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FEETEE R E 1, k& 7 DI RMAR L WMEN R D A DN TN D Z & b K
RME R EDF I TOFTENFE->TEY | EOLDNFHMEDO @ VMETFWME L BT D
Z L IBRRAEBEFICBWTEHEREMDO—D Lo TV D,

ZDOFEED—DL LTEIT b D DI AEER A W2 FikTh b, ZOHFET
FIA SN DML UCIIR AT ¢ VRBUAL - DSECAL U 72 4R R D3 B WO IR & ST RSB
EMNARECH DO I NE CTICAFICDES 2 i & L CRWCHH ST 7,

Z D — 7 THEF TIIRBERE OBLR D D ERBEAR ORISR TORIS DT R R D &
NTEY ., X0RECHARSEMCTRIEAHEIT L, Al A EKOBRESNMEN T 1 U AR R
filifi 70 & OEHEAIELIC X 2 RESIEDOREDFix LlgIhTnD 1,

ZOXEIREFEOLE TETIEINAT YA 7 U v 7 I (NHC) A 1 B 24
HTWND 2,

NHCs &1 3fEix 07 /) v AMEICKISER T CHEEZ M2 5 2 & THERT D RER IV
RO—FETHL, fIMETH DA I XY U U LHEETIZ NHC OFRICE > TIEESITH
Bt CX % (Scheme 1-1) 3,

ZFOLREMIL, AR HNCEEEL T D N R EOIESAFEF R 5 B LRl
~DOEFOWMANCLDZED p BuEOLENE, HRFE— AL MTLD AN HL EO
A E AR OISO &) ) Z oD R T 5,

Scheme 1-1
[\ @ Base [\
X\?N\R - X\/N\R

N-heterocyclic carbene
(NHC)



AHEfEE L UCo NHCs X7 VT b R EOIREITREBLEZ 1T\, Breslow TH{AK &
MEEIN D T VT =4 BRI B # S D (Scheme 1-2), & D & & (ZEEF T IMRE 28 AN
EUATD, INETIZEZ RZ2WEXDOKIGERE Z 3Tt Z LMo Tnsg,

Scheme 1-2
/ - \
R1’N\/N\R2 B ]
. [T\ @ 7
o) NHC R-NoN-R2 | RN N-R2 - i
> -~ =
By | =
R TS0 R” “OH
H

- ] ) acyl anion

Breslow intermediate equivalent

INETICRH SN TS NHCs itz FVW= i & L TREM R B OIZ, R (v
fii & (Scheme 1-3, Eq. 1) ¥& 25 » # —{{s(Schemel- 3, Eq. 2) 9ThH 5, ZibiE
Breslow HII{A73 71 LR = ALEINCRIEKERAAT 5 2 & CRUGAEST L B T LR
=EEI DTN R =T BE TR~ T LT b ROBKFITRELET S,

Eiz, o p-FEFT VT BRI NHC 2UREES S Uiz & X 1T Breslow A5 RET
) T — MTZAL TR TRIS AT T 2B b M < R ENTH Y . BENICIEZ 2
Bb 5 T DA NREIACEID I VR =V RFI RIS EAT 5 [ (Scheme 1-8, Eq.
8). b 9 —F ORI R =LA DBATIC LI U T th BB A i = TS
(Scheme 1-3, Eq. 4), Diels-Alder [<Jii(Scheme 1-3, Eq. 5), &€=/ J— F3 & BICEL
LCT AT V) 0 A Ao bdp ) REK %520 % SOt (Scheme 1-3, Eq. 6)72 £ 2315
TG 6,
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NHCs 2398 THBEARE L U CTHOWO NN E, 1943 F12 Ugal b3 T-72F 7 I
R 1 2 flBEATBRIR & Lo R Y A UAEETH D 7, 1958 4FIZ1X Breslow 5 23 [FIED T
T U A A L LT R A UGS DOIEKEEN T T U T BRMEA A ERE L
TNDEVIMERE L, ZOFHAEZ [Breslow FEIA] L4F4HT72 9, #i T 1991 48
(21 Arduengo 5 23] TLE 2 NHC 2 O B & &gt 217 - 72 9,

NHCs Otk L fillit & U COMREDRFRD LR THHIER U Y A UHEE O ER M TH -
T T = RA A ORERRBME L TEAICHWLND X DI, XUXT AT e R
O EIEEL LR A UREBITEB W T 2002 4EIZ Enders 5230 52 Enders &
PEEALD ZBRME N Y 7Y U U A8 & AWV TR K 95% Do o F A 8P C i & i
TEHTND 9, Z 2 CTHEAEAE “BREMBEIC L2 Lok, BFRREMEES OB B
ZIET D Z L THRMICHENDFRA~X T VT 4 — 28T LN TEALE, F
TYVTLEENS N TV )T LABRRICEZ I E TN EAOBEBRLOEANLE
EDL RO Te AN, MOBRIMELZ ER Lo B2 2B Chb e EXBND,

ZHLME S NHCs & W ROSIFAEEOPERERIE DR S S L HMEDO/NS I LV IER %
EDTEY, ZOMRETHERTTOHLINTND, ITHTIE Rovis HIZK - THFS
N2 b7 U oA 4 IR BICHVW 5TV 5 (Figure 1-1) 10,

Figure 1-1
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F72. NHCs 1IHR A7 ¢ VREMNLF LD bl RF—EE2 o720, &R, FHIEBSE
JRIR AR < B2 L TR TR T 5 2 & TH b TV D,

NHCs-@J@ s 2 il & U THW DB ORRDENIA VT 1 2 A X2 ZAD 538 TR
SN TS, 1998 212 Herrmann 512 X AL 5 28 A # & 0 ARG THOW DAL S % K
1V |2 1D Grubbs %5 _fitfUfitE 6. Hoveyda-Grubbs 2 —{HANfRE 7 70 BENT- A X
AREIE R 2 LRI STV D 1219

INHLOMEIHE /v AT v T Y T D4 TIE 2005 412 Organ HIZ K D ARSED »
TV T AR Y TNENER DT v 7Y v TSI RTEEZ: PEPPSI™ fifitt 8
DORRFE 2 EniThbi T 5 149 (Figure 1-2),

Figure 1-2
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—J5. HWF5EE Tl NHCs-EBe B2 Gk 9 5 BB CME OYEFIEME BRIEA I 4
VI U LEOERIEARB L TE 19, YRETEET R =V@BEERE LTx 7L
menaA IXY— Nk T ATV EL) N CEFEE LTHR T ARE XY
VARIE SN EENENER L, TODOBICKISHEICKRE S BT D N L2 Efids 2
ETCAIEY VY LEERKT DLW T r—F 2 AL TS,

IIETICEFED Enders B “EMEA I VU U AN T VR IO 2 72 iR
ERDZEDPHREINTVDD, BT ETHIE LI — N EITRR2D | RKsv
~b@@%&WTNL CEHILEZ AL T D BRI EZERT 5 L0 ) FEaRML
TWAHEDIZ, N RIC7 U — VDA OBHRILZEAT S Z ERN#ETH - 72,

FRITKE L, YRR CH IR SN — FTIEN R27 U — PN S 7L
VI EOMEIRNEBREEZEAT L 2N TE AL, HBOABL— FOBETHAT
HREALZDIFETTHRBRISUTIEAIX VYV D LEEEV T oD R EHMSE LT
ol

ZOXI B RICHