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W& oif

FIONBEEEE T 2EEROCRAYORICIE, 2 DDOHEREEGIZNZNER
DEBEREZRTOONDENSTHEET D, ZDc, B—DIFUFAN—%ZE
RICERT 2 L BEREREZICETZ2EELRFEED 1 DOTHD. BE—DIF Y
FAN—ZR/IHEEL TR FIINT—IVE KEDENE ZUTAREFEBEDH D
Y, EERBREDEZRTEMBRRBEEEZE T DLEVDERE WSERDL S FRF
BEGENMEN TR D, AAMOBEVWAFEROAEROBRENRDSNTNS.

BEREBREZICEVWTRIBELRRIETH IRF—REBEHRRIGICE VT, T
FUFABRWICKRESI B LFIILAILNZA Y ZKEFH & DIKRBIRNZKIG
THIET 2 LIC & > TRBFROMNMERETENIE, EENTEANBARATERDAE
MICEDIB22 FTIWAILNZAVERESILZHEELTE 1 OLSBRE—DT
FUFAT—DlRTIONENEZSNS (Scheme 1), 2OELSICUTRESE
FIIHIWNZAY 2 ZZ DI EZRBERIDI KON SRIICKEFAITHIET 5
ENTENE, TFYFAELT7R I3 DERTZD, REICIE DL SBHTETTS
VFABEIRNIC3 2/B5 IR TH S, BERS, BR7OMETHILNZAY

ZRESEDILDICE, —MHICIEBELICHILNNZA Y ZWZRNICEEILT 5T b

(1) (a) Koskinen, A. Asymmetric Synthesis of Natural Products,John Wiley & Sons, Inc.
2012. (b) Andrushko, V.; Andrushko, N. Stereoselective Synthesis of Drugs and Natural
Products,John Wiley & Sons, Inc. 2013.

(2) (a) Beak, P.; Basu, A.; Gallagher, D. J.; Park, Y. S.; Thayumanavan, S. Acc. Chem. Res.
1996, 29, 552-560. (b) Hoppe, D.; Hense, T. Angew. Chem. Int. Ed. Engl. 1997, 36,
2282-2316. (c) J. Clayden, Organolithiums: Selectivity for Synthesis, Pergamon, Oxford,
2002; (d) A. Basu and S. Thayumanavan, Angew. Chem., Int. Ed., 2002, 41,716-738.
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Y, AT, Y7/ EVS HEREBFKIIENRELLHN, InsSOEBREEHIL
INZA Y DB EENREE (TEIMDOLICK ) ZEZUKETIEZHTH S,
IiapsE, R7AMNMEICEDECAINNZAYEF I/ L—KPTTV1AIX—1
ERSTEARLLTFSIUT4%EKRS5T28 (2 = planner-2 < ent-2), REFH
EDRIET3 & ent-3 M 1:1 DEEY, DEDSLEIHENERT S.°

Scheme 1

b bl c b
1 2 P

3
razbzc i TE|+ b
1 ¢ =COR, COsR, CN \ enolate

"""""""""" S ¢ = COR, CO,R
a,,

N
planar-2 a .
/ / iEI+ \f
a
b= c El+ keteniminate

—_—
_ b ’( c=CN
M+
ent-2 ent-3

<

F I T, HEEEEFRIIEN B EH AN AV ZFKETGET, MOEUAIL
INZAVDFEIEUICK WAZEE LT Brook BsfificEHE U7z.* Brook B&fizig> VL
ZILA—=)L 4 ZIEETUIBIT S EICEDREESELVUIILTZILOFRE NI E

ROVYUT—REEG ZR LR RE-TAREBEEGVIIS N THILNZAY

(3) ERKEF, BHH W "IZEEENICARERFTZILAILNZA Y DEBIEEAN
DEM) BHEIEZHEREE 2013,71,136-148.
(4) Brook #rfiziCBd9 B#835%: (a) Brook, M. A. Silicon in Organic, Organometallic, and

Polymer Chemistry,John Wiley & Sons, Inc. 2000. (b) Brook, A. G.; Bassindale, A. R. In
Rearrangements in Ground and Excited States; de Mayo, P., Ed.; Academic Press: New

York, 1980; pp 149-221. (c) Brook, A.G. Acc. Chem. Res. 1974, 7,77-84.
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7 EUBZRIGTHS.” EBICBVES THDIBRER-71RES (0-Si: 108
kcal/mol, C-Si: 76 kcal/mol) OB EMRIGDEREIHED T, BEEAICEZ)L
BEDLSBRBVWEFRSIUEENFEET LT TETTS. Lich'>T, YUT—KH
EE 6a (7 VLA A VE[MEEHBRTIENTE, ZUILD DT — AR
6a lcBW\WT, FEEULEFZYILAIIINZAY plannar-Ta =2 Z &7 <, Brook
Brfi & KEFH & DRSO END DILAERNICTETI NI, FREMICETFVF
AEIRMWIC Ba H'B5ND. 8a ICREWTEUZAFRDIUKEEIE, VYIishaix
R-TARBEICH T E2REFHOKEDAMICK > TRES N, AUAMA (syn) H
Bl 8ah, RMDAM (ant) M5 DHE ent-8a BT 2.

Scheme 2
Rs M*
R4S Rs -si g@
B-M ™ N EI A
R1“~x R1l' — R1I"* R 1 .
Rz)\OH - R’ oM R2)\I\O/I+ ,70°0SiR;
4 ’9@
Y .
_ OSiR
El+ */ R3Si El+ Sy H—ZET °
< \O > /‘\H
OS|R3 * ‘/Asyn X'
H 1 8a
planar 7a 6a \‘ Lanti,_ j—O&RS
anti  EI* X' H
EI
ent-8a

REbNONO I —TTERAEZEEDYILFILI—IL 9a % t-BuOH
t+BuOLi T2 &, YU —hHEE 10a 5D S 270~ ERIGHS anti

BRWICETUIF Y FANY— (er) 66:34 T 13a NERTDEZHRELL

(5) (a) Antoniotti, P.; Tonachini, G. J. Org. Chem. 1993, 58, 3622-3632. (b) Antoniotti, P.;
Canepa, C.; Tonachini, G. J. Org. Chem. 1994, 59, 3952-3959.
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(Scheme 3)° ARIGTIX, Y7/ RUYD O-BEREICIKEL CTRIEENT(LT
5. 905, YOFVFEERKRda DiFs, YUT—K11 homENTON bz
BTI13MNEMT 28 (patha) &, VFAa-ZRNUIILAILNZ=ZAY 12 ZFHUL
T13 252 %R (pathb) BHREL, BREDBEZEIKkEE525. —A, FL
—2aVIIRE>THILNZA Y DK EENLREREZRLELES O-NILINEAIE
B 9b TiF, BENATONVETRELBENa-Y FALKICE > TERT S

12b OIMMEENLEMRICK > TTF Y FAEREDFHEHE NS,

Scheme 3
OH OR t-BuOLi (0.05 eq) OR 13 R yield (%) er
.CN .
BN - : PPN a  TBS 69 6832
TBST 7 ON FBUOR.LISMIn TBSOT T TH  p cloNPr, 86 ss:i2
‘aR=TBS
' b: R = CONIPr,, ! , ,
S R R anti retention
O _H O _H
(7 ¢ /O oR i \\S_iR 1 \\S]R anti RO Li
_ — - = H 3 or H 3 — )
TBS/'?o/kCN RSSiMCN N—0R N"or eso”on
1 NC |, NC 12
path a path b
ProN O
; =0 iPr NJ<
TBSO Li fast IB\SO)S-' O L slow °  OL |
i A x> b~ — :
| TBSON"cN  TBSO CN 850" oN . BSOS Ne |
12a rac-12a 12b rac-12b

JUNLTZILA=IL9 ovaOxy (V7 /) EDIEZ=ZEERICESRAIHGE,
KEFHEDRIRTERTZHDF>OF>FPLY 17 H25WE ent-17 (2785
(Scheme 4). DR, KRIGHBEWNICEITE T HILINZAVDIRELEEL TS,

ERT 20 sp’iRELDOHILNZAY 18 THD, REPERIICL>TFSUF

(6) (a) Sasaki, M.; Shirakawa, Y .; Kawahata, M.; Yamaguchi, K.; Takeda, K. Chem. Eur. J.
2009, 3363-3366. (b) Sasaki, M.; Fujiwara, M. Kotomori, Y .; Kawahata, M.; Yamaguchi.
K.; Takeda, K. Tetrahedron 2013, 69, 5823-5828.
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1 —hERDNICC W), RE-TARBEEICH U TKEFRIDRINT S75M (syn
Freld ant)y Sz2FEHTENE, >OFIT7L 17 Z2E—DIFVFATY—EULT

BHTEDDTREBRVWHINEEZ T,

Scheme 4
H
syn ~=0SiR;
L El Y
R.Si . R3 El* _R3 X 17
3 . RSSH\ “Si Si
y*\OH BM Rk oms —= Ry = Sy”h”, \
7 Y =0
X 4 14 // 15 // X W H
X T OSi
X 16 anti+ 16 anti y .27 ~OSiRs
El+
1 El  ent17
Y
R1 R1
Mﬁqg'/—osmg mo o A0SR
18 slow ent18

M+

P0LYEKZE REFEOWITNEORIGULFD I EDSTEROBEREMRTFE
LTSN TE . FIGESE, AFEEFLYZFIILELT> 77Oy 7 &L
THIRAL, ZLYO#MEXZ Y T« —Z2ERIOIEFLICEE T 28T RIGHEE
ZEHTND® 2Dy, ZRLBBMEZEIZ 7LV EEI Y FAERNICER

IEFEORRBEREBCZICETZ2EELRED 1 DTHB." —MMICIF, TF

(7) Dewar, M. J. S.; Shanshal, M. J. Am. Chem. Soc. 1969, 91, 3654-3655.

®) 7L ryzRAWRIGICE T %#558: (a) H. Ohno, Y, Nagaoka, K. Tomioka in Modern
Allene Chemistry, Vol. 2 (Eds.: N. Krause, A. S. K. Hashmi), Wiley-VCH, Weinheim,
2004, (b) Ma. S. Chem. Rev. 2005, 105, 2829-2871. (c) Zimmer, R.; Dinesh, C.;
Nandanan, E.; Khan, F. Chem. Rev. 2000, 100, 3067-3126. (d) Angew. Chem., Int. Ed.
2012,517,3074-3112.

9) 7L >ERICEEY 2#85%: (a) H. Ohno, Y, Nagaoka, K. Tomioka in Modern Allene
Chemistry, Vol. 1 (Eds.: N. Krause, A. S. K. Hashmi), Wiley-VCH, Weinheim, 2004 (b)
Yu, S.; Ma, S. Chem. Commun., 2011, 47,5384-5418. (c) Hoffmann-Roder, A.; Krause,
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VFACATRILYEZONILFILT IV I-ILEERZEHIEHEED S 2RI
I & TR NS. FIZIL, Elsevier 5%, REEEULTRIL T F—EE
ITEIE—DIFVFANY—D 19 [CHEHEIARE 20 2RSS E®D &, anti BRI
S2RIGNETL, MIFYFABRNICTLY 21 BN BZEZR/RELTWS

(Scheme 5)."

Scheme 5
OSOMe  (R2CuBr)MgBr H R'=Ph, t-Bu, n-Oct, me
oH 20 H .7 R' Re=1° 2° 3" alkyl, Ph
Z " R'" THE 0°t0-65°C T 95-70% yield
H 19 R2 21 quantitative selectivity

anti-Sy2'

CORFEFTZIVFIVE, 7 EZEIZ7L YOI FYFARBRNEGAICE L
TIFEBICBARBRFETHS. LML, S2RIDICHEITZ2WMREF LEOATORFYH
Y RORIGHEFIEWNH," ANTAORFEBREZRFDF7L Y, FIZIF Scheme 4 [C7R
LI17 O&L5B2OF 7L VEOEHRICAWS Z & IERETH 5.

YOFI7LYOERICEL TIE 1980 FICRIES,” Reich 5° HMRIARHAR
ZITIo2TW3, RIESEFETZVILYZV 22 ICRTRXVIDLATZEFIR 23 2[MaE
%52 &T, Scheme 4 Ic&F2 14 [CHInT27O/LFILVUIL7ZILO—)L 24 &
Uik, EWE0 nBuli TREITZZ &I >TIYIILZIILAFI R 25 ZRAES
T35 &, Brook &/ 7 ILFIVEHIE D S22’ RIGHHETL, YAOF2F LY 27 HhiF

5ENdZEERELTVS (Scheme 6).

N. Angew. Chem. Int. Ed. 2004, 43 1196-1216. (d) Pasto, D. J. Tetrahedron, 1984, 40,
2805-2807. (e) Neff, R. K.; Frantz, D. E. ACS Catal. 2014, 4,519-528.

(10) Elsevier, C. J.; Vermeer, P. J. Org. Chem. 1989, 54, 3726-3730.

(11) Yoshikai, N.; Nakamura, E. Chem. Rev. 2012, 112,2339-2372.

(12) Kuwajima, I. and Kato, M. Tetrahedron Lett. 1980, 21, 623-626.

(13) Reich, H. J.; Olson, R.; Clark, M. C. J. Am. Chem. Soc. 1980, 102, 1423—-1424.
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0 R2—=——MgBr OH
23 1. n-BuLi, hexane
R' "TMS R2 ~ R 2 THF
22 24
oL OTMS OTMS
|
N R2 -}\m R-X R2 )\w R" = n-Pr, CH,CH,Ph
Z TMS — . — R2=Ph, n-Bu, TMS, CH,OCHj,4
Rz J Li R R-X = Mel. Bul
25 26 27

Xz, Reich 5 EZ7V I 5228 I L, UFILFZEFY R 29 Z2fMsts
CETTPZILNI-INAZERET R ERLKYUIILTZILAFY R 30 ZRESHE, TUR

v NTDF7 LY 32 DERZERL TWS (Scheme 7).

Scheme 7
o _ OTMS
OLi OTMS
R TMS Y R2 R A
28 — »| T TMS —— ElI—X R2__.7 “R!
THF | o™, R ; —
o R% Li
P El
= 30 31 32
R2
29
R! = Et, Bn

R2 = n-Pr, n-Bu, Ph
El-X = Mel, Etl, MeSSMe, CH,=CHCH_Br

5, 2006 FClE Scheidt 5 &k > THEEDEIRELRNS TF >V FAFEIR
REERIRESNTWS, Scheidt 5IFAFERAF 35 ZAVWTTFVILY T 33
K7EFUREISFYFARBRNICHAMESERCET, FIIU2VLTILA-)
(-)-36 ZHREEDI SV FAT—M, 87:13 THE %z 5 mol%dD nBulLi T
IR B &, Brook BxfilcicE 36 BEOD 7OV ZKEFHIE TS S 2 RILHE

7L, F2)L>O£27L Y (+)-38 A 85:15 er THELHNBZEZRWELTWS

(14) Reynolds, T. E.; Bharadwaj, A. R.; Scheidt. K. A.: J. Am. Chem. Soc. 2006, 128, 15382—
15383.



(Scheme 8). ZDRILTId Brook Bx{igIEkATH S 36 DT FVFAN—HLMNH X
DNELRBRWHERY 38 DI FVFAN—LHEFEREICEE > TWVWEH, ZOREF

BRERIGEFRFIEEAETF VY FAV—UMETITZH I LR ETLTVWS,

Scheme 8
SiMe,Ph
)OL H————Ph +-Bu t-Bu
34 ,ZnEt,, 35 (20 mol%) HO X
Et~ ~SiMe,Ph Bt N o
33 toluene, rt (-)-36 OH
87:13 er HOSN
OSiMe,Ph B
n-Buli (5mol%) | /7 S'Me2ph N OH
o O /‘ 36 — * Y
THF, -78 °C Et \\ (+)-38 1} 35
37 Ph 85:15 er

Lieh > T, Scheme4 IcEWTITFYFAE 7RI VILTZILI—-IL14, %3
WEZDIILZILOF VR I15 Z2RESEZIENTENE, STV FAFIRMICT
LYZREIVDZIENTEZEEZISND.” ZITEEEFRIF Y FARRMWIC
VOUNNTILIFY RZRESEDIHEELT, LEIEARETHRELLEFIILYFD
L7 IR 40 ICLBAEETRGEZEFAI B E2EZ.

FIWUFILZIRA40 IF TFHYFAERNGHRION EEBRNE L TEHE

S5iCE>THESINERETH DN, chz77)O4)L>ZY 39a-c ERIGE

(15 BEDHXZEFE -V IL7 I I—ILEREICET 53X HEk: (a) Smirnov, P.;
Mathew, J.; Nijs, A.; Katan, E.; Karni, M.; Bolm, C.; Apeloig, Y.; Marek, 1. Angew.
Chem., Int. Ed. 2013, 52, 13717-13721. (b) Cirriez, V.; Rasson, C.; Hermant, T.;
Petrignet, J.; Alvarez, J. D.; Robeyns, K.; Riant, O. Angew. Chem., Int. Ed. 2013, 52,
1785-1788. (c) Gao, G.; Bai, X. F.; Li, F.; Zheng, L. S.; Zheng, Z. J.; Lai, G. Q.; Jiang,
K. Z.; Li, F. W.; Xu, L. W. Tetrahedron Lett., 2012, 53, 2164-2166. (d) Matso, J,;

Hattori, Y .; Hashizume, M, Ishibashi, H. Tetrahedron Lett. 2010, 66, 6062-6069.
(16) Takeda, K.; Ohnishi, Y.; Koizumi. T. Org. Lett. 1999, 1, 237-239.
(17) Shirai, T.; Aoki, K.; Sato, D.; Kim, H.-D.;, Murakata, T.; Koga, K. Chem. Pharm. Bull.

1994, 42, 690-693.



T5E, 7IRA40 OBRRRFOBEUNSERY RDERAL, FETEE2BRITFVF
ABBRETZVILY VLT ILA—)L 41a-c BERT D (Scheme 9). KETTRIGD

BVBIREE 42 D& 5716 BEBBIREICH T 2 BREBOIIAREIC & > THE

INTW5S,
Scheme 9
MGNO H Ph
o) N_
\/<N_/\Buf HO, H a1 R yield(%)  er
TBS 40 H TBS a tBu 88 >09:1
| THF, -80 °C, 30 min | b Me 31 >99:1
R 39a—¢ R™ 41a-c ¢ ¢-CgHs 55 >99:1
o Ll\N/R3
R/\“W/H R2
H
TBS R

BIURIGOBEBEULTTZILF /AILYZY 43 ZAEVWNIE, T+ Y FAERN
ICERULEZO/ILFILYVIILTZILAF I R 44 [CEWT, Brook Bafii/=EfES
I COREFH & DRIGHERMICETUEWVERETYOFI 7L V46 MME5N
ZDTIEIBEWVD, EWSERBDE EFFRZITS>Z &I U (Scheme 10). £/f=2 D
RIGTIE, KEFHEDRIDN=ZEFEDRIH CTIERL, TIREFNMEELTWS
RERETRIDZILFVFEEER AT NERT DU HSD. ZLZIIL/TZILFZIL
UFOLDT7ONMICE T 2FRED, EEOBBREDETH, IIHENMR, 6L

CIFRBEHETHETERONE SHEWVNS Z EHBRETTS."”

(18) (a) Reich, H. J.; Holladay, J. E.; Mason, J. D.; Sikorski, W. H. J. Am. Chem. Soc. 1995,
117,12137-12150. (b) Reich, H. J.; Holladay, J. E.; Walker, T. G.; Thompson, J. L. J.
Am. Chem. Soc. 1999, 121, 9769-9780.



Scheme 10

MeN "™ H Ph Liv Rs
(0] K/N /\But H O- H Sl\
= SiR 40 Li * — (0]
a ? A Znt
43 R 44 R 45
H |
syn N " El+
Y El ~#=0SiR3 ‘
E+ R
'Sis R 46 L E
__ syn + H, ‘ .
— O — /OSIRS
"L+ R'
47
ant/* 45 anti *‘H :
£+ R' /“OSlRS
El  ent-46

Ffc, Scheme 6~8 DRILTIX, FYILYZVIC7EF) RZEMMEEH LT
JUNLNTZILI=ILBH U@ PUIILZILAFY RZRESETVWEODT, 1 LOEBRE
EULTTZIFINEZEIZHDICREEIND. LKL, ZILF/ ALY T YVDRER
FTTCYYILTILAF YR 44 2RESE, ERRIGZITS>ZENTENE, 1 EE
BoOYOF 7Ly 46 OEEMNFIREERD, EEZNERAMENLDEXRD EEX
5n%.

502, ARIGTZ LYDBNTFHYFABRRNICESNISE, ZOILFEREZHAS
MTT 3 & ERIDFRNICHBENRFENS. PYILYZ VD S 2 KRIHICEAL TIE%
COMBEMTONTED, HEEOBEICKETS2DDD, KREFAHIIFKRE-T 1 R

BORXMAM, TihbSE antihSKET ZHNEWN." FUILY VDT 1REFH

(19) (a) Carter, M. J.; Fleming, 1.; Percival, A. J. Chem. Soc., Perkin Trans. 1, 1981, 2415—
2434. (b) Fleming, I.; Au-Yeung, B.-W. Tetrahedron, Supplement No. 9, 1981, 37,
Supplement No. 1, 13-24. (¢) Hayashi, T.; Ito, H.; Kumada, M. Tetrahedron Lett. 1982,
23, 4605-4606. (d) Wickham, G.; Kitching, W. J. Org. Chem. 1983, 48, 614-615. (e)
Wickham, G.; Kitching, W. Organometallics 1983, 2, 541-547. (f) Young, D.; Kitching,
W.; Wickham, G. Tetrahedron Lett. 1983, 24, 5789-5792. (g) Buckle, M. J. C.; Fleming,

10



ARRMLICR 7 UILY U T—hD S2270 M ERIGICDWTIE, Scheme 3
R LDIC, PhbnD T IL—TIC&>T anti BIRWICEITT 2 EZESHICE
nfc. 2L, Z0RERED, LFCZEHNEBICIDHDRBOD, IIFBFHNEFICK
52HDIEOMNEITRATH S,

F/c, Fleming Six7O/NLFILY T 48 #RAW:, BHY A 7D S22’ RIGDIL
FTIEZZEASHICLTWS® Thhbs, L1 ABEET, XFEEETO/ULFILY
TV A48 ZNRY X7 LT E RFFEEKR 49 LD S 2 RIGICFAT &, anti/syn = 78:22
THINE B0, 51 MB8ESNEEVNWSIEDTHS (Scheme 11). TOESICT7ILT=
W2UT—K 11, ZO/LFILY T2 48 oD S2RIGIFEE 5 H anti EIRHIIC

EITLUTWSD, ZILFZIL2 YT —b 45 TRANDIEBEZ R TRICHNEITS

ZONEEN NS,
Scheme 11
CHO
QNOz syn anti .
SiM93 Me 5 SIMe3 H SIMe3
ON 49 HT Me”
SiM TiCl (50 mol %)
48 iMes 50% NO, NO,
O.,N 50 O:N 51

50:51=22:78

UEDZENS, BFERTZVILYZVYDXZILIFILT IR A0 ICKBDARFET
ZEBEITIHRIFVFABRRNT L VEREZEILUERRICNERT 52 &,
ZUTAFGBERICDILFCFZRASNMCT DI EZHENE L TMRICEFI S

sl Uiz,

1.; Gil, S. Tetrahedron Lett., 1992, 33, 4479-4482.
(20) (a) Fleming, I.; Pang, K. L. C. Tetrahedron Lett. 2002, 43,5985-5988. (b) Buckle, M. J.
C.; Fleming, L.; Gil, S.; Pang, K. L. C. Org. Biomol. Chem. 2004, 2, 749-769.
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2 5

F—8 FIINIVFILAZIRICELZTZILF/ ALY YORERTZARLLH

MIFVFARRNAOF 7L Y EREDORRE EERRIEANDER

B TZILF /AT ZBWHBRI Y FARRNOF 7L VEBE

3
e

D FAFE

ZILF /AT DRFEETT/Brook i/ 7 L =LA TOREFH & DRIGIC
EDITFVFAECL TR LIUDNERT 2TcHICE, AEETRIL (43—=44)TF
VFABRWICET TSI LICMAT, YUTr—hZ2RBATIREFHEDOKIG
(A4—-46) DN IIEAEIRMICKE I D 2 ENRETH S (Scheme 12). 2D 2 DDiEE

HEHELUTRIT CEDNFREBRINSEEEZBESHICT 260, FlBRSET>C L

lc U7z,
Scheme 12
- |
~ N/\But H O) H \
"SR 40 U Aok, — /=0
R s = " SiRs Z L+
43 R’ 44 R™ 45
syn :H . X
El ~=0SiR;3 Y
E+ R El
S R 46
_ syn+H,,\ =~ "OSiRg
p— . o —— 1
S R 47
R' H
anti* 5 anti _~0SiR,

——> R'

El+
El  ent-46
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ERICRIGFHEZRET T DICHic> TEBRE R & UTAZERIT 20D HEEEL A
BN, FTRFT7AVLEEIREZET 5 SiMe,Ph EZFDOEE 43a ICEB L. K
RIETEENORIGICINZ T, YU —hhfEE 45 O C-1 TREFH & DRIGH
BEI>TTZILFVFEEERAT PEKRT B EVWSEIRIGNE Z 008N H . £ o T,
FILFVRIGICT ZAVRERREZE T 2ERENFELLAD, L YOERHIE
FFT2OTIHBRVND, EWSEZICEDCHDTHS. 43a (F70O/ULF)L7ILT
—JLOTNFIITFI) (EE) REAER D2 OF7FL VKimlc SiMe,Ph EZE8A U
%, Z70O/ULFILEIAD TBS EDEA, EE BEDR{FE Swern BEZRTEKL

fc (Scheme 13).7

Scheme 13
EtMgBr OH
PhMe,SiCl 1.LDA, TBSCI
= OEE — ./OEE DU " TBS
PhMe,Si 2.p-TsOH (cat.) -
52 53 PhMe,Si 54
98% 65%
(@]
Swern oxdn. /TBS
PhMe,Si
43a

88%

FRRO 77 UAACILY T Y DEIT (Scheme 9) DRIGSEEICES W, -80°C (%
HMUEZILF /ALY Z> 43a O THF BRFPICEFZILIFILTZ IR 40 O THF
BRZEEFUIcEZ 3, R, ZILXVEGESEA4Ta, YUIILT7IINA-)L B4 Bl zR
DEMEESYNER U (Scheme 14). AR O 'HNMR O F v — O 5EHB
D7 LY 6abENMIERL TWDZ ENER TSN, BEEDNRAIEETH o el o,

HEMEZANET DI LETERD >fc. —AT, BRDOHFMNERI 727 )La—)LiK

(21) Sasaki, M.;: Kondo, Y.; Kawahata, M.;: Yamaguchi, K.; Takeda, K. Angew. Chem., Int.
Ed. 2011, 50, 6375—-6378.
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O ZEHBI DI EICIFRMLIEDT, COIFVYFAN—Z+Z)L HPLC @~ 0O
NNTSLDERLELDEHUCEZ B, 964 er THocI LD, BRIEFEIS
VFABRNICETI S EMNHASMICE I

Scheme 14

H

ERN

(0] E But
4 i
/TBS 0
PhMe,Si THF, —80 °C, 30 min
43a
PhMe,Si PhMe28|

(<5%, 96 4 er)

PhMe,Si . OTBS
MeN/\ Ph H Y /
K/ J\ A PhMe,Si ~

FITESICRHEHEDOBREZTo1c& 2 3, RIGAE% toluene ITEET D &Y
DIJIL7ZILa—)L B4 OIHHIUYREK 72%, 99:1 er THELSND I ENBHSHIITH >

(Scheme 15).

Scheme 15
MeN "™ ph H
o) LN J'\N gyt H OH
40 Li N
/TBS . /\TBS
PhMe,Si 43 toluene, —80 °C, 30 min PhMe,Si 5
a

4
72%, 99:1 er

FZII7I—)L 54 OEREE I, XEEEAOUIIL7ZIILO—IL BT B2 &
TRETDZEEL, ZOFELELUTOLSICTok. ThabsE, 54 OXKBEE%E
EE ETHRELE (54—55), EtOLIi ZAWRY VILERIGICAL (55—56),
EE EDfR%E (B6—b7) #1752 & T, [EDIENEZTRT (+)-67 =B/ (Scheme

16)*. XEBIFD SWED 57 FEDEEEEZRI NS, I THRENE BT

(22) Sakaguchi, K.; Fujita, M.; Suzuki, H.; Higashino, M.; Ohfune, Y. Tetrahedron Lett. 2000,
41,6589-6592.
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DIEXNECEIE R TH D, DI ENS 9 DIENEED RTHDERELT.

Scheme 16
OH OEE OEE
p-TsOH- H,0 (1 mol %) EtOLi (20 mol %)

. // + TBS /\O/\’ —20°C . // « TBS EtOH, rt /\TBS
PhMe,Si” 54 PhMe,Si 55 H 56
p-TsOH (20 mol %) OH HO H H OH

acetone-H,0 /TBS == /TBS /TBS
reflux H Z 57 H //R 57 H /(S)-57
36% (3 steps) (F)- [@]?5, —75.6° (ref. 22)

[a]p +102.3°

PILE/AIYZY 43a DAFETRIGHE L F VY FARRNICETIT S &H
BASMMTRSTcDT, RIC Brook iz TS B TT L VICEL RIGDFHZIRET
5L Ue. INETICHARETIE toluene, Et,0 75 & DIEMRIEAE A & LB
U T THF %2 £ OSBRI A EH Tld Brook BExiiDETHRLS B2 E WS R E SN
TW3. Scheme 14 [cRUTc THF A TORIGTIL, Brook BsfiihETd 54 1
VI RBIETERWCY, RRISOTVILYZ Y 43a D> TLWBRETETE
44a 15 Brook ERINETTL, INSHRINT DI ET, RIDHEHICESTcDT
FRWMEEZ T, £2T43a Z toluene FTEITTUIZETTIA 44a ICEH L 1RIC
THF Z#MNU, Brook Exfu%zEfTaEd &N TENIE, 7LV 46a HES5N3H
BRUDNH D EEZ e, RRICRIDZT>ER, IEK40% TP LY 46a BERULT
N, ZOIFVFAN—HIF 56144 THD, FIFF7EI{LLTWe, Ff, 7ZILF

VEEKATa B TLYET 11, K 40%TES N (Scheme 17),
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Scheme 17

H
(0] 1. 40 (1.2 equiv), toluene }\
—80 °C, 30 min H \’% OTBS
TBS - OTBS
PhMe.Si Z 2. toluene-THF (1:3) SiMe,Ph * PhMe.Si /
o} [} 1
40%, 56:44 er 40%

Scheme 15 [Z/RUTc &K S, toluene FTORTRILIEE I F >V FAZBRNICE
T2 ENESHICE>TVWDDT, £75 T 1 —HKkbhizFREREIGZEDEDERE

ICH D, T4 5 Brook 501/ 7 L Z)LUAD 7 ZA Y OBEND I IAEIRICETT U
TWEW, b UK RBIZEBERNICTZLZILZ ZAVYHREURBRICTEI(HLTWVWS &
WS AEEMEMNH D, < & THIIRD Scheidt 5 DL (Scheme 8) TIXILIAEIRMIIC
RIGHETTLFZ LY 38 MER L TWB Z &N 5, BEDIREMENS VD TIEEWLH
EEZfc. Scheidt 5OREDEWE, RRNICTONYVIENRHDZNESHTH .
Scheidt SIFEREL/ZVIIL7I)ILO—)L 36 ZHIHEEDIEETNUIEL TP L ZIIL7Y =
AVZEFEESETE WSS, BRO7ZILI—-IL36 BEN P LI AV ZHIRT
270K VIRERD. —FA, DPNONORTRFZVILYSVEZERY RETITSZI &
TYUNLNTZIILAF Y REREIETWS S, RRICTONVENEERY, B
J/THE BRZRMU CRISZFELETZETHINZAVDEEFET DI &ILRD.
ZDIcsH, IIEBRNICTZ L)L A b8a WMERULIELTH, IIHEFERIC
RAREBZRTO/NILFILF =AY 59a L DETEEICAZD, ZtEIT 5apEENH
% (Scheme 18). E5lcRINMEIERICT L > 46a E7ILFVFEEER4Ta &N 101
DEGTERLEED, TNIFRRTD 2 D7 ZAVEDEELERBRUILHDTH

HEEZLND.

16



Scheme 18

OTBS
Li \I//"H Li
SiMe,Ph = OTBS
58a PhMe,Si 59a
lAcOH/THF l ACOH/THF
A !
H__-“ "OTBS
¥ | /OTBS
SIMOQPh PhMEQSI
46a 47a

ZIT, 2DODF7 A& 58a, 59a M FEICET BHEIICT L =)L =4 58a
ZHEIRT DD, FEETZIToRE THF & &HITKREFHIE U T +BuOH Z iR
MU, Z0#ER, TERED LY 46a eI -2 FAERNICESN K (Scheme
19). AERFICTZILFVEEBERATa 6 32%ER LD, ZLUYHBZTEIL TLRL
ZEMNS, 47a DERLEEDIEF, 2 D07 ZAVEBICFEENEFEET D/cHTIERE
<, Brook BRI, HEMICT L > 46a NEMT IREETILFY 47a HVER

TEOERBHNHEELTWBIcHEEZI SN,

Scheme 19
(o) 1. 40 (1.2 equiv), toluene OTBS
—80 °C, 30 min _=H
TBS - H_ OTBS
/ 2. t-BuUOH (1.2 equiv) \’4 + BhM S'/

PhMe,Si 43a toluene-THF (1:3) SiMe,Ph e2Si

—80°to -15°C, 10 min (+)-46a 47a

52%, 95:5 er 32%

7Ly 46a DOENESIE, BRI BEZILTFLY 46¢c & NNAXAFILYNLAZR
(NMM) @ Diels-Alder RIGEIER 83a D X iRt RIBESHETICEDWT SEHEL
fe. COFERIFE, BENICTZLYOERXEI SHENEEZ FHIT 2 Brewsteriow

AP SHESINI/REDGFBELEL,

(23) (a) Lowe, G. J. Chem. Soc., Chem. Commun. 1965,411-413. (b) Brewster, J. H. J.
Am. Chem. Soc. 1959, 81, 5475-5483.
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7L 46a ONEEN STHO, YYUIIL7ILT—)L 54 OIENEEN R THS
e, YUT—hK 45a 5d S 270~ VMERIGIFYIBT E T D RBR-T 1 FHid
BICW U T anti BIRWITETLU TWB Z &I D (Scheme 20). anti 3ZIRMIC RIS
HNETTBRAE VTR IITLGRETFHNLBMRNEZSND. IbE, RE-TA
KEEDREEHEE & =ZFEHEED HOMO HEEERT 22 & TY UIILED RXIRID
p BMENO—TJOEFEENEED anti BIRNICKIGENEIZEVWSHDTH S
(Figure 1).** Efzftticd, PYEEEIBNTVNED, EEVWV YU IILEEDIIEARFEE
BT TREFHDNYVILEDOER, 74505 anti AAMNSEET 5 & WD AIREME®
JIVT—hDOBRRRFICERMLU TWB U FILAFAVICKREFAIE RS +-BuOH
MM 2 ETTARRFEHLAOE, 05 anti AANS TA K~ ViIRHEHR

UL TWaHABEMH (Figure 2) BN EZ 5N 3.

Scheme 20
H+
HO- ik 9 o18S
[ anti H (S)
2 L S =H
// * TBS ——> Si- ——> *
PhMe,Si ") PhMeSi Rs SiMe,Ph
44a 45a 46a
Figure 1 Figure 2, 5,
H* T HoL
an%%rk‘ " anti * 0. H
: si- g g E% %’7
PhMe.Si Rs PhMe,Si A
45a 452’ S 452"

C-3fZIC SiMe,PhEZBIBZ7IF /A>T 43ah5m8WVWTFH Y FAN—LtL

TYOFI 7L Y 46a WNEKT DT ELHASHICR -T2, FILTVFEER 47a

(24) (a) Liotta, C. L. Tetrahedron Lett. 1975, 8,519-522. (b) Liotta, C. L. Tetrahedron Lett.
1975, 8,523-526. (c) Burgess, E. M..; Liotta, C.L. J. Org. Chem. 1981, 46, 1703—1708.
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M 32%ENET 27, 7LV 46a DIEFUEE 2% EHFREEICE EFTF>TWS,
ZITBBRE R EUTVYIINELCaNIO7 AV REMEZED D 7T ZIILEE
2D0%D SIPhBUEZSEAUVEEZRAWNIE, 7L YOAEREEAHEETZDTIE
BWHhEEZ e, i, EZILE, PIFILEZEILZEBEHEHORETH DD TH
RRICKRET IS &lc U,

F9, SiPh,BU'E” B89 %43bld43a LAKDBIETER L (Scheme 21).
e, —BBEBEDO YUV, 7Y ZFEHENSHBULLY IRV LTZEFIR
& TBDPSCI R Uighofefeéh, nBuLi zFAWTUFOLFZEFYRELTH

SRIGE B Fie, BAERISIZIRIENEEL Jones BILICEE U 1.

Scheme 21
1.LDA, TBSCI oH
n-BuLi OEE 1. ,
" TOEE i / 7,
//\ EBUPhoSICl Bph,si 2.p-TSOH (cat.) = TBS
52 60 t-BuPh,Si 61
quant. 67%
(0]
Jones' oxdn. /TBS
t-BuPh,Si
43b
90%

RICEZINEZEFITZEE 43c DERZEIToc. EZILEELTEIWIRT SEZ
IA—IRE2DERIBERY VARV T ZILEEZANBIEELT 622U

FILA—ILB7 L OEEN Y 7Y VT RIGET> %, Jones BL%1T> 2 & T43c

(25) Brook A. G.; LeGrow G. E.; MacRae D. M. Can. J. Chem. 1967, 45,239-253.
(26) Shibata, T.; Yamashita, K.; Takagi, K.; Ohta, T.; Soai, K. Tetrahedron 2000, 56, 9259—
9267.

(27) Jarho, E. M..; Venilidinen, J. I.; Poutiainen, S.; Leskinen, H.; Vepsildinen, J.; Christiaans
J.A.M.; Forsberg, M. M.: Minnisto, P. T.: Wallén, E. A. Bioorg. Med. Chem. 2007, 15
2024-2031.
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%1371 (Scheme 22).

Scheme 22
OH
(0] Sonogashira
/\ Qﬁ couphng = TBS Jones' oxdn. L
—_—
63 43c
92% 79%

FILFILEEGTZTILE /(LSS 43d &, 5-phenyl-1-yn64 OF&FL
VRIBICINGRILATZILTFTE REBHWTCE ROF I XFILZEAL, 65 28705,
retro-Brook B lc & O Z70O/0ULFILALIC TBS EZEA L, Swern BB{b%Z1T5

Z & T43d =&z (Scheme 23).

Scheme 23
P . OH
Z  1.n %
ﬂ» = 1. n- BuL| TBSCI TBS Swern oxdn.
ph 2. (HCHO), Ph 2. n- BuLI
Ph Ph
o 65 43d

quant. 73% 93%

BLEDESICERULEYIILE, EZILE, PILFILEEZFIBZ7ZILF/AILYZ
v A3 EREFORIGICH UIEREZTICRT (Table 1). WThoFEHIEEICE
WIFYFANY—L (92:8-98:2) TERNO>OF> 7L Y 46 MfEonichy, 7L
Y6 EFILFY b DERLICIFKREGREBVWIERIN. £9, PhMe,SiELDH
BHEM DO 7 —A VY REENS W tBuPh SiEZHE T % 43b T, 43a DHFE LD
HE7LYDOERENALET B EFELUTWED, ERICIET L > 46b DYNEEIE 37%,
ZILF>Y 4Tb OWNEF 54% &, 7L Y DEREIFET U (entry2). —AT, E
ZILE, PILFINEZEIZEEEDERICETZILFVFERAT FIFEAEERET
(47c: 0%, 47d: 3%), 7L > 46 hEIRWICER U (46¢: quant., 46d: 86%)

(entry 3,4). U EDIERMNS, PLYDERKIIT7EFL U RIGEBREDSHENEE
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TlIB<, BBSICE>TRED, RFEBMEDY A XHVNEWE (+BuPh,Si & >
PhMe,SiE > ZILFILE > EZILE) PLYOEREHIIERT S (+-BuPh,SiE <

PhMe,Si & < ZILFILE < EZJLE) ZENBHSHNTR T,

Table 1
(o) 1. 40 (1.2 equiv), toluene pTBS
—80 °C, 30 min ~#=H
=~ "TBS - e + _z oTBS
R = 2. -BuOH (1.2 equiv) R R/
_ THF (tol:THF=1:3) ARA_ _
43a-d ~80° to 20 °C, 10 min (+)-46a—d 47a—d
a: R = PhMe,Si
b: R = +-BuPh,Si —— 46 - 470
c: R = cyclopentenyl entry yield (%) er yield (%)
d: R = PhCH,CH,CH, 1 a 52 95:5 32
2 b 37 92:8 54
3 c quant. 97:3 -
4 d 86 98:2 3
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ETf EZIEEFEITSZIOFVT7L YD Diels-Alder kIt

R CEREERII VTS Y FAC 2 7R YOFIFLYEFIILELT 1
778y 7 ELTHIRAY 2EERRIBOFBRBICDBED CEIC L. YOFYFL V%
EB LU TAHAWRIDA E U TiERMUZILR=ILBEDKIE, ® U< & Diels-Alder &
ISR EDNEF SN, HIZIE 1974 £ Duffaut’™ (> AF 7L Y 67 =R NG
T, MAESEITZEa,B-FEMT Y 68 NERTZIIEZHEELTWDS
(Scheme 24). COfER(IE, YOF>7L Y69 Fa-7VILEZILT Z 4 V&EfiE

ERBERPEVWSZEZREBLTWS,

Scheme 24
But (0] E R1 Q
He :

™S -V_/OTMS —_— But R ./_OTMS = ﬂka
h MeOH | Rz I
™S TMSTOTMS 1 Ra g e

67 68 a-acylvinyl anion :
equivalents

51, 1980 FICERIESHNMIUXFIL>OFIF7LY 71 IC Lewis BTH S

TCLE#ET, NYXZPILTERIAFILTZEI-ILEZRIGSE S &,

(28) (a) Merault, G.; Bourgeoi, P.; Dunogues, S.; Duffaut, N. J. Organmet. Chem. 1974, 76,
17-27. (b) Fleming, 1.; Perry, D. A. Tetrahedron 1981, 37, 4027-4034. (c) Kato, M.;
Kuwajima, 1. Bull. Chem. Soc. Jpn. 1984, 57, 827-830. (d) Reich, H. J.; Eisenhart, E. K.;
Olson, R. E.; Kelly, M. J. J. Am. Chem. Soc. 1986, 108, 7791-7800. (e) Stergiades, I. A.; Tius,
M. A.J. Org. Chem. 1999, 64, 7547-7551. (f) Yoshizawa, K.; Shioiri, T. Tetrahedron 2007,
63, 6259-6286. (2) Mueller, A. J.; Jennings, M. P. Org. Lett. 2007, 9, 5327-5329. (h)
Reynolds, T. E.; Scheidt, K. A. Angew. Chem., Int. Ed. 2007, 46, 7806=7809. (i) Reynolds, T.
E.; Stern, C. A.; Scheidt, K. A. Org. Lett. 2007, 9, 2581-2584. (j) Reynolds, T. E.; Binkley,
M. S.; Scheidt, K. A. Org. Lett. 2008, 10, 5227-5230. (k) Brekan, J. A.; Reynolds, T. E.;
Scheidt, K. A. J. Am. Chem. Soc. 2010, 132, 1472-1473.
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Morita-Baylis-Hillman B EEED T/ > 72 NERIT B EZRELTWDS

(Scheme 25)."

Scheme 25
OMe
Prn )\ MeO (0]
_A-0TMs  Ph”~OMe, TiCl,
H Ph Prn
b CH,Cl, |
Ph Ph
71 72

81%

KTz, Schiedt 51& Sc(OTf),Z Lewis Bt & LT, 7z ZILIXFILYOFY
PLYT73KZILTERBULLIE12-VT bV ZERIGESESD I ET, ZERNICT/

VT4 DT B EZASHICLTVWS (Scheme 26).

Scheme 26
o)
R I oH 2 R! = Et, n-P
. R3" “R4Sc(OTf); RS =EL n-rr
#-0siMe,Ph (OTs ; R'  R2=alkyl, TMS, Ph
H CH.Cl, -78°c  R* |

N 2Clp, ~78 R2 R3 = aryl, alkyl
R2 73 R4 =H, COMe

upt to 99%, (E/Z = 20:1)
CORIDICEWTHAREERE G OF V7L Y 73a ZRVERTHTON TV,
PLYDFZUT4—EF+RICEBESNT, FEEOI SV FAY—LTLNAT /¥
74a FBE5NTVLWRWL. LHL, ZEIHROYOFI 7L Y 73a &EFFIL7A Lewis
B75 ZAWVWSZ LT, BOWIFYFAY—OXEEEERT4b ZEKAIRETH D

ZEPHREEZTNTWS (Scheme 27).
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Scheme 27

)

OH O
Et PY
H ./_OSiMezph Ph H, Sc(OTf)3 Ph Et
s CH,Cl,, —78 °C |
Ph
Ph 73a 74a
85:15 er 98%, 62:38 er

o OH O H-;—('H

Ft A )J\H 75 =N_ N=
L AOsiMepn AT, R ot
\’% 2,6-lutidine, 4A MS | But O/| 0 But
Ph acetone, —78 °C R2 SbF
73a 74b

AI’ = 2'C|'CGH3
rac 72%, 96:4 er L 75
(E/Z=20:1)

—75. Reich 5@YTYORADZER/EN 7L YT Egure 3

BHEZILTLYEBED 1,3- YTV &0 b scis BE //ﬁ} Q

T EDTEBDIIERENNSKLZETH S & (Figure vinylallene 173'bug°‘die“e
3), ESICYAOFVENBFHENETHEIEICERBL, EDIEEETZ YO+
VT L% 4 REEAE T B Diels-Alder RISDBZ1T>TW3.2 B4,
YOFVE CoIEEEITZFLYT6 IC Lewis BEMZ 2 &, 8ALIC X FILEM
BEITZLEHEISIC scis BEZEDICKWEBETHZICEEDLST, 2FHR
Diels-Alder RIGHAEITL, THYU VESHEK 77 NMES5NE&Z2HELTVWD

(Scheme 28).

Scheme 28
8/ OTBS Me OTBS
Me Et,AICI
. —_—
\)J\ CH,Cl, X
o) oH
76 77

51% (3 steps)
(1:1 dr)

(29) Reich, H. J.; Eisenhart, E. J. Org. Chem. 1984, 49, 5282-5283.
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CDESRBREZIILYAFTT7 L YD Diels-Alder RIGICEWT, HEFERT LV
ZEIZEEZRAVWNE, PLYOMEFS ) T« —Z2RICBIERDOER D ILEFD
ICERETEZHEENH 2> Thbs, ZILF /ALY 78 heEshsdE=
IWOx> 7Ly 79 % 4 ikEFEAL & LT Diels-Alder RISZ1TZIE, ZHFMDARE

FLEED 81 85N B T &b (Scheme 29).

Scheme 29
1.MeN /\ Ph, H ois3 3s.o
0]

t Bu El. Z_._a a
1 4 SiR3 - ) [4 + ] b
R 2. electrophlle d

| 3. dienophile c

R2 78

8
AR Table 1 ICRULELDIC, PILF /ALY Z v 43chsEZ)LyOF2FL
46Cc NEWTF VY FAN - TERT B2 ENHSNCIE>TWS, 2T, TLC
ICEDTP LY 46c DEREERUIER, I/ T4 ERBDERILAVEZ 1.2
LERMUL & Z 3, Diels-Alder RIGHTERICITETE S, BNOR{LAE81a (THl
ZATCRRIGDT7 L > 46¢ (81a:46¢c = 1.0 : 3.3) h'1F5Nfz (Table 2, entry 1).
ZEDKRRIGDT7 LY 46¢c HENSINIDT, HINTIKIL A VEZ 24 Y=
ICIEIE 3 &, RIEMIIRIOH TR L, TR{LAE 81a HMINE 67%, 99:1 er THS
nfc (entry 2). A LA VEZISITBRE (10 HE) MAHAICIFINERDR

FRESnEh o7 (entry 3).

30) EZJL7Z L > D[4 + 21BIR{b Kb (a) Murakami, M.; Matsuda T. in Modern Allene
Chemistry, Vol. 2 (Eds.: Krause, N.; Hashmi, A. S. K.), Wiley-VCH, Weinheim, 2004,
chap. 12; (b) Robinson, J. M. ; Sakai, T.; Okano, T.; Kitawaki, T.; Danheiser, R. L. J.
Am. Chem. Soc.2010, 132,11039-11041. (¢) Reich, H. J. : Eisenhart, E. K. : Whipple
W.L.;Kelly, M.J.J. Am. Chem. Soc. 1988, 110, 6432—-6442.
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Table 2

0]

1. 40 (1.2 equiv)
Z TBS toluene, —80 °C
2. t-BuOH (1.2 equiv), THF
43c 3. MA2 (x equiv)

aMA = maleic anhydride
entry MA (x eq) vyield of 81a (%). (er)

1 1.2 b
2 2.4 67 (99:1)
3 10 59 (99:1)

bThe ratio of 81a:46¢c =1.0:3.3

BILRISESEHES B2 IeHICBRIOBAI LA VEBNRETHZ I END, RAIC
FHETSH7IVP tBuOLi O L SBRBEEHIMIMREZE U, AL 1 VEZED
BUTWDAREEN DD EEX T, 22T, INSORKEEREE(LT 21260, B

DORMZRE LT (Table 3). RRICEFEL, RKEKBEBRDS2DF, 1.2 HEOD
tBuOLi & T2 HEDF IV F VLA IRNEFEDIDDOERFEFTHD. InbZ
INTCTOMVIET Do), 48 HEDEERZARIMLIcEZ 3, WNMAILZL DS
(81a:46¢c =1.0:3.3) U TRIEAE81a OEIEMNBEIMLICHDD, KRARELT
RKRISDT7 L > 46¢c HEINE Nz (8B1a:46¢c = 1.0:0.8) (Table 2, entry 1). BFE&

TIRBEEEINES L, KKE HIC7IVvEZRIC7AONMETERD > D TR
WheEZ BffBL D &A% N 7)LAOEE (pKa: AcOH = 4.76, TFA =-0.22)

ZAMUIcE T3, ZLyEAKRERINRES NG b0, Hig7ILTE K 82 i4E
U (81a:82 =1.0:045). 82 (@FRID KU Z)ILAOFEN 7L > 46¢c & RIG
FEHIETERLIEDbDEEZSND. 22T, N TZILAOFEE 3.6 UEITHLU
5&, 46c NRIMERRINDHT, 82 FF>7<EMET, RILHEAX 81a
ZINE 67%, 97:3 er THZZENTET (entry 3). BBOE%Z 24 UEXTHS L

HBBICFRIERDNELICITETEY, PL Y 46c OLRIPNEIEML £
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(8B1a:46a = 0.32:1.0) (entry 4).

Table 3
Q 1. 40 (1.2 equiv)
toluene, 80 °C
= TBS :
2. t-BuOH (1.2 equiv), THF
3. acid (x equiv)
43c 4. MAa (x equiv)

entry acid xeq raitio(81a: 46c : 82)

1 AcOH 438 1.0: 08 :0
2 TFA 4.8 1.0: 0 :045
3 TFA 3.6 1.0:0.04: 0
4 TFA 24 1.0:034:0

a81a: 67% vyield, er =97:3
RBEFREDESNMCBE DT, KTVRY NRIGZRET 20, BREDE
BRZEZILT L VBIBRMKERZFILF /ALY SV EART R I &I Uz, O
VTIZIEZEIT S 43c DIBEEAKOEET, Y7ONFEZIILEZHI % 78a

BLUOHEROEBEBREEZET S 78b 2E6HT 22 ENTEF R (Scheme 30).

Scheme 30
OH 1 Sonogashira
/\ + RQ\j\ coupling TBS Jones oxdn.
=~ "TBS N
57 83
a: R', R2=-(CHy),- a: 79% a: 82%
b: R', R2=H, (CH,),OMe b: 87% b: 83%

BRUIEZILE/ ALY T (43¢, 78a,b) ZAW, BADOKI I UE (KT
L1 YB (MA), NXFILILAZIR (NMM), 77 hF/> (NQ) EDRB%ETT
>z (Table 4). £9, MA, NMM ZzAWEHEEH KLY, 78b & NQ DRIETIF Z
FEBDO SRS Z R DOBRBEROADRIFHRINE (51-73%) hOEWIFYFAY—
kb (88:12-99:1) THR U e, HIKOEE 78b & NMM & DRILTIE, HAERID

'HNMR F v+ —h T 83c O@HMHERS N, YYUHTIASLIOYNT ST 1
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— L K BRBEFPIC—EMIMAKDEZZF, 85 NEKULE. Ihid 3 RM%ED 83a,b
FODEIT /=YY I-FTIEENZFERNICZVWTWS O TRBVWHEEZS
n%. 43c, 78a & NQ DRILTIFIRI{LIE 84a,b ¥ E/ZBEY (E/Z = 1.0:3.7,
1.044) £LTHESKE

NS DRILEEERD E/Z geometry & OAE R OEFEEIC DWTIFERILEAE
@ NOE ZHIEL, H'& HOMICHEENRSnfccEhS ZRETHD &, H
EHYH E HOBICEEN RS hizc&Eh s, H, HY, DI RT synTH3 &
ZRE Uz (Figure 4). £z, #tdiElL 83a D X i REEHETICEDVWTRE

U7z (Figure b5).
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Table 4

0 1. 40, toluene, —80 °C, 30 min H__OTBS
2.t-BuOH (1.2 eq), THF I H 0
—80° to —20°C, 10 min
R = TBS 2
3. CF;COOH (3.0-3.6 eq) —

- h 1 81a-c
| then dienophile (1.2 eq) R TN 83a—c
R2 —20°C tort, 3-7.5 hr R2 (0] 84a—c

R1H,«

2

dienophile

0] 84b 84c
(NQ) 51%, 95:5, 95:5 er 54%, 99:1, 98:2 er 57%, 88:12 er
(E:Z=21:79) (E:Z=19:81)
2 20% of 85 was obtained by hydrolysis of enol silyl ether
CHO
H O
NMe

MeO

S H
L i

81a-c (Z=0)

83a-c (Z = NMe) single-crystal X-ray analysis of 83a
84a-c (Z =-0-CgHy)
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7o, ®RIbfk 83a DIENEEN S, BIFRADEZ)L7 L Y 46¢ DIENEEEIL S
THDEHEZINS (Scheme 31). Z1lE BrewsterdLow BIH SH#EE S 11 DD
BEbH—HULTWS,

Scheme 31

OTBS
=H

H )
f — S
TBSO /=
5 ‘gl e

(S)-46¢
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FE=f1 EZIEZEISOFT 7L 2O Diels-Alder RISDILAERME

TENDRISIC & > T/ 5 1vfc Diels-Alder RIGEHERIG T/ —ILY UL T —FI)L%Z

=

BI2N, ZHMMEBEL. D E/ZE Diels-Alder RIGHETT BBRIC, YT/ 7
LD EZILTF L YD EESOENSEAT 2MNCE> TRESINDS., Ihabs, £
ZIWTFLYOYVIVFEICK U TEEABICFET 2KRRFEIOFVEDS S,
KRENS YT/ 7 qbbMEITNIEE EHD, YOFEFMMSEEITNIE Z 4D
BRICENERT 5 (Scheme 32). IIFBEEDARS S ZEANKL, YT/ 71 )LhK
RANSEAT B TS-E1 OANERTHIICHEININDST, EBEDORILTIH(-86

NERBAEEL>TWVNS,
Scheme 32
0
> TBS —>, (8 n
Z ==<0SiR,
43¢ H 46¢
N

O. H
\ @ e
A i
l‘ ':' ' O O: /I
Z \ Y
O
TS-Z1 TS-E1
46 + dienophile 46 + dienophile

BEREICH T DIUERAET E/Z BIREZHRPI 2 EIETERWVDT, AIEHE
ICHEWT retro-Diels-Alder RIGHHEZ D, RREERRDFEICHED I ETHNZE
NICKRTEWR(D-86 NERL TWBAEENH D EEZ. £IT, ARIBZRT
retro-Diels-Alder RIGHE I DIBD2 DN, REERZTO>I L TRIEZT oI

(Scheme 32). 945, HEEiLCIR{ILAB81a,83a ZzZnz2h NMM, MA & KRt

31



S, REBER Bla hs5 83a H5WE83aHn5 8la) WEKRINIFRRELE
BRROBICFEENFET DEWVWD &Ik d. Table4 ICRURBORIG E&EZ
Wiz 2, 40, +-BuOH, TFA % toluene-THF JEGAIEICAIIL, R{biAx8la &
NMM, Rtk 83a & MA ZRIGSBh, REBEEFELER LGN/, &
DIERM S, retro-Diels-Alder RIGHRCZ 2ABEMIFEWE S X 5. 2L, E
BORLA81a ZB/2IENTET, (A-8la ZAWVWREERZEHEIT DI LN
TERhofcfed, (B)-8la NSIEFHERIGHAEID, (H-81a MhEIEFEISHEWNE
WS AIREMZBET 5 Z &SRR,

Scheme 33

40, +-BuOH, TFA
toluene, THF
rt, 9.0 hr

40, t-BuOH, TFA
oluene, THF
rt, 9.0 hr

: H

:H o : o
83a

" 83a not observed

Ric, —BRFITHDLDICRZDTS-Z] ZRBRIGDFEEILIRILF—DAN
BLR>TWREWSHBEE ARSI T B2 &C Uiz, OTBS ENFEET S &K
STIDLSBFRBGBERENDFRINDOREENH D EEZ, BAOBREZET
L7 LB, Diels-Alder RIGICNT Z & T, BIEDMRZIRIET 5
ZelcUfe, YOFVEIRCNA, BRETFZEIDANFIEESIVO7ILFILEZS

ITHEZILT LY ORIEMNMRISEEERD E/Z thZzHBI B2 &Ik D, TARER
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F, BREFOFEZHSNIITDIENTEDEER .

X9, HEOGREEZTRY. YOFVEZHISEZ/ILFP LY 46¢ (43¢ =k
LT A, LDA TEITUE, tBuOH @ THF ARZHRINT 22 & TER L. &
B VAT IVASLVORRNT 57 4« —TRET 2 EMKDMEEND 2D, FE
9B ERLLFERALE (Scheme 34).

Scheme 34

o _7"otBs
1. LDA, toluene
= TBS
2. t-BuOH, THF
43c 46¢

RIC, ANFIVEZBEIBHEZIILTZLYO90 Fy /ARy FZI)ILI—IR62 &7

O/ULFILTZILO—IL 87 OEFEAY TV Y TJIckD 88 Z&E, ZILI—ILDX

FILE, FLUANDERMER Z R TER LTz (Scheme 35).

Scheme 35
PdCI,(PPhg), " OH _"0Me
E%l + /\OH Cul, Eta“ @/ NaH, Mel Z
—_——
88 THF 89
88% 97%
y\
+-BuOK "~ OMe
—_——
THF

90
65%

e, PIVFIWEZBIZEZILTLY 94 13, 91 ZRARISH LD IV Y

2 [CEHBLTC,, NFYF—ILICRHMEE®SH2ETO3 &L, SHICERTNMESR

(31) Tius, M. A.; Ousset, J.-B.: Astrab, D. P.: Fauqg, A. H.; Trehan, S. Tetrahedron Lett. 1989
30,923-924.
(32) Collins, P. W.: Gasiecki, A. F.: Perkins, W. E.;: Gullikson, G. W.: Bianchi, R. G.; Kramer

S.W.:Ng,J.S.: Yonan, E. E.; Swenton, L.; Jones, P. H.; Bauer, R. F. J. Med. Chem.
1990, 33,2784-2793.
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KRIGEPICAT & TER LT (Scheme 36).

Scheme 36
HO ~ POCI
= oC _ POCls 1. n-BuLi, Et,0 n-Pen
pyridine 2. hexanal
91 92 93
31% 79%
PPhs, DEAD n-Pen

o~
s g
NBSH
THF o

64%

SonhfzeEZ)L7 LY 46¢, 90, 94 & NMM & DRILAMREZIT > ciER %
Table 5 ICR9. 9, YOFVEEFIDEZILT7 LY 46c ZAWEEHEICIET
iRy M RISDIHE EEkRIC ZEBEDRILAE 83a DHMNUNEK 42%THRSNE. Z
NIEHL, XRNFVEZEIZEZILTLY 90 ZAWVERICIE E/Z BEYINE
5N, (2-95 & 31%, (£)-95 (& 42%DINETH T, SHICTIVFILEZETS
EZIL7 LY 94 ZBWEIBEICIE(E)-96 DANINE 0% THELSN. Ih5DiE

Eho, EDILT7 LY OEBBREDERICK > TRILBIERD E/ZHENKRELERD,
RICRRRTZE I 2BRENGFET 2HB(IC Z BBEDORILBEFRDERLEAKE

KRB ENHSHICR I,

| (33) Myers, A. G.; Zheng,B. J. Am. Chem. Soc. 1996, 118,4492—-4493.
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H .
(0]
—_—
toluene-THF
(1:3)

46¢, 90, 94 83a, 95, 96

entry allene Y t(°C) T (h) Z(%) E (%)
1 46¢c OTBS 0 14 42 0
2 90 OMe 5 48 31 41

3 94 CHyCHy)sCH; 20 23 0 30

EZIL7ZLYOREMAMRIGOEEREICKE T 2BREFZ2EOBREOHRIC
DWIIBHRZF/ D, FAELRNRZICLDRIAEZITS 2 &IC UL (Spartan ‘08,
B3LYP/6-311+G*). 46¢c, 90, 94 0EFILLEYTH S 97a-c EFEAXKTL 1YV
& D Diels-Alder RINICHEWT, (£)-98 $2WH(H-98 ZNZNDRERZSZ D
BRIREOBEE ZOERAIXILF—DEZ XS (Table 6, Figure 7). ZD#ER,
YOFVEZBEIZEZILFLY 97a DFEICIE(F)-98a ZEI BBRKRELD H
(2)-98a =E L BRIRRED AN 3.23 kcal/mol ZETHZDDICHL, ZILFILEZ
BIZEETIL(E)-98c ZE I BRIKEDAN 2.11 kcal/mol RETHH, X KF
VEEZBIHIEETEIRODEBBREBOEN NS WEWSTHERICH o, TOFERIE
REBMER (Table 5) OEAE—HLTWS. COLSICHENEDSHBRFETFD

FENRIERDOEEREICEEZS I TWSAIEENRER NS,
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Table 6 Figure 7

0 / .
Y Y
H e 0O
e o LK
T: 0o o
\ —_—

Me l\i/IeH o (a9 (2)-98c"
97a—c (2)- or (E)-98a—c
97 Y AGogg ((E)-98' — (2)-98")
a OSiMe; 3.23 kcal mol~!
b OMe 1.47 kcal mol—1
c Me —2.11 keal mol-!
(E)-98a’ (E)-98¢'

ZDESICHE + BRIANMRIGICENT, YIVDIFBEENKREVENS Y
I/ 74IDEEL, RIBEDERT 2 EVWSEFNINETICHEFABRSESI I TWS.
1988 & (T Overman 57 Y IL7)LO—)LEEER 99 & N-phenylmaleimide100
EDM4 + 21BRAEMNMRIGICENT, R =HOHEEFKEBEERACENSI T/ T
AILDEBHE L TERT % syn-101 BNERBEREGRDZ I EZHRELTVWS. R=TBS
DBEICIE antF102 NERBEARERZ NS, KBEOTON NI I/ T4l
EHEERATZIETIOLSBEERENRKIRT 5 &iERD T WS (Table 7).%
ZDESBKEHEICEDZERIREDZEILICDWTIE 1990 £ Franck 5 6 Rk D

RWEHEIT>TWBE®

(34) Fisher, M. J.; Hehre, W.J.; Khan, S. D.; Overman, L. E. J. Am. Chem. Soc. 1988, 110
4625-4633.

(35) Datta, F. C.; Frank, R. W.; Tripathy, R.; Quigley, G. J.; Huang, L.; Chen, S.; Sihead, A. J.
Am. Chem. Soc. 1990, 112, 8472-8478.
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Table 7

OR
OR 0]
H H 0]
+ NPh ———> +
| toluene NPh
20 °C
X O H
99 100 anti-102

R syn-101 : anti-102
H 64 : 36
TBS 0:100

KTz, 2005 FI(C Prunet 5%, 103 £EBr&EZHI 5T/ Y 104 OREMAIMNKR
IRICEWT synthfOHMNERT D EVNSCEZRBWLELTED, 103 DERRFEFH
BEMINIREOERZBREICTASHDODEEZSZTWS I ENRENTWS

(Scheme 37).*°

Scheme 37
OTBS OTBS
TBSO )Q SO~
toluene
reflux B
Br
Oome ©O
syn-105
single isomer
i@ : OTBS
i MeO oTB
BrY/=~",—= otBs ; > H
Meo \‘//\: OTB : O ,,' :’
[P H 5 DH
: S
TS-syn' H Br TS-anti

UEDPIDKSICITIVEI T/ T4 I)LEDEDHEEEERUNDHEEIERIC
&0, TFERHMENSEZSNDHDEIFFEOEEREZHKIRT 215509 5. SO

(36) Funel, J.-A.; Ricard, L.; Prunet, J. Chem. Commun. 2005, 4833—4835.
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DbhbhnDOKIL (Table 4) ICEWTH, EZILTFLYOBRRFEIT/  T4)

EDRBICASHIDHEEERIPEIWVTWVWEDTIRBEWNEEZSND.
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BZE FIINWNIVFIULPIRILCEBARXR/ANYZYDAREFRTZMAL LR

ITHYVFAERNEZIL7 L Y EREDRAE E SR RIGANDERH

F—f AR/ AIYIVERBWCIFYFABRNEZILTLYERK

HIFIICEWT T F /ALY SV ZRFERTLERICEZSY U T—MD5D
S2270 bk v1blE, antiFBIRNICETI D EZHSMNC U, 2OKSBI VT —
DS LERESZNT DKREFAEDRIGDIFBEICDOVWTHRESNIAIEZ
FTICRWY, SERDPMEZFEZIEBENTEEBEELTAR/AMILYZ> 106 =ZH
WBZEeZER, 305, PYILYIVEZERABDOBICZE/FEZEA LT
X/ Z2 106 2HEBE UL TRHWS VT —hHEE 108 BNAERL,
“ERERLVZERBAZEN UL TCKEFAERDT S E, T/ —ILYUIILT—TIZ
E957L> 109 85N dZ&icid (Scheme 38). CDIHFEHIIEERMIC

RIEHETT 50, Rfc, TDBERDOIFEREEDLSICREINZEHSMCLIcWe

EZZ I
Scheme 38
o) 'V'eN H Ph os.n3
H N N/\
| S|R3 40 Li Sle E|+ \—/S|R3
=
R (E)- (2106 100 %,

ARIBICEWTTFH SN BIE6ETE% Scheme 39 X &3, (H-106 o4
B9 2VIL7ILAFT R(E)-107 hSiHpENICZONMED R Z25E, Vi h
BRE-TAREEDNTILTVELOTILT YD p B EFTICHR STV T4 X —

¥av(H-107 HB5WRK(B-107T"H15ETITBEEZISNS. (B-107 DREFE-TA
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REBICH UL TKREFHANPBRCAE (synNhSRIET S E(H-109 A, FEDOAEE
(ant) DRI BDEZDITFYFAN—TH 5 ent-(E)-109 WBEKT B &I 5.
(B-107' WS RIGHETUISBE, T/ —ILYVILI—FTILDIAXRNI)—=H Z &
2D, 7Ok LD syn BEIRNICEITINIF(D-109 BY, anti BIRWIISETI NI

ent-(2)-109 NERT 52 & ICiR B,

Scheme 39
o)
| SiRs
=
=Z
' - H
R (E)-106 MOSiRs
H Ph H+ siRg o n(E)
N/\But syn* ~0~ \|/

Li R (E)-109

N I |
[ j " H H oS

N 40 anti ?_/8‘ iR3

H O (07 anti

s SR H ent(E)-109
| * I 3 —
Z sy ifg?*
R (E)-107 H+ Yl . cY

—>
. R
anti+ H \}/
SiRs H o (B)-109
L > _
R' :
R3SiO
H+ -H_ H ()
(E)-107' anti \|/
R ent-(E)-109

S, PILF/AIWYSVERRBD, AR/ TV TRIREIC E/Z BHERE
NEET D, ZEZEWHEEDIREEZ Scheme 40 ICRT. FRISN34EHY
DEEIEFAL THDD, ZE/BEGOIAXRNY—PEGZZET, YUILTILAFY
RK(2-107 &(D-107"DEE»L, 7ONMEDIEEENTEZ ST OgEMENH

3.
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Scheme 40

O

[ SiRg
X
RI
(2-106 H
H Ph H+ syn /&
- — H
' R™Y OSiR
N P |
N~ “But syn 3
N Li R' * R HMH—(E)
[ j L JRs ent-(£)-109
=0
‘ N, 40 anti* H R
H* (2107 anti L OSiR
_ - * b 3
N HWE)
SRy ] (E)-109
N R
(2):)7 R H* LA RsSIO
anti* Mz)
Rl
L s H — ent-(E)-109
SY”* H SiR3 H <o
L |
H* (24107 anti >3_?(Z)
(E)-109

XY, ER ZBZEnNThoEBEDERZT>. (B-106 &>V IIL7)La—)L 57
%z Jones BBALICR LT YILYZ > 110 & Lk, BEFERH T Ll E RIS T(H)-

—RZILTY 111 IEZHETL, FEWTEBADZILE Y EOBEBEAHY U VT %1T

i

J!

TER Uz (Scheme 41).

| (37) Rivero, M. R.; Buchwald, S. L. Org. Lett. 2007, 9, 973-976.
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Scheme 41

o)
OH o) .
/\ Jones reagent /k Lil TBS
=~ "TBS acetone,0°C,10min =~ "TBS AcOH,t, 1 hr |
57 110 17 111
0 R time (hr)_vyield (%)
Q PACI,(PPhs),, Cul TBS a CH,CH,CHPh 2 80
J) TBS + / PrNEt | b CH,CH,OPh 2 72
THF, rt & (o CHzoPh 0.5 73
(E)-106 d CH,OMe 2 68

(2-106 [CDWTlE Scheme 42 ICRI R TER L. £9, B7 o7 FL YV
K U lc N-iodomorpholine # BW T3 v %2 &EA®L %, NBSH
(2-Nitrobenzenesulfonylhydrazide) IC& D ZILF V% ZT7 LT VIcET® U
fo. ZD&, BEAY 7Y YT %ZTV, &RIC Swern BRILRIGICHN T 2 & T(2)-106
ZBH U (Scheme 42). (2-106 HBOEKTIK, Ay 7YY T RIGDHIICS Y
WZNLA=-IDBEAZITS &, hy T YT RIGRICARAZNICEER E7ILT VI

EMEUTclc®, Dy TV TRICEBRIEZITVWT VLY S VICE W,

(38) Koyama, M.; Ohtani, N.; Kai, F.; Moriguchi, I.; Inouye, S. J. Med. Chem. 1987, 30, 552—
562.
(39) Chavez, D. E.;: Jacobsen, E. N. Angew. Chem., Int. Ed. 2001, 40, 3667-3670.
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Scheme 42

OH

OH N-iodomorpholine OH NBSH
Cul / EtsN
BS ———>[ IBS

/TBS THR M 2hr | Z THF, 1t, 12 hr f\

57 113 | 114

OH OH
PdCI,(PPha),, Cul
= 2 3)2
3
KTBS + o7 _PrNEt | TBS TR time (hr) yield (%)
N b CH,CH,OPh 3 79
(2-115
(COCly, (1.5 equiv)
OH DMSO (2.0 equiv) 0
TBS iProNEt (5.0 equiv) TBS
| CH,CI o o R vield (%)
, —80 ° to —20 °C o

S 22 0 min S a  CH,CH,CH,Ph 85

N N b  CH,CH,OPh 79
(2-115 (2-106

£I(H-106a ZAWTRILDE ZTTolc. ZILF /ALY T3> 43 ZHWR
It (Scheme 19) DIFE EEHKIC, toluene FTEZILUFILT IR 40 ICL DR
TTRIbZ{To2lc& 2%, U7 ILa—IV(E R-115a T+ FAN—LE 99:1 L
EcEshic (Table 1,entry 1). #EGEBN R THZD I &L, BRI DLSICHR
Mosher JEIC K > TRE UL, ULHU, IEZURD 45%ICBE XD, 34%D (£)-106a
ZEMRUe. FIIWVFIOLP IR A0 2FAFEEE UTERT SR, LiBr Z274/md
e ZDRIGENKRES BT 2 EPRESNTVWB T EEBL, nBuli I
AT MeLi-LiBr ATl 7OM{ET 22 &L > THRE LK 40-LiIBr ZAAWT
RIGETS &, INEH 85%IlcmEL, TFYFAT—Lthid 991 UETH-
(entry 2). n-BuLi & MeLi-LiBr $#{A T, LiBr OB E/Z 1 T4 <, n-Buli & hexane
BR&, MeLi-LiBr #5KI Et,O BRTHDEWVWDRHERSD. 22T, nBulizAW

33 E & MeliLiBr Az BWBEES & ORIGEDEWD, LiBr OG&EICRERET 5

(40) Murakata, M.; Nakajima, M.; Koga, K. J. Chem. Soc. Chem. Commun. 1990, 1657—
1658.
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HDEBDD, BEDEWCEETDEDBONZHSMNCT B, BEREZ2Z
TRIBZITW, LiBr OFRMOFEEZ AR, £9, n-Buli ZAWTHEARE L 40 I,
RIMRFAR U 7z LiBr @ Et,O BRZAIML, EXRbZE{To>c& 23, &k 115a
MUEE 84%, T+ VFATY—H>99:1 THESN (entry 3). Zhik MeLi-LiBr $&{&
ZRHRWEES (@entry 2) EIFIERAUERTHS. entry 3 ERUAER
(toluene:Et,O:hexane = 5.0:1.9:1.0) T n-BuLi THEL 40 ZFHWVWTETZT
S&, WEFE37%THD, FRI 106 A 37%EUNE Nz (entry 4). E—DBER
T MeliLiBr #5#(AZAWVWTREZTS &, RBEERZL, ERHEEIRS hah - o
(115a: 80%, >99:1 er, entry 5). L EDIERNS COETTRICDIERICHEZ S X
TWBDIEBRETIFRL<, LBr OFETHD I ENPALSHIICE >, LiBr HRAT
EDKSITERLUTWDDONEREATH DD, 40 OREGREICEEZEZ, TOR
ISHEZZSETWRAREL T VILYZY 106 OBRREFICEAT 5 & TKRE

FHEZELESE, ERUNCLEZRBERBZREL TWSAEERENEZA SN S,

Table 8
MeN "™ ph_H
N J
o N~ But
40'H
RLi
toluene, 0 °C, 10 min
MeN "™ ph_H
0] N Q
K/ \)43,\]. gyt H ;OH
TBS Li TBS
| toluene, —80 °C, 30 min |
Ph Z Ph Z
(E)-106a (E, R)-115a
(E, R)-107a (E)-106a
entry RLi yield (%) er yield (%)
1 n-BuLi 45 >99:1 34
2 MeLi-LiBr 85 >99:1 0
3  n-BuLi + LiBra 84 >99:1 0
4 n-BuLi? 37 >99:1 37
5 MelLi-LiBr@ 80 >99:1 0

a toluene:Et,0:hexane = 5.0:1.9:1.0
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MeLi-LiBr &4 THE L 7 40-LiBr 2 W2 ERAFETRIOD R KL EITT B
EDNRASHCRE DT, BRXOBERER ZH I % (£)-106a-d ORTTZIT > &,
THF & &EBICKEFAIE RS tBuOH Z2A/iiLic & 23, /T F Y FAERNN D Z
BIRMWICEZIILTZL > 109 B4R U (Table 9)." £7z, (9-106a,b HRKD

ZEICHTE, BT FYFARRMLD EBIRMWICZLY 109 25 Z /-,

Table 9
O 1. 40LiBr (1.2 equiv) 0 1. ;Iol-LiBr ( .goe%nv) OTBS
toluene, —80 °C oluene, —80 ° V7
s é OTBS s
2. t+-BuOH (1.2 equiv) X\, 2. t-BuOH (1.2 equiv) X,
= THF, -80°t020°C 'R A THF, 80°1020°C 'R
R 5 min H R 5min H
(E)-106a—d (2-109a-d (2-106a,b (E)-109a,b
109 R yield (%)  er lalp 109 R yield(%) er [olp
a PhCH,CH,CH, 71 93:7 + a PhCH,CH,CH, 64 973 -
b PhOCH,CH, 78 99:1 + b PhOCH,CH, 59 >99:11 -
¢ PhOCH, 79 90:10 -
d MeOCH, 81 94:6 +

RISDIAERIREICEALT, £91& E/Z BREICODWTDERZTS. AEODE
BETHRRELSIC, £/ 109 O E/Zgeometry (& Brook i/ 70 k VL KIG
NEZBEOVIIIZIVAFIR4DAY T A A= a3 VICLK>TRESIND. T4
b5, (-106 "5(-109 NEMTHEVNWS 2 EFAYT7AY—107"1570 K
VEDETLTWSZ EZREBLTWS, ZNICX L T(D-106 15IK(E-109 A
ERLTWEOTIY7AY—107 S5 7OMMEDETLTWS I LIRS,
(2-106 N5 (E)-109 4ERTZDIE, 107 ICEVWTERRREFETZILFYDORBICY
Uy IANLAVYDNEEST DD, AT ANX—107 Do RIGHNETITDEEZ

NIZHATRETH 2, (O-106 15(D-109 IKELTE, —B33LF7UUvY

(41) (-106a 15137 ILF VFEHE(A-109a'hS, (2-106a 15 E7 )L+ > 5HiE
()-109a' B ENZNEILE LT, ZORMICDVWTREROFICERT 3.
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ANLAVH FET S 107 S REHETLTE D, TDZFRENMAICER L TW
ZOHOAREATHSD. #2T, EE 106 @ E/Z geometry H* 107 2 WL 107’
DEEMICHEZEZZ2DhZHSMNCT S8, DFT 5tE (B3LYP6-311++G**
L) IE&DETFTIALEM(E)-107e, 107€’, (2-107e, 107e’DEHIXRILF
—DEZKRSD, kB U (Scheme 6) ZD#ER, (B)-106e DIFE, (2-109e %
5220 7AX—(E)-107e’DFAH 2.0 kcal/mol ZETH D EWVWSHERMNESN
fo. £z, (- 106e DFE, (H-109e 25Z220> 74X —(9-107e DA
3.1 kcal/mol ZETH 2 EWSERMFESN. ZDRERIF(E)-106 15(2-109

B, (2-106 1"5(6)-109 NENZTNERNICERT HEWSIEEFBRE-LT

W5,
Scheme 43
SiR H
8 H_ _>—O0SiR,
H, H-~o . H
o / T H - H \%
o by (E)109e
H (E)-107e
| TBS __| G’reir 2.0 kcal/mol
= - .
Z 0. _H R5SIO
H (E)-106e Hy %H
G SiRg H 7 H
H (E)-107¢' (2109
G’rei: 0.0 kcal/mol
H SiRs H&
H H
TBS H H
| ] . (A-107e (E)-109e
N G'e: 0.0 kcal/mol
H H H

(2)-106e S O & o
H .ol
B >
H SiRs
H H
(2-107¢e'
G'er: 3.1 keal/mol (2-109e

RICTFVFARBIREICDODWTERT S, AEETICKDEESE-FHOEFTY
T4—DTPLYVOEEFTY T4 —ICERESINDBEZHESHNICT DEHICIE, FHE
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EOVYILTILAFT R 107 EEHTS7L 2 109 OlAGDHENEEZHS HIC
TERENDHD. XY, 107 OENEER, MET57)ILI—)L 115 ZHEEL &,

R Mosher &% ZHWTRE L. 405, EAOFILI—IL(E-115¢c %
MTPA TR FILNEFEEBE LU O 'HNMRIZEITS TIHILY T NDEZHER

LB ET(H-115c DitEEIE R TH B EREL (Table 10).

Table 10
0
1o
- CF
(S)-MTPA-CI (2 equiv.) O (R o 3
~TB
S DMAP (2 equiv.) _ STBS
CHJCl,, rt, 20 min |
PhO (E)-115¢ pho. #Z (E)-116¢c
73%
CFy
OH (R)-MTPA-CI (5 equiv.) ojé)(o'\"e
DMAP (1 equiv.) 1 Ph
TBS EtgN (10 equiv.) ~TBS
CHLCly, rt, 1 hr
PhO E)-115¢ PhO (E)-117¢
4 73%
(Ph) (OMe)
%\( % .
d (ppm)
(EX117c___ (E)-116c__ dg—op
H-1 5.49 554  —0.05 ; HOH
H-2 6.19 622  -0.03 | S TBS |
CH3 536 S S (N s A— NG
Me (TBS) 0.00 ~0.05  +0.05 Ny !
Me (TBS) 0.02 ~0.03  +0.05 ' R E115 |
+Bu(TBS)  0.88 083  +005 LR

Fie, ZD7)L3—)L 115a THREKRICHKE Mosher ;2= FfIFBL T, ZFD#xt

fLEld R THBDERELK (Table 11).

(42) (a) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. J. Am. Chem. Soc.1991, 113,
4092-4096. (b)Kusumi, T. J. Synth. Org. Chem. Jpn. 1993, 51, 462—470.

47



Table 11

OH (S)-MTPA-CI (5 equiv.) Q OMe
DMAP (1 equiv.) OJK?(CFa
| TBS EtsN (10 equiv.) k (R) -
Q CH,Cl,, tt, 45 min | TBS
A Ph S
A Ph
(2-115a (29-116a
95%
. o
OH (R)-MTPA-CI (5 equiv.) CF4
DMAP (1 equiv.) OJK%OMe
| TBS EtsN (10 equiv.) _ (S) -
9 CH,Cl,, 1, 1.5 hr | TBS
N Ph S
X Ph
(2-115a (D-117a
88%
(Ph) (OMe) (R)
H2 MeO Ph (S)
H3 , O
= F3
H' "TBS
R o}
d (ppm)
(E)-117a__ (E)-116a  dg—dg [ TTTTToTooTTTToo
H-1 6.00 6.07 -0.07 | H OH
H-2 5.71 5.85 -0.14 ! | > TBS
H3 . 553 . 556, . 008 & — (R)
Me (TBS) 0.04 -0.01 +0.05 ! AN
Me (TBS) 0.04 -0.02 +0.06 | (E)-115 R

t-Bu (TBS) _ 0.89 0.82 +0.07

Rlic7 LY DENEEDREZT>lc. —MRRUIC, HEFEET L > DIENEICE %R

EIDAEELT, PLYVORNEBZLRAEEDORHESNSTFHTEENS Lowe-
Brewster ED & KFIEENTWS, LML, Table 2 lcmUic&SIc, [ UHEXIE
BECHDEHEEIND(D-109a-d D55, 109¢c (R = CH,OPh) DZEDH, 1t
ERBENEBR>THD, Lowe-Brewster ETIFMNILBEZRET 2 EIFTERL,
Z I CHERICHENEEZRET 5, UTOFELZTV, BRAMELEM(E)-121 I
BLIETEDREEDRFESZHERL, BNEEZRELKLDS &EE X (Scheme

44). £FT7IFVRBIC n-CH, E%BT 3(E-106f, (2-106f 2Zzhzh7L
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> (2D-109f, (-109f [cE# Lz, mCPBAICL>TIT/—ILYYUILI—FTILER
PEEIALL, 118, 122 &Lk, W TINnS5%Z TBAF TUEBIT B ETHRIYIL
LZTV, EUETFITEREEHEIZIEEERYRETITZIETI A=)
119 £8f. Th% HJO, ZBWBILHNBRRGICAL, ZILFER 120 &Lk
#%, Horner-Wadsworth-Emmons Ritz17> 2 & T, BERIO TR TIL(F)-121 =
BRLE” B5N(H-121 BAXEOHSIFEES5HATHD, ThaXHMobD

EHBIT B ETEDNEEZ RTHDERELL.

(43) (a) Mori, K. Tetrahedron 2012, 68, 1936—1946. (b) Oehlschlager, A. C.; Czyzewska, E.
Tetrahedron Lett. 1983, 24, 5587-5590.
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Scheme 44

o) OTBS
1. 40-LiBr P mcPBA 0 J15°
| TBS toluene, —80 °C K,CO4
—_—
™ 2. t-BuOH . EtzO0/H0
N THF, 80°t0-20°C  \''n-CgH;; (1:1) '
n-CgHiz Y \\H "0 Ctort N n-CeHyy
(2)-106f (E)-109f 118 H
1. TBAF OH H o COMe
THF/EtOH (4:1)HO (MeO),P(O)CH,CO,CH; =~
-80°to0°C HglOg o
N — N NaH, THF,0°Ctort X (A)
2.NaBH,, 0°C N\ 1-CeH7 ' 'n-CgHi7 N 1n-CaHy7
19 |y 120 H (E)-121y
9% (overall), 65% ee
[a]p28 —97.4
(c 0.25, hexane)
o)
1. 40-LiBr mCPBA O
| TBS toluene, -80 °C (OTBS K,CO3 KOTBS
2. +-BuOH . N Etz(?/:';zo X
THF, -80 ° to —20 °C 1n-CgHy, (11 "X\ 11-CaH
nCeHi7”™(E)-106f (2-109f H 0°Ctort 2;\,_' g
1. TBAF OH Ho o CO,Me
THF/EtOH (4:1)HO (Me0),P(O)CH,CO,CH; .~
-80°t00°C HelOg
S ™ NaH, THF, 0°Ctort . (A)
2. NaBH4, 0 °C \\\. 'n'CgH17 \\' 'n'CBH17 \\\‘ 'n'CSH17
19 H 120 M (E)-121 H
7% (overall), 72% ee
_____________________________________ [a]p26 —111
CO,Me (¢ 0.16, hexane)
f
X
N iCety
H
(R, E)-121

| [alp2* —130.3 (¢ 2.23, 74.7% ee) (iit) |

UEDZEMNS, (F-106 ZF I IUFIVLTIRICK > TRETULVKICERT %

ZILAFTRIF(E R-107 THH, cnd>UT—K(E R)-108 &3> icBICYIRT

SNBRETARZBEICHU T antHBIRMWICTO M D > T(Z R-109 "4

BUTWBZEDD 57z (Scheme 45). (2-106 [cD2WTIE, ZILdFY R(Z

R)-107 »5>UT—K(Z R-108 DAL, PIED anti 3B RRIICT O > EhvE

CoT(E R-109 &ERLTWB Z &ICHR 5.
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Scheme 45

H O
N t-BuO-H o] ) SiO
| TBS anti| H_\ | anti H//s_zH—H
= /%’f_‘g
R (E R)-107 R (E, R)-108 R (Z R)-109
H O Rs R
.\ TBS A T~ ant/ /& H
| . . antl*\ _H: L H >_/€—osiﬁ3
X +BuO-H H H
(Z R)-107 (Z, R)-108 (E, R)-109
CDESBEZEREESZN ULV VT — D SDOKRBEFEBRKIGICDOWT, bhbh

DWHRETIEFLE], ZIIL2VT—8 11 O7ANMERIGH anti BIRFICHETS
ZZEEHESMILTVWS e, BIREICEVWTTZILFZIILYUT—K4E hsD T
OMMERIGS anti BIROICET IS EEESMNCLTVWS, L > T, SO
DRIGZEIEBFHICEZ N, anti BIRNGBT7 A VBN 2LLIZILET, &
AELTIE syn BIRNICRIGHETT DL DICBNS. ZNICHEHL5T, anti
BRPNIC7O M MERIGHEITT 2EAE LT, Y UT— M5 DOKREFERKIOH
RECBERIC Li AFAVICH U TKREBFRIDEALL TWBIENEZISND. TaD
5, YUT—MNOBRRREFEE, JYILEOERICFEITSDYFILAFAVIC
tBuOH HECGIL, 108D &K S ICRIGHET I 2 EEZANIE, anti FIRMICRIGH

EITT 5 EZFHARETH 5.

Scheme 46 Figure 6
t-Bu
a"ﬂ O__H 2sio SiO ! t-Bu ’
H, N ‘ 3 H ' R H—O|
—] — — @< B o L
Z S Z H R Ho ;‘ H. O
R 108 ° R ;122 é% 123 | an =N\
| } ' R 108" Po
oveallsyn ~ TTTTTTTTTmmmmTmTTTTTITTOT
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=T EZJL7L> 109 @ Diels-Alder Kt

1R/ 1LY 5> 106 DRERETT/Brook 8/ 7 L =)L TO T H h AL TR
$2FLILNT/—)LYUILI—F)L 109 % Diels-Alder RIGTH#IRT 32 &hT

=niE, ZEBEEDNRERILEY 124 I8 515 (Scheme 47).

Scheme 47
a b
o OTBS I OTBS , OTBS
H a
H TBS / H C d / iiih'—-a‘ b
| - _— —_— c
N N ool

= *\\\--R *\\\--R ¢’ d | d

R H H R "H

106 109 124

(B)-, (D-109 F>AOF VEEHBUTWBHEFEETHHD, Diels-Alder &
IRCENWTEWRDEZRYT Z EHBFEINS. LU Diels-Alder RitZ#£ 9 7c
HICIE sCisTEEZRZRENH D, (9-109 FESVWYOFVEDIAKEEICEL -
TZDEREZ EDICK WEH(E)-109 EEERU TGRIEMIMRIGNDETULICK W &

NFE N3 (Scheme 48).

Scheme 48
OTBS oTBS OTBS
H J\k / H
— >
X. \
\. R
H
s-trans(E)-109 S- czs(E) -109 1 24
b
H H 2 I OTBS
H a
TBSO )\k f\ otBs ¢~ d b
o [ P C
. ~,
\\\. R * \\\ R | d
H R™"H
s-trans(2)-109 s-cis(2)-109 124

RIC(R, B-109b Z MLV, YT/ T74)LERBNMM ERBEEcEC
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5, PFEDRIEMNIRIGNHETTL, E RBED_EREEZHI 5(R)-124b HIUXE

79%,99:1 UEDIFVFAN—LWTE—DRERXRE L TES N (Scheme 49),

Scheme 49
0]
=
0 (1.0 equiv)

\'\\\.,R toluene, rt, 24 hr
H

(R, E)-109b (R, E)-124b
>99:1 er 79%, >99:1 er

R = CH,HC,0Ph

RIT(R, 2-109b & NMM & @ Diels-Alder RIGDEEZ1T o cht, RitdEE<
HEITET, FERIEIRE N (Scheme 50). CDERMNS, ©IED(H-109 O &I
X (E)-109 EHEUL TEWZ EDBHELS MBS T

Scheme 50

)

|  NMe
(oms

o (1.0 equiv)
no reaction

\' \
N'R toluene, rt, 24 hr
H

(R, 2-109b
98:2 er

Ric, ¥/ 7 4)LELT NMM &£h s RIBEES W PTAD
(N-phenyl-1,2,4-triazolinedione) Z W3 Z & Z&E X fz. PTAD & 1962 ZFI(C
Cookson 5*lc &> T, BILMNMKRIGICHEIFEIIT ./ T74)LE ULTHIBARBETH S

CEERWREESN TR, KRB ERABEOWATEZOMAIPBREINTE.®

(44) Cookson, R. C.; Gilani, S. S. H.; Stevens, I. D. R. Tetrahedron Lett. 1962, 3, 615-618.

(45) PTAD % R\ \fc Diels-Alder RIG < B89 % 3C#R: (a) Cookson, R. C.; Gilami, S. S. H.;
Stevens, . D.R. J. Chem. Soc. C, 1967, 1905-1909. (b) Boan, C.; Skattebel, L. J. Chem.
Soc., Perkin Trans. 1 1978, 1568—1572. (c¢) Hall, Jr. H. K.;: Nogue, P.: Rhoades, J. W.:
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PTAD BY T/ 7«4 )LEULTHBICEVWRDEZRYT ZEHNASNTWS, Zhi3,
FELUOBEEZFOE/BKIL A VEOILAIREEEGRD, RIS THZ _EES
A ICKBRRFHIEFELBWHIAEEENNES L, E5IC LUMO DERMBIEL
HTH 3. KBEIC, EZILFL V(R B-109b & PTAD & D KItE-80 °C DIER
TTHETL, BILAK(R, E)-125b &(S, 2)-125b Z YUK 46% (E/Z = 56:44) T

5 Z 1= (Scheme 51).

Scheme 51
O
OTBS N J< OTBS o OTBS o
&l NPh :
Z ~ , B N
o (1.0equiv) || v NMe+ || 1 NMe
N -~ SN N
\\\. R toluene, —80 °C | |
1 hr 0 0
H R™OH H R
(R, E)-109b (R, E)-125b (S, 2-125b
94:6 er 46%, E/IZ = 56:44
92:8, 92:8 er

51, (R 2-109b & PTAD & ORIEMIIRIGH-80°C TETL, EADEER
NSO NDIER (R B-125b, (S, 2-125b) LIFHEDITFYFAT—D(S,

E)-125b &(R, -125b DR 57% (E/Z = 63:37) TH SN e (Scheme 52).

Sentman, R. C.; Detar, M. J. Org. Chem. 1982, 47, 1451-1455. (d) Banert, K. Angew.
Chem. Int. Ed. 1987, 26, 879—885. (e) Jensen, F.; Foote, C. S. J. Am. Chem. Soc. 1987,
109, 6376—6385. (f) Chen, J. S.; Houk, K. N.; Foote, C. S. J. Am. Chem. Soc. 1998, 120,
12303-12309. (g) Leach, A. G. Houk, K. N. Chem. Commun., 2002, 1243-1255. (h)
Alajarin, M.; Cabrera, J.; Pastor, A.; Sanchez-Andrada, P.; Bautista, D. J. Org. Chem.
2008, 73, 963-973.
(46) (a) Moody, C.J. Adv. Heterocycl. Chem. 1982, 30, 1-45. (b) Radl, S. Adv. Heterocvcl.

Chem. 1997, 67, 119-205.
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Scheme 52

0]
NA
N NPh OTBS 0 OTBS 'e)
Z~otBs  N~( A A
o (1.0 equiv) N N
. | N NMe + || N NMe
\' ‘R toluene, —80 °C W<
H 1 hr | o I o
(R, 2-109b R™H H O R
982 er (S, E)-125b (R, 2-125b
57%, E/IZ=63:37
98:2, 98:2 er

BRICAHMREHETS 2 EHBESHNCR DT, TYRY N TIR/AILYZ
> 106 D SEBILIERAZIRYT D RISD®ETZIT >/ (Table 12). £, (2-106a
ZXFIINIVFIOLT7 I RTARAEFRITULE, Brook BxfiiZzETESESHD THF &
KEFHIE 2D t+BuOH ZRxmL, 7L > (F)-109a IcZL iz, NMM ZilZ =
D, BRICAIIRIGIEETET, 61%D(F)-109a AENE i (entry 1). RIEKRIG
HETLRVWDETILF /LY S DT VRYy hRIG (Table 3) DBE &Rk,
RIERIGHETIBZDELDERLRNORREICE>TI T/ T IIDREEINTWDS
fehEEZ, MU TILADOERORNZRS Lc. £9, MU TZILADERKRZ 1.2 4
ERMNT B & 24% EARINETIEH 2 NIRILAR(R, B)-124a BER LT (entry 2). 7
MEZHRAICE L LW &, Table 3 DiFEERAEIC, 3.6 HED MY 7/LAOE
Bz RIMUTIEEIC 61% &R RWERIETRILAR, £)-124a iME5N2Z T L
MEAS MR- (entry 3-5). &, FonNRILE 124a DTV FANY—Lb

lFE<, 97:3-99:1 ¢TH-o .

55



Table 12

0 1.40-LiBr (1.2 equiv) OT|_B|S 0 oOTBS
toluene, —80 °C A
TBS 2. t+BuOH (1.2 equiv), THF : Z
| —80 ° to —20 °C NMe + f
N - B AN
X 3. CF3CO,H (x equiv) | A o \\\-'R
ety CSMEESET :
R = CH,HC,CH,Ph (R, E)-124a (R E)-109a
(R, E)-124a (R, E)-109a
entry CF3CO.H (x equiv) vyield (%) er yield (%) er
1 0 - - 61 98:2
2 1.2 24 97:3 - -
3 2.4 52 99:1 - —
4 3.6 61 99:1 - -
5 4.8 58 98:2 - -

Table 12 DfER=E(IC, ~UT7ILADOEE 3.6 YEZR/ML, (H-106a,b &=
BoyxT/74)L (MA, NMM) ZBBWTT ViIRY MRIGZEIT O TeiERZUTICRT
(Table 13). WINDHEED 1 BEOERAEDOHAD, TFYFATY—L99:1 THS
N, WEA43-61%THol. RILAD NOE BIEZTolc& 3, H* & H OREICHE
ENRSNIECENSTER/REN ERBTHD I EEREL, H® H®, H ORI
BANRESNIIENSE IDDAFRDOENEEZRE U, e, MBWEEIFEEBD
(S, 2)-125¢c O X iRiEREERTOBERICEDVWTREL,

Table 13

0] 1.40-LiBr (1.2 equiv)
toluene, —80 °C
TBS 2. t+-BuOH (1.2 equiv), THF
| —80° to —20 °C
R 3. CF3CO,H (3.6 equiv)
R 4. NMM (1.2 equiv)
(E)-106a,b —20°Ctort (R, E)-124a,b, 126a,b

>

OTES ')
: dienophile yield (%) er
z NMM 57 99:1

OTHS 0
: dienophile yield (%) er
4 NMM 61 99:1

: MA 43 >99:1 : MA 43 99:1
o) o)
Ph H PhO H
(R, E)-124a (Z = NMe) (R, E)-124b (Z = NMe)
(R, E)-126a (X = O) (R, E)-126b (Z = O)
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Ffc, PTAD 2V T/ 71L& LTBEICIE, PTAD OYUENREORTICKE %R
wEZ5Z2, NMM R & ERAERIC 1.2 HERAWCHER, RIGHEHERKL ETLED
>fc. UAL, 05 SEBICHUZZET, (9-106 ZAWVW T VRY MRIGICEWT,
EENEREERTHZBILIE 125a,b Y, Zh2h 96% (E/Z=83:17,99:1,98:2
er), 88% (E/Z=T71:29,99:1, 99:1 er) OB/UETE SN (Table 14). HiEAE
D E/Z BBICDWTIE, I HBETHDH, BERE R ICEBRREFZET(D-106b
ZRHRWEHBEDAMN-125 OEMEINIKREL G 1.

Table 14
1.40-LiBr (1.2 equiv)
(0] toluene, —80 °C §TBS o QTBS 0
2. +-BuOH (1.2 equiv), THF N N
TBS  -80°to—20°C | 0 NPh+ | 1 NPh
| N N~
N r 4 PTAD (05 equiv) o
—-20°Ctort R H H R
(2-106a,b (R, E)-125a,b (S, 2-125a,b
R yield (%) E/Z er
a  CH,CH,CH,Ph 96 83:17  99:1,98:2
b  CH,CH,OPh 88 71:29  99:1, 99:1

Efc, (H-106 ZRWIHEEICH, BHFRIRZE (62-91%) hoE8WIFYFAY
—Ltb (94:6->99:1 er) TIRILIK(S, £)-125, (R, 2)-125 ZB2 &N TE
(Table 15). BUEHED E/ZLLICDWT, BIRE R A7 ILFILEHTH % (E)-106a (cxd
UTRICERREFZEL (£)-106b-d T ZHEDAERLEDEWMERICH - fo. K

(B)-106c ZAW RIS TIFBREDEE L, ZHEDEMBHRER ST,

47) PTAD Q¥ E(cBEd 5&5TI1EX(6)-106d ZFHWVWTIT->TED, FDFHMICcDOWT
ISEERDERICEEH T B.
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Table 15

1.40-LiBr (1.2 equiv)

0) toluene, —80 °C OTBS OTBS
2. t-BuOH (1.2 equiv), THF : /[<
[ Tes —80°10-20°C T N Wen o+ [N wen
3. CF3CO,H (3.6 equiv) N N
Z 4. PTAD (0.5 equiv) | \\é | KS)
—-20°C tort R H H R
-106a-d
(E)-106a (S, E)125a-d (R, 2)-125a-d
R yield (%) E/Z er
a  CH,CH,CHyPh 62 82:18  96:4, 97:3
b CH,CH,OPh 69 53:47  97:3,94:6
¢ CH,OPh 91 39:61 >99:1, 99:1
d CH,OMe 81 63:37  97:3,96:4

Table 15 ICTRUT2(E)-125¢c Dt ECEZ X #RfE@IBEHITICLD STHD ER

EU, CORBRICEDVWTHDIRILAHER 124, 125 OHMNECESRE L (Figure

OTBS 0

NJ<

| o)
H

(S, E)-125¢

e, FIRICTHIREDOEZIILT L > (2-109 DENEEN R THd &%z, B
MEEY(E)-121 ICEFBEI B ETHLSMILTED, (B)-125c DENEED S

THHEIEBEZILT7L VDNEEEN R THZZEZXFLTWS (Scheme

53).
Scheme 53
0o N

H N C_)TBSO
~~0TBS o : N en
N — < otBs < N~

Ny ~i__H po_ Ml 0O

H OPh X ~"H

(R, 2-109¢ TS-E OPh (s F)-125¢
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FE=f1 EZILFZL>109 04 + 21BR{CAAIIRISIC & 1T 2 AR M4

EZIL7 LY 109 ORIAMRBICE T BILAERBIREICOVWTERT 2. KRS
THESNDZBRILEDIAFEREICIZEZILT L Y O EE, E£/Zgeometry, YT/
Z14IDEZILT7 L VICEET 2BOEOFERMNEL> TWS, RIGICAW: EXF,
HULLLRZFEDEZIILT LY 109 OIENEEEN EES5H RTH 2D I ENHSHICK
STWBDT, (R E-109, (R, 2-109 DRIEKRIGDIBIZIEFLUTDKSICHKES,

£9, (9-106 & /I ZEZILFZL V(R E-109 & MA, NMM & OIR(EAT
MRIGTE, EZILZLYOYTYFEICK U TEEAMICHEEL TWE 2 DDEH
BEDS5, TS-E2 DESICKBRRFNFELTWSAENSI T/ 74 ILHEGET
NIE(R, £)-124 B, TS-Z2 DL ICEBRE RIMFRELTWSAENSI T/ T«
ILHMERET NIL(S, 2)-124 M55 (Scheme 54). MA, NMM & DRI KRIGT
& endo/exo ZBIRMUEEHMEE 22N, T Scheme 54 TIE—RMICERERMICHE
Hl7x endo E— R DOBBIREZELH L TWL S,

Scheme 54

OTBS

TBS
—»
\\R

Z)106 (R, E)109

) (0] R
(S, 2124 7S-Z2 TS-E2

(R, E)-109 + MA or NMM (R, E)-109 + MA or NMM
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@tkic, (R, H-109 & PTAD & OR{MMKRIGTIX, TS-E3 h5IE(R, £)-125

n, TS-Z3 h5IE(S, 9-125 BENZENERT D (Scheme 55).

Scheme 55
OTBS
< — \
XN'R
H
Z)106 R, £)-109
OTBS o) N
OTBS o ——H PhN _ L8 N OTBSO
5 /[< — % H '
N e o !
| by NPh < IS 1OTBS ——> Ph
A o =
| 0 —N_ |
H R PhNTD(N §<
(S 2125 TS-23 TS-E3 (R E) 125
(R, E)-109 + PTAD (R, E)-109 + PTAD

nicxt L, (B-106 54T 2EZIILF7ZLY(R 2-109 £ /71
(PTAD) & DFEEMIIRIGTIE LSS (Scheme 55) O i& C-5 L DHEXIECEH
BDILEYDERT D, Iabs5, TS-E4 ZR TRIGHEITINIE(S, £)-125 1,

TS-Z4 2R TRIEDETINE (R 2-125 HMF5N1 5 (Scheme 56).
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Scheme 56
o)

= "OTBS
| TBS Q\
. \\\ R

=
(E)-106 (R, 2-109
H o)
OTBS o —{—0TBS AN SN OTBS o
5 * H O 5. J<
N VT ' N
| Y NPh < ; :\; L — [ NP
o ——10TBS ~
H R \(n)/ _—_— R™OH
. R B
(R, 2125 574 TS-E4 (S, E)-125
(Z, R)-109 + PTAD (Z, R)-109 + PTAD

£9, (9-106 ho&EKIZEZILFZL V(R E-109 &, MAHULLKIEFNMM &
DERICRISDFER, £ UTcDIFE—DRGER (R, £)-124 THolc. £RYIDILIE
IEMNS, ARIGTIE, YT/ 74N TS-E2DLSICEZILT L > DKFRERERFA,
TROBIEEEDNS VWENS endo E— R TEAL, RIEMETLTWBZ &IC
%% (Scheme 57).

Scheme 57

TBS L7 o) q
| . — ' OTBS -
. —~H
X 'R Q H
H

§<
(2-106 (R, E)-109 L TS-E2 R _| (R, E)-124
single isomer

—7A, EZIL7ZLY> 109 & PTAD &DEBILRIGIC K ZEEERITVWITNDIES
E/ZBREMTH>Tc. YD E/ZLlE, EZIL7 LY DOEBEBRER [CBERFNES
EFNcsNESHTEILT S, £9, (H-2 =HWIEE, ICEREBERFZESEHWV

109a NS &RT % 125a D E/ZHlE 83:17 f£ofc (Table 16). #hicxlL, R
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ICRRRFZE20 109b NS4 T S 125b @ E/ZHIE 71:29 TH D,

(X3 %1,

Table 16

OTBS NPh

0O
nA
"~

@)

.\\\IIR
H

(R, 2)-109a,b

RIC(D-109 ZAHEWHE
Btk 125a @ E/Z kDY 81:19 TH->7=D

I$BH5EZILFLV(2-109b,d ZAWIHES

BAEDEIGL S

<20,

NERBEEEL > (Table 17).

Table 17

(\OTBS 0
_—
AN

‘\\\”R
H

(R, 2-109a-d

(9-125 NEREFRE LTI/ SN S(D-109¢ & PTAD & DTR{ERIEIC

BEIRREIC

Bbnd ZnicbBEbps5T,

TO3DDAREMEZZE R 1.

(2-109c ZzAWIHE

[4 +2]

BEOAN ZEDERLENIRE B> Te.

O
wea udy,
A
o
H

R
(E) or (2)-125a,b

OTBS

N
|

R™ 'H
(E) or (2)-125a-d

bIMhT

125 R

EZ

a CHQCHzCHzPh 83:17
b CH,CH,OPh

71:29

, BEMfE R ICBERRRFZE2F2\L 109a 68515
iU, BRRFZECEHRERZH
ICI& E/Z=53:47,57:43 & ZECE DR

IClE E/Z=39:61 & ZECED 125

125 R E/Z

a CH,CH.CH,Ph 81:19

b CH,CH,OPh 5347

¢ CH,OPh 39:61

d CH,OMe 57:43
EWTH,

BIFBIERFEEEZINL, EERNIC TSZ 2R ABEEREBEVWKSIC

(D-126c EFBEERE L TESNEIERE LT, U

g5, O RBILAEE)-125¢c NEMEILL, BAZEH

ICRER(D-125¢c 4TS, @ Diels-Alder RISHRIGEHET TN T, R

REEHRNFEICED I ETRNDENICEE
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(B)-125¢c BRISRATHET DI HEXMIC(2)-125¢c DENIESHIBMT S, &\
HDTHB. ZITINSDABEEICDWTRIET B2 &lc Ui,

FITDICDOWT, RILIK 125 OFILT VB EBEEMICERRFEZHEI LTSI
YTHD, E/ZEMAIRIDAEEDHSZH, 109 & PTAD & DR{EMAMKIGT
HRT B (E)-125 £(2-125 £ TIE C-H DN ENETH DT, E/ZEME(L
HREET > TWhIE, BIERDOI Y FAT—HIFMETIT2ETTHS. UH UERIC
BONTRBEBAO T F Y FAY—LIFIERBICEL (94:6->99:1, Table 15)7z6, @

AIEEMIREES NS,

RICDICDWT, BEELT(D-125 &£(B)-125 NENZFNHEELIRET Z2DOMNES
MMEZRZ{T o ch, toluene F=ER T CTH REMRBLIETHEILIEH SN -
fc (Scheme 58). RIRD K SICE(LE 125 [ PTAD ERIGLTHBULTLES D
T, PTAD B ENBFHET 2EREORIGKE LR UK T TOERIF TSR, 109

& 125 OBICFEINFET 27 (D-125 BNERKT D & WS QD ATEEME IFEL & L

Z5.
Scheme 58
OTBS o ?TBS o
\( toluene, rt, 5 hr \\<
o o
PhO H H
(E)-125b (2-125b OPh

BRICOICDWVWT, PTAD Ic&£ % 125 O #EKRIGIE-80 °C OIEET THEPH
ICHEITT 2D TEMERE TOREREREE D LRITEE N, (9)-125 DEREIEDZ
W(E-109¢c & PTAD £ DBEIEKRIS (E/Z=39:61) lcEWT, BILED(LFINERIZ

QN%EFEEICEVNDT, (H-125 NEICHET D ET(D-125 DEMNMTOERLL
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HBIUfcE WS FIREMEISBRETE 5.

UEDZ ENS, (D-125 BUAENICIIRAICRZ 2BBIRE TS-Z24 2R THEE

WIICAER U TWEARENBVWEEZSNS. 22T, 8% 125 O E/ZHD%E
{EDNREN-72(D-109 DIRIERIGICEWNWT, BERE R ICBRREFINFEET 255
EURWEAT(H-125, (9-125 Th2n i 52 2 BBREOTERICEIELD
ZOMNESHERIET 518, DFTSHEETS> 2 &x2E 2. BEARNICIE, BRET
ERLBRVWTILFILBREEET 5(-125a DEFIEENMELT Me EEHD
(2)-125e, BIVBBRER CBFERFZET(D-125¢,d & PTAD OBR{LMAMKIG
T, (B)-5, (-5 #NZnNH4ERT 2BEOBRREOEEE BRHIXRILF—DEE
G3LYP6-311++G*L X)L DFT tEIC & > TR (Table 18). DR, RN
Me E®D 109e DIHAE, TS-E4 DANRETHDEWVWSZE, RIBREFEZED
109c,d DIFHE, TS-Z4 DANLETHD I EMNRASHCHE e, TS DIFERIE
BMERFESOBBREZEIZEZLF L > & PTAD & O Diels-Alder RIGTIE, Z

BB DEISHEIT 5 & WO RERKER (Table 17) &fEAMN—HL TV S,

Table 18
H O,_
OTBS g —~0TBS PhN OTBS o
= kS
Y, i — S ' - .
| o\ = OTBS
Ho R 0 PhN YN
125¢0— o _
(R, 2-125¢—d rS.74 TS-E4 s E) -125¢—d
(R, 2-109c—e + PTAD (R, 2-109c—e + PTAD
R AGQQB (GTS-E - GTS-Z) kcal/mol
e Me -0.70
¢ CH,0Ph 1.11
d CH,0Me 1.93

File, 1 ETHENRFEEZILTZ LY 46 ORILHAINKIBICEWT, BERFEZELY

OF VEPARNFIVEZFIZEZILTZ LY TR, MEREENKEVNCSDERE
64



NHZEMNSIIT /T4 IILAEEAT R EZESMNCLTWVWS, LT, EZIL
PLYOIVIVFEEICHUTEEARDEBRE HICEBRRFNEEITDEE, O
RRFEIVI/T4IIDOBIASHOEEERAIEL & TEEREDGIEET NS

ZENTREEINS.
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F=F FIINIVFILAZIRICELDYIILA IV DAFETRICDORAE

I/ ANDZ2 43 22X TV FIOLTIRA40 TAEBT LI ElICED, &T

FUFAERNICOOFXFO 7LV 46 BMESNS (1EBR) cens, 7YY

N
T

VeV IIAIVICEBRUCEB 126 ZRAWNIE, TFHYFAELT7RT7I/

V129 ZEMTEZDTI>GVWNEEZ - (Scheme 59). #ZTXY, ZOER:

4

RIGD—EEBE THDVIVILA I VDAFTETRIL (126—127) OIREZ1TS
sl Uiz,

Scheme 59

oy

MeN/\j H P 2 L+ R
ST T

: 40 Li
%sms /4 n NR2
R W7 SiRa e

126 127 128
syn :H A
g .~ ~NR®SiR,
B+ Bo R1 129
syn + H. |\
NR2T
Li+
Znti+ 128 anti ) 2g;
oo R ~=NR“SiR;
El  ent129

VUIMAIVDORTICEDBSND -V VI IVEENE/ PIVvAFIT—

CHEEEREDEEE 2/ DI EALEINSHSNTWDS, I SIGEFIFEE

(48) (a) Banik, G. M..; Silverman, R. B. J. Am. Chem. Soc. 1990, 112, 4499-4507. (b) Tacke
R.: Kornek, T.;: Heinrich, T.; Burschka, C.;: Penka, M.: Pulm, M.: Keim, C.; Mutschler,
E.;: Lambrecht, G. J. Organomet. Chem. 2001, 640, 140-165.
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BEQOEYENEZE T2 7ILA0OA RYPT7 I /BEFEERFICEWT, TA1REFZX
R7AVAI—EUTHRAL, ELEVOERERVPEBREDRKEZZEZA D I &3 <E
AHEOREIVPFEREDRIZEHMIEDEVWSHAER” BiTbNTHED, ZOLSHE
ANSEYV LT IVREBREENMTH S, UHL, TOEBADOREMIEIERS
HKEELTHD, FICEE—MENSVWI L > FABRNGEBEDEILNKRD SN
TW3.° 22 TEHIE Scheme 59 ILRU L SBERKISEITSIENTES=
BEREZEIZEELITTHRL, SRBEBREZEIZIEF 130 ZAWNT, MEW

BAEEFEa-YILT IV 132 DEBRDOHEFEICEDEL Z &lc Uz (Scheme 60).

Scheme 60
MeN "™ H Ph
K/N\/( SRt R\z R\Z
NR? o o B4 H N-L H N-H
o X
SiRs R' > SiR, SiRs
130 131 132

PEINBa-YIUILT7IVORIDERIE 1951 £FIC Speier®™ & Sommer®™ 5
ICE>THRESI N, INSOHRER, 7> 133 &70XFILYZ> 134 D

S2RIIEED a-2 N7V 135 ZEHMTHENDHEDTHS (Scheme 61),

(49) (a) Chen, C. A.; Sieburth, S. M..; Glekas, A.; Hewitt, G. W.; Trainor, G.L.;
Erickson-Viitanen, S.; Garber, S. S.; Cordova, B.; Jeffry, S.; Klabe, R. M. Chem. Biol.
2001, 8,1161-1166. (b) Showell, G. A.: Mills, J. S. Drug Discuss. Today 2003, 8,
551-556. (¢) Kim, J.; Glekas, A.; Sieburth, S. M. Bioorg. Med. Chem. Lett. 2002, 12,
3625-3627. (d) Mutahi, M. W.; Nittoli, T.; Guo, L. X.; Sieburth, S. M. J. Am. Chem. Soc.
2002, 124,7363-7375.

(50) Min.G .K.;:Hernandez.D.:Skrydstrup.T. Acc.Chem.Res. 2013, 46, 457-470.

(51) (a) Noll, J. E.; Speier, J. L.; Daubert, B. F. J. Am. Chem. Soc. 1951, 73, 3867-3871. (b)
Sommer, L. H.; Rocket, J. J. Am. Chem. Soc. 1951, 73,5130-5134.
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Scheme 61

R1 .R2

H t R4S S 5 |
133 134 ReS1"135 L e :
up to 96% yield ! RL,R®= (ref. 51b)5

Z D, 1986 FIc Gawley SHXFE R -V U ILT7 IV OERERELL? B
HHICE, FEMBETHZ2AFTV IV ZFITZERYIYY 136 & sBuli T
B322E£TI136 DERRFOafu 7Oz ITF Y FABRNICSIERE, HL
T Me,SiCl ZRIGE®2Z2ET, a-YUILFP IV 137 NE—DOREFRELTES
nNd&EW>650DTHS (Scheme 62).

Scheme 62
O\' 0 1. s-BuLi G

\'\W\) 2.. |v-|essio| SiMegN J

}\Me /—Me
136 Me 137 Me
70%, single isomer

Gawley 5 D|EDR, TF Y FAERNBR a-2 VLT IV DEHENWN L DHER
HEINTHED, TNSERBEADNS 2DICKAITES. I4bs, EREZEIT S
BRRERFOMZELICEZILNINZA Y Z2FHES B IRICO Y ILLRITHIET 5, ©
LI, YUY IVZRREFEELT, ERURPYULTZAVZT
FTUFABERNICHMESES, EWSHDTHSD. LELD Gawley 5 D& IFRIE T

29T B, £ Voyer 5iF, BRETFLICBoc BEE TIPS BEZFONVIIILF

11

>

FE(K 138 %, s-Buli &(-)-sparteine SR ANFIEETUET D &ICELD,

(52) Gawley, R. E.; Hart, G.; Goicoechea-Pappas, M.; Smith, A.J. Org. Chem. 1986, 51,
3076-3078.
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ITFYFAFBRMIC) FAKR 139 ZERMSED L, BRDOSREF2NDOYVJILED
[1,2]-81iL (retro-aza-Brook #&fiI) M€ > T, TF Y FAT—LIEHREE
(86:14) TH M, XFFBHERa-XVIIDYUIITIY 140 i8NSI & ZzHRE
LTW3 (Scheme 63).”° ZOERDKIGICDWTIE Sieburth™ 5 HEAHMICIRE
ZIT>TWBD, ZOFEER, BOBIBETHS Buli DFERIBRETHZ D, &

BOEREHFUENMEL, TLBEBRNICFL -3 VEZzEI 2BHREZEAT 20

ENHB, EVWSHERDLHS.
Scheme 63
0 (—)-sparteine N/ N retro-aza-Brook SiPriz0
N J\ s-BuLl S rearrangement
Ph N Ot'BU hexane Li-- _O Ph”* N Ot'BU
SiPri, JENS H
138 Ph”+"N" "Ot-Bu 140
139 SiPrig 72%, 85:14 er

FNICXL, BEODEBETIHKREZANICHT T D1 I VORINEDESHEEE RS,
Iabs, 1 I VIEFBRETFOEIREEIERICLERNTNS WeHITREFHEHIE
<, WHFT2AIRZIEEI & D ERZBEBOMMRIGH IR DIC W, ZDT,
A I UANDRNMRISZEITSICIEA IV ZEELT2RENHD. FIZIE, 1998 FIC
Picard 5%, BMERHET, 1IVOERRFZ7OM /LT EIETZEORDEZ
MESELETAFRITI A ETA-VIYITPIVZERT DI EICHEINLTWS,
ThRbs, VUL IUOERE 141 XL, +)-BARBYIFIL/LBH, ZRiGS
T, BRURIGHETL, 80:20er EHFEEDIF U FARERET 142 HiE5N

2EWVWS5H5DTHSD (Scheme 64).”

(53) Barberis, C.; Voyer, N. Tetrahedron Lett. 1998, 39, 6807-6810.
(54) Liu, G.; Sieburth, S. M. Org. Lett. 2003, 5, 4677-4679.
(55) Picard, J.-P.; Fortis, F. Tetrahedron: Asymmetry 1998, 9. 3455-3460.
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Scheme 64

+ (+)-ethyl-tartrates
NH, ClI=  LiBH, )N\Hz
Et~ “SiMes Et "+ SiMes
141 142

43%, 80:20 er

—7 Scheidt 5F1 IV OERREFLEICEFRIMEL LTI S Y FALLTR
ANT A ZIWEEBATZIETRIGEZES®,” RRICT 1 RREZFOMINKRIE%Z
HERNICEITS TSI EICAIILTWS, T48bE, ATV 43IY 143 X
U, YUINIUFILT45 297 AT LABRNICHMS®IE, ALTrZIILEZ
BRETZZIETEIFVYFABRNICa-VIILRYIILT IV 147 hiE5NS

(Scheme 65).”

Scheme 65

(0] o

g s, 1. HCI aq. NHBoc

N~ “4-Bu + PhMe,SiLi —— HN t+Bu —m .
| THF ) 2.(Boc),O  Ph~ “SiMe,Ph
Ph H Ph~ "“SiMe,Ph
143 145 146 147
73%, 95:5 dr 77% (2 steps)
98:2 er

k5. Scheme 65 DEBEIEEWTF Y FAZBREZERIREL TCWSH00, VU
WIFILT45 OLSBBEREMHEZFIALTED, BREEOEW OV 2SR
ITHREERBEICIFTBERATERWN, Znlic L, Oestreich 5IF2VILIRTY 24 %=
BMATARKERE U TRAWea-Y YRV YT I VEEKR 149 OERZE
BLT&ED (Scheme 66), JATRIFZIIUAY R 153 zBVWEIETFU—

IWERIFTHRLS, BEEOEWa-TON Y ZECT7ILFILEZETDa-YJIL7 I

(56) Appel, H.; Mayr, M. J. Am. Chem. Soc. 2011, 133, 8240-8251.

(57) Ballweg, D. M..; Miller, R. C.; Gray, D. L.; Scheidt, K. A. Org. Lett. 2005, 7, 1403—-1406.

(58) (a) Vyas, D. J.; Frohlich, R.; Oestreich, M. Org. Lett. 2011, /3,2094-2097. (b) Hensel,
A.; Nagura, K.: Delvos, L. B.: Oestreich, M. Angew. Chem. Int. Ed. 2014, 53, 4964—
4967.
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¥ 152 Z2&K 991 OITFVFAXN—LTERIT DI EICHRIMLTWDS

(Scheme 67).°%

Scheme 66
CuCN (cat.)
9 NaOMe (cat.) (,-,)
.S .. MeOH .S
v + PhMe,Si-Bpin —— > HN "~ "p-tol
N| p-tol 2 p THE P
Ph~ H Ph ~ YSiMe,Ph
148 149 150
88%, 84:16 dr
Scheme 67

153 (cat.) Q\FN
NaOMe NHTs Me N YN \)—-Ph

1"+ PhMe,Si-Bp )
+ e,Si-Bpin ————> A
A7 H B0 R siMe,Ph y a
e

Ph
151 149 152 MeCu

up to 88%, 99:1 er Cl
153

Z @ Oestreich 5HWRE LI AEDOERERIE, ) ILIKNT v /BREEHEEIEY 7 b
BRZEPTH D) 14 MG DTV ET, HIZIEa,B-FEEM~ =
YvEEBEUVUTAHWIERICIE, 1.2-FImNETLRW S a-2IIIL7 )L IV
ZEMI B EIIRETH D ETFEEINDS.

—A, FIIIVFILTIRE, NYATILZRRENELC4-ETHNEZDPTWVWT
VALY T39I U THRIRMWIC 1,2 BTTE1TS 2 ENARERETHITH 3.
LIeh' - T, 40 &3 ETRIGZ VLAY 130 ICEATENE 7 VILEYL Y

ONIVFILEZEITZVIILFIV 132 OERBAREICKRDZ EEISND. &,

(59) (a) Walter, C.; Auer, G.; Oestreich, M. Angew. Chem., Int. Ed. 2006, 45, 5675-5677.
(b) Walter, C.; Oestreich, M. Angew. Chem., Int. Ed. 2008, 47, 3818-3820. (c) Lee,
K.-S.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 2898—2900. (d) Calderone, J. A.;
Santos, W. L. Org. Lett. 2012, 14, 2090-2093. (e) Xuan, Q.-Q.; Zhong, N.-J.; Ren,
C.-L.; Liu,L.; Wang,D.; Chen, Y.-J.; Li,C.-J. J. Org. Chem. 2013, 78, 11076-11081.

(60) Danheiser, R. L.; Fink, D. M. Tetrahedron Lett. 1985, 26,2513-2516.
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40 [FRIBEETH DD, UFILATZIRISTIVILIYTIANDE R REHIIEMET
ONYOBRZOMMEERET DIFEENTELBESHICR>TED, 1T VDK
BFMZTDEOZIENTENEREEOSVWI O Y ZETZVUILAIIVD
BILICHAATE 2NN H D, 22T, BABREFTKSIMETHZ MLV X
IVRZILE (Ts B) 2B83 21V ERAVWTEFIIIFILATIRICLZETRIG
D Z{T>Z &lc UL,

BEBEOERIE, JIET27 VI T VICHl, Lewis BEAET, TsNH, ZfE&S €
el &9, YUIILELELTSiMe,, SiMe,BU', SiMe,Ph ZBT 2>V A
LY Z > 156a,b,c EXE > TIF 7 ViEERAWTARKL, SiMePh, 289 %
156d bEtkIc, ¥F 7> 154 % n-BuLi THIEL %, SiMePh,Cl Z RIG& H,

155 & Ufctk, FA7 5 —I)LZ NBS ThREL, &L (Scheme 68).

Scheme 68
Y 1Bl THE [ ) NBS i
S__S S__S POy
i acetone/H,0 i
- ><H 2. Ph,MeSiCl Ph ><SiMePh2 20 Ph " “SiMePh,
154 155 156d
95% 26%

RyYAIY S5y 156a-d I& TiCL, 7T, TsNH, & OfARMGIKATZE TR

FIRNETY YA IV 1657a-d Z5Z fc (Table 19).

Table 19
157 SiRj yield (%)
o} TiCly, EtgN, TsNH, NTs a SiMeg 67
J L b SiMeBut 74
Ph” SiRY CH,Cl, Ph~ “SiR' ¢ SMeph 57
156a-d 157a-d d SiMePh, 56

(61) (a) Matsumoto, K.; Shindo, M. Adv. Synth. Catal. 2012, 354, 642—650. (b) Linghu, X_;
Nicewicz, D. A.; Johnson, J. S. Org. Lett. 2002, 4, 2957-2960. (c) Clayden, J.; Watson,
D. W.; Chambers, M. Tetrahedron 2005, 61, 3195-3203.
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£9, 157a ZAWTRILEEZRBELUE. BUSHICTsEZEI SV JILIIY
ZUFIOLT7IRTREITI D IENAENE SN ZERT D, VFIOLFPZIRE
LT7ZFZIIBRLDAZAW TR Z{T o7z (Table 20).” 0 °C TRIbZfTofc&
%, BIURIEGHTREL, 1568a MUNE 4% THELSN (entry 1). RIGREZHRA
ICIETIETWLWCE, -80°C TPNREMN 73%FETHLELED (entry 3), -100°C T
EETTRISHTREE T, BRI b4AREN Sz (entry 4), {ERIF E RIGE DEYNE

AR ELTWSZEDS, RECEENSWSEEICIEDERISREDEIRIGHHFEZ > T

Wd&EZI6N5.
Table 20
NTs LDA (1.2 equiv) H NHTs
Ph” “SiMes;  THF,T°C,30min  Ph~ “SiMes
157a 158a
158a 157a
entry T°C yield (%) yield (%)
1 0 54 -
2 40 66 -
3  -80 73 -
4 100 17 54

Ts BZ2BI2YVIINAIVZ)FUOLTIRTREITARTH S EDRASHICK
SfDT, RICHEBEBEOXFZINIFILATIRZRAVWTAERICORT Z1To1c
(Table 21). ¥9 C2ZUMMABEEZRDOFIILUFILFPIR 159 ZAVWTRILZ
AAH, BUEEFE<ESNT, RilZ 33%EIUNT 2DHE 5T (entry 1). RIC
160 ZAW3 &, EBTLAENNEK 65 THLSNICD, TDIF Y FAY—LLE 50:50
fEoTc (entry 2). RIBBICRYXZILTE RAPERE N EDS, 160 OFF

FOLEDOERY RTRGBL, AFLYOERY RBERAUIcfcd T+ > FAFEIRNIC

(62) Kondo, Y.; Sasaki, M.; Kawahata, M.; Yamaguchi, K.;: Takeda, K. J. Org. Chem. 2014
79, 3601-3609.
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BITNET UL >IEEZS5NS (Scheme69). UFILFZIRELTTVILY
ZYVDAEFEITICOHMALI 40 ZAWS &, 7TRDRERANEINES NI DD, B

DZETTA 158a HUNE 76%, 93:7 er THE SN (entry 3).

Table 21
R H
ALy
NTs RN TsHN_ H
Ph~ ~SiMe, THF, -80°C,30min  Ph~ “SiMe,
157a 158a
158a 157a benzaldehyde
entry amide Yyield (%) er yield (%) yield (%)
1 159 0 - 33 -
2 160 65  50:50 0 21
3 40 76 937 7 -
M
H Me/<eH H Me/\ MeN "™ H ph
Ph”*>N">Ph  Ph"*"N”"Ph N A gyt
Li Li Li
. S 160 a
Scheme 69
NTs
H Me H Ph~ ~SiMe aqueous
/( J\ 157a 8 Hq Me/ work-up OAPh
Ph”«"N" "Ph Ph >N”Ph
Li
160 161 benzaldehyde

ZZT, YFULTZIR 40 ZzFAWT, RINEHZSSICFFHEICKRET U (Table
22). ¥9, BE LU Ttoluene L IF EL,0O ZAWS &, EXNRIGIEIFEAEHE
789, Et,0 ZAWHZRIChIMICE SN 158a HIFIE T4 (48:53 er)
THholc (entry 1,2). BEZ THF & U, 937 oI FVFAEREZA LESE
5EHNT, RIEEZ-100 °CICEFTETS®icET S, BFHED 158a T F Y
FAY—LIF 99:1 ICEXRTHE LU, {LZRUED 58BICET U, [REHEIRE DY 28%
ICIBMMUc(entry 4), 2 TIEZMEIE S0, RIGER-EZ 30 2505 180 72

ICER UMD, 168a DINENHEI NGNS &EICMAT, TFHYFANY—LN
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937 IIET U (entryb). £fc, 7SI R 40 = 24 HE LBFITHRMULILIHZEICH

INEFE LY, TFYFAT—h 7822 L TET LI,

Table 22
MeN "™ H Ph
N_~ N/\But
NTS 40 L (1.2 equiv) TsHN A\H
Ph~ “SiMe, Ph” * "SiMe;
157a 158a
158a 157a
entry solvent time(min) T°C vyield(%) er yield (%)
1 toluene 30 -80 0 - 78
2 Et,0 30 -80 7 4852 69
_.8.__THF 0 ___. 80 76 937 [
4 THF 30 -100 58 99:1 28
5 THF 180  -100 53 937 19
62 THF 30 -100 59 78:22 29

32.4 equiv. 40 was used

Table 22 M entry 5,6 ICHEWT, RIDKEDIER, %2 WHBERED 40 ZHFEHA
ITBHZEICEL>TERY 168a OITFVFAV—HMETURERE LT, RANIC
FEIDRED 40 N 162a AEFLO7ON Y ZlR7ON T2 & T, 158a
N—EEZEIILLTWBAREENEZ 5N S (Scheme 70, 162a—rac-163a). %
T, BEEL/99:1 er 158a = THF A, -80 °C 307, 2HEDFZI/LY
FOLPZZIRA40 ERIGESEZN, 168a DT F U FAN—HIESELIETLEI > .
Ulehd> GERIDIBEICL 2/ ION VT 158a DI FYFANY—HIMETT S

CERBWTEDHSHITR S T,
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Scheme 70

TsLiN H 40 TsLiN Li TsLiN Li

' : — : —_— 'Y !
© Ph”* "SiMej Ph “* "SiMes Ph ™ "SiMej !

162a 163a rac-163a

MeN ™ H Ph
NN N SBut

TsHN_ H 40 ~' (2.0equiv) TsHN H
Ph “*>SiMe, THF, —80 °C, 30 min *~SiMe,

158a 158a
99:1 er 97%, 99:1 er

IFVFARN—HEMNMETIZRDOERE UT, BiEARTHD ) FI L7 IR 162a
N, BILAIE L TEWTWSOEESHHSD. UFIVLPIR 162a B RURKNRE
BDS3EEZLTWBIe, Ihht 167a ZIFEITF YV FARRNITETIT NI,
IFHVFAY—WIMET TS (Scheme 71). #2 T, ERICPIRMSAMIY
ERYRBENEZDDOHNZIRIET S/cdhic, SiMe,EZHFI SV 157a I
SiMe,Ph EZHI2VFULT7IR 162b ZRIGSE (run 1). ¥z, SiMe, &
ZHIDEEE SiMe,Ph BEZEF T 2EEDRILINPIINERDIARELSH D
®, run1 TEHBULERDODAIIVEFIROVYIILEZANBEZTSIMe, &EZET
573K 162a & SiMe,Ph 232513 157b ORIGHIToTc (run 2).
Scheme 71 I[ER U EB@RBAD RKIGHE I NIL, 157 & 162 OB TE R RDIF
ZHTPON, run 1 ORIEHSIE 158a & 157b A, run2 ORIGHSIE 158b &
157a NERT 13T THDD, ZOLSBEEERITEER LB >, T5D
fEERMNS, 162 e YU KRICKR> TIHRIF Y FABERNICOETRIGHEITI 5
ETERYPDIF YV FAT—LMMET T2 EWVWSAREEIFEE I . > T, Table
22 D entry 5, 6 ICEWTIF Y FAN—MET LDIX, ZFETEBEDEREIME

WEWSHEEMENBL. 7 ROHEPRIGEETY X FOZERENRLL, ET
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RIGDIF+ > FABBIREICHEEZSZ TWSDTIEFRWNEEZTWNS,

Scheme 71
...... 'I- e
TsN\,\H/—\J\LTS TsLiN H
I Ph”*SiMe;  Ph” “SiMes Ph” “SiMe;
' 162a 157a rac-162a
run 1 TsLiN)(H
Ph~ “SiMe,Ph
NTs 162b (1.0 equiv) )NJ\TS TsHN H )NES
Ph 7> SiMe; THF, —80 °C, 30 min Ph 7 > SiMe; Ph 7 SiMes  Ph < SiMe,Ph
a a a
not observed
run 2 TsLiIN H
Ph~ “SiMe,
NTs 162a (1.0 equiv) )NJS TsHN><H )NES
Ph” “SiMe,Ph  THF, —80 °C, 30 min Ph~ “SiMe,Ph Ph~ > SiMe,Ph Ph” “SiMes
157b 176b 158b 157a

not observed

Table 22 DRFTOHERMN S, (CFNEETF Y FARBRRED/INZ VY ANEBM T
entry 4 @& (THF, -80°C,30min) T 157a-d OETZ T ciERZ LU TITR
9 (Table 23). RUZILFILVVUILETHS SiMe,Bu' & (TBS) 2T B3IV
158d (£ 68%,92:8er &, RIFQRINEMND 158a LAEBEDEVWITF VY FAN—L
TEonh, TAREICPhEZEI S 158b (SiMe,Ph) & 158c (SiMePh,) @
IHVFAY—IEZENZN 75:25 er, 84:16 er EFREETH >z, Y UILE LI
TV EZROBEEDBRICIF Y FAV—HEMETIZDIE, 2D Ph E& Ts
HEICEEFNBMNIAMIIWNEDRAY XV T K >TAI VD E/Z geometry D EES N
B EICES>T, BRENMISHDREEEZR T TVWBDTREBLWNEEZTWS,
SVD E/Z ERTDIFVFAFERKEICEAUTIRETERT 2. B, £B8HID

HEXECEIL 158a O X iRiEREBEmTOBRICEDWTRE L (Figure 8).
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NTs V*(N,/\BU‘ TsHN. H
_ 40 Li (1.2 equiv) A
R'™ "SiRs THF, —80 °C, 30 min R'”*"SiRs

157a-d 158a-d
158 157
entry SiR3 yield (%) er yield (%)
1 a SiMeg 76 937 7
2 b SiMe,But 68 92:8 0
3 ¢ SiMeyPh 71 7525 0
4 d SiMePh, 53 84:16 15
Figure 8
O\c15
C17
Cc14 0\1
C18 f*&
c12 o s1 \&Q
ot cap oz TsHN A\H

Q
N
9

= A
é ; \ P Ph 158aS|Me3

})cg
Table 23 DFERH S, Y UIILEELT, RELSENRS NG >fc TBS BEZ2HKD A
SVERAWT 132130 0BBER O®EZz{T>2&el, £, PU—IIELE
BREDTEZRN IS LicLlc, EEDGRISEDRDHE EEAKICITo . &
BPE, VFT7VETER UKD VILY 166a,” XEEEAID 166b-

d*& TsNH, & DIEERIGZITS 2 & TEB LTz (Scheme 72, Table 24).

(63) Kruse, C. G.; Wijsman, A.; Van der Gen, A. J. Org. Chem. 1979, 44, 1847-1851.
(64) (a) Arai, N.: Suzuki, K.; Sugizaki, S.;: Sorimachi, H.; Ohkuma, T. Angew. Chem., Int. Ed.
2008, 47, 1770-1773. (b) Doussot, P.; Portella, C. J. Org. Chem. 1993, 58, 6675-6680.

78



Scheme 72

cl S5 1.n-BuLi, THF S__S NBS Q
H —————>Cl TBS ———— > Cl
2.TBSCI acetone/H,0O TBS
164 165 166a
99% 70%
Table 24
167 Ar yield (%)
o) TiCl,, EtgN, TsNH, NTs a 3-CICgH, 72
P b 3-MeOCH, 81
Ar” “TBS CH,Cl, Ar” “TBS ¢ 4-FCeH, 59
166a—d 167a—d d 4MeOCH, 92

167a-d ¥ S UFILTIR 2 ICLDRFETRIGICH UER%E Table
25 [C;Re. EH 167a-c (a: 3-CICH,, b: 3-MeOC H,, c: 4-FCH,) EWIFhbK
BEOBEFREEETEE, 167d (4-MeOCH,) RRESAOEFHES LRt
FU—LEEBLTWS, Z0%®H, 167a-c DFHN167d &0 b RY RETICH
TERIGHNEL, WELB BZEFHIND. ERICRIET - ER FEE
D 167a-c DHN 167d & DBINETETH 168 5212, INKEFRBATH
49%TH D, RIGEICIHER 167 (19-33%) HEINS hic, BRAEINS 130
FIIWUFILTIRA0DA S VICANT B ENERTHIAEENEZ SN,

IRDE, 40 5D R RBEICLZETHEDERE, 40 OMMKRIGICE DY

I

IV 169 OEEIHEL, £UYT IV 169 NELEBETHES N, REEL
TEPNREINZEVNWSHDTHS (Scheme 73). iz, DI HRE (0-7%) TIREHS
n, FYVILYZY 166 bEIEnTc. Thid, ZOYF7IY 169 MN—ERIKD#E
ERITICERTH D EEZINEEAARETH S, 167a-c TREE R RETORE
DER%Z, MMRIGOEZED EFEN LA > fcfcth, ETLEDNENFEEICEFT -

LEZS5ND. Ffz, pMeOCH, E%HT2 169d DIER 17%IcBED, B
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M BIWEIRS iz, Zhid p-MeOCH,Eic & 5T 169d ORIGHAIDEFEEN
mOHLSNCIETERY RBEINEIDICK KBt THIEEZI SN,

—7A, RIGOTFVFABREICEAL TR, EFARLR7V—IEZFOEEDA
MELZ>TW3B, ZOREADFEICIEE > TWRWD, BEFARBLRT7Y—ILEZSE
9% 168 TRAFHOLODOTAN Y DEREENESE > TV, —BRDRIERICE
WTZoZ7OkrM5|EHRIMINTSIEIL, TFHYFANY—HIMET U ICRIEEED
EzZ25613%. EB 168a-d IcHLT, Hammett DBRETEHDME (168a 0 -Cl:
0.37,168b o -MeO: 0.10, 168c o -F: 0.06, 168c o -MeO: -0.28)® &£xT+v

FAN—LtbDfE (168a: 77:23, 168b: 93:7, 168c: 89:11, 168d: 96:4) DfEIC

FHEENRE SN 3.
Table 25
MeN "™ Ph_H
NTs N\)“\N_ “Sut TsHN H NTs (0]
)]\ 40 Li (1.2 equiv) A + )J\ + )]\
R TBS THFE, -80°C. 30min R~ TBS R~ TBS R~ “TBS
167a-d 168a—-d 167a-d 166a-d
168 167 166
entry Ar yield (%) er yield (%) yield (%)
1  a B3CICH, 49 7723 19 0
2 b 3MeOCgH, 41 937 33 7
3 ¢ 4-FCgH, 40 89:11 23 6
4 d 4-MeOCgH, 17 96:4 53 9
Scheme 73
NTs 10 TSHN NRo  workep NTs 0
A — DO e T e
R' TBS R' TBS R' TBS R’ TBS
167 169 167 166

RICTIWVTZIINEZBI2EEDERZRAMC. Y, WIHI277VETCILTS

(65) Hammett OBEBETFHICE W TIED oBIZFEFK5|E, BDEITEMESED
R & & 3K 9 Hammett, L. P.; J. Am. Chem. Soc. 1937, 59, 96-103.
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> 172 E7)LTE R 170 &® Horner-Wadsworth-Emmons KItic & D &% U
f® FOUOCILYSY 17227 b*™, ¢ d, ™, f % TiCl,ZEF, TsNH,&D

frkiBERIGICHT 2 &T, FIRETRERROY UL I 173a-f 2/ 1.

Scheme 74
9 (0]
MeO—P
O ,
Ar THF, 0 °C to rt
170 172
Ar = 2- MeCe,H4 172d: 94%
2-CICgH,4 172f : 96%
Table26
173 R yield (%)
(o] NTs a SiMes 79
TiCl,, EtsN, TsNH, b tBu 73
| TBS | TBS ¢ Ph 46
R CHLCl, R d 2-MeCgH, 59
172a—f 173a—f e 3-MeOCgH, 62
f

2-CICgHs 71

173a-f DETRIGDIER%Z Table 27 ICRY. INTOEBEICEWT, &ItV
FARBIRNICOUILT IV 174a-F BESNID, (ERRRICEENR SN, T
Bmpos, BERMNVUIE, ZILFILEOEEDGZEICIFEIERSYDERMPRERRHD
NIFESNT, BINERTERTARZSZ N, ROINFU—ILEDEETIE 175 MElE
Ufe. cniE7 ) —ILEIC K > THIEEDAREFFLOTA Y OBREENSE > TV
51c®, RERLOTONYDEIEHRMMTERCULEBEREEZISNS. T,

(66) Nowick, J. S.; Danheiser,R. L. J. Org. Chem. 1989, 54, 2798-2802.

(67) (a) Takeda, K.; Nakajima, A.; Takeda, M.; Okamoto, Y.; Sato, T.: Yoshii, E.; Koizumi,
T.; Shiro, M. J. Am. Chem. Soc. 1998, 120, 4947— 4959. (b) Nowick, J. S.; Danheiser, R.
L.J.Org.Chem. 1989, 54,2798— 2802. (¢) Sakaguchi, K.; Ayabe, M.; Watanabe, Y .;
Okada, T.; Kawamura, K.; Shinada, T.; Ohfune, Y. Tetrahedron 2009, 65, 10355-10364.

(d) Kondo, J.; Shinokubo, H.; Oshima, K. Org. Lett. 2006, 8, 1185-1187.
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173f ORIGOAREZEIR L 7chY, Zhid Table 25 DIFE ERRICEF R ER

J— LEABERTREFUENEE oA IVICT7 I ROAMU /28 TH 2 FREMH

N 3.
Table 27
MeN /\ Ph, H
NTs NHTs
40 L| (1 2 equw) N
| TBS THF _80 OC 30 mln TBS + TBS + TBS
173a-f 174a—f 173a—f 175a—f
174 173 175
entry R yield (%) er yield (%) yield (%)
1 a SiMes 20 99:1 0 0
2 b tBu 71 99:1 0 0
3 ¢ CgHs 67 99:1 0 22
4 d 2-MeCgH, 45 96:4 0 46
5 e 3-MeOCgH, 60 97:3 0 18
6 f 2-ClCgH4 27 97:3 20 31

RRICZERGZRIZIEETORNZTo. WIET37ILF /1LY

177a F>UIL7ZILI—IL 176% % #{ks 5 & TER LT (Scheme 75).

Scheme 75
OH 0
Jones reagent
= TBS acetone =~ TBS
™S 176 TMS 177a

85%

177a, 177b%,43d = LEEEARKRIC Ti ZA W TsNH, Dffg RISICfA g & T
UM IVZEEEHU (Table 28). 212U, Lewis & U T TiCl, ZERHT % &,
17 ILFIEEREZEYT 5 43d 0B UICOTERERT Z1To>7c& 23, TiCl,IC

KRZTTI(OEY), ZFAWSZ&TA1 XY 178c 85Nz

(68) Takeda, K.; Yamawaki, K.; Hatakeyama, N. J. Org. Chem. 2002, 67, 1786—1794.
(69) Okada, T.; Oda, N.: Suzuki, H.; Sakaguchi, K.; Ohfune, Y. Tetrahedron Lett. 2010, 51,
3765-3768.
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Table 28

o NTs 178 R yield (%)

TiCl,, EtgN, TsNH, /L a SiMes 78

R/ 8BS cha iy =z TBS  y pp 83
177a,b, 43d 2z 178a-c ¢ CH,CH,CH,Ph 542

2 Ti(OEt), was used.

—EREZEISMIY 178a-c DETRIGTIKRBIENNCEIERIDEMIZR
519, SNETENYNE SN (Table 29). #ICSEEINEAIFE 178c (SEEMHE
ErEWr-ZOMVZHEDICHEELLST, BERic7ONEEINEZ &R <ET
RISHHET U ETHS.179a,b DI FVFAT—HMN179¢c KD BHELL B
feht, SNERFZIVEYKIGICEFRIIEEZE L TVLWSEEROARFTHROLOTON Y
DEEENEE> TWSsH, —HTHRIAOR ML ETD, FEILEEERS
nNs. E£RYOBNEEIF 179a O X RiERBERTOBRICEDVWTRE LK
(Figure 9).

Table 29 Figure 9

MeN "™ ph_H
N ~
NTs *NBut TsHN, H

40 Li (1.2 equiv)
/Siﬂs THF, -80°C,30min /SiRs

178a—c 179a—c

R

179
entry R yield (%) er
1 a SiMeg 91 88:12
2 b CgHs 84 91:9
3 ¢ Chy,CH,CH.,Ph 58 97:3

(70) BHEIHIHM7OMMRIGZ LL VEEBHE 179’ 19%EI4E U .
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BE UL I YDAFETRIGICE T 2BRREDOEE

KEITEIZUILAZIVDFIINIFILT I R40ICLBAFETRIGICENTT
FTYUFABREDNEIET BHEBICOVWTERT 158a, 179a DHENEE E X #R

EERBEBRMICE>TENZN SE RTHBIERESNTWS (B 1E812R). R

THBDIVIIAZIEVFIUALATYIRA0 EDRIGH A RE 6 BIREBZIREZETE
TUTWBRERET S L, ZDEEIF Scheme 76 ICRT & SIc%%. 9, 157a
5(5)-158a 25 X2 HICEAT 2BBRE TS-T1 1L, A1 VD2 DODOEHBMED
55, Ph EN7FI7ILIIC, SiMe, ENT A KNI ZIAIICESNBEL RS,
LU, PnE& SiMe, B TlE Ph BEOANES< (A-value, Ph: 2.8, SiMe,: 2.5), 1z
REEORKZSTRIDLSBERREBZED I EZHMATERN, £, 178 »
5(R)-179 25X 58BRE TS-2 DWTH, ZIFZILEL SMe BUEDS 5,
=W SiMe,BUENTF I PILICERESNZEEERD, TFHYFARREZEE

HICERBAT 2 2 EMTERL,

Scheme 76
%/| H
‘BuCHZ \ SiMe;
)NLTS 40 ) ﬁ/ TSHN);H
o »
Ph” “SiMes — N Ph Ph "> SiMes
157a (S)-158a
N
Me T18-1
_ N _
N %/T—SH SiMeg
BUCH, ~ N\ T N
NTs Li ) TsHN. H
/SiMeQButL o Swems | T e
T™S™ 478a ( J ™S™ (R)-170a
N
Me 718-2



INTTOTZ VI ZVDETDHEEERRBZDIEA I VICRE—ZER_ERE
D E/Z BEBEDIEFEL, NI F Y FABREICEEZSZ 2THEENH DR T
» 5. BlZIE Ortiz-Marciales 51, E/ZEZMHEHE=ICK L, EF, ZikEFh=Z
NBEBEARERAF I LAFEER 180 @, FI/ILMROXR—ME 181 ICLZ21IVD
AEETICEWVWT, (9-180 51 (R)-182 A%, (£)-180 h51&(S5)-182 hEhn=z
NEIFYFABRRNICER TSI EZHRELTWS (Scheme 77)." #Z T, £9,

FRITHDRVILAZIVD E/Z IAXKNY—DNESBR>TWEDNZASM U

WeEZ e
Scheme 77
Ph o\B/oj
Ph N
7
s
BnO .
N 181 NH
Ar )LMe BH3;-THF/dioxane R ™Me
(2-180 (R)-182

up t0 99% ee

Ph o\B/Oj
s
NH,
.0OBn
N 181 NH,

Ar)I\Me BH;-THF/dioxane R )\Me

(E)-180 (S)-182
up to 98% ee

2LV D'H NMR ICE=TDABERRSNBWI NS, hUILAIVIE
ERICEBWTE—DENERE, HUSRBERFEICEWFENFET SEEZIS5NS.
NOE BIEZEAfh, BEEDOIAX KN —ZHEFEGHERFER cEan o1
ZIT, 13X 157a,178a IcoWT EfE ZHRZENZTNOBERIXRILF—DIEZ

DFTEtEIC&E > TKRSTcE T3, EE55E EADANZENZN 0.54 kcal/mol, 3.81

(71) Ou, W.; Espinosa, S.; Meléndez, H. J.; Farré, S. M.; Alvarez,J. L.; Torres, V.; Illeanne
M.; Santiago, K. M.; Ortiz-Marciales, M. J. Org. Chem., 2013, 78, 5314-5327.
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kcal/mol ZETH D EWSERMNE SNz (Scheme 78). 178a DIFEICIE Ts &
NEBW TBS BEDUARREZE T TTILF DI EAZEHDIANRETHZ EE
ANBEYLGHERTH -72H, 1567a TIE Ts ENPhEE TMSED S5, A-value
DREVWPhEFZRELCANRETH S E WD A-value DIEICEDWTE X NILEHA
DTERWMERTH o . A-value F2 7 ANFHVICRITFTS 1,3-I7F 7 ILHEE
EFRDBEDIBRBZDT, 1XVD E/Z VAXNI—ICRITZDIAEEEOKREZSZ
FEULSFHATERWAREENEZ 5N D, CNICEDVWTERKEZRS &, TS-2

31 IVDOLREREZRRLTWSED, TS-T IERERUTWRWZ EDDH 5.

Scheme 78
Ts.
Ts. N
) A
SiMe,But
Ph )J\SiMes S = SiVebu
(E)-157a (E)-178a
0.54 kcal/mol 3.81 kcal/mol
stable than (2) isomer stable than (2) isomer

RIESEDRBMDOL DI, 1IVOIAA NI —DRBDOIT SV FARIREICKEZ
5Z2%ICiF, RBEHETTRBICIAXN) —DERENRER 5BV EDFIRSEH
THD. AIKRZIAI>D E/ZEMEICELT, 1976 Fic Davis 5HhRERZE
NMR ZF Wi 1T > T3, Davis 5% 'HNMR QRIERE Z ERENICEL S
B, EERTIEARICEASNDXIIRZILA IV (E)-183 &£(2-183 OXFILED
7ORNYOE—IHERZRE (A7LEVREE) 2RkHDD2 T, E/ZEMELKR
ISDEMELTRILF—FHITH 13 kcal/mol THBEREL>TWSB (Scheme

79).” COBRIBAIWKRZIILAZIVOIAANI—PMERT TERZICEMLT S

(72) Davis, S. F.; Kluger, W. E. J. Am. Chem. Soc. 1976, 98, 302-303.
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CEERLTED, ERSHEEKROIEEZTELTWS.” LT, FIILYUF
JL7IRNA40ICLBMIY 157a, 178a DETRSDEREZZHRI DICE, E

he ZHEMADAIUHSERT 2EBBREDIRXILF—ZHBRULBITNERSA

We&EZ 1.
Scheme 79
PhOS . \-SOzPh
AG* =13 kcal/mol X
HOYTY T HJK©\
Z
M M
(E)-183 © (2-183 ©

ZZT, FILEDRDLDICT7 2 ZIIVAIKRZIIEZE T2 ETIVIEEY 1844a,b
ZRWTDFT 5% (B3LYP/6-31G") =17\, Eff, Z#k EhZho13I> 184
5 SEHULLIEREDT IV 185 BERT 2 BBIRRE (TS-A-D) OBEL BHH

IXILF—DEEKRDHZZ EIC U (Scheme 80).

Scheme 80
PhO,SN H
—— lTS-AI —_— ~ .
R SiR'
PhO,S . (5)-185
R” "SiR% PhO,SN_ H | NSO-Ph
(E)-184 ——— [1s-B] —— R SR, ; Ph~ > SiMes
(R)-185 E 184a
PhO,SN H : :
— [TS-C| — S . ! NSOPh |
3 ' '
N SO2Ph (5)-185 | / SiMe,But !
Jo_ M 18ab :
R 'SiR' PhO,SN_ H b !
(2-184 . — lTS-DI —_— R £ SR
(R)-185 °

(73) RAI)ILIRZI)LA = > DE/ZZ2 ML ICEE T D XHEk: (a) Brown, C.; Hudson, R. F.; Record,
K.A.F.J. Chem. Soc. Perkin 1l 1978, 822—828. (b) Masumoto, S.; Usuda, H.; Suzuki,
M.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 5634-5635. (c) Kessler, H.
Angew. Chem., Int. Ed. 1970, 9, 219-235.
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F9, TMSEELPhEZBFIZ1IY 184a ZAWVWTCHE UV LBERZUTICRY
(Table 30). TS-Aa-Da g\ nbd, LDERRITAWVERIAEBRETSHD, XL
IRZIIEDOBRRFM L ICRITSIET8 EREBEZE o, T ABEEFE
BEDUENKE RBIBETHofc. FEBREBOBRIRILF—ZHRT B L,
(9-184ah5(S5)-185a V4T % TS-CahREETHD I ENHLSHICE ST

CDWERIZ167a h5(5)-158a NEMT 2 EWSEERERE—HLTWS,

Table 30
(S)-185a (R)-185a
Bu \\—H By \H(H
Ph SiMe, e O, Ph
(E)-184a H / Yos2
'-' / Li /Q RPN give
\H ! 3
‘A 0= N~ HH
MeN \\Ph
7S-Aa0 TS-Ba
G° = 3.1 kcal/mol MeN G°¢ = 6.5 kcal/mol
Bu—_FH B
O  SiMes v \H[H
h
I\F // Ph Ph

| 4%'6:0( /N H
(2)-184a i) Phph ¥ N {
H "
N v
TS-Ca MeN d W 15-Da
G°e = 0.0 kcal/mol 0O G°e = 6.0 kcal/mol

MeN
TS-Calg, 1AB G BIRETILTS-1 &HEBUT, 7 ROXRVYIAIRER-B
REEDN _EREUZHS, 1IVOBRBR-RREERE/BEIGASBE>TWS, £

Dfc®, PIRDXARYFILENILLE LMD, A S VOEBBRBEEIKRRFEZEL S
(Figure 10, KEla). 1 ABBBIRETIE, PIROXFLYEEAIVOEREL
DRFE (REID)DHZERT B, IFERIC/NS WEBREDN A F L VE R UAlI
BT B E&ICRdD, ERIE, RAXRYFILBEEDIERFEDADNKE L EHL 2o

YARICERWEBRENXF L VEAICEET I 5NREL >TcEEZ 5N 5.
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Figure 10

Bu FH /\ . Ph
\Y o] SiMes N Tte,H
'\\Fh/H/S/\O( ‘BuCHg/ \ﬁ/lll R SiMe,
5, e ol
NN N N~ Ph
b
S I g
MeN TS-Ca Me TS-1

RICFILFZILEE SIMe,BUBEZET 21X 184b ZHWTEHE R T IciER
%z Table 31 IC7RY. 184a DFEEAKRIC, BBREIFWVWINHARRITIAVERET
BRRETHD, RIVRZIIVEOBRRFH L ICRRfIUc 8 BREEZ 5. &&
BREOEBHIXILF—DEZLRT 2L, (F-184b Hh5(R)-185b NEKT S
TS-Bb "&RLETH DI ENASNCE oo, ZORFERIGF 178a 5 (R)-179a MY

AT SEVWSERBERE—HLTWS,

Table 31
(S)-185b (R)-185b
tBU Bu ’ SIM63
H
SiMe,But
2 N 7
(E)-184b |_ /= /
Li-. 48‘
N O NGy :
MeN H Ph N H S|MezBU
SII\/I63 MeN TS-Bb
Gl = 1 6 kcal/mol G°e = 0.0 kcal/mol
tBU SiMes
\P" SiMe,But Bu
0 wH
N\Ph \ P Y/ /
LiO SN /
(2-184b "441 \ N ] H,
' FH
N Ph - N—"H /
SiMes O0=g SiMe,But
MeN TS-Cb o] 7S-Db
G\l = 8.4 kcal/mol G°\e = 7.3 kcal/mol

CDFZED A-value DINESWTILFZ)VENRARY FILEBIICT 2 BBIREN
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RELEWSHERER S, 184a DIBE BT HEAI VD2 DODEBREDES
DENKEWV (184a: Phvs SiMe,, 184b: SiMe,Bu' vs alkynyl) TS-Bb Ic&

WK a OFEIDEEEEAEDE, KEDb ORDERMEFHNTWS I DM o1t

Figure 11
a .
By 9y /\ SiMes
1

NPh 7) // BuCH2 \ ﬁ/
. HL
LI\\OéSN\’ N \/ SiMe,But

’/\N’ﬁKH Ph'siMeBut (Jy
MeN k/l; N
TS-Bb Me 7s-2

U EDERMNS, FZIIVFUVLFZIR 40 LBV VLA I YDETRETIE
RISDBEAREDNERRICSEW 6, —MRERA ABRETIL & EREREDHENIR
UENEQR>THD, 1IVD sp,RRICHEEGUC 2 DDEBEEFZIILIFILY
SROBREEDZNZNDIBRED/INTVRICEL>T, THYFAEIERS N

TWB I ENBHSHICR S TE,
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i o

EZERFINIVFILTIRICLBZDAEFETZ MY H—& UIcERNBATERE
RIGORFEICEKIIL, ZOIFBEZFMICEAS MU,

BIECRZEREEETIDTFINF /ALY F 43,78 X FI)LIFILTIR
40 ICLBAFERTRICICH U T, Brook #afif/S.2° 70 k {EHO\WWIKT S 1 5 K 3=-
TARBEICXT U T anti BIRNICHEITTT S (44—-45-46) CETRIFVFAE
RMICPOFI 7LV 46, 79 NMERTZIEERASHICLIZ. SSICEZILEER
ITH2IYOF 7LV ERESEE FLYVZEEIZIERLTYRYRT
Diels-Alder RIS%Z1T5 2 & T, 7L Y O#MAFZRIEBERD 3 DDILAEFOICE
BEY3ZEIicHML, BRERDICEWT, BREDIIARENSTFEINDIHDLF
PORBELEBERENESNZ ZEHRWZ UK (Scheme 81).
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B2ETIE, BEEHELTAR/AMILYZY 106 ZAW:, &DERBUNDAREFE
BZHS8I Y FARIRMEZILTZL Y 109 ERIGDARICHEII L. ARG
TlE, BEDE/Z IAAN)—CE>TERT B EZIITFLYD E/ZIAKXKN) —
MNRESINDZ &, PLDIILEITOZO M MERIGH antiBIRIICETT B2 & ((R,
E)-108, (R, 2-108) MEASMCEoTc. Fie, ELIEEZILZL > 109 Z
Diels-Alder RISICT S Z & THRILMERNICR(E 124,125 26K T D2 &ITH
B, 2OEZ)L7ZL > 109 & PTAD & Diels-Alder RISICEWTH, IIfE
BEETIEFGATEGVEBRENRESI N (Scheme 82).
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SERBEEE KD IENHESHICE > (Scheme 83).
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KERDER

General Procedures.

'"H NMR spectra were taken on JEOL Delta-500 (500 MHz) spectrometer in CDCl; with
reference to CHCl; (8§ 7.26) and in C¢Ds with reference to the C¢HDs (& 7.20). °C NMR
spectra were measured with a JEOL Delta-500 (125 MHz) spectrometer in CDCl; unless
otherwise indicated with reference to the CHCI; triplet (0 77.2) and and in C¢Ds with
reference to the C¢Dg triplet (8 128.0). Resonance patterns were described as s = singlet, d =
doublet, t = triplet, m = multiplet, and br = broad. The assignment of 'H and *C NMR spectra
is based on H-H decoupling, NOESY, HMQC experiments. Medium pressures liquid
chromatography (MPLC) was carried out with a TOSO CCPS-8020 system by using
prepacked columns (Kusano Kagaku, silica gel 10 mm, 22 mm x 300 mm, or silica gel 5 mm,
22 mm x 150 mm). For routine chromatography, the following absorbents were used: Kanto
Kagaku silica gel 60N for column chromatography; Merck precoated silica gel 60 F-254
plates for analytical thin layer chromatography. All moisture sensitive reactions were
performed under a positive pressure of nitrogen. Anhydrous MgSO4 was used for drying all
organic solvent extracts in workup, and the removal of the solvents was performed with a

rotary evaporator. Dry solvents and reagents were obtained by using standard procedures.
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Preparation of 43a

OH (COCI), O
_1gs _ DMSOEtN A 1ms
A CH,CI A
PhMe,Si 54 2v2 PhMe,Si

43a
88%

A solution of 54" (362 mg, 1.19 mmol) in CH,Cl, (2 mL) was added to a solution of
chloro(dimethyl)sulfonium chloride, which was prepared by dropwise addition of solution of
DMSO (186 g, 0.169 mL, 2.38 mmol) in CH,Cl, (1.0 mL) to a cooled (=70 °C) solution of
oxalyl chloride (226 mg, 0.155 mL, 1.79 mmol) in CH,Cl, (1.8 mL), followed by stirring at —
60 to =70 °C for 30 min. After stirring at ca. —65 °C for 30 min, triethylamine (602 mg, 829
pL, 5.95 mmol) was added. The solution was allowed to warm to —20 °C over 10 min. The
mixture was diluted with water (10 mL) and extracted with Et,O (10 mL x 3). The combined
organic phases were washed with saturated brine (10 mL), dried, and concentrated. The
residual oil was subjected to column chromatography (silica gel, 5 g; elution with
hexane/Et,0 = 20:1) to give 43a (318 mg, 88 %) as a yellow oil. R, = 0.39 (hexane/Et,O =
20:1); IR (film) 2957, 2932, 2858, 2132, 2080, 1596 cm™; 'H NMR (CDCI,) & 0.23 (6H, s,
SiMe,), 0.50 (6H, s, SiMe,), 0.97 (9H, s, SiMe,Bu'), 7.37-7.45 (3H, m, SiMe,Ph), 7.61 (2H,
dd,J=17.5,1.6 Hz, SiMe,Ph); "C NMR (CDCl,) 8 -7.3 (SiMe,), —1 .4 (SiMe,), 17.2 (SiCMe,),
26.5 (SiCMe;), 104.6 (C-2 or C-3), 107.2 (C-2 or C-3), 128.0 (Ph), 130.2 (Ph), 133.9 (Ph),
135.1 (Ph), 226.8 (C-1); HRMS caled for C,,H,,0Si, 302.1522, found 302.1523.

Preparation of 43b

OH
n-BulLi oeg 1.LDA, TBSCI
" TOEE . i / 7,
z" EBUPhoSICl Bph,sSi 2.p-TsOH (cat.) = TBS
52 60 t'BUPh28| 61
quant. 67%
(0]
Jones' oxdn. /TBS
t-BuPh,Si
43b

90%
To a cooled (-80 °C) solution of 52 (605 mg, 4.72 mmol) in THF (29 mL) was added a
solution of n-BuLi (2.38 M in hexane, 1.98 mL, 4.72 mmol). After stirring at the same
temperature for 30 min, a solution of -BuPh,SiCl (1.35 mL, 1.43 g, 5.19 mmol) in THF (7

(74) Preparation of 54: Takeda, K.; Yamawaki, K.; Hatakeyama, N. J. Org. Chem. 2002, 67,
1786—1794.
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mL) was added. After being stirred at room temperature for 40 h, the reaction mixture was
diluted with water (30 mL) and extracted with Et,0 (30 mL x 3). The combined organic
phases were washed with saturated brine (30 mL), dried, and concentrated. The residual oil
was passed through a short pad of silica gel (silica gel, 20 g, elution with hexane/AcOEt =
15:1) to give 60 (1.78 g), which was used in the next step without purification.

To a cooled (90 °C) solution of the above compound (1.00 g) and TBSCI (494 mg, 3.28
mmol) in THF (11 mL) was added a solution of LDA (1.0 M in hexane-THF (1:1), 3.28 mL,
3.28 mmol). After being allowed to warm to —30 °C over 10 min, the reaction mixture was
diluted with saturated aqueous NaHCO, solution (10 mL) and extracted with Et,O (20 mL x
3). The combined organic phases were washed with saturated brine (10 mL), dried, and
concentrated, which was used in the next step without purification. To a solution of the
sample in acetone-H,O (7:3, 11 mL) was added p-TsOH-H,O (104 mg, 546 umol) at room
temperature, and the reaction mixture was heated under reflux for 10 min. The cooled solution
was diluted with saturated aqueous NaHCO; solution (10 mL) and extracted with Et,O (10
mL x 3). The combined organic phases were washed with saturated brine (10 mL x 3), dried,
and concentrated. The residual oil was subjected to column chromatography (silica gel, 20 g;
elution with hexane/Et,O = 15:1) to give 61 (748 mg, 67 % overall yield) as a yellow oil. R, =
0.41 (hexane/Et,0 = 6:1); IR (film) 3549, 3433, 3069, 2955, 2931, 2890, 2857, 2154 cm™; '"H
NMR (CDCl;) 8 0.17 and 0.21 (each 3H, s, SiMe,But), 1.02 (9H, s, SiBu'), 1.10 (9H, s, SiBu'),
443 (1H,s, CH), 7.32-7.43 (6H, m, SiPh,Bu"), 7.77-7.82 (4H, m, SiPh,Bu"); "C NMR § -8 4
and -7.2 (SiMe,Bu'), 17.3 (CMe,), 18.7 (CMe;), 27.1 (CMe,), 27.2 (CMe;), 56.1 (C-1), 88.0
(C-2), 111.6 (C-3), 127.8 (Ph), 129.6 (Ph), 133.7 (Ph), 135.8 (Ph); HRMS calcd for
C,sH;,0S1, 408.2305 found 408.2307.

To a cooled (ice-water) solution of 61 (745 mg, 1.82 mmol) in acetone (7.3 mL) was added
Jones reagent (1.94 M). After being stirred at the same temperature for 10 min, i-PrOH (2
mL) was added to the reaction mixture, which was diluted with saturated aqueous NaHCO,
solution (10 mL) and extracted with Et,O (10 mL x 3). The combined organic phases were
washed with saturated brine (10 mL), dried, and concentrated. The residual oil was subjected
to column chromatography (silica gel, 20 g, elution with hexane/Et,0 = 20:1) to give 43b
(672 mg, 90%) as yellow prisms (hexane). mp 57-58 °C, R, = 0.55 (hexane/Et,0 = 6 : 1); IR
(film) 3455, 2952, 2859, 2362, 2336, 1592 cm™. '"H NMR (CDCl,) & 0.30 (6H, s, SiMe,), 0.99
(9H, s, SiBu"), 1.13 (9H, s, SiBu'), 7.37-7.55 (6H, m, SiPh,), 7.82-7.88 (4H, m, SiPh,); °C
NMR (CDCl,) & -7.2 (SiMe,), 17.3 (CMe,), 18.9 (CMe,), 26.6 (CMe;), 27.2 (CMe;), 100.9
(C-2 or C-3), 109.3 (C-2 or C-3), 128.1 (Ph), 130.1 (Ph), 131.8 (Ph) 135.8 (Ph), 226.6 (C=0);
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HRMS calcd for C,sH,,0S1, 406.2148, found 406.2153. Anal. Calcd for C,sH,,0Si1,: C, 73.83;
H, 8.43. Found: C, 73.87; H, 8.58.
Preparation of 43¢, 78a,b

= 1. DIBAL | NaH, Mel |
2.1, THF
OH OH OMe

83b

To a cooled (ice—water) solution of DIBAL (0.93 M in hexane, 16.1 mL, 15.0 mmol) was
added 5-hexynol (0.539 mL, 5.00 mmol). After being heated at 50 °C for 1 h, the reaction
mixture was cooled to —80 °C and iodine (3.88 g, 15.3 mmol) in THF (8.3 mL) was added,
which was allowed to warm to room temperature and then stirred for 1 h. The mixture was
poured into hydrochloric acid (2 M, 10 mL) and extracted with Et,O (20 mL x 3). The
combined organic phases were washed with saturated brine (20 mL), dried, and concentrated.
The residual oil was used in the next reaction without purification.

To a cooled (ice—water) solution of the above sample in THF (10 mL) was added NaH (60%,
240 mg, 6.00 mmol). The reaction mixture was stirred for 5 min before addition of Mel (1.56
mmol, 25.0 mmol). After being stirred at room temperature for 1 h, the mixture was diluted
with water (20 mL) and extracted with Et,0O (20 mL x 3). The combined organic phases were
washed with saturated brine (20 mL), dried, and concentrated. The residual oil was subjected
to column chromatography (silica gel, 20 g, elution with hexane/AcOEt = 10:1) to give 83b
(738 mg, 62%) as a pale yellow oil. R, = 0.56 (hexane/AcOEt = 4:1). IR (film) 3049, 2977,
2932, 2862, 2737, 1685, 1604 cm™; 'H NMR (CDCl,) & 1.42-1.50 (2H, m, H-4), 1.53-1.61
(2H, m, H-5),2.07 (2H, tdd,J=7.1,7.1,1.4 Hz,H-3),3.32 (3H, s, OMe), 3.36 2H,t,J = 6.5
Hz, H-6), 5.99 (1H, dt, J = 154, 1.4 Hz, H-1), 6.50 (1H, dt, 15.4, 7.1 Hz, H-2); "C NMR
(CDCl,;) 8 25.1 (C-4),29.1 (C-5),36.0 (C-3),58.8 (OMe), 72.6 (C-6),74.9 (C-1), 146.5 (C-2);
HRMS caled for C,H ;10 240.0010, found 240.0010.

OH
OH R Sonogashira
+ 2\)\ couphng Rt F TBS
.~ >1BS R
Z4 |
57 62, 83a,b R2”~ 63, 84a,b
63: R1, R2 = '( H2)3 . 9270
84a: R, R2 = -(CH,) :79%

84b: R', R2 = H, (CH,),0OMe : 87%
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The following procedure is representative: To a solution of 62” (936 mg, 4.14 mmol),
PdCl,(PPh;), (121 mg, 0.17 mmol), and Cul (133 mg, 0.70 mmol) in Et;N (8 mL) was added
a solution of 1-(tert-butyldimethylsilyl)prop-2-yn-1-0l 57 (588 mg, 3.45 mmol) in Et;N (9 ml).
After being stirred at room temperature for 2.5 hr, the mixture was diluted with saturated
aqueous NH,CI solution and extracted with Et,O (30 mL x 3). The combined organic phases
were washed with saturated brine, dried, and concentrated. The residue was subjected to
column chromatography (silica gel, 20 g, elution with hexane/AcOEt = 20:1) to give 63 (749
mg, 92%) as a pale yellow oil. R, = 0.53 (hexane/Et,O = 4:1); IR (film) 3426, 2954, 2931,
2855, 2200, 2165 cm™; '"H NMR (CDCl;) 6 0.09 and 0.12 (each 3H, s, SiMe,), 0.98 (9H, s,
SiBu'), 1.47 (1H, br s, OH), 1.89 2H, tt, J = 7.8, 7.8 Hz, H-4), 2.38-2.48 (4H, m, H-3 and
H-5),4.35 (1H, s, CHOH), 5.96 (1H, s, H-2); "C NMR (CDCl,) 8 —8.3 (SiMe,), 7.7 (SiMe,),
17.3 (CMe,), 23.4 (C-4), 27.0 (CMe;), 33.3 (C-3 or C-5), 36.6 (C-3 or C-5), 554 (CHOH),
85.7 (C=C), 91.7 (C=C), 124.7 (C-1), 136.9 (C-2); HRMS calcd for C,,H,,0S1 236.1596,
found 236.1586.

84a: Obtained (864 mg, 79%) starting from 1-iodocyclohex-1-ene (83a)” (1.22 g, 5.86
mmol) as a pale yellow oil. R, = 0.38 (hexane/Et,0 = 5:1); IR (film) 3428, 2931, 2857, 2362,
2197, 1630 cm™; '"H NMR (CDCIl;) 8 0.09 and 0.11 (each 3H, s, SiMe,), 0.98 (SiBu'), 1.35
(1H, br s, OH), 1.53-1.66 (4H, m, H-4 and H-5), 2.04-2.13 (4H, m, H-3 and H-6),4.32 (1H, s,
CHOH), 6.24 (1H, br m, H-2); "C NMR (CDCl;) 8 -8.3 (SiMe,), —7.7 (SiMe,), 17.2 (CMe,),
21.7 (C-4 or C-5),22.5 (C-4 or C-5), 25.7 (C-3 or C-6), 27.1 (CMe;), 29.5 (C-3 or C-6),554
(CHOH), 87.7 (C=C), 90.2 (C=C), 1209 (C-1), 134.2 (C-2); HRMS calcd for C,sH,,OSi
250.1753, found 250.1743.

84b: Obtained (1.26 g, 87%) starting from 83b (2.05 g, 5.67 mmol) as a pale yellow oil. R, =
0.43 (hexane/AcOEt = 4:1); IR (film) 3425, 2930, 2858, 2196, 2160, 1628, 1581 cm™; 'H
NMR (CDCL,) 6 0.08 and 0.10 (each 3H, s, SiMe,), 0.97 (SiBu,), 1.41-1.49 (2H, m, H-7),
1.49-1.60 (3H, m, H-8 and OH), 2.11 (2H, dt,J =7.6,7.1 Hz, H-6), 3.31 (3H, s, OMe), 3.36
(2H,t,J=64Hz,C-9),430 (1H,d,J=20,H-1),552 (1H,dd, J =158, 2.0 Hz, H-4), 6.05
(1H, dt, J = 15.8, 7.1, H-4); "C NMR (CDCl,) 8 -8.3 (SiMe,), —7.7 (SiMe,), 17.3 (CMe,),

(75) Preparation of 62: Jarho, E. M.;: Venildinen, J. I.; Poutiainen, S.; Leskinen, H.;
Vepsildinen, J.; Christiaans, J. A. M..; Forsberg, M. M.; Minnisto, P. T.; Wallén, E. A.
Tetrahedron 2007, 15,2024-2031.

(76) Preparation of 83a: Mousseau, J, J.;: Bull, J. A.; Charette, A. B. Angew. Chem. Int. Ed.
2010,49,1115-1118.
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25.5 (C-8), 27.1 (CMe3), 29.2 (C-7), 33.0 (C-6), 55.3 (C-1), 58.7 (OMe), 72.7 (C-9), 87.0
(C=0),89.0 (C=C), 110.0 (C-4), 143.7 (C-5); HRMS calcd for C,;H;,0,Si 282.2015, found
282.2003.

Preparation of 43¢, 78a,b

OH O
rt # TBS Jones'oxdn. o, =z TBS
—_ >
|
R2 63, 84a,b R2 43c, 78a,b
43c: R1, R2 = '(CH2)3' 1 79%
78a: R1, R2 = -(CHy),- : 82%

78b: R', R2 = H, (CH,),OMe : 83%

The following procedure for 43¢ is representative: To a cooled (ice-water) solution of 63 (864
mg, 3.65 mmol) in acetone (15 mL) was added Jones reagent (1.94 M, 2.6 mL, 4.38 mmol).
After being stirred for 5 min at the same temperature, the reaction was quenched by addition
of i-PrOH (1 mL). The mixture was diluted with water (30 mL) and extracted with Et,0 (10
mL x 3). The combined organic phases were successively washed with saturated aqueous
NaHCO; solution and saturated brine (10 mL), dried, and concentrated. The residual oil was
subjected to column chromatography (silica gel, 15 g, elution with hexane/AcOEt = 40:1) to
give 43¢ (667 mg, 79 %) as a yellow oil. R, = 0.56 (hexane/Et,0 = 5:1); IR (film) 2954, 2932,
2892, 2858, 2164, 1583 cm™; 'H NMR (CDCI;) 6 0.23 (6H, s, SiMe,), 0.98 (9H, s, SiBu'),
1.96 2H, tt,J =7.8,7.8 Hz, H-4), 2.48-2.56 (4H, m, H-3 and H-5), 6.38-6.41 (1H, m, H-2);
“C NMR (CDCl,) & —7.2 (SiMe,), 17.1 (CMe,), 23.4 (C-4), 26.6 (CMe;), 34.2 (C-3 or C-5),
359 (C-3 or C-5),93.7 (C=C(), 98.2 (C=C(C), 123.3 (C-1), 145.5 (C-2), 225.6 (C=0); HRMS
calcd for C,,H,,0S81 234.1440, found 234.1442.

78a: Obtained (621 mg, 82%) from 84a (764 mg, 3.45 mmol) as a yellow oil. R, = 0.53
(hexane/Et,O = 5:1); IR (film) 2932, 2859, 2161, 1583 cm™; '"H NMR (CDCl,) 8 0.23 (6H, s,
SiMe,), 0.98 (SiBu'), 1.59-1.69 (4H, m, H-4 and H-5), 2.12-2.22 (4H, m, H-3 and H-6), 6.41—
6.47 (1H, m, H-2); "C NMR (CDCl,) 8 7.2 (SiMe,), 17.1 (CMe,), 21.3 (C-4 or C-5),22.2
(C-4 or C-5),264 (C-3 or C-6), 26.6 (CMe;), 28.6 (C-3 or C-6), 90.8 (C=C), 103.1 (C=0),
1198 (C-1), 1424 (C-2), 2255 (C=0); HRMS calcd for C,;H,,0Si 248.1596, found
248.1595.

78b: Obtained (956 mg, 83%) from 84b (1.15 g, 4.48 mmol) as a yellow oil. R, = 0.53
(hexane/AcOEt = 4:1); IR (film) 2932, 2859, 2160, 1583 cm™'; '"H NMR (CDCl;) 8 0.22 (6H, s,
SiMe,), 0.96 (SiBu'), 1.45-1.52 (2H, m, H-7 or H-8), 1.52-1.60 (2H, m, H-7 or H-8), 2.21
(2H,ddt,J=7.2,7.2,14 Hz,H-6),3.31 (3H, s, OMe), 3.36 (2H, t,J = 6.2 Hz, H-9),5.71 (1H,
dt, J = 16.1, 1.4 Hz, H-4), 6.45 (1H, dt, J = 16.1, 7.2 Hz, H-5); "C NMR (CDCl,) § -7.2
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(SiMe,), 17.1 (CMe,), 25.1 (C-7 or C-8), 26.5 (CMe), 29.2 (C-7 or C-8), 33.5 (C-6), 58.7
(OMe), 72.5 (C-9),91.4 (C=C), 99.2 (C=C), 108.6 (C-4), 151.8 (C-5), 225.5 (C=0); HRMS
caled for C,H,;02Si 280.1859, found 280.1859.

Preparation of 1-(fert-butyldimethylsilyl)-6-phenylhex-2-yn-1-one (43d)
OH 0

= OH i .
= 1.n BULI, TBSCI // TBS Swern oxdn. & TBS

Ph 2. n-Bull - =
Ph Ph
65 66 43d
73% 93%

To a cooled (ice-water) solution of 6-phenylhex-2-yn-1-0l"" (65) (518 mg, 2.97 mmol) and
TBSCI (485 mg, 3.12 mmol) in THF (4.9 mL) was added n-BuLi (2.35 M, 1.33 mL, 3.12
mmol). After being stirred at room temperature for 19 h, the reaction mixture was cooled to at
—40 °C and n-BuLi (2.35 M in hexane, 2.53 mL, 595 mmol) was added dropwise. The
mixture was stirred at the same temperature for 1 h before quenching by the addition of
AcOH (2 M in THF, 4.6 mL). The mixture was diluted with water (10 mL) and extracted with
Et,0 (10 mL x 3). The combined organic phases were successively washed with saturated
aqueous NaHCO; (10 mL) solution and saturated brine (10 mL), dried, and concentrated. The
residual oil was subjected to column chromatography (silica gel, 20 g, elution with
hexane/AcOEt = 15:1) to give 1-(tert-butyldimethylsilyl)-6-phenylhex-2-yn-1-ol (66) (599
mg, 70%) as a yellow oil. R, = 0.30 (hexane/AcOEt = 10:1); IR (film) 3437, 3027, 2931, 2857,
2210 cm™; '"H NMR (CDCl,) & 0.12 and 0.15 (each 3H, s, SiMe,), 1.01 (9H, s, SiBu'), 1.84
(2H,tt,J=7.7,7.7Hz,H-5),2.29 (2H,dt,J=7.7,2.3 Hz, H-4),2.74 (2H, t,J = 7.7 Hz, H-6),
425 (1H, d, J = 2.3 Hz, H-1), 7.18-7.24 (3H, m, Ph), 7.28-7.33 (2H, m, Ph); "C NMR
(CDCl;) 6 —-8.4 and —7.6 (SiMe,), 17.1 (CMe;), 18.8 (C-4), 27.1 (CMe;), 30.7 (C-5), 35.0
(C-6), 55.1 (C-1), 81.8 (C2 or C-3), 88.3 (C2 or C-3), 126.0 (Ph), 128.5 (Ph), 128.6 (Ph),
141.8 (Ph); HRMS calcd for C,H,;OSi 288.1909, found 288.1914.

A solution of the above compound (545 mg, 1.89 mmol) in CH,Cl, (4 mL) was added to a
solution of chloro(dimethyl)sulfonium chloride, which was prepared by dropwise addition of
solution of DMSO (295 mg, 268 pL, 3.78 mmol) in CH,Cl, (1.6 mL) to a cooled (=70 °C)
solution of oxalyl chloride (358 mg, 246 pL, 2.84 mmol) in CH,Cl, (2 mL). After being
stirred at ca. —65 °C for 30 min, triethylamine (958 mg, 1.32 mL, 9.46 mmol) was added. The

solution was allowed to warm to —20 °C over 10 min, which was diluted with water (10 mL)

(77) Preparation of 54: Trost, B. M..; Livingston, R. C. J. Am. Chem. Soc. 2008, /30, 11970—
11978.
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and extracted with Et,0O (10 mL x 3). The combined organic phases were washed with
saturated brine (10 mL), dried, and concentrated. The residual oil was subjected to column
chromatography (silica gel, 15 g; elution with hexane/AcOEt = 30:1) to give 43d (502 mg,
93%) as a yellow oil. R, = 0.42 (hexane/AcOEt = 10:1); IR (film) 3028, 2932, 2859, 2183,
1590 cm™; "H NMR (CDCl;) 8 0.24 (6H, s, SiMe,), 0.98 (9H, s, SiBu'), 1.92 (2H, tt, J = 7.8,
7.8 Hz, H-5),2.46 (2H, t,J = 7.8 Hz, H-4),2.75 (2H, t, J = 7.8 Hz, H-6), 7.15-7.24 (3H, m,
Ph), 7.28-7.32 (2H, m, Ph); "C NMR (CDCl;) § -7.2 (SiMe,), 17.1 (C-4), 19.0 (CMe;), 26.6
(CMe;), 29.7 (C-5),35.0 (C-6), 86.2,102.4, 126.3 (Ph), 128.7 (Ph), 141.1 (Ph), 226.2 (C=0);
HRMS calcd for C,H,,0S1 286.1753, found 286.1759.

Enantioselective reduction of 43a

MeN/\ Ph. H
LN X~ H OH

Q E But R
/TBS 40 H /\TBS
PhMe,Si PhMe;SI~

43a toluene, -80 °C, 30 min

72%, 99:1 er

To a cooled (-80 °C) solution of 40, generated from (5)-2,2-dimethyl-N-(2-
(4-methylpiperazin-1-yl)-1-phenylethyl)propan-1-amine (151 mg, 0.523 mmol) and n-BuLi
(2.22 M in n-hexane, 236 pL, 0.523 mmol) in toluene (4.0 mL) at 0 °C, was added dropwise a
solution of 43a (132 mg, 0.436 mmol) in toluene (1.5 mL). After being stirred at the same
temperature for 30 min, AcOH (0.5 M in toluene, 1.5 mL) was added. The reaction mixture
was diluted with hydrochloric acid (1%, 10 mL) and extracted with Et,O (10 mL x 3). The
combined organic phases were successively washed with saturated aqueous NaHCO; solution
(5 mL) and saturated brine (5 mL), dried, and concentrated. The residual oil was subjected to
column chromatography (silica gel, 5 g, elution with hexane/Et,O = 10:1) to give 54 (105 mg,
79%, 99:1 er) as a colorless oil. [a]*, +78.7 (¢ 1.05, CHCL,) Chiralpak AD-H, hexane/i—
PrOH = 150:1, flow rate 1.0 mL/min, detection at 254 nm, ¢z, = 9.00 min (minor) and 9.87 min
(major) er = 99:1.

Conversion of 54 to 57

OH OEE OEE
p-TsOH:- H,0 (1 mol %) EtOLi (20 mol %)

. // *» 1BS /\O/\’ _20°C ' // * TBS EtOH, rt /\TBS
PhMe,Si” g4 PhMe,Si 55 H 56
p-TsOH (20 mol %) OH

acetone-H,0 /*\ TBS
reflux H =~ 57

36% (3 steps)
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To a cooled (ice-water) solution of p-TsOH*H,O (0.6 mg, 3.6 umol) in ethyl vinyl ether (0.5
mL) was added a solution of 54 (102 mg, 0.336 mmol) in ethyl vinyl ether (0.4 mL). After
being stirred at the same temperature for 40 min, saturated aqueous K,CO; solution (0.2 mL)
was added and the mixture was dried over K,CO, and concentrated to an oil, which was used
in the next reaction without purification. To a solution of the above material in EtOH (0.7
mL) was added dropwise a solution of EtOLi (1M in EtOH, 63 pL), generated from n-BulLi
and EtOH, at room temperature. After being stirred at room temperature for 12 h, the mixture
was diluted with saturated aqueous NaHCOj; solution (5 mL) and extracted with Et,0O (5 mL x
3). The combined organic phases were washed with saturated brine (5 mL), dried, and
concentrated. The residual oil was filtered through a short pad of silica gel (5 g, elution with
hexane/AcOEt = 30:1) to give a desilylated product, which was used in the next reaction. The
above material and p-TsOH*H,O (13.2 mg, 69.2 umol) were dissolved in acetone-water (7:3,
1.3 mL) and heated under reflux for 5 min. The mixture was diluted with saturated aqueous
NaHCO; solution (5 mL) and extracted with Et,O (5 mL x 3). The combined organic phases
were successively washed with water (5 mL) and saturated brine (5 mL), dried, and
concentrated. The residual oil was subjected to column chromatography (silica gel, 5g, elution
with hexane/Et,0 = 5:1) to give 57 (20.9 mg, 36% overall yield). [a]®, +102.3 (c 0.27,
CHCL,) [lit.] =75.6 (¢ 0.62, CHC],) for (S)-isomer]; 'H NMR (CDCl;) § 0.10 and 0.13 (each
3H, s, SiMe,), 0.98 (9H, s, SiBu'), 1.44 (1H, br d, J = 3.2 Hz, OH), 2.66 (1H, br d, J = 2.8 Hz,
H-3),4.23 (1H, br s, H-1).

Transformation of 43a-d into 46a-d via tandem enantioselective reduction/Brook

rearrangement/protonation

0 1. 40 (1.2 equiv), toluene OTBS
/L -80 °C, 30 min y _.~H
TBS > + OTBS
R Z 2. t-BuOH (1.2 equiv) \f R/
i THF (tol:THF=1:3) Ao i
43a-d . _80°10-20°C, 10 min (+)-46a-d 47a-d
a: R = PhMe,Si
b: R = t-BuPh,Si

c: R = cyclopentenyl
dR= PhCHQCHzCHZ

The following procedure for 43a is representative: To a cooled (-80 °C) solution of 40,
generated from  ($)-2,2-dimethyl-N-(2-(4-methylpiperazin-1-yl)-1-phenylethyl)propan-1-
amine (83.4 mg, 0.288 mmol) and n-BuLi (2.15 M in n-hexane, 134 pL, 0.288 mmol) in
toluene (1.0 mL) at 0 °C, was added dropwise a solution of 43a (72.7 mg, 0.240 mmol) in
toluene (0.8 mL). The reaction mixture was stirred at the same temperature for 30 min before
the addition of a solution of +-BuOH (27 pL, 0.288 mmol) in THF (6.0 mL). After being

allowed to warm to —20 °C over 10 min, the mixture was quenched by the addition of AcOH

102



(0.5 M in THF, 0.580 mmol). The mixture was diluted with hydrochloric acid (1%, 10 mL)
and extracted with Et,O (10 mL x 3). The combined organic phases were successively washed
with saturated aqueous NaHCO,; solution (5 mL) and saturated brine (5 mL), dried, and
concentrated. The residual oil was subjected to column chromatography (silica gel, 5 g,
elution with hexane/CH,Cl, = 15:1) to give 46a (38.0 mg, 52%, 95:5 er) and 47a (23.4 mg,
32%).

46a: The absolute configuration of 46a was assigned the (S)-configuration according to
Lowe-Brewster’s rule. A colorless oil, R, = 0.52 (hexane/Et,0 = 20:1). [a]®, +109.4 (¢ 1.00,
CHCI,) (er = 95:5). Chiralcel OD-H (25 + 15 cm), hexane, flow rate 0.70 mL/min, detection
at 254 nm, ¢, = 9.02 min (minor) and 9.73 min (major); IR (film) 3067, 2956, 2894, 2857,
2084, 1939 cm™; '"H NMR (CD,) & 0.14 and 0.15 (each 3H, s, SiMe,), 0.40 (6H, s, SiMe,),
1.00 (9H, s, SiMe,Bu), 592 (1H,d, J = 6.5 Hz, H-3), 6.68 (1H, d, J = 6.5 Hz, H-1), 7.22-7.30
(3H, m, Ph), 7.52-7.58 (2H, m, Ph); "C NMR (CDCl;) 8 —4.8 (SiMe,), 2.5 (SiMe,), 2.4
(SiMe,), 184 (CMe;), 25.9 (CMe;), 97.8 (C-3), 113.5 (C-1), 129.5 (Ph), 134.1 (Ph), 138.0
(Ph), 211.8 (C-2). HRMS calcd for C,;H,;0S1, 304.16787, found 304.16823. 47a: a colorless
oil. R, = 045 (hexane/Et,0 = 20:1); IR (film) 2957, 2931, 2857, 2178, 2080 cm™'. 'H NMR
(C¢Dy) 8 0.13 (6H, s, SiMe,), 0.42 (6H, s, SiMe,), 0.99 (9H, s, SiMe,Bu'), 4.23 (2H, s, CH,),
7.20-7.30 (3H, m, Ph), 7.70-7.76 (2H, m, Ph); "C NMR (CDCl,) 8 -5.0 (SiMe,), 0.9 (SiMe,),
18.4 (CMe,), 25.9 (CMe;), 52.4 (CH,), 87.9 (C-2), 107.1 (C-1), 129.7 (Ph), 134.1 (Ph), 137.0
(Ph); HRMS calcd for C,;H,;0Si, 304.1679, found 304.1682.

46b: Obtained (14.9 mg, 37%, 92:8 er) from 43b (80.7 mg, 0.20 mmol) as a 1:1.9 mixture
with 47b (21.8 mg, 54%) by rapid filtration through a short pad of silica gel. Attempts at
purifying by silica gel column chromatography resulted in substantial decomposition. The
yield is based on integration of signals in NMR of crude product. A colorless oil, R, = 0.28
(hexane/CH,Cl, = 15:1), [a]®, +60.2 (¢ = 0.63, CH,Cl,). Chiralcel OD-H (25 + 15 cm),
hexane/i-PrOH = 500:1, flow rate 0.70 mL/min, detection at 254 nm, ¢z, = 10.1 min (minor)
and 11.3 min (major), er = 92:8; IR (film) 3070, 2955, 2857, 1950, 1820 cm™; 'H NMR
(C¢Dg) 6 0.04 and 0.06 (each 3H, s, SiMe,), 0.14 (6H, s, SiMe,), 0.97 (9H, s, SiBu'), 1.20 (9H,
s, SiBu'), 6.20 (1H, d, J = 6.7 Hz, H-1), 6.68 (1H, d, J = 6.60 Hz, H-3), 7.22-7.82 (10H, m,
Ph); "C NMR (C,D) & —5.0 (SiMe,), 18.4 (CMe;), 18.9 (CMe,), 25.7 (CMe;), 27.6 (CMe;),
93.8 (C-1), 113.9 (C-3), 127.8 (Ph), 129.6 (Ph), 134.3 (Ph), 136.4 (Ph), 214.5 (C-2); HRMS
calcd for C,sH;,0S1, 408.2305, found 408.2307.

47b: a colorless oil. R, = 0.22 (hexane/CH,Cl, = 15:1); IR (film) 3070, 2955, 2932, 2892,
2857, 2176 cm™. 1H NMR (CDCl,) 6 0.16 (6H, s, SiMe,), 0.94 (9H, s, SiBu'), 1.10 (9H, s,
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SiBu'), 448 (2H, s, CH,), 7.34-7.42 (6H, m, Ph), 7.79, (4H, br d, J = 8.0 Hz, Ph); "C NMR
(CDCl,) & 4.9 (SiMe,), 18.5 (CMe,), 18.7 (CMe,), 26.0 (CMe;), 27.3 (CMe;), 52.6 (CH,),
849 (C-2), 1089 (C-1), 127.9 (Ph), 129.7 (Ph), 133.4 (Ph), 135.8 (Ph); HRMS calcd for
C,sH,,0Si, 408.2305, found 408.2302.

46¢: Obtained (52.8 mg, quant., 97:3 er) from 43¢ (51.5 mg, 0.22 mmol) as a colorless oil. R,
=0.73 (hexane/Et,0 = 10:1), [a]*, +122.0 (¢ = 1.14, CHCL,) (er = 98:2). Chiralcel OD-H (25
+ 15 cm), hexane, flow rate 0.40 mL/min, detection at 254 nm, #r = 18.5 min (minor) and 19.8
min (major); IR (film) 2954, 2932, 2856, 1934 cm™'; '"H NMR (C(D,) 6 0.19 and 0.20 (each
3H, s, SiMe,), 1.01 (9H, s, SiBu'), 1.78 (2H, tt, J = 7.6, 7.6 Hz, H-4"), 2.27-2.33 (2H, m,
H-37),2.45-2.55 (2H, m, H-5"), 5.62 (1H, br s, H-2"), 6.55 (1H, d, J = 5.6 Hz, H-3), 6.83 (1H,
d,J=5.6 Hz, H-1); "C NMR (C(Dy) 8 —4.8 (SiMe2), 4.8 (SiMe,), 18.4 (CMe;), 23.5 (C-4),
259 (CMe3), 32.8 (C-3’), 33.5 (C-5°), 102.2 (C-1), 1164 (C-3), 131.3 (C-2’), 140.2 (C-17),
200.6 (C-2); HRMS calcd for C,,H,,0Si 236.1596, found 236.1595.

46d: Obtained (46.0 mg, 86%, 98:2 er) from 43d (56.8 mg, 0.20 mmol) as a colorless oil. R, =
0.53 (hexane/Et,O = 15:1). Chiralcel OD-H (25 + 15 cm), hexane, flow rate 0.50 mL/min,
detection at 254 nm, ¢, = 11.7 min (minor) and 13.2 min (major), [a]*, +80.3 (¢ = 1.01,
CHCI,) (er = 98:2); IR (film) 2954, 2932, 2858, 2362, 1955 cm™; 'H NMR (C(D,) & 0.15 and
0.16 (each 3H, s, SiMe,), 0.99 (9H, s, SiBu'), 1.67 (2H, tt, J = 7.6, 7.6 Hz, H-5), 1.90-2.00
(2H, m, H-4),2.49 (2H, br t,J = 7.6, H-6) 555 (1H, dt, J = 64, 6.4 Hz, H-3), 6.66 (1H, m,
H-1), 7.05-7.12 (2H, m, Ph), 7.15-7.22 (3H, m, Ph); "C NMR (C,D,) 8 —4.9 (SiMe,), 4.8
(SiMe,), 18.4 (CMe5), 25.9 (CMe;), 30.5 (C-4), 30.6 (C-5), 35.5, (C-6), 102.7 (C-3), 1154
(C-1), 126.1 (Ph), 128.6 (Ph), 128.7 (Ph), 142.4 (Ph), 198.1 (C-2); HRMS calcd for C,;H,;OSi
288.1909, found 288.1912.

47d: Obtained (1.6 mg, 3%) as a colorless oil. R, = 0.20 (hexane/CH,Cl, = 15:1); IR (film)
2933, 2857, 2231, 1942, 1871 cm™; 'H NMR (CDCl,) § 0.16 (6H, s, SiMe,), 0.96 (9H, s,
SiBu'), 1.85 (2H, tt,J=7.1,7.1 Hz, H-5),2.25 2H, br tt,J = 7.1, 2.1 Hz, H-4),2.75 2H, t,J
=7.1 Hz, H-6),4.35 (2H, t,J = 2.1 Hz, H-1), 7.18-7.23 (3H, m, Ph), 7.28-7.33 (2H, m, Ph);
“C NMR (CDCL,) 8§ 4.9 (SiMe,), 18.4 (C-5) 18.5 (CMe,), 26.1 (CMe;), 30.3 (C-4), 35.0
(C-6), 52.2 (C-1), 794 (C-3), 85.0 (C-2), 126.0 (Ph), 128.5 (Ph), 128.7 (Ph), 141.8 (Ph);
HRMS calcd for C,{H,;0S1 288.1909, found 288.1912.
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Trapping by [4 + 2] Cycloaddition of siloxyallenes obtained from 8a-c via tandem
enantioselective reduction/Brook rearrangement/protonation

1. 40, toluene, —80 °C, 30 min H__ OTBS

Q 2. t-BuOH (1.2 equiv), THF u O
P TBS —80° to —20 °C, 10 min
R'_#=
) GERoneAtIn) w o e
en dienophile (1.2 equiv " 83a-c
R2 43c, 78a,b —-20°Ctort, 3-7.5 hr R2 H o 84a-c
81: Z= O a. R1, R2 = 'CH20H20H2'

83: Z=NMe b: R', R2 = -CH,CH,CH,CH,-
84. Z= 'O'CGH4' C: R! = H, R2 = CH2CHQCHQCH20M9

The following procedure for 43¢ with N-methylmaleimide is representative: To a cooled (—
80 °C) solution of 40, generated from (S)-2,2-dimethyl-N-(2-(4-methylpiperazin-1-yl)
-1-phenylethyl)propan-1-amine (76.1 mg, 0.263 mmol) and n-BuLi (1.67 M in n-hexane, 157
pL, 0.263 mmol) in toluene (1.0 mL) at 0 °C, was added dropwise a solution of 43¢ (51.3 mg,
0.219 mmol) in toluene (0.8 mL). The reaction mixture was stirred at the same temperature
for 30 min before the addition of a solution of --BuOH (25 pL, 0.263 mmol) in THF (5.5 mL).
After being allowed to warm to —20 °C over 10 min, trifluoroacetic acid (0.5 M in THF, 1.58
mL, 0.788 mmol) and N-methylmaleimide (29.2 mg, 0.263 mmol) were added to the solution.
The reaction mixture was stirred at room temperature for 3 h, and then diluted with
hydrochloric acid (1%, 10 mL) and extracted with Et,O (10 mL x 3). The combined organic
phases were successively washed with saturated aqueous NaHCO; solution (5 mL) and
saturated brine (5 mL), dried, and concentrated. The residual oil was subjected to column
chromatography (silica gel, 5 g, elution with hexane/CH,Cl,/Et,O = 15:10:1) to give 83a (49.6
mg, 76%). 83a: Colorless plates (Et,0O-hexane), mp 116-117 °C, R, = 0.29 (hexane/Et,0 =
5:1), [0]*, =309.4 (¢ = 0.40, CHCL,). Chiralpak IA, hexane/i-PrOH = 100:1, flow rate 1.0
mL/min, detection at 254 nm, ¢, = 5.88 min (major) and 9.12 min (minor), er = 98:2; IR (KBr)
2953, 2887, 2859, 1764, 1697, 1633 cm™'; '"H NMR (C,D,) & 0.18 and 0.29 (each 3H, s,
SiMe,), 1.13 (9H, s, SiBu'), 1.36-1.46 (1H, m, H-7), 1.72-1.81 (1H, m, H-7), 1.81-1.90 (1H,
m, H-8), 2.12-2.22 (3H, m, H-6 and H-8a), 2.55-2.65 (1H, m, H-8), 2.62 (3H, s, NMe), 2.69
(1H,dd, J = 8.3, 8.3 Hz, H-8b), 4.04 (1H, d, J = 8.3 Hz, H-3a), 5.88 (1H, s, H-5), 6.52 (1H, s,
H-1°); "C NMR (C(Dy) & 5.2 (SiMe,), 5.1 (SiMe,), 18.5(CMe,), 24.5 (NMe), 25.8 (CMe;),
26.0 (C-7),290 (C-8), 31.7 (C-6),40.0 (C-8a), 41.3 (C-3a), 42.8 (C-8b), 114.0 (C-4), 116.3
(C-5),139.2 (C-17), 144 4 (C-5a), 176.0 (C=0), 177.3 (C=0); HRMS calcd for C,,H,,NO,Si
347.1917, found 347.1917. Anal. Calcd for C,,H,,NO,Si: C, 65.48; H, 8.10. Found: C, 65.36;
H, 8.44.

105



81a: Obtained (40.1 mg, 66%, 97:3 er) from 43¢ (49.4 mg, 0.21 mmol) as colorless plates. mp
145-147 °C, R, = 0.44 (hexane/Et,0 = 5:1), [a]*', —262.8 (c = 1.13, CHCL,). Chiralcel OD-H,
hexane/i-PrOH = 100:1, flow rate 1.0 mL/min, detection at 254 nm, ¢, = 6.29 min (minor) and
7.40 min (major), er = 88:11; IR (KBr) 3494, 3264, 2956, 2857, 1852, 1781, 1656, 1630 cm™;
'H NMR (C,Dy) 6 0.11 and 0.20 (each 3H, s, SiMe,), 1.07 (9H, s, SiBu'), 1.28-1.38 (1H, m,
H-7), 1.60-1.68 (1H, m, H-8), 1.68-1.76 (1H, m, H-7), 1.84-1.92 (1H, m, H-8a), 2.02-2.15
(2H, m, H-6), 2.28-2.36 (1H, m, H-8), 2.49-2.55 (1H, m, H-8b), 391 (1H, d, J = 89 Hz,
H-3a), 5.66 (1H, s, H-5), 6.35 (1H, s, H-4). "C NMR (C(Dy) 8 —5.4 (SiMe,), —5.2 (SiMe,),
18.4 (CMe,), 25.6 (CMe;), 25.7 (C-7), 28.5 (C-8), 31.5 (C-6), 38.8 (C-3a), 42.1 (C-8a),439
(C-8b), 111.1 (C-4), 116.0 (C-5), 140.3 (C-17), 144.0 (C-5a), 170.0 (C=0), 1719 (C=0).
HRMS calcd for C,;H,,0,Si 334.1600, found 334.1595. Anal. Calcd for C 3 H,.0,Si: C, 64.64;
H, 7.83. Found: C,64.57; H,7.77.

(2)- and (E)-84a were separated by MPLC (elution with hexane/AcOEt = 25:1).

(Z£)-84a: Obtained (43.1 mg, 40%, 95:5 er) from 43¢ (53.4 mg, 0.23 mmol) as a pale yellow
oil. R, = 045 (hexane/Et,0 = 4:1), [a]?, -2.7 (¢ =1.60, CHCL). Chiralcel OD-H,
hexane/i-PrOH = 200:1, flow rate 1.0 mL/min, detection at 254 nm, ¢, = 8.25 min (minor) and
9.89 min (major), er = 98:2; IR (film) 2952, 2861, 1697, 1623 cm™'; 'H NMR (C,D) 6 —0.04
(6H, s, SiMe,), 0.92 (9H, s, SiBu'), 1.50-1.60 (1H, m, H-3), 1.65-1.73 (1H, m, H-1), 2.06—
2.16 (1H, m, H-1), 2.16-2.24 (1H, m, H-11a), 2.30-2.38 (1H, m, H-2), 2.42-2.50 (1H, m,
H-2),2.60-2.70 (1H, m, H-3),2.88 (1H, dd,J=4.1,4.1 Hz, H-11b), 3.82-3.85 (1H, m, H-5a),
5.60 (1H, s, H-4),6.07 (1H, s, H-5),7.06 (1H,ddd, J=7.6,7.6,1.0 Hz, Ph), 7.19 (1H, m, Ph),
7.95 (1H, dd, J = 7.8, 1.0 Hz, Ph), 8.12 (1H, dd, J = 7.8, 1.0 Hz, Ph). °C NMR (C,D,) 8 -5.9
(SiMe,), =5.3 (SiMe,), 18.5 (CMe;), 25.3 (C-3), 25.8 (CMe;), 28.8 (C-1), 32.0 (C-2), 43.6
(C-11a), 50.1 (C-11b), 54.5 (C-5a), 115.2 (C-5), 116.0 (C-4), 126.2, 1269, 132.8, 133.2,
136.2, 1364, 138.6 (C-1°), 143.1 (C-3a), 1963 (C=0), 1979 (C=0). HRMS calcd for
C,,H;,0551 394.1964 found 394.1966.

(E)-84a: Obtained (11.7 mg, 11%, 95:5 er) as a yellow oil. R, = 0.45 (hexane/Et,0 = 5:1),
[a]®, —263.5 (¢ = 0.47, CHCL,). Chiralcel OD-H (25 + 15 cm), hexane/i-PrOH = 200:1, flow
rate 0.7 mL/min, detection at 254 nm, ¢, = 17.9 min (minor) and 21.1 min (major), er = 95:5;
IR (film) 2954, 2932, 2887, 2858, 1693, 1619, 1594 cm™. '"H NMR (C,D;) & -0.15 and —0.07
(each 3H, s, SiMe,), 0.93 (9H, s, SiBu'), 1.48-1.58 (1H, m, H-3), 1.65-1.74 (1H, m, H-1),
2.04-2.12 (1H, m, H-1), 2.20-2.28 (1H, m, H-11b), 2.32-2.40 (1H, m, H-2), 2.46-2.54 (1H,
m, H-2),2.58-2.66 (1H, m, H-3),2.89 (1H,brdd,J=4.4,4.4 Hz,H-11a),3.93 (1H, m, H-5a),
6.19 (1H,s,H-1"),6.71 (1H, s, H-4),7.03 (1H,dd,J=7.7,7.7 Hz, Ar),7.09 (1H,dd,J=7.7,
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7.7 Hz, Ar),7.86 (1H,d,J =7.7 Hz, Ar), 8.13 (1H, d, J = 7.7 Hz, Ar); "C NMR (C(Dy) 8 -5.7
(SiMe,), =5.2 (SiMe,), 18.3 (CMe,), 25.3 (C-3), 25.5 (CMe;), 28.8 (C-1), 32.4 (C-2), 43.2
(C-11b), 50.5 (C-11a), 53.6 (C-5a), 111.2 (C-4), 114.7 (C-5), 126.5 (Ar), 133.4 (Ar), 133.8
(Ar), 136.5 (C-1°), 136.5 (Ar), 146.5 (C-3a), 196.5 (C=0), 196.8 (C=0); HRMS calcd for
C,,H;,0551 394.1964, found 394.1962.

81b: Obtained (35.8 mg, 54%, 99:1 er) from 78a (51.9 mg, 0.21 mmol) as pale yellow prisms
(Et,0-hexane). mp 104-105 °C, R; = 0.53 (hexane/Et,0 = 5:1). [a]?, —286.3 (c = 1.57,
CH,Cl,). Chiralpak IA, hexane/i-PrOH = 200:1, flow rate 0.8 mL/min, detection at 254 nm, ¢,
= 10.2 min (major) and 16.8 min (minor), er = 99:1; IR (KBr) 2932, 2858, 2160, 1790, 1697,
1659, 1630 cm™; '"H NMR (C,Dy) 6 0.11 and 0.17 (each 3H, s, SiMe,), 0.90-1.05 (3H, m),
0.99 (9H, s, SiBu'), 1.35-1.40 (1H, m), 1.45-1.50 (1H, m), 1.65-1.80 (2H, m), 2.01-2.10 (2H,
br m), 2.71 (1H, dd, J =9.0,9.0 Hz, H-9b), 3.87 (1H, d, J = 9.0 Hz, H-3a), 5.60 (1H, s, H-5),
6.47 (1H, s, H-1"); "C NMR (C,D;) 8 —5.3 (SiMe,), =5.2 (SiMe,), 18.3 (CMe,), 25.6 (CMe;),
27.1 (C-9),29.2,32.2,36.8,37.0, 384 (C-3a), 43.1 (C-9b), 108.8 (C-4), 116.3 (C-5), 136.6
(C-5a), 141.3 (C-1°), 170.1 (C=0), 171.6 (C=0); HRMS calcd for C,,H,;0,S1 348.1757,
found 348.1760. Anal. Calcd for C,,H,;0,Si: C, 65.67; H, 8.41; N, 4.03. Found: C, 65.57; H,
8.58; N, 4.07.

83b: Obtained (41.9 mg, 60%, 98:2 er) from 78a (51.0 mg, 0.21 mmol) as a pale yellow oil.
R, = 0.19 (hexane/Et,0 = 5:1). [a]**, —410.9 (c = 1.64, CH,CL,). Chiralpak IA, hexane/i-PrOH
= 200:1, flow rate 0.6 mL/min, detection at 254 nm, ¢z, = 13.0 min (major) and 16.8 min
(minor), er = 99:1; IR (film) 2931, 2857, 1778, 1709, 1629 cm™; '"H NMR (CD,) 6 0.17 and
0.25 (each 3H, s, SiMe,), 0.80-0.90 (1H, m, H-9), 1.05 (9H, m, SiBu'), 1.05-1.20 (2H, H-7
and H-8), 1.47-1.53 (1H, m, H-8), 1.53-1.60 (1H, m, H-7), 1.72-1.78 (1H, m, H-9), 1.78-
1.86 (1H, m, H-6), 2.16 (1H, br dm, J = 12.4 Hz, H-6), 2.25-2.33 (1H, m, H-9a), 2.68 (3H, s,
NMe) 2.85 (1H, dd, J = 8.0, 8.0 Hz, H-9b), 3.83 (1H, d, J = 8.0 Hz, H-3a), 5.74 (1H, s, H-5),
6.59 (1H, s, H-1"); "C NMR (C,D;) & —5.2 (SiMe,), 5.2 (SiMe,), 18.5 (CMe,), 23.7 (NMe),
25.8 (CMe;), 27.4 (C-8), 29.5 (C-7), 31.7 (C-9), 37.1 (C-6), 38.3 (C-9a), 38.5 (C-3a), 424
(C-9b), 110.8 (C-6), 117.1 (C-5), 136.8 (C-5a), 141.0 (C-1°), 175.7 (C=0), 177.8 (C=0);
HRMS caled for C,,H;,NO,Si 361.2073, found 361.2077.

(Z)-84b: Obtained (32.0 mg, 43%, 98:2 er) from 78a (45.6 mg, 0.20 mmol) as a brown
amorphous powder. mp 39-43 °C. R, = 0.44 (hexane/Et,0 = 5:1). [a]", —421.2 (c = 1.64,
CHCI,). Chiralcel OZ-H, hexane/i-PrOH = 200:1, flow rate 0.5 mL/min, detection at 254 nm,
t.= 13.3min (minor) and 15.5 min (major), er = 98:2; IR (KBr) 3454,2929, 2856, 1692, 1630,
1594 cm™; 'TH NMR (C,D,) 8 0.10 and 0.16 (each 3H, s, SiMe,), 0.94 (9H, m, SiBu'), 0.80—
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1.15 (3H, m), 1.46 (1H, br dm), 1.86 (1H, ddd, J = 12.6, 12.6, 3.9 Hz), 2.10-2.13 (1H, m),
2.50-2.60 (1H, br m, H-12b), 3.53 (1H, dd, J = 64, 6.4 Hz, H-12a), 4.54 (1H, d, J = 6.4 Hz,
H-6a), 5.88 (1H, s, H-5), 6.63 (1H, s, H-1), 7.00-7.10 (2H, m, Ar), 8.04 (1H,d,J = 7.8 Hz,
Ar), 8.16 (1H,d, J = 7.8 Hz, Ar); "C NMR (C,Dy) 8 5.2 (SiMe,), -5.3 (SiMe,), 18.4 (CMe,),
25.6,25.7 (CMe;),27.2,294,32.5,36.8,42.7 (C-12b), 45.5 (C-6a), 50.9 (C-12a), 113.9 (C-6),
117.5 (C-5), 126.5, 126.6, 1340, 1344, 137.1, 138.1, 1399 (C-1’), 194.0 (C=0), 198.1
(C=0); HRMS calcd for C,sH;,0,51 408.2121, found 408.2122.

(E)-84b: Obtained (8.0 mg, 11%, 99:1 er) as a pale brown amorphous power. mp 45-49 °C, R,
= 0.44 (hexane/Et,O = 5:1). [a]"’, 4274.1 (¢ = 0.36, CHCL,). Chiralcel OZ-H, hexane/i-PrOH
= 200:1, flow rate 0.5 mL/min, detection at 254 nm, ¢, = 19.8 min (minor) and 24.9 min
(major), er = 99:1; IR (KBr) 2930, 2857, 1690, 1624, 1593 cm™'; '"H NMR (C,Dy) 8 0.16 and
0.18 (each 3H, s, SiMe,), 0.85-1.00 (1H, m), 1.03 (9H, s, SiBu), 1.09-1.14 (3H, m, H-3, H-2,
and H-1), 1.21 (1H, br d, J = 10.0 Hz, H-1), 1.38-1.45 (1H, br m, H-3), 1.84 (1H, ddd, J =
12.8, 12.8, 4.1 Hz, H-4), 2.19 (1H, br d, J = 12.8 Hz, H-4), 2.48-2.56 (1H, br m, H-12b),
3.08-3.15 (1H, br m, H-6a), 3.42-3.50 (1H, br t, H-12a), 6.03 (1H, s, H-1"), 6.73 (1H, s, H-5),
7.09-7.18 (2H, m, Ar), 8.03 (1H, d, J = 8.5 Hz, Ar), 8.18 (1H, d, J = 7.6 Hz, Ar); "C NMR
(C¢Dg) 0 =5.3 (SiMe,), 5.3 (SiMe,), 18.5 (CMe,), 25.8 (CMe;), 27.1, 28.9, 32.3, 36.7 (C-4),
422 (C-12b), 48.9 (C-6a),51.9 (C-12a), 1124 (C-6), 114.8 (C-5), 126.5, 126.6, 133.6, 133 .9,
136.2, 136.8, 138.7, 139.7 (C-1), 195.7 (C=0), 198.0 (C=0); HRMS calcd for C,;H;,0,Si
408.2121, found 408.2121.

81c: Obtained (39.8 mg, 56%) from 78b (55.5 mg, 0.22 mmol) as a colorless oil. R, = 0.47
(hexane/AcOEt = 4:1). [a]*, —259.5 (¢ = 0.93, CH,Cl,). Chiralpak IA, hexane/i-PrOH/EtOH
= 200:1:1, flow rate 1.0 mL/min, detection at 254 nm, ¢, = 12.0 min (major) and 14.5min
(minor), er = 97:3; IR (film) 2933, 2860, 1865, 1790, 1646, 1611 cm™; '"H NMR (C,D,) 8 0.09
and 0.17 (each 3H, s, SiMe,), 1.02 (9H, s, SiBu'), 1.20-1.30 (1H, m), 1.30-1.48 (4H, m),
1.64-1.72 (1H, m, H-2”), 2.10-2.18 (1H, m, H-7), 2.55-2.65 (1H, m, H-7a), 3.14 (3H, s,
OMe), 3.14-3.16 (2H, m, H-4"), 3.80 (1H, br tm, H-3a), 5.40 (1H, dd, J =9.9, 4.6 Hz, H-6),
5.85 (1H, d, J = 9.9 Hz, H-5), 643 (1H, s, H-1); "C NMR (C/D,) & -5.4 (SiMe,), -5.3
(SiMe,), 18.2,24.4,25.6 (CMe;), 29.6,32.7 (C-27), 344 (C-7),40.4 (C-3a),44.0 (C-7a), 58.2
(OMe), 724 (C-47), 109.1, 1250 (C-5), 1260 (C-6), 1430 (C-1’), 169.6 (C=0), 171.9
(C=0); HRMS calcd for C,,H;,0551 380.2019, found 380.2024.

85: Obtained (11.1 mg, 20%, 95:5 er) from 78b (51.3 mg, 0.20 mmol) as a pale yellow oil. R,
= 0.22 (hexane/AcOEt = 1:2). [a]*', —9.9 (¢ = 0.31, CHCL,). Chiralpak IA, hexane/i-PrOH =

4:1, flow rate 1.0 mL/min, detection at 254 nm, ¢, = 16.9 min (major) and 20.6 min (minor), er
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= 87:13; IR (film) 2933, 2862, 1773, 1704, 1433 cm™; 'H NMR (C¢D;) 8 0.80-1.06 (1H, m,
H-7), 1.24-147 (4H, m, H-6, H-1’, and H-2"), 1.52-1.61 (3H, m, H-6 and H-3), 1.82-1.90
(1H, m, H-17), 2.26-2.32 (1H, m, H-7a), 2.59 (3H, s, NMe), 3.21 (3H, s, OMe), 3.29 (2H, t, J
=6.2Hz,H-4"),3.73 (1H,d,J=8.7 Hz, H-3a), 6.01 (1H,dd,J=7.1,2.3 Hz, H-5), 9.30 (1H,
s, CHO); "C NMR (C;Dy) & 24.3,25.9 (NMe), 28.7, 30.1 (C-6), 31.5,35.5 (C-7), 39.8 (C-3a),
41.1 (C-7a), 58.4 (OMe), 72.6 (C-4’), 137.1 (C-4), 148.9 (C-5), 174.1 (C=0), 176.2 (C=0),
189.8 (CHO); HRMS calcd for C,;H,,NO, 279.1471, found 279.1477.

84c: Obtained (52.8 mg, 57%, 88:12 er) from 78b (52.7 mg, 0.21 mmol) as a purple oil. R, =
0.35 (hexane/AcOEt = 4:1), [a]*}, (¢ = 0.03, CH,Cl,). Chiralpak IA, hexane/i-PrOH = 100:1,
flow rate 1.0 mL/min, detection at 254 nm, ¢, = 12.2 min (minor) and 14.3 min (major), er =
83:17; IR (film) 2930, 2858, 1695, 1646, 1599 cm™; 'H NMR (C(D;) & 0.13 and 0.06 (each
3H, s, SiMe,), 0.93 (9H, s, SiBu'), 1.13-1.42 (6H, m), 2.68-2.75 (1H, m, H-4), 2.98 (2H, m,
H-4), 3.02 (3H, s, OMe), 3.35-3.42 (1H, br m, H-4a), 4.36 (1H, d, J = 7.1 Hz, H-9a), 5.68
(1H,dd,J =100, 5.3 Hz, H-3), 6.07 (1H, d, J = 100 Hz, H-2), 6.55 (1H, s, H-1"), 7.07-7.09
(2H, m, Ar), 8.05 (1H, dd, J = 6.9, 2.5 Hz, Ar), 8.15 (1H, dd, J =6.6, 4.1 Hz, Ar); "C NMR
(CsDg) 0 =54 (SiMe,), —5.3 (SiMe,), 18.3 (CMe,), 24.8, 25.6, 29.6, 334, 39.7 (C-4), 47.3
(C-9a), 510 (C-3a), 58.1 (OMe), 72.4 (C-47), 125.2 (C-2), 126.1 (C-3), 126.1, 126.2, 133.3,
133.8, 1360, 137.1, 141.7 (C-1°), 141.7, 1944 (C=0), 197.7 (C=0); HRMS calcd for
C,H;,0,51 440.2383, found 440.2382.

Preparation of 90

PdCI5(PPhg), =" "OH =" ~OMe
Q,, + " oH CulEtN Z NaH, Mel Z
88

THF THF

62 87 89
88% 97%
N
+-BuOK =~ OMe
—_—
THF
90

65%
To a solution of propargyl alcohol 87 (0.357 mL, 6.14 mmol) and 62 (595 mg, 3.07 mmol) in
Et;N (12 mL) were added PdCl,(PPh;), (108 mg, 0.154 mmol) and Cul (87.8 mg, 0.461
mmol) at room temperature. After being stirred at the same temperature for 6.5 h, the reaction
mixture was diluted with saturated aqueous NH,Cl solution (20 mL) and extracted with Et,O
(20 mL x 3). The combined organic phases were washed with saturated brine (20 mL), dried,
and concentrated. The residual oil was subjected to column chromatography (silca gel, 20 g,
elution with hexane/AcOEt = 3:1) to give 88 (322 mg, 87%) as a colorless oil. R, = 0.34
(hexane/AcOEt = 3:1); IR (film) 3330, 2951, 2849, 2223 cm™; '"H NMR (CDCl;) & 1.87-1.90
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(3H, m, H-4’ and OH), 2.41-2.43 (4H, m, H-3’and H-5"), 4.39 (2H, s, H-1), 6.02-6.06 (1H, m,
H-2’); "C NMR (CDCl,) § 23.4 (C-4’),33.7,36.4,51.8 (C-1), 83.3 (C-2 or C-3), 88.5 (C-2 or
C-3),124.0 (C-1’), 138.6 (C-2’); HRMS calcd for CgH,,0 122.0732, found 122.0731.

To a cooled (ice-water) solution of 88 (1.33 g, 10.9 mmol) in THF (22 mL) was added NaH
(60%, 534 mg, 13.1 mmol) and the reaction mixture was stirred for 5 min before dropwise
addition of iodomethane (2.04 mL, 32.7 mmol). After being stirred at room temperature for
30 min, the mixture was diluted with water (30 mL) and extracted with Et,O (30 mL x 3). The
combined organic phases were washed with saturated brine (30 mL), dried, and concentrated.
The residual oil was subjected to column chromatography (silca gel, 30 g, elution with
hexane/Et,0 = 20:1) to give 89 (1.43 g, 97%) as a colorless oil. R, = 0.19 (hexane/Et,0 =
20:1); IR (film) 2929, 2848, 2223, 1992 cm™; '"H NMR (CDCl,) & 1.88 (2H, tt,J = 7.6,7.6 Hz,
H-4), 2.38-2.45 (4H, m, H-3 and H-5), 3.37 (3H, s, OMe), 4.21 (2H, s, H-3"), 6.04 (1H, m,
H-2); "C NMR (CDCl,) § 23.4 (C-4), 33.3 (C-3 or C-5), 36.4 (C-3 or C-5), 57.7 (OMe), 60.6
(C-3%), 839 (C-1" or C-2°), 86.1 (C-1" or C-2°), 124.1 (C-1), 138.4 (C-2); HRMS calcd for
C,H,,0 136.0888 found 136.0887.

A solution of 89 (403 mg, 2.96 mmol) and -BuOK (32.9 mg, 0.296 mmol) in THF (1.6 mL)
was heated at 60 °C for 40 min before dilution with Et,0O (40 mL). The mixture was
successively washed with saturated aqueous NaHCO,; solution (10 mL) and saturated brine
(10 mL), dried, and concentrated. The residual oil was subjected to column chromatography
(silica gel, 10 g, elution with hexane/Et,0 = 50:1 with 3% Et;N) to give 90 (263 mg, 65%) as
a colorless oil. R, = 0.58 (hexane/Et,0 = 10:1); IR (film) 3042, 2999, 2929, 2848, 2277, 1929
cm™; '"H NMR (CDy) 6 1.79 (2H, tt, J = 7.3, 7.3 Hz, H-4), 2.32 (2H, 3 or H-5), 2.39 (2H, m,
H-3 or H-5),3.26 (3H, s, OMe), 5.64 (1H, br s, H-2),6.72 (1H,d,J=5.1 Hz,H-1"), 6.98 (1H,
d,J=5.1Hz,H-3"); "C NMR (C(D) & 23.4 (C-4), 32.7 (C-3 or C-5), 33.6 (C-3 or C-5),55.6
(OMe), 106.2 (C-17), 124.0 (C-3°), 131.3 (C-2), 140.7 (C-1), 196.7 (C-2’); HRMS calcd for
C,H,,0 136.0888, found 136.0886.
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Preparation of 94

L
_ _ PPh,, DEAD 7 n-Pen
@// 1. n-BuLi, Et,0 nPen NBSH
2. hexanal
92 93 94

79% 64%

To cooled (ice-water) solution of 927® (130 mg, 1.41 mmol) in Et,O (1.8 mL) was added
n-BuLi (2.33 M in hexane, 0.635 mL, 1.48 mmol) and the reaction mixture was stirred for 30
min before addition of hexanal (0.181 mL, 1.48 mmol). After being stirred at room
temperature for 30 min, water (0.5 mL) was added followed by enough K,CO, to make a
paste and Et,O (30 mL), dried, and concentrated. The residual oil was subjected to column
chromatography (silica gel, 10 g, hexane/AcOEt = 10:1) to give 93 (213 mg, 79%) as a pale
yellow oil. R, = 0.45 (hexane/AcOEt = 4:1); IR (film) 3339, 2954, 2930, 2857, 2361, 2220,
1706, 1612 cm™; '"H NMR (CDCl;) § 0.87-0.90 (3H, m, H-8), 1.27-1.36 (4H, m, H-6 and
H-7), 1.40-1.49 (2H, m, H-5), 1.65-1.75 (2H, m, H-4), 1.86-1.95 (3H, m, H-4’ and OH),
2.39-2.45 (4H, m, H-2’and H-5"), 4.49 (1H, t,J = 6.9 Hz, H-3), 6.02 (1H, m, H-2); "C NMR
(CDCl,) 6 14.1 (C-8),22.7,23.4 (C-4’), 25.0 (C-5), 31.6, 33.4, 36.5, 38.1 (C-4), 63.2 (C-3),
82.3 (C-1 or C-2), 91.6 (C-1 or C-2), 1242 (C1’), 138.2 (C-2’); HRMS calcd for C;;H,,0
192.1514, found 192.1500.

To cooled (—15 °C) solution of PPh; (293 mg, 1.15 mmol) in THF (4.5 mL) was added DEAD
(40% in toluene, 0.523 mL, 1.15 mmol). After being stirred at the same temperature for 10
min, 93 (147 mg, 0.767 mmol) was added and the mixture was stirred for 10 min before
addition of 2-nitrobenzenesulfonylhydrazide (NBSH) (250 mg, 1.15 mmol) in THF (2 mL).
The reaction mixture was stirred at the same temperature for 1 h followed by at room
temperature for 12 h, and then diluted with hexane (50 mL). The mixture was successively
washed with ice-water (50 mL x 3) and saturated brine (50 mL), dried, and concentrated. The
residual oil was subjected column chromatography (silica gel, 5 g, hexane/CH,Cl, = 20:1) to
give 94 (86.9 mg, 64%) as a colorless oil. R; = 0.63 (hexane); IR (film) 3433, 2956, 2927,
2856, 1945, 1720, 1626 cm™; 'H NMR (CDCl;) & 0.90 (3H, m, H-8), 1.27-1.35 (4H, m,
H-6’and H-7’), 1.44 (2H, tt,J=7.1,7.1 Hz, H-5"), 1.90 2H, tt,J = 7.4,7.4 Hz, H-4), 2.00-
207 (2H, m, H-4"), 2.27-2.38 (2H, m, H-5), 2.38-2.46 (2H, m, H-3), 5.30-5.37 (1H, m,

(78) Preparation of 92: Collins, P. W.; Gasiecki, A. F.; Perkins, W. E.; Gullikson, G. W.;
Bianchi, R. G.; Kramer, S. W.: Ne.J.S.: Yonan, E. E.; Swenton, L.; Jones, P. H.: Bauer,
R.F.J. Med. Chem. 1990, 33,2784-2793.
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H-3"), 5.59-5.63 (1H, m, H-2), 6.00-6.04 (1H, m, H-1’); "C NMR (CDCl,) 6 14.2 (C-8°),
22.7,234,29.1,29.2, 315, 32.8,33.3,91.5 (C-1"), 93.0 (C-3"), 127.6 (C-2), 139.0 (C-1°),
206.6 (C-2’); HRMS calcd for C;H,, 176.1565, found 176.1567.

[4 + 2] Cycloaddition of N-methylmaleimide with vinyl allenes (83a, 95, 96)

H .
(0]
—_—
toluene-THF

(1:3)
46¢c Y = OTBS
90 Y =OMe
94 Y = CH,(CH5)3CHg

83a, 95, 96

The following procedure for 90 is representative: A solution of 90 (28.3 mg, 0.208 mmol),
N-methylmaleimide (23.1 mg, 0.208 mmol), 4.4 -thiobis(2-tert-butyl-m-cresol) (9.7 mg,
0.027 mmol) in toluene-THF (1:3, 6.9 mL) was stirred at 5 °C 48 h before concentration. The
residual oil was subjected to column chromatography (silica gel, 5 g, hexane/CH,CI/Et,O =
5:20:1) to give an E/Z mixture of 95 (22.1 mg, E/Z =57:43,72%).

(Z2)-95: a yellow amorphous powder. mp 90-91 °C, R, = 0.15 (hexane/AcOEt = 4:1); IR (KBr)
3437, 2945, 1768, 1692 cm™; 'H NMR (C,Dy) & 1.35-1.45 (1H, m, H-8), 1.72-1.80 (1H, m,
H-8a), 1.80-1.88 (1H, m, H-7), 2.16-2.18 (3H, m, H-6 and H-7), 2.52-2.60 (1H, m, H-8),
2.64 (3H, s, NMe), 2.63-2.70 (1H, m, H-8b), 3.30 (3H, s, OMe), 4.00 (1H, d, J = 8.7 Hz,
H-3a), 5.82-5.86 (1H, m, H-5),5.93 (1H, s, H-1"); "C NMR (C,D;) 6 24.5 (C-8),26.0 (NMe),
29.0 (C-8a), 31.7 (C-7),40.0 (C-6), 41.5 (C-3a),42.7 (C-8b), 59.7 (OMe), 111.0 (C-4), 116.1
(C-5), 1445 (C-5a), 146.7 (C-17), 176.0 (C=0), 177.3 (C=0); HRMS calcd for C,,H,;NO,
247.1208, found 247.1212.

(E)-95: a yellow oil. R;=0.15 (hexane/AcOEt = 4:1); IR (film) 2949, 2877, 2840, 1772, 1700,
1632 cm™; 'H NMR (C¢Dy) 6 1.35-1.45 (1H, m, H-7), 1.73-1.85 (2H, m, H-7 and H-8), 2.15—
2.34 (3H, m, H-6 and H-8a), 2.60-2.75 (2H, m, H-8 and H-8b), 2.62 (3H, s, NMe), 3.00 (1H,
d, J = 8.3 Hz, H-3a), 3.19 (3H, s, OMe), 6.25 (1H, s, H-1°), 6.56 (1H, m, H-5); "C NMR
(C¢Dy) 6 24.5 (NMe), 25.8 (C-7),28.7 (C-8), 31.8 (C-6), 39.6 (C-8a),42.8 (C-8b), 42.9 (C-3a),
59.6 (OMe), 108.6 (C-4), 114.2 (H-5), 144.7 (C-5a), 145.3 (C-17), 177.3 (C=0), 177.6 (C=0);
HRMS calcd for C,,H,,NO, 247.1208, found 247.1210.

(E)-96: Obtained (22.8 mg, 30%) from 94 (48.6 mg, 0.28 mmol) as a colorless oil. R, = 0.43
(hexane/Et,O = 10:1); IR (film) 2955, 2927, 2861, 1773, 1703 cm™'; '"H NMR (CDCl,)  0.87
(3H, t,J =69 Hz, H-6°), 1.24-1.35 (4H, m, H-4’and H-5"), 1.35-1.44 (2H, m, H-3’), 1.55—
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1.66 (1H, m), 1.79-1.88 (1H, m), 1.96-2.04 (1H, m), 2.10 (2H, dt, J = 7.6, 7.6 Hz, H-2"),
226242 (3H, m), 2.52-2.60 (1H, m), 2.91 (3H, s, NMe), 329 (1H, dd, J = 8.0, 8.0 Hz,
H-8b), 3.50 (1H, d, J = 8.0 Hz, H-3a), 5.59 (1H, t, J = 7.6 Hz, H-1°), 6.20 (1H, s, H-5); *C
NMR (CDCL,) 8 14.2 (C-6°),22.7,25.1 (NMe), 25.7 28.4,28.6 (C-3°),29.3, 31.7 (C-2°), 32.0,
39.4, 429 (C-8b), 47.9 (C-3a), 115.8 (C-5), 127.5 (C-4), 130.1 (C-1°), 148.0 (C-5a), 178.2
(C=0), 178.2 (C=0); HRMS calcd for CH,;NO, 287.1885, found 287.1887.

113



FEEICET R
Preparation of (£)-106
(0]

/Otl Jones reagent ) Lil TBS
=~ "TBS acetone, 0°C,10min =~ "TBS  AcOH,tt, 1 hr |
57 110 I 111

To a cooled (ice-water) solution of 57 (2.80 g, 16.4 mmol) in acetone (65 mL) was added
Jones reagent (10.1 mL, 1.94 M). After being stirred at the same temperature for 10 min,
i-PrOH (2 mL) was added to the reaction mixture, which was diluted with H,O (100 mL) and
extracted with Et,0 (50 mL x 3). The combined organic phases were washed with H,O (50
mL x 5), saturated aqueous NaHCO; solution (50 mL) and saturated brine (50 mL), dried, and
concentrated to give crude 110 (2.42 g), which was used in the next step without purification.
To a solution of crude 110 (616 mg) in AcOH (3.7 mL) was added Lil (588 mg, 4.39 mmol)
and the reaction mixture stirred under room temperature for 1 hr. The cooled solution was
diluted with Et,0 (100 mL) and washed with H,O (10 mL x 3), saturated aqueous NaHCO,
solution (10 mL x 2) and saturated brine (10 mL), dried, and concentrated. The residual oil
was subjected to column chromatography (silica gel, 20 g; elution with hexane/Et,O = 30:1)
to give 111 (859 mg, 80% overall yield) as an orange oil. R, = 0.35 (hexane/Et,0 = 15:1); IR
(NaCl) 3065, 2953, 2931, 2890, 2858, 1630, 1595, 1562, 1531 cm™'; '"H NMR (CDCI,) 6 0.23
(6H,s),0.93 (9H, s), 747 (1H,d, J = 14.7 Hz), 7.61 (1H, d, J = 14.7 Hz); "C NMR (CDCl,)
d -6.5, 169, 26.6, 97.7, 148.7, 232.5; GCMS-FI-TOF (m/z): [M]" calcd for C,H,10Si
296.0090, found 296.0093.

o 0
= PdCI,(PPhg),, Cul TBS
ﬁ TBS +R// PrNEt |
=
171 112 THE 2 (5106

The following procedure for 106a is representative: To a solution of 111 (94.0 mg, 317 umol),
112a (56.1 mg, 59 pL, 381 umol), PdCL,(PPh,), (11.2 mg, 15.9 pmol), and Cul (12.1 mg, 63.5
pmol) in THF (1.3 mL) was added iPr,NEt (82.1 mg, 108 pL, 635 pmol). After being stirred
at room temperature for 2.0 hr, the mixture was diluted with saturated aqueous NH,CI
solution (5 mL) and extracted with Et,O (5§ mL x 3). The combined organic phases were
washed with saturated brine (5 mL), dried, and concentrated. The residue was subjected to
column chromatography (silica gel, 5 g, elution with hexane/Et,O = 20:1) to give 106a (79.0
mg, 80%) as an orange oil. R,=0.33 (hexane/Et,0 = 15:1); IR (NaCl) 3028, 2949, 2932, 2859,
2212, 1625, 1556 cm™; '"H NMR (CDCl,) 6 0.23 (6H, s), 0.93 (9H, s), 1.89 (2H, tt, J = 7.3,
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73 Hz),2.41 2H,td,J=7.3,22 Hz),2.73 2H,t,J =73 Hz), 643 (1H, dt,J =16.0,2.2 Hz),
6.74 (1H,d,J=16.0 Hz),7.19 (2H,d,J =74 Hz),7.20 (1H,t,J =74 Hz),7.29 (2H, dd, J =
7.4,7.4 Hz); "C NMR (CDCl,)  -6.3,16.9, 19.5,26.7, 30.0, 35.0,79.8, 101.6, 121.5, 126.2,
128.6, 128.7, 140.6, 141.4, 2347, HRMS-ESI-LTQ Orbitrap (m/z): [M + H]" caled for
C,,H,40Si1 313.1982, found 313.1983.

(E)-106b: Obtained (680 mg, 72%) from 111 (892 mg, 3.0 mmol) as an orange oil. R, = 0.50
(hexane/Et,0 = 8:1); IR (NaCl) 2952, 2931, 2888, 2858, 2218, 1626, 1590, 1557 cm™'; 'H
NMR (CDCl,) 6 0.23 (6H, s), 0.93 (9H, s), 2.88 (2H, td,J =6.9,2.3 Hz), 4.13 (2H,t,J =69
Hz), 6.40 (1H, dt,J =16.0,2.3 Hz),6.77 (1H,d, J=16.0 Hz), 6.92 (2H, d, J = 7.5 Hz), 6.97
(1H,t,J =7.5Hz),7.30 (2H, dd, J = 7.5, 7.5 Hz); "C NMR (CDCl,) § -6.4, 16.9,21.2,26.7,
65.8, 80.6,97.2, 1149, 120.7, 121 .4, 129.7, 140.9, 158.5, 234.7; HRMS-ESI-LTQ Orbitrap
(m/z): [M + H]" caled for C,,H,,0,Si 315.1775, found 315.1778.

(E)-106c¢: Obtained (1.06 g, 73%) from 111 (1.41 g, 4.8 mmol) as an orenge oil. R, = 0.50
(hexane/Et,0 = 10:1); IR (NaCl) 3038, 2953, 2930, 2890, 2858, 2218, 1627, 1589, 1560 cm™';
'H NMR (CDCL,) 6 0.22 (6H,'s),0.92 (9H, s), 4.87 (2H,d, J = 2.0 Hz), 6.40 (1H, dt, J = 16.0,
20Hz),6.81 (1H,d,J =160 Hz),6.98 (2H,d,J = 7.5 Hz), 701 (1H, t,J = 7.5 Hz), 7.32 (2H,
dd, J = 7.5, 7.5 Hz); "C NMR (CDCl,) 8§ -6.5, 16.9, 26.7, 56.6, 85.3, 93.8, 115.0, 119.0,
1219, 129.7, 141.2, 157.7, 234.5; HRMS-APCI-LTQ Orbitrap (m/z): [M + H]" calcd for
C,sH,,0,S1301.1618, found 301.1620.

(E)-106d: Obtained (819 mg, 68%) from 111 (1.50 g, 5.06 mmol) as an orange oil. R, =0.53
(hexane/AcOEt = 4:1); IR (NaCl) 2952, 2932, 2890, 2859, 2824, 2210, 1627, 1584, 1559 cm™
'; '"H NMR (CDCL,) 8 0.22 (6H, s), 0.93 (9H, s), 3.41 (3H, s),4.27 (2H, d, J = 1.8 Hz), 6.41
(1H, dt, J = 16.0, 1.8 Hz), 6.82 (1H, d, J = 16.0 Hz); "C NMR (CDCl,) § -6.5, 16.9, 26.7,
58.1,60.6, 84.7,95.2, 119.3, 141.0, 234.6; HRMS-ESI-LTQ Orbitrap (m/z): [M + H]* calcd
for C,;H,,0,Si1 239.1462, found 239.1463.

(E)-106f: Obtained (1.22 g, 68%) from 111 (1.74 g, 5.87 mmol) as an orange oil. R; = 0.53
(hexane/Et,0 = 19:1); IR (NaCl) 2953, 2929, 2857, 2212, 1626, 1582, 1557 cm™'; 'H NMR
(CDCly) 6 0.22 (6H,s),0.88 (3H,t,J =6.9 Hz),0.93 (9H, s), 1.23-133 (8H, m), 1.39 (2H, tt,
J=74,74Hz),156 2H,tt,J=7.4,74 Hz),2.38 (2H,td,J=7.4,2.2 Hz),6.42 (1H, dt,J =
159, 2.2 Hz), 6.72 (1H, d, J = 15.9 Hz); "C NMR (CDCl,) § -6.3,14.2, 169,202, 22.8,
26.7, 28.5, 29.0, 29.1, 29.3, 32.0, 79.3, 1024, 121.7, 140.5, 234.6; HRMS-FI-TOF (m/z):
[M]" caled for C,,H,,0Si 306.2380, found 306.2379.
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Preparation of (£)-106

OH N-iodomorpholine OH
Cul /\
TBS
/\TBS THF, tt, 2 hr |4
57 113

To a solution of 57 (1.04 g, 6.11 mmol) and N-iodomorpholine (2.71 g, 7.94 mmol) in THF
(15 mL) was added Cul (58.2 mg, 0.306 mmol). After 2 h of stirring at room temperature, the
mixture was filtered through a plug of neutral alumina, and concentrated. The residual oil was
subjected to column chromatography (silica gel, 20 g; elution with hexane/CH,Cl, = 1:1) to
give 113 (1.06 g, 59%) as a colorless oil. R, = 0.45 (hexane/CH,CIl, = 1:1); IR (NaCl) 3751,
2954, 2930, 2888, 2857, 2167 cm™; '"H NMR (CDCl;) 6 0.09 (3H, s), 0.12 (3H, s), 0.97 (9H,
s), 4.43 (1H, s); "C NMR (CDCl;) 8 -8.4,-7.7,17.2,27.0, 57.1, 95.6; HRMS-FI-TOF (m/z):
[M]" caled for C,H,,10Si 296.0093, found 296.0088.
OH

OH NBSH
Et,N
TBS ———[ 1BS
I/\ THF, 1t, 12 hr f\
113 | 114

To a solution of 113 (1.06 g, 3.58 mmol) and NBSH (1.17 g, 5.37 mmol) in THF/i-PrOH (1:1,
35.8 mL) was added Et;N (543 mg, 748 uL, 537 mmol). After being stirred at room
temperature for 14 h, the reaction mixture was diluted with H,O (30 mL) and extracted with
Et,0 (30 mL x 3). The combined organic phases were washed with H,O (30 mL) and
saturated brine (30 mL), dried, and concentrated. The residual oil was subjected to column
chromatography (silica gel, 20 g; elution with hexane/Et,O = 10:1) to give 114 (883 mg, 83%)
as colorless needles (hexane). mp = 52.5-53.0 °C; R; = 0.30 (hexane/Et,0O = 6:1); IR (KBr)
3300, 3061, 2952, 2929, 2890, 2855, 2362, 2336, 1593 cm™; 'H NMR (CDCl,) 8 0.02 (3H, s),
0.08 (3H,5),0.99 (9H, s),4.43 (1H,dd,J=94,12 Hz),6.17 (1H,dd,J =7.5,1.2 Hz), 6.36
(1H, dd, J = 94, 7.5 Hz); "C NMR (CDCl,;) § -8.1, —6.9, 17.3, 27.1, 69.4, 79.6, 142.7;
GCMS-FI-TOF (m/z): [M]" calcd for C,H,,IOSi, 298.02450, found 298.0238; Anal. calcd for
C,H,IOSi: C, 36.25; H, 6.42, found C, 36.18; H, 6.38.

OH OH
PdCI(PPhj),, Cul
f\TBS + R// ProNEt | TBS
THF, rt
| 114 112 S
R
(2-115

The following procedure for 115a is representative: To a solution of 114 (740 mg, 2.48
mmol), 112a (452 pL, 2.98 mmol), PdCL,(PPh,), (87.0 mg, 124 umol), and Cul (47.2 mg, 248
pmol) in THF (9.9 mL) was added iPr,NEt (641 mg, 843 uL, 4.96 mmol). After being stirred
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at room temperature for 20 hr, the mixture was diluted with saturated aqueous NH,Cl1 solution
(20 mL) and extracted with Et,0 (20 mL x 3). The combined organic phases were washed
with saturated brine (20 mL), dried, and concentrated. The residue was subjected to column
chromatography (silica gel, 40 g, elution with hexane/AcOEt = 16:1) to give (Z)-115a (664
mg, 85%) as a pale yellow oil. R, = 0.30 (hexane/Et,0 = 6:1); IR (NaCl) 3539, 3436, 3084,
3062, 3026, 2951, 2931, 2897, 2857, 2210, 2695, 1603 cm™; 'H NMR (CDCl,) 6 0.01 (3H, s),
0.08 (3H, s),0.98 (9H, s), 1.62 (1H, brs), 1.85 2H, tt, J =7.7,7.7 Hz), 2.35 2H, td, J = 7.7,
22 Hz),2.73 (2H,t,J =7.7 Hz),4.69 (1H,dd, J=9.2,12 Hz),541 (1H,dd,J=11.0,2.2
Hz),598 (1H,dd,J=11.0,9.2 Hz), 7.19 (2H,d,J = 7.6 Hz), 7.19 (1H, t, J = 7.6 Hz), 7.29
(2H, dd, J = 7.6, 7.6 Hz); °C NMR (CDCl,) § -8.3,-7.4,17.4,19.2,27.1, 30.5, 35.0, 66.5,
78.1,96.1,106.4,143.8,126.1, 128.5,128.7, 141.7, 143.8; HRMS-APCI-LTQ Orbitrap (m/z):
[M — HJ" calcd for C,,H,,0Si 313.1982, found 313.1984.

(2)-115b: Obtained (920 mg, 79%) from 114 (1.09 g, 3.64 mmol) as a yellow oil. R; = 0.32
(hexane/Et,O = 3:1); IR (NaCl) 3532, 3437, 3063, 2953, 2928, 2883, 2856, 2214, 1919, 1698,
1598 cm™; '"H NMR (CDCl;) 6 0.00 (3H, s), 0.07 (3H, s), 0.97 (9H, s), 1.83 (1H, brs), 2.82
(2H,td,J=69,2.3 Hz),4.09 2H,t,J =69 Hz),4.67 (1H, brd, J = 9.2 Hz), 5.39 (1H, ddt, J
=110,23,23 Hz),6.02 (1H,dd,J=109,9.2 Hz), 691 (2H,d,J = 8.6 Hz), 6.96 (1H, t,J =
7.3 Hz),7.29 (2H, dd, J = 8.6, 7.3 Hz); "C NMR (CDCl,)  -8.3,-7.4,17.3,20.8,27.1,66.2,
66.5,79.2,92.1, 1059, 114.8, 121.2, 129.7, 144.9, 158.6; HRMS-ESI-LTQ Orbitrap (m/z):
[M + Na]* caled for C,,H,,0,Si 339.1751, found 339.1751.

(Z2)-115f: Obtained (316 mg, 74%) from 114 (410 mg, 1.37 mmol) as colorless prisms. R, =
0.45 (hexane/Et,0 = 5:1); IR (NaCl) 3434, 3020, 2954, 2928, 2856, 2210 cm™'; 'H NMR
(CDCl,) 8 0.00 (3H, s),0.06 (3H, s),0.88 (3H,t,J=7.1 Hz),0.98 (9H, s), 1.24-1.33 (8H, m),
1.36-1.40 (2H, m), 1.52 (2H, tt,J=7.1,7.1 Hz), 1.82 (1H, brd, J = 3.7 Hz), 2.32 (2H, td, J =
7.1,2.2 Hz),4.67 (1H, brdd, J =9.1,2.2 Hz), 5.38 (1H, ddt, / = 109, 2.2, 2.2 Hz), 5.95 (1H,
dd,J=10.9, 9.1 Hz); "C NMR (CDCL,) 6 -8.3,-7.4,14.3,17.3,19.7,22.8,27.1,29.0, 29.1,
29.3, 294, 320, 66.5, 77.6, 96.7, 106.5, 143.7;, HRMS-FI-TOF (m/z): [M]" calcd for

C,,H;,081 308.2535, found 308.2542.

OH (COCl)5 (1.5 equiv)
DMSO (2.0 equiv)
iProNEt (5.0 equiv)

TBS TBS
| CH,Cl,, —80°to —20°C |
\\ 10 min \\
(2115 R (Z)-106R

The following procedure for (Z)-106a is representative: A solution of (Z)-115a (765 mg, 2.43

mmol) in CH,Cl, (4 mL) was added to a solution of chloro(dimethyl)sulfoniumchloride,
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which was prepared by dropwise addition of solution of DMSO (380 mg, 345 pL, 4.86 mmol)
in CH,Cl, (2.0 mL) to a cooled (=70 °C) solution of oxalyl chloride (461 mg, 317 pL, 3.65
mmol) in CH,Cl, (2 mL). After being stirred at ca. —-65 °C for 30 min, iPr,NEt (1.57 g, 2.07
mL, 12.2 mmol) was added. The solution was allowed to warm to —20 °C over 10 min, which
was diluted with water (10 mL) and extracted with Et,O (10 mL x 3). The combined organic
phases were washed with saturated brine (10 mL), dried, and concentrated. The residual oil
was subjected to column chromatography (silica gel, 25 g; elution with hexane/AcOEt = 30:1)
to give (£)-106a (647 mg, 85%) as a orange oil. R, = 0.55 (hexane/Et,0 = 6:1); IR (NaCl)
3061, 3026, 2951, 2932, 2894, 2858, 2254, 2201, 1624, 1546 cm™'; '"H NMR (CDCl;) 8 0.21
(6H,s),0.95 9H, s), 1.89 (2H, tt,J =7.2,7.2 Hz),2.42 2H,td,J =7.2,2.4 Hz),2.77 (2H, t,
J=72Hz),5.69 (1H,dt,J=11.5,24 Hz),6.76 (1H,d,J=11.5Hz),7.18 (1H,t,J=7.2 Hz),
7.22 (2H,d,J=7.2Hz),7.28 (2H,dd, J =7.2,7.2 Hz); "C NMR (CDCl,) 6 -7.0, 17.0, 19.7,
26.7,30.2,34.9,80.4,99.4,114.5,126.0, 128.5, 128.8, 138.1, 141.8, 235.2; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,,H,;ONaSi 335.1802, found 335.1802.

(Z2)-106b: Obtained (158 mg, 79%) from (£)-115b (200 mg, 0.63 mmol) as an orange oil. R, =
0.53 (hexane/Et,O = 3:1); IR (NaCl) 2952, 2929, 2884, 2857, 2207, 1626, 1600, 1547 cm™;
'H NMR (CDCl;) 8 0.21 (6H,s),0.94 (9H, s), 2.90 (2H, td, J = 7.1, 2.5 Hz), 4.15 2H, t, J =
7.1 Hz), 5.68 (1H, dt, J =115, 2.5 Hz), 6.78 (1H,d,J=11.5Hz), 692 (2H,d,J=7.6,7.6
Hz),6.95 (1H,t,J = 11.5 Hz), 7.28 (2H, dd, J = 7.6, 7.6 Hz); °C NMR (CDCl;) § -7.0, 17.1,
21.3,26.7,659,81.2,95.1,114.0,114.9,121.2,129.7, 138.6, 158.6, 235.6; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,4H,40,Si 337.1594, found 337.1596.

(Z2)-106f: Obtained (398 mg, 66%) from (Z)-115f (605 mg, 1.96 mmol) as an orange oil. R, =
0.64 (hexane/Et,0 = 5:1); IR (NaCl) 2953, 2938, 2857, 2203, 1626, 1547 cm™'; 'H NMR
(CDCl,) & 0.20 (6H, s),0.88 (3H,t,J =7.1 Hz),0.94 (9H, s), 1.22-1.31 (10H, m), 1.40 (2H,
tt,J=7.1,7.1 Hz),2.40 2H,td,J=7.1,2.5 Hz), 5.68 (1H, dt,J=11.5,2.5 Hz),6.72 (1H, d,
J =115 Hz); "C NMR (CDCly) 6 -7.0, 14.2, 170, 20.3, 22.8, 26.7, 28.6, 29.1, 29.3, 29.3,
320, 79.9, 100.3, 114.7, 138.0, 235.3; HRMS-FI-TOF (m/z): [M]* caled for C,,H,,0Si
306.2380, found 306.2382.
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Enantioselective reduction of 43

MeN "™ Ph_H
O <
LB N~ But H oA
TBS 40 Li-LiBr TBS
| toluene, =80 °C, 30 min
Ph Z Ph
(E)-106a (E, R)-115a

To a cooled (—80 °C) solution of lithium amide generated from (S$)-2,2-dimethyl-N-(2-
(4-methylpiperazin-1-yl)-1-phenylethyl)propan-1-amine 40’ (56.6 mg, 0.196 mmol) and
MeLi (0.98 M in Et,0, 200 pL, 0.196 mmol) in toluene (0.5 mL) at 0 °C, was added dropwise
a solution of (E)-106a (50.8 mg, 0.163 mmol) in toluene (0.5 mL). The reaction mixture was
stirred at the same temperature for 30 min before the addition of a solution of AcOH (0.5 M
in THF, 0.300 mmol). The mixture was diluted with hydrochloric acid (1%, 10 mL) and
extracted with Et,0 (10 mL x 3). The combined organic phases were successively washed
with saturated aqueous NaHCO,; solution (5 mL) and saturated brine (5 mL), dried, and
concentrated. The residual oil was subjected to flash column chromatography (silica gel, 5 g,
elution with hexane/Et,0 = 10:1) to give (E)-115a (38.8 mg, 85%, >99:1 er) as a pale yellow
oil. R; = 0.42 (hexane/Et,O = 6:1); [a] %,22.4 (c 1.10, CHCL,) (er = >99:1); Chiralpak AS3
(25 cm), hexane/i-PrOH = 100:1, flow rate 0.70 mL/min, detection at 254 nm, r = 11.0 min
(major), 12.7 min (minor) er = >99:1; IR (NaCl) 3448, 3062, 3027, 2950, 2931, 2896, 2857,
2213, 1685, 1604 cm™; '"H NMR (CDCl,) 4 0.00 (3H, s), 0.03 (3H, s),0.97 (3H, s), 1.27 (1H,
d,/J=3.0Hz),186 2H,tt,J=75,7.5Hz),2.33 2H,td,J=75,2.1 Hz),2.73 2H,t,J=7.5
Hz), 4.22-4.23 (1H, brm), 5.58 (1H, ddt, J = 15.8, 2.1, 2.1 Hz), 6.29 (1H,dd, J = 158,55
Hz), 7.19 (1H, t,J = 7.7 Hz), 7.20 2H, d, J = 7.7 Hz), 7.28 (2H, dd, J = 7.7, 7.7 Hz); °C
NMR (CDCl,) 6 -8.8,-7.3,17.3,19.1,27.1,30.6, 35.1, 67.5,79.9, 89.5, 1055, 126 .0, 128.5,
128.7, 1419, 144.9; HRMS-FI-TOF (m/z): [M]" caled for C,H,,0Si 314.2066, found
314.2069.

(E)-115¢: Obtained (41.5 mg, 87%, >99:1 er) from (£)-106¢ (48.1 mg, 0.16 mmol) as a pale
yellow oil. R, = 0.23 (hexane/Et,0 = 8:1); [a] ».79.9 (c 1.31, CHCL,) (er = 98:2); Chiralcel
AD-H (25 cm), hexane/i-PrOH = 100:1, flow rate 1.00 mL/min, detection at 254 nm, fr = 16.1
min (major), 20.3 min (minor) er = 98:2; IR (NaCl) 3736, 3034, 2954, 2930, 2890, 2857,
2217,1695,1596 cm™; 'H NMR (CDCl;) § -0.02 (3H, s), 0.01 (3H, s), 0.96 (9H, 5), 4.26 (1H,
dd,J/=5.1,2.1 Hz),4.81 (2H,d,J =1.8 Hz), 5.60 (1H, ddd, J =158, 2.1, 1.8 Hz), 6.42 (1H,
dd,/J=1538,5.1 Hz),698 (1H,t,J =7.8 Hz),6.99 (2H,d,J=7.8 Hz),7.29 (2H,dd,J=7.8,
7.8 Hz); "C NMR (CDCl,)  -8.9,-7.2,17.3,27.1,56.9,67.6,83.6,86.3,103.8, 115.1, 121.5,
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129.6, 147.8, 158.0; HRMS-ESI-LTQ Orbitrap (m/z): [M — H]" caled for C,;H,,0,Si 301.1618,
found 301.1620.

(Z)-115a: Obtained (59.6 mg, 79%, 99:1 er) from (Z)-106a (59.6 mg, 0.24 mmol). [a] *,43.3

(c 0.83, CHCI,) (er = 99:1); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 30:1, flow rate

0.70 mL/min, detection at 254 nm, fr = 12.8 min (major), 15.0 min (minor) er = 99:1

Transformation of 106 into 109 via tandem enantioselective reduction/Brook rearr

angement/protonation
(o) 1.MeN /\ H’—, Ph OTBS
: TBS N e
| toluene LI-LiBr
= .
R 106 2. tBuOH, THF NR

109 H

To a cooled (80 °C) solution of lithium amide, generated from
(8)-2,2-dimethyl-N-(2-(4-methylpiperazin-1-yl)-1-phenylethyl)propan-1-amine  (87.6 mg,
0.303 mmol) and MeLi (0.86 M in Et,0, 352 pL, 0.303 mmol) in toluene (0.9 mL) at 0 °C,
was added dropwise a solution of (E)-106b (79.3 mg, 0.252 mmol) in toluene (0.6 mL). The
reaction mixture was stirred at the same temperature for 30 min before the addition of a
solution of ~-BuOH (29 pL, 0.303 mmol) in THF (0.9 mL). After being allowed to warm to —
20 °C over 10 min, the mixture was quenched by the addition of AcOH (0.5 M in THF, 0.40
mmol). The mixture was diluted with hydrochloric acid (1%, 10 mL) and extracted with Et,O
(10 mL x 3). The combined organic phases were successively washed with saturated aqueous
NaHCO; solution (5 mL) and saturated brine (5 mL), dried, and concentrated. The residual oil
was subjected to column chromatography (silica gel, 5 g, elution with hexane/Et,0 = 50:1,
contained 3% Et;N) to give (£)-109b (59.1 mg, 78%, 99:1 er) as a colorless oil. R, = 0.72
(hexane/Et,0 = 3:1); [a] ¥, +26.8 (¢ = 1.36, CH,Cl,) (er =98:2); Chiralpak IB (25 cm), hexane,
flow rate 0.40 mL/min, detection at 254 nm, fr = 37.0 min (major) and 41.3 min (minor), er =
98:2; IR (NaCl) 2954, 2930, 2885, 2858, 1946, 1631, 1601 cm™; 'H NMR (C(Dy)
00.02 (6H,s), 092 (9H,s), 2.38(2H,dtd,J=6.7,6.7,2.3 Hz), 3.76 (2H,t,J=6.7 Hz),
526 (1H,dd,J/=10.8,63 Hz), 538 (1H,dt,/J=6.7,6.7Hz), 6.09(1H,d,J=6.3Hz),
6.68-6.73 (1H, m), 6.88 (3H, m), 7.16 (2H, dd, J = 7.8, 7.8 Hz); "C NMR (C;D,) 8 -5.5,-5.5,
184, 25.7, 294, 67.1, 88.3, 88.5, 1062, 1149, 1208, 129.6, 139.7, 159.5, 207.3;
HRMS-APCI-LTQ Orbitrap (m/z): [M — H]" calcd for C,4H,;0,Si 315.1775, found 315.1777.

(Z2)-109a: Obtained (38.0 mg, 71%, 93:7 er) from (£)-106a (53.6 mg, 0.17 mmol) as a pale
yellow oil. R, = 0.38 (hexane/Et,0 = 40:1); [a] #2.23.0 (c 1.37, CH,CL,) (er = 93:7); Chiralcel
OD-H (25 cm), hexane, flow rate 1.00 mL/min, detection at 254 nm, r = 7.79 min (minor),
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12.6 min (major) er = 93:7; IR (NaCl) 3056, 3027, 2953, 2932, 3894, 2857, 1944, 1631 cm™;
'H NMR (CDCl,) 6 0.18 (3H, s),0.19 (3H, s),0.97 (9H, s), 1.77 2H, tt, J = 7.6, 7.6 Hz), 2.08
(2H,tdd,J =7.6,7.6,3.0 Hz),2.68 (2H,t,J=7.6 Hz), 503 (1H, ddd, J = 10.8, 5.6, 1.4 Hz),
5.32 (1H, tddd, J =7.6,7.6,09,09 Hz), 6.20 (1H, ddd, J = 5.6, 1.4, 1.4 Hz), 6.26 (1H, m),
7.20 (1H,t,J = 7.6 Hz), 7.21 (2H,d, J = 7.6 Hz), 7.29 (2H, dd, J = 7.6, 7.6 Hz); "C NMR
(CDCly) §-5.2, 5.2, 18.5, 258, 28.6, 31.0, 354, 87.5, 91.6, 106.1, 125.8, 128.4, 128.7,
1394, 142.6, 206.4; HRMS-ESI-LTQ Orbitrap (m/z): [M + H]" calcd for C,,H,,0Si 315.2139,
found 315.2139.

=~ "OTBS

X Ph
(2-109a"

(2)-109a’: Obtained (4.8 mg, 9%) as a colorless oil. R, = 0.38 (hexane/Et,0 = 40:1); IR
(NaCl) 3028, 2952, 2932, 2897, 2858, 2190, 1944, 1658 cm™'; 'H NMR (CDCl,) § 0.14 (6H,
s),0.93 (9H, s), 1.80 (2H, tt,J =7.4,7.4 Hz),2.16 2H, tt,J =74,2.1 Hz),2.71 2H,t,J =
74 Hz),3.00 (2H, ddt, J =5.5,2.1,2.1 Hz),4.55 (1H, dt,J =5.5,5.5 Hz), 6.21 (1H, dt, J =
5.5,2.1 Hz),7.18 (1H,t,J =7.7 Hz), 7.19 (2H,d, J = 7.7 Hz), 7.28 (2H, dd, J = 7.7 Hz); °C
NMR (CDCly) 6-5.2, 13.8, 18.5, 25.8, 30.8, 35.0, 78.8, 79.8, 1064, 1259, 128.5, 128.7,
139.5, 142.1; HRMS-APCI-LTQ Orbitrap (m/z): [M — H]" calcd for C, H,,0OSi 313.1982,
found 313.1985.

(Z2)-109¢: Obtained (43.7 mg, 79%, 90:10 er) from (£)-106¢ (59.5 mg, 0.20 mmol) as a
colorless oil. R, = 0.36 (hexane/Et,0 = 15:1); [a] *; —59.5 (¢ 0.85, CHCL,) (er = 98:3);
Chiralcel OZ-H (25 cm), hexane, flow rate 0.7 mL/min, detection at 254 nm, r = 12.3 min
(minor) and 13.3 min (major), er = 98:2; IR (NaCl) 2955, 2931, 2889, 2859, 1948, 1699, 1631,
1599 cm™; '"H NMR (CDCl;) 8 0.16 (3H, s),0.17 (3H,'s),0.94 (3H, s), 4.57 (2H, dd, J = 6.9,
2.3 Hz), 5.00 (1H, dd, J = 10.8, 5.7 Hz), 5.53 (1H, brdt, / = 6.9, 6.9 Hz), 6.22 (1H, ddd, J =
57,14,14 Hz), 6.36-641 (1H, m), 692 (2H,d,J =7.7 Hz), 6.94 (1H, t,J = 7.7 Hz), 7.28
(2H, dd, J = 7.7, 7.7 Hz); "C NMR (CDCl;) 8 -5.2,-5.2, 18.5, 25.8, 66.5, 88.8, 88.9, 104 4,
115.2, 1210, 129.6, 140.7, 158.6, 207.7; HRMS-APCI-LTQ Orbitrap (m/z): [M — H]* caled
for C,,H,,0S1 306.1618, found 306.1617.

(£)-109d: Obtained (40.7 mg, 81%, 94:6 er) from (£)-106d (50.0 mg, 0.21 mmol) as a
colorless oil. R, = 0.26 (hexane/Et,0 = 30:1); [a] #.13.6 (c = 1.10, CHCL,) (er = 94:6);
Chiralcel OD-H (25+25 cm), hexane/i-PrOH = 25:1, flow rate 0.30 mL/min, detection at 254
nm, fr = 34.7 min (minor) and 36.3 min (major), er = 94:6; IR (NaCl) 2954, 2932, 2891, 2859,
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1946, 1700, 1632 cm™; '"H NMR 6 0.16 (6H, s), 0.94 (9H, s), 3.34 (3H, s), 3.96 (2H, dd, J =
6.9,2.25Hz),5.00 (1H, dd, J =10.8,5.7 Hz), 5.37 (1H, dt, / = 6.9, 6.9 Hz), 6.20 (1H, ddd, J
=57, 14, 14 Hz), 6.30-6.35 (1H, m); "C NMR 8 -5.2,-5.2, 18.4,25.7, 57.7, 70.8, 88.0,
89.3, 104.8, 140.2, 207.4; HRMS-ESI-LTQ Orbitrap (m/z): [M — H]" calcd for C,;H,,0,Si
239.1462, found 239.1461.

(Z2)-109f: Obtained (52.9 mg, 71%) from (£)-106f (73.8 mg, 0.24 mmol) as a 7:1 mixture with
(2)-109f (7.4 mg, 10%). Colorless oil. R, = 0.72 (hexane/Et,0 = 19:1); [a]®, 14.7 (c 1.40,
CH,CL,) (er = 94:6); Chiralcel OD-H (25x2 cm), hexane, flow rate 0.30 mL/min, detection at
254 nm, fr = 24.2 min (minor) and 26.0 min (major), er = 94:6; IR (NaCl) 3444, 2955, 2928,
2857, 1963, 1700, 1639 cm™'; '"H NMR (CDCL,) 8 0.15 (6H, s), 0.82 (3H, t, J = 6.6 Hz), 0.94
(9H, s), 1.27-1.34 (10H, m), 1.38-1.43 (2H, m), 2.00 (2H, tdd,J =6.9,6.9,3.0 Hz), 4 .98 (1H,
dd,J=105,5.7Hz),5.26 (1H,dt,/=6.9,69 Hz),6.16 (1H,ddd,J=5.7,14,14 Hz),6.17-
6.22 (1H, m); "C NMR (CDCl;) 8 -5.2, -5.2, 14.3, 18.5,22.9, 25.8, 29.2, 29.3, 29.4, 29.5,
29.6,32.1,87.2,92.1, 106.3, 139.2, 206.2; HRMS-APCI-LTQ Orbitrap (m/z): [M — H]" calcd
for C,,H,,OSi 307.2452, found 307.2452.

(E)-109a: Obtained (64.8 mg, 79%, 97:3 er) from (Z)-106a (100 mg, 0.32 mmol) as a
colorless oil. R, = 0.66 (hexane/Et,0 = 15:1); [a] # -57.8 (c = 1.10, CHCL,) (er = 97:3);
Chiralcel OD-H (25 cm), hexane, flow rate 1.00 mL/min, detection at 254 nm, fr = 7.09 min
(major) and 9.55 min (minor), er = 97:3; IR (NaCl) 3029, 2952, 2932, 2895, 2858, 1946, 1747,
1639 cm™; '"H NMR (CDCl,) 8 0.16 (6H, s),0.93 (9H, s), 1.75 (2H, tt,J =7.3,7.3 Hz),2.05
(2H,tdd, J =7.3,7.3,3.0 Hz), 2.66 (2H, t,J =73 Hz), 5.17 (1H, td, J = 6.7, 6.7 Hz), 5.49
(1H,dd,J=119,11.9 Hz), 5.69-5.74 (1H, m), 6.47 (1H,dd,J=11.9,09 Hz), 7.18 (1H, t, J
=73Hz),7.19 (2H,d,J = 7.3 Hz), 7.28 (2H, dd, J = 7.3, 7.3 Hz); "C NMR (CDCl,)  -5.1,
184, 209, 25.8, 28.7, 354, 90.6, 92.3, 108.8, 125.8, 128.4, 128.7, 142.1, 142.6, 205.6;
HRMS-FI-TOF (m/z): [M]" caled for C,,H;,0Si, 314.2066, found 314.2062.

OTBS
=

X Ph
(E)-109a’

(E)-1092° (8.6 mg, 9%): A colorless oil. R; = 0.66 (hexane/Et,0 = 15:1); IR (NaCl) 3029,
2933, 2895, 2858, 1944, 1665, 1603 cm™"; 'H NMR (CDCl,) 8 0.14 (6H, s), 0.92 (9H, s), 1.80
(2H,tt,J=73,7.3 Hz),2.18 2H, tt,J =7.3,2.6 Hz),2.71 (2H, t,J = 7.3 Hz), 2.81 (2H, ddt,
J=62,26,26Hz),501 (1H,dt,/=11.8,62 Hz),6.43 (1H,dt,J=11.8,2.6 Hz), 7.18 (1H,
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t,J =7.8 Hz),7.19 (2H, d, J = 7.8 Hz), 7.28 (2H, dd, J = 8.2 Hz); "C NMR (CDCl;) § -5.0,
174, 184, 185 259, 30.8, 350, 78.8, 809, 106.8,126.0, 128.5, 128.7, 142.0;
HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]* calcd for C,,H;,0Si 313.1986, found 313.1982.
(E)-109b: Obtained (33.5 mg, 59%, >99:1 er) from (Z)-106b (59.9 mg, 0.19 mmol) as a
colorless oil. R, = 0.74 (hexane/Et,0 = 10:1); [a] ', —31.6 (¢ 1.45, CHCL) (er = 94:6);
Chiralcel IB (25 cm), hexane/i-PrOH = 500:1, flow rate 0.30 mL/min, detection at 254 nm, tr
= 28.3 min (major) and 33.7 min (minor), er = 94:6; IR (NaCl) 3040, 2955, 2929, 2884, 2858,
1948, 1640, 1601 cm™; '"H NMR (CDCl;) 4 0.15 (6H, s), 0.92 (9H, s), 2.48 (2H, tdd, J = 6.7,
6.7,3.0 Hz),4.03 2H,t,J = 6.7 Hz),5.38 (1H, td, J = 6.7, 6.7 Hz), 547 (1H,dd, J = 11.5,
115 Hz),5.73 (1H,ddt,J =11.5,6.7,3.0 Hz), 6.46 (1H,d,J=11.5Hz),6.90 2H,d,J=7.7
Hz),7.27 (2H,dd,J =7.7,7.7 Hz), 6.93 (1H, t, J = 7.7 Hz); "C NMR (CDCl;) § -5.1, 18 4,
25.8,29.3,674,88.8,91.0,108.3,114.8, 120.8, 129.6, 142.5, 159.1, 206.2; HRMS-ESI-LTQ
Orbitrap (m/z): [M + H]" caled for C,4H,40,Si 317.1931, found 317.1935.

(E)-109f: Obtained (82.9 mg, 68 %) from (Z£)-106f (121 mg, 0.40 mmol) as a 10:1 mixture
with (E)-109f* (8.5 mg, 7%) as a colorless oil. R,=0.70 (hexane/Et,0 = 10:1); [a] #.-30.2 (c
1.17, CH,Cl,); IR (NaCl) 2955, 2928, 2857, 1947, 1640 cm™'; '"H NMR (CDCl,) § 0.14 (6H, s),
0.81 (3H,t,J =69 Hz),0.92 (9H, s), 1.19-1.31 (10H, m), 1.36-1.41 (2H, m), 1.99 (2H, tdd, J
=6.8,6.8,3.0Hz),525 (1H, dt,J = 6.8, 6.8 Hz), 549 (1H, ddd, J = 11.45, 11.45, 0.9 Hz),
5.64-5.69 (1H, m), 6.44 (1H,dd,J = 11.5, 1.2 Hz); °C NMR (CDCl,) § -5.1,-5.0, 17.4,22.9,
258, 293, 293, 294, 294, 295, 296, 32.1, 902, 928, 1090, 1419, 205.5;
HRMS-APCI-LTQ Orbitrap (m/z): [M — H]" calcd for C,,H;,0Si 307.2452, found 307.2452.
Conversion of 115 to 116, 117

o)
OMe
OH CFs
H (S) or (R)-MTPACI 0 -
1B iv. H
| S DMAP (2 equiv.) - | ~TBS
= CHJCly, rt, 20 min
R 115 Z 116, 117

R

To cooled solution (0 °C) of (R)-(+)-MTPA (72.2 mg) and (COCl), (53.6 uL) in hexane (2.0
mL) was added DMF (75.3 uL). After stirring at O °C for 30 min, the mixture was filtrated
and concentrated. The residual oil was diluted with benzene, and concentrated. Excess
(COCl), was removed by repeated azeotropic distillation with benzene and hexane, the
mixture was added a solution of (Z)-115a (19.4 mg), Et;N (86 uL) and DMAP (7.5 mg) in a
minimum amount of CH,Cl, (0.62 uL). After stirring at the same temperature for 50 min, the

mixture was diluted with saturated NaHCO, solution (5 mL) and extracted with Et,O (10 mL
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x 2). Combined organic phases were washed with saturated brine (5 mL), dried, and
concertrated. The residual oil was subjected to column chromatography (silica gel 2.5 g,
elution with hexane: Et,0O = 10:1) to give (£)-116a (31.1 mg, 95%) as a pale yellow oil. R, =
0.45 (hexane/Et,0 = 10:1); [a] *, 8.0 (¢ 1.54, CHCL,); IR (NaCl) 3068, 3028, 2951, 2930,
2858, 2214, 1747, 1603 cm™; '"H NMR (CDCL,) 8 -0.02 (3H, s), 0.00 (3H, s), 0.83 (9H, s),
1.88 2H, tt,J=7.2,72 Hz),2.39 2H,t,J =72 Hz),2.77 2H, t,J =7.2 Hz), 3.57 (3H, s),
5.56 (1H, d, J = 10.5 Hz), 5.85 (1H, dd, J = 105, 10.5 Hz), 6.07 (1H, d, J = 10.5 Hz),
7.17-7.22 (2H, m), 7.26-7.30 (3H, m), 7.34-7.37 (3H, m), 7.51-7.52 (2H, m); “C NMR
(CDCLy) 6-7.7,-74,17.1,19.3,26.8,30.4, 35.0,55.7,70.6,77.5,97.8, 110.5, 1374, 126.1,
127.5,128.4,128.5,128.8, 129.6, 132.9, 141.8, 166.5; HRMS-ESI-LTQ Orbitrap (m/z): [M +
NH,]" caled for C;,H4,F,0,Si 548.2802, found 548.2805.

(E)-116¢”: Obtained (23.4 mg, 73%) from (E)-115¢ (20.2 mg, 0.067 mmol) as a pale yellow
oil. R, = 0.57 (hexane/Et,0 = 4:1); [a] ®,57.3 (¢ 1.12, CHCL); IR (NaCl) 3066, 3035, 2954,
2932, 2220, 1747, 1596 cm™'; 'H NMR (CDCl,) 6 —0.04 (3H, s), —0.02 (3H, s), 0.84 (9H, s),
3.53 (3H,s),4.80 (2H,d,J=1.8 Hz),5.48 (1H,dd,J =159, 1.8 Hz), 5.54 (1H,dd,J =70,
1.8 Hz), 6.22 (1H, dd, J =159, 7.0 Hz), 6.98 (2H, d, J = 7.3 Hz), 7.00 (1H, t, J = 7.3 Hz),
7.31 (2H, dd, J = 7.3, 7.3 Hz), 7.36-7.38 (3H, m), 7.48-7.50 (2H, m); "C NMR (CDCl,) & —
79,-75,170, 268, 55.6,56.8,71.2, 84.8, 85.2, 107.8, 115.1, 121.6, 127.6, 128.6, 129.6,
129.8, 132.2, 1410, 157.9, 166.5; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]" calcd for
C,H4,F;0,S1 541.1992, found 541.1990.

(Z)-117a: Obtained (33.0 mg, 88%) from (E)-115a (22.2 mg, 0.071 mmol) as a pale yellow
oil. R, = 0.42 (hexane/Et,0 = 10:1); [a] 7, —60.5 (c 1.64, CHCL,); IR (NaCl) 3041, 3028, 2951,
2931, 2859, 2207, 1748, 1604 cm™"; 'H NMR (CDCl,) 8 0.04 (6H, s), 0.89 (9H, s), 1.88 (2H,
tt,J=7.7,7.7Hz),2.39 (td,J =7.7,2.1 Hz),2.76 (2H,t,J =7.7 Hz), 3.49 (3H, s), 5.53 (1H,
dm,J =103 Hz),5.71 (1H,dd,J=10.3, 10.3 Hz), 6.00 (1H, dd,J=10.3,0.8 Hz), 7.19 (1H, t,
J=73Hz),721 (2H,d,J=7.3Hz),7.28 (2H,dd, J=7.3 Hz), 7.37-7.39 (3H, m), 7.49-7.51
(2H, m); "C NMR (CDCl,) 8 -7.7,-7.3,17.1, 19.2, 26.8, 30.4, 35.0, 55.4, 70.6, 85.0, 85.2,
975, 1102, 1225, 1248, 126.1, 1279, 128.5, 128.5, 128.7, 129.7, 132.3, 137.5, 141.8,
166.7; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]* caled for C, H;,F;0,Si 553.2356, found
553.2351.

(E)-117¢: Obtained (23.0 mg, 73%) from (£)-115¢ (20.1 mg, 0.066 mmol) as a pale yellow
oil. R, = 0.50 (hexane/Et,0 = 4:1) [a]*;,24.0 (¢ 1.15, CHCL); IR (NaCl) 3066, 2954, 2932,

(79) MTPA-(COCI),-DMF T& 7 < MTPA-CI (33.0 mg, 0.13 mmol) % {8
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2859,2221,1748,1597 cm™; '"H NMR (CDCl,) 6 0.00 (3H, s), 0.02 (3H, s), 0.89 (9H, s), 3.49
(3H,s),4.79 (2H,d,J = 1.7 Hz), 5.37 (1H, ddt, J = 159, 1.7, 1.7 Hz), 549 (1H, dd, J = 6 4,
1.7 Hz), 6.19 (1H, dd, J = 159, 6 4 Hz), 6.97-7.01 (3H, m), 7.31 (2H, dd, J = 7.6, 7.6 Hz),
7.36-7.42 (3H, m), 7.48-7.49 (2H, m); “C NMR (CDCl;) 6 -7.7,-7.4,17.1, 26 .8, 55.6, 56.8,
71.0,85.3,84.5,1070, 115.1, 121.6, 127.8, 128.6, 129.6, 1299, 1319, 141.1, 1579, 166.5;
HRMS-ESI-LTQ Orbitrap (m/z): [M + Nal]® caled for C,H4,F,0,Si 541.1992, found
541.1987.

Conversion of (£)-109f to (E£)-121

OTBS o OTBS 1. TBAF OH
P THF/EOH _ Ho
mCPBA -80°to0°C
—_— _ >
X ELOH,0 X 2. NaBH,, 0°C X
\"C8H17 0O°Ctort \"C8H17 \"C8H17
(E)-100f H 118 H 119 H
CO2Me
.0 (MeO),P(O)CH,COMe
HglO4g NaH
o, ~. o
EO,0°CI0n NG,  THR0Clort \‘\\\”C ]
8117
120 (E121 7

To a cooled (ice-water) solution of (E)-109f (87.8 mg, 0.29 mmol, [a] *;,-30.2 (c = 1.17,
CH,Cl,)) and K,CO, (47.3 mg, 0.29 mmol) in Et,O (1.4 mL) and H,O (1.4 mL) was added
mCPBA (77%, 63.7 mg, 0.29 mmol). After being allowed to warm to room temperature over
1 h, the reaction mixture was diluted with saturated 20% aqueous K,CO; solution (10 mL)
and extracted with Et,0 (10 mL x 3). The combined organic phases were washed with 20%
aqueous K,COj; solution (10 mL) and saturated brine (10 mL), dried, and concentrated. The
residual oil was used in the next step without purification.

To a cooled (—80 °C) solution of the above compound in THF (2.2 ml) was added a solution
of TBAF (0.36 M in THF-EtOH (5:9), 856 mL, 0.30 mmol). The reaction mixture was
allowed to warm to O °C over 20 min, and then NaBH, (12.5 mg, 0.33 mmol) was added to
the solution After being stirred at the same temperature for 30 min, the reaction mixture was
diluted with saturated aqueous NH,CI solution (10 mL) and extracted with Et,0 (10 mL x 3).
The combined organic phases were washed with H,O (10 ml) and saturated brine (10 mL),
dried, and concentrated. The residual oil was used in the next step without purification.

To a cooled (ice-water) solution of above compound in Et,O (0.75 mL) was added H;IOq
(22.3 mg, 98 umol). After stirring at room temperature for 30 min, the mixture was filtered
through a plug of Celite and concentrated. The residual oil was used in the next step without

purification.
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To a cooled (ice-water) suspension of NaH (60 %, 4.2 mg, 106 umol) in THF (0.9 mL) was
added HWE reagent (18 uL, 113 umol). The reaction mixture was allowed to warm to room
temperature and stirred for 10 min. The mixture was cooled to 0 °C, and then the above
compound in THF (0.6 ml) was added. After being stirred at room temperature for 30 min, the
reaction mixture was diluted with H,O (5 mL) and extracted with Et,O (5 mL x 3). The
combined organic phases were washed with H,O (5 mL) and saturated brine (5 mL), dried,
and concentrated. The residual oil was subjected to flash column chromatography (silica gel,
5 g; elution with hexane/Et,0 = 30:1) to give (E)-121 (4.7 mg, 7% overall yield). [a] *,—
111.6 (¢ = 0.16, hexane) (er =86:14); Chiralpak AS3 (25 cm), hexane/i-PrOH = 200:1, flow
rate 0.40 mL/min, detection at 254 nm, fr = 10.1 min (major) and 12.3 min (minor), er =
86:14

Conversion of (2)-109f to (£)-121

o 1. TBAF OH
THF/EtOH  HO
(oms mCPBA E\OTBS —80°10 0 °C
—_— —_—
. EtzO/Hzo X, 2. NaBH4, 0°C X
\\\"CsH17 OOC tort \"08H17 \\\"CsH17
(2-109f H 122 H 119 H
COQMG
20 (MeO),P(O)CH,COMe
H:lOg l NaH
— T X S
Et,0,0°Ctort N\ 'CatHi7 THF, 0°Ctort \.\\\ o
g7
120 M (E)-121 H

To a cooled (ice-water) solution of (Z)-109f (58.5 mg, 0.19 mmol, 92:8 er) and K,CO, (31.4
mg, 0.23 mmol) in Et,0 (0.95 mL) and H,0O (0.95 mL) was added mCPBA (77%, 42.5 mg,
0.19 mmol). After being allowed to warm to room temperature over 1 h, the reaction mixture
was diluted with saturated 20% aqueous K,COj solution (10 mL) and extracted with Et,O (10
mL x 3). The combined organic phases were washed with 20% aqueous K,COj; solution (10
mL) and saturated brine (10 mL), dried, and concentrated. The residual oil was used in the
next step without purification.

To a cooled (—80 °C) solution of the above compound in THF (1.5 ml) was added a solution
of TBAF (0.35 M in THF-EtOH (5:9), 567 uL, 0.20 mmol). The reaction mixture was
allowed to warm to 0 °C over 20 min, and then NaBH, (8.3 mg, 0.22 mmol) was added to the
solution After being stirred at the same temperature for 30 min, the reaction mixture was
diluted with saturated aqueous NH,CI solution (10 mL) and extracted with Et,0 (10 mL x 3).
The combined organic phases were washed with H,O (10 ml) and saturated brine (10 mL),

dried, and concentrated. The residual oil was used in the next step without purification.
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To a cooled (ice-water) solution of above compound in Et,0 (0.66 mL) was added H;IOq
(19.5 mg, 86 umol). After stirring at room temperature for 30 min, the mixture was filtered
through a plug of Celite and concentrated. The residual oil was used in the next step without
purification.

To a cooled (ice-water) suspension of NaH (60 %, 3.7 mg, 92 umol) in THF (0.7 mL) was
added HWE reagent (16 uL, 99 umol). The reaction mixture was allowed to warm to room
temperature and stirred for 10 min. The mixture was cooled to 0 °C, and then the above
compound in THF (0.6 ml) was added. After being stirred at room temperature for 30 min, the
reaction mixture was diluted with H,O (5 mL) and extracted with Et,O (5 mL x 3). The
combined organic phases were washed with H,O (5 mL) and saturated brine (5 mL), dried,
and concentrated. The residual oil was subjected to flash column chromatography (silica gel,
5 g; elution with hexane/Et,0 = 30:1) to give (E)-121 (4.1 mg, 9% overall yield). [a.] *°,—97 4
(c = 0.21, hexane) (er =86:14); Chiralpak AS3 (25 cm), hexane/i-PrOH = 200:1, flow rate
0.40 mL/min, detection at 254 nm, fr = 11.1 min (major) and 14.3 min (minor), er = 82:18

[4 + 2] Cycloaddition of N-methylmaleimide with (£)-109b

0]
OTBS | 'NMe
=
o (1.0 equiv)
\'\. R toluene, rt, 24 hr
H
(E)-109b (R, E)-124b
>99:1 er 79%, >99:1 er

R = CH,HC,0Ph

A solution of (E)-109b (28.5 mg, 0.090 mmol) and N-methylmaleimide (10.0 mg, 0.090
mmol) in toluene (3.0 mL) was stirred at room temperature for 24 h before concentration. The
residual oil was subjected to column chromatography (silica gel, 5 g, hexane/Et,0O = 1:1) to
give 124b (28.4 mg, 79%,>99:1 er) as a pale yellow oil. R, = 0.30 (hexane/Et,0 = 4:3); [a] 0
-200.8 (¢ 1.32, CHCI,) (er = >99:1); Chiralcel OZ-H (25 cm), hexane/i-PrOH = 15:1, flow
rate 1.00 mL/min, detection at 254 nm, fr = 17.0 min (major) and 19.0 min (minor), er =
>99:1; IR (NaCl) 3023, 2953, 2929, 2896, 2857, 1779, 1708, 1600 cm™; 'H NMR & -0.01
(6H, s), 0.74 (9H, s), 2.71 (1H, ddd, J = 15.1, 7.1, 7.1 Hz), 2.82 (1H, ddd, J =15.1,7.1, 7.1
Hz),2.98 (3H, s), 3.08 (1H,d,J=8.7,4.2 Hz),3.55 (1H, d, J = 8.7 Hz), 4.05 (2H, ddd, J =
7.1,7.1,32Hz),4.63 (1H,dd,J=5.7,4.2Hz),6.02 (1H,dd,J=9.8,5.7 Hz), 6.10 (1H, brdd,
J=71,71Hz),6.63 (1H,d,J =98 Hz), 690 (2H,d,J=7.5 Hz), 694 (1H, t, J = 7.5 Hz),
7.29 (2H,dd,J=7.5Hz); "CNMR 8§ —4.8,-4.1,17.9,24.8,25.6,28.2,41.5,46.7,63.4,67.1,
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114.7, 1209, 126.1, 127.7, 128.3, 129.5, 129.6, 1589, 177.0, 177.3; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,,H;;NO,Si 450.2071, found 450.2069.
[4 + 2] Cycloaddition of PTAD with (£)-109b

@]
OTBS NIJ<NPh OTBS OTBS
= N—( . N N4
o(1.0equiv) || 1 NMe+ || 1 NMe
X N N
R toluene, —80 °C | |
\\ 1 hr o o
H R H H R
(E)-109b (E)-125b (2-125b
94:6 er 46%, E/Z = 56:44
R = CH,HC,0Ph 92:8, 92:8 er

A solution of (E)-109b (33.6 mg, 0.106 mmol) and PTAD (18.6 mg, 0.106 mmol) in toluene
(3.5 mL) was stirred at —80 °C for 1 h before concentration. The residual oil was subjected to
column chromatography (silica gel, 5 g, hexane/Et,O = 1:1) to give (£)-125b (13.5 mg, 26%,
92:8 er) and (Z)-125b (10.4 mg, 20%, 92:8 er).

(E)-125b: a colorless oil. R, = 0.30 (hexane/AcOEt = 6:1); [a] ».187.6 (¢ 0.53, CHCI,) (er =
98:2); Chiralcel OZ-H (25 cm), hexane/i-PrOH = 30:1, flow rate 1.00 mL/min, detection at
254 nm, fr = 16.5 min (major), 27.8 (minor) er = 98:2; IR (NaCl) 3065, 3019, 2954, 2930,
2857, 1781, 1721, 1650, 1600 cm™; '"H NMR (CDCl;) 8 0.16 (3H, s), 0.20 (3H, s), 0.88 (9H,
s),2.77 2H,dt,J=7.2,7.2Hz),4.06 (2H,t,J =7.2 Hz),595 (1H,d,J = 5.2 Hz), 5.99 (1H,
ddd,J=10.1,5.2,12 Hz),6.66 (1H,d,J = 10.1 Hz), 6.82 (1H, brt, J = 7.2 Hz), 6.88 (2H, d, J
=7.5Hz),695 (1H,t,J =75 Hz),7.28 (2H,dd,J=7.5,7.5 Hz), 7.38-7.42 (1H, m), 7.47—
7.51 (4H, m); "C NMR (CDCl;) 6 —4.7,-4.4,18.3,25.8,269,67.0,72.6,112.4,114.7,120.1,
121.1,123.2,126.2, 128.6, 129.4, 129.7, 130.0, 131.0, 148.5, 1504, 158.8; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,,H;;N,0,Si 514.2133, found 514.2130.

