLT7 0
RIFERINLIZ Me H &2 FF7= 720 EVE 78 13 PAADAREEIZ K B Wacker IBR(L NS STV D
3D (Scheme 2-22a) , Z AU, FEE OARESR T & AR DA 3G B AU, RIEHS Wacker
BHE CHEAT L CO D AR E E D B2 b, L Lens, FE 718 ZEH DRIC
L TH BRI R HEIT LA o7z (Scheme 2-22b) . SUGIREE % 40 °C (2 1P C b BR{kIE
EATET ., FEDAEIN SNz, 2 OfERIIARS OBEREDY Wacker T 722V ATRENE 22 7RI
LTWa,

Scheme 2-23. Trial Study with 5-Alkenoic Acid Substrate 83.

Ph optimal conditions N Ph

Ph = > Ph
a :ij\”/\\ 25°C, 60 h :ITBF;/
0" “OH 96%, 15% ee o~ 0
81 82

Ph
b Phi\/\ optimal conditions
> 82
O~ OH 25°C,60h
83 92%, 15% ee

WA VT 4 ONEN R DY 81 & 83 Ml LKL F OIS E T2
(Scheme 24a,b), = DFER, 15% ee & =) FARPRMEITIER N DD, HILERE THE— v-
77 b 82 BELNTE, 81 OLURNE, Wacker HUFEAE T 82 OARMBHATZ 2L DD,
83 DIGE TR RN T U MALD T2 DTN DD e\, T OFREFR B ARSIEH n-7 VU /L
THEATL TV A ATREMEZ RIB LT\ 5, £ 2 CARISIT n-7 U VR THEIT L TV D b
LEZL P A 7 DR BRFEIZ OV TR 21T o 7o,
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B A VT 4 SRR B

AFIDY Scheme 2-21 TRT A L7 4 AR T 28R L CTHEIT L TW D ONEH BN
B0, LT ¢ AT OBLEEZ 7 7= (Scheme 2-24a), CDCL iA#EH . FE 75a (2
1 245 Pd-SPRIX $&{(A % EFH & THNMR TGS ZBH L& 2 A, 75a & 76a DE—7
DOHBL EH, PR 84 DBLICIZE S h o 72, F 2 TARDOHER L IZR 2D H DD,
Ts H VS A — NREEERNL & A3 5 HH 85 Tk io k. 7 U A C-H FEATEMEbIT 2L
WATETIS, A7 o 0 PACEAL LIRSS DO TRIIE E B2 6N DA L7 1 BHK 86
NEEBRNCHEEXL7- (Scheme 2-24b), Z DOFER A= 17 T, Scheme 2-21 TRENH LD
2 4-T NV VBB OSE THRERC, ZOMOF L— MEREARER L TWD LRI n
ol

Scheme 2-24. Isolation of Chelate Complex Using Ts-Carbamate Substrate 84.

Pd(OAc), (1.0 equiv) PE“ _ X
rac-i-Pr-SPRIX (1.0 equiv) | 76
a a

75a (e} O_Pld_N
CDCly, -40~0 °C, 1 h W N W,
not isolated
O Pd(OAc), (1.0 equiv) o~ X
rac-i-Pr-SPRIX (1.0 equiv) |
b Oél\l\llH O)\N—Pd—N

Ts CDCly, 60 °C, 1 h s |

85 86
quant

ESI-HRMS: calcd for C35H5,N30gPdS: m/z 748.2612
found: m/z 748.2614
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H_IH  CH e L B IC B4 5 £%2

A DOBIR P 2R E2 B 5 72012, AL 7 v D Me A EAZET L L
7o B 75a-d6 2 T I EERR BRI AR R OB 22 77~ 72 (Scheme 2-25), 75a & 76a
Z ZIVE VML LT R TR S8 IEORRZ %2 'TH NMR TiBB L 72 (528231 Table S1
and S2 72 & TNZ Figure S1 and S2), ZD#ER, W& TH D 2272 BUGHIHEE OE WA RS T
T, BOLSBERD G 120 3% £ TOMDOIRDOZAL) R L72EE D KIE OfElE 1.8 Th
V. —ROFRINAERRPBI S 7z, ZORERIT. C-H fEGTEMEAL D B FE DA BUS DL
EEPEICBI S LT D 2 & 2RI LT\ 5, Wacker BUERALSE D B-/KFEBLBEIC X - CTELHIS
N5 KIE NS L, ZRORINAEIFEOM S NZIEFRBE TH S 32, Lizhd> TARR TR
ST 1.8 EWVHEIFIASIES n-7 U AHE CTH D R Z XFF L T D, & 612, 21
FTITHRE SN TWDT VAL C-H #E DOTEMHALZR DT VALY X /7 40IC & - TELHI
Ei7- KIE i 1.64~1.88%), 7 AF/AKICBWTIL 229 TH %, EEORTHIRRED
KIE fi 1.8 Ml S =72, KB b T UL C-H 56 OTEMHAL 2 /& THETT L TV 5 AlRE
PEDSRE S 47,

Scheme 2-25. KIE Study (Independent System).

Independent system
Ph CD3 op(tji.rpal PhPh D 5
=
Phi\)\CDs conditions N
07 OH 0”0 CDhs
- 76a-d5 =1.
75a-d6 optimal a ky ! kp 8
Ph conditions
— " Ph
O~ OH o~ O
75a 76a
Competitive system
optimal _
75a + 75a-d6 conditions 76a + 76a-d5 kyl/kp=1.1
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—J5. 75a & 75a-d6 % 0.5 HETORA L. R LR TGS ETHE L7256 D KIE
DOfEIE 1.1 (FZHRIA Table S3 and S4 72 & TNZ Figure S3 and S4) & 72572, Scheme 2-26 (27~
FTEDIT, ARITIT 752 & T5a-d6 RO TRA, £ Eh 75a-A~C K T 75a-d6-A~C D37
159 %, C-H TG D BBy DO RS HE X, EHEHMSZO % T KIE 2 H7E L 72 REI2 3R
FEENBIHI SN Z LD, 75a-d6-B KV & 75a-B 025 D F RN, E DT i DOis])
N —IRFAIC 75a-d6-B DIRFENF LV | 75a-B DIRENK T THEEZ2 6D, Ll
DO H N OFBNIHR 2 HDEEA LB TH Y . 75a, 75a-A, 75a-B. 75a-d6, 75a-d6-A.
75a-d6-B TR THIC D D (ks <<ki, ko, ka) DT, EEDE\ 75a-d6-B HME LA E
ENED D, ZD X HIC L TKIEDENEDOHEITE L HIT/NEL ot EZBND D),

Scheme 2-26. KIE Study (Competitive System).
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WIZS[LD 22D Me FkOWN, EH b THEIEAIZ C-H FEETEMHALEIT L TV D D0E
HOEMNIT D208, ERRDZED 7 o FNEERSEE 2 AR L, kMt ToR
JEME K R T o F AR DV AR L2 (Scheme 2-27), & DOfE R, E (KD FE (E)-81
D HITIE 96%, 15% ee THEVAERDI NGO, —FH. ZIROIEE(Z2)-81 TIXSHEN
K<, 35°CICHIB ST L Z A 59%INE, 40% ee TlR—D y-7 7 b2 82 N5 5T,

Scheme 2-27. Differences of Reactivity and Enantioselectivity Between (E)-81 and (Z£)-81.

Ph optimal Ph optilrr_1al Ph
Phj:\/\ conditions ph\/\;>_// conditions Ph _
O~ OH (E)-81 25°C, 12 h o~ O 35°C,24h O” “OH (2)-81
96%, 15% ee 82 59%, 40% ee

ZIHDOREERENS . RGO C-H #EATEMEALITE RN trans AL Me £ ETH#EITL T
WA Z ENRBENT. (Scheme 2-28), & B2 EADIE(E)-81 TEIFMENELILTFL
TeZy. RRISDOARFHEI cis LD Me FENRESBG LTWD Z LR I, M, 37
RIIRME DR BRSO FHMI L CIH TR~ 5,

Scheme 2-28. C-H Bond Activation at the Trans Position.

*
N/_\N_I x© C—-H bond activation N/\N
AN /
o \Pd/® © OAc Pd ®
o N Ph
Ph = D o

Ph trans- HOAc 0=—o
Position ©
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FUNHE RN R ORET

FOGHEIZ DWW T S B 72 D H R 2152 12 OIS FEFRENT 21T - 72, PA-SPRIX fifltit o> % &
% 1,5, 10, 30, 50 mol %IZFEE L, EA4LZ24 30 43 Z & 12 '"H NMR CJUBHIR LR 2 sl L
oo F L THAMEERDN 50%LL FO%E O & Th/hE RiEE AW CRUSHIEE 2 H H Lz

(Table S5), & L THF B ALTZ SO & it 2, PA-SPRIX O & Az LT m >y
N L7z (Figure 2-2A), ZOfEF:, ARHIE PA-SPRIX OEEIZxH L T—KIKGFTHDH Z &
W BT o T, [FRRIC p-X Y % 7 OREHR B HER LTz, 0~10 ¥ &ED p-_X V' F
J U DEGENZ DWW TEBHE LR ORI EALD & SR PIEE ZH L (Table S6), p-X>
VR OYERARENC LT T 7 LT AER, B3 G Hau7e (Figure 2-2B), Z

AUV PA(0) D FFER L DN A SO DR EEPE Tl AW 2 & 2R LTV 5, IRICHYE 752 DIEFER)
REMR LT, IBEOBEZ —FICRET D &, BERELFEL DO, RE—ERIC
o7z ([75a] = 0.7 M), & Z CHUSRAEI— Ao, FEMEOMERA K 2 fafnie 25T
WEEIET, JRBHE LR ORERFZE AL b SOSHDREE 2 F 7= (Table S7), 75a Dy 4 A
W LT T 7 LafkE R, fufndh#i st 57 (Figure 2-2C), Z OFERITEE & i D[]
TORIBRVA OFFAEE SR LT D, Fefh 12 SPRIX BNL T D FEZh 5 2 #ed L 72, 10 mol %
@ Pd(OAc), (2%} LT 5~30 mol %®DEMNL 72 L, ZALE T &[RRI HIEE 4 H
L7z (Table S8), & DfEH., ARBUED SUGHNEE L SPRIX BN DIREIKFET 0 KT
b5 LR TE 2 (Figure 2-2D), L7228 o TAREUGOIEMEFEN 1 %F 1 @ Pd-SPRIX §&{KT
HDHZEBRENT,
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Figure 2-2. Kinetic Studies.

(A) For catalyst.

o 1.6
E —~ [ ]
=
E £ 1.2
‘; -~
= °
$2 08
= E
E 0.4 . N
)
0
0 10 20 30 40 50

Catalyst loading (mol %)

Reaction conditions; [75a] = 0.1 M, [Pd(OAc).] = 0.001-0.05 M, [SPRIX] = 1.5x[Pd(OAc):] M,
[p-benzoquinone] = 0.2 M. Yields were determined by '"H NMR analysis. And initial reaction rates

were calculated by the method of least squares of yields.

(B) For p-benzoquinone.
0.6
0.4 .

LX)
0.2

Initial reaction rate
(mmol / min)

0 2 4 6 8 10

p-benzoquinone (equiv)

Reaction conditions; [75a] = 0.1 M, [Pd(OAc):] = 0.01 M, [SPRIX] = 0.015 M, [p-benzoquinone]
= 0-1.0 M. Yields were determined by '"H NMR analysis. And initial reaction rates were calculated

by the method of least squares of yields.
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(C) For substrate.

1.20

0.80 L]

Initial reaction rate
(mmol / min)

0 0.2 0.4 0.6

Concentration of substrate
(mM)

Reaction conditions; [75a] = 0.05-0.50 M, [Pd(OAc),] = 0.01 M, [SPRIX] = 0.015 M,
[p-benzoquinone] = 0.2 M; Yields were determined by 'H NMR analysis. And initial reaction rates

were calculated by the method of least squares of yields.

(C) For SPRIX ligand.
1.2
0.8

0.4 L)

Initial reaction rate
(mmol / min)

SPRIX (mol %)

Reaction conditions; [75a] = 0.1 M, [Pd(OAc);] = 0.01 M, [SPRIX]
[p-benzoquinone] = 0.2 M. Yields were determined by '"H NMR analysis. And initial reaction rates

0.005-0.03 M,

were calculated by the method of least squares of yields.
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BRI p-N V) OBRICET DB

WA, p-XU % ) U A 7 T E DB Do TV DN EBH LN T A28, %
%%%EUTM@®E%MﬁkLT T KBRS O A 3772, Scheme 2-29 T/RE4L5
£ 9212, PAO)YDOFRRALIZ, YA 7 vh Tl n-77 Vv Pd HREERERIL L, v-T7 27 B
DERLTOOREIDAT v I ThHhbdH, LeBNo TEhEDZTIERIZE(LN A b7z
ELTH, mF T AEREL p-_ X ) v EHWESGES EFBEOENG NS & TR
L7,

Scheme 2-29. Oxidation of Pd(0) to Pd(1l) by p-Benzoquinone.

Pﬁhi\)\ Nucleophilic o
- atack _N xidation B
o . P42y ) * X—pdiZ\|) *
0”0 Pd ® \ m

N N

— Ph

eSO e o

o © 0 HO

PSSR E LT, p-_u VR U EMATICERZEHEA T CRGET T2 2 A, BB
O HAERDITHER Sz b OO RN ROSITEIT L2 > 72 (Entry 1), IRITZER
KR F CRIGEIT>7 (Entry2), L LB HERFART EFRRIC, 1FE A ERIEN
AT Lo Te, £ 2T 1 KRUEDEER ZIRLAl & Lfﬂﬂu\f}im%ﬁok (Entry 3), & ®
FEFE BORITICE 53% THAT L2 b 0D, BHIOFHEE K L TAFHRITE B s T
BONTAER 162137 € IR ThoTo, REFFHELITIR AL L‘fp-/\/‘/“ﬂ?/ Y EAW
TR O HBR S 7= (Bntry 4),

Table 2-1. Effects of Oxidation Conditions.
Pd(OAc), (10 mol %)

Ph (P,R,R)-i-Pr-SPRIX (15 mol %) Prl?h y
Ph Oxidation conditions j/\/>_<
o

o oH DCM (0.1 M), 25°C, 48 h ©
75a 76a
Entry Oxidation conditions Time (h) Yield (%)*  Ee (%)°
1 N balloon (1 atm) 60 trace ND
2 air 60 trace ND
3 O3 balloon (1 atm) 60 53 rac
4 p-benzoquinone (2.0 equiv) 12 >98 76

9 Isolate yield. ® Determined by HPLC analysis.
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ZOFERIL, p-XU Y X L ORFOEEIN PAO)DOFERL ST Tid W L AR LTV D,
ZITEILRDUME, kO FAEREOR EE2HIFL T, kxR ¥ U5
ERA MR L 72 (Table 2-2), 2ZIZ Me &% A9 2% 88 (Entry 3) Ti, MEHD 87 DI
& (Bntry 1) &R UL, EEMIC 76% ee DIFURTHBDOERD T OHNT-, Ll
235 89 (Entry4), 90 (Entry5). 91 (Entry6) O KL HIZ, p-_X Y F /) oOF L7 4 |k
DEHIEN L < T2 BIZON TR N=F o FARPIENME T L7z, —7FF. 2712 Ph %
AT 5 92 TIERIBIZSOSHE M L, 25 °C 23T 4 RFE TEREIIZ 70% ee DT
Wi CERME B 272 (Entry 7)., 0°C {ZRBWTHONEE XA L, HEHEO 87 2 H\
7oHf (Entry 2) & HeSTRIBICSSRERINEME <472 (Entry 8), 2 iZIZ MeO &2 H T %
93 N HIX25CICBNTH o & bEmWT T U F AR ZBI L2 b DD, 84% & IR ITH
FHE T L7z (Bntry 9) . 2 i2iZ COMe 2 & 9 5 94 TIXEEMITAERD DG ORI DD,
BRI 54%ICE TR T L7 (Entry 10), 1,4-77 bF% 7 2 95 TIEISHENEFE LK T L
7= (Entry 11),

Table 2-2. Effects of Quinones.

Pd(OAc), (10 mol %)
(P,R,R)-i-Pr-SPRIX (15 mol %)
quinone (2.0 equiv)
75a 76a

DCM, 25°C, 24 h

Entry Quinones Temp. (°C) Time (h) Yield (%)* Ee (%)°
1 p-benzoquinone 87 25 12 >98 76
2 p-benzoquinone 87 0 60 >98 82
3 2-Me-p-benzoquinone 88 25 12 >98 76
4 2,6-di-Me-p-benzoquinone 89 25 24 >98 64
5 2,3-di-Me-p-benzoquinone 90 25 48 82 78
6 2,3,5,6-tetra-Me-p-benzoquinone 91 25 48 37 -6
7 2-Ph-p-benzoquinone 92 25 4 >98 70
8 2-Ph-p-benzoquinone 92 0 18 >98 82
9 2-MeO-p-benzoquinone 93 25 48 84 79
10 2-CO;Me-p-benzoquinone 94 25 24 >98 54
11 1,4-naphthoquinone 95 25 48 11 68

9 Isolate yield. ® Determined by HPLC analysis.

32



Quinones

(e} (e} O (e} O
Me Me Me Me Me Me
Me Me
(e} (e} O (e} (e}
87 88 89 90

o) o) o] o)
ﬁjph ﬁ;(om ¢/002Me i
o) o) o) o)
92 93 94

FRLER Y X ) ORI E > T o FABIRENENT 5720 pNyf%/
VNS F RO BRI LTV D 2 E VR SN, FEEE. White DX

VAL AT WALKISIZEB W TS, 77 U /L Pd §51K 96 | p-f\// E A/ Tt \VAr R
T Pd HLOREBEFERNEEY

7 U NALERESME DN EIT T D A RIB L TV D 39
(Scheme 2-30) ,
Scheme 2-30. Acceleration of C—H Functionalization with p-Bnenzoquinone
e R
PgOA, (RR)-Salen-Cr-F o Y
| Cl2 p-benzoquinone H—Pd(OAc) OAc
/\—// =
n-CgHy7 ) R
96 9.7X rate increase 55% ee
o

catalytic: 54% ee

EEDRD, &MMMHIC%éﬂéiﬁCpNVY%/Vﬁm7Uﬂ?d’ﬁﬁbf
-7 7T H—L UTEE Pd FLOEFEEZ NI, VAT IO R AR

wé&%%éhéwo%@%\wmx%&%i$EEM%kbde:%ubfwéﬂ%
PR H B 39,

Scheme 2-31. Speculation of the Role of p-Benzoquinone as a Cyclization Promoter
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2010 4. Liu 5137 VM CHEEAT I LA WELTEY . Z0OHMT 14T 7 h 5/
UM C-H FEATEMAL AT M 2 #2080 LT\ 5 ), BEDOZRCH . 2 712 Ph s g
T D p-NY 92 % IO T BE RGN R JiE S 41T % (Table 2-2. Entry 7)
L 72435 T Scheme 2-32 TR L H T, p-_Xu /' F ) URA LT ¢ 5RO Pd HOIZEANT
L. 7 UJVAL C-H A ATETEL 212 L T 2 WTHEE 23 5,

Scheme 2-32. Speculation of the Role of p-Benzoquinone as a C—H Activation Promoter.
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NI HETE S HERE D #5%

ZIVE CTORIEEMEIRNT OFER DD . ARINIE Scheme 2-33 IZRT K HIZHEITT 5 &%
z2 bbb, £9. PAd-SPRIX SEAENEE DN NVARF I LA A8 L, L7 4 28 Pd
BT D2 L TAHLV T 4 VBRI 2T 2, 2 2 E THRIBREE CTH 5, fiev THuE
Btp > T U VAL C-H FSEETETED trans A2 Me F& EIC TH#EIT L, 7-7 U /L Pd A I 73
AT %, HINTIHLIZp-Xy Y X ) o PNaT7 7272 —E LTEAL L, Pd FLOETH
EPMMET T2, 2O X5 L TEHIEENZ IVIS, 5 FHNO B VR VP RIEZZE L,
HEYD y-7 7 b oS 0, PA0)E p-v ' F ) N ko THEME S, PAIDREEDS 7
35,

T FABRPWETF L — MR AT DB R 1225 Pd HULIZENL T D EE O
FUT 4 OEER TR E Y = v F AR R Lo £ 7 U VAL C-H f
BIEMHALHEIT L, -7 UV Pd IR T ST 5, 0 TN O VRS R X 5 5RE%
WEEN p-_u V¥ ) Lo TSNS & HRAIOFEECTREIND Lo e n-T UL
Pd @D n-0 -1 YA R/NRICHNZ HAL, —REIZIR F > TV o= F o F A BRI D R Er
SNTEBRIEDEIT L @D o T ARIRME AR > TRIEDET T2 B 2o nb, —F,
Scheme 2-32 TRL7-X 91T, p-_u V% ) N T UL C-H fEETEMAL AR L T\ 5
BELEZ bND,
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Scheme 2-33. Plausible Catalytic Cycle.

HO /

Ar
Q Ligand
oH * exchange
2HX \
o Ox:datlon jf\)\
v--Pd * N *
Q \N) o o—/Pd—N3
(0] I X
Ar
Arj;> { Nucleophilic attack Chelation Pre-equilibrium
o %
o © o VR
. * N N
Major f N o NS
Enantiomer ' o/ff
“pd ® © Ar :
Ar Ar
Il
%
g/ v YN C-H bond
, \P d/® activation
. Activated by p-BQ Ar (r.d.s)
A ° Ar HX
° © ]l
o~ © o S
Minor
Enantiomer
Nucleophili;\
attack

T—GC—T Pd ®
__/ Isomerization Ar =

o)
A
\ Arri\&é / o
o) @oN/Pd@

36



FEE  TARSRPWED FEHEEIZ DB L

SEARBER MO R B 2 ] 00T 57201, B TH D -7 7 b o OfakHBlE DR
TEa il iz, lx DWEEZRE LIZb 00, B 1S GO Tolcw, Bk~
&, TOHRGZ PRI L X BEMET 217 - 7o,

Scheme 2-34. Derivatization of 76a.

Ph Adams' catalyst Ph
2
0”0 o7 o
76a EtOAc 97
quant
91% ee 91% ee

Major enantiomer when
(P,R,R)-i-Pr-SPRIX was used.

1 st peak (major) 2 nd peak (major)

/\_AZ nd peak 1 st peah_/\

HPLC (AD-3) HPLC (IB)

91% ee (AD-H; flow 1.0 ml/min, hexane/IPA = 20/1) D4 %4 76a |2 /K FE 5B T T Adams’
2 EH S W7z & 2 AEBMICRISHET L A L7 ¢ U NR I SNTFER 97 1355
U7z (Scheme 2-34) , Z OFHEAK 97 DN ML IL 91% ee (IB; flow 1.0 ml/min, hexane/DCM
=10/1) DFE TH Y FFEMRIT K 2 HFME DT B /e h > 7, 76a D HPLC chart
IR END AN SN D B — 27 1%, (PRR)-i-Pr-SPRIX % S W =B I B &
LTHEONS= T FA~—Th5b, Lo T, #EIK 97 ® HPLC chart (TREN5 2
FHIZBIH SN D E— 7%, (P,RR)-i-Pr-SPRIX % FUSIZHWEBIC EARM & LTHE LA
DTS FAY—HRDOEDTH 5,97 DNF-EMEKD 2 DHOE—7 Z43H L T 99% ee
VLD 97 2157, EO/ ~FH U nbifEmae Lzt 25 97 O BAF R BFER 3G bz
7o, X BAEIERAT 21T > 72 (Figure 2-3), £ OfEH. 97 O#fixfBl &)Y Flack Parameter J:
D RIETH D LM LTz, T6a 705 97 ~OFfEAR L T J o FARPWEDZAL D L b i 7e
MoT=Z b, FE 75a DEBRAVIKGIZ(P,R,R)-i-Pr-SPRIX % Ut W= BRIC, AR
ELTHELND -T2 FUFERL RIKTHLZ DN LNE ST,
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Crystal Data
Space Group P2 (#4)
Z=2
R =0.0354, Rw = 0.1094
GOF = 0.999
Flack Parameter = —0.0 (3)

Figure 2-3. X-ray Crystallographic Analysis of Compound 97.

Z DML E O WA B, SRS O R B & i E L 7= (Figure 2-3), Pd-SPRIX
DALV T 4 DOHEEHR 2T 55, N-Pd-N EIZk LTT ¥ v LV HFAICALET 5 SPRIX i
P70 i-Pr ik (hkfa) &, HEO CSALITHEA LTV D cis fLD Me 2 () & OSLIRRE
FBRBET D X DITENL LI BARNT e D, i< 7 U AAL C-H FEETEYE(LDS trans (LD
Me £ ETH#ATL o7 UV Pd AT 5, £ L THTFROANRFED 27 U IVHE D
Pd & SORHAID B SREZECRE U T35 ZERID OB R 12720 | X CIRE L 7o fxtfid
& —%HT 5,
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Figure 2-4. Mode of Enantioselectivity.
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B EE RO

Pd itz & 5 = F 2 F A SR e B LRI BRA LIS D3RR %2 72 BB TR "
T L TS, FREN -T2 b OERBSRIEL RS, £ R Rf R2
20, AAEEMEHE AR L, BEEOSRAHR LT BT S 07 "OH
T2 OIZ, v, 0- BRI A VIR VBRI D S VIR =)L a fLOE LA R, S, y MO EHILE TN

THRLRY &9 5, £, RIOEBRAEINRZFF L7 (Table 2-3),

Table 2-3. Effect of Substituent on the R!.

1
RPN Pd(OAc), (10 mol %) RF
(M, S, S)-i-Pr-SPRIX (15 mo 1%)
p-benzoquinone (2.0 equiv)
O O

O~ OH
75 DCM (0.1 M) 76
Entry Substrate R! Time (h) Yield (%)? Ee (%)°
1¢ 75a Ph 60 >08 82
2 75a Ph 12 >08 76
3 75b 1,1°-biphenyl-2,2"diyl 10 >98 78
4 75¢ —(CHy)s— 60 >98 68
5 75d Me 60 >08 40
6 75e H 60 >08 5
7 75¢ p-FCeH4 14 >98 86
8 75¢ p-CICeH, 14 98 88
9 75h p-BrCeH, 12 >98 85
10 75i p-MeOCsHa 10 >98 67

9 Isolate yield. ® Determined by HPLC analysis. © At 0 °C.

BRI D SAERFT TRV 752 1325 °C IZB W T, EEMIC 76% ee THJE T % -
77 hrEHEZ TS (Entry2), 9H-7 /LA L UVERSCY 7 oA UMD A afia LT
WD HYE 75b, 75¢ THERUMIMEICHEIT L, X532 y-7 7 F 2 76b, T6¢ & L ILEILE
BT 78% ee. 68% ee CTH %72 (Entries 3and4), R! 7 Me DA TH KT EEMIZ
HITL 40% ee TH o7 (Entry 5), R'DBKEZEOLEAIFZ EFROIE 75d & FIERIC SIS0 LT
L7=bDD, =F o FARIRVEIL 5% ee 72 o 72 (Entry 6), i WEHIEDNFES L TV D
FOSPEDSE DL, Thorpe-Ingold effect |2 X W BILDMEHE S NT=72D T EZXHND, £
L CammWE E o FARPWEDR E BRI SN o DI, 53 FIND I LR F RO RIEK
BNEESNDSZ LT, 17 UL Pd O no-n BHELIEI S, FL— MEKREZAR LT
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BRI —IRPEOICIRE SN TR A R e E ERIEDBEIT LT K Ro B2 e B2 bLD
(Figure 2-4) ,
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Figure 2-4

WISREEEL CTdo D W NVAR X VOB TR R EMET 5720, R OFFHFERD p-filc
Nag U KT MeO HEAEA LT E 25T L7 (Entries 7-10) . p-fZIC F 3EAHA L7 3
75 TIXIEE SO Ph DG A (Entry 2) & T 5 & SR EMN I ERFE L7z b
DO, TF o FARPNEZE L L, 86% ee THIGT D y-7 7 b T6f ZERMICEH 2 7=

(Entry 7), [AIERIZ p-A7IZ Cl HEA3E A L7 75 025 6 88% ee & R W R AR CTHA R
76g NG ST (Entry 8), Brika A9 2HE 75h LA AETH Y . 85% ee THILT D
AR 16h 315 BTz (Entry 9), & FHEGMED MeO 2% pALIZFFOFEE 751 TIESGIF
MR SN DD, = F v F AR 67% ee |2 F TIK T L 7=, Figure 2-6 @ Hammett
plot T/REND K HIT, RIOFEHFER EOBEHIED o 6 & SUSHIEE (Table S9) ZHHEIA
Ao, FEBROBTEENEWVIEEIZEKGERE Tz, B REIEEZGT HHE

(Entries 7-9) IZEBEE N @ W EE X DILD, Tivl, HFRAIOFHE TREND L9 RIEE
& LR O BB AT O By ¢ Pd DN IR Y 2 0 TECNL L 7= R RR DR E A E E o~ 72 Af
REMENSH D (Scheme 2-34)
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Figure 2-6. Hammet plot (for initial reaction rate)
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Figure 2-7. Hammet plot (for Enantioselectivity)

& B2 Figure 2-7 IR T X912, =F U F AR OB HEBR RO, HEERO p-hiic
BFROIETHLa T 2 HT2EFAREREEN ST 88% ee D TF F A
BIRESBRI SN 0D BT TH D MeO E F T HE B E /2 FE TlL67% ee
ICE T F U FABIMENMET Lic, EFRGIMEOBEHREAF T 2 I 756~h TlX, 4F
WD ANVRF LV EOBBEEN W E TRREND, EDTDRREIOVHTRIND L 572,
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-7 UL Pd FEHED B IVARFS T — T =4 D71 %‘/mﬁ@: DiIZ< WEEZ BN
be LT THNARUVEBOREL Y HREENEWOE FBRIENEIT LS W20, ST
F U FARIREN BRI S =D L #E 2 T\ (Scheme 2-35)

Scheme 2-35. Non-Productive Ligand Exchange Pathways.
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BEWNT, RACHFERZEA U A O 2 382 7= (Table 2-4), R2(Z Ph %
A LT HE 98a~c Z W TRILSEAT 9 & RU28 Ph & (Entry 1), Me % (Entry 2) . H (Entry
3) B L PTHEEI O ERITH 60%ITIL T L, LxLAans, RIAERDITED bivd
LHD y-T7 7 F 2 99a~c D3 55~56% T3 H L7z, R2IE Ph ZELIAMZ p-MeCeHs 2 (Entry 4)
X p-BrC¢Hs %6 (Entry 5), 2-naph 2t (Entries 6 and 7) b REETH Y . FREEE DI,
T T ARPVETHIE T D y-F 7 R 99d~g & 5 2 7=,

Table 2-4. Effect of Substituent on the R2.

R R A, Pd(OAG), (10 mol %) R1R1
R (M. S, S)-i-Pr-SPRIX (15 mol %) j:>_/(
07> 0OH p-benzoquinone (2.0 equiv) o7 0 R2
98 DCM (0.1 M), 25 °C 99
Entry  Substrate R! R? Time (h) Conv. (%)*  Yield (%)*  Ee (%)°

1 98a Ph Ph 100 61 55 67
2 98b Me Ph 100 62 55 37
3 98¢ H Ph 105 60 56 40
4 98d H p-MeCsHy 100 70 68 30
5 98e H p-BrCsHy 100 45 38 29
6 98f Ph 2-naph 100 63 53 61
7 98¢g Me 2-naph 100 65 47 63

9 Determined by 1H NMR.? Isolate yield. © Determined by HPLC analysis.

FikDEY AV T 4 BICEBREZEANT D EREIOE(LRENMET Lz, £ 2 TEHIT
ZOFRKEH LML K5 ATz (Scheme 2-36)

Scheme 2-36. Checking a Catalytic Activity.

Pd(OAc), (10 mol %)
(rac)-i-Pr-SPRIX (15 mol %)

99a; °
p-benzoquinone (2.0 equiv) 75a (1.0 equiv) a; >98%

+

DCM (0.1 M), 25 °C, 80 h 76a; >98%

98a

FEH 98a & Bl SIS LSS 2 TLC TIBBh L 7o R SUSBAARD 5 60~80 FFH T 99a
DR IEE Y | 98a DD DR TE 72 2o T, WITKIGAMEIE L7 RICHE 752 % 1
MEMZTE A T6a PIECHHVAER L, S HITIEE 5TV 98a DB L LT LR 72,
LI EOFEFRN S A 7a < & b PA-SPRIX 13 JTE L TN R o 72 & B C & 72, PA-SPRIX
PERMRED LD R THIE SN TV NI BIEHE CII A TH L b DD, A L 5K
JSBRAE S & - - ATREME DN B> 5
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WICR2 T Me O EE, RPICMe BEAHA L, WEHA L7 ¢ o 2HT 5HHE 100 TH
it L7z (Table 2-5), & DfEH. RUZ Ph A KO 100a TR um I N L, 15
SR 101a H T2 K TH -7 (Entry 1), R' 2% Me DO FE 100b TlI G2 HEST
L7eno72 (Entry2), ZD X HIZRIZ Me ENFET D & SUNERBERIZIN T Lz, Bl
BFE T, FL— FERZ AT DBS. KREENRE SR AL T 4 38 Pd LTI
DEEL LK R TEB/IZEEZ TN D,

Table 2-5. Effect of Substituent on the R3.

1 1
R! R Z Pd(OAc), (10 mol %) R1 Me
Ve (M,S,S)-i-Pr-SPRIX (15 mol %) M
0~ “OH p-benzoquinone (2.0 equiv) o~ O
100 DCM (0.1 M), 25 °C, 100 h 101
Entry  Substrate R! Conv. (%) Yield (%)° Ee (%)°
1 100a Ph 10 9 rac
2 100b Me 0 0 -

9 Determined by 1H NMR.? Isolate yield. © Determined by HPLC analysis.
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HUE kL

Liboi@y EFIT, 4-T V7 Ui B & % ) o F AR R LAV BRAL RO & 2
Bl U7z RBOSIT A BALFHNCEE R v-T 7 b i8R Z kE 88% ee TH 2 2 A MO
WRIETH D, ZIT, THETORISHEMMRNT (G5 H—H~%tHE) RUEE—
Pttt GB=H1) IZX > THELNZSUSMEEICET oM e £ L0 D,

O 4-TNTUBOF VT 4> EO ST Me & FiT- 70\ WEVE 78 TERALKIG S HESTH
T, FHE 83 OBALNT U AL THAT L%, ARSIE Wacker UG Cl37e < | -
T UNMERETHEIT L T D g sz, Bl £,

@ HNNRA— RN Z FFO R 84 2 AV CEMRMUG A LIZBE, L — MR E R
DK 86 NEOLNT=A., 4-T V7 VERIE THRBEICT L— MEKRZRAE L
TV s (B8 5 1),

@ M7 TEU L7 E B R R AR OMEIE 1.8 TH D72, 7 U VL C-H fEEiE
PEALDM R BEREIZ RIS L TV D FTREME S @V IRERTIE 1L &0 13 e A EBLHI
Ihiginote, LIcii> T C-HfEBTEMHALORNT, Al E I B i 23 A
L ENRBENT, 5T, (E)-81 LUNZ)-81 % W TRUGHE & BIRME D 2 % s
L7z& 2 A, (E)-81ITSISMEDR @S O OZRMENTEL | (Z2)-81 1 ISUSTEREN S O
ORI TP REBH S iz, L3> T, REJED C-H #EATEMEILIX rans AL
K Me & B CHEICMICHEITT D LR SN (B8 5 =H),

@ Kinetic study D5 SR, ARG PA-SPRIX izt L C—k TH D Z &, ALHEREIX
PAOYD L TIX72W 2 & KT U AL C-H S ETEMAL DB p-X % ) v
DG L TWRWZ VR ENTZ, S BICARULSDIENEREDS Pd & SPRIX @ 1 %f 1
DEERTHD Z RSN B8 HUE),

® ARRISIZBNT p-_XU V' F ) U EMA 72V RTIEIARFHENBH SN o Toled
P2V X ) L PAO)DFEERALA] & W S ERITZ T TIE e, 7 78S 2 —L LT
B, BIEARETIBHENH D LHREINT, KR TIEZ OBRREFETIC
Tron BYALZIHIL, BOEFICREZER L TV EEXOND (B ?ﬁﬂ
H),

©® AP OMEXIELE OEW 2 T, RSO ARRINMEORBIE L HEE L, £7
FE D cis MO K Me £ & SPRIX BUALF D i-Pr RS SAKK I 28T 5 L 9 1cF L—

MR Z TS D, HE< T U VAL C-H fEETEMALD AT L72#%, o7 U L Pd 2531
WD T IVIRF T HDS Pd DECHUN O REBBET 5 2 & TEMRMOE S U F A~
— & G2 DN S BB FEH),

M F'E 75a~e T, DIVAR =)L o fOEHILN EEWIE E E UV Ee BRI S vz, Ziux

BALDMEEE SIS & 17 UV Pd O m-o-n BRI NH] SBREMEME S iz 729
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X U— MEERZTER L7 BRI — BRI E L T BRI 2 R o 7o & EBRAL S HETT
L. mWAFFENBR S LM TE 5 GE=H).

B 150 1B W TEF RN R R AEREUCHEME o Tos 2D DESE O VAR
DEBEEILE N, TDTs, FE L Al O iR o BREC© Pd HUOIZEE A 2 55
FEUAL L7 PR OIRE N B E o T rREMER & 5 (55 =Hi).,

FE I5M B W TCE AR TR T ARIREDR G o7, ZTRHORED
TR VBROBEEE TR, T O -7 VL Pd FRKO I LRF T T — T =
Fro7Ta N AREZVIZ< WEEBZLND, LIRS THARVEEOIRREL Y
HREMERE O E FERIEDEITT LI WD, @ o FABRERN R S -0
TEEZLND (BE=F),

PLEOFEN RN G | ARSI 8 E/SHE (Scheme 2-31) T/RIHETEITLTWA B
DEHEE I N, ZHTHE—OX TV Pd iz X5, =) o F A EINMERLR T U AL
C-H A ERI OO TORTH 5,

R2

R R’ R’
R ANge Pd-SPRIX R N R!
catalyst | ® )
—_——
0% oH > 10 é? 7 0”0 R
N_N up to >98%
* up to 88% ee

n—Allyl Mechanism

M
H/”/, N H
i-Pr—y [ S —i-Pr
i-Pr i-Pr

o-N N-o
(M.S,S)-i-Pr-SPRIX
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ES

General considerations

All reactions were carried out with standard Schlenk technique under a nitrogen atmosphere. All
NMR spectra were recorded at 25 °C on a JEOL ECS400 spectrometer (400 MHz for 'H, 100 MHz
for 13C). Chemical shifts are reported in & ppm referenced to an internal tetramethylsilane standard
for 'H NMR. Chemical shifts of '3C NMR are given relative to CDCls (8 77.0), CD2Cl, (8 53.1), or
CD30OD (6 49.0). ESI and APCI mass spectra were recorded on a Thermo Fisher, LTQ ORBITRAP
XL. Melting points were measured using a Yanaco melting point apparatus MP-S9 and were
uncorrected. IR spectra were obtained using a JASCO FT/IR-4100 instrument. Optical rotations
were measured with a JASCO P-1030 polarimeter. HPLC analyses were performed on JASCO
HPLC system (JASCO PU 2080 pump and MD-2010 UV/Vis detector). Anhydrous diethyl ether,
THF and toluene were purchased from Kanto Chemicals and were used without further purification.
Other solvents were purified prior to use by standard techniques. p-Benzoquinone was purified by
sublimation under vacuum. SPRIXs were prepared according to the methods reported by our
laboratory. All other chemicals were purchased from commercial suppliers and used as received.

Column chromatography was conducted on Kishida Silica Gel (spherical, 63—200 um).

Compound data

General procedure for the preparation of 4-alkenoic acids derivatives 75, 98, 81. 83 and 100.

To a solution of diisopropylamine (21 mmol) in THF (21 mL) was added »n-BuLi (2.6 M solution
in hexane; 8.1 mL) slowly at 0 °C, which was stirred at that temperature for 30 min. To this
solution was added a solution of corresponding diphenylacetic acid (10.0 mmol) in THF (10 mL).
The reaction mixture was allowed to warm to rt and stirred for an additional 30 min. Then
corresponding allyl chrolide or homoallyl chroride (11 mmol) was added dropwise at 0 °C and the
resulting solution was stirred at rt for 16 h.  After being quenched by the addition of 1 M aq HCl,
the mixture was extracted with EtOAc. The organic layer was washed with brine and dried over
NaySO4.  After removal of the volatiles under reduced pressure, the residue was purified by
column chromatography on silica gel (hexane/EtOAc = 5/1, Rr 0.2) and recrystallization from

hexane/EtOAc to give desired 4-alkenoic acids derivatives 75, 98, 81, 83 or 100.

Ph
Ph =
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5-Methyl-2,2-diphenylhex-4-enoic acid (75a). 85% yield.  Colorless crystal. ~ Mp:
139-141 °C. HRMS (ESI): caled for Ci19H20NaO»: m/z 303.1360 ([M+Na]"), found: m/z 303.1353.
'"H NMR (CDCls): § 7.34-7.18 (m, 10H), 5.03 (t, IH, J=7.1 Hz), 3.07 (d, 2H, J = 7.1 Hz), 1.55 (s,
3H), 1.24 (s, 3H). BC{'H} NMR (CDCls): 6 180.0 (C=0), 142.1 (C), 135.1 (CH), 129.2 (4CH),
127.8 (4CH), 126.9 (2CH), 119.2 (CH), 60.5 (C), 36.7 (CH>), 25.8 (CH3), 17.5 (CH3). IR (KBr):
3060, 3037, 2969, 2927, 2911, 2856, 2808, 2686, 2637, 2589, 1692, 1302, 1244, 954, 723, 698, 657

cm L.

CD;

Ph B =
OH

O

5-Methyl-2,2-diphenylhex-4-enoic acid-ds (75a-d6). 85% yield. Colorless crystal. Mp:
139-141 °C. HRMS (ESI): caled for Ci9H14De¢NaOz: m/z 309.1737 ([M+Na]), found: m/z
309.1722. 'H NMR (CDCl): 6 7.30-7.26 (m, 10H), 5.04 (t, IH, J= 7.1 Hz), 3.08 (d, 2H, J= 7.1
Hz). BC{'H} NMR (CDCls): ¢ 179.7 (C=0), 142.1 (2C), 129.1 (4CH), 127.8 (4CH), 126.9
(2CH), 119.2 (CH), 60.4 (C), 36.6 (CH>) (signals of the deuterated carbons could not be detected).
IR (KBr): 2962, 2927, 2874, 2861, 1790, 1467, 1379, 1161, 1066, 884, 758, 724, 697, 513, 505,
496, 481, 468, 450, 431, 421, 407 cm ™.

9-(3-Methylbut-2-enyl)-9H-fluorene-9-carboxylic acid (75b). 78% yield. Light yellow
needle. Mp: 129-131 °C. HRMS (ESI): calcd for C19H1sNaO,: m/z 301.1204 ([M+Na]*), found:
m/z 301.1197. 'HNMR (CDCL): ¢ 7.71 (d, 2H, J= 7.2 Hz), 7.58 (d, 2H, J = 7.2 Hz), 7.39 (t, 2H,
J=172Hz),7.30(t,2H, J=7.2Hz),4.82 (t, |H,J="7.2 Hz), 2.92 (d, 2H, J= 7.2 Hz) 1.53 (s, 3H),
1.38 (s, 3H). BC{'H} NMR (CDCl): 6 179.4 (C=0), 144.7 (C), 140.7 (C), 135.4 (C), 128.1 (CH),
127.3 (CH), 125.1 (CH), 119.9 (CH), 118.2 (CH), 61.0 (C), 36.5 (CH>), 25.7 (CH3), 18.6 (CH3).
IR (KBr): 3064, 3021, 2968, 2935, 2879, 2637, 2517, 1699, 1687, 1678, 1656, 1648, 1638, 1449,
1402, 1272, 739, 680 cm.
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1-(3-Methylbut-2-enyl)cyclo-hexanecarboxylic acid (75c). 67% yield. Colorless crystal.
Mp: 102-104 °C. HRMS (APCI): calcd for Ci2H2102: m/z 197.1542 ([M+Na]"), found: m/z
197.1537. 'H NMR (CDsOD): ¢ 5.09 (t, 1H, J = 8.0 Hz), 2.19 (d, 2H, J = 8.0 Hz), 2.02 (d, 2H, J
=16.0 Hz), 1.68 (s, 3H), 1.60-1.18 (m, 13H). '3C{'H} NMR (CDsOD): § 181.4 (C=0), 135.7 (C),
121.3 (CH), 49.4 (C), 40.8 (CH>), 35.8 (CH»), 27.9 (CH»), 27.0 (CH3), 25.3 (CHy), 18.9 (CH3). IR
(KBr): 2970, 2928, 2855, 2727, 2631, 1735, 1718, 1701, 1686, 1678, 1656, 1648, 1457, 1380, 1330,
1250, 1192, 1138, 969, 951, 932, 840 cm!.

Me
Me P

O~ "OH
2,2,5-Trimethylhex-4-enoic acid (75d). 91% yield. Colorless liquid. HRMS (APCI): calcd
for CoH1602: m/z 157.1229 ([M+Na]"), found: m/z 157.1222. 'H NMR (CDCl3): 6 5.13 (t, I1H, J =
7.5 Hz), 2.25 (d, 2H, J = 7.5 Hz), 1.71 (s, 3H), 1.61 (s, 3H), 1.18 (s, 6H). 'C{'H} NMR (CDCls):
0 185.0 (C=0), 134.5 (C), 119.6 (CH), 42.7 (C), 38.4 (CH>), 26.0 (CH3), 24.5 (2CH3), 17.9 (CHa).
IR (KBr): 2972, 2929, 2876, 2725, 2671, 2619, 1701, 1474, 1453, 1409, 1385, 1379, 1315, 1265,
1241, 1201, 1163, 944, 782, 768, 601, 555 cm™".

F

F QO g
O OH

2,2-bis(4-fluorophenyl)-5-methylhex-4-enoic acid (75f). 85% yield. White solid, Mp:
161-163 °C. calcd for CioHi3F202: m/z 317.1353 ([M+H]+), found: m/z 317.1347 'H NMR
(CDCl) d 7.24-7.22(m, 4H; Ar-H), 7.01-6.96(m, 4H; Ar-H), 4.99(t, 1H, Juu = 7.1; CH,CH=C),
3.02(d, 2H, Juu = 7.1; CH>), 1.57(s, 3H; CH3), 1.24(s, 3H; CH3) '3C NMR (CDCls) 180.0(C=0),
161.7(d, Jcr = 247.1; Ar-C), 137.6(d, Jcr = 3.1; Ar-C), 135.8(CMe»), 130.7(d, Jcr = 7.8; Ar-C),
118.6(CH,CHC=C), 114.6(d, Jcr = 21.2; Ar-C), 59.4(CAr), 36.8(CH>), 25.8(CH3), 17.6(CH3) IR
(KBr): 2971, 2923, 2872, 1702, 1605, 1508, 1234, 1161, 829, 410 cm-1.

Cl

O~ OH
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2,2-bis(4-chlorophenyl)-5-methylhex-4-enoic acid (75g). 85% yield. White solid, Mp:
171-173 °C. caled for CioHi19CLO2: m/z 349.0762 ([M+H]"), found: m/z 349.0758 'H NMR
(CDCl3) 7.27(d, 4H, Jun = 8.7; Ar-H), 7.20(d,, 4H, Juu = 8.7; Ar-H), 4.97(t, 1H, Jun = 7.0;
CH,CH=C), 3.02(d, 2H, Juu =7.0; CH>), 1.58(s, 3H; CHj3), 1.26(s, 3H; CH3) '3C NMR (CDCl;)
179.2(C=0), 140.2(Ar-C), 136.0(CMez), 133.2(Ar-C), 130.4(Ar-C), 128.0(Ar-C),
118.3(CH,CHC=C), 59.7(CAr), 36.5(CHz), 25.9(CH3), 17.6(CHs) IR (KBr): 2972, 2924, 1702,
1492, 1399, 1250, 1094, 1013, 823, 761, 508 cm-—1.

O~ ©OH

2,2-bis(4-bromophenyl)-5-methylhex-4-enoic acid (75h). 85% yield. White solid, Mp:
167-169 °C. calcd for C1oHisBr,O: m/z 438.9723 ([M+H]"), found: m/z 438.9732 'H NMR
(CDCl) & 7.42(d, 4H; Ar-H), 7.14(d, 4H; Ar-H), 4.96(t, 1H; CH.CH=C), 3.01(d, 2H; CH>), 1.57(s,
3H; CH;), 1.26(s, 3H; CH3) *C NMR (CDCl3) 179.1, 140.6, 136.1, 131.0, 130.8, 121.4, 118.2,
59.8,36.4,25.9, 17.6. IR (KBr): 2966, 2917, 2861, 1701, 1489, 1439, 1400, 1263, 1072, 1010, 817,
739, 418 cm—1.

OMe

O~ OH

2,2-bis(4-methoxyphenyl)-5-methylhex-4-enoic acid (75i). 85% yield. Pale yellow wax. calcd
for C21H2404Na: m/z 363.1572 ([M+Na]+), found: m/z 363.1569 'H NMR (CDCls) § 7.22(d, 4H,
Jun = 8.8; Ar-H), 6.83(d, 4H, Jun = 8.8; Ar-H), 5.03(t, 1H, Jun = 6.9; CH.CH=C), 3.81(s, 6H;
OCHj3), 3.03(d, 2H, Jun = 6.9; CH>), 1.59(s, 3H; CH;), 1.30(s, 3H; CH3) '3C NMR (CDCls)
180.9(C=0), 158.2(Ar-C), 134.8(Ar-C), 134.4(CMez), 130.2(Ar-C), 119.4(CH,CH=C),
113.0(Ar-C), 59.1(CAry), 55.2(OCH3), 36.8(CHz), 25.9(CH3), 17.6(CH3). IR (KBr): 2939, 1765,
1605, 1511, 1461, 1294, 1253, 1164, 1034, 827, 448, 406 cm—1.
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(E)-2,2-Diphenylhex-4-enoic acid (81). 85% yield (E/Z = 86:14). White crystalline solid.
Mp: 114-116 °C. HRMS (ESI): calcd for CisHisNaO,: m/z 289.1204 ([M+Na]"), found: m/z
289.1188. For E isomer, 'H NMR (CDCls): § 7.31-7.22 (m, 10H), 5.31-5.19 (m, 2H), 3.08 (d, 2H,
J=6.4Hz), 1.50 (dd, 3H, J= 5.6 Hz, J= 0.9 Hz). '*C{'H} NMR (CDCl): 6 179.9 (C=0), 142.1
(CH), 129.3 (2C), 129.1 (4CH), 127.8 (4CH), 126.9 (2CH), 125.9 (CH), 60.5 (C), 41.3 (CH), 18.0
(CHs). IR (KBr): 3087, 3062, 3030, 2969, 2913, 2853, 2804, 2730, 2525, 1701, 1294, 1270, 1240,

965, 937, 920, 761, 699, 660, 638, 494 cm!.

Ph Ph
o
O] OH

2,2-Diphenylhex-5-enoic acid (83). 85% yield. White crystalline solid. Mp: 132-134 °C.
HRMS (ESI): caled for CisHisNaOs: m/z 289.1204 ([M+Na]*), found: m/z 289.1188. 'H NMR
(CDCl3): 6 7.34-7.25 (m, 10H), 5.75 (ddt, 1H, J=17.0 Hz, J=10.2 Hz, J= 6.5 Hz), 4.95 (dd, 1H,
J=17.0 Hz, J = 1.6 Hz), 491 (dd, 1H, J = 10.2 Hz, J = 1.6 Hz), 2.45 (m, 2H), 2.45 (m, 2H).
BC{'H} NMR (CDCl3): 6 179.7 (C=0), 142.2 (2C), 138.1 (CH), 129.0 (4CH), 128.0 (4CH), 127.0
(2CH), 114.6 (CH>), 60.0 (C), 37.1 (CH>), 29.6 (CHz). IR (KBr): 3077, 3019, 3000, 2973, 2934,
2901, 2636, 2503, 1703, 1495, 1447, 1399, 1262, 911, 759, 700, 656 cm™".

Ph B =
Ph

O~ "OH

(E)-2,2,5-Triphenylhex-4-enoic acid (98a). 30% yield. White solid. Mp: 143-145 °C.
HRMS (ESI): caled for C24H22NaOs: m/z 365.1517 ([M+Na]"), found: m/z 365.1510. 'H NMR
(CDCl3): 6 7.35-7.13 (m, 15H), 5.63 (t, 1H, J = 7.1 Hz), 3.28 (d, 2H, J = 7.1 Hz), 1.66 (s, 3H).
BC{'H} NMR (CDCls): ¢ 180.3 (C=0), 144.0 (C), 141.9 (C), 138.0 (C), 129.2 (4CH), 128.0 (2CH),
127.9 (4CH), 127.1 (2CH), 126.6 (CH), 125.7 (2CH), 123.3 (CH), 60.6 (C), 37.3 (CH»), 15.8 (CH3).
IR (KBr): 3074, 3021, 2979, 2937, 2915, 2872, 2810, 2639, 2516, 1698, 1599, 1493, 1450, 1443,
1408, 1271, 1249, 1029, 941, 912, 905, 869, 761, 741, 723, 699, 680 cm™".

Me
Me
Z Ph
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(E)-2,2-Dimethyl-5-phenylhex-4-enoic acid (98b). To a solution of diisopropylamine (2.0 mL,
14.0 mmol) in THF (14 mL) was added n-BuLi (2.6 M solution in hexane; 5.4 mL, 14.0 mmol)
slowly at 0 °C, which was stirred at that temperature for 30 min. To this solution was added
carboxylic acid methyl isobutyrate (1.19 g, 11.7 mmol). The reaction mixture was allowed to
warm to rt and stirred for an additional 30 min. Then (£)-(4-chlorobut-2-en-2-yl)benzene (2.34 g,
14.1 mmol) was added dropwise at 0 °C and the resulting solution was stirred at rt for 24 h.  After
being quenched by the addition of 1 M aq HCI, the mixture was extracted with EtOAc. The
organic layer was washed with brine and dried over Na;SO4.  After removal of the volatiles under
reduced pressure, the residue was redissolved in EtOH. To this solution was added 5 M aq LiOH
and the mixture was refluxed for 44 h. After being cooled to rt, the mixture was extracted with
EtOAc. The organic layer was washed with brine and dried over Na;SO4. The crude product
was purified by column chromatography on silica gel (hexane/EtOAc = 5/1, R 0.3) to give 98b
(1.99 g, 9.13 mmol) in 78% yield. Colorless liquid. HRMS (ESI): calcd for Ci4HsNaOa: m/z
241.1204 ([M+Na]"), found: m/z 241.1194. 'H NMR (CDCl): § 7.35 (d, 2H, J = 7.2 Hz), 7.29
(dd, 2H, J=17.7Hz, J= 7.2 Hz), 7.22 (d, 1H, J= 7.7 Hz), 5.75 (t, 1H, J= 7.6 Hz), 2.48 (d, 2H, J =
7.6 Hz), 2.03 (s, 3H), 1.26 (s, 6H). BC{'H} NMR (CDCl): 6 184.5 (C=0), 144.0 (C), 137.6 (C),
128.1 (2CH), 126.7 (CH), 125.8 (2CH), 123.4 (CH), 42.9 (C), 39.0 (CH>), 24.7 (2CH3), 16.1 (CH3).
IR (KBr): 2974, 2923, 2878, 1698, 1473, 1445, 756, 698, 625, 608, 549, 505, 496, 466, 453, 445

cm .

Ph
Ph =

O~ "OH

4,5-Dimethyl-2,2-diphenylhex-4-enoic acid (100a). 79% yield. White crystalline solid.
Mp: 135-137 °C. HRMS (ESI): caled for CyH2NaO,: m/z 317.1517 ([M+Na]*), found: m/z
317.1509. 'H NMR (CDCl): 6 7.25 (m, 10H), 3.24 (s, 2H), 1.58 (s, 3H), 1.44 (s, 3H), 0.80 (s,
3H). BC{'H} NMR (CDCls): § 180.0 (C=0), 142.5 (2CH), 130.9 (C), 129.1 (4CH), 127.5 (4CH),
126.8 (2CH), 122.9 (C), 59.9 (C), 42.4 (CH), 20.6 (CH3), 19.6 (CH3), 19.1 (CH3). IR (KBr):
3089, 3064, 3024, 2995, 2925, 2796, 2730, 2710, 2683, 2640, 2596, 1698, 1494, 1445, 1300, 1231,
1190, 1128, 911, 727, 698, 652, 632 cm".
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General procedure for the preparation of vy -lactone derivatives 76, 99 and 101.

A solution of Pd(OAc), (1.1 mg, 0.005 mmol, 10 mol %) and (P,R R)-i-Pr-SPRIX (2.8 mg,
0.0075 mmol, 15 mol %) in DCM (0.25 mL) was stirred at 25 °C for 2 h. To this solution was
added p-benzoquinone (10.8 mg, 0.10 mmol, 2 equiv) and 75, 98 or 100 (0.05 mmol) in DCM (0.25

mL), and the mixture was stirred. The reaction mixture was directly filtered through a short pad of
silica gel, which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and
the residue was purified by flash column chromatography on silica gel (hexane/EtOAc = 5/1 or

DCM) to afford desired product.

Ph
Ph

PR

3,3-Diphenyl-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one (76a). >98% yield. Pale yellow
wax. HRMS (ESI): caled for CioHgNaO2: m/z 301.1205 ([M+H]"), found: m/z 301.1261. 'H
NMR (CDCl): 6 7.39-7.25 (m, 10H), 5.11 (s, 1H), 4.98 (s, 1H), 4.73 (dd, 1H, J=11.0 Hz, J= 5.1
Hz), 3.06 (dd, 1H, J=13.0 Hz, /= 5.1 Hz), 2.78 (dd, 1H, J=13.0 Hz, /= 11.0 Hz), 1.80 (s, 3H).
BC{'H} NMR (CDCls):  176.9 (C=0), 141.9 (C), 141.3 (C), 139.5 (C), 129.0 (2CH), 128.4 (2CH),
127.8 (CH), 127.7 (2CH), 127.4 (2CH), 127.3 (CH), 113.3 (CH>), 79.2 (CH), 58.3 (C), 42.5 (CH>),
17.5 (CH3). IR (KBr): 3451, 3065, 2938, 1761, 1645, 1496, 1446, 1386, 1327, 1175, 1047, 1010,
964, 924, 759, 699, 646, 495 cm'. The enantiomeric excess was determined by HPLC analysis
using a chiral stationary phase column (Daicel Chiralpak AD-H, hexane/i-PrOH = 40/1, flow rate =
0.5 mL/min, A = 227 nm: 24.1 min, 29.4min) to be 82% ee. [a]p'> +85.8 (¢ 0.70, CHCI3).

Ph D
PhND
O CD;
3,3-Diphenyl-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one-ds (76a-d5). >98% yield. Pale
yellow wax. HRMS (ESI): calcd for C19H13DsNaOa: m/z 306.1518 ([M+H]"), found: m/z 306.1507.
"H NMR (CDCl): 6 7.39-7.24 (m, 10H), 4.74 (dd, 1H, J = 11.0 Hz, J= 5.0 Hz), 3.06 (dd, 1H, J =
12.9 Hz, J = 5.0 Hz), 2.78 (dd, 1H, J = 12.9 Hz, J= 11.0 Hz). "“C{'H} NMR (CDCl;s): § 176.9
(C=0), 141.9 (C), 141.0 (C), 139.5 (C), 129.0 (2CH), 128.4 (2CH), 127.8 (CH), 127.7 (2CH),
127.4 (2CH), 127.2 (CH), 79.2 (CH), 58.3 (C), 42.5 (CH>) (signals of the deuterated carbons could
not be detected). IR (KBr): 2958, 2925, 2872, 1766, 1496, 1457, 1447, 1321, 1278, 1172, 964,
766, 750, 698, 605, 562, 544, 524, 490, 466, 453, 446, 429, 415 cm".
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5'-(Prop-1-en-2-yl)-4',5'-dihydro-2'H-spiro[fluorene-9,3'-furan]-2'-one (76b). >98% yield.
White wax. HRMS (ESI): calcd for Ci9HisNaOz: m/z 299.1047 ([M+H]"), found: m/z 299.1040.
'"H NMR (CDCls): 6 7.76 (m, 2H), 7.53-7.25 (m, 6H), 5.42 (t, 1H, J = 2.8 Hz), 5.29 (s, 1H), 5.10 (s,
1H), 2.81 (d, 2H, J = 8.0 Hz), 1.92 (s, 3H). 'BC{'H} NMR (CDCl): § 176.7 (C=0), 146.0 (C),
145.1 (C), 142.0 (C), 141.4 (C), 140.7 (C), 128.84 (CH), 128.79 (CH), 128.3 (CH), 128.0 (CH),
123.5 (CH), 122.8 (CH), 120.7 (CH), 120.4 (CH), 113.1 (CH»), 80.3 (CH), 58.8 (C), 40.5 (CH>),
17.4 (CH3z). IR (KBr): 3065, 2954, 2928, 1781, 1764, 1725, 1477, 1449, 1320, 1276, 1167, 1068,
1055, 1006, 970, 911, 769, 756, 733, 620, 423, 411 cm™'. The enantiomeric excess was
determined by HPLC analysis using a chiral stationary phase column (Daicel Chiralpak AS-H,
hexane/i-PrOH = 50/1, flow rate = 1.0 mL/min, A = 267 nm: 59.8 min, 71.0 min) to be 78% ee.
[a]p!'” =71.6 (¢ 0.34, CHCI3).

o O

3-(Prop-1-en-2-yl)-2-oxaspiro-[4.5]decan-1-one (76¢). >98% yield. White wax. HRMS (ESI):
caled for Ci12HisNaOa: m/z 217.1204 ([M+H]Y), found: m/z 217.1196. "H NMR (CDCl;3): 6 5.08 (s,
1H), 4.93 (s, 1H), 4.80 (t, 1H, J= 9.2 Hz), 2.39 (dd, 1H, J = 13.0 Hz, J = 6.8 Hz), 1.84-1.27 (m,
14H). "BC{'H} NMR (CDCls): § 181.4 (C=0), 142.4 (C), 112.1 (CH>), 79.3 (CH), 44.8 (CH>),
38.2 (C), 34.1 (CHy), 31.7 (CH>), 25.3 (CH»), 22.2 (CH), 22.2 (CH2), 17.4 (CH3). IR (KBr):
2933, 2858, 1766, 1656, 1450, 1377, 1326, 1282, 1264, 1191, 1164, 1135, 1109, 1095, 1063, 1034,
1005, 970, 939, 903, 467, 411, 404 cm™'. The enantiomeric excess was determined by HPLC
analysis using a chiral stationary phase column (Daicel Chiralpak AD-3, hexane/i-PrOH = 50/1,
flow rate = 0.5 mL/min, A = 208 nm: 10.8 min, 11.4 min) to be 68% ee. [u]p!® +6.3 (¢ 0.23,
CHCl3).

Me

(0]

O
3,3-Dimethyl-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one (76d). >98% yield. Colorless
liquid. HRMS (ESI): caled for CoH14NaOs: m/z 177.0891 ([M+H]"), found: m/z 177.0883. 'H
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NMR (CDCls): 6 5.09 (s, 1H), 4.94 (s, 1H), 4.82 (dd, 1H, J=9.9 Hz, J= 6.5 Hz), 2.21 (dd, 1H, J=
12.6 Hz, J = 6.5 Hz), 1.92 (dd, 1H, J = 12.6 Hz, J= 9.9 Hz), 1.75 (s, 3H), 1.30 (s, 6H). '3C{'H}
NMR (CDCL): 6 181.7 (C=0), 142.1 (C), 112.2 (CHy), 78.9 (CH), 42.2 (CH»), 40.4 (C), 25.0
(CHs), 24.4 (CH3), 17.4 (CH3). 1R (KBr): 2970, 2930, 1772, 1455, 1388, 1324, 1120, 1153, 1121,
1048, 996, 917, 503, 473, 440, 426, 414 cm™!.  The enantiomeric excess was determined by HPLC
analysis using a chiral stationary phase column (Daicel Chiralpak AD-3, hexane/i-PrOH = 50/1,
flow rate = 0.5 mL/min, A =217 nm: 9.0 min, 9.7 min) to be 55% ee. [a]p!” +2.4 (¢ 0.75, CHCl5).

S

)
5-(Prop-1-en-2-yl)dihydrofuran-2(3H)-one (76e). >98% yield. Colorless liquid. HRMS
(ESI): caled for C7H10NaOz: m/z 149.0578 ([M+H]"), found: m/z 149.0571. 'H NMR (CDCL): 6
5.30 (s, 1H), 4.95 (s, 1H), 4.89 (t, 1H, J = 7.4 Hz), 2.58-2.54 (m, 2H), 2.41-2.36 (m, 1H),
2.07-2.02 (m, 1H), 1.77 (s, 3H). *C{'H} NMR (CDCl;): 6 177.0 (C=0), 142.0 (C), 112.4 (CH>),
82.5 (CH), 28.5 (CHy), 27.0 (CHy), 17.5 (CH3). IR (KBr): 2924, 1774, 1655, 1458, 1326, 1298,
1219, 1180, 1143, 1049, 1008, 980, 922, 683, 661, 522, 500, 194, 476, 467, 459, 451, 429, 414, 405
cm !,
column (Daicel Chiralpak AD-3, hexane/i-PrOH = 50/1, flow rate = 0.5 mL/min, A =211 nm: 16.3

min, 17.2 min) to be 18% ee.

The enantiomeric excess was determined by HPLC analysis using a chiral stationary phase

0

o~ ©O

3,3-bis(4-fluorophenyl)-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one  (75f). >98%  yield.
Collorless wax, calcd for Ci9Hi6F202: m/z 337.1015 ([M+Na]"), found: m/z 337.1006 '"H NMR
(CDCl3) d 7.33-7.37(m, 2H; Ar-H), 7.6.98-7.10(m, 2H; Ar-H), 5.12(s, 1H; terminal-CH,), 5.01(s,
1H; terminal-CH>), 4.72(dd, 1H, Jun = 5.0, Jun = 11.4; OCH), 3.01(dd, 1H, Jun = 5.0, Juu = 12.8;
aliphatic-CH,), 2.73(dd, 1H, Jun = 11.4, Jun = 12.8; aliphatic-CH,), 1.81(s, 3H; CH3). 3C NMR
(CDCl3) 176.6(C=0), 163.3(d, Jcr = 31.4; Ar-C), 160.8(d, Jcr = 30.3; Ar-C), 140.9(CMe), 137.5(d,
Jer = 2.9; Ar-C), 135.1(d, Jcr = 3.7; Ar-C), 129.3(d, Jcr = 7.9; Ar-C), 129.0(d, Jcr = 8.1; Ar-C),
122.3(d, Jcr = 21.8; Ar-C), 121.8(d, Jcr = 21.2; Ar-C), 113.6(CH,), 79.2(C-0), 57.2(CAr),
42.6(CH>), 17.5(CH3), IR (KBr): 2927, 1766, 1605, 1509, 1235, 1162, 1014, 967, 835, 581, 521,

442, 418 cm-1.The enantiomeric excess was determined by HPLC analysis using a chiral
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stationary phase column (Daicel Chiralcel AS-H, hexane/i-PrOH = 50/1, flow rate = 1.0 mL/min, 1
=205 nm: 15.1 min, 19.4 min) [a]p’ +85.0 (¢ 0.40, CHCl5).

)

o~ ©O

3,3-bis(4-chlorophenyl)-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one (76g). >98% yield. Pale
yellow wax. caled for C19H16C1:NaO,: m/z 369.0424 ([M+Na]"), found: m/z 369.0421 'H NMR
(CDCl) 6 7.37-7.22(m, 8H; Ar-H), 5.12(s, 1H; terminal-CH>), 5.01(s, 1H; terminal-CH>), 4.72(dd,
1H, Jun = 5.0, Juu = 10.8; OCH), 2.99(dd, 1H, Juu = 5.0, Jun = 12.9; aliphatic-CH>), 2.73(dd, 1H,
Jun = 10.8, Jun = 12.9; aliphatic-CH>), 1.81(s, 3H; CH;). 3C NMR (CDCl3) 176.1(C=0),
140.8(CMe), 139.9(Ar-C), 137.8(Ar-C), 134.1(Ar-C), 133.6(Ar-C), 129.3(Ar-C), 129.0(Ar-C),
128.7(Ar-C), 113.7(CHz), 79.2(C-0), 57.3(CArz), 42.2(aliphatic-CH>), 17.5(CH3), IR (KBr): 2917,
1761, 1493, 1402, 171, 1095, 1013, 966, 824, 669, 528, 466, 433, 415 cm—1.The enantiomeric
excess was determined by HPLC analysis using a chiral stationary phase column (Daicel Chiralcel
AS-H, hexane/i-PrOH = 50/1, flow rate = 1.0 mL/min, 1 = 224 nm: 13.4 min, 16.1 min) [a]p’ +55.0
(c 0.15, CHCL).

o~

o~ ©

3,3-bis(4-bromophenyl)-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one (76h). >98% yield. White
wax. caled for CioH16BraNaO»: m/z 458.9394 ([M+Na]+), found: m/z 458.9386 'H NMR (CDCls)
d 7.51(d, 2H, Juu = 8.6; Ar-H), 7.45(d, 2H, Jun = 8.7; Ar-H), 7.24(d, 2H, Juu = 8.6; Ar-H), 7.17(d,
2H, Jun = 8.7; Ar-H), 5.12(s, 1H; terminal-CH>), 5.01(s, 1H; terminal-CH>), 4.71(dd, 1H, Jun = 5.0,
Jun = 10.8; OCH), 2.99(dd, 1H, Juu = 5.0, Jun = 13.0; aliphatic-CH>), 2.72(dd, 1H, Jun = 10.8, Jun
= 13.0; aliphatic-CH>), 1.80(s, 3H; CH3). '*C NMR (CDCls) 175.9, 140.8, 140.3, 138.2, 132.3,
129.3, 129.0, 122.3, 121.8, 113.7, 79.2, 57.5, 42.1, 17.5, IR (KBr): 2923, 1762, 1489, 1397, 1171,
1078, 967, 807, 499, 485, 459, 434 cm—1.The enantiomeric excess was determined by HPLC
analysis using a chiral stationary phase column (Daicel Chiralcel AS-H, hexane/i-PrOH = 50/1,
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flow rate = 1.0 mL/min, 1 =230 nm: 15.3 min, 18.8 min) [a]p!' +69.0 (c 0.14, CHCI).

3,3-bis(4-methoxyphenyl)-5-(prop-1-en-2-yl)dihydrofuran-2(3H)-one (76i). >98% yield. Pale
yellow wax. HRMS (ESI): caled for C21H2:NaO4: m/z 361.1415 ([M+Na]+), found: m/z 361.1411.
'"H NMR (CDCl3): 8 7.31(d, 2H, Juu = 8.7; Ar-H), 7.19(d, 2H, Juu = 8.7; Ar-H), 6.90(d, 2H, Juu =
8.7; Ar-H), 6.83(d, 2H, Jun = 8.7; Ar-H), 5.11(s, 1H; terminal-CH>), 4.98(s, 1H; terminal-CH>),
4.72(dd, 1H, Juu = 5.0, Juu = 11.0; OCH), 3.87(s, 3H; OCH3), 3.78(s, 3H; OCH3), 2.99(dd, 1H, Juu
= 5.0, Jun = 12.8; aliphatic-CH>), 2.72(dd, 1H, Juu = 11.0, Juu = 12.8; aliphatic-CH>), 1.81(s, 3H;
CH;). BC{1H} NMR (CDCl): & 177.4(C=0), 159.0(Ar-C), 158.6(Ar-C), 141.4(CMe),
134.4(Ar-C), 131.5(Ar-C), 128.8(Ar-C), 128.5(Ar-C), 114.2(Ar-C), 113.7(Ar-C), 113.2(CH>),
79.2(C-0), 57.1(CAr2), 55.30(0CHs), 55.26(0CH3), 42.8(aliphatic-CHz), 17.5(CHs) IR (KBr):
2923, 1697, 1510, 1251, 1182, 826, 422 cm—1. The enantiomeric excess was determined by HPLC
analysis using a chiral stationary phase column (Daicel Chiralpak AS-H, hexane/i-PrOH = 50/1,
flow rate = 2.0 mL/min, A = 229 nm: 24.3 min, 45.4 min) to be 67% ee. [a]p'' +59.0 (c 0.40,
CHCl3).

Ph
Phj;>_//
o” O

3,3-Diphenyl-5-vinyldihydrofuran-2(3H)-one (82). >98% yield. Pale yellow wax. HRMS
(ESI): calcd for CisHisNaOa: m/z 287.1047 ([M+H]"), found: m/z 287.1047. 'H NMR (CDCl): ¢
7.39-7.23 (m, 10H), 5.92 (m, 1H), 5.40 (d, 1H, J = 16.8 Hz), 5.30 (d, 1H, J = 10.7 Hz), 4.77 (m,
1H), 3.11 (dd, 1H, J = 13.0 Hz, J = 5.1 Hz), 2.75 (dd, 1H, J = 13.0 Hz, J = 10.5 Hz). "3C{'H}
NMR (CDCls): 0 176.8 (C=0), 141.7 (C), 139.6 (C), 134.9 (C), 129.0 (2CH), 128.4 (2CH), 127.8
(CH), 127.7 (2CH), 127.3 (CH), 127.3 (2CH), 118.9 (CH»), 77.5 (CH), 58.1 (C), 43.8 (CH2). IR
(KBr): 3061, 3056, 2921, 1771, 1495, 1447, 1167, 697, 505, 458, 447, 441 cm™'. The
enantiomeric excess was determined by HPLC analysis using a chiral stationary phase column
(Daicel Chiralcel OD-H, hexane/i-PrOH = 50/1, flow rate = 0.5 mL/min, A = 219 nm: 22.1 min,
28.6 min) to be 15% ee. [a]p!® +38.6 (¢ 0.55, CHCl3).
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o1
O~ OH
(Z)-2,2-diphenylhex-4-enoic acid (81-Z). 82% yield. White solid, Mp: 152-155 °C. calcd for
CisHisNaO>: m/z  289.1204 ([M+Na]+), found: m/z 289.1201 'H NMR (CDCls) d
7.30-7.25(m,10H; Ar-H), 5.48-5.38(m, 1H; CH.CH=C), 5.24-5.32(m, 1H; CH.CH=C), 3.14(d, 2H,
Jun =7.0; CH.), 1.34(d, 3H, Juu =7.0; CH;) *C NMR (CDCl3) 178.9(C=0), 142.0(Ar-C),
129.1(Ar-C), 127.9(Ar-C), 127.2(CH,CH=C), 127.0(Ar-C), 125.3(CH,CH=C), 60.1(CAn),
35.6(CH»), 12.7(CH3) IR (KBr): 3033, 2917, 2622, 1700, 1600, 1495, 1447, 1395, 1370, 1257,
1036, 1004, 915, 764, 742, 700, 661, 638 cm—1.

Ph
"I
o7 "0  Ph

3,3-Diphenyl-5-(prop-1-en-2-yl)dihydrofuan-2(3H)-one (99a). 55% yield. Pale yellow solid.
Mp: 142-144 °C. HRMS (ESI): calcd for CasH2oNaOz: m/z 360.1360 ([M+H]"), found: m/z
363.1352. 'H NMR (CDCl): § 7.40-7.21 (m, 15H), 5.54 (s, 1H), 5.42 (s, 1H), 5.28 (dd, 1H, J =
10.2 Hz, J= 5.2 Hz), 3.14 (dd, 1H, J= 13.2 Hz, J= 5.2 Hz), 2.73 (dd, 1H, J=13.2 Hz, J = 10.2
Hz). BC{'H} NMR (CDCl): § 176.7 (C=0), 145.6 (C), 141.7 (C), 139.5 (C), 138.0 (C), 129.0
(2CH), 128.7 (CH), 128.3 (2CH), 128.2 (2CH), 127.8 (CH), 127.7 (CH), 127.3 (2CH), 127.2 (2CH),
126.8 (2CH), 114. 5 (CH>), 77.4 (CH), 58.2 (C), 43.7 (CH). IR (KBr): 3058, 2927, 1770, 1727,
1599, 1495, 1447, 1324, 1285, 1054, 1021, 962, 911, 779, 768, 754, 725, 697, 670, 651, 613, 407
cm™'.  The enantiomeric excess was determined by HPLC analysis using a chiral stationary phase
column (Daicel Chiralpak AD-3, hexane/i-PrOH = 50/1, flow rate = 0.5 mL/min, A =221 nm: 23.4

min, 25.9 min) to be 67% ee. [a]p'® —63.0 (¢ 0.33, CHCI3).

Me
I
o7 0  Pnh

3,3-Dimethyl-5-(1-phenylvinyl)-dihydrofuran-2(3H)-one (99b). 55% yield. Colorless liquid.
HRMS (ESI): caled for CisHi6NaO»: m/z 239.1047 (IM+H]"), found: m/z 239.1040. 'H NMR
(CDCl3): 6 7.38-7.31 (m, 5H), 5.48 (s, 1H), 5.39 (s, 1H), 5.36 (dd, 1H, J= 9.1 Hz, J = 6.8 Hz),
2.26 (dd, 1H, J=12.9 Hz, J= 6.8 Hz), 1.87 (dd, 1H, J=12.9 Hz, J=9.1 Hz), 1.31 (s, 3H), 1.24 (s,
3H). BC{'H} NMR (CDCl): ¢ 181.7 (C=0), 146.6 (C), 138.1 (C), 128.6 (2CH), 128.2 (2CH),
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126.8 (CH), 113.4 (CH»), 77.0 (CH), 43.2 (CHz), 40.2 (C), 25.1 (CH3), 24.8 (CH3). IR (KBr):
2969, 2930, 1772, 1496, 1457, 1388, 1326, 1250, 1228, 1201, 1153, 1122, 1039, 1006, 908, 779,
699, 607, 524, 513, 483, 474, 454, 436, 420 cm™'. The enantiomeric excess was determined by
HPLC analysis using a chiral stationary phase column (Daicel Chiralpak AD-H, hexane/i-PrOH =
50/1, flow rate = 0.5 mL/min, A = 234 nm: 22.8min, 24.5 min) to be 37% ee. [a]p?® +18.8 (¢ 0.15,

CHCl).
Mh

o]
5-(1-Phenylvinyl)dihydrofuran-2(3H)-one (99¢). 56% yield. Colorless liquid. @HRMS

(ESI): caled for C12H12NaOa: m/z 211.0734 ([M+H]"), found: m/z 211.0726. 'H NMR (CDsOD):
0 7.32-7.22 (m, 5H), 547 (t, 1H, J = 7.1 Hz), 5.31 (s, 1H), 5.27 (s, 1H), 2.52-2.35 (m, 3H),
1.87-1.82 (m, 1H). "“C{'H} NMR (CDsOD): ¢ 180.6 (C=0), 149.4 (C), 140.3 (C), 130.5 (2CH),
130.1 (CH), 128.7 (2CH), 114.1 (CHy), 83.0 (CH), 29.83 (CH>), 29.80 (CHz). IR (KBr): 2958,
2926, 2855, 1784, 1728, 1461, 1262, 1178, 1122, 1098, 1073, 1039, 1028, 803, 472, 451, 412, 401
cm!. The enantiomeric excess was determined by HPLC analysis using a chiral stationary phase
column (Daicel Chiralpak AD-3, hexane/i-PrOH = 50/1, flow rate = 0.5 mL/min, A = 236 nm: 25.8
min, 27.2min) to be 41% ee. [a]p'® +3.3 (¢ 0.15, CHCl3).
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Kinetic studies

Kinetic isotope effects

Reactions were run in triplicate under the optimal conditions and were stopped at the desired time
(30 min, 60 min and 120 min) and analyzed by '"H NMR spectroscopy. To determine the initial rates,
each individual data point for a certain substrate was plotted in Microsoft Excel. The data was
plotted in terms of product yield (%) vs. time (min) to give rates in terms of mM/min. Under the
typical conditions, initial substrate concentration is 100 mM, therefore a product yield of 10 % is
equivalent to 10 mM. Using the Excel, a standard linear regression with y-intercept set to zero was

performed on the plotted data.

Table S-1. Kinetic isotope effect (Independent system; Run 1)

SM Yield (%) | Yield (%) | Yield (%) | Yield (%) Initial rate KIE
0 min 30 min 60 min 120 min (mmol / min)
H 0 18 25 52 0.000438
D 0 7 13 30 0.000243 180

Figure S-1. Kinetic isotope effect (Independent system; Run 1)
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Table S-2. Kinetic isotope effect (Independent system; Run 2)

SM Yield (%) | Yield (%) | Yield (%) | Yield (%) Initial rate KIE
0 min 30 min 60 min 120 min (mmol / min)
H 0 20 26 56 0.000470 L8
D 0 9 11 33 0.000259 '
Figure S-2. Kinetic isotope effect (Independent system; Run 2)
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Table S-3. Kinetic isotope effect (Competitive system; Run 1)

SM Yield (%) | Yield (%) | Yield (%) | Yield (%) Initial rate KIE
0 min 30 min 60 min 120 min (mmol / min)
H 0 15 26 47 0.000405 105
D 0 15 26 44 0.000386 '
60
50
g 40
< 30
3 oH
> 20
® eD
10
0
0 30 60 90 120
Time (min)
Figure S-3. Kinetic isotope effect (Competitive system; Run 1)
Table S-4. Kinetic isotope effect (Competitive system; Run 2)
SM Yield (%) | Yield (%) | Yield (%) | Yield (%) Initial rate KIE
0 min 30 min 60 min 120 min (mmol / min)
H 0 9 18 31 0.000268 L1
D 0 8 18 27 0.000241 '
40
30
E
< 20
8 ® ®H
P
eD
10
0
0 20 40 60 80 100 120

Time (min)

Figure S-4. Kinetic isotope effect (Competitive system; Run 2)
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Concentration effects

For catalyst

Catalyst loadings of 1, 5, 10, 30 and 50 mol % were used. Aliquots were removed periodically (30,
60, 90 and 120 min) and analyzed by '"H NMR analysis after short column chromatography. (In this
reaction, the conversion of a substrate was exactly same as Yields.) To determine the initial rates,
each individual data point for a certain substrate was plotted in Microsoft Excel. The data was
plotted in terms of product yield (%) vs. time (min) to give rates in terms of mM/min. Under the
typical conditions, initial substrate concentration is 100 mM, therefore a product yield of 10 % is
equivalent to 10 mM. Using the Excel, a standard linear regression with y-intercept set to zero was

performed on the plotted data.

Table SS. Time Cource for Kinetic Study (catalyst).

Catalyst Yield | Yield | Yield | Yield | Yield
) Concentration Initial Rate
Loading o) | 0 | (%) | (0) | (%)
30 60 90 120
(mol %) (mM) Omin ) ) ) ) (mmol / min)
min [ min | min | min
1 0.001 0 2 6 9 11 0.0001
5 0.005 0 7 15 22 29 0.00024
10 0.03 0 14 26 36 43 0.00036
30 0.01 0 42 80 95 100 0.0009
50 0.05 0 52 87 100 | 100 0.00145

Time course
100 0
80
g 60
=
.2 40
>~ S
20 ——
0
0 30 60 90 120
Time (min)
lmol% ——5mol% —®—10mol% —®—30mol% —@—50 mol %

Figure S5. Time Cource for Kinetic Study (catalyst).
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Kinetics (for catalyst)
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Figure S6. Kinetic Study (catalyst).

For p-benzoquinone

p-Benzoquinone loadings of 0, 0.25, 0.5, 1.0, 2.0, 4.0 and 10 equiv were used. Aliquots were
removed periodically (30, 60, 90 and 120 min) and analyzed by 'H NMR analysis after short
column chromatography. (In this reaction, the conversion of a substrate was exactly same as
Yields.) To determine the initial rates, each individual data point for a certain substrate was plotted
in Microsoft Excel. The data was plotted in terms of product yield (%) vs. time (min) to give rates
in terms of mM/min. Under the typical conditions, initial substrate concentration is 100 mM,
therefore a product yield of 10 % is equivalent to 10 mM. Using the Excel, a standard linear

regression with y-intercept set to zero was performed on the plotted data.

Table S6. Time Cource for Kinetic Study (p-benzoquinone).

p-benzoquinone ) Yield | Yield Yield Yield Yield o
) Concentration Initial Rate
Loading (%) (%) (%) (%) (%)
] (mmol /
(equiv) (mM) 0 30 60 90 120 )
min)

0 0 0 1 4 8 10 0.00009
0.25 0.025 0 10 18 26 31 0.00025
0.5 0.05 0 9 15 22 30 0.00024

1 0.1 0 15 31 45 60 0.0004

0.2 0 14 26 36 43 0.00043

4 0.4 0 12 30 45 53 0.00046

10 1 0 20 40 48 58 0.00048
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Time course (for p-benzoquinone)

0 30 60 90 120

Time (min)

® (0 equiv 00.25 equiv @ 0.50 equiv ® 1 equiv ® 2 equiv ® 4 equiv ® 10 equiv

Figure S7. Time Cource for Kinetic Study (p-benzoquinone).

Kinetics (for p-benzoquinone)
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Figure S8. Kinetic Study (p-benzoquinone).

For SPRIX ligand

SPRIX loadings of 5, 10, 15, 20 and 30 mol % were used. Aliquots were removed periodically (30
and 60 min) and analyzed by 1H NMR analysis after short column chromatography. (In this
reaction, the conversion of a substrate was exactly same as Yields.) To determine the initial rates,
each individual data point for a certain substrate was plotted in Microsoft Excel. The data was
plotted in terms of product yield (%) vs. time (min) to give rates in terms of mM / min. Under the

typical conditions, initial substrate concentration is 100 mM, therefore a product yield of 10 % is
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equivalent to 10 mM. Using the Excel, a standard linear regression with y-intercept set to zero was

performed on the plotted data.

Table S7. Time Cource for Kinetic Study (SPRIX ligand).

SPRIX
Concentration Yield (%) Yield (%) Yield (%) Yield (%) Initial Rate
Loading
(mol %) (mM) 0 30 60 90 (mmol / min)
5 0.005 0 17 30 - 0.0005
10 0.01 0 19 32 - 0.00053
15 0.015 0 14 26 36 0.00043
20 0.02 0 21 39 - 0.00065
30 0.03 0 22 37 - 0.00062
Time course (for SPRIX ligand)
60
S
< 30 O
g
>
[ ]
0
0 30 60 90
Time (min)
O5mol% @®10mol% @®15mol% ®20mol%  ®30 mol %

Figure S9. Time Cource for Kinetic Study (SPRIX Ligand).
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Kinetics (for SPRIX ligand)
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Figure S10. Kinetic Study (SPRIX Ligand)

For Substrate

Substrate loadings of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 M were used. Aliquots were removed
periodically (30, 60, 90 and 120 min) and analyzed by 'H NMR analysis after short column
chromatography. (In this reaction, the conversion of a substrate was exactly same as Yields.) To
determine the initial rates, each individual data point for a certain substrate was plotted in Microsoft
Excel. The data was plotted in terms of product yield (%) vs. time (min) to give rates in terms of
mM / min. Using the Excel, a standard linear regression with y-intercept set to zero was performed

on the plotted data.

Table S8. Time Cource for Kinetic Study (substrate).

Loading Yield (%) Yield (%) Yield (%) Yield (%) Yield (%) Initial Rate
™) 0 30 60 90 120 (mmol / min)
0.05 0 8 15 20 25 0.00021
0.1 0 14 26 36 43 0.00036
0.2 0 20 36 50 66 0.00054

0.3 0 30 55 77 96 0.00080
0.4 0 37 68 93 109 0.00091
0.5 0 35 64 89 113 0.00093
0.6 0 33 64 91 116 0.00097
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Time course (for substrate)
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Figure S11. Time Cource for Kinetic Study (substrate).

Kinetics (for substrate)
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Figure S12. Kinetic Study (substrate).

Hammet plot study

Aliquots were removed periodically (30, 60, 90 and 120 min) and analyzed by "H NMR analysis
after short column chromatography in each substrate. To determine the initial rates, each individual
data point for a certain substrate was plotted in Microsoft Excel. The data was plotted in terms of
product yield (%) vs. time (min) to give rates in terms of mM / min. Under the typical conditions,
initial substrate concentration is 100 mM, therefore a product yield of 10 % is equivalent to 10 mM.

Using the Excel, a standard linear regression with y-intercept set to zero was performed on the
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plotted data.

Table S9. Time Cource for Hammet Plot Study.

Yield Yield Yield Yield
Substituent o Initial Rate Ee(%)
(%) (%) (%) (%)
(mmol /
0 30 60 90 )
min)

MeO -0.268 0 15 29 42 0.000474 67
H 0 0 14 26 36 0.000414 76
F 0.062 0 11 21 31 0.000348 86
Cl 0.227 0 10 18 28 0.000310 88
Br 0.232 0 10 19 27 0.000307 85

Time course

g @ Br
. o Cl
=]
> F
oH
® MeO

Time (min)

Figure S13. Time Cource for Hammet Plot Study.
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Hammet plot (for initial reaction rate)
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Figure S14. Hammet Plot Study (/nitial reaction rate).
Hammet plot (for Ee)
100
Cl
Br
MeO
R2=0.871
—~ 60
E\i
)
=
40
20
0
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
o value

Figure S15. Hammet Plot Study (Enantioselectivity).
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X-ray crystallographic data for compound 97.

Experimental

Data Collection

A colorless block crystal of C19H»(O, having approximate dimensions of 0.200 x 0.164

x 0.092 mm was mounted on a glass fiber. All measurements were made on a Rigaku R-AXIS
RAPID 191R diffractometer using filtered Cu-Ka radiation.

The crystal-to-detector distance was 191.00 mm.

Cell constants and an orientation matrix for data collection corresponded to a primitive

monoclinic cell with dimensions:

a =  647282)A
b = 14.8866(3) A b = 107.677(8)°
c =  84I85(6)A

V = 772.89(7) A3

For Z = 2 and FW. = 280.37, the calculated density is 1.205 g/cm3. Based on the reflection
conditions of:

0kO: k=2n

packing considerations, a statistical analysis of intensity distribution, and the successful solution

and refinement of the structure, the space group was determined to be:

P2y (#4)

The data were collected at a temperature of -180 + 19C to a maximum 2q value of 136.49,

A total of 72 oscillation images were collected. A sweep of data was done using w scans from 80.0
to 260.0°0 in 20.0° step, at ¢=54.0° and f = 0.00. The exposure rate was 2.0 [sec./0]. A second
sweep was performed using w scans from 80.0 to 260.0° in 20.00 step, at ¢=54.0° and f = 60.00.

The exposure rate was 2.0 [sec./C]. Another sweep was performed using w scans from 80.0 to
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260.0° in 20.0° step, at ¢=54.0° and f= 120.0°. The exposure rate was 2.0 [sec./9]. Another sweep
was performed using w scans from 80.0 to 260.0° in 20.0° step, at ¢=54.0° and f = 180.0°. The
exposure rate was 2.0 [sec./9]. Another sweep was performed using w scans from 80.0 to 260.0° in
20.09 step, at ¢=54.00 and f = 240.00. The exposure rate was 2.0 [sec./C]. Another sweep was
performed using w scans from 80.0 to 260.0° in 20.0° step, at ¢=54.0° and f = 320.0°. The
exposure rate was 2.0 [sec./9]. Another sweep was performed using w scans from 80.0 to 260.0° in
20.09 step, at ¢=20.00 and f = 0.0°. The exposure rate was 2.0 [sec./9]. Another sweep was
performed using w scans from 80.0 to 260.0° in 20.0° step, at ¢=20.0° and f = 120.0°. The
exposure rate was 2.0 [sec./9]. The crystal-to-detector distance was 191.00 mm. Readout was

performed in the 0.100 mm pixel mode.

Data Reduction

Of the 15658 reflections that were collected, 2796 were unique (Ript = 0.0311);

equivalent reflections were merged.

The linear absorption coefficient, m, for Cu-Ka radiation is 6.037 cm-l. The data were

corrected for Lorentz and polarization effects.

Structure Solution and Refinement

The structure was solved by direct methods! and expanded using Fourier techniques. The

non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding

model. The final cycle of full-matrix least-squares refinement? on F2 was based on 2796 observed
reflections and 211 variable parameters and converged (largest parameter shift was 0.00 times its

esd) with unweighted and weighted agreement factors of:

R1 =S |[Fo| - [Fc|| /S [Fo| = 0.0337

WR2 =[S (w (Fo2 - Fc2)2 )/ S w(Fo2)211/2 = 0.1094

The standard deviation of an observation of unit weight3 was 1.00. A Sheldrick weighting
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scheme was used. Plots of S w (|Fo| - |Fc|)2 versus |Fo|, reflection order in data collection, sin ¢/l

and various classes of indices showed no unusual trends. The maximum and minimum peaks on

the final difference Fourier map corresponded to 0.78 and -0.55 e /A3, respectively. The absolute

structure was deduced based on Flack parameter, -0.0(3), refined using 1341 Friedel pairs.4
Neutral atom scattering factors were taken from Cromer and Waber>. Anomalous
dispersion effects were included in FcalcO; the values for Df and Df" were those of Creagh and

McAuley”. The values for the mass attenuation coefficients are those of Creagh and HubbellS. All

calculations were performed using the CrystalStmctureg’lo crystallographic software package.
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EXPERIMENTAL DETAILS
A. Crystal Data

Empirical Formula C19Hp00O2
Formula Weight 280.37
Crystal Color, Habit colorless, block
Crystal Dimensions 0.200 X 0.164 X 0.092 mm
Crystal System monoclinic
Lattice Type Primitive
Lattice Parameters a= 647282) A

b= 14.8866(3) A
c= 8.4185(6)A
b=107.677(8) ©

V =772.89(7) A3

Space Group P21 (#4)

Z value 2

Decalc 1.205 g/cm3
Fooo 300.00
m(CuKa) 6.037 cm-1
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B. Intensity Measurements

Diffractometer

Radiation

Voltage, Current

Temperature

Detector Aperture

Data Images

w oscillation Range (c=54.0, £=0.0)
Exposure Rate

w oscillation Range (c=54.0, {=60.0)
Exposure Rate

w oscillation Range (c=54.0, £=120.0)
Exposure Rate

w oscillation Range (c=54.0, f=180.0)
Exposure Rate

w oscillation Range (c=54.0, £=240.0)
Exposure Rate

w oscillation Range (c=54.0, £=320.0)
Exposure Rate

w oscillation Range (c=20.0, £=0.0)
Exposure Rate

w oscillation Range (c=20.0, f=120.0)

Exposure Rate

Detector Position

Pixel Size

2qmax
No. of Reflections Measured

Corrections

79

R-AXIS RAPID 191R
CuKa (1=1.54187 A)
45kV, 55mA
-180.0°C

783 x 382 mm
72 exposures
80.0 - 260.00
2.0 sec./0

80.0 - 260.00
2.0 sec./0

80.0 - 260.00
2.0 sec./0

80.0 - 260.00
2.0 sec./0

80.0 - 260.00
2.0 sec./0

80.0 - 260.00
2.0 sec./0

80.0 - 260.0°
2.0 sec./0

80.0 - 260.0°

2.0 sec./©
191.00 mm

0.100 mm

136.40

Total: 15658

Unique: 2796 (Rjnt = 0.0311)
Friedel pairs: 1341

Lorentz-polarization



C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

2qmax cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (I>2.00s(I))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 1341)
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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Direct Methods (SIR92)
Full-matrix least-squares on F2
S w (Fo? - Fc2)2
1/[0.0021F02+1.0000s(Fo2)]/(4F0?)
136.40

All non-hydrogen atoms

2796

211

13.25

0.0337

0.0354

0.1094

0.999

-0.0(3)

0.000

0.78 e7/A3

-0.55 e/A3



Table S10. Atomic coordinates and Biso/Beq

atom X y z Beq

01 1.3697(2) 0.9530(1) 0.4626(2) 2.49(3)
02 1.2575(2) 1.02022(8) 0.6563(2) 1.73(3)
Cl 1.2251(3) 0.9673(2) 0.5223(2) 1.70(4)
C2 1.0580(3) 1.0287(2) 0.7035(2) 1.52(4)
C3 0.8816(3) 1.0011(1) 0.5457(2) 1.36(3)
C4 0.9950(3) 0.9298(1) 0.4684(2) 1.57(4)
Cs 1.0453(3) 1.1230(1) 0.7676(3) 1.85(4)
C6 0.8343(3) 1.1329(2) 0.8120(3) 2.30(4)
C7 1.2426(4) 1.1430(2) 0.9162(3) 2.80(5)
C8 0.9000(3) 0.9195(1) 0.2793(2) 1.53(4)
C9 0.6861(3) 0.9453(2) 0.1977(2) 1.88(4)
C10 0.5997(4) 0.9337(2) 0.0265(3) 2.25(4)
Cl1 0.7211(3) 0.8975(2) -0.0656(2) 2.07(4)
Cl12 0.9344(3) 0.8708(2) 0.0143(3) 1.96(4)
C13 1.0206(3) 0.8806(2) 0.1853(2) 1.71(4)
Cl4 0.9935(3) 0.8381(1) 0.5537(2) 1.58(4)
Cl15 0.7945(3) 0.7965(2) 0.5362(2) 1.87(4)
Cl6 0.7847(4) 0.7152(2) 0.6142(3) 2.44(5)
Cl17 0.9715(4) 0.6739(2) 0.7106(3) 2.45(5)
C18 1.1705(4) 0.7139(2) 0.7276(3) 2.64(5)
C19 1.1817(3) 0.7952(2) 0.6491(2) 2.09(4)

Beq = 8/3 pz(Ull(aa”‘)2 + U22(bb*)2 + U33(cc"‘)2 + 2U12(aa*bb*)cos g + 2U13(aa*cc*)cos b +
2U»3(bb*cc*)cos a)

Table S11. Atomic coordinates and Bjgg involving hydrogen atoms

atom X y z Biso
H1 1.0620 0.9858 0.7927 1.85
H2 0.8345 1.0524 0.4726 1.65
H3 0.7585 0.9758 0.5731 1.60
H4 1.0420 1.1657 0.6782 223
H5 0.8232 1.1926 0.8517 2.89
H6 0.8355 1.0903 0.8980 2.89
H7 0.7123 1.1212 0.7158 2.92
H8 1.2331 1.2030 0.9549 3.34
H9 1.2471 1.1011 1.0039 3.33
HI10 1.3721 1.1370 0.8840 3.30
H11 0.6029 0.9708 0.2585 2.29
HI12 0.4567 0.9500 -0.0266 2.64
H13 0.6630 0.8915 -0.1805 2.44
H14 1.0170 0.8455 -0.0473 243
H15 1.1611 0.8612 0.2387 2.04
H16 0.6675 0.8237 0.4713 2.28
H17 0.6509 0.6883 0.6012 3.18
HI18 0.9647 0.6199 0.7643 3.06
H19 1.2977 0.6866 0.7915 3.02
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H20

1.3159

0.8210

Table 12. Anisotropic displacement parameters

atom
o1
02
C1
C2
C3
C4
C5
Co6
Cc7
C8
c9
C10
Cl1
Cl12
C13
Cl4
Cl15
Cl6
C17
C18
C19

Ull
0.0217(7)
0.0186(6)
0.0240(9)
0.0159(8)
0.0102(8)
0.0181(9)
0.022(1)
0.033(1)
0.038(2)
0.0199(9)
0.0224(9)
0.034(1)
0.035(1)
0.030(1)
0.0228(9)
0.025(1)
0.0230(9)
0.042(2)
0.051(2)
0.047(2)
0.028(1)

U22
0.0452(9)
0.0253(7)
0.0236(9)
0.0222(9)
0.0191(8)
0.023(1)
0.0216(9)
0.023(1)
0.029(1)
0.0189(9)
0.0278(9)
0.029(1)
0.026(1)
0.022(1)
0.0201(9)
0.0217(9)
0.026(1)
0.025(1)
0.021(1)
0.028(1)
0.028(1)

U33
0.0302(7)
0.0216(6)
0.0177(8)
0.0200(8)
0.0222(8)
0.0192(9)
0.0254(9)
0.035(1)

0.038(1)

0.0197(9)
0.0218(9)
0.0197(9)
0.0169(8)
0.0251(9)
0.0218(8)
0.0141(7)
0.0235(8)
0.035(1)

0.0244(9)
0.0213(9)
0.0224(8)

0.6593

Ul12
-0.0050(6)
-0.0019(5)
0.0003(7)
0.0020(7)
0.0001(6)
0.0022(7)
-0.0024(7)
0.0006(8)
0.0023(9)
-0.0010(7)
0.0007(8)
0.0007(8)
-0.0038(8)
-0.0001(8)
-0.0003(7)
0.0033(7)
0.0022(8)
-0.0041(9)
0.0041(9)
0.0140(9)
0.0029(8)

U13
0.0116(5)
0.0061(5)
0.0074(7)
0.0060(7)
0.0046(6)
0.0065(7)
0.0058(7)
0.0155(9)
0.0078(9)
0.0067(7)
0.0074(7)
0.0036(8)
0.0067(8)
0.0138(8)
0.0063(7)
0.0079(6)
0.0086(7)
0.0239(9)
0.0182(9)
0.0043(9)
0.0047(7)

2.47

U23
-0.0110(7)
-0.0046(5)
-0.0005(7)
0.0017(7)
-0.0007(7)
-0.0004(7)
0.0002(7)
-0.0054(8)
-0.0133(9)
0.0021(6)
-0.0005(8)
0.0019(7)
0.0008(7)
-0.0024(7)
0.0006(7)
-0.0023(7)
-0.0005(7)
-0.0022(8)
0.0004(8)
0.0042(8)
-0.0029(8)

The general temperature factor expression: <f:xp(—2p2(a”‘2U11h2 + b"‘2U22k2 + c”‘2U3312 +

2a*b*U12hk + 2a*c*U13hl + 2b*c*Up3kl))

Table S13. Bond lengths (A)

atom
0]
02
C2
C3
C4
C5
C8
C10
CI12
Cl4
Cl6
C18

atom
Cl
C2
C3
C4
Cl4
C7
C13
Cl1
C13
C19
C17
C19

distance
1.208(3)
1.467(3)
1.522(2)
1.543(3)
1.544(3)
1.521(3)
1.395(3)
1.370(3)
1.385(3)
1.394(3)
1.380(3)
1.390(3)
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atom atom
02 Cl
Cl C4
C2 C5
C4 C8
C5 Co6
C8 c9
C9 C10
Cll1 CI12
Cl4 C15
Cl15 Cl6
C17 C18

distance
1.34002)
1.524(3)
1.515(3)
1.531(3)
1.529(3)
1.399(3)
1.390(3)
1.397(3)
1.396(3)
1.388(3)
1.387(3)



Table S14. Bond lengths involving hydrogens (A)

atom
C2
C3
Co
C6
C7
Cc9
Cl1
C13
Cle
C18

Table S15. Bond angles (°)

atom
Cl
01
02
C3
Cl
Cl
C3
C2
Co
C4
C8
C10
C8
C4
C14
Clé6
Cl4

Table S16.Bond angles involving hydrogens (°)

atom
02
C5
C2
C4
C2
C7
Cs
HS5
H6
Cs
H8

atom
H1
H3
H5
H7
H9
H11
HI13
HI15
H17
HI19

atom
02
Cl
C2
C2
C4
C4
C4
(O8]
Cs
C8
C9
Cl1
C13
Cl4
C15
C17
C19

atom
C2
C2
C3
C3
(O8]
(O8]
C6
C6
C6
C7
Cc7

distance
0.98
0.97
0.96
0.96
0.96
0.93
0.93
0.93
0.93
0.93

atom

C2
C4
C3
Cs
C3
Cl4
C14
C6
C7
C13
C10
C12
C12
C19
Cle6
C18
C18

angle
110.67(13)
128.50(16)
103.25(14)
116.99(14)
99.78(13)
109.18(13)
109.96(15)
108.97(15)
111.69(17)
120.93(15)
120.11(19)
119.48(16)
121.01(16)
123.08(17)
120.68(16)
119.31(19)
120.68(18)

atom angle
H1 109.3
H1 108.8
H3 110.5
H3 111.3
H4 108.5
H4 108.8
H6 108.5
H6 109.4
H7 109.4
H9 109.1
H9 109.4
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atom
C3
C5
Co6
C7
C7
C10
Cl12
C15
C17
C19

atom
01
02
02
C2
Cl
C3
C8
C2
C4
Cc9
C9
Cl1
C4
CI15
CI15
C17

atom
C3
C2
C4
H2
C6
(O8]
(O8]
HS5
(O8]
(O8]
HS8

atom
H2
H4
Ho6
HS8
H10
H12
H14
H16
H18
H20

atom
C1
Cl1
C2
C3
C4
C4
C4
C5
C8
C8
C10
Cl12
Cl4
Cl4
Cl6
C18

atom
C2
C3
C3
C3
(O8]
Co6
Co6
Co6
C7
C7
C7

distance
0.97
0.98
0.96
0.96
0.96
0.93
0.93
0.93
0.93
0.93

atom
02
C4
C5
C4
C8
C8
Cl4
C7
C9
C13
Cl1
C13
C15
C19
C17
C19

atom
H1
H2
H2
H3
H4
HS5
H7
H7
H8
H10
H10

angle
120.69(15)
110.78(16)
108.87(15)
103.12(13)
113.19(16)
114.54(13)
109.76(13)
110.57(14)
120.56(17)
118.44(15)
121.08(17)
119.84(19)
118.63(15)
118.30(16)
120.6(2)
120.40(18)

angle
109.4
110.4
111.8
109.5
108.2
109.9
110

109.4
109.7
109.7
109.4



H9

C10
Cl1
Cl12
C13
C12
Cle
C17
C18
C19
C18

Cc7

c9

C10
Cl1
Cl12
C13
C15
Cl6
C17
C18
C19

H10
HI11
HI12
HI13
H14
HI5
Hl16
H17
HI18
HI19
H20

Table S17. Torsion Angles(©)

(Those having bond angles > 160 or < 20 degrees are excluded.)

atoml
Cl1
C2
o1
o1
02
02
02
C3
C2
C2
Cl
Cl1
C3
C3
C8
Cl4
C4
C13
c9
Cl1
C4
C19
C15
C17
C1
C2
0
02
02
02
C3
C5

atom2
02
02
Cl
Cl
Cl
C2
C2
C2
C3
C3
C4
C4
C4
C4
C4
C4
C8
C8
C10
C12
Cl4
Cl4
Clé6
C18
02
02
Cl
Cl
Cl
C2
C2
C2

109.4
120.3
119.3
120.1
120.3
119.7
119.9
119.7
120.1
119.4
119.9

atom3
C2
C1
C4
C4
C4
C3
C5
C5
C4
C4
C8
Cl4
C8
Cl4
Cl4
C8
C13
C9
Cl1
C13
C19
C15
C17
C19
C2
Cl
C4
C4
C4
C5
C5
C3
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C8

c9

C10
Cl1
C8

Cl4
CI15
Cl6
C17
Cl4

atom4
C3
o1
C3
Cl4
C8
C4
C7
C7
Cl
Cl4
C13
CI19
Cl13
C19
C19
Cl13
CI12
C10
Cl12
C8
CI18
Cleé
C18
Cl4
C5
C4
C8
C3
Cl4
Co6
Co6
C4

C9

C10
Cl1
Cl12
C13
C15
Cl6
C17
C18
C19

HI11
HI12
HI13
H14
HI15
Hle6
H17
HI18
HI19
H20

angle
-19.39(16)
178.88(14)
-158.70(17)
86.0(2)
145.24(13)
32.86(15)
-58.52(17)
-175.00(14)
-33.19(15)
81.48(15)
46.2(2)
-6.3(3)
159.67(14)
-114.87(16)
118.27(16)
-76.10(19)
179.63(14)
-1.4(3)
0.8(3)
-2.1(3)
177.92(15)
1.1(3)
-0.7(3)
0.7(3)
-144.37(12)
-2.73(17)
-36.5(3)
23.07(16)
-92.18(16)
178.36(10)
61.87(19)
152.39(15)

119.6
119.6
120.4
119.9
119.3
119.4
119.7
120.6
120.2
119.5



Table S18. Intramolecular contacts less than 3.60 A

Table S19. Intramolecular contacts less than 3.60 A involving hydrogens

atom
o1
02
02
02
C1
C1
Cl
C2
C2
C2
C2
C3
C3

C2
Cl
Cl
C3
C3
C8
C14
C4
c9
C8
C10
C4
CI15
C14
Clé6

atom
01
01
01
02
02
Cl
C2
C3
C3
C8
C9
C10
Cl4
Cl6

atom
H15
H2
H4
H10
H1
H3
HI15
H5
H7
H9
H20
Ho6
H11

C3
C4
C4
C4
C4
C4
C4
C8
C8
c9
Cl1
C14
C14
CI15
C17

atom
C2
C8
Cl4
C7
C19
C13
Cl4
C9
C19
C15
Cl4
C13
C17
C19

distance
2.387
2.747
2.613
2.527
2.799
3.179
2.786
3.312
2.655
2.679
3.587
3.344
2.58

C4
C8
C14
C8
C14
C14
C8
Cc9
C13
C10
Cl12
C15
C19
Cl6
C18

distance
3.455(3)
3.004(2)
3.252(3)
2.874(3)
3.384(3)
3.031(3)
3.081(3)
2.937(3)
3.592(3)
3.065(3)
3.444(3)
2.761(3)
2.803(3)
2.766(3)
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atom
01
02
02
02
Cl
Cl
Cl
C2
C2
C2
C3
C3
C3

C8
C9
C15
C9
C15
C15
C9
C10
Cl12
Cl1
C13
Cl16
C18
C17
C19

atom
H20
H3
H9
H20
H2
H4
H20
H6
H8
H10
H4
H7
H16

-154.39(13)
-136.82(15)
172.98(14)
-23.3(3)
64.46(17)
-62.4(2)
100.92(17)
-178.48(14)
2.6(3)
-0.3(3)
0.4(3)
-178.30(14)
-1.4(3)
0.0(3)
0.4(3)

atom
01
01
01
02
Cl
Cl
C3
C3
C8
c9
Cc9

C13

CI15

distance
2.66
3.16
3.184
2.989
2.744
3.578
2.45
2.651
3.323
2.677
2.76
2.72
2.96



C4
C4
C4
Cs
C6
C6
Co
Cc7
C7
C8
C8
Cc9
C9
C9
Cl1
C12
C13
C14
Cl4
Cl4
CI15
CI15
Clé6
C17

Table S20. Intramolecular contacts less than 3.60 A involving hydrogens (continued)

atom
C19
C19
H1
H1
H1
H1
H1
H2
H2
H3
H3
H3
H4
H4
H4
HS
H6
H6
H7
HI11
H13

H1
HI15
H20
H3
H2
H8
HI10
H5
H7
H3
H14
H2
HI13
HI16
HI11
HI12
HI13
H2
HI11
H17
H3
HI18
HI19
H20

atom
H1
Hl16
H2
H4
H6
HS8
HI10
H4
HI11
H4
H7
H16
H6
HS8
H10
H9
HS8
H10
H9
Hl16
H14

2.76

2.684
2.737
3.014
3.099
2.705
3.348
2.705
3.349
3.006
3.258
2.734
3.243
2.96

3.239
3.229
3.247
3.358
3.558
3.255
2.706
3.245
3.229
3.246

distance
3.269
3.236
2.829
2.835
2.479
3.553
2.958
2.496
2.309
3.339
2.536
2.43
2.823
2.348
2.345
2.981
2.987
3.58
3.585
2.78
2.327

C4
C4
Cs
Co
C6
C6
Cc7
Cc7
C8
C8
C8
Cc9
C9
C10
Cl1
C13
Cl4
C14
Cl4
Cl4
CI15
CI15
C17
C18

atom
C19
C19
H1
H1
H1
H1
H1
H2
H2
H3
H3
H4
H4
H4
HS5
HS5
H6
H7
H11
H12
H14

HI1
Hle6
H2
H1
H3
H9
H1
Hé6
H2
HI2
H16
H3
H15
H14
HI15
HI1
H1
H3
HI15
HI19
HI1
H20
Hl16
H17

atom
HI15
HI18
H3
HS5
H7
H9
H20
H7
H16
H6
H11
HS5
H7
H9
H8
H10
H9
H8
H12
HI13
HI15

2.686
2.65

2.66

2.671
3.025
2.711
2.68

2.709
2.676
3.253
2.897
3.084
3.24

3.228
3.246
3.242
2.922
2.587
3.174
3.253
3.461
3.236
3.24

3.227

distance
3.555
3.248
2.257
3.546
2.951
2.5
3.332
2.617
3.571
3.132
2.532
2.357
2.345
2.827
2.533
3.577
2.545
3.575
2.318
2.296
2.315



HI15
H17
HI19

Table S21. Intermolecular contacts less than 3.60 A

atom atom
0Ol C3!
0Ol C15!
C3 o1’
C10 024
Symmetry Operators:
(1) X+1,Y,Z
3) X-1,Y.Z

H20
HI18
H20

3.427
2314
231

distance
3.252(2)
3.512(3)
3.252(2)
3.476(2)

Hl16
HI18

2) X+1,Y,Z+1
4 X-1,Y,Z-1

atom
Ol

02
C9
C15

H17
HI19

atom
Cc9!
C10?
013
013

Table S22. Intermolecular contacts less than 3.60 A involving hydrogens.

atom
01
01
01
01
02
02
02
Cl
C2
C3
C4
Co
C7
Cc7
Cc9
C10
C10
C10
Cl11
Cl11

atom
H2!

H7!

H13?
H173
H3!

H12?
H173
H13?
H12?
H134
H18?
H153
H12?
H19’
H18?
HI®

H8!0
H108
HI°

H6’

distance
3.331
3.585
3.163
3.54
3.581
2.791
3.477
3.356
3.104
3.458
3.496
3.427
3.162
3.299
3.396
3.526
3.589
3421
3.102
3.003
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atom
01
01
01
01
02
02
C1
Cl1
C2
C3
Co
C6
C7
C8
C9
C10
C10
C10
Cl1
Cl11

atom
H3!

HI1!
H16!
H18?
H7!

H13?
H3!

H18?
H14*
H18?
H10°
H18°
H18°
H18?
H19°
H6’

H9®

H208
H3’

H&!0

2311
232

distance
3.457(3)
3.476(2)
3.457(3)
3.512(3)

distance
2.427
2.622
2.709
3.463
3.206
3.203
3.35
3.27
3.5
3.536
3.228
341
3.368
3.161
3.594
3.152
3.346
3.506
3.335
3.028



Cl1
C12
Cl12
C13
C13
Cl4
CI15
CI15
Cle
Cle
C17
C17
C17
C18
C18
C18
C19

H203
H510
HS!0
H510
H183
H144
H134
H20°
H134
H20°
H410
He!!

HO!!

H210
H5!!

H17!
H13?

3.139
3.114
2.765
3.024
3.585
3.317
3.105
3.571
3.364
3.54

3.251
3.386
3.319
2.931
3.544
3.599
3.333

Cl12
Cl12
C13
C13
Cl4
C15
C15
Cl16
Cl6
C17
C17
C17
C17
C18
C18
C19
C19

H1°

H6?

H4'0
H810
H410
H410
H144
H4'0
H14*
H210
H511
H8!!
H144
H4'0
H144
H4'0
H144

Intermolecular contacts less than 3.60 A involving hydrogens (continued)

atom
C19

HI1
HI
HI
H2
H2
H3
H3
H3
H4
H4
H4
H4
H4
H5
H5
H5
H5
H6

atom
H17!

C11#
H122
H144
C173
H18?
o1’

cr

H134
C143
C16°
C18’
H153
H173
C133
C18¢
H143
H18¢
c1o*

distance
3.558

3.102
2.601
2.55

2.899
2.873
2.427
3.35

2.653
3.191
3.089
3.35

3.353
3.527
3.024
3.544
2.816
3.287
3.152

88

atom

HI1
HI1
HI1
H2
H2
H2
H3
H3
H4
H4
H4
H4
H4
H5
H5
H5
H5
H5
H6

atom
Cc10?
c12¢
H134
or’

Cc18’
H193
02’

Cc11#
C13?
C15°
C17?
C19?
H16°
C12?
C17¢
H10°
H153
H19¢
Cc11#

2.834
3.416
3.464
3.146
3.191
3.055
3.44

3.089
3.397
2.899
3.527
3.484
3.225
3.35

3.091
3314
3.144

distance
3.526

2.834
3.008
3.331
2.931
2.917
3.581
3.335
3.464
3.055
3.251
3.314
3.478
3.114
3.527
3.125
2.634
3.327
3.003



Heé
Heé
H6
H6
H7
H7
H8
H8
H8
H8
H8
H8
H9
H9
H9
H10
H10
H10

C124
H10°
H134
H19¢
023

H134
C10°3
C123
C17¢
H143
H17¢
H197
C17¢
H122
H18¢
Ce!

H5!

H7!

3.416
3.046
3.162
3.316
3.206
3.567
3.589
2.765
3.484
2914
3.588
3.147
3.319
2.68

2.718
3.228
3.125
2.967

He6
He6
H6
H7
H7
H7
HS8
HS8
HS8
HS8
HS8
H9
H9
H9
H9
H10
H10
H10

C17¢
H124
H18°
o1’
H10°
H17!2
C113
C133
H133
H153
H18°
C10?
H11?
H17°
H19’
C10?
H6!
H12?

Intermolecular contacts less than 3.60 A involving hydrogens (continued)

atom
H10
HI11
HI11
H12
H12
H12
H12
H13
H13
HI13
H13
H13
H13
H13
H13
H14
H14
H14

atom
H19’

H98
H193
Cc28
HI®
H98
H14°
o18
Cc1®
C15°
C198
H3°
H7°
H16°
H208
C14°
Cl1e6’
C18°

distance
3.005
3.265
3.328
3.104
2.601
2.68
3.201
3.163
3.356
3.105
3.333
2.653
3.567
3.108
2.475
3.317
3.397
3.091

&9

atom
HI1

HI11
H12
H12
H12
H12
H12
H13
H13
HI13
HI13
HI13
HI13
HI13
H14
H14
H14
H14

atom
o1’
HI5°
028
Cc7
H6°
H108
H208
028
C3°
C16°
HIY
H6®
H8!0
H17°
Cc2°
C15°
C17°
C19°

3.386
3.424
2.777
3.585
2.967
3.136
3.028
3.146
3.34

3.491
3.255
3.346
3.265
3.44

3.191
3421
3.046
2.893

distance
2.622

3.252
2.791
3.162
3.424
2.893
3.169
3.203
3.458
3.364
3.008
3.162
3.34
3.528
3.5
3.44
3.225
3.144



H14 H1° 2.55 H14 H510 2.816

H14 H8!0 2914 H14 HI2! 3.201
H14 H19° 3.498 H14 H20° 3.588
HI15 Ce6'? 3.427 HI15 H410 3.353
HI5 H510 2.634 HI15 H3!° 3.491
HI15 HIT! 3.252 HI15 HI6! 3.315
Hl16 o1’ 2.709 Hle6 H410 3.478
HI16 H134 3.108 H16 HI5° 3.315
Hl16 H20° 3.142 H17 o1 3.54

H17 0210 3.477 H17 C18° 3.599
H17 C19° 3.558 H17 H4'0 3.527
H17 H71 3.136 H17 H8! 3.588
H17 HO! 3.44 H17 H134 3.528
H17 H19° 3.165 H17 H20° 3.08

HI18 o1 3.463 H18 C110 3.27

HI18 C310 3.536 HI18 C410 3.496
HI18 Ce'! 341 H18 Cc7! 3.368
HI18 C8l!o 3.161 HI18 910 3.396
HI18 C1310 3.585 H18 H2'0 2.873

Intermolecular contacts less than 3.60 A involving hydrogens (continued)

atom atom distance atom atom distance
H18 H5M 3.287 H18 He6!! 2.777
H18 H8! 3.255 H18 H9!! 2.718
H19 Cc74 3.299 H19 Cco'0 3.594
H19 H21'0 2917 H19 H5!! 3.327
H19 Ho6! 3.316 H19 H8“ 3.147
H19 H9' 3.191 H19 H10™ 3.005
H19 H11'0 3.328 H19 H14* 3.498
H19 H17! 3.165 H20 C10? 3.506
H20 C11? 3.139 H20 C15! 3.571
H20 Cle! 3.54 H20 H122 3.169
H20 H13? 2.475 H20 H14* 3.588
H20 H16! 3.142 H20 H17! 3.08
Symmetry Operators:
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(M
3)
®)
(M
©
(11)
(13)

X+1,Y,Z
X42,Y+1/2,-Z+1
X-1,Y,Z
X+3.Y+1/2,-7+2
X.Y,Z-1

-X+2,Y+1/2-1,-Z+2
-X+1,Y+1/2-1,-Z+1

Q) X+1,Y,Z+1

@) X.Y,Z+1

6) -X+2,Y+1/2,-Z+2

(8) X-1,Y,Z-1

(10) -X+2,Y+1/2-1,-Z+1
(12) -X+1,Y+1/2,-Z+1

(14) -X+3,Y+1/2-1,-Z+2
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[1]

%?ﬁﬂ’&
v Il
2

¥V Mn I K 5 2-F 7 NV OBILIRED v 7Y U T RIGOR%

T

ERERAEN LD 2-T 7 b= VDL AT RED » 7'V T RIS

JEEATEYEZY BINOL 8 ERIIAF & AIZ B\ TRIA

CHNBRTWA RAEBRRL T T 5 D, & 51T BINOL OO on OO oo

102 [Tk &% 72 RN S A %72 BINAP 46 %5 O A7 HD OH PPh,
LR, U VBT AT WITRE SN D REABE il OO OO
BC RN EW DT X A 7=, BINOL DARF LK B 102 46
HITEDOOTHETH D, ZiE TIZ BINOL Ofilij (R)-BINOL (R)-BINAP
BIRFARITLE < DIFZEEIZ L > THRAICHIZEES TV Y,

BINOL #HEAK DY H TDORFEMIL 1978 4F. Wynberg 512 & » TILFEEWRED
Cu(NO3)2-3H,0 & (S)-phenylethylamine Z W CTER SN TS Y, LLZOKIGICE»
T HAL5 BINOL O =7 FAMPEIRITDT ) 3% ee Th D EMRIRIN L IXE 272 H
72 (Scheme 3-1), 1983 4, Brussee o |%(S)-phenylethylamine % 2-7 7 F—/LIZxf LT 8
VEAWVWDZ EICL Y AFIEE 96% ee ICFE THELTWD Y, L LARNGLEBSEK
OF Z V&2 RKIBRIZHW TV DT, RERFEIE SN TV (Scheme 3-2),

Scheme 3-1. First Asymmetric BINOL Synthesis.
CU(NO3)2'3H20 (1 .0 equiv)

(S)-Phenylethylamine (1.0 equiv) 102
OH T 63%,3%ee

MeOH, 20 °C
103

Scheme 3-2. First Example of Asymmetric BINOL Synthesis with High Enantioselectivity.

Cu(NO3),-3H,0 (2.0 equiv)

103 (S)-Phenylethylamine (8.0 equiv)‘ 102

MeOH, 20 °C 98%, 96% ee

BINOL DA # A RkiE 1992 4E Kocovsky 512 & » TER SN TWS 9, 10 mol %D
CuCl,, 20 mol % (-)-sparteine M ONEE{LAI & LT 1.1 M &ED AgCl % T ALFILEER 70%.,
AREULE 3% ee T BINOL BFHILTND, Lo LR BARIRE L TARFIEMEN - 72

(Scheme 3-3),

Scheme 3-3. First Example of Enantioselective BINOL Synthesis.

CuCl, (10 mol %)
—)-sparteine (20 mol %
103 (=)-sp ( 0) q 102
AgCl (1.1 equiv) 70%, 3% ee
MeOH, 20 °C, 72 h
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i F AR H O E AR 72 BINOL #5 8RO AR F Gk, 1999 4FHE &
LoTERENTVWD Y, HHIIFTIART o) UnbFHINLVT /%‘:T%ﬁﬂﬂ%
IZHWWT Cu(EEERIZ L D 2-F 7 b — LSRR LA 22 i) R~ 77 ) o 7 ROSIC
AR L Cv % (Scheme 3-4), 3-fMICZ AT NVEBELZHTAHIEE 27 »Olimnw=o ) o F
TBERPEDEB S AL, Fer 78% ee T(S)-BINOL 755 (K 28 M E 5N T 5, & 5T Cu DR
bl E LT rROBEHRZRHWTWD T, BREAMMD/NSS 7Y =V RIS ENWZ D,

Scheme 3-4. Enantioselective Homo-Coupling of 2-Naphthol Derivative Catalyzed by Chiral Cu

Complex.
Q‘;\rph CO,Me
e (I
CO,Me (10 mol %) OH
CuCl (10 mol %) oH
OH DCM, rt, 24 h, O, OO
CO,Me
27 28
85%, 78% ee
2001 #121% Kozlowski 1% 1,5-diaza-cis-decaline 104 % B+ & 95 H
CuDBEIR & BI%E L. M 27 2 T ARFILES 93% ce 12 F Tl |- & 2?17
(S.S)

HTUW5® (Scheme 1-12), LML NG, 2-F 7 b—/L®D 3T A H 108
TNIEER- R WHRE CEAFFEFBA S LTy, Zokoic  15diaza-cisdecaline
SEEMHEP R 5% B OO, BINOL 58RO AN SRR ERHEIT L LTHF I 1
Cu filifiz L > CB SN CT&E 7=,

—7J7. 2000 %£F H 513 7 /L Ru(salan)fflifis 105 2 FV T, S84 FicBW T, 64
\Z Br 55 &R0 2-F 7 b —/LEHEIK 106 DR LHIARFRED v 7V v VRIS ThE 11% ee
DARFFEEZER L TWD P (Scheme 3-5), Afilix, 2-F7 h—1 D 3L AT L&
B AW IEL L7 9 1T, AR L7z Cu iR & 13 B b,

Scheme 3-5. Enantioselective Homo-Coupling of 2-Naphthol Derivative Using Ru(salan)

g

NNON

Complex.

Ph Ph
— RO®
Br O 105D o
(2 mol %) OH
o 99
Br

106 Toluene, hv, 25 °C, air

<Q@>°”°Ck§

107
30%, 71% ee

93



Cu=° Ru OffLIZ | 2001 41T Chen'® & & Uang!'9 5 13ENZE VML LT, 2-F7 7 h—/b
FBERDOARZ T~ 7V o TRONMIAN AT 3 F U0 AIV)EER 108 ZHE L T\ 5

(Figure 3-1), 77t R&T 2 VL VOSOs LA E 15 108 13 3,6,7 ALl E fLtk %
B B x 72 BINOL i85 K &2 hRE D= F o F A RIRME (up to 68% ee) THZ 5, L
L2278 S FEPE M < . RS T £ TIZ 2~15 BB A2 5 &) A2 TV
%, Uang 51% TMSCI O X 9 7o /b A ZAFEORM 1o o iz 7 L v 27 v REREL %28
A LT 109 Z# V5 Z & T o FABRM A UGEL D, RFIEE 73% ee ICET
M EXETW5, 5T Chen 5%, N-ketopinidene-o-amino acid 2> HFFE I N5 /3 F T
LAV 110 ZB% L, AFICE L B 87% ee ICFE Tl LTV 5 100

R? R’
2 1
Rs 3 R Vanadium 3 OO
catalyst R OH
37 R3 OH
R2 OO R1

R OH

Vanadium catalyst

\

[E O \\ O
O/ \\\O
110
up to 68% ee up to 73% ee up to 87% ee
Chen and Uang (2001) Uang (2003) Chen (2002)

Figure 3-1. Various Vanadium Catalysts for Oxidative Coupling Reaction of 2-Naphthol

Derivatives.
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2001 4F, Gong HIEL DD/ F VT AR BRI TG SN2 AN T U0 A(V)EE
BB 2-F 7 b= AFHEEROREFRED v 7V VI RIGICAZ TH D L LT 5 12
(Scheme 3-6), 0°CEERFEHHK[ T TH v 7V U IRISHHEITL, Hm 97% ee & MV
Y FABRRNET 3,6,7 FLITH~ IpiE L 2474 5 BINOL #8562 52 %,

Scheme 3-6. Enantioselective Homo-Coupling of 2-Naphthol Derivative Promoted by Gong’s
Catalyst.

R? R!
Gong's catalyst 111 (5 mol %) OO o
R? R!
CCl, 0°C, O, R3 OH
3 up to 99% R OH
R OH up to 97% ee O‘ o
R? R!

Gong's catalyst 111

ZEH DIFZE=E T H Scheme 3-7 Tos L7-, [ EIGMALEERE ] (LS AT YT A(V)
i (Ro,S,S)-112 Z PR LTV D By ARAMIIFE—72FNO 2D RF V0 A @nEil
F2-T 7 M= EIGHAL L, TR A Y 7Y RIS EREL T, mItR, =T
A BRI B 9 O (S)-BINOL 58K % 5 2. % Fl 21X, 2-F 7 b —/VHH% HE L L TDCM
WP CROG &5 &, ERMICESE 97 % ee T(S)-BINOL #FE K% 5 2 5, Aflii3iE
PER E < ZEREAR T CTHRISHHEITT 5 (Scheme 3-8) . ARITIE AR DAL E
TINETRED v 7V o T RISNREETH - 788 113~116 DIZBWTHEWZ T F
AN Z RS 5 (Figure 3-2) 1Y,

Scheme 3-7. A Model of Dual Activation Catalysis.

A&f
R
N 0O S
N o yR
R o//\//\o 7 O
S (RaSSH112 (6 mol %) o -
/QQ g HO
HO & -10 °C-rt, Air % o S
\ / \
"N \ \ R

_7 O Up to 97% ee
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Scheme 3-8. Enantioselective Homo-Coupling of 2-Naphthol Derivative Catalyzed by
(R4,S,S)-112.

R? R!
(R2,S,S)-112 (5 mol %)
S IO
DCM, 0 °C, air R OH
R3 OH up to 100% R OO oH
up to 97% ee
R2 R

(R,,S,S)-112

o, o, o L,

OO o gg * C

113 114 115 116
up to 85% ee up to 93% ee up to 68% ee up to 75% ee

Figure 3-2. Chiral Polycyclic Biphenol Derivatives.
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WD TLREEMEOBLE D, KB v 7V o ZRISIZBWT S L0 2l TR 47 4 i fil i
WD RISOBRRBEPER I TW5H, 2009 47 H Hi%, Fe-Salan filtfi 117 Z T, 2-
T 7 b= VIHBEROBCHIARE T v 7V T RUGIZEB O TR 97% ee DWW T T4
BRI 2 2R L CUN D 149 (Scheme 3-9) , Z2Aili TR 72 Fe il 2 T H H 0D, %
HARBETE PR 2 AR SH D ITIX 60 °C I E CHIRT 2 M BN H o 70, AT e 2
HoOREELEY Lo~T oy 7Y RIS IR STV 5 149 (Scheme 3-10), F&1HY
PEE N2 D “RHD 2-F 7 b= VEDO~T ah v Y v TG R AR L, C3,
C3’ KU CONrlcfiix OEHEL A & OIF M CL PR E T 7 b — VIO EE 26 ik
ZHESL L TN 5D,

Scheme 3-9. Enantioselective Oxidative Homo-Coupling of 2-Naphthols Catalyzed by Fe-Salan
Complex 117.

R? R H L H
e L
R? R! Fe-(salan) 117 (4 mol %) R3 P
ROH Toluene, 60 °C, air R

Ph 1t Ph
N
up to 94% R2 O‘ R .' OQ

up to 97% ee

Fe-(salan) 117 —

Scheme 3-10. Enantioselective Oxidative Hetero-Coupling of 2-Naphthols Catalyzed by Fe-Salan

Complex.

R1

) (I

. Fe-(salan) 117 (4 mol %) OH

OH .
Toluene, 60 °C, air
R? R3 up to 95% ee R? R®

R': Electron donating group
R?: Electron withdrawing group or H
R3: H or electron withdrawing group (or less donation) group

Z DX D ITHEFIEME BINOL 58K A 5.2 5 2-F 7 h— /VHOBVHIARE I » 7V
JROSE, 70 Cu, Ru, V O Fe filfiic k- CEREN TV 5,
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HIH % TV Mn fREEC K D AFIALEUS O EE B

Mn(II)DERAL 135 < | FEHERRLE TCENIT+1.51 THDH 9, Tz Mn 1 ZELES
RV CTHIBRE EME 2R L, 21V E Tk & e REFBRLEOS A% ST 5 19 (Figure
3-3), Mn-Salen $£{& 118 % H\ 2 =R F IALIGIE, TEF7e G CARPRIA & L CEHE
RERFHA REBWNHFEMECTEZ S, icbA L7 40700 VAl R P
DERALEOG, ANVT 4 ROANVRFY MEFLRESN TR, WINORISIZE N TS
VTS T AIRPENER STV D,

Figure 3-3. Enantioselective Oxidations Catalyzed by Mn-Salen Complex.

—~
,NMﬁ[\J,
R CO P(r? QQ R
O~ A0
R Mn-Salen R

complex 118

Ar
Ar g
Ar s —— \4 Ar s — \4N
o Ts
up to >99% ee up to 94% ee
Ar: Ar<_ -
N e L
OH o
up to 90% ee up to 94% ee

R U7z X 902 Mn il KX 5 RFBRALRIC BN T, C-0 721 C-N fE AT AR IE
SHEBENDH D HOD, C-CRERGRINER BTV, T <. @ff S I Scheme
3-11 TREND LI, 2-F77 b= OEBLRIFRED v 7V 7% Mn iz > T
ERLTHWDEH00, AKGTHEOND BINOL (Z7 I8 THD 1, £Z CTEHIL Mn
I X D = FAEIREY e C-CREATEMBUS Z BT 5 << &7 /L Mn iz L %
2-F 7 h—VORBLIIARE S » 7V U T RIEORRBICET L,

Scheme 3-11. Mn catalyzed Homo-Coupling Reaction of 2-Naphthol.

Mn(acac), (5 mol %)

103 CHCl, 50 °C, air 102

86%
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B X7 MnfIC XD 277 N OBERIRE D » 7Y VT RGO
B8 RIGEEO R

2-F 7 h—/LIZ 10 mol % Mn(acac),*2H,0 & £k % 725 7 VENL 170> B S2 IS TR %2 3/

il 25°C @ DCE B, BEEAPHA T C 5 BEMH#R L7z (Table 3-1), B{LAYSIC2
JE72 SPRIX BN+ 48 Z W T ST E T, < O HITIEHIZR 6o 728 D

D, 28D T I BN 1192 Z AWV TZBRICUNER 78%., AR 12% ee THEEMNE S
Nic, £, BEAALIFZY U UENLA 123 Z WD EBEER 43%IEK T L7z 0D, RF
IR 9% ee TG LT MIZ b4 2 X T NENLF 2B LT OO, 21D 119a
K23 OF —# % ElED & O )5 T,

Table 3-1. Ligand Screening.

Mn(acac), - 2H,0 (10 mol %)
Chiral Ligand (10 mol %)

103 102
DCE, 25°C,5h
O g
AL F o)
S L “NHHN" TsHN  NHTs N | = N i-Pr
MeHN  NHMe = _N i-Pr |EPr
119a 120 121 77
78%, 12% ee 68%, rac trace trace complex mixture trace

H
fo) :; (0] O O (0]
N R O
Phs&j/©\(\g Ph NH NH ‘é—q E,}_’(OH E,\}_’(OMe NN
- H,N  OH H H H H
PPh, PPh,
123 124 125 126 127 128
43%, 9% ee no reaction 24%, rac trace no reaction 32%, —
g ‘ i
SO \N)\\Ph
OH OH OH OH NHTs
129 130 131 Ph 132
42%, rac 56%, rac 25%, 5% ee 31%, rac
Ph  Ph
Ph Ph =N N=
NH NH Bu—C%OHHO%Dﬂ-Bu
OHHO OH OH =N N=
R
133 134 135
trace 25%, rac no reaction
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R IEIEVE 2 7R LT % T OVEAL - 119a & 123 1I2DOW T, ENENSHELLOER o 1E % RO
Atz et L7z (Table 3-2), =) > F A BRMEOM EAHIFE L T 119a DEFR EOEHREL
R ERF Uiz, Bn 2G5 77 I VB 119b 2 W86 Cldem T o F A8k
DUEITA ST RS 42%ITME T L, BE#EEZ i-PriZZ8 8 L7z 119¢ TIE S H IR
PMETL, BSOS 102 7 Ik TH o7z, 2D X H1Z, N _EOEBRILO IR
FERARZWIEE, WL F U FABRENME T L2 D, B S RREEIC X
ST, VT I UENLAD Mo IZF L— REAL LIZK K oo Tt Bz, £2
T N FFICERRIEL A R 22 WOENL - 119d 25 L2 b 00, EHERIREMNSE v,
WIZ, BERA IEZV ) VENF 123 O ERICAREBENB SN -2 L2200 T, VY
VH—H Y D UNIE 2T SR 136 M OY PyBox BCAZ 1 137 AR Lo, T ORERE,
fRBEEIEME T L, B EOAERMZ2 52 5D0HTH -7z, WICE Y D UEMLE A I 4
U VERL & AT B IERFR e T VBT 138 Z Rt Lo & 2 A, IR 44% CTERM NG S
N bDODOFHI BINOL I 7 IR ThH -T2,

Table 3-2. Ligand Screening.

Mn(acac), - 2H,0 (10 mol %)

103 Chiral Ligand (10 mol %) 102
DCE, 25°C,5h
MeHN NHMe BnHN NHBn i-PrHN NHi-Pr HoN NH,
119a 119b 119¢ 119d
78%, 12% ee 42%, 11% ee 29%, rac complex mixture
55%, 5% ee
(with MS3A)

H H H [ ) H B ) H
Pheq ] MNooph PN T NN e Oy N © N
ol ol I \ .
Y N{ =R N\Z S»N \) N
PhH Ph PH

Ph Ph Ph Ph
123 136 137 138
43%, 9% ee trace no reaction 44%, rac
39%, 17% ee
(using Mn(acac),)
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AL IHF VY UENLA 123 IZIARAFHEEZ R LB OO, TLC TG ZIBHF L7 /5 %,
BRI 102 USAD ARy bbbz, TRLODAR Yy FOEZB=rb R TR
BENTZ LD, EHRE NS ORIERMNERT T2 E0RM FHEO LD THD &
Bz T, & ZCEANL DR ENEE Scheme 3-12 T/R$ 5L THERR L7=, 123 @ DCE &RIC
1 % & Mn(acac) 2H,0 Z N2 BEFE RS T 0 °C OV 25 °C C 5 Refil e S 70, IT,
Mn 2 HEN 2 ST 572012, FL— e LTEHAIND EDTA EKEMAT 1
i S8z, 2ok, AEEEZME L, TLC 28 L, TORE, 25 °C THE#L
7o R TR 123 (ZIREERITHE SN, BN FHOREBZ OGN D ARy BN O
B &z, —J7.0°C T LEZSEAIT 123 D AR Y hORBHISHTZ, ZOFEND,
EAA XYY UEMLFIE, 25 °C Tl BB O5R Mn(I)IZ K - TRk S 47z ArRek
Wb, FAREMEL LT, A XXV U ENBNA I XY —MCEE SN2 b o0, HERN
b SNTorREE L E X BN D, T, LIS SUSSKREOBRFNTIE, REROFET 25°C
DRRIZEZE T D Z & s k7B 119a 2 L7,

Scheme 3-12. Stability of Ligand 123.

1. Mn(acac), 2H,0 (1.0 equiv)
DCE, 25 or 0 °C, 5 h, O, (1 atm) TLC check
123 25 °C; Some spots were observed.

2. EDTA,'water, Th 0 °C; Only a spot of 123 was ovserved.
3. extraction
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BN 1192 & AW 258 OBIED A 7 V) — =0 7 Of R % Table 3-3 12773, DCE KT}
Toluene % FWZBRICARFHBENEH S, ZNENARFIE 12% ee, 14% ee THRID
BINOL 102 733 5 417- (Entries 1 and 2), MeCN, DMA K& T8 MeOH ¥ CII UG HEN
HELLIETFL, Bon=Agmt 7t I{KTH -7 (Entries 3, 4 and 5), EANLFZ2INZT
Ny 7 70 RIOGHHETT T 2 0GR L7ofE R, 25 °C TN ITHEIT Le o 7

(Entry 6),

Table 3-3. Screening of Solvents.

Mn(acac),-2H,0 (10 mol %)
119a (10 mol %)

103 102
Solvent, 25 °C, O,, 5h
Entry Solvent Yield (%)? Ee (%)°

1 DCE 78 12

2 Toluene 69 14

3 MeCN 25 rac

4 DMA 22 rac

5 MeOH 20 rac
6° DCE 0 -
74 DCE 62 -

4 Isolate yield. ® Determined by HPLC analysis. ¢ Without chiral ligand. ¢ At 50 °C.

RIZ Mn HEDFRFET 21T > 7= (Table 3-4), Mn(acac),:2H,0 #H W 2FE, @SHEE R LT
(Entry 1), Mn(OAc),*4H,0 (Entry 2) . MnCl,-4H,0 (Entry 3) . MnBr, (Entry 4) . Mnl, (entry
5) ZHWIZEE, BOSPEITE LR T LGN AERBE 7 IR Tho T,

Table 3-4. Screening of Mn Salts.

Mn source (10 mol %)
119a (10 mol %)

103 102
DCE, 25 °C, O,, 5h
Entry Mn Source Yield (%) Ee (%)°
1 Mn(acac),-2H,O 78 12
2 Mn(OAc)-4H,O trace -
3 MnCl,*4H,0 trace -
4 MnBr; trace -
5 Mnl 23 rac

@ Jsolate yield. ® Determined by HPLC analysis.
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% Z T Mn(acac)," 2H,O & F T VB D ez 5 L7= (Table 3-5), 119a % Mn(acac),*
2H0 & U< 10 mol %AV 72 IRFIZ 78%. 12% ee THRKM 102 2345 5417 (Entry 1), 119a
DEMEZEIERL LTz L 2 A, 20 mol % TITUNER 55%IC (Entry 2) . 30 mol % Tl& 42% (Entry
3) .50 mol % Tl 19%IZ F TPEEAME T L7z (Entry 4) . 241D DOFERH 5 119a % Mn(acac),
Q2H0 2 LTI EEAWHAERTIITES LT Mn-119a ® 1 %F 1 OFEEIFAE L 119a
ARREIEA D & ARROSCH UTRIGHECTH 5. Mn 13 LT 119a AEEERNL L 7= 514K
DEIEREIM U720, WEPMETFLZEEZEZ TS,

Table 3-5. Effects of Mn-119a ratio.

Mn(acac), -2H50 (10 mol %)
119a (X mol %)
103 » 102
DCE, 25°C,0,,5h

Entry 119a (mol %) Yield? (%) Eeb (%)
1 10 78 12
2 20 55
3 30 42
4 50 19 4

4 Jsolate yield. ® Determined by HPLC analysis.
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5T kR S AT D FA A

REEROHESE L X BMEEHT L2 T2, RRIEEEEZHA O CHESEZRRAT
(Scheme 3-14), Biw#t L LT MeOH, DCE, DMF, Toluene, EtOAc, &R &~ L T Hexane,
EtO, MeCN Z R LIRFT L 72 & O O HFE IS S o Tz,

Scheme 3-14. Recrystalyzation of Mn-119a Complex.

Recrystallization

Mn 2.0 119a (1.0 equiv) good solvent; MeOH, DCE, DMF, Toluene, EtOAc
(acac)y2H, poor solvent, Hexane, Et,0, MeCN,

Solvent
> All combination failed.

Z 2 Tx TVEUL T 1192 OENERIZ T THH LM T 57201 AR Ol & 1352
725 H DD Mn(OAc)*4H0 % FAV THEE S OFERICE Y #LA 72 (Scheme 3-15), 50 pmol
® Mn(OAc),*4H20 (2%} LT 75 pmol (1.5 4 &) O F F /VEUL 1% MeOH &S CIEA &
. 25°C TSI E S, ZORBEEEZBERE L, RiE% EuO THRE L., 20
5 b %2 DCM / EbO OVEBER CHRAEMRT 5 L RADERIEM IS bz, ZOR SO - &
BT % B Y RRAED FAB-MS % W TIT 72 & 2 A m/z 355.1230 O B — 7 LI S hu, B
il m/z 355.1218 [M+H]" & 1ZE—F L7z, BfE, XZ2HETE 2REORE & F THER
FRESEE Y ERATND, TOEZOITMAZ TN T VENL 723, EbO THF L 7B
24.6 ymol [FIX SN 7= Z L7235, 119a 1E Mn 1Sk LT 2 0 F L ERAL LR EHEZE S vz,

Scheme 3-15. Preparation of Mn-119a Complex Using Mn(OAc), - 2H-0.

Q0

1. Evapo.
2. Rinsed by Et20 MeHN NHMe
Mn(OAC), 4H,0 119a (75 pmol: 1.5 equiv) 3. Filtration n(OAc)
50 umol N Expected structure
MeOH(0.TM), 25°C. Sh recovery of Ligand B Dark purple needle crystal
(24.6 pmol)

FAB-HR; calcd for C4gH24MnN,0,
m/z 355.1218 ([M+H]"), found: m/z 355.1230

L

RS Gl O B RS TR TE T W s 0D FiR L= MS fiflric L - .
Mn (23 T VEMZ 28 14 FEE L7 1 %) 1 o823, Mn(acac),- 2H,0 % Fu 5 Ao fil
HATHRAELTWD Z ERR I,
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ARFRIZBNT Mn & F 7 VENLF 0NN SR L T D DR D720, il it fig
WrZzaksr iz, £9°. Mn(acac),2H0 (25 7 /LB T 119a % 25 °C @ DCE IR, 5 W]
R LI REESIT 21T o7 (Scheme 3-13), ESIMS ZIELI2& ZA, 777 A M
L2 —7 OHRBH S W AREECH 572, T2 TR ORI REETHIET 5 <<
FAB-MS (2 X Dt 247> 7=,

Scheme 3-13. Mass spectrometry of Mn(acac),' 2H,O with Ligand 119a.

Analyzed by Mass spectrometry.
119a (1.0 equiv) )
Mn(acac), 2H,0 ESFMS [—> failed
DCE or MeOH (0.1M), 25 °C, 5 h

FAB-MS |:> succeeded

ZDOFESR, Figure 3-4 IZ7R: 3 &30 . Mn &L 1192 K N acac 23 1:1:1 OFAAL TEHIZAK
LictBons b —7 (wz 394) B8l 512, Mn &EAZF 119a KT acac 73
1:1:1 OMBETEER LT EEZEZONDE—2 (m/z 494) LEIHIS Tz, LIz THE
IARHTHL HDOD, FHHT Mn &FTVENAFO 1:1 OFEERPFEAEL TN D Z & A3HES
Sz,

1848575 394.4
188 — .

1 Mn : 119a : acac @
] [1:1:1] $ <%;§>

MeHN  NHMe S
80 - N
| Winfn MeHN  NHMe
2p L= ?cac \/In(n
n=

L = acac
68 + n=2
50— 119a Mn : 119a : acac
1 1:1:2
4@ - l [ _ ]
30
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B kL

% 7 VBN A M ORGSR OBEHIET 5 £ &9

ZIE THAENED S 2% T L Mn filflit & 2 =) 2 F AR C-C S B TR D
Bt & LT EFIL2-T 7 M=V ORBILIIRERED v 7V TR DR & AT o o bk %
IR T NVEN A E R LToRE R, U7 2 U SROEML T 119a 2 W T BRICER 14% ee DR
FiBE N BN 7= (Scheme 3-16),

Scheme 3-16. Oxidative Homo-Coupling of 2-Naphthol Catalyzed by Chiral Mn-Complex.

MeHN NHMe
119a
OH

(10 mol %)

Mn(acac),-2H,0 (10 mol %) OH
OH

Toluene, 25 °C, O,, 5 h

102
69%, 14% ee

BLERPECIX, 55 T X VBN 2 AT 5 % T VB 1 119a 23 b B OBEEME 27
LTCW5, LLaRnbzt o FARFMEICIRBEORME S5, AL IX YU UEUL
F123 DL, AEFEETRTLODORRIALETHLGEN DD, X7 VEAL
TGS 2455 2>, Scheme 3-12 (2R ka2 O CRHMET 2 0 E R H 5,

flEAE ST D F &

Mn(acac) - 2H20 123 F /LT T~ 119a % /FH &8 FAB-MS & L @
TR, Mn &% TVENL T 1192 23 156 1 OFAK TR L T D &
WRINDE—7 BBl SNz, & 5IC Mn g & % ZVEUNLT 1192 @ MeHN - NHMe
PeA BRI LT & 2 A, B 1 T TR b i I %7 L o
7oo LTaM o T, AR TH Mn 125 7 VEUNL T 119a 3% L— Rl n=1or2
P LTERIRT L9 7oA R Ch D R ST,
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A% DRE  ~WALRIIN T BB IE~ DI ~

2012 £ H 513, Fe-(salan)fit 117 2 AT 2-7 7 b —/LFE(L 139 O C-C FEATEAL
(2 KD AFBACRII T B BSOS DBRFEIZ K E) LTV 5 19 (Scheme 3-17a) . FRFI72 5644 T
-7 b= E BT 5% T Mn fiEOREEZED L, 2-F 7 b= LEHORRE
B IS & A BOS ~ D1 T Z it 3~ < RIS T Mn $5(K %2 /2 & 25 Fe-(salan)fi
117 O & 1T < B | BRENFEA LAY 141 35 517~ (Scheme 3-17b) . A%
VEBOGIRE 0 °C THIHMERENAE U, Fe-(salan)filiit 117 TIXR S 720> 72 C-O #EE TR
L Z DR S EBACEOSTH Y . TS Mn O ARF UL O REAIZELIRS 721

Do

Scheme 3-17. Oxidative Dearomatization of 2-Naphthol derivatives.

R!
R Fe cat 117 (5 mol %)
a
Toluene / CH3NO, =9/ 1 —NO
) OH 60 °C, air 2
139 R 14o
up to 93%
up to 96% ee

CHs
Chy 119a (10 mol %) O‘
OO Mn(acac), -2H,0 (10 mol %)
OH

Hs;C OH
139 CH, DCM, (0.1 M) with / without CH3NO, 141
0°C,0,5h 60%, 8% ee
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ES

General Procedure.

To a solution of Mn(acac),' 2H,O (2.9 mg, 0.01 mmol) and chiral ligand 119a (2.4 mg, 0.01
mmol) in DCE (1.0 mL) was added 2-Naphthol 103 (14.4 mg, 0.1 mmol) at 25 °C, which was
stirred at that temperature for 5 hours under O,. Reaction mixture was purified by column

chromatography on silica gel (DCM, Rf 0.3) to give product 102 (11.1 mg, 0.039mmol) as a white
solid in 78% yield.
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KigXrEL B DL b,

BE XTI Pd BN X SBILRYT U VAL C-H K& R T WALKOE D RS AT

O 4-TNr UEEEEE LT DT T AR BT U AL C-H FEE = AT MBI
JiES O SRS 2 BERIN AR AT L T2, & OSSR AR T Wacker U Tl 7 <\ Pd-SPRIX
RS T U AL C-H #EA Z1EMAL LT Uz n-7 U b Pd WA % % 2 HERE T T
LTWBEHD LRSI NI —DOF 7))L Pd itz X 5, =F o F A IRWERL) 7 U
WAL C-H fE BB REEL DD TORITH %,

© Flix ORERIRNT 24T o 72, ZORER. C-H fEETEMAL D B IIASUS DR BRI
G- LTn5n 2 &, MOMBEIE MBS AFET 2 2 LRI nTz, SHIC
AREOiE PA-SPRIX izt L C—RIKFETH D Z & PA(0)D FHER LI HEH BT
RNk &UJCMM¢CHf“V%$m®&&K;wx//%//wﬁ@?bfu%m\’
LRI N,

(DpNVY%/Vﬁ%ﬁ#47W¢FM@®E%MH%’ . BILEEET2EHENH
0. AREIGOARFHRICHERARREFR TH DI LERRINT,

C)ém%®%%W®@ﬁm%%$ﬁwxﬁ%LMﬁ FokE L, ZoFRE T,
FEE DA V7 ¢ )5 PA-SPRIX $EIRICEINL T 2 BRO STARGRIRIE D FEBIEIE & Z 52 L 72,

AAFFED—EIL T REO—IC KV BEICAB STV D,
“Enantioselective Cyclization of 4-Alkenoic Acids via an Oxidative Allylic C—H Esterification”

Takenaka, K.; Akita, M.; Tanigaki, Y.; Takizawa, S.; Sasai, H. Org. Lett., 2011, 13, 3506.

B=E T Mn iz kB 2-F7 VL OBILARED v 7Y v RIS D%

@O F 70 Mn EIZ LD 2-F77 M=V OBIEIRERED v 7Y U IRIRIZENT, ¥
7 U ROENL T 119a DBEIR T T HARMN SIS ZRET 2 2 & & R L, BLER
TIEHAFIRICLEORMPE SN T Y | MEREEORIT 2170 & L bic, ARG
Wi U723 7 VB DR EIDEEE T h 5,

@ TRV A2 AT DX T /0 Mn il A B LRI 5 B IFEAC ORI LT, 2 OfER C-C
FEATRDRE SN TND Fe it L 138220 | BEOFHAILMES C-O AR X
S THEFHFAL S NI AP LN, EHIC0°C IV TR REAT 5 &0
9 BHIRTR MR & fedl L7z,
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AKWFRZEAT DT Y | KA 2 TH X EfFE, HEHEZ B0 £ LI RICRFERF
FHFERT  HEHEEERIE LB L BT E T,

AWFJEZ @ U T, EEARREEY, HhE 2 THE £ L RBRORFEEER 2T fais
AU, VRSB O L RS EH N2 L E T

KRG D D2 D720 AR E R L THE £ LI RBORTFEREERERAIERT &
PN E S C el AVl D= S

ABFTEEAT O IZH TV BHRMIELTHE | AFMIDI Y REBHFEIZ/RY £ LI EE
N (RFALZE TR (&N L E T,

GO D20 . THATHE £ Lo, RIORFEERZOIENT - et 2 — 0
P77 L S5 = N v i 1 N i 75y = N g = e =

AEOFHLMGFICBOWTEBHEFE LT FEWE Lo, FHMEBORENF S A, Eilkm
E S A, REME S MTREH L ET,

FEBROW BED AR CHRMFEIT/R D . BUWIFEAEIEZ I Z ST I oo RIRKRFREE
BLEIFICAT « FEEEM AL S8 50 87 D ¥4k © Priyabrata Prio Das f# 1=, Sridharan Vellaisamy
ffi+:. Doss Rajesh f#i+:, Kazem Ghozati {#t:, Gabr Randa Kassem Mohamed f# 1:, Mohanta
Suman Chandra &+, André Grossmann f#1-, Stefanie Breukers {&1:, Yogesh Dhage &1,
Fan Lulu {&1:, Fernando Arteaga Arteaga &1, Ismiyarto f&1:, Mohamed Ahmed Abozeid
Hussein &1, i HFIZE L, FHMERRBE L, BAEKREL MAKEE L, saEr
&L, F LEHSE DL, Nguyen, Tue Minh-Nhat (&£, HEAE L, HFHREE L, FEEK
Fh WE AR KA AT ANSEEEE L IREBE R R
BEESY L SoRk@ZF 70, KBEERT L, BEREY NFBE L A Beithyte
W5t BHEWBICESRNZLET,
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FEHEPRREBERAAEFE L TN L AN R 28 25 LT IS0 It ae 4
B LIZERBAIEICH HIAD D L OME L T TS ol sl R 7 — /LU > IRERAZED L
ARFZEREAT DLV ERSBEH G LES, HETE D L0 fRMEo o720 | Fh
ATEIZ RV TR A 72 RTREDN A U o b LS ITHHRRIC R > CIHE £ LT, LR 04 F5
TR, EEDLOVFE LR DT DI MBI RIRRFHE & 7200 E LTz, 9 £, AR
WZHne s> TS nE L,

WBRIZZRD ELIER WOBLEFDERHZTIEBEWH 72 BAFo T EE, Bl

Do TEFELRNFD L DITAIEN > TL T BERHT R B L E T,

Wik 26 4F
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