(2)-125b: a colorless oil. R, = 0.33 (hexane/AcOEt = 6:1); [a] 77,-281.4 (¢ 0.80, CHCL,) (er =
98:2); Chiralcel OZ-H (25 cm), hexane/i-PrOH = 30:1, flow rate 1.00 mL/min, detection at
254 nm, fr = 11.7 min (minor), 32.1 min (major) er = 98:2; IR (NaCl) 2953, 2930, 2857, 1784,
1729, 1654, 1600 cm™; 'H NMR (CDCl,) 6 0.12 (3H, s), 0.16 (3H, s), 0.85 (9H, s), 2.76 (1H,
ddt,/=74,6.1,6.1 Hz),3.00 (1H,ddt,J=74,7.1,7.1 Hz), 4.08-4.14 (2H, m), 5.50 (1H, dd,
J=174,74Hz),5.81-5.84 (2H, m), 6.30 (1H, d, J = 8.7 Hz), 6.90 (2H, d, J = 7.6 Hz), 6.94
(1H, t, J = 7.6 Hz), 7.25-7.29 (3H, m), 7.38-7.47 (1H, m), 7.48-7.51 (3H, m); "C NMR
(CDCl,) 6 4.5, 18.2,25.8,29.8,67.0,769, 114.7,119.9, 1209, 121.3, 126.1, 127.3, 128.7,
1294, 129.6, 131.2, 147.8, 153.7, 159.0; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]* caled
for C,;H,;N30,Si 514.2133, found 514.2131.
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Trapping by [4 + 2] Cycloaddition of vinylallenes obtained from 106a—d via tan

dem enantioselective reduction/Brook rearrangement/protonation

0 1.40-LiBr (1.2 equiv)
toluene, —80 °C
TBS 2. t-BuOH (1.2 equiv), THF

| -80 ° to —20 °C
X 3. CF;CO,H (3.6 equiv)
R 4. NMM (1.2 equiv)
(2)_1 06 —-20°Ctort

To a cooled (—80 °C) solution of 2, generated from (5)-2,2-dimethyl-N-(2-(4-methylpiperazin-
1-yl)-1-phenylethyl)propan-1-amine (55.0 mg, 0.192 mmol) and MeLi (1.06 M in Et,0, 181
pL, 0.192 mmol) in toluene (0.4 mL) at 0 °C, was added dropwise a solution of (Z)-106a
(50.0 mg, 0.160 mmol) in toluene (0.6 mL). The reaction mixture was stirred at the same
temperature for 30 min before the addition of a solution of -BuOH (18 pL, 0.192 mmol) in
THF (0.6 mL). After being allowed to warm to —20 °C over 10 min, trifluoroacetic acid (0.5
M in THF, 1.15 mL, 0.576 mmol) and N-methylmaleimide (21.3 mg, 0.192 mmol) were
added to the solution. The reaction mixture was stirred at room temperature for 22 h, and then
diluted with hydrochloric acid (1%, 10 mL) and extracted with Et,0O (10 mL x 3). The
combined organic phases were successively washed with saturated aqueous NaHCO; solution
(5 mL) and saturated brine (5 mL), dried, and concentrated. The residual oil was subjected to
column chromatography (silica gel, 5 g, elution with hexane/Et,0 = 2:1) to give 124a (41.5
mg, 61%, 99:1 er) as a pale purple oil. R, = 0.52 (hexane/AcOEt = 4:1); [a] **,-205.2 (¢ 0.74,
CHCI,) (er = 91:9); Chiralpak AD-H (25+15 cm), hexane/i-PrOH = 30:1, flow rate 0.70
mL/min, detection at 254 nm, fr = 17.4 min (minor) and 20.4 min (major), er = 99:1; IR
(NaCl) 3028, 2932, 2896, 2857, 2361, 2334, 1777, 1707, 1707, 1650, 1556, 1502 cm™; 'H
NMR (CDCl;) 8 -0.01 (3H,),-0.01 (3H, s),0.73 (9H, s), 1.76-1.85 (2H, m), 2.30 (2H, dt, J
=7.5,75Hz),2.61-2.71 (2H, m), 297 (3H, s),3.07 (1H,dd,J=8.7,44 Hz),3.52 (1H, d, J
=8.7Hz),4.46 (1H,dd,J=5.7,44 Hz),5.94 (1H,ddd,J=99,44,1.6 Hz),6.02 (1H, td, J -
7.5,1.6 Hz),6.53 (1H,d, /=99 Hz),7.18 (1H,t,J=7.6 Hz), 7.18 (2H, d, J = 7.6 Hz), 7.55
(2H, dd, J = 7.6, 7.6 Hz); "C NMR (CDCl;) 8 —4.8,—4.1,17.9,24.8,256,27.3,31.4,354,
41.6, 46.7, 63.5, 1240, 1259, 127.3, 127.8, 1284, 128.7, 134.8, 1424, 1772, 177.5;
HRMS-ESI-LTQ Orbirap (m/z): [M + Na]* calcd for C,sH;sNO,Si 448.2278, found 448.2278.
126a: Obtained (28.4 mg, 43%) from (Z)-106a (50.0 mg, 0.16 mmol) as a colorless oil. R, =
0.45 (hexane/AcOEt = 4:1); [a] 7, -98.5 (¢ 0.59, CHCL,) (er = 89:11); Chiralcel AD-H
(25+15 cm), hexane/i-PrOH = 30:1, flow rate 0.70 mL/min, detection at 254 nm, fr = 23.6
min (major) er = >99:1; IR (NaCl) 3023, 2932, 2896, 2858, 1869, 1789, 1643, 1603 cm™"; 'H
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NMR (CDCly) 6 0.01 (3H, s), 0.06 (3H, s), 0.80 (9H, s), 1.83 (2H, tt, J = 7.7. 7.7 Hz), 2.33
(2H, dt,J =7.7.7.7 Hz), 2.62-2.72 (1H, m), 3.23 (1H,dd, J =9.2,39 Hz),3.78 (1H,d, J =
9.2 Hz),4.63 (1H,dd,J=5.7,39 Hz),591 (1H,t,J =7.7 Hz), 597 (1H, ddd, J = 10.0, 5.7,
1.6 Hz), 6.56 (1H,d,J=10.0 Hz), 7.18 (2H,d,J=8.0 Hz), 7.19 (1H, t,J = 8.0 Hz), 7.28 (2H,
dd, J = 8.0 Hz); "C NMR (CDCl;)  -5.2,-3.8, 18.0,25.5,27.2,31.1,35.3,42.3,47 .4, 62.8,
122.3, 126.0, 1264, 127.3, 128.5, 128.7, 137.0, 142.1, 171.3, 171.3; HRMS-APPI-LTQ
Orbitrap (m/z): [M + H]" caled for C,;H;,0,Si 199.1986, found 399.1986.

126b: Obtained (28.8 mg, 43%) from (Z)-106b (50.3 mg, 0.16 mmol) as a pale yellow oil. R,
= 0.30 (hexane/Et,0 = 4:3); [a]**,—156.8 (¢ 1.32, CHCI,) (er = >99:1); Chiralcel OZ-H (25
cm), hexane/i-PrOH = 15:1, flow rate 1.00 mL/min, detection at 254 nm, r = 13.4 min
(major), 27.0 min (minor) er = >99:1; IR (NaCl) 3036, 2953, 2929, 2888, 2857, 1869, 1793,
1645, 1600 cm™; 'H NMR (CDCL,) 6 0.01 (3H, s), 0.06 (3H, s), 0.80 (9H, s), 2.75 (1H, ddt, J
=15.7,7.1,7.1 Hz),2.85 (1H,ddt,J = 15.7,7.1,7.1 Hz),3.25 (1H,dd, J=9.0, 3.9 Hz), 3.81
(1H,d,J=9.0Hz),4.07 (2H,ddd,J=7.1,7.1, 1.5 Hz), 4.65 (1H, dd, J = 5.9, 3.9 Hz), 6.00
(1H, brd, J = 7.1 Hz), 6.04 (1H, ddd, J = 10.0,5.9, 1.6 Hz), 6.67 (1H, dd, J = 10.0 Hz), 6.90
(2H, dd, J = 7.3, 1.0 Hz), 6.95 (1H, tt, J = 7.3, 1.0 Hz), 7.28 (2H, dd, J = 7.3, 7.3 Hz); °C
NMR (CDCl,) 8 -5.2,-3.9,18.0,25.5,28.2,42.3,474,62.8,66.9,114.8,121.1,124.2,127.1,
1274, 129.7, 132.1, 158.9, 171.0, 171.1; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]" calcd
for C,;H,,05S1 437.1755, found 437.1753.

(B)-1062FAWPTADE DD Viky MR IR DSFERETICDWT

(2-109 25 %2 %(F)-106 & PTAD ZAHWET7 ViRy M RIDDFERT OIER%Z
Table S1 [cR9. (-109 & PTAD ORItIFE-80 °C THEPHICHEITT 5D T,
WINFIN G EBRIDHETIT 2D TIFBWNEEZ, ZLUDNERU 2B &I
AlzfHimZd, PTAD D&zl URIEMINRISZE A Tc & T 5, 48%DINETER
{Etx 125d iESN (entry 1). LHUL, KRIGD 7L >V (E)-109d ENE NI
DT, NUTIAOERBRORNORN ZTolc. ZOHER, 6%D 2d HNEINEI NS
HDD, TFA %Z 0.9 H=RINUL 7R Lw%mmWI(O%)TﬁKWﬁ 5h, 1.2
LEL ERMT % ERMEIEMT BICONTUEIMET U (entry 4-6). entry 3
TlE TFAZ 09 YEUMMATWRW 6, RHNDOXKZE JI7415E +BuOLi 7
TVEEFRESICIERNEEESINTWEWTIT THS. FhicbBEb 59, TFAZ%L
AWMUEEHELDHFINET 125d BMEESNTVWDB I ENS, entry 4-6 DLSIC
REZRELNERE(L S PTAD pNBRIICERET 2RETIE, RRILD PTAD HYERH)
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125d ERIBT 2 ZET 125d DIREHMET U TWSFIEEEDHBDTIERWDE

EZTz
Table S1
1.40-LiBr (1.2 equiv)
e} toluene, —80 °C OTBS O QTBs O
2. t-BuOH (1.2 equiv), THF OTBS
| TBS —80°to—20°C NMe+ | NMe +
_ 3. CF3CO.H (x equiv)
MeO = 4. PTAD (1.2 equiv)
~20°C to rt O’V'e
(E)-106d or s E)- 1250 H 2- 254 (2-109d
125d (E)-109d
entry TFA(x equiv.) Yyield (%), (E/2) er yield (%)
1 0 48 (1.0:0.68) 96:4, 97:3 29
2 0.6 52(1.0:1.34) 982,982 18
3 0.9 60 (1.0:1.34) 96:4.97:3 6
4 1.2 54 (1.0:0.87) 97:3, 99:1 -
5 2.4 44 (1.0:0.70) 96:4, 97:3 -
6 3.6 39 (1.0:0.40) 97:3, 98:2 -

Z 2T, RILAHELR 125a & PTAD BRIGULEZ DN E SHhziENH S =8, -80 °C
ITBE U RIEIR 125a @ toluene S8R IC PTAD @ THF 3R %=&E T L, B ULE
EZ3, FERUCEDEREEKE 125 F0E U (Scheme S1). BEEMICED K S
RIGHHEZ % Z & THRRICDBMNBDMNEARETHSH, PTAD IFFEEICRIGHEDS
WA TILRBETHHD I NS, 125a DT LA REAPPIF I VEH DN
RISIZEDRI > TWBAEEENEZSND. INSDFEREMIS, TViRy NRIGT
BW2 PTAD O&E% 05 YE(ICHMR B2 &I LT,

Scheme S1
0
NJ<NPh
1]
OTBS o N~
(0]
| lTIJ<Nph (1.0 equiv)
N decomp.
ﬂ tolene/THF (1:5)
Ph | (0] -80°C, 1 hr
125aH
E/Z = 69:31
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Trapping by [4 + 2] Cycloaddition of PTAD with vinylallenes obtained from 106

a-d via tandem enantioselective reduction/Brook rearrangement/protonation

1.40-LiBr (1.2 equiv)
(0] toluene, —80 °C QTBS o OTBS o
2. -BuOH (1.2 equiv), THF A N
TBS -80°to-20°C | | NPh + | | NPh

N N \(

/ 3. CF3CO.H (x equiv) | |
= 4. PTAD (0.5 equiv) o 0

R —20°C tort R H H
(E)-(2-106 (S, E)-125 (R, 2)-125 from (E)-106 (x = 0.9)

(R, E)-125 (S, 2-125 from (2)-106 (x = 3.6)

To a cooled (-80 °C) solution of 40, generated from (§)-2,2-dimethyl-N-(2-(4-
methylpiperazin-1-yl)-1-phenylethyl)propan-1-amine (55.0 mg, 0.192 mmol) and MeLi (1.06
M in Et,0, 181 pL, 0.192 mmol) in toluene (0.4 mL) at O °C, was added dropwise a solution
of (2)-106a (50.0 mg, 0.160 mmol) in toluene (0.6 mL). The reaction mixture was stirred at
the same temperature for 30 min before the addition of a solution of +-BuOH (18 pL, 0.192
mmol) in THF (0.6 mL). After being allowed to warm to —20 °C over 10 min, trifluoroacetic
acid (0.5 M in THF, 0.29 mL, 0.144 mmol) and a solution of PTAD (14.0 mg, 0.080 mmol) in
THF (3.3 mL) were added to the solution at —80 °C. The reaction mixture was stirred at —80
°C for 1 h, and then diluted with hydrochloric acid (1%, 10 mL) and extracted with Et,O (10
mL x 3). The combined organic phases were successively washed with saturated aqueous
NaHCO; solution (5 mL) and saturated brine (5 mL), dried, and concentrated. The residual oil
was subjected to column chromatography (silica gel, 5 g, elution with hexane/Et,O = 6:1) to
give an E/Z mixture of 125a (39.2 mg, E/Z =83:17,96% (based on PTAD), 98:2,99:1 er) as a
pale yellow oil. R, = 042 (hexane/CH,Cl, = 1:1); Chiralcel AD-H (25+15 cm),
hexane/i-PrOH = 20:1, flow rate 0.70 mL/min, detection at 254 nm, r = 23.1 min (minor, Z),
32.6 (major, Z), 41.8 (minor, E), 51.4 (major, E) er = 98:2 (Z2), 99:1 (E); IR (NaCl) 3028,
2952,2931, 2857, 2253, 1780, 1723, 1601 cm™; '"H NMR (CDCl,) 6 0.12 (3H, s, Z), 0.15 (3H,
s, E),0.16 3H, s,2),0.19 3H, s, E),0.84 (9H, s, 2),0.87 (9H, s, E), 1.85 (2H, dt,J=7.3,7.3
Hz, E), 230 2H, dt,J =7.3,7.3 Hz, E), 2.51-2.58 (1H, m, Z), 2.69 2H,t,J =73 Hz, E),
5.30 (1H,t,J =72 Hz,Z2),5.78 (1H,dd,J=9.9,50 Hz, Z),5.83 (1H,d, J=5.0 Hz, Z), 591
(1H,dd,J=9.7,5.1Hz,E),593 (1H,d,J=5.1 Hz,E),6.27 (1H,d J =99 Hz, Z), 6.52 (1H,
dJ=9.7Hz,E),6.77 (1H,t,J, 73 Hz, E), 7.16-7.21 (m, Ph), 7.25-7.30 (m, Ph), 7.38-7.43
(m, Ph), 7.44-7.51 (m, Ph); "C NMR (CDCl,) 8 4.7 (E), 4.4 (E), -3.0 (2), 2.7 (Z), 18.2
(2),18.3 (E),25.8 (E),259 (2),29.1 (£),299 (E),31.1 (2),314 (E),35.3 (E),35.5(2),72.7
(E), 754 (2), 117.3, 118.5, 118.6, 120.2, 120.8, 122.5, 124.3, 126.0, 1260, 126.2, 126.3,
126.7,127.3,128.4,128.4 128.5, 128.6,128.7,129.3,1294, 129.6, 131.0, 131.2,141.9,152 .2,
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147.6, 148.5, 150.5; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]* caled for C,4H;N;O,Si
512.2340, found 512.2340.

(E)-125b: Obtained (24.7 mg, 62%, 99:1 er) from PTAD (14.0 mg, 0.080 mmol) as a
colorless oil. R, = 0.30 (hexane/AcOEt = 6:1); [a] ».187.6 (¢ 0.53, CHCL,) (er = 98:2);
Chiralcel OZ-H (25 cm), hexane/i-PrOH = 30:1, flow rate 1.00 mL/min, detection at 254 nm,
fr = 16.5 min (major), 27.8 (minor) er = 98:2; IR (NaCl) 3065, 3019, 2954, 2930, 2857, 1781,
1721, 1650, 1600 cm™; '"H NMR (CDCl;) 8 0.16 (3H, s), 0.20 (3H, s), 0.88 (9H, s), 2.77 (2H,
dt,J=7.2,72Hz),406 2H,t,J=72Hz),595 (1H,d,J=5.2Hz),5.99 (1H,ddd, J = 10.1,
52,12 Hz), 6.66 (1H, d, J = 10.1 Hz), 6.82 (1H, brt, J = 7.2 Hz), 6.88 (2H, d, J = 7.5 Hz),
695 (1H,t,J =75 Hz), 7.28 (2H, dd, J =7.5,7.5 Hz), 7.38-7.42 (1H, m), 7.47-7.51 (4H,
m); "C NMR (CDCl,) 6 4.7, 4.4, 18.3,25.8, 269, 670, 72.6, 112.4, 114.7, 120.1, 121.1,
1232, 126.2, 128.6, 1294, 129.7, 130.0, 131.0, 148.5, 1504, 158.8; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,,H;;N,0,Si 514.2133, found 514.2130.

(Z2)-125b: Obtained (10.1 mg, 26%, 99:1 er) as a colorless oil. R, = 0.33 (hexane/AcOEt =
6:1); [a] ", —281.4 (c 0.80, CHCI,) (er = 98:2); Chiralcel OZ-H (25 cm), hexane/i-PrOH =
30:1, flow rate 1.00 mL/min, detection at 254 nm, fr = 11.7 min (minor), 32.1 min (major) er
= 98:2; IR (NaCl) 2953, 2930, 2857, 1784, 1729, 1654, 1600 cm™'; '"H NMR (CDCl,) 6 0.12
(3H,s),0.16 (3H, s), 0.85 (9H, s), 2.76 (1H,ddt, J =74, 6.1, 6.1 Hz), 3.00 (1H, ddt, J =7 4,
7.1,7.1 Hz), 4.08-4.14 (2H, m), 5.50 (1H,dd,J =7.4,7.4 Hz), 5.81-5.84 (2H, m), 6.30 (1H,
d,J=8.7Hz),690 (2H,d,J=7.6 Hz),6.94 (1H,t,J=7.6 Hz), 7.25-7.29 (3H, m), 7.38—
747 (1H, m), 7.48-7.51 (3H, m); "C NMR (CDCl,) § 4.5,18.2,25.8,29.8,67.0,76.9,114.7,
1199, 1209, 121.3, 126.1, 1273, 128.7, 1294, 129.6, 131.2, 147.8, 153.7, 159.0;
HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]® caled for C,;H;;N30,Si 514.2133, found
514.2131.

(E)-125c¢: Obtained (16.2 mg, 35%, >99:1 er) from PTAD (17.0 mg, 0.098 mmol) as colorless
plates (CH,Cl,-hexane). mp = 108.2-109.0 °C; R, = 0.34 (hexane/AcOEt = 4:1); [a] %,137.5
(c 0.87, CHCL,) (er = >99:1); Chiralcel OZ-H (25 cm), hexane/i-PrOH = 15:1, flow rate 1.00
mL/min, detection at 254 nm, fr = 10.5 min (major), 13.6 min (minor) er = >99:1; IR (NaCl)
2954,2930, 2857, 1783, 1724, 1653, 1599 cm™'; '"H NMR (CDCL,) 8 0.16 (3H, s), 0.20 (3H, s),
0.87 (9H, s),4.78 (2H,d,J =7.3 Hz), 596 (1H,d, J=5.1 Hz), 6.07 (1H, ddd, J =10.2,5.1,
1.5Hz),6.71 (1H,d,J=10.2 Hz),6.94 2H,d,J=7.4 Hz),6.98 (1H, t,J =74 Hz),7.03 (1H,
td, J=73,15Hz),730 2H,dd,J=74,74 Hz), 741 (1H, tt,J = 6.9, 1.9 Hz), 7.46-7.51
(4H, m); "C NMR (CDCL,) 8 4.8, 4.5, 182,25.7,62.5,72.3,109.6, 114.8, 119.8, 121.3,
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124.7, 126.1, 128.7, 1294, 129.7, 130.8, 131.7, 148.3, 150.1, 158.4; HRMS-ESI-LTQ
Orbitrap (m/z): [M + Na]" calcd for C,¢H;;N,0,Si 500.1976, found 500.1974.

(2)-125¢: Obtained (25.9 mg, 56%, 99:1 er) as a colorless oil. R, = 0.38 (hexane/AcOEt =
4:1); [a]*,-210.9" (¢ = 1.65, CHCL,) (er = >99:1); Chiralcel OZ-H (25 c¢m), hexane/i-PrOH =
15:1, flow rate 1.0 mL/min, detection at 254 nm, #r = 8.00 min (minor) and 18.8 min (major),
er = >99:1; IR (NaCl) 3072, 3044, 2954, 2930, 2857, 1786, 1731, 1658, 1599 cm™'; 'H NMR
00.14 (3H, s), 0.18 (3H, s), 0.86 (9H, s), 4.82 (1H, dd, J = 15.2, 5.6 Hz), 5.03 (1H, dd, J =
15.1,5.6 Hz),5.52 (1H,dd,J=5.6 Hz),5.89 (1H,d,J=5.0Hz),592 (1H,dd,/=99,50
Hz),6.30 (1H,d, /=99 Hz),691 (2H,d,J=7.6 Hz),6.94 (2H,d,J=7.6,7.6 Hz),7.27 (1H,
t,J=7.6Hz),741 (1H,tt,J=7.4,1.6 Hz), 747 2H,dd,J =74, 1.6 Hz),7.50 (2H, dd, J =
74,74 Hz); "C NMR 8 4.6, 45,182,258, 65.6,744,1149,117.2,121.1, 122.7, 126.1,
126.5,126.9, 128.8, 129.5,129.7, 131.0, 148.2, 152.3, 158.4; HRMS-ESI-LTQ Orbitrap (m/z):
[M + Na]* caled for C,sH;,N30,Si 500.1976, found 500.1973.

(E)-125d: Obtained (19.2 mg, 51%, 96:4 er) from PTAD (17.0 mg, 0.098 mmol) as a
colorless oil. R, = 0.36 (hexane/AcOEt = 3:1); [a] 2.-18.3° (¢ = 0.40, CHCL,) (er =92:8);
Chiralcel OZ-H (25 cm), hexane/i-PrOH/EtOH = 30:1:1, flow rate 0.40 mL/min, detection at
254 nm, fr = 24.9 min (major) and 33.9 min (major), er = 96:4; IR (NaCl) 3019, 2953, 2931,
2896, 2858, 1780, 1722, 1502 cm™'; 'H NMR § 0.15 (3H, s), 0.19 (3H, s), 0.86 (9H, s), 3.38
(3H, s),4.19 (2H,dd, J =7.3,3.2 Hz), 594 (1H, d, J = 5.0 Hz), 6.02 (1H, dd, J = 10.3, 5.0,
14 Hz),6.68 (1H,d,J=10.3 Hz),6.88 (1H,td,J=7.3, 1.4 Hz),7.38-7.42 (1H, m), 7.46-7.50
(4H, m); "CNMR & —4.7,-4.4,18.2,25.7,58.2,66.8,72.4,111.4,120.0, 124.1,126.2,128.7,
129.5, 1309, 131.2, 148.4, 150.2; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]" calcd for
C,,H,,N,0,Si 438.1820, found 438.1819.

(2)-125d: Obtained (11.4 mg, 30%, 96:4 er) as a colorless oil. R, = 0.36 (hexane/AcOEt =
3:1); [o] ¥, 1109 (¢ 0.10, CHCl) (er = 90:10); Chiralcel OZ-H (25 cm),
hexane/i-PrOH/EtOH = 30:1:1, flow rate 0.40 mL/min, detection at 254 nm, #fr = 23.3 min
(minor) and 38.4 min (major), er = 96:4; IR (NaCl) 2954, 2930, 2858, 1785, 1730, 1658, 1599,
1502 cm™; '"H NMR 8 0.12 (3H, s), 0.16 (3H, s), 0.84 (9H, s), 3.35 (3H, s), 4.18 (1H, dd, J =
6.4,15.1 Hz),4.37 (1H,dd, J=4.8,15.1 Hz),5.39 (1H,dd,J=4.8,6.4 Hz),5.85 (1H,d, J =
49 Hz),588 (1H,dd,J =49 ,95Hz) 6.27 (1H,d,J=9.5 Hz), 740 (1H, tt,/ =2.3,6.8 Hz),
7.46-7.51 (4H, m); "C NMR 8 4.6, 4.5, 18.2,25.7, 56.6, 70.1, 74.7, 119.0, 122.3, 126.1,
126.5, 126.6, 128.7, 129.5, 131.1, 148.1, 153.0; HRMS-ESI-LTQ Orbitrap (m/z): [M + Na]*
caled for C, H,,N,0,S1 438.1820, found 438.1819.
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B=HICEHT SRR
Preparation of acylsilanes

™ 1. n-BuLi, THF o NBS 0
S_S

S

- S ITTIF-
><H 2. Ph,MeSiCl Ph ><SiMePh2 acetone/H,O pp )J\SiMeth

154 155 156d

Ph

To a cooled (-80 °C) solution of 154 (934 mg, 4.76 mmol) in THF (20 mL) was added a
solution of n-BuLi (1.83 M in hexane, 2.86 mL, 5.23 mmol). After stirring at the same
temperature for 2 h, a solution of Ph,MeSiCl (1.2 ml, 1.33 g, 5.71 mmol) in THF (6 mL) was
added. After being allowed to warm to O °C over 30 min, the reaction mixture was diluted
with saturated aqueous NH,CI solution (30 mL) and extracted with Et,O (30 mL x 3). The
combined organic phases were washed with saturated brine (30 mL), dried, and concentrated.
The residual oil was subjected to column chromatography (silica gel, 50 g; elution with
hexane/CH,Cl, = 4:1) to give 155 (1.77 g, 95 %). To a cooled (ice-water) solution of the
above compound (807 mg, 2.06 mmol) in acetone (21 ml) and H,O (630 ul) was added NBS
(1.83 g, 10.3 mmol). After being stirred at room temperature for 30 min, the reaction mixture
was diluted with 15% aqueous Na,S,0; (10 ml) and extracted with Et,0O (30 ml x 3). The
combined organic phases were washed with H,O (30 ml x 3) and saturated brine (30 ml),
dried, and concentrated. The residual oil was subjected to column chromatography (silica gel,
10 g; elution with hexane/Et,O = 20:1) to give 156d (164 mg, 26 %).”

) ®

Cl S<«S 1.n-BuLi, THF o S_S
H —_—
\©)< 2.TBSCI \©)<TBS

164 165

To a cooled (-80 °C) solution of 164 (1.02 g, 4.42 mmol) in THF (16 mL) was added a
solution of n-BuLi (1.83 M in hexane, 2.66 mL, 4.86 mmol). After stirring at the same
temperature for 1 h, a solution of TBSCI (799 mg, 5.30 mmol) in THF (6 mL) was added.
After being allowed to warm to room temperature over 1 h, the reaction mixture was diluted
with saturated aqueous NH,CI solution (30 mL) and extracted with Et,O (30 mL x 3). The

combined organic phases were washed with saturated brine (30 mL), dried, and concentrated.

(79) Kondo, J.; Shinokubo, H.; Oshima, K. Org. Lett. 2006, 8, 1185-1187.
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The residual oil was subjected to column chromatography (silica gel, 30 g; elution with
hexane/Et,0 = 15:1) to give 165 (1.52 g, 99 %) as colorless needles (CH,Cl,-hexane). mp =
67.5-69.0 °C; R, = 0.62 (hexane/Et,0 = 19:1); IR (KBr) 3053, 2959, 2930, 2897, 2855, 1582,
1559 cm™; '"H NMR 6 0.13 (6H, s), 0.83 (9H, s), 1.88 (1H, dtt, J = 13.7, 3.2, 3.2 Hz), 2.01
(1H,td,J=3.2,13.7,13.7 Hz),2.41 (2H,ddd,J=13.7,3.2,3.2 Hz),2.74 (2H,ddd,J = 13.7,
13.7,3.2 Hz),7.16 (1H, ddd, J = 8.0, 1.3, 1.3 Hz), 7.29 (1H, dd, J = 8.0, 8.0 Hz), 7.86 (1H,
ddd, J = 8.0, 1.3, 1.3 Hz), 7.99 (1H, dd, J = 1.3, 1.3 Hz); "C NMR 6 -6.8, 20.0, 25.2, 25.5,
280,484, 125.7, 128.5, 129.6, 130.3, 134.7, 143.9; HRMS-APCI (m/z): [M + H]" calcd for
C,H,55,51 345.0928, found 345.0933.

M)

ol S_S NBS Q
—_——
\©)< TBS acetone/H,0 ﬁ TBS
165 166a

To a cooled (ice-water) solution of 165 (1.05 g, 2.96 mmol) in acetone (30 ml) and H,O (890
ul) was added NBS (2.63 g, 14.8 mmol). After being stirred at room temperature for 5 min,
the reaction mixture was diluted with 15% aqueous Na,S,0; (10 ml) and extracted with (30
ml x 3). The combined organic phases were washed with H,O (30 ml x 3) and saturated brine
(30 ml), dried, and concentrated. The residual oil was subjected to column chromatography
(silica gel, 30 g; elution with hexane/Et,O = 60:1) to give 166a (540 mg, 70 %) as a yellow oil.
R, = 0.56 (hexane/Et,0 = 19:1); IR (NaCl) 3066, 2954, 2931, 2889, 2859, 1613, 1568 cm™';
'H NMR 6 0.36 (6H, s), 0.36 (6H, s), 7.39 (1H,dd, J = 7.9, 7.9 Hz), 7.47 (1H, ddd, J = 0.9,
2.1,79 Hz), 7.67 (1H, dm, J = 7.9 Hz), 7.72-7.72 (1H, m); "C NMR & —4.6, 17.1, 26.8,
126.2, 127.3, 130.0, 132.5, 135.2, 144.2, 234.7; HRMS-APCI (m/z): [M + Na]* caled for
C,5H,,0ClS1 255.0967, found 2550968.

9 o]
o MeO -P \)k TBS Q0
J NaH, MeO 171 | TBS
Ar THF, 0°C tort
170 Ar 172

To a cooled (ice-water) suspension of NaH (60 %, 157 mg, 3.91 mmol) in THF (14 mL) was
added a solution of 171 (1.14 g, 4.27 mmol) in THF (13 mL). The reaction mixture was
allowed to warm to room temperature and stirred for 10 min. The mixture was cooled to 0 °C,
and then 2-chlorobenzaldehyde 170f (0.40 mL, 3.56 mmol) was added. After being stirred at
room temperature for 1.5 h, the reaction mixture was diluted with saturated aqueous NH,Cl
solution (30 mL) and extracted with Et,O (30 mL x 3). The combined organic phases were

washed with saturated brine (30 mL), dried, and concentrated. The residual oil was subjected
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to column chromatography (silica gel, 50 g; elution with hexane/AcOEt = 15:1) to give 172f
(957 mg, 96 %) as an orange oil. R, = 0.52 (hexane/Et,0 = 3:1); IR (NaCl) 2953, 2931, 2889,
2858, 1637,1581 cm™; '"H NMR 6 0.34 (6H, s),0.98 (9H, s), 6.84 (1H,d, J = 16.5 Hz), 7.28-
7.34 (2H, m), 743 (1H,dd,J=7.8,1.2 Hz), 7.65 (1H,dd, J=7.6 Hz, 2.1), 7.88 (1H, d, J =
16.5 Hz); "C NMR 8 -5.5,16.9,26.8, 127.3, 127.3, 130.3, 131.3, 133.3, 134.6, 135.6, 139.0,
236.1; HRMS-APCI (m/z): [M + H]" calcd for C,sH,,0OCISi 281.1123, found 281.1126.

172d: Obtained (845 mg, 94%) from 170d (400 uL, 416 mg, 3.47 mmol) as an orange oil. R,
=0.70 (hexane/Et,O = 6:1); IR (NaCl) 3683, 3062, 3019, 2953, 2930, 2890, 2858, 1633, 1577
cm™; '"HNMR 6 0.31 (6H, s), 0.98 (9H, s), 2.45 (3H, s), 6.91 (1H, d, J = 16.1 Hz), 7.21 (1H,
d,J=74Hz),722 (1H,dd,J=74,74 Hz),7.29 (1H,dd,J=7.4,7.4 Hz),7.59 (1H,d,J =
7.4 Hz), 7.70 (1H, d, J = 16.1 Hz); "C NMR § -5.8, 16.9, 20.0, 26.8, 126.2, 126.6, 130.3,
131.0, 132.9, 134.0, 138.4, 1394, 235.7; HRMS-ESI (m/z): [M + Na]" calcd for C,;H,,0Si
283.1489, found 283.1491.

OH (0]
Jones reagent ]\
= 1BS acetone = 1BS
T™S 176 T™S 177a

To a cooled (ice-water) solution of 176 (568 mg, 2.34 mmol) in acetone (9.4 mL) was added
Jones reagent (1.94 M, 1.45 ml, 2.81 mmol). After being stirred at the same temperature for
10 min, i-PrOH (1 mL) was added to the reaction mixture, which was diluted with saturated
aqueous NaHCO; solution (10 mL) and extracted with Et,0 (10 mL x 3). The combined
organic phases were washed with H,O (10 ml x 3) saturated brine (10 mL), dried, and
concentrated. The residual oil was subjected to column chromatography (silica gel, 20 g,
elution with hexane/Et20 = 30:1) to give 177a (479 mg, 85 %) as an orange oil. R, = 0.52
(hexane/Et,0 = 3:1); IR (NaCl) 2953, 2931, 2889, 2858, 1637, 1581 cm™"; '"H NMR 6 0.34
(6H,s),0.98 (9H, s), 6.84 (1H,d, J = 16.5 Hz), 7.28-7.34 (2H, m), 743 (1H,dd,J =7.8,1.2
Hz), 7.65 (1H, dd, J = 7.6 Hz, 2.1), 7.88 (1H, d, J = 16.5 Hz); "C NMR § -5.5, 16.9, 26.8,
127.3,127.3,130.3, 131.3, 133.3, 134.6, 135.6, 139.0, 236.1; HRMS-APCI (m/z): [M + H]"
calced for C,sH,,0CISi 281.1123, found 281.1126.

Preparation of silylimines

o] TiCly, EtgN, TsNH, J\JLTS
R)J\ SiR'; CH,Cl» R” “SiR',
156a-d 157a—d
166a-d 167a~d
172a-f 173a-f
177a,b 178a,b
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To a cooled solution of 172b (325 mg, 1.44 mmol), TsNH, (294 mg, 1.72 mmol) and Et;N
(881 ul, 6.32 mmol) in CH,Cl, (7.2 ml) was added TiCl, (1.0 M in CH,Cl,, 1.44 ml, 1.44
mmol). After stirring at room temperature for 3 h, saturated aqueous NaHCO; (10 ml) was
added. The mixture was filtered through a plug of Celite, and the filtrate was extracted with
CH,Cl, (20 ml x 2). The combined organic phases were washed with H,O (10 ml) and
saturated brine (10 ml), dried, and concentrated. The residual oil was subjected to column
chromatography (silica gel, 30 g; elution with hexane/CH,Cl,/Et,0O = 40:20:1) to give 173b
(397 mg, 73 %) as a pale yellow oil, R, = 0.28 (hexane/Et,O = 8:1). IR (KBr) 2959, 2932,
2860, 1599, 1513 cm™. '"H NMR (CDCI,) 6 0.23 (6H, s), 0.89 (9H, s), 1.12 (9H, s), 6.58 (1H,
d,J =159 Hz),7.24 (1H,d,J =159 Hz), 729 (2H, d, J = 8.3 Hz), 7.84 (2H, d, J = 8.3 Hz).
"C NMR (CDCly) & -3.79, 17.5, 21.7, 27.0, 28.7, 35.0, 126.3, 127.2, 129.5, 139.5, 143.2,
162.2,162.2. HRMS calcd for C,,H;;NO,SS1 379.2001, found 379.1998.

157a: Obtained (2.49 g, 67%) from 156a (1.99 g, 11.2 mmol) as colorless needles
(CH,Cl,-hexane), mp = 112.0-113.0 °C; R, = 043 (hexane/AcOEt = 5:1); IR (KBr) 3455,
3358, 3260, 3023, 2965, 1740, 1595, 1550 cm™'; '"H NMR (CDCl;) 8 0.07-0.41 (9H, br), 2.40
(3H, s), 7.14-7.29 (4H, brm), 7.33-7.29 (3H, brm), 7.71-7.82 (2H, br); “C NMR (CDCl,) & —
3.3— —-1.5 (br), 21.7, 124.6-125.8 (br), 127.7, 128.2, 129.2-129.8 (br), 205.8; HRMS-ESI
(m/z) [M + Na]" calcd for C;;H,,NO,SSi 354.0955, found 354.0957.

157b: Obtained (634 mg, 74%) from 157b (508 mg, 2.31 mmol) as colorless needles
(CH,Cl,-hexane). mp = 69.5-70.0 °C; R; = 0.48 (hexane/AcOEt = 5:1); IR (KBr) 3055, 2959,
2927, 2890, 2856, 1597, 1548; '"H NMR (CDCl,) & 0.14 (6H, s), 0.90 (9H, s), 2.41 (3H, s),
7.18-7.20 (2H, m), 7.24 (2H, d, J = 8.3 Hz), 7.35-7.39 (3H, m), 7.74 (2H, d, J = 8.3 Hz); °C
NMR (CDCl;) § -5.8,17.9,21.7,26.8,125.1,127.6, 128.2,129.2, 1294, 138.6, 140.8, 143.5;
HRMS-ESI (m/z): [M + Na]"* calcd for C,,H,,NO,SSi 396.1424, found 396.1427.

157d: Obtained (133 mg, 56%) from 156d (164 mg, 0.54 mmol) as a pale yellow oil. R, =
0.44 (hexane/Et,0 = 3:2); IR (NaCl) 3065, 3024, 2965, 2922, 1595, 1551 cm™'; 'H NMR
(CDCl,) 6 0.69-0.80 (1H, br), 2.42 (3H, s), 7.07 (2H,d,J = 7.4 Hz), 7.23-7.26 (2H, m), 7.24
(2H,d,J=8.1Hz),731 (1H,t,J =74 Hz), 733 (4H,dd,J=74,74 Hz), 742 2H, t,J =
7.4 Hz), 748 (4H,d, J = 7.1 Hz); "C NMR (CDCl,) 84.1,21.7, 125.9, 127.7, 128.0, 128 2,
129.5,129.6, 130.3, 132.5, 135.4, 138.3, 143.6, 202.0; HRMS-ESI (m/z): [M + Na]" calcd for
C,,H,,NO,SS1 396.1424, found 396.1427.

167a: Obtained (479 mg, 72%) from 166a (413 mg, 1.6 mmol) as colorless needles
(CH,Cl,-hexane). mp = 87.0-88.0 °C; R, = 0.31 (hexane/Et,O = 4:1); IR (KBr) 3066, 2957,
2929, 2890, 2857, 1596, 1553 cm™'; '"H NMR (CDCl;) § 0.13 (6H, s), 0.91 (9H, s), 2.41 (3H,
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s), 7.02 (1H, s), 7.06-7.08 (1H, m), 7.24 (2H, d, J = 8.1 Hz), 7.29-7.33 (2H, m), 7.69 (2H, d,
J = 8.1 Hz); "C NMR (CDCl,) § -5.9, 18.0, 21.8, 26.7, 123.2, 124.7, 127.7, 129.1, 129.6,
129.7, 1344, 138.0, 142.1, 1439, 203.3; HRMS-ESI (m/z): [M + Na]* calcd for
C,,H,O,NCISSi 430.1034, found 430.1037.

167b: Obtained (391 mg, 81%) from 166b (298 mg, 1.2 mmol) as colorless needles
(CH,Cl,-hexane). mp = 76.5-77.5 °C; R; = 0.62 (hexane/AcOEt = 2:1); IR (KBr) 2958, 2928,
2888, 2855, 1601, 1576, 1550 cm™'; '"H NMR (CDCl;) 8 0.14 (6H, s), 0.90 (9H, s), 2.40 (3H,
s),3.79 (3H, ), 6.66 (1H,s),6.76 (1H,d,J =79 Hz),6.87 (1H,d,J =79 Hz),7.22 2H,d,J
=8.1 Hz),7.28 (1H,dd,J=7.9,7.9 Hz),7.71 (2H,d, J = 8.1 Hz) ; "C NMR (CDCl,) 6 -5.8,
17.9,21.7,26.8, 554, 110.5, 1149, 117.5, 127.6, 1294, 138.5, 141.9, 1434, 159.2, 204.8;
HRMS-ESI (m/z): [M + Na]" calcd for C,;H,,NO,SSi 426.1527, found 426.1529.

167¢c: Obtained (291 mg, 59%) from 166c¢ (300 mg, 1.3 mmol) as colorless needles
(CH,Cl,-hexane). mp = 131.5-133.0 °C; R; = 0.27 (hexane/Et,0 =6:1); IR (KBr) 3480, 3060,
2952, 2929, 2888, 2856, 1597, 1546, 1500 cm™; 'H NMR (CDCl;) 6 0.16 (6H), 0.91 (9H),
2.41 (3H), 7.09 (2H, dd, J = 8.7. 8.7 Hz), 7.23-7.27 (4H, m), 7.76 (2H, d, J = 8.3 Hz); °C
NMR (CDCly) 6 -5.8,17.8,21.7,26.7, 1154 (d, J = 219 Hz), 1275 (d, J = 3.8 Hz), 1294,
136.7, 1384, 143.6, 163.1 (d, J = 249.0 Hz), 204.1; HRMS-ESI (m/z): [M + Na]" calcd for
C,H,xFNO,SSi 414.1330, found 414.1334.

167d: Obtained (285 mg, 92%) from 166d (192 mg, 0.77 mmol) as colorless needles
(CH,Cl,-hexane). mp = 99.0-100.0 °C; R, = 0.59 (hexane/AcOEt = 2:1); IR (KBr) 3483, 3248,
2952, 2929, 2857, 1601, 1524, 1506 cm™"; 'H NMR & 0.16 (6H, s), 0.87 (9H, s), 2.41 (3H, s),
3.84 (3H,s), 691 (2H,d,J =8.6 Hz), 7.25 (2H,d, J=8.2 Hz), 7.30 (2H, d, J = 8.6 Hz), 7.77
(2H, d,J =8.2 Hz); "C NMR & -5.4,179,21.7,26.8,55.4113.6, 127.5, 128 0, 129.4, 1332,
139.0, 143.3, 160.8, 204.4; HRMS-ESI (m/z): [M + Na]* calcd for C,;H,,NO,SSi 426.1530,
found 426.1530.

173a: Obtained (877 mg, 79%) from 172a (682 mg, 2.8 mmol) as an orange oil. R, = 0.47
(hexane/Et,O = 5:1); IR (NaCl) 2956, 2931, 2894, 2859, 1599, 1515; 'H NMR (CDCl;) 6 0.17
(9H, s), 0.21 (6H, s), 0.89 (9H, s), 243 (3H, s), 6.64 (1H,d, J = 19.5 Hz), 7.56 (1H, d, J =
19.5 Hz), 7.30 (2H, d, J = 8.3 Hz), 7.84 (2H, d, J = 8.3 Hz); "C NMR (CDCl,)  4.3,-1.7,
17.6,21.7,26.9,127.3,129.5,139.2, 142.2, 143 4, 149.8, 199.8; HRMS-ESI (m/z); [M + Na]*
calcd for C,,H;;NO,SSi, 418.1663, found 418.1659.

173c: Obtained (512 mg, 46%) from 172¢ (687 mg, 2.8 mmol) as pale yellow needles
(CH,Cl,-hexane). mp = 105.0-105.5 °C; R, = 0.39 (hexane/Et,0 = 3:1); IR (KBr) 3057, 3029,
2952,2928,2887,2857, 1613, 1574 cm™; 'H NMR (CDCl,) 8 0.32 (6H, s),0.94 (9H, s), 2.43
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(3H,s),7.31 (2H,d,J =84 Hz),7.32 (1H,d,J = 15.7 Hz), 7.41-7.42 (3H, m), 7.58-7.59 (2H,
m), 8.07 (1H, d, J = 15.7 Hz); "C NMR (CDCL,)  -3.7,17.7,21.7,27.0, 127.1, 127.6, 128 7,
129.2,129.5,131.1,135.0, 139.3, 143.3, 147 .3, 197.1; HRMS-ESI (m/z): [M + Na]* calcd for
C,,H,,NO,SSi 422.1581, found 422.1583.

173d: Obtained (470mg, 59%) from 172d (504 mg, 1.9 mmol) as yellow needles
(CH,Cl,-hexane). mp = 92.5-93.5 °C; R, = 0.48 (hexane/Et,0 = 2:1); IR (KBr) 3483, 2960,
2930, 2859, 1612, 1596 cm™'; '"H NMR (CDCl,) 6 0.33 (6H, s),0.99 (9H, s), 2.43 (3H, s), 2.44
(3H,s),722 (1H,d,J=74Hz),726 (1H,dd,J=7.4,74Hz),731 (1H,dd,J=7.4,7.6 Hz),
7.31 (2H,d,J=8.1 Hz),7.62 (1H,d,J=16.2 Hz),7.72 (1H,d,J=7.6 Hz), 7.89 (2H, d, J =
8.1 Hz), 8.00 (1H, d, J = 16.2 Hz); "C NMR (CDCl,)  -3.7, 17.7,20.2, 21.7, 27.0, 1269,
127.0,127.2,128.5,129.5,130.9, 131.0, 134.0, 138.0, 1394, 143.3, 144.8, 197.3; HRMS-ESI
(m/z): [M + Na]" calcd for C,;H;;NO,SSi 436.1737, found 436.1736.

173e: Obtained (462 mg, 62%) from 172e¢ (482 mg, 1.7 mmol) as yellow prisms
(CH,Cl,-hexane). mp = 90.0-91.0 °C; R, = 0.30 (hexane/Et,0O = 3:1); IR (KBr) 3022, 2958,
2926,2857,1615, 1588 cm™'; 'H NMR (CDCl,) 6 0.32 (6H, s), 0.94 (9H, s), 2.40 (3H, s), 3.83
(3H,s), 695 (1H,dd,J =83, 1.6 Hz), 7.08 (1H, s), 7.17 (1H,d, J = 7.6 Hz), 7.29-7.32 (4H,
m), 7.88 2H(, d, J = 8.2 Hz), 8.05 (1H, d, J = 16.3 Hz); "C NMR (CDCl,) 6 -3.9, 17.6, 21.6,
269,554,113.3,116.8,121.3,127.0, 127.7, 1294, 130.1, 136.3, 139.2, 143.3, 147.0, 160.1,
197.0; HRMS-ESI (m/z): [M + Na]" calcd for C,;H;,NO,SSi 452.1686, found 452.1687.

173f: Obtained (662 mg, 71%) from 172f (606 mg, 2.2 mmol) as yellow prisms
(CH,Cl,-hexane). mp = 113.0-114.0 °C; R;= 0.33 (hexane/Et,0 = 3:1); IR (KBr) 3064, 3030,
2952, 2926, 2885, 2853, 1611, 1503 cm™; 'H NMR (CDCL,) 6 0.35 (6H, s),0.95 (9H, s), 2.41
(3H, s),7.29-7.33 (2H, m), 7.31 (2H,d,J = 7.8 Hz), 7.39-7.43 (1H, m), 7.78 (1H,d,J=16.3
Hz), 7.78-7.80 (1H, m), 7.89 (2H, d, J = 7.8 Hz), 8.07 (1H, d, J = 16.3 Hz); "C NMR
(CDCly) 6 -4.0,17.6,21.7,269,127.1,127.5, 1279, 129.1, 129.5,130.1, 131.7, 133.1, 135 4,
139.1, 142.4, 143.4,197.2; HRMS-ESI (m/z): [M + Na]* calcd for C,,H,sNO,CISSi 456.1191,
found 456.1190.

178a: Obtained (386 mg, 78%) from 177a (303 mg, 1.3 mmol) as white plates
(CH,Cl,-hexane). mp = 65.0-66.0 °C; R, = 0.34 (hexane/Et,0 = 3:1). IR (KBr) 2967, 2930,
2897, 2859, 2119, 1929, 1596, 1555 cm™"; '"H NMR & (CDCl;) 0.22 (s, 6H), 0.24 (9H, s), 0.91
(9H,s),2.43 (3H,s),7.29 (2H, d, J = 8.3 Hz), 7.85 (2H, d, J = 8.3 Hz); "C NMR & (CDCl,) —
6.7,-0.7, 179, 21.8, 26.6, 100.5, 128.1, 128.3, 129.5, 137.1, 144.0, 184.6; HRMS calcd for
C,,H;,NO,SSi,393.1614, found 393.1608.
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178b: Obtained (366 mg, 83%) from 177b (270 mg, 1.1 mmol) as pale yellow needles
(CH,Cl,-hexane). mp = 70.5-71.0 °C; R, = 0.50 (hexane/Et,0O = 2:1); IR (KBr) 3441, 3062,
2948, 2929, 2897, 2855, 2170, 1596, 1509 cm™'; '"H NMR (CDCI,) 6 0.30 (6H, s), 0.96 (9H, s),
241 (3H,s),7.30 (2H,d,J=8.3Hz),7.41 (2H,dd,J=7.7,7.7 Hz),7.47 (1H, tt,7.7, 1.2 Hz),
7.57 (2H,dd,J=7.7,12 Hz),7.90 (1H, d, J = 8.3 Hz); "C NMR (CDCl;) § 6.6, 18.0, 21.8,
26.6, 87.7, 118.3, 121.2, 128.1, 1289, 129.6, 131.4, 133.0, 137.3, 144.0, 183.5; HRMS-ESI
(m/z): [M + Na]" calcd for C,,H,,NO,SSi 420.1424, found 420.142

(@) NTs
_ TBS Ti(OEt)4, TsNH, é TBS
THF
_Ph Ph
43d 178c

To a solution of 43d (493 mg, 1.72 mmol), TsNH, (1.18 g, 6.88 mmol) in THF (5.7 ml) was
added Ti(OEt), (1.44 ml, 1.57 g, 6.88 mmol). The mixture was heated to reflux for 8 h. After
cooling to room temperature, saturated aqueous NaHCO; (10 ml) was added. The mixture was
filtered through a plug of Celite, and the filtrate was extracted with AcOEt (10 ml x 2). The
combined organic phases were dried, and concentrated. After the residue was passed through
a pad of silica gel eluting with hexane/CH,Cl,/Et,O = 5:5:1, the residual oil was subjected to
column chromatography (silica gel, 30 g; elution with hexane/Et,O = 5:1) to give 178¢ (419
mg, 55 %) as a pale yellow oil. R, = 0.29 (hexane/Et,0 = 5:1); IR (NaCl) 3061, 3027, 2952,
2931, 2893, 2859, 2189, 1600, 1515 cm™; 'H NMR (CDCl,) § 0.24 (6H, s), 0.94 (9H, s), 1.93
(2H, tt, J = 7.2, 72Hz), 2.41 (3H, s), 2.57 2H, t, J = 7.2 Hz), 2.77 2H, t, J = 7.2 Hz),
7.19-7.22 (3H, m), 7.28-7.32 (4H, m), 7.86 (2H, d, J = 8.3 Hz); "C NMR (CDCl,) § -6.7,
17.7,20.2,21.7,26.5,29.6,34.9,80.6, 122.1, 126.2, 1279, 128.6, 128.7, 129.4, 137.6, 141.1,
143.7; HRMS-ESI (m/z): [M + Na]" caled for C,sH4;NO,SSi 462.1894 found 462.1894.

Enantioselective reduction of silylimines

MeN "™ ph_H
NTs N\)*\N,“BU‘ TsHN H
40 Li (1.2 equiv) N
R” "SiR} THF, —80 °C, 30 min R *"TBS
157a—d 158a—d
167a-d 168a-d
173a—f 174a—f
178a—c 179a-c

To a cooled (-80 °C) solution of 157b (92.7 mg, 0.248 mmol) in THF (1.2 ml) was added
dropwise a solution of chiral lithium amide generated from (§)-2,2-dimethyl-N-
(2-(4-methylpiperazin-1-yl)-1-phenylethyl)propan-1-amine (834 mg, 0.288 mmol) and
n-BuLi (1.97 M in n-hexane, 151 pL, 0.298 mmol) in THF (1.1 mL) at 0 °C. The reaction
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mixture was stirred at the same temperature for 30 min before the addition of a solution of
AcOH (0.5 M in THF, 0.600 mmol). The mixture was diluted with hydrochloric acid (1%, 10
mL) and extracted with AcOEt (10 mL x 3). The combined organic phases were successively
washed with saturated aqueous NaHCO; solution (5 mL) and saturated brine (5 mL), dried,
and concentrated. The residual oil was subjected to flash column chromatography (silica gel,
7 g, elution with hexane/CH,CL/Et,0O = 20:20:1) to give 158b (54.1 mg, 68%, 92:8 er) as
colorless prisms (CH,Cl,-hexane). mp = 135.5-136.5 °C; R;= 0.35 (hexane/AcOEt = 5:1); [a]
%.-23.0 (¢ 1.02, CHCL,) (er = 93:7); Chiralcel OD-H (25 c¢cm), hexane/i-PrOH = 8:1, flow rate
1.00 mL/min, detection at 254 nm, #r = 5.99 min (major) and 7.22 min (minor), er = 93:7; IR
(KBr) 3476, 3304, 3063, 3026, 2954, 2927, 2886, 2855, 1599 cm™; '"H NMR & -0.29 (3H, s),
0.05 (3H, s), 0.90 (9H, s), 2.26 (3H, s), 4.19 (1H, d, J = 8.9 Hz), 4.98-5.05 (1H, brm), 6.78
(2H,d,J = 6.9 Hz), 6.94 (2H, d, J = 8.2 Hz), 6.96-7.00 (3H, m), 7.41 (2H, d, J = 8.2 Hz); °C
NMR 6 -8.5,-7.0, 17.5, 21.5, 26.9, 480, 125.6, 126.7, 127.4, 128.1, 129.1, 1379, 139.9,
142.8; HRMS-ESI (m/z): [M + Na]" calcd for C,,H,,NO,SSi 398.1581, found 398.1585.

158a: Obtained (58.7 mg, 76%, 93:7 er) from 157a (76.4 mg, 0.23 mmol) as colorless needles
(CH,Cl,-hexane). mp = 170-171 °C; R; = 0.34 (hexane/AcOEt = 5:1); [a]® , —60.0 (c = 0.35,
CHCI,); Chiralcel OD-H (25 cm), hexane/i-PrOH = 10:1, flow rate 1.0 mL/min, detection at
254 nm, ¢, = 7.91 min (major) and 11.6 min (minor), er = >99:1; IR (KBr) 3476, 3284, 3062,
3027, 2964, 2932, 1598; '"H NMR (CDCl,) 6 -0.02 (9H, s), 2.29 (3H, s),3.97 (1H,d, J = 8.4
Hz),5.23 (1H,d,J =84 Hz), 6.81 (2H,d, J = 7.7 Hz), 6.97-7.05 (5H, m), 749 (2H, d, J =
7.7 Hz); "C NMR (CDCl;) § -3.67, 21.5, 50.4, 125.6, 126.3, 1274, 128.1, 129.2, 137.7,
1394, 142.9; HRMS-ESI (m/z): [M + Na]® caled for C,;H,;O,NSSi 356.1111, found
356.1114.

158c: Obtained (40.8 mg, 71%, 75:24 er) from 157¢ (66.0 mg, 0.17 mmol) as colorless
needles (AcOEt-hexane). mp = 151.0-152.0 °C; R, = 0.33 (hexane/AcOEt = 4:1); [a] »,-259
(c 1.03, CHCl,) (er = 68:32); Chiralcel OD-H (25 cm), hexane/i-PrOH = 10:1, flow rate 1.00
mL/min, detection at 254 nm, fr = 7.96 min (major) and 21.9 min (minor), er = 75:25; IR
(KBr) 3267, 3063, 3026, 2957, 1595 cm™'; '"H NMR & 0.24 (3H, s), 0.27 (3H, s), 2.29 (3H, s),
414 (1H, d, J = 8.3 Hz), 5.26-5.29 (1H, m), 6.72-6.73 (2H, m), 6.96 (2H, d, J = 8.1 Hz),
6.99-7.02 (3H, m), 7.28-7.31 (4H, m), 7.37-7.42 (1H, m), 7.41 (2H, d, J = 8.1 Hz); "C NMR
0-5.6,-48,215,499,125.6,126.5,127.3, 1279, 128.1, 129.1, 130.0, 134.1, 134.5, 137 4,
138.9, 142.8 ; HRMS-ESI (m/z): [M + Na]* caled for C,,H,sNO,SSi 418.1268, found
418.1261.
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158d: Obtained (38.9 mg, 53%, 84:16) from 157d (73.1 mg, 0.17 mmol) as white prisms
(CH,Cl,-hexane). mp = 174.0-175.0 °C; R; = 0.34 (hexane/Et,0 = 3:2); [a] »,-23.8 (¢ 0.72,
CHCI,) (er = 84:16); Chiralpak AD-H (25 cm), hexane/i-PrOH = 15:1, flow rate 1.00 mL/min,
detection at 254 nm, fr = 10.3 min (major) and 15.8 min (minor), er = 84:16; IR (KBr) 3266,
3063, 3022,2957,2918, 1597 cm™'; '"H NMR 8 0.39 (3H, s), 2.29 (3H, s),4.57 (1H,d,J = 8.0
Hz),4.79 (1H, d, J = 8.0 Hz), 6.65 (2H, d, J = 6.7 Hz), 6.94-7.00 (5H, m), 7.30-7.47 (12H,
m); "C NMR 8 -5.6,21.5,48.5,125.9,126.9,127.5,127.9,128.2,128.4,129.2, 130.2, 130.5,
132.1, 133.0, 135.2, 135.6, 137.5, 138.5, 143.0; HRMS calcd for C,;H,,NO,SSi 480.1424,
found 480.1424.

168a: Obtained (39.3 mg, 49%, 77:23 er) from 167a (84.3 mg, 0.21 mmol) as colorless
prisms (CH,Cl,-hexane). mp = 131.0-132.0 °C; R;= 0.22 (hexane/Et,0 = 4:1); [a] #2377 (c
1.75, CHCl,) (er = 77:23); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 20:1, flow rate 0.70
mL/min, detection at 254 nm, #r = 17.2 min (major) and 19.1 min (minor), er = 77:23; IR
(KBr) 3274, 2954, 2931, 2890, 2859, 1595, 1573 cm™'; '"H NMR & -0.29 (3H, s), 0.05 (3H, s),
0.90 (9H, s),2.28 (3H, s),4.14 (1H,d, J=9.2 Hz), 5.60-5.64 (1H, m), 6.63 (1H, s), 6.76 (1H,
d,/J=7.6Hz),689 (IH,d,J=7.6 Hz), 695 (1H,dd, J=7.6,7.6 Hz), 6.97 (2H, d, J = 8.1
Hz), 747 (2H, d, J = 8.1 Hz) ; "C NMR § -8.6, -7.0, 17.5, 21.5, 26.9, 47.6, 125.0, 125.6,
1269, 1274, 129.1, 1294, 134.0, 127.7, 1420, 143.1; HRMS calcd for C,H,,NO,SSi
432.1191, found 432.1191.

168b: Obtained (29.0 mg, 41%, 93:7 er) from 167b (75.9 mg, 0.19 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 128.0-129.5 °C; R, = 0.56 (hexane/AcOEt = 2:1); [a] %.-26.6 (c 145,
CHCI,) (er = 95:5); Chiralpak AD-H (25 cm), hexane/i-PrOH = 8:1, flow rate 1.00 mL/min,
detection at 254 nm, fr = 7.51 min (minor) and 8.54 min (major), er = 95:5; IR (KBr) 3282,
3056, 2998, 2955, 2934, 2889, 2859, 1599 cm™'; 'H NMR & -0.28 (3H, s), 0.05 (3H, s), 0.90
(9H, s), 2.26 (3H, s), 3.62 (3H, s), 4.15 (1H, d, J = 9.6 Hz), 5.47-5.50 (1H, m), 6.27 (1H, s),
641 (1H,d,/=78 Hz),647 (1H,d,J=7.8 Hz),6.90 (1H,dd,J =7.8,7.8 Hz), 6.93 (2H, d,
J =83 Hz), 746 (2H, d, J = 8.3 Hz); "C NMR § -8.5, -7.0, 17.5, 21.5, 26.9, 480, 55.1,
111.3,112.2,119.5, 127.5, 129.0, 129.1, 138.0, 141 .4, 142.7, 159.3; HRMS-ESI (m/z): [M +
Na]" caled for C,;H;,NO,SSi 428.1686, found 428.1684.

168c: Obtained (27.6 mg, 40%, 89:11 er) from 167¢ (77.4 mg, 0.20 mmol) as colorless
needles (CH,Cl,-hexane). mp = 141.0-142.0 °C; R, = 0.39 (hexane/AcOEt = 4:1); [a] ¥, -11.8
(c 1.14, CHCI,) (er = 89:11); Chiralpak AD-H (25 cm), hexane/i-PrOH = 12:1, flow rate 1.00
mL/min, detection at 254 nm, fr = 6.43 min (major) and 8.94 min (minor), er = 89:11; IR
(KBr) 3476, 3303, 2956, 2931, 2893, 2858, 2362, 2336, 1601, 1509 cm™'; '"H NMR & —0.30
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(3H,s),0.03 (3H, s), 0.88 (9H, s), 2.29 (3H, s), 4.15 (1H,d, /=94 Hz),5.68 (1H,d,J =94
Hz), 6.63 (2H, dd, J = 8.6, 8.6 Hz), 6.76 (2H, dd, J = 8.6, 5.3 Hz), 6.97 (2H, d, J = 84 Hz),
747 (2H,d,J=8.4Hz); "CNMR 8 -8.5,-7.1,17.4,21.5,26.9,47.3,114.9 (d,J = 21.0 Hz),
127.5,128.3 (d,J =343 Hz), 129.1, 135.8 (d, J = 3.8 Hz), 138.0, 143.0, 161.1 (d,J =242.3
Hz) ; HRMS-ESI (m/z): [M + Na]" calcd for C,,H,,NFO,SSi 416.1486, found 416.1479.

168d: Obtained (13.1mg, 17 %, 96:4 er) from 167d (81.7 mg, 0.20 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 141.5-142.0 °C; R, = 0.53 (hexane/AcOEt = 2:1); [a] #.-36.5(c0.24,
CHCI,) (er = 96:4); Chiralpak AD-H (25+15 cm), hexane/i-PrOH = 8:1, flow rate 0.60
mL/min, detection at 254 nm, #r = 19.5 min (major) and 21.2 min (minor), er = 96:4; IR (KBr)
3285, 3004, 2956, 2930, 2857, 1611, 1512 cm™'; 'H NMR 6 -0.28 (3H, s), 0.04 (3H, s), 0.87
(9H, s), 2.28 (3H, s), 3.69 (3H, s), 4.11 (1H, d, J = 9.3 Hz), 5.37 (1H, brd, J = 9.3 Hz), 6.51
(2H,d,J =8.6 Hz), 6.70 (2H, d, J = 8.6 Hz), 6.95 (2H, d, J = 8.0 Hz), 744 (2H,d, J = 8.0
Hz); "C NMR & -84, -7.1,174,21.5,270, 47.3,553, 113.6, 127.5, 127.9, 129.0, 1320,
138.2, 142.6, 157.7 ; HRMS-ESI (m/z): [M + Na]" calcd for C,;H,;;NO,SSi 428.1686, found
428.1685.

174a: Obtained (72.7 mg, 90%, 99:1 er) from 173a (84.1 mg, 0.21 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 136.0-137.0 °C; R, = 0.22 (hexane/Et,0 = 5:1); [a]*,+17.5 (c 1.03,
CHCI,) (er = >99:1); Chiralcel OD-H (25+25 cm), hexane/i-PrOH = 25:1, flow rate 0.30
mL/min, detection at 254 nm, r = 34.7 min (minor) and 36.3 min (major), er = >99:1; IR
(KBr) 3296, 2958, 2930, 2893, 2859, 1600 cm™'; '"H NMR 8 —0.19 (9H, s), -0.09 (3H, s), —
0.02 (3H,s),0.93 (9H, s), 2.37 (3H, s), 3.77-3.80 (1H, m), 4.84—4.89 (1H, m), 5.19 (1H, dd, J
=189,12Hz),5.58 (1H,dd,J =18.9,6.7 Hz),7.20 (2H,d,J=83 Hz),7.71 (2H,d,J =83
Hz); "C NMR § 8.2, -7.2,-1.3,17.6, 21.6,27.1,49.2, 126.7, 127.7, 129.5, 138.6, 143.1,
143.3; HRMS-ESI (m/z): [M + Na]" calcd for C,,H;sNO,SSi, 420.1819, found 420.1813.
174b: Obtained (63.0 mg, 77%, 99:1 er) from 173b (87.7 mg, 0.23 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 136.0-137.0 °C; R, = 0.32 (hexane/Et,0 = 3:1); [a] 77.-18.9 (¢ 1.12,
CHCI,) (er = 94:6); Chiralcel OD-H (25+25 cm), hexane/i-PrOH = 20:1, flow rate 0.50
mL/min, detection at 254 nm, #r = 19.7 min (minor) and 20.8 min (major), er = 99:1; IR (KBr)
3299, 2959, 2830, 2859, 1599 cm™'; '"H NMR & —0.08 (3H, s),-0.01 (3H, s),0.72 (9H, s), 0.93
(9H,s),2.38 (3H, s),3.64 (1H,dd,J=8.9,89 Hz),4.49 (1H,d,J=89 Hz),4.88 (1H,dd, J =
8.9,15.7Hz),5.06 (1H,d,J=15.7 Hz),7.22 (2H,d,J = 8.3 Hz),7.71 (2H, d, J = 8.3 Hz); "C
NMR & -8.1,-7.1,17.5,21.6,27.2,294,32.7,46.3,122.7,127.7,129.6, 138.9, 140.2, 143.1;
HRMS calcd for C,,H;sNO,SSi 404.2050, found 404.2060.
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174c¢: Obtained (53.9 mg, 67%, 99:1 er) from 173¢ (80.1 mg, 0.20 mmol) as colorless needles
(CH,Cl,-hexane). mp = 140.0-140.5 °C; R, = 0.13 (hexane/Et,0 = 3:1); [a]**,+91.7 (¢ 1.05,
CHCI,) (er = 97:3); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 20:1, flow rate 0.70
mL/min, detection at 254 nm, #r = 18.4 min (minor) and 27.9 min (major), er = 97:3; IR (KBr)
3252,2953, 2931, 2856, 2361, 2337, 1597 cm™'; 'H NMR 8 —0.07 (3H, s), 0.06 (3H, s), 0.96
(9H, s),2.20 (3H, s),3.84 (1H,dd, J = 8.4,8.4 Hz), 4.85-4.92 (1H, m), 5.69 (1H,dd, J=15.9,
84 Hz),597 (1H,d,J=159Hz),6.98 (2H,d,J=7.3 Hz),7.11 (2H,d,J=8.1 Hz), 7.14 (1H,
t,J=7.3Hz),7.21 (2H,dd,J=7.3,7.3 Hz),7.74 (2H,d,J = 8.1 Hz) ; "C NMR & -8.0, -7.1,
175,214, 27.1,469, 126.0, 127.0, 127.7, 1280, 128.4, 128.4, 129.5, 137.1, 138.5, 143 4;
HRMS-ESI (m/z): [M + Na]" calcd for C,,H;;NO,SSi 424.1737, found 424.1735.

175¢: Obtained (17.7 mg, 22%) as colorless plates (CH,Cl,-hexane). mp = 96.5-97.0 °C; R, =
0.26 (hexane/Et,0 = 3:1); IR (KBr) 3276, 3066, 2954, 2926, 2891, 2853, 1599 cm™'; '"H NMR
(CDCl,) 8 0.13 (6H, s), 0.87 (9H, s), 2.42 (3H, s), 3.38 (2H, d, J = 8.0 Hz), 5.56 (1H, s), 6.35
(1H,t,J =8.0 Hz),6.97 (2H,d, J = 7.8 Hz), 7.17-7.24 (5H, m), 7.67 (2H, d, J = 7.8 Hz); °C
NMR (CDCly) 6 —4.2,18.1,21.7,26.8,36.2, 126.2, 128.0, 128.3, 128.5, 129.4, 129.6, 1335,
137.0, 140.3, 143.7; HRMS-ESI (m/z): [M + Na]* calcd for C,,H;,NO,SSi 424.1737, found
424.1734.

174d: Obtained (34.3mg, 45%, 96:4) from 173d (82.7 mg, 0.20 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 140.0-141.0 °C; R, = 0.13 (hexane/Et,0 = 2:1); [a]*°,+74.7 (c 1.53,
CHCI,) (er = 96:4); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 20:1, flow rate 0.70
mL/min, detection at 254 nm, #r = 20.0 min (minor) and 26.6 min (major), er = 96:4; IR (KBr)
3289, 3062, 3021, 2954, 2931, 2857, 1639, 1599 cm™'; 'H NMR § 0.00 (3H, s), 0.06 (3H, s),
0.96 (3H, s), 2.17 (3H, s), 2.26 (3H, s), 3.87 (1H, dd, J = 8.5, 8.5 Hz), 4.60-4.62 (1H, m),
5.59 (1H,dd, J =158, 8.5 Hz), 6.23 (1H,d, J = 15.8 Hz), 6.85 (1H, d, J = 7.6 Hz), 7.01-7.04
(1H, m), 7.06-7.08 (2H, m), 7.15 (2H, d, J = 8.3 Hz), 7.73 (2H, d, J = 8.3 Hz); "C NMR § —
8.0,-7.1,17.5,19.8,214,27.1,47.1,1254, 1259, 126 4, 1270, 127.7, 1294, 129.5, 130.1,
1349, 136.2, 138.5, 143.3; HRMS-ESI (m/z): [M + Na]* calcd for C,;H,;NO,SSi 438.1894,
found 438.1893.

175d: Obtained (35.3 mg, 46%) as colorless needles (CH,Cl,-hexane). mp = 126.0-126.5 °C;
R, =0.23 (hexane/Et,0 = 2:1); IR (KBr) 3280, 3050, 2952, 2925, 2853, 1603 cm™'; 'H NMR &
0.12 (6H, s), 0.88 (9H, s), 2.20 (3H, s), 2.43 (3H, s),3.31 (2H,d,J =7.8 Hz), 6.30 (1H, t,J =
7.8 Hz),6.79 (1H,d, J = 7.6 Hz), 7.00-7.05 (1H, m), 7.08-7.12 (2H, m), 7.25 (2H,d,J = 8.2
Hz), 7.70 (2H, d, J = 8.2 Hz); "C NMR § —4.30, 18.1, 19.7, 21.7, 26.8, 33.3, 126.1, 126.3,
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127.9,128.0, 1289, 129.7, 130.1, 133.8, 135.9, 137.2, 138.6, 143.8; HRMS-ESI (m/z): [M +
Na]" caled for C,;H4;NO,SSi 4438.1894, found 438.1890.

174e: Obtained (52.0 mg, 66%, 97:3 er) from 173e (88.9 mg, 0.21 mmol) as colorless needles
(CH,Cl,-hexane). mp = 139.0-140.0 °C; R, = 0.16 (hexane/Et,0 = 2:1); [a] 7243 (c 1.25,
CHCI,) (er = 97:3); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 10:1, flow rate 0.70
mL/min, detection at 254 nm, #r = 17.0 min (minor) and 29.4 min (major), er = 97:3; IR (KBr)
3299, 3029, 2948, 2931, 2890, 2857, 1645, 1604, 1576 cm™'; 'H NMR & —0.02 (3H, s), 0.04
(3H,s),0.95 (9H, s),2.23 (3H, s),3.77 (3H, s), 3.84 (1H, dd, J = 8.3, 8.3 Hz), 4.65-4.70 (1H,
m), 5.67 (1H, dd, J = 15.8, 8.3 Hz), 593 (1H, d, J = 15.6 Hz), 6.50 (1H, s), 6.58 (1H,d, J =
7.8 Hz),6.70 (1H,d,J=7.8 Hz),7.13 (1H,dd,J=7.8,7.8 Hz),7.13 (2H,d,J=8.1 Hz),7.72
(2H, d, J = 8.1 Hz); "C NMR & -8.0,-7.1,17.5,21.5,27.1,46.9,55.3, 111.8, 112.3, 118.8,
127.8, 128.3, 128.4, 1294, 129.6, 138.5, 138.6, 143.5, 159.8; HRMS-ESI (m/z): [M + Na]*
calcd for C,;H;;NO,SSi 454.1843, found 454.1842.

175e: Obtained (16.0 mg, 18%) as colorless prisms (CH,Cl,-hexane). mp = 97.0-98.0 °C; R, =
0.28 (hexane/Et,0 = 2:1); IR (KBr) 3282, 3060, 2961, 2926, 2884, 2852, 1908, 1598 cm™'; 'H
NMR § 0.13 (6H, s),0.87 (9H, s),2.41 (3,s),3.35 (2H,d,J =8.0 Hz), 3.78 (3H, s), 5.54 (1H,
s), 6.33 (1H,t,J=8.0 Hz), 6.57-6.58 (2H, m), 6.74 (1H, dd, J = 8.0, 2.3 Hz), 7.15 (1H, dd, J
=8.0,8.0 Hz),7.22 (2H,d,J = 8.1 Hz),7.67 (2H,d,J = 8.1 Hz); "C NMR § 4.2, 18.1,21.7,
26.8,36.2,553,111.6, 114.1, 120.7, 1279, 129.4, 129.5, 129.7, 133.5, 137.1, 141.9, 143 8,
159.9; HRMS-ESI (m/z): [M + Na]" caled for C,;H4;NO,SSi 454.1843, found 454.1843.

174f: Obtained (22.6 mg, 27%, 97:3 er) from 173f (87.4 mg, 0.20 mmol) as colorless needles
(CH,Cl,-hexane). mp = 139.0-140.0 °C; R; = 0.24 (hexane/Et,0 = 2:1); [a] %4669 (c 1.07,
CHCI,) (er = 97:3); Chiralcel OD-H (25+15 cm), hexane/i-PrOH = 20:1, flow rate 0.70
mL/min, detection at 254 nm, #r = 20.5 min (minor) and 30.2 min (major), er = 97:3; IR (KBr)
3291, 2952, 2931, 2891, 2856, 1633, 1597 cm™'; 'H NMR 6 0.00 (3H, s), 0.07 (3H, s), 0.96
(9H,s),2.22 (3H,s),3.85 (1H,dd,J =8.5,8.5 Hz),4.68 (1H,d, J= 8.5 Hz),5.69 (1H, dd, J =
16.1,8.5 Hz), 6.36 (1H, d, J = 16.1 Hz), 6.96-6 .98 (1H, m), 7.07-7.11 (2H, m), 7.15 (2H,d, J
= 8.1 Hz), 7.26-7.28 (1H, m), 7.74 (2H, d, J = 8.1 Hz) ; "C NMR § -8.0, -7.1, 17.5, 21 4,
27.1, 47.1, 124.6, 1265, 126.6, 127.8, 128.1, 129.6, 131.2, 132.5, 135.2, 138.1, 1434,
HRMS-ESI (m/z): [M + Na]" calcd for C,,H,,)NO,CISSi 458.1347, found 458.1347.

175f: Obtained (27.2mg, 31%) as colorless plates (Et,0-hexane). mp = 120.0-120.5 °C; R, =
0.39 (hexane/Et,0 = 2:1); IR (KBr) 3444, 3279, 2953, 2928, 2889, 2852, 1597 cm™'; '"H NMR
(CDCl,) 8 0.12 (6H, s), 0.87 (9H, s), 2.43 (3H, s), 3.44 (2H, d, J = 8.0 Hz), 5.59 (1H, s), 6.30
(1H,t,J=8.0Hz),691 (1H,d,J=7.5Hz),7.10 (1H,dd,J=7.5,7.5 Hz),7.14 (1H, dd, J =
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7.5,7.5Hz),7.26 (2H,d, J = 8.1 Hz), 7.31(1H,d, J = 7.5 Hz), 7.72 (2H, d, J = 8.1 Hz); °C
NMR (CDCLy) & 4.3, 18.1, 21.8, 26.8, 33.6, 126 .9, 127.6, 128.0, 129.3, 1294, 129.7, 1339,
134.7,137.1, 138.1, 143.9; HRMS-ESI (m/z): [M + Na]"* calcd for C,,H,,0,NCISSi 458.1347,
found 458.1346.

178a: Obtained (71.6 mg, 91%, 88:12 er) from 177a (84.6 mg, 0.22 mmol) as colorless plates
(CH,Cl,-hexane). mp = 161.0-161.5 °C; R, = 0.50 (hexane/Et,0 = 2:1); [a]*°,+70.9 (¢ 1.03,
CHCI,) (er = 95:5); Chiralpak AS-3 (25 cm), hexane/i-PrOH/EtOH = 30:1:1, flow rate 0.40
mL/min, detection at 254 nm, #r = 11.4 min (major) and 13.6 min (minor), er = 95:5; IR (KBr)
3458, 3279, 2955, 2935, 2903, 2861, 2161, 1734, 1635, 1600 cm™'; '"H NMR & —0.08 (9H, s),
0.09 (3H, ), 0.11 (3H, s),0.99 (9H, s),2.42 (3H, s), 3.80 (1H, d, J = 10.5 Hz), 4.15 (1H, d, J
=10.5Hz),7.28 (2H,d,J=8.1 Hz),7.80 (2H,d,J = 8.1 Hz); "C NMR 6 -8.1,-0.2,7.5,17.6,
21.7, 27.0, 35.3, 90.3, 103.6, 128.1, 129.7, 137.6, 143.5; HRMS calcd for C,,H;;NO,SSi,
418.1663, found 418.1656.

178b: Obtained (64.5 mg, 84%, 91:9 er) from 177b (84.3 mg, 0.21 mmol) as colorless needles
(CH,Cl,-hexane). mp = 135.0-136.0 °C; R, = 0.44 (hexane/Et,0 = 2:1); [a] % +118.8 (¢ 1.08,
CHCI,) (er = 90:10); Chiralcel OD-H (25 cm), hexane/i-PrOH = 12:1, flow rate 1.00 mL/min,
detection at 254 nm, fr = 5.46 min (minor) and 7.29 min (major), er = 90:10; IR (KBr) 3448,
3290, 3060, 2963, 2926, 2888, 2853, 1812, 1599 cm™'; 'H NMR § 0.15 (3H, s), 0.17 (3H, s),
1.03 (9H, s),2.31 (3H, s),4.01 (1H,d,J=10.7 Hz),4.27 (1H,d, J = 10.7 Hz), 6.93 (2H, d, J
= 8.3 Hz), 7.17-7.25 (5H, m), 7.84 (2H, d, J = 8.3 Hz); "C NMR & -7.9, -7.3, 17.6, 21.6,
270, 34.8, 85.6, 87.2, 123.2, 128.1, 129.7, 129.7, 1314, 131.4, 137.7, 143.7 ; HRMS-ESI
(m/z): [M + Na]" calcd for C,,H,,NO,SSi 422.1581, found 422.1574.

178c: Obtained (43.1 mg, 58%, 97:3 er) from 177¢ (77.9 mg, 0.18 mmol) as colorless prisms
(CH,Cl,-hexane). mp = 82.5-83.5 °C; R, = 0.50 (hexane/Et,0O = 2:1); [a] ¥ 4713 (c 1.08,
CHCI,) (er = 97:3); Chiralcel OD-H (25 cm), hexane/i-PrOH = 10:1, flow rate 1.00 mL/min,
detection at 254 nm, fr = 5.69 min (minor) and 9.38 min (major), er = 97:3; IR (KBr) 3254,
2951, 2931, 2900, 2854, 1923, 1600 cm™'; 'H NMR & 0.08 (3H, s), 0.11 (3H,'s),0.99 (9H, s),
149 2H,tt,J=7.2,7.2 Hz), 1.82 (2H, t,J =7.2 Hz), 2.31 (3H, s),2.48 (2H,t,J = 7.2 Hz),
378 (1H,d,J =10.6 Hz),4.20 (1H,d,J = 10.6 Hz), 7.09 (2H, d,J = 7.3 Hz), 7.20 (1H, t,J =
7.3 Hz),7.23 (2H,d,J = 8.3 Hz),7.28 (2H, dd,J = 7.3,7.3 Hz), 7.80 (2H, d, J = 8.3 Hz); °C
NMR § -8.0,-7.3, 174, 184, 21.6, 270, 30.3, 345,350, 78.1, 85.6, 126.2, 128.1, 128.5,
129.4,129.5,137.9, 141,7, 143.3; HRMS calcd for C,sH;sNO,SSi 464.2050, found 464.2048.
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NHTs

y =7 TBs

Ph
179c¢'

179¢’: Obtained (15.2 mg, 19%) as pale yellow prisms (CH,Cl,-hexane). mp = 144.0-145 °C;
R;=0.53 (hexane/CH,Cl, = 1:4); IR (KBr) 3313, 3060, 3024, 2928, 2856, 1808, 1599, 1578
cm™; '"H NMR & 0.14 (6H, s), 0.82 (9H, s), 2.44 (3H, s), 2.56 2H, td, J = 7.7, 2.4 Hz), 2.80
(2H,t,J=7.7Hz),5.79 (1H,s),6.24 (1H,t,J=7.7Hz),7.18 2H,d,J=7.4 Hz), 7.20 (1H, t,
J=74Hz),728 2H,dd,J=74,74Hz),7.33 (2H,d,J=8.1 Hz),7.75 (2H, d, J = 8.1 Hz);
“CNMR 6-5.3,18.5,21.8,22.0,26.8,35.0,79.7,94.4,106.0, 126.5, 127.8, 128.5, 128.6
129.9, 136.6, 140.8, 144.3, 144.6; HRMS-ESI (m/z): [M + Na]* calcd for C,sH;;NO,SSi
462.1894, found 462.1894.
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction
Refinement method

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

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

Absolute structure parameter

Largest diff. peak and hole

Crystal Data of 83a

C19H29NO;Si

347.52

150 K

0.71073 A

Monoclinic

P21

a=62113) A a = 90°
b = 13.607(5) A B = 96.589(4)°
c = 11.726(5) A y = 90°
984.5(7) A’

2

1.172 Mg/m’

0.135 mm

376

0.25 x 0.20 x 0.10 mm’
1.75 to 25.07°.

-7<=h<=7, -16<=k<=16, -13<=I<=13

8945

3490 [R(int) = 0.0206]

100.0 %

None

Full-matrix least-squares on F°
3490 / 1 / 223
1.034

R1 = 0.0383, wR2
R1 = 0.0425, wR2
0.03(13)

0.336 and -0.183 e.A”

0.1002
0.1034
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ORTEP Drawing of 83a
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Crystal Data of 125¢

Empirical formula C26 H31 N3 O4 Si
Formula weight 477.63

Temperature 173K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=6.876(3) A a=90°.

b =30.760(10) A p = 90°.
¢ =36.90(2) A y=90°.

Volume 7804(6) A3

Z 12

Density (calculated) 1.220 Mg/m3

Absorption coefficient 1.086 mm-!

F(000) 3048

Crystal size 0.50 x 0.45 x 0.20 mm3
Theta range for data collection 2.395 to 68.087°.

Index ranges -8<=h<=8, -36<=k<=36, -44<=1<=44
Reflections collected 28975

Independent reflections 14215 [R(int) = 0.0605]
Completeness to theta = 67.679° 100.0 %

Absorption correction Psi-scan

Max. and min. transmission 0.805 and 0.757
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 14215/07/993
Goodness-of-fit on F2 1.021

Final R indices [[>2sigma(I)] R1=0.0420, wR2 =0.1032
R indices (all data) R1=0.0603, wR2 =0.1121
Absolute structure parameter -0.01(2)

Extinction coefficient n/a

Largest diff. peak and hole 0.641 and -0.432 ¢.A-3
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ORTEP Drawing of 125c¢
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Crystal Data of 158a

Empirical formula C17H23 N O2 S Si
Formula weight 333.51

Temperature 173K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P21

Unit cell dimensions a=10.545(5) A a=90°.

b=9.535(4) A B=115.62(3)°.
c=10077(4) A v =90°.

Volume 913.7(7) A3

Z 2

Density (calculated) 1.212 Mg/m3

Absorption coefficient 2.247 mm-1

F(000) 356

Crystal size 0.50 x 0.10 x 0.05 mm3
Theta range for data collection 4.650 to 67.916°.

Index ranges -12<=h<=12, -11<=k<=11, -12<=1<=12
Reflections collected 3621

Independent reflections 3220 [R(int) = 0.0409]
Completeness to theta = 67.679° 99.9 %

Absorption correction Psi-scan

Max. and min. transmission 0.889 and 0.809
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3220/1/207
Goodness-of-fit on F2 1.032

Final R indices [[>2sigma(I)] R1=0.0449, wR2 =0.1240
R indices (all data) R1=0.0478, wR2 =0.1269
Absolute structure parameter 0.01(3)

Extinction coefficient n/a

Largest diff. peak and hole 0.316 and -0.375 e¢.A-3
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ORTEP Drawing of 158a
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Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Refinement method

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

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

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

Crystal Data of 179a

C19 H33N 02 S Si2
395.70

100 K

0.71073 A

Triclinic

Pl

a=10368(5) A «=88.133(5y.
b=10478(5) A B=89.305(5).
c=21.015(10) A vy =80.119(5)°.
2248.0(19) A3

4

1.169 Mg/m3

0.263 mm-!

856

0.50 x 0.40 x 0.22 mm?3
0.969 to 25.535°.

-12<=h<=12, -12<=k<=12, -25<=1<=25

18766

14063 [R(int) = 0.0234]
97.5 %

None

Full-matrix least-squares on F2
14063 /3 /938

1.049

R1=0.0541,wR2 =0.1392
R1=0.0567,wR2 =0.1419
0.06(3)

n/a

0.844 and -0.425 e.A-3
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ORTEP Drawing of 179a
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B3LYP/6-311+G™ Optimized Geometries of Transition State Structures

(Z) or (E)-98a’-¢c’

a=2133 A a=2.080 A
b=2.500 A b=2.664 A
c=2170 A c=2.038A
0=1446"° 0=147.1"°
a=2.083 A a=2110A
b=2.655A b=2679 A
c=2165A c=2112A
0=142.9 ° 0=144.0°
(2)-98b'
a=2.196 A a=2073 A
b=2.353 A b=2.627 A
c=2134 A c=2107 A
0=146.0° 0=145.4°

(Z2)-98c¢'

(E)-98c¢'

All geometries and energies of the transition states were optimized at the B3ALYP/6-311+G"

level of theory as implemented in the Spartan '08 (Ver. 1.2.1 for Mac) on a quad—core Intel
Xeon (2 x 3.2 GHz) or an Intel Core i7 (2.66 GHz) running Mac OS 10.6.6. Frequency
calculations were performed to confirm the nature of the stationary points, yielding one

imaginary frequency for the transition states and none for the minima.
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Table S2. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),

and Free Energies (G°) for (2)-98a’
E =-1096.84433 au, E, = —1096.56385 au, G° = -1096.61543 au.

atom X Y Z atom X Y Z
C 47281195 | -2.8380314 | -2.0377373 O | -3.5727952 | -1.1347253 1.0134542
H 6.2295761 —2.6463816 | —3.4263434 Si | -6.5881434 | -0.1617178 | 0.3795750
C 22414235 | 22964167 | -2.8215318 C -8.6220193 | -3.0254788 | —0.1568981
H 1.9532142 | -1.8354702 | —-4.8063571 H | -8.0296262 | -4.0824940 | -1.8319849
C 02971336 | —1.8290488 | —1.1798536 H |-10.5915131 | -2.4646657 | -0.4525642
C 14671582 1.1698226 1.2455932 H | -8.5691352 | -4.3060086 1.4646918
H | 02938636 | 0.9886543 2.2610294 C -6.4994122 1.9245259 | -2.4791600
C 3.8622608 0.7617830 2.2261189 H | -6.0832106 | 0.8492146 | —-4.1958193
H 43428681 -0.0572292 | 4.0284630 H | -5.0326878 3.3670346 | -2.2764823
C 53603497 | -3.3439836 | 0.4303264 H | -8.3161742 | 2.8736010 | -2.7624432
H 3.8519971 -3.8918560 1.7049768 C —7.5150869 1.5855835 3.3103398
C —2.0350575 | -2.4753933 | -0.5424163 H | -9.4436065 | 2.3162392 3.1543410
C 1.7377212 3.1785903 | -0.7135903 H | -6.2581936 | 3.1931854 3.6339809
C 5.6705103 2.3120969 0.8152431 H | -7.4344767 | 0.3621734 49738416
O 4.3047994 3.5801013 | —1.0906597 C 8.0109861 —3.7699458 1.3139224
O 0.1661641 43540277 | —1.8349900 H 9.3892364 | —2.9123398 | 0.0425643
O 7.8957083 2.6358870 1.0687097 H 8.3985146 | —5.8044745 1.4275953
H | -2.7695368 | -4.2973970 | -1.1709460 H 8.3150914 | -2.9946852 | 3.2031554
imaginary frequency: —431 cm™
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Table S3. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),

and Free Energies (G°) for (E)-98a’
E =-1096.84055 au, E, = —-1096.55973 au, G° = -1096.61029 au.

atom X Y Z atom X Y Z
C 1.6752250 2.2267535 2.0955097 o 42097033 | -5.4279613 1.3757548
H 24197942 2.7887824 3.9250026 o 8.4020742 1.6636214 | -0.4951028
C 02750424 | -0.0415514 1.9762916 Si | -6.5194988 | 0.1487741 0.0097687
H | -0.0477738 | —1.0470409 | 3.7439414 C —5.4726456 | 3.5347399 | -0.1647920
C -0.2612688 | —-1.2718239 | -0.2408806 H | -5.2820421 4.1463729 | -2.1307009
C 32248320 | -2.2123396 | —1.7940248 H | -3.6678387 3.8452925 0.7864408
H 2.2874098 | —-3.4328434 | -3.1356800 H | -6.8802477 | 4.7574642 0.7337397
C 4.6333492 | -0.0928100 | -2.4201451 C -9.6272757 | -0.2999645 | —1.6200504
H 4.5392642 1.0193761 —4.1251924 H |-10.1816595 | -2.2902373 | —1.6349477
C 2.2952448 3.6426256 0.0137495 H | -9.5357873 | 0.3510086 | -3.5790672
C —2.0303808 | -2.1950301 | -1.7623243 H |-11.1186520 | 0.7680079 | -0.6637461
H | -1.5591482 | -3.4632458 | -3.3040366 C -6.6673607 | -1.0215376 | 3.3575186
O | -4.5360884 | -1.6978536 | —1.7253488 H | -7.1657286 | -3.0272414 | 3.4172927
C 45730522 | -3.4318235 | 0.3872013 H | -8.1203370 | 0.0170271 4.4041339
C 6.6949907 0.1776850 | —0.6226075 H | -4.8806234 | -0.7744247 | 43613569
O 6.4624599 | -1.8035742 1.1643280 H 1.3183669 3.2473417 | —1.7428658
C 1.6752250 2.2267535 2.0955097 C 3.9560541 5.9201228 0.1090023
H 24197942 2.7887824 3.9250026 H 4.3396890 6.4956659 2.0530763
imaginary frequency: —414 cm™
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Table S4. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),
and Free Energies (G°) for (2)-98b’
E =-727.378258 au, E,=-727.17095 au, G° =-727.214563 au.

atom X Y Z atom X Y Z

C -2.7111544 | -2.7111544 | -2.4191499 2.9779480 3.3431125 | -0.7158400
H | -2.6520271 | -2.6520271 | -3.8499771 O | -0.7515221 5.0049509 | -1.9735699
C —1.6558173 | -1.6558173 | -3.0464238 o 5.9526339 1.5342487 1.8127078

H | 09409155 | -0.9409155 | -4.9609957 H | -5.5268643 | -3.1928569 | -1.3443530
C —1.0482654 | —1.0482654 | —-1.2824011 O | -5.8409228 | -0.2536339 1.2421896

C 1.6014528 1.6014528 1.1511300 C 5.1221005 | —-4.5288115 | 0.6586262

H 1.8927886 1.8927886 2.0033042 H 64109034 | —4.5229133 | -0.9523192
C 0.6326399 0.6326399 2.3739133 H 5.0350383 | 64411148 1.4446087

H | 04359157 | -0.4359157 | 4.1081207 H 5.9496337 | -3.3035672 | 2.1092368

C -3.6211546 | -3.6211546 | -0.0654775 C -8.4757284 | -0.8118060 1.4126881

H | -39673338 | -3.9673338 1.2533686 H | 94752575 | -0.1554401 | -0.2754640
C -1.5600292 | -1.5600292 | -0.5608260 H | -9.1767049 | 0.1997874 3.0608549

C 3.5199470 3.5199470 | -0.6934191 H | -8.7905634 | —2.8427487 1.6669770

C 1.7384707 1.7384707 1.2734627

imaginary frequency: —427 cm™
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Table S5. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),

and Free Energies (G°) for (E)-98b’

E =-727.375677 au, E,=-727.16853 au, G° =-727.212214 au.
atom X Y Z atom X Y Z
C 0.8810348 2.7392528 2.3397153 4.4535444 | -0.9297050 | —-0.9682084
H 2.0520567 3.0669503 3.9944523 o 3.8326286 | -2.7763294 | 0.8693077
C | -1.1546071 1.0270008 2.5897520 o 0.5871024 | -5.5033490 14167357
H | -1.5124388 | 0.2469382 4.4612793 o 6.5509256 | —-0.0843361 | —1.1043025
C | -2.4048418 | -0.0327048 | 0.5931166 C | -89178534 | 0.6208601 | -1.2108782
C 02708419 | -2.0188999 | -1.5976811 H | -8.5688445 1.3721246 | -3.1077721
H | -1.2346061 |-2.7812978 | -2.7449216 H |-10.4145403 | 1.7068323 | -0.3094894
C 2.1924254 | -0.4750391 | -2.4674960 H | -94946933 | -1.3636729 | —1.3414931
H 2.2296165 0.6565553 | —4.1615973 C 3.8116249 55174797 | -0.2007824
C 1.5428365 3.8727059 0.1107384 H 4.7433538 5.8768625 1.6047865
C | -4.6700354 |-0.4468592 | -0.3870491 H 3.2999886 7.3260591 | —1.0665522
H | -50110102 | -1.8497060 | -1.8492824 H 5.2037939 4.6132528 | —1.4407900
O | -6.7378482 | 0.8924744 0.3597954 H 0.2194854 3.7750975 | -1.4503749
C 14325918 | -3.6863703 | 0.3786837
imaginary frequency: -379 cm™
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Table S6. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),

and Free Energies (G°) for (2)-98¢’

E =-652.148118 au, E, =-651.94567 au, G°

=-651.987097 au.

atom X Y Z atom X Y Z
C 1.6587857 | -2.6746837 | -2.1688803 C —1.1358891 3.2356270 | -0.3241848
H 3.0409093 | -2.4213347 | -3.6661676 C 2.9758282 2.2791488 0.5512670
C —0.8740207 | -2.1341648 | -2.7154355 o 1.3648731 3.6248925 | —1.0708002
H | -1.3458088 | -1.5710871 | -4.6364059 O | -2.8313289 | 4.4850422 | -1.1391844
C —2.7062989 | —-1.8035840 | -0.9101831 o 5.2165324 2.5831817 0.5044033
C —1.1338476 1.1464009 1.5477271 C —6.7364058 | —1.2085919 1.6942818
H | -2.6822072 | 0.9562079 2.8544083 H | -64899616 | -1.8621968 3.6458404
C 1.3790417 0.6402064 2.1324505 H | -8.6818480 | -1.6524383 1.1641095
H 2.0899001 —0.1409318 3.8755854 H | -6.5280100 | 0.8396357 1.6452558
C 25012889 | -3.2248253 | 0.2426748 C 5.2247781 -3.7067622 | 0.8501210
H 1.1171291 -3.9132123 1.5881317 H 5.6558224 | -3.2875573 2.8240787
C —4.9433603 | —2.5236885 | —0.0789445 H 6.4824966 | —2.5798347 | -0.3340637
H | -5.5845634 | -4.3525030 | -0.7862292 H 5.6661291 -5.7101763 | 0.5447436
imaginary frequency: —464 cm™
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Table S7. Cartesian Coordinates, Electronic Energies (E), Zero-point Corrected Energies (E,),

and Free Energies (G°) (E)-98¢’

E=-652.15177 au, E, =-651.94920 au, G°

=-651.990451 au.

atom X Y Z atom X Y Z
C -0.0911318 | 2.5980667 2.2818403 3.8381585 | -0.8119136 | —0.8066570
H 0.9599014 2.8880261 4.0216771 o 3.1819258 | -2.6889433 | 0.9837160
C -2.0861062 | 0.8388487 2.3300725 O | -0.0205290 | -5.4880023 1.3946269
H | -25031129 | -0.0932486 | 4.1155207 o 5.9196081 0.0821823 | —0.8459726
C -3.1804733 | -0.1368219 | 0.1854164 C 2.9850709 5.4832223 0.0430709
C -0.2822477 | -2.0266351 | —-1.6527191 H 3.7673942 5.7952595 1.9270752
H | -1.6520376 | -2.8679621 |-2.9107992 H 2.5097844 7.3128923 | -0.7999965
C 1.6287943 | -0.3860458 | —2.3923740 H 4.4889536 4.6444282 | —1.1099482
H 1.7284573 0.7320010 | —4.0932465 H | -5.3792134 | -1.5922415 | -2.7530621
C 0.7249510 3.7950865 0.1265507 C —7.6380700 1.1927472 | -0.6181437
H | -04939518 3.7698393 | -1.5186284 H | -9.2082828 | -0.0841299 | -0.1832223
C -5.2763954 | -0.3079507 | -1.1532579 H | -8.1980106 | 2.2966580 | -2.2764942
C 0.8294386 | -3.6587869 | 0.3812850 H | -7.3798551 24776798 0.9716577
imaginary frequency: —426 cm™
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B3LYP/6-311++G** Optimized Conformation of silylalkoxide (E)-,(Z2)-107e

All  geometries transition states

B3LYP/6-311++G** level of theory as implemented in the Spartan '10 (Ver. 1.1.0 for Mac)

and energies of the were optimized at the
or the Spartan '14 (Ver. 1.1.3 for Mac) on a quad—core Intel Xeon (2 x 2.66 GHz) running
Mac OS 109.1. Frequency calculations were performed to confirm the nature of the
stationary points, yielding one imaginary frequency for the transition states and none for the

minima.

Table S8. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (E)-107e
E =-1500.6311 (au), ZPE = 1633.85 (kJ/mol), G° = -1500.06401 (au)

atom X Y Z atom X Y Z
H -1.140899 -0.924604 -1.780786 C -1.071645 -0.923240 -0.667770
(0] -0.178198 0.020764 -0.182473 Si -2.892008 -0.601786 -0.055336
C -4.081509 -1.801410 -0.932882 H -3.727613 -2.832778 -0.821347
H -5.096366 -1.751570 -0.520270 H -4.151388 -1.593620 -2.008071
C -2.991687 -0.925270 1.815344 H -2.863982 -1.993557 2.026780
H -2.204950 -0.383574 2.352291 H -3.955994 -0.621531 2.240423
C -3.441909 1.213859 -0.432690 C -2.634181 2.205637 0.429135
H -1.560985 2.063170 0.268593 H -2.902969 3.244880 0.180689
H -2.835728 2.065282 1.498672 C -3.203917 1.536760 -1.923081
H -2.143774 1.458140 -2.191404 H -3.765715 0.863748 -2.583166
H -3.531834 2.562856 -2.151579 C -4.944025 1.381345 -0.125201
H -5.564891 0.719033 -0.740027 H -5.172896 1.170701 0.926900
H -5.265651 2414631 -0.328388 C -0.708917 -2.322085 -0.256822
H -0.401491 -2.422452 0.785487 C -0.735102 -3.427172 -1.036070
H -1.022427 -3.331808 -2.084545 C -0.416984 -4.737513 -0.581379
H 0.092224 -6.847129 0.112421 C -0.140642 -5.862269 -0.221225
Li 1.523024 0.456812 0.091452 (0] 2.024668 2.187159 -0.895922
(0] 1.887919 0.950780 2.070330 (0] 3.150516 -0.694012 -0.348755
C 3.004746 -2.029681 -0.876308 H 3.500085 -2.745932 -0.203949
H 1.937395 -2.252887 -0.914903 C 4366802 -0.103573 -0.867491
H 4.095960 0.874322 -1.272866 H 5.075581 0.039955 -0.042533
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C 3.698010 -1.979467 -2.234942 H 3.982960 -2.970304 -2.601059
H 3.035978 -1.516770 -2.976001 C 4.906790 -1.073703 -1.937294
H 5.735703 -1.668417 -1.536919 H 5.274631 -0.546564 -2.822601
C 0.616709 1.074735 2771075 H 0.473345 2.123978 3.055537
H -0.147552 0.776961 2.048695 C 2.795814 0.180395 2.875438
H 3.363911 0.849051 3.540524 C 0.697395 0.141907 3.995602
H 0.885275 0.714825 4911047 H -0.228385 -0.422631 4.140193
C 1.900763 -0.763038 3.674622 H 2.391245 -1.161188 4.568651
H 1.593020 -1.606658 3.046203 C 2.266130 3.419487 -0.194264
H 3.146462 3.921966 -0.623462 H 2.469881 3.161739 0.847463
C 1.084299 2421865 -1.983254 H 1.591538 2.221240 -2.934283
H 0.273906 1.702176 -1.835606 C 0.999183 4.244384 -0.405657
H 1.159272 5.316464 -0.253586 H 0.215887 3.908936 0.282813
C 0.628215 3.886647 -1.856094 H 1.174636 4527714 -2.557859
H -0.440200 3.999480 -2.059946 C 3.762879 -0.523740 1.919959
H 4.302869 -0.916915 1.386438
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Table S9. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (E)-107¢’

E = -1500.63409 (au), ZPE = 1633.36 (kJ/mol), G° = —~1500.06713 (au)

atom X Y Z atom X Y Z
H -1.101664 -0.438739 -1.966240 C -1.022106 -0.845710 -0.927019
(0] -0.226333 -0.086774 -0.101439 Si -2.870584 -0.878304 -0.287950
C -3.958711 -1.945543 -1.433123 H -3.594529 -2.978922 -1.468178
H -4.998162 -1.978930 -1.085455 H -3.967258 -1.564436 -2.462193
C -2.908572 -1.629166 1.452563 H -2.447423 -2.623558 1.439305
H -2.348118 -1.011056 2.162375 H -3.931519 -1.737085 1.832745
C -3.584906 0.918432 -0.257334 C -2.918193 1.727663 0.874497
H -1.827915 1.677428 0.798446 H -3.235856 2.782399 0.835388
H -3.201039 1.340043 1.860928 C -3.307784 1.610418 -1.607891
H -2.233901 1.697440 -1.807889 H -3.756514 1.065276 -2.448414
H -3.733564 2.626130 -1.616239 C -5.110641 0.901654 -0.020345
H -5.650631 0.405926 -0.835919 H -5.376444 0.392653 0914781
H -5.494147 1.931223 0.047510 C -0.619492 -2.281782 -1.086915
H -1.120246 -2.853638 -1.869393 C 0.284517 -2.899694 -0.294135
H 0.763978 -2.296596 0.474442 C 0.669118 -4.263001 -0.400271
H 1.325505 -6.441621 -0.531745 C 1.029583 -5.420311 -0.464353
Li 1.442560 0.517864 0.129994 (0] 1.620959 2.564711 0.035357
(0] 2.095930 0.094011 2.014473 (0] 3.030213 0.015535 -1.063009
C 2.826406 -0.941610 -2.127189 H 3.480802 -1.810390 -1.966465
H 1.787834 -1.269998 -2.074545 C 4.054837 0.960466 -1.455477
H 3.632771 1.961494 -1.333250 H 4913634 0.857823 -0.780782
C 3.207525 -0.186630 -3.396777 H 3.442789 -0.853989 -4.231475
H 2.386305 0.471575 -3.704047 C 4415380 0.636251 -2917715
H 5.328145 0.031284 -2.965507 H 4585120 1.540450 -3.510256
C 1.045950 -0.430210 2.870808 H 0.842875 0.298967 3.665524
H 0.168006 -0.531295 2.228442 C 3.325700 -0.568562 2.340599
H 3.811304 -0.059551 3.188028 H 3.972422 -0.500019 1.462958
C 1.569793 -1.768323 3.442619 H 1.729269 -1.690612 4.523366
H 0.867504 -2.587918 3.268209 C 2.910035 -1.992058 2.709330
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H 3.654308 -2.502151 3.328634 H 2.760524 -2.585044 1.801310
C 1.816566 3.368433 1.213934 H 2.601000 4.116666 1.023376
H 2.146104 2.697120 2.009788 C 0.561632 3.143710 -0.776263
H 0.985883 3.455280 -1.737976 H -0.168133 2.346660 -0.939198
C 0.465827 4.034322 1.461950 H 0.543043 4.932236 2.082991
H -0.214535 3.329751 1.952501 C -0.007322 4.327008 0.027531
H 0413744 5.275264 -0.326689 H -1.095699 4390717 -0.055078
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Table S10. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (£)-107e

E = —1500.62947 (au), ZPE = 1634.62 (kJ/mol), G° = —~1500.06178 (au)

atom X Y Z atom X Y Z
H 1.149902 -1.337373 1.078589 C 1.129881 -0.926347 0.045475
(0] 0.198654 0.097577 -0.111087 Si 2.953507 -0.329268 -0.300797
C 4.187658 -1.678930 0.220588 H 3.876622 -2.651768 -0.177230
H 5.199139 -1.472577 -0.149493 H 4245169 -1.779561 1.310893
C 3.170158 -0.002203 -2.163189 H 3.210886 -0.946035 -2.719930
H 2.333984 0.585372 -2.559241 H 4.094939 0.546391 -2.378433
C 3.317066 1.290769 0.685680 C 2.529901 2.463454 0.064533
H 1.468516 2.208698 -0.016502 H 2.640049 3.372656 0.678265
H 2.896902 2.708036 -0.940628 C 2.873552 1.102277 2.149892
H 1.801900 0.886948 2.214037 H 3411706 0.278201 2.635402
H 3.073491 2011852 2.737768 C 4.822774 1.624288 0.661713
H 5.425873 0.841144 1.137109 H 5.200380 1.763034 -0.359671
H 5016678 2.561307 1.207030 C 0.872874 -2.074698 -0.885995
H 0.666068 -1.776572 -1.914747 C 0.867503 -3.401428 -0.616260
Li -1.575434 0.313413 -0.140976 (0] -2.183044 1.967290 0.920156
(0] -2.271098 0.729155 -2.025353 (0] -2.864926 -1.073730 0.592544
C -2.302998 -2.230464 1.255373 H -2.617574 -3.140605 0.725684
H -1.217723 -2.149002 1.199938 C -4.112163 -0.703178 1.228225
H -4.017917 0.340337 1.542675 H -4.921849 -0.776635 0.492214
C -2.875365 -2.182385 2.668948 H -2.850726 -3.157073 3.165261
H -2.308312 -1.471551 3.281544 C -4.302211 -1.666553 2413359
H -4.959154 -2.498243 2.133310 H -4.745041 -1.169463 3.281706
C -1.150135 1.050081 -2.899258 H -1.240809 2.096167 -3.215783
H -0.252621 0.919509 -2.287671 C -3.140229 -0.197927 -2.696424
H -3.895111 0.353516 -3.277573 H -3.639567 -0.790673 -1.926675
C -1.228232 0.073035 -4.090047 H -1.620257 0.576005 -4.981357
H -0.247249 -0.338997 -4.344189 C -2.216580 -1.004298 -3.606173
H -2.749792 -1.497917 -4.424687 H -1.697037 -1.769359 -3.019244
C -2.538251 3.196410 0.257885 H -3.446449 3.612963 0.719514
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H -2.747658 2.951487 -0.785599 C -1.215542 2.244222 1.972958
H -1.649805 1.944820 2.933907 H -0.341830 1.625056 1.752092
C -1.339948 4.119653 0.470642 H -1.594746 5.177963 0.355725
H -0.542756 3.874824 -0.239796 C -0.914568 3.750428 1.901598
H -1.517449 4303316 2.631711 H 0.138926 3.964403 2.102181
H 0.686506 -4.109155 -1.425536 C 1.080528 -3.974388 0.669978
H 1.407158 -4.955780 2.700482 C 1.237760 -4.506566 1.748993
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Table S11. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (2)-107¢’
E =-1500.625826 (au), ZPE = 1637.76 (kJ/mol), G°=-1500.05678 (au)

atom X Y Z atom X Y Z
H -1.143150 0.011662 -1.895832 C -0.993647 -0.741885 -1.081356
(0] -0.096722 -0.336791 -0.127642 Si -2.783611 -0.970650 -0.300279
C -3.989757 -1.775173 -1.540542 H -3.668566 -2.797833 -1.770215
H -5.008964 -1.835615 -1.139839 H -4.042112 -1.227238 -2.489681
C -2.631880 -2.110233 1.203347 H -2.200161 -3.071669 0.903331
H -1.969302 -1.677431 1.958562 H -3.603890 -2.310091 1.669634
C -3.505211 0.746795 0.226997 C -2.619256 1.376253 1.322361
H -1.569575 1.399880 1.013935 H -2.955077 2.400273 1.553275
H -2.669121 0.800536 2.255133 C -3.555582 1.690097 -0.992503
H -2.560309 1.861992 -1.419884 H -4.192268 1.291790 -1.792739
H -3.968313 2.670913 -0.708277 C -4.937603 0.584417 0.778101
H -5.626883 0.189970 0.022397 H -4.970162 -0.088431 1.643786
H -5.335950 1.557284 1.105809 C -0.730087 -2.024762 -1.806661
H -1.235904 -2.103966 -2.771562 C -0.032273 -3.126168 -1.435099
Li 1.501659 0.432529 0.087383 (0] 1.560570 2.468445 -0.305635
(0] 2.030346 0.369707 2.049410 (0] 3.269315 -0.068208 -0.895261
C 3427102 -1.383468 -1.463086 H 4470421 -1.705827 -1.321501
H 2.760754 -2.060326 -0.928854 C 3.873978 0.827639 -1.843756
H 3.483679 1.823910 -1.635572 H 4963441 0.824177 -1.690366
C 3.093636 -1.200989 -2.948648 H 3.620412 -1.923590 -3.579596
H 2019162 -1.339238 -3.097864 C 3.511071 0.268304 -3.237160
H 4363290 0.334296 -3.920890 H 2.685031 0.827868 -3.686296
C 1.039886 -0.381194 2.814837 H 0.474974 0.323710 3.435484
H 0.372673 -0.833839 2.076965 C 3.349996 -0.006499 2477017
H 3.682317 0.659873 3.288035 H 4.014633 0.109712 1.618125
C 1.827121 -1.404127 3.654230 H 1.932348 -1.064170 4.691208
H 1.332006 -2.379237 3.670119 C 3.203688 -1.445101 2.966059
H 4.013403 -1.752774 3.635582 H 3.181306 -2.123629 2.106297
C 1.706230 3.439046 0.749554 H 2.502065 4.151241 0.484010
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H 1.995092 2.893743 1.650268 C 0.503904 2.881837 -1.210843
H 0.931152 3017371 -2.211538 H -0.222155 2.065036 -1.238822
C 0.349336 4.133658 0.840544 H 0413144 5.123533 1.303149
H -0.348209 3.522691 1.422562 C -0.080870 4.183268 -0.635905
H 0.357340 5.057339 -1.131840 H -1.166096 4.234675 -0.761520
H -0.019540 -3.966386 -2.130428 C 0.648824 -3.388753 -0.214290
H 1.714222 -4.140088 1.655853 C 1.240161 -3.797265 0.765865
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B3LYP6-311++G"~ Optimized Geometries of Transition State Structures

All geometries and energies of the transition states were optimized at the BALYP6-311++G™

level of theory as implemented in the Spartan '10 (Ver. 1.1.0 for Mac) or the Spartan '14 (Ver.

1.1.3 for Mac) on a quad—core Intel Xeon (2 x 2.66 GHz) running Mac OS 10.9.1. Frequency

calculations were performed to confirm the nature of the stationary points, yielding one

imaginary frequency for the transition states and none for the minima.

Table S12. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-E4 (109c¢)

E = ~1764.45023 (au), ZPE = 1364.95 (kJ/mol), G° = —~1763.98421 (au)

atom X Y Z atom X Y Z
C -1.525613 -0.908396 0.442656 C -0.453621 -0.800329 -0.307311
C 0.241345 -0.874130 -1.482727 H 0.443473 -1.875278 -1.865200
C 0.978653 0.189066 -2.051973 H 1.765214 -0.066972 -2.756620
C 0.899531 1.525348 -1.715847 H 1.678883 2.191952 -2.088826
(0] -0.106160 2.084716 -1.066734 Si -0.133731 3.732433 -0.511589
C -0.938564 4.706754 -1.910730 H -0.366497 4.590913 -2.839363
H -0.973765 5.778197 -1.680407 H -1.962392 4371295 -2.108710
C 1.644147 4.286469 -0.234447 H 2.135412 4573822 -1.171679
H 2.240145 3.492933 0.229266 H 1.673561 5.162694 0.424213
C -1.183738 3.734062 1.074128 C -1.394161 5.199184 1.526183
H -1.922329 5.797038 0.772675 H -0.446880 5.703415 1.755912
H -2.001694 5.219790 2.441657 C -2.563812 3.092659 0.808445
H -3.122827 3.620831 0.025722 H -3.171883 3.124024 1.723402
H -2.468508 2.043946 0.507856 C -0.465531 2.957484 2.198651
H 0.503090 3.407848 2.446048 H -0.281095 1.914993 1.923762
H -1.078450 2.968654 3.111457 N 1.794551 0.680365 0.624250
N 1.133121 -0.385313 0.950562 C 2.002564 -1.565627 0.812560
C 3.129428 0.321882 0.259017 N 3.237796 -1.077909 0.390108
(0] 1.684934 -2.697398 1.083496 (0] 4.007400 1.106836 -0.027935
C 4412344 -1.858569 0.170095 C 6.708697 -3.392871 -0.256810
C 4295826 -3.175246 -0.291827 C 5.674749 -1.307359 0.420896
C 6.815032 -2.078240 0.199237 C 5.445910 -3.935771 -0.497461
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H 3.316647 -3.602667 -0.467667 H 5.758454 -0.285505 0.767289
H 7.792512 -1.644441 0.391905 H 5.348396 -4.958843 -0.850588
H 7.601912 -3.989000 -0.421765 C -2.913180 -0.992080 -0.138736
H -3.472969 -0.068294 0.077662 H -2.871116 -1.115430 -1.228683
O -3.568518 -2.097711 0.475772 H -1.436926 -0.908920 1.525280
C -4.875352 -2.338407 0.148318 C -7.547987 -3.004955 -0.375441
C -5.599607 -1.621006 -0.811453 C -5.489880 -3.390198 0.844732
C -6.815320 -3.716716 0.581957 C -6.932481 -1.962762 -1.064040
H -5.145319 -0.807075 -1.365330 H -4.907407 -3.931193 1.584005
H -7.280811 -4.533011 1.128772 H -7.486799 -1.400586 -1.811376
H -8.583595 -3.262214 -0.578094 imaginary frequency: —286 cm™'
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Table S13. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-Z4 (109¢)
E =-1764.45244 (au), ZPE = 1365.48 (kJ/mol), G°=-1763.98598 (au)

atom X Y Z atom X Y Z
-1.480423 -0.839079 -2.938576 C -0.898840 -0.963966 -2.023104
0.188123 -0.235716 -1.893219 1.213664 0.514404 -2401341

H 1.916120 0.001165 -3.059103 1.605832 1.771878 -1.902660
H 2.620046 2.107782 -2.099802 0.859645 2.572580 -1.052782
H 1.362344 3.400639 -0.550670 -0.447190 2.484531 -0.917588
Si -1.433476 3410323 0.174950 -1.908101 4956747 -0.793416
-1.013833 5.538359 -1.049942 -2.565994 5.608311 -0.206511
-2.423556 4.710659 -1.727890 -0.388122 3.847286 1.679863

0.295798 4.681240 1481131 0.212705 2.988977 1.998024

-1.026562 4.148315 2.519317 -2.921508 2.298371 0.577472

-3.927734 3.112334 1.422446 -4.309133 3987164 0.881402

-3.488922 3.462017 2.365317 -4.792185 2.485027 1.680100

-3.611181 1.830650 -0.722954 -3.994618 2.673875 -1.311286

-4.463937 1.181766 -0.479808 -2.931467 1.250119 -1.354665

-2.458258 1.065635 1.382321 -1.998560 1.351171 2.335652

-1.729321 0.469352 0.826567 -3.319061 0.420261 1.606461

-1.445126 -1.966263 -1.051388 -1.137014 -2.982127 -1.341258

-1.067380 -1.766918 -0.045265 -2.869294 -1.857363 -1.106413

1.237209 0.742037 0.616994 0.876704 -0.390110 0.087413
2.050661 -1.238135 -0.104426 2.659019 0.752161 0.793411
3.141535 -0.495307 0.343710 2019871 -2.378837 -0.504634

3.293088 1.647214 1.307250 4.498553 -0.936803 0.371971

7.155605 -1.804260 0.419330 4.956630 -1.837109 -0.598008
5.366105 -0.471243 1.367506 6.691178 -0.905010 1.379856
6.281693 -2.268591 -0.564375 4.277891 -2.210098 -1.354315
5.010186 0.232178 2.108895 7.360705 -0.536691 2.152400
6.629287 -2.971274 -1.316957 8.188328 -2.141264 0437871

-3.611973 -2.678858 -0.305438 -5.321782 -4.265826 1.251126

ool ojojacoj]ojaojz|oj| |0 ool aola

ool aojlaojojojlzjaoajz|fjloaooro - | =

-3.076503 -3.605559 0.597474 -5.003921 -2.548490 -0.428331
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C -5.847565 -3.337500 0.345462 -3.939482 -4.390989 1.368841
H -2.004252 -3.721409 0.709346 -5.396132 -1.825912 -1.137755
H -6.924233 -3.228086 0.240119 -3.514135 -5.106624 2.067988
H -5.983633 -4.880493 1.854351 imaginary frequency: —287 cm™'
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Table S14. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-E4 (109d)

E =-1572.65950 (au), ZPE = 1227.80 (kJ/mol), G° = —1572.24344 (au)

atom X Y Z atom X Y Z
C -1.117115 2.552717 -0.287471 C -0.352002 1.741182 0.404788
C 0.264831 1.312011 1.549848 H 1.052981 1.953435 1.945830
C 0.203380 -0.00580 2.045217 H 1.000695 -0.334902 2.706260
C -0.685119 -0.990412 1.650093 H -0.458809 -2.021631 1.924456
(0] -1.852426 -0.762865 1.077323 Si -2.929071 -1.991079 0.482748
C -4.120665 -2.311066 1.907749 H -3.569674 -2.628247 2.801670
H -4.833530 -3.107677 1.664136 H -4.694225 -1.416890 2.174108
C -1.917008 -3.531016 0.092471 H -1.698082 -4.115282 0.994135
H -0.965564 -3.270096 -0.382474 H -2.466701 -4.189295 -0.590715
C -3.796008 -1.237320 -1.034989 C -4.974199 -2.155291 -1.434225
H -5.734737 -2.223412 -0.647064 H -4.645167 -3.174567 -1.673573
H -5.467932 -1.757757 -2.331825 C -4.340738 0.165921 -0.692189
H -5.049590 0.144440 0.145137 H -4.871373 0.585158 -1.558921
H -3.529951 0.853520 -0.430583 C -2.815439 -1.127190 -2.222423
H -2.432274 -2.108602 -2.525514 H -1.953578 -0.496254 -1.986699
H -3.329202 -0.691493 -3.091630 N 0.467396 -0.802080 -0.607379
N 0.557442 0.451657 -0.938053 C 1.958833 0.871189 -0.872195
C 1.763140 -1.304533 -0.279093 N 2.686011 -0.248135 -0.452066
(0] 2.357223 1.963712 -1.198149 (0] 1.993545 -2.458056 0.018795
C 4.103168 -0.306298 -0.249179 C 6.875188 -0.412843 0.166399
C 4.854541 0.878165 -0.201904 C 4.743742 -1.544696 -0.090642
C 6.121536 -1.585420 0.119600 C 6.232052 0.813817 0.001844
H 4368264 1.833314 -0.341567 H 4.166539 -2.457902 -0.119771
H 6.605011 -2.550954 0.244959 H 6.801852 1.738913 0.031361
H 7.948896 -0.454708 0.327385 C -2.104004 3.492579 0.359144
H -3.132790 3.195783 0.083103 H -2.031706 3.438047 1.457015
(0] -1.839113 4.803161 -0.105734 C -2.768599 5.745836 0.385386
H -3.797764 5.508392 0.069309 H -2.485701 6.718314 -0.025257
H -2.750213 5.803561 1.486038 H -1.065553 2.555037 -1.372534

imaginary frequency: —293 cm™
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Table S15. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and

Free Energies (G°) for TS-Z4 (109d)
E =-1572.66222 (au), ZPE = 1226 .45 (kJ/mol), G° = -1572.24651 (au)

atom X Y Z atom X Y Z
C -0.935496 2.493898 1.294228 C -0.235605 1.401056 1.501890
C 0.401271 0.501335 2.312497 H 1.228829 0.883780 2911398
C 0.284721 -0.898963 2.208419 H 1.083835 -1.508814 2.620873
C -0.684248 -1.584853 1.496654 H -0.523757 -2.646882 1.304843
(0] -1.851971 -1.076906 1.152990 Si -3.067187 -1.872584 0.201264
C -4.225229 -2.661105 1.463670 H -3.691636 -3.410060 2.061577
H -5.065547 -3.169435 0.976474 H -4.637349 -1.919076 2.156279
C -2.210524 -3.181310 -0.845928 H -1.892269 -4.042486 -0.246126
H -1.322755 -2.769548 -1.338136 H -2.885020 -3.566959 -1.620131
C -3.917360 -0.521996 -0.830391 C -5.107781 -1.167709 -1.576529
H -5.871296 -1.555257 -0.890881 H -4.790165 -1.992244 -2.227056
H -5.594787 -0.420693 -2.218736 C -4.441705 0.615600 0.072849
H -5.142061 0.252221 0.835043 H -4.978359 1.355851 -0.537002
H -3.628007 1.144207 0.579399 C -2.935300 0.068141 -1.865898
H -2.576623 -0.690518 -2.571546 H -2.058913 0.514146 -1.387083
H -3.441372 0.849930 -2.449903 N 0.401843 -0.567419 -0.528502
N 0.515407 0.715168 -0.344858 C 1.927899 1.069119 -0.218441
C 1.701995 -1.166136 -0.523923 N 2.635566 -0.126493 -0.336993
(0] 2.355527 2.194629 -0.109417 (0] 1.933899 -2.338252 -0.725314
C 4.055459 -0.261058 -0.322982 C 6.836455 -0.515647 -0.294610
C 4.824222 0.583537 0.486548 C 4.673007 -1.233128 -1.118855
C 6.061520 -1.356394 -1.094765 C 6.212190 0.454141 0.491006
H 4.339463 1.342156 1.088382 H 4.069996 -1.890423 -1.731961
H 6.537219 -2.113520 -1.712096 H 6.805484 1.115386 1.116703
H 7.918393 -0.614631 -0.284394 C -1.004107 3.324568 0.046470
H -0.210640 4.093188 0.069431 H -0.825998 2.701389 -0.839625
(0] -2.284142 3.938860 0.011618 C -2.442466 4.782398 -1.108274
H -1.689348 5.588144 -1.122707 H -3.438201 5.229285 -1.037060
H -2.366964 4224228 -2.055841 H -1.541243 2.864420 2.123822

imaginary frequency: —289 cm™
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Table S16. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-E4 (109e)

E =-1458.11405 (au), ZPE = 1139.86 (kJ/mol), G° = -1457.72984 (au)

atom X Y Z atom X Y Z
C -0.960273 3.118325 0.114522 C -0.298432 2.148151 0.702064
C 0.285450 1.501121 1.756163 H 1.148275 1.988622 2.212358
C 0.076856 0.142526 2.084475 H 0.838008 -0.353347 2.680824
C -0.927809 -0.674029 1.606963 H -0.836929 -1.749540 1.764578
(0] -2.055250 -0.241036 1.071515 Si -3.277156 -1.244257 0.357520
C -4.505638 -1.580559 1.747753 H -4.013053 -2.081353 2.589762
H -5.321936 -2.230445 1.410490 H -4.949855 -0.653407 2.125645
C -2.467390 -2.837439 -0.238240 H -2.292829 -3.542384 0.583369
H -1.505341 -2.636596 -0.721081 H -3.114120 -3.342871 -0.965279
C -4.052478 -0.208897 -1.040229 C -5.322637 -0.932038 -1.545804
H -6.071579 -1.050794 -0.753611 H -5.101018 -1.926004 -1.954901
H -5.789233 -0.347874 -2.351065 C -4.446265 1.186300 -0.508619
H -5.179059 1.126743 0.306063 H -4.902206 1.780016 -1.314199
H -3.572966 1.733955 -0.140056 C -3.060673 -0.049919 -2.212268
H -2.778284 -1.019943 -2.638379 H -2.139900 0.456278 -1.907729
H -3.523597 0.539912 -3.016694 N 0.244970 -0.301514 -0.699009
N 0.497017 0.965250 -0.819086 C 1.940290 1.194031 -0.674517
C 1.463572 -1.012224 -0.469025 N 2.507966 -0.061232 -0.459384
(0] 2.485477 2.264948 -0.798522 (0] 1.562219 -2.216514 -0.376535
C 3.897059 -0.336077 -0.278731 C 6.618396 -0.858599 0.099779
C 4.857021 0.513361 -0.844174 C 4.296613 -1.449410 0.472192
C 5.655388 -1.704760 0.651380 C 6.211212 0.248243 -0.645289
H 4.543439 1.378677 -1.412591 H 3.552083 -2.114519 0.889796
H 5.958534 -2.572698 1.230755 H 6.949912 0915678 -1.080997
H 7.675548 -1.060751 0.248415 C -1.820772 4.116639 0.848662
H -2.848166 4.102768 0.463349 H -1.433466 5.132778 0.698629
H -1.851124 3.912582 1.922271 H -0.887137 3.208939 -0.966670

imaginary frequency: —280 cm™
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Table S17. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-E4 (109e)

E =—1458.11317 (au), ZPE = 1140.09 (kJ/mol), G° = —1457.72873 (au)

atom X Y Z atom X Y Z
1.538738 3.720090 -1.326048 C 0.950410 3.207321 -0.559904
0.282657 2.158117 -0.987091 C -0.302759 1.394308 -1.958966

H -1.164826 1.831078 -2.465197 C -0.088375 0.011777 -2.156456
H -0.854489 -0.543991 -2.690582 C 0.934451 -0.752533 -1.633881
H 0.846172 -1.837702 -1.698412 (0] 2072521 -0.273532 -1.164090
Si 3.312866 -1.218669 -0.406084 C 4.524429 -1.635737 -1.790071
H 4.015752 -2.154835 -2.611010 H 5.326739 -2.292157 -1.432661
H 4988216 -0.733334 -2.203072 C 2.521938 -2.778737 0.295375
H 2.342394 -3.527275 -0.485596 H 1.563829 -2.561010 0.779238
H 3.180396 -3.243321 1.038869 C 4.106801 -0.088752 0.906251
C 5416377 -0.748860 1.396398 H 6.145629 -0.868168 0.586261
H 5.242932 -1.736095 1.843327 H 5.884856 -0.122531 2.168130
C 4436547 1.285455 0.284779 H 5.133010 1.200928 -0.559204
H 4913155 1.932891 1.035020 H 3.533215 1.791029 -0.071754
C 3.159008 0.106270 2.109043 H 2.936799 -0.844858 2.607672
H 2.205402 0.554420 1.814537 H 3.630209 0.764364 2.853157
C 1.002702 3.796980 0.820489 H 0.513274 3.145332 1.543747
H 2.041215 3.972026 1.125969 N -0.192592 -0.174593 0.642710
N -0.488810 1.086691 0.658788 C -1.937223 1.254332 0.508773
C -1.387585 -0.944376 0.485033 N -2.462856 -0.034435 0.408415
(0] -2.520772 2.311283 0.545406 (0] -1.442643 -2.155546 0.502239
C -3.844219 -0.367715 0.275906 C -6.550858 -1.018126 0.009635
C -4.715308 0.518086 -0.371889 C -4.325350 -1.577623 0.792617
C -5.675043 -1.896414 0.649376 C -6.064085 0.188495 -0.495465
H -4.344008 1.460137 -0.754899 H -3.646211 -2.264187 1.281080
H -6.040415 -2.839229 1.048053 H -6.734979 0.883445 -0.994058
H -7.602329 -1.271101 -0.094074 H 0.495073 4.770560 0.829149

imaginary frequency: —280 cm™
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B3LYP/C-31G" Optimized Geometries of Transition State Structures

All geometries and energies of the transition states were optimized at the B3LYP/C-31G
level of theory as implemented in the Spartan '10 (Ver. 1.1.0 for Mac) or the Spartan '14 (Ver.
1.1.3 for Mac) on a quad—core Intel Xeon (2 x 2.66 GHz) running Mac OS 10.9.1. Frequency
calculations were performed to confirm the nature of the stationary points, yielding one

imaginary frequency for the transition states and none for the minima.

Table S18. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and

Free Energies (G°) for TS-Aa

E =-2389.7668 (au), ZPE =2041.01 (kJ/mol) , G°=-2389.04991 (au)

atom X Y Z atom X Y Z
Si 1.196418 -3.119052 —0.540105 -3.105744 0.967181 -5.097417
C 2.993525 -3.531735 —0.982776 C —-1.081702 0.805534 1.612720
H 3.369707 —2.905346 —1.794246 H -2.031486 1.004751 2.129238
H 3.656274 -3.415168 -0.117328 H -0.470198 0.233571 2.313113
H 3.054451 -4.578510 -1.306674 C 1.327824 3.719985 1.996049
C 0.651142 —4.498762 0.647389 C —0.635369 4501725 0.860001
H 1.313227 —4.587963 1.513939 C —1.353921 3.202634 1.215292
H —0.374484 —4.408728 1.017760 C 0.611310 2.422825 2.366082
H 0.707951 -5.442004 0.087430 H 1.907053 3.562634 1.060061
C 1.410199 —1.542335 1.899177 H —0.193874 4415284 -0.157619
C 1.920116 —1.860436 4.662232 H —1.904429 3.340007 2.162625
C 2.619452 —-1.103736 2.471900 H 0.142205 2.538458 3.358319
C 0.460694 —2.138465 2.749172 H 2.047442 3.973824 2.783937
C 0.709902 —2.290050 4.111706 H —1.365265 5.319513 0.821214
C 2.873238 -1.267391 3.834172 H -2.070149 2.944530 0.430475
H 3.365462 -0.647317 1.830411 H 1.334232 1.603046 2419169
H —0.497108 —2.449467 2.346040 N 0.380326 4.821445 1.858097
H —0.048918 —2.739938 4.746449 C 1.045698 6.082755 1.571731
H 3.821327 —0.931896 4247354 H 1.762410 6.310685 2.368604
H 2.114173 —1.983406 5.724425 H 1.593739 6.076843 0.608508
C -2.662327 —0.889277 0.545337 H 0.306132 6.890468 1.536669
C -5.078685 —2.306467 0.898802 N —0.392547 2.090218 1.337578
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C —-3.880445 —0.211550 0.717286 N —1.218437 0.642702 —0.826304
C —2.686056 —2.287039 0.543496 Li 0.368150 1.698865 —0.529744
C —-3.879644 —2.993693 0.718526 C —1.368555 —0.080898 0.343424
C -5.074363 —0.908779 0.893435 H —0.486474 —0.935054 0.390960
H -3.891198 0.875017 0.700229 C 1.223776 —1.398304 0.410078
H -1.761129 —2.831926 0.384945 N 1.705677 —0.213429 —0.033073
H —-3.868008 —4.080838 0.708143 S 2.279492 0.148438 -1.526917
H —6.004041 -0.360193 1.025245 O 1.869579 1.574872 —1.729789
H —6.009070 —2.851080 1.036654 O 1.991681 —0.800197 —2.619357
C —1.683753 0.044238 —2.065504 C 4.071180 0.204450 —-1.323193
H —0.841534 —0.456927 —2.572572 C 6.833830 0.344493 -1.072279
H —2.443853 —0.732422 —1.891790 C 4.629039 0.942359 -0.274214
C —2.282577 1.068229 -3.073054 C 4876743 —0.451903 —2.253044
C —1.255348 2.157599 —3.424598 C 6.265287 —0.378338 —2.121440
H —0.990430 2.749396 —2.540839 C 6.015572 1.004386 —0.150252
H —0.332064 1.726156 -3.827055 H 3.985254 1.456881 0.431600
H —-1.662800 2.848820 —4.173880 H 4.415825 -1.001170 -3.066907
C -3.544002 1.718235 —2.480230 H 6.900049 —0.885747 —2.842514
H -3.300951 2.266067 -1.563613 H 6.458105 1.572429 0.663524
H -3.995011 2.422537 -3.190661 H 7.914408 0.397660 —0.972542
H —4.297089 0961112 —2.230171 C 0.087094 -3.232145 —2.062966
C —2.659418 0.297233 —4.351832 H 0.437593 —2.575831 —2.861131
H -1.777713 —0.170652 —4.807033 H 0.108559 -4.267801 —2.428443
H -3.387959 —0.494810 —4.137600 H —0.955230 —2.983751 —1.842297

imaginary frequency: —214 cm™
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Table S19. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-Ba

E =-2389.75755 (au), ZPE =2041.04 (kJ/mol), G°=-2389.04030 (au)
atom X Y zZ atom X Y zZ

—0.985213 0.851996 —0.239443 H —0.803997 —2.778124 —1.930868
C 1.843693 0.881728 —0.732342 —-3.837363 -3.652606 —0.668489
N 1.896149 —0.190575 0.096427 C —4.449267 —4.860201 —0.138524
H 0.183396 1.181506 —0.630864 H —4.410332 —5.655052 —0.891634
C —1.785985 2.151547 —0.446713 H -3.952743 —5.233897 0.779260
C -3.274941 4548711 —0.743607 H -5.501267 —4.667467 0.099480
C -3.021955 2.168640 —1.112865 Li —0.639727 -1.576017 0.863164
C —1.321429 3.372803 0.070099 S 1.973298 —1.759577 —0.299065
C —2.051790 4.552966 -0.073208 O 1.940545 —2.106438 —1.738604
C -3.756247 3.347317 -1.261255 O 0.969554 —2.490425 0.547792
H —3.433555 1.255743 -1.527171 C 3.574185 —2.272701 0.342149
H —0.372418 3.403034 0.589715 C 6.037400 —-3.106989 1.313675
H —1.658554 5.478187 0.340991 C 4.440682 —2.968784 —0.499854
H —4.708275 3.319839 —1.785621 C 3.915648 —1.995848 1.669680
H —-3.843963 5467271 —0.860153 C 5.154754 —2.415231 2.149602
N —0.878679 0.314901 1.026836 C 5.678877 -3.385075 —0.005681
C —0.726794 1.197933 2.164904 H 4.140142 -3.181103 —1.519952
H 0.233259 1.740244 2.118004 H 3.222432 —1.459662 2.308853
H -1.509612 1.975901 2.177522 H 5.432239 —2.203897 3.178660
C —0.786949 0474314 3.535552 H 6.361065 -3.927454 —-0.654384
C 0.390645 —0.503074 3.710724 N —1.941082 —1.483816 —-0.732884
H 0.394947 —1.304681 2.963783 C 2.393064 2.108357 —0.030858
H 1.348262 0.024114 3.621880 C 3.548952 4340116 1.270298
H 0.355502 —0.976616 4.700526 C 2.005045 3.420389 —0.353465
C —2.121122 —0.276920 3.691912 C 3.383775 1.945965 0.956304
H —2.237583 —1.054473 2927742 C 3.953896 3.045197 1.596456
H —2.188268 —0.759610 4.674969 C 2.569931 4.520048 0.291037
H —2.972887 0.407700 3.593416 H 1.233811 3.584314 —1.095822
C —0.688140 1.552734 4.633225 H 3.699228 0.941463 1.213748
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H —0.704340 1.098635 5.631508 4.720099 2.887287 2.351562
H 0.243020 2.125328 4.540175 2.239924 5.521666 0.026827
H —1.524266 2.260121 4573219 3.990488 5.198323 1.769958
C —1.278050 —0.279316 —1.281442 Si 2.215572 0.901443 —2.673425
H —1.828562 0.115399 —2.147799 C 2.240641 2.673740 -3.357452
H —0.322273 -0.632121 -1.671241 H 1.259904 3.161679 —3.339446
C —2.451388 —3.870886 —1.070840 H 2.960838 3.327658 —2.858848
C -3.929123 —2.535425 0.263046 H 2.538873 2.592169 —-4.411391
C -3.346017 —1.265988 —0.353340 C 3.985657 0.247275 —2.861979
C —1.856948 —2.607223 —-1.687157 H 4355974 0.468667 -3.871692
H —1.820080 —4.187366 —0.213458 H 4.665710 0.729007 —2.149754
H —-3.400448 —2.752477 1.217834 H 4.040804 —0.833909 —2.712533
H -3.949735 —0.988414 —1.235444 C 1.038714 -0.010074 -3.842771
H —2.395704 —2.368422 —2.620746 H 0.053026 0.465655 -3.891644
H 2422164 —4.680536 -1.809613 H 1.475726 0.053716 —4.848617
H —4.983564 —2.366084 0511721 H 0.919254 —1.064963 -3.593909
H —3.384464 —0.447017 0.369005 H 7.003530 —3.428880 1.693816

imaginary frequency: =571 cm™
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Table S20. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-Ca

E = -2389.75526 (au), ZPE = 2038.46 (kJ/mol), G° = —2389.03951 (au)

atom X Y Z atom X Y Z

C —1.629306 2.117538 —0.438894 H -5.163976 —4.882562 -0.645111
C -3.147194 4.498360 -0.721034 N —1.670989 —1.523486 -0.914022
C —2.842569 2.133907 —1.145418 N —0.840031 0.218294 1.011159
C —1.200966 3.332023 0.123113 Li —0.533651 —1.666628 0.809701

C -1.946781 4.504191 -0.011152 C —0.832080 0.816522 —0.228507
C -3.590744 3.304376 —1.287790 H 0.372010 1.178011 -0.525315
H -3.223341 1.224587 —1.595382 C 2.005663 0.861692 —0.829878
H —0.270507 3.362812 0.676039 N 2.046016 —0.472329 -0.611392
H —1.583799 5.423892 0.440915 S 2.241006 —1.279845 0.807616
H —4.523456 3.276755 —1.845677 (0] 1.207100 —2.374595 0.802731

H -3.727586 5.410485 -0.831292 (0] 2.363561 -0.513235 2.062697

C —0.743587 1.009574 2.220764 C 3.792760 -2.165109 0.558279
H 0.320213 1.193814 2.450587 C 6.173995 -3.557683 0.237063

H —1.218875 1.996013 2.122449 C 3.974629 -2.958701 —0.578094
C —1.385821 0.332621 3.463783 C 4.782295 -2.063867 1.535959
C -0.853977 —1.097928 3.671077 C 5.978264 -2.766320 1.369058

H —1.265467 —1.795991 2.927291 C 5.172343 -3.652822 —0.734609
H 0.238260 —1.134165 3.610428 H 3.189893 -3.027426 —1.323729
H —-1.160470 —1.486481 4.650654 H 4.603047 —1.449060 2411686
C -2.917188 0.299203 3.316753 H 6.753302 —2.695754 2.127374
H -3.210914 —0.250879 2415797 H 5.324493 -4.271506 —-1.614879
H —3.387978 —0.186834 4.180998 H 7.105165 -4.103293 0.110235

H -3.328192 1.313248 3.236778 C 2.725638 1.899620 -0.009116
C —1.013535 1.182450 4.694550 C 4231755 3.923510 1.274476
H 0.070107 1.185741 4.862574 C 3.941019 1.605332 0.634766
H —1.336146 2.223366 4565852 C 2.311966 3.243923 —0.030409
H —1.494369 0.793973 5.601022 C 3.045808 4240574 0.609181

C —1.018049 —0.264590 —1.345978 C 4.678591 2.602005 1.272082
H —1.521962 0.159763 -2.227571 H 4332241 0.595827 0.617457
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H —0.019339 —0.568335 —-1.660170 H 1.399730 3.507447 —0.551155
C —2.042208 -3.908781 —1.422787 H 2.690053 5.267581 0.584496
C -3.708762 —2.708760 —0.194753 H 5611182 2.340242 1.765795
C -3.117645 —1.386372 —0.677895 H 4.805685 4.698034 1.775955
C —1.442018 —2.590570 —1.906483 Si 2.122076 1.236185 —2.740215
H —1.497360 —4.244197 —0.514047 C 1.102026 2.744843 —3.258854
H -3.276197 —2.963382 0.797690 H 0.061760 2.675855 -2.921514
H -3.633514 —1.085886 —1.606985 H 1.518187 3.682004 —2.875990
H —1.887941 —2.322845 —2.880521 H 1.093758 2.813071 —4.354172
H —1.892774 -4.677073 —2.190826 C 3.957281 1.555363 -3.089834
H —4.789938 —2.592179 —0.054017 H 4116776 1.710861 —4.164526
H -3.271794 -0.610228 0.075061 H 4325974 2.440737 —2.561732
H —0.363002 —2.709369 —2.045686 H 4571231 0.700843 —2.782153
N -3.471531 -3.766620 —-1.170011 C 1.591004 —0.253869 -3.781276
C —4.085795 -5.024647 —0.776956 H 0.505803 -0.321833 -3.906076
H -3.932755 —5.771436 -1.563727 H 2.030515 -0.163177 —4.782501
H -3.675746 -5.433741 0.168048 H 1.944388 —1.190553 -3.339049

imaginary frequency: 655 cm™
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Table S21. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-Da

E = -2389.75988 (au), ZPE = 2036.88 (kJ/mol), G° = —2389.04492 (au)

atom X Y Z atom X Y Z
C -1.056141 0.700099 —0.165760 H 0.451787 —0.097999 4.051578
C 1.781044 1.233245 -0.218349 —0.442998 -1.451727 4.768075
N 2.015321 0.146100 0.550249 C —2.737942 —1.242349 3.242503
H 0.093698 1.231736 —0.214563 H —2.465249 —1.938034 2.439735
Si 2.346209 2.813218 0.764055 H —2.905467 —1.834439 4.151283
C 4225396 2.612855 0.909388 H -3.692622 —0.778841 2.962648
H 4476768 1.709284 1.474899 C —2.094897 0.733413 4.637079
H 4.696521 2.537599 -0.076693 H —2.194445 0.158230 5.565701
H 4.665833 3.474079 1.427040 H —1.364062 1.531705 4.816447
C 1.631932 2.903441 2.510815 H -3.063196 1.205225 4.429405
H 1.680893 1.922860 2.994390 C -1.014834 —0.250820 -1.418688
H 2.224477 3.607424 3.108965 H —1.650352 0.157730 —2.219458
H 0.592182 3.243847 2.531992 H 0.001511 —0.273908 -1.817275
C 2.008821 4417531 —0.185294 C —1.240691 —3.994908 -1.936491
H 2.534927 4417449 —1.145451 C -3.139737 -3.315254 —0.647596
H 0.949692 4.601996 —0.388569 C —2.825980 —1.852331 —0.953196
H 2.386974 5.264770 0.401467 C -0.920728 —2.535392 —2.244917
C 2.080054 1.375073 —1.690970 H —0.648260 -4.321311 —1.055861
C 2.813387 1.922155 -4.364618 H —2.682075 -3.590355 0.329353
C 3.319869 0.951741 —2.205466 H -3.372357 —1.549698 —1.864025
C 1.226708 2.094859 -2.545011 H -1.415276 -2.249312 -3.189359
C 1.583927 2.356620 -3.867417 H —0.928545 -4.617400 —2.783488
C 3.681023 1.223742 -3.523532 H -4.224104 -3.436930 —0.536657
H 4.013258 0.417366 —1.564954 H -3.149365 -1.222162 -0.121168
H 0.269402 2.446278 -2.171801 H 0.158261 -2.411400 -2.361601
H 0.897677 2.904695 -4.507911 N -2.672649 -4.183624 -1.719791
H 4.645628 0.885800 —3.893953 C -3.010775 -5.577308 -1.481784
H 3.093976 2.127870 -5.394117 H —2.692958 —6.184997 -2.336215
C —1.987515 1.912163 —0.356526 H —2.534693 -5.992002 -0.570617
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C -3.744469 4.114387 -0.613232 H —4.096206 —5.680565 —1.373878
C —-3.284663 1.750572 —0.868335 Li —0.447642 —-1.765021 0.701387
C -1.602015 3.199409 0.035311 S 2.254385 —1.401846 0.053190
C —2.463771 4291114 —0.090814 O 2.223779 —1.683809 —1.398742
C —4.151878 2.836086 —0.997979 O 1.359316 2277412 0.884872
H -3.627264 0.766909 -1.172113 C 3914514 —1.749758 0.648066
H -0.613287 3.348450 0.453437 C 6.480951 —2.310584 1.541323
H —2.131463 5.278133 0.221359 C 4.884581 —2.150078 —0.270199
H —5.148998 2.680317 —1.402460 C 4.204286 —1.631838 2.010870
H -4.418081 4960751 -0.717730 C 5.495506 -1.913824 2451484
N —1.157939 —0.013842 1.009924 C 6.174918 —2.430670 0.185531
C —1.486389 0.717924 2.216432 H 4.620336 —2.246726 -1.317836
H —0.718082 1.474109 2450153 H 3.430845 -1.327191 2.707497
H —2.425068 1.285382 2.089073 H 5.733843 —1.827153 3.508023
C —-1.652076 —0.175146 3.472524 H 6.937560 —2.746392 —0.521058
C —0.322726 —0.850369 3.857681 N —1.375702 -1.661621 —1.141234
H 0.062454 —1.507742 3.071473 H 7.486176 —2.528261 1.892771

imaginary frequency: —523 cm™'
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TS-Aa TS-Ba

TS-Ca TS-Da
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Table S22. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for TS-Ab
E=-2761.47628 (au), ZPE = 2346.18 (kJ/mol), G°=-2760.64946 (au)

atom X Y Z atom X Y Z
C 1.290299 -2.245021 1.483904 N —0.926416 0.822567 -0.719914
C 3.362401 -3.374931 3.024515 S -1.976609 1.022532 —1.934274
C 1.236321 -3.587910 1.886024 (0] —2.937755 -0.131935 —1.855449
C 2.389107 —1.474722 1.884665 (0] —1.432867 1.332489 -3.268241
C 3417494 -2.033135 2.647328 C -2.939317 2.455262 —1.400786
C 2.265539 -4.149679 2.641823 C —4.438061 4.696230 —0.729942
H 0.377960 —4.190974 1.605124 C —2.322239 3.518616 —0.739738
H 2.436667 —0.426998 1.603534 C —4.295632 2.497494 —1.732279
H 4261701 -1.416132 2.944705 C -5.042994 3.625776 -1.391771
H 2.207786 —5.194856 2.935623 C -3.080477 4.641430 —0.405460
H 4.163727 -3.812669 3.613901 H -1.271663 3.459468 —0.473641
C 0.064864 —3.099945 —1.105945 H —4.755172 1.656612 —2.240835
H 0.437360 -2.416526 —1.891818 H —6.099638 3.665197 —1.642141
H 0.968068 -3.561589 —0.679912 H -2.609753 5471636 0.114184
C —0.763496 -4.216809 —1.794822 H -5.024914 5.571198 —0.463676
C —2.006059 -3.643255 -2.497514 C 1.014976 1.584527 0.333719
H —2.703821 -3.189812 —1.784507 C 1.504389 2.281430 1.216785
H —1.739980 —2.875946 -3.233997 Si 2.273915 3.316495 2.531003
H -2.551939 -4.435102 -3.025795 C 3.645911 2.315663 3.364460
C —1.196361 -5.268843 —0.758562 H 4.124578 2.906106 4.155439
H —1.814970 —4.817953 0.025360 H 3.252599 1.400159 3.820739
H -1.779274 —6.069559 —1.230466 H 4421285 2.028540 2.645104
H -0.326176 -5.733178 -0.277670 C 2.998328 4.873083 1.738885
C 0.143977 —4.883598 -2.846176 H 2.221411 5.470393 1.248544
H 0.463225 -4.164153 -3.610423 H 3.477229 5.502975 2.498984
H 1.046671 —-5.304405 —2.385566 H 3.754384 4.622713 0.986226
H —0.380588 -5.700066 -3.357262 C 0.954199 3.786567 3.800034
C —0.774647 -0.850102 1.842160 H 0.140603 4357558 3.338804
H —0.484662 -1.211034 2.840568 H 0.518205 2.898037 4270112
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H —-0.528887 0.213586 1.809267 H 1.390035 4.406198 4.593639
C —4.454171 0.027862 2.042723 Si 1.589764 0.778153 —2.360456
C —4.246126 —2.359225 2.082506 C 3.437223 0.271791 —2.039846
C —2.740052 —2.225851 2.288654 C 0.902874 -0411725 -3.671129
C —2.948618 0.170297 2.250619 H —0.072688 —0.817989 -3.399562
H —4.678573 0.077002 0.956501 H 0.762090 0.126659 -4.614038
H —4.460581 —2.481343 0.997895 H 1.586698 —1.247153 —-3.849521
H -2.518215 —2.228445 3.370387 C 1.555858 2.579295 —2.954941
H —2.737318 0.255994 3.330849 H 0.533284 2.867225 -3.213184
H —4.963288 0.875551 2.517047 H 1.931032 3.263527 —2.185510
H —4.599952 -3.267974 2.583863 H 2.176285 2.704949 -3.849819
H —2.222278 -3.070278 1.826578 C 4.166706 0.410708 -3.401352
H —2.591504 1.077353 1.755019 H 3.722693 -0.213631 —4.185650
N —4.948790 —1.209447 2.640309 H 4.180466 1.445619 -3.761837
C —6.391669 —-1.337078 2.510392 H 5.213018 0.092685 —3.288423
H —6.881963 —0.482591 2.989681 C 4.164298 1.180310 —-1.028191
H —6.730911 —1.380105 1.456370 H 3.744871 1.094753 —0.022420
H —6.728663 —2.250155 3013374 H 5.227360 0.902278 -0.973518
N —2.236598 —0.984046 1.668926 H 4117753 2.236328 —-1.320519
N —0.666680 —2.321311 —0.126366 C 3.565192 —1.195371 —1.584046
Li —2.210150 —1.138916 —0.381789 H 3.105645 —1.371298 —0.607627
0.093021 —-1.604391 0.766135 H 3.109133 —1.891177 —2.297907
0.607699 —0.669226 0.096544 H 4.626709 -1471311 —1.498258
0.446831 0.826205 —0.743424 imaginary frequency: —522 cm™'
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Table S23. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for T'S-Bb

E =-2761.47933 (au), ZPE = 2348.65 (kJ/mol), G° = — 2760.65112 (au)

atom X Y Z atom X Y Z
H 1.551948 0.096166 —1.899777 C 1.024871 5.075069 0.582066
1.888976 —0.883299 —1.557075 —0.188526 3.806831 2.270187
H 1.892719 —1.550630 —2.433340 C -0.522151 4998421 2914214
C 0.860049 -1.416372 —0.489195 C 0.685067 6.259418 1.237035
H —0.102469 —0.571352 —0.689233 H 1.613810 5.086571 -0.329293
N 1.319715 -1.240178 0.781614 H —0.530551 2.849063 2.646537
C 0.523939 —1.676048 1.918212 H —1.125850 4969343 3.817235
Li 2.699814 0.084811 0.802348 H 1.020615 7.211081 0.834381
C 0.211509 -2.740919 —0.906220 H -0.350193 7.147202 2.906225
C —0.872780 -5.197341 —1.776305 H —2.194594 -3.990328 -2.981491
C —0.837189 —2.779392 —1.830924 C —1.999233 0.002044 0.322072
C 0.718059 -3.961368 —0.433592 C —2.893864 —0.654519 0.839464
C 0.181179 -5.176031 -0.860720 Si —1.537925 1.612314 —2.018998
C -1.377719 -3.991582 -2.264074 C —1.656282 3476777 —1.680669
H -1.241770 —1.849878 -2.213534 H —2.098418 3.681740 —0.699262
H 1.539289 -3.956527 0.275301 H -0.671910 3.945580 -1.714111
H 0.589296 —6.108085 -0.477213 H -2.289351 3.959923 -2.433663
H —1.292247 -6.143204 -2.108643 C -0.351026 1.252078 -3.450180
N 3.263344 —0.684525 —1.045227 H —0.681535 1.786550 —4.347744
C 4.010416 0.257652 -1.906192 H 0.653867 1.602137 -3.208030
H 4.082776 -0.129240 —2.937280 H -0.307124 0.185432 -3.698197
H 3.465917 1.206464 —1.928336 C -3.322178 1.079482 —2.598868
C 4.005149 —1.953990 —0.948834 Si —4.215658 -1.679081 1.607023
H 3459214 —2.624456 —0.280980 C -3.508928 —2.587405 3.106517
H 4.072759 —2.433734 —1.940488 H -4.293617 -3.159267 3.617402
C 5.412457 —1.717842 -0.407097 H -2.721514 -3.288521 2.808584
H 5.346399 —1.357672 0.644352 H -3.077043 —1.888502 3.831626
H 5.955255 -2.670484 —0.384857 C —4.824257 -2.928118 0.326066
C 5415446 0.482493 —1.353644 H -5.258637 —2.425756 —0.545228
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H 5.963846 1.150827 -2.027912 H —-3.998594 -3.555739 -0.027373
H 5.344906 0.997075 —0.371272 H -5.592073 -3.585615 0.752754
H -0.118156 —2.538323 1.680848 C —5.630833 —0.548601 2.152693

H —0.155299 —0.857590 2.195657 H —6.062269 -0.013398 1.299551

C 1.368806 —2.018966 3.178763 H —6.430916 —1.131473 2.625346

C 2.206135 -3.291205 2960816 H —5.285622 0.197058 2.877697

H 1.563810 —4.154725 2.748498 C -3.496286 -0437814 —2.806945
H 2.899348 -3.166642 2.120934 H —4.495751 —0.647251 -3.217326
H 2.800309 -3.529229 3.852275 H —2.768205 —0.832219 -3.527211
C 0.387197 —2.258206 4342136 H -3.399161 —1.000238 —1.875253
H 0.923379 —2.544338 5.255417 C -3.567747 1.750557 -3.975120
H —0.195892 —1.355790 4563354 H —3.453588 2.840250 -3.947717
H -0.318313 -3.062750 4.102761 H —2.899763 1.361115 —4.751012
C 2.305223 —0.851853 3.550414 H —4.597359 1.543600 —4.301302
H 2.747943 —1.007430 4.542278 C —4.410662 1.588544 —-1.628199
H 3.148553 —0.770019 2.850088 H —4.372543 2.677077 —1.502693
H 1.773416 0.106323 3.561279 H —5.408030 1.343722 —2.023973
C —0.945207 0.743714 -0.321016 H —4.324438 1.131709 —0.638543
N —0.084314 1.275689 0.611221 N 6.141173 —0.779253 —1.250098
S 1.088451 2.341564 0.282463 C 7.512352 —0.590933 —0.804576
o 1.335004 2.656523 —1.147052 H 7.585026 —-0.163856 0.215630

o 2.321567 1.907315 1.026611 H 8.037603 —1.552475 -0.806971
C 0.583497 3.859733 1.107596 H 8.033176 0.084295 —1.492234
C —0.085936 6.222139 2.400801 imaginary frequency: -803 cm™

192




Table S24. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and

Free Energies (G°) for TS-Cb
E =-2761.48857 (au), ZPE = 2344.02 (kJ/mol), G° =

—2760.66281 (au)

atom X Y Z atom X Y Z
C -1.508117 -2.375131 1.283388 N 0.776560 1.273147 0.211965
C —1.855474 -4.962530 2.357577 S 0.725090 1.616205 —-1.397513
C —2.770087 -2.818318 1.706601 (0] —0.625591 2.231952 —1.647768
C —0.426548 -3.257935 1.402283 (0] 1.156756 0.563842 -2.335704
C —0.596312 —4.539380 1.933117 C 1.876204 2.989026 —1.574505
C —2.943735 -4.095776 2.239687 C 3.700940 5.065974 -1.817972
H -3.629435 -2.160175 1.622922 C 1.523820 4264947 —1.127879
H 0.556379 -2.941430 1.067852 C 3.125752 2.738316 -2.142974
H 0.259796 -5.204645 2.012972 C 4.038948 3.787052 —2.263398
H -3.931633 -4.413057 2.564535 C 2.444977 5.303942 —1.252335
H —1.989283 -5.956665 2.775845 H 0.540626 4.436620 —0.703367
C —1.145082 -1.837491 -1.617437 H 3.361925 1.739873 —2.494840
H —0.168955 —1.542374 -2.026492 H 5012122 3.604173 —2.710603
H —1.004017 -2.816534 —-1.136919 H 2.180119 6.301630 -0.913112
C -2.111206 —2.033325 —2.818930 H 4414132 5.880024 -1.915129
C -2.419029 —0.686521 —3.498589 Si 1.881090 0.299889 2.585264
H -3.035161 —0.047820 -2.850225 C 2.225063 —1.425477 3.274705
H —1.498788 —0.144286 —3.744587 H 1.328489 —2.052338 3.230388
H —2.986338 —0.833662 —4.426287 H 3.017029 -1.940184 2.721279
C -3.42189%4 —2.696538 -2.360797 H 2.530710 -1.360782 4.325600
H -3.944647 -2.075118 -1.625166 C 3.489469 1.371794 2.613151
H —4.100803 —2.853622 —-3.208879 C 0.588694 1.141442 3.685764
H -3.230692 -3.671888 —1.896545 H —0.257150 0.481065 3.900255
C —-1.407339 —2.957180 -3.831459 H 1.052691 1.400104 4.645596
H -0.479124 -2.506071 -4.203252 H 0.205859 2.066805 3.244704
H —1.153801 -3.922127 —3.373985 C 2.019620 —0.868406 0.021518
H -2.052154 -3.160047 —4.695758 C 2.725565 —1.750253 —0.452351
C -1.977918 0.181851 1.499749 Si 3.728535 -3.011229 -1.341779
H —2.430967 —0.220055 2.420054 C 5.549465 -2.503703 -1.261367
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H -1.172333 0.850355 1.800354 H 5.711386 —1.529794 —1.736875
C —4.040326 3.247945 0.670120 H 5.898718 —2.432531 —0.224997
C -5.235716 1.328431 —0.107405 H 6.179789 —3.238461 —1.778022
C —4.277252 0.415960 0.654367 C 3.144591 -3.084280 -3.136719
C -3.075849 2.348178 1.438724 H 2.104886 -3.423975 —-3.199068
H -3.609052 3476951 —0.328169 H 3.196223 —2.094839 -3.603927
H —4.882875 1.439110 —1.156940 H 3.762255 -3.774429 -3.724820
H —4.694501 0.211000 1.656029 C 3.488212 —4.687746 —0.499239
H -3.437701 2.227229 2.474473 H 2435621 —4.992397 —0.518837
H —4.147555 4.199776 1.203669 H 4.070686 —5.465505 —1.008394
H —6.224900 0.857462 —0.149368 H 3.811966 —4.658024 0.547399
H —4.165957 —0.530792 0.120124 C 4.503654 0.934972 1.535910
H —2.085958 2.815145 1.471629 H 4.766596 -0.125671 1.621339
N —5.353555 2.622309 0.554340 H 4.125296 1.100742 0.522319
C —6.315587 3.489478 —0.108254 H 5.432226 1.515648 1.640420
H —6.409289 4.429437 0.446638 C 3.144534 2.861787 2.396180
H —6.034304 3.733228 —1.151929 H 2.508444 3.255649 3.198153
H —7.297715 3.004520 —0.125856 H 4.066601 3461410 2.388841
N —2.945344 1.036648 0.772444 H 2.628511 3.029118 1.445830
N -1.575517 —0.813235 —0.678747 C 4.162335 1.220962 3.998196
Li —1.950216 1.040554 —1.025475 H 4517332 0.199225 4.176433
—1.339782 —0.980537 0.661484 H 5.036382 1.885669 4.059389
—0.107359 —0.749248 0.898123 H 3.492093 1.492422 4.823548
1.272156 0.122398 0.745965 imaginary frequency: =611 cm™
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Table S25. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for T'S-Db

E =-2761.48554 (au), ZPE = 2342 .85 (kJ/mol), G° = -2760.66027 (au)

atom X Y Z atom X Y Z
H —0.410448 0.202101 1.687175 2.587053 4.793415 —2.753928
—1.338152 —0.315498 1.428019 3.875827 4811029 —0.703477
H -1.532691 -1.034517 2.238082 H 3.075464 3.607102 0.913494
C —-1.147970 —1.092690 0.073157 H 0.797484 3.579652 -2.729611
H 0.128537 —1.002093 -0.128021 H 2441354 5.129987 -3.776653
N —1.731430 —0.449403 —0.982457 H 4.730331 5.160907 -0.130924
C —1.553964 -1.038627 —2.295787 H 4.407783 5.914556 -2.475911
Li —1.897788 1.415880 —0.497753 H 0.145760 -5.188993 1.971247
C —1.324875 —2.598796 0.300058 C 1.988097 -0.317204 0.959906
C -1.736195 -5.316753 0.924356 C 2.486617 —0.527085 2.058963
C —0.391765 -3.310617 1.068228 Si 3.172882 —0.667673 3.759856
C —2.478083 -3.268225 —0.131898 C 4.352433 —2.144418 3.835020
C -2.678780 -4.616152 0.170845 H 3.839030 -3.078694 3.580006
C —0.592821 —4.656240 1.377680 H 5.188571 —2.022383 3.137054
H 0.497146 —2.798957 1.428562 H 4771681 -2.257176 4.842628
H -3.225069 —2.723854 —0.700052 C 1.737903 -0.921411 4965524
H -3.578219 -5.116990 —0.178802 H 1.180505 —1.835946 4.733300
H —1.893667 —6.365769 1.160711 H 2.102526 —1.003833 5.996996
N —2.403650 0.707585 1.384183 H 1.037628 —0.080013 4920772
C -2.271630 1.662054 2.505703 C 4.094545 0.932502 4.161487
H -2.361083 1.137318 3472784 H 4.488292 0912914 5.185333
H —1.283025 2.125003 2.449834 H 4938352 1.084377 3.478941
C —3.746433 0.100535 1.423835 H 3.428095 1.797324 4.069081
H —3.840455 —0.585616 0.579400 Si 2.644217 -1.021318 -1.717339
H -3.878078 -0.474710 2.356778 C 2.106323 —0.475704 -3.447192
C —4.823354 1.177831 1.336793 H 2.956877 -0.560721 —4.134643
H -5.811978 0.707449 1.400820 H 1.285374 —1.073500 -3.855616
C —3.352941 2.735020 2.413695 H 1.787160 0.570040 —3.424855
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H -3.262847 3.409371 3.273441 C 4307944 —0.183094 —1.347912
H -1.630171 —2.136333 —2.282816 H 5.068827 —0.469949 —2.083192
H —0.529667 —0.813240 —2.636847 H 4.196500 0.906325 —1.396188
C —2.537600 —0.499463 -3.365750 H 4.683867 —0.432897 -0.350124
C -3.980910 -0.911608 -3.024694 C 2.854300 —2.938864 -1.679327
H —4.087393 —2.003805 -3.018085 C 3.947029 -3.296662 —2.716857
H —4.272889 —0.538513 —2.036272 H 4.079067 —4.387833 —2.753942
H —4.691362 -0.514167 -3.760670 H 3.681918 —2.968638 -3.729134
C —2.143022 —1.115169 —4.722120 H 4.919390 —2.859493 —2.463073
H —2.843091 —0.808894 -5.509051 C 1.554695 -3.659317 —2.092866
H —1.138134 —0.799493 —5.029983 H 1.719539 —4.746594 —2.124136
H —2.149890 —2.211466 —4.677792 H 0.734401 -3.477739 —1.393695
C —2.450325 1.035391 -3.472189 H 1.220201 —3.353446 -3.091234
H -3.002536 1.397037 —4.348523 C 3.314756 -3.449240 —0.299459
H —2.895436 1.531961 —2.599512 H 2.575670 —3.250468 0.481868
H —1.410833 1.371480 -3.559166 H 3.479195 —4.536447 —0.335465
C 1.474369 —0.188614 —0.376558 H 4.257829 —2.984445 0.011361
N 0.960896 0.964500 —0.905806 H —4.764652 1.674811 0.342112
S 0.699763 2.363088 —0.100307 H -3.183792 3.344580 1.500881
O 0.946136 2.378742 1.357158 N —4.686916 2.139854 2423246
O —0.657301 2.845723 —0.535125 C —5.734247 3.147551 2.393782
C 1.862561 3.504409 —0.857368 H —6.715098 2.663190 2.455825
C 3.692325 5.235306 —2.020368 H —5.627598 3.815460 3.255506
C 2.958649 3.939750 -0.112257 H —5.714908 3.767474 1.475026
C 1.664358 3923751 —2.175800 imaginary frequency: 818 cm™

196




TS-Ab TS-Bb

TS-Ch TS-Db
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B3LYP/C-31G" Optimized Geometries of N-tosylimines 157a and 178a

All geometries and energies of the transition states were optimized at the B3ALYP/C-31G

level of theory as implemented in the Spartan '10 (Ver. 1.1.0 for Mac) or the Spartan '14 (Ver.

1.1.3 for Mac) on a quad—core Intel Xeon (2 x 2.66 GHz) running Mac OS 10.9.1. Frequency

calculations were performed to confirm the nature of the stationary points, yielding one

imaginary frequency for the transition states and none for the minima.

Table S26. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and

Free Energies (G°) for (E)— 157a
E =-1553.30042 (au), ZPE = 899.46 (kJ/mol), G°=—-1553.00383 (au)

198

atom X Y Z atom X Y Z

1.314992 0.489384 0.129896 2.529439 1.614459 0.827762
N 0.059771 0.326573 0.391730 3.561474 2.532527 0.641922
S 0.705429 1.230719 0.433636 C 4247710 1.375578 1.365048
(0] 0.290779 2.094924 0.681113 H 3.111548 0.375234 1.876348
(0] 0.632799 1.712436 1.823507 H 1.859752 1.713704 1.675429
C 2.387164 0.700469 0.114527 H 3.690765 3.342052 1.354878
C 5.014983 0.113589 0.387478 H 4906664 1.285814 2.224181
C 3.140065 0.135213 1.146918 H 5.214907 3.145085 0.600032
C 2.927837 0.875814 1.156496 Si 1.773753 2.376939 0.084079
C 4.239963 0.466139 1.398288 C 1.461944 2.998780 1.677589
C 4.445308 0.268040 0.887471 H 1.583983 4.088334 1.723825
H 2.708608 0.025143 2.136209 H 0.440645 2.764822 1.997686
H 2.331001 1.335660 1.937090 H 2.151146 2.558941 2.407482
H 4.666470 0.602738 2.389222 C 0.638879 3.261380 1.301148
H 5.036556 0.708670 1.687132 H 0.815133 2.920448 2.327422
C 6.433509 0.562374 0.648756 H 0411618 3.069014 1.063565
H 6.554605 1.632633 0.443034 H 0.808620 4344697 1.272768
H 7.144197 0.029143 0.004852 C 3.583337 2.614232 0.575665
H 6.726462 0.386120 1.688295 H 3.776514 2.224682 1.582089
C 2.352854 0.557234 0.081644 H 3.837093 3.681813 0.581488
C 4417458 2421374 0.455223 H 4269746 2.109697 0.111478
C 3.236998 0.438441 1.167120



Table S27. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (2)-157a

E = -1553.30024 (au), ZPE = 901.02 (kJ/mol), G° = —1553.00297 (au)
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atom X Y Z atom X Y Z
—1.357033 0.021081 -0.105127 H —-1.210239 2.432749 2.247908
N —0.118962 —0.118496 —0.435466 -2.540707 1.358996 2.725733
S 0.947171 1.219540 —0.539448 C -4.220202 1.178600 —0.143265
(0] 0.981564 1.656487 —1.936505 H —4.638557 0.444489 0.546115
(0] 0.683018 2.189480 0.533467 H -4.321053 0.776429 —1.155467
C 2.491708 0.391710 -0.162678 H —4.837343 2.081709 —0.086150
C 4.899126 —0.895438 0.418810 C —1.992375 3.048412 —0.948640
C 3.003297 0.451650 1.129225 H —-1.058010 3.542726 —0.687271
C 3.165199 —0.289384 —1.174256 H —2.800892 3.786465 -0.902517
C 4362651 -0.928132 —0.875506 H -1.916916 2.702902 —1.982764
C 4205410 —0.193001 1.409659 C -2.084151 —1.288282 -0.063139
H 2.474870 1.006033 1.894505 C —3.359580 -3.780661 0.047800
H 2.762552 —0.304109 -2.179350 C -2.901999 —-1.620579 1.024381
H 4.893366 —1.454836 -1.661843 C —1.909649 —2.222453 —1.092836
H 4.612988 -0.141091 2413733 C —2.555860 -3.453672 —1.044301
C 6.184857 -1.617377 0.735819 C -3.522364 —2.865494 1.086471
H 5.997474 —2.682227 0.910767 H -3.030953 —0.918888 1.840023
H 6.658191 —1.214263 1.633297 H —1.265963 —1.968390 —1.925879
H 6.897759 —1.543009 —0.088898 H —2.426095 -4.162026 —1.854786
Si —2.428635 1.649482 0.232981 H -4.135361 -3.119226 1.944017
—2.244481 2.155441 2.037698 H -3.856108 —4.743527 0.089817
-2.884101 3.020887 2.240315




Table S28. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (E)-178a

E=-192502262 (au), ZPE = 1206.69 (kJ/mol), G° = —1924.61569 (au)
atom X Y Z atom X Y Z

0.532827 —0.554849 —0.309628 H 5.510107 1.334535 -1.467277
N —0.721008 —0.417889 0.001813 5.748793 0.991782 0.254774
S -1.291675 1.089254 0.647189 C 3.336962 3.844851 —1.344499
(0] -1.118644 1.011093 2.104514 H 2.337201 4.244462 —1.143685
(0] —0.785406 2.244382 -0.107560 H 3.340108 3.443407 -2.364162
C -3.033171 0911411 0.269860 H 4.051073 4.676864 —1.308248
C -5.756325 0.652901 —0.308879 Si 1.019689 —2.343090 —0.881276
C -3.561561 1.560290 —0.844842 C 2.426859 —2.192883 —2.134680
C —-3.843249 0.144172 1.108959 H 2.072420 —1.729436 -3.062454
C -5.197620 0.020405 0.812611 H 2.828608 -3.180511 —2.390466
C -4.920854 1.425845 —1.125552 H 3.249566 —1.581433 -1.751970
H -2.916845 2.170408 -1.468411 C -0.512150 -3.089618 —1.691500
H -3.417538 -0.332176 1.985969 H —0.814876 —2.488274 —2.556486
H -5.835033 -0.571156 1.465659 H —1.358866 -3.116545 —0.999403
H -5.339975 1.935400 —1.990020 H -0.318110 —4.109069 -2.044761
C —7.222019 0.488558 -0.633218 C 1.576012 -3.316935 0.682871
H —7.402668 -0.451439 -1.171213 C 2.845401 —2.682393 1.288396
H —7.587506 1.303391 -1.265674 H 3.683013 —2.682607 0.580480
H —7.832611 0.462975 0.275629 H 3.164868 -3.250954 2.173994
C 1.550319 0.437222 —0.229875 H 2.677354 —1.646961 1.605870
C 2.513757 1.190380 —0.194218 C 0.455696 -3.321474 1.744344
Si 3.794365 2.522200 -0.079103 H —0.464030 —3.783759 1.366658
C 3.738846 3.206791 1.677785 H 0.203554 —2.309949 2.080445
H 2.735569 3.573994 1.920212 H 0.774994 -3.895195 2.626396
H 4.443264 4.040145 1.793256 C 1.888195 -4.771934 0.269572
H 4.001825 2.439574 2.414483 H 2.688904 —4.826238 —0.478602
C 5486731 1.775888 —0.464357 H 1.007383 -5.280198 -0.141215
H 6.268592 2.544077 —0.419497 H 2.222435 -5.351051 1.142773

200




Table S29. Cartesian Coordinates, Electronic Energies (E), Zero—point Energies (ZPE), and
Free Energies (G°) for (2)-178a

E =-1925.01793 (au), ZPE = 1209.24 (kJ/mol), G° = —1924.60962 (au)

atom X Y Z atom X Y Z

—0.572580 0.296307 -0.467261 C —1.874746 2.626648 1.224044
N 0.655552 —0.126600 -0.536157 C —1.522538 —0.763886 —0.300796
S 1.957701 0.964746 -0.761798 C -2.369371 —1.634229 -0.156072
(0] 2.095595 1.202061 —2.206668 Si -3.592718 -3.005992 0.051662
(0] 1.888434 2.099988 0.174755 C -5.109038 -2.323291 0.944705
C 3.300823 —0.090681 -0.230294 H —4.845643 -1.916224 1.927396
C 5421645 —1.717059 0.588746 H -5.856693 -3.111304 1.098525
C 3.895473 0.132771 1.009038 H -5.581721 -1.521661 0.366234
C 3.751056 —1.108281 —1.074937 C -2.778354 —4.377907 1.060265
C 4.804180 -1.914799 —0.657427 H —2.494065 —4.025980 2.058312
C 4953448 —0.684509 1.409162 H -1.873163 —4.746081 0.565030
H 3.535199 0.936673 1.641481 H -3.463759 -5.225223 1.185697
H 3.285061 —1.257728 -2.043251 C -4.054610 -3.625308 -1.672047
H 5.158124 —2.709566 —1.309976 H -4.781784 —4.443666 —1.602685
H 5.422789 —0.514036 2.374795 H -3.176702 —4.000346 —2.209695
C 6.575266 -2.591740 1.018852 H —4.503005 —2.828354 —2.275821
H 6.335274 -3.654831 0.900045 C —0.677392 2.464062 2.182807
H 6.840109 -2.419924 2.066586 H 0.216073 2.983603 1.825204
H 7.468780 —2.393783 0.412971 H -0.406791 1.410083 2.317394
Si —1.428358 2.071328 —0.569421 H —0.935056 2.867186 3.173539
C —0.407700 3.352229 —1.503467 C —2.274258 4.118148 1.163646
H 0.364092 3.810762 —0.882337 H —1.440748 4.750803 0.839257
H —1.083621 4.136702 —1.866302 H —2.584829 4.464580 2.159864
H 0.094183 2.908068 -2.368612 H -3.115763 4.294509 0.481757
C —2.994008 1.759299 -1.591536 C -3.067206 1.811590 1.768275
H —2.728889 1.488688 —2.620475 H -3.290519 2.119868 2.799938
H -3.593560 2.676724 -1.639752 H -2.855723 0.736683 1.782339
H -3.619531 0.961765 —1.183108 H -3.977918 1.964989 1.177236
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KRR ETRRSICHIcD, RREBRERERES, HEEZHO KUK 8 HiRic
EATREBULET.

KMRDOERICHZD, REBEDIEEZHD, MRAHICOVWTERRBRCHEZTEE
XUERR EF ABRICDLDRERHELEIT.

ARICEA LU CEYIREES, #HBEZ2EER U, 1R BE #R, K —8 &
IR (RILBEERAZZIR), X Bl BIF (REFHREE) OREHHL T,
RARICEL THERGHEFFRZ U TIEE R UCAIEGREEMRE O EIRICRERHE
LET.

X RIERBEEM 2T > T TFTS VWK UICBEERE U0 X R, )% 1E
R EATICREHBLET,

BE0M, TR ZTR>TEER U, LERZEAREMAMREY Y —10A

B K B, #F 87K, B SKICERHRLET,
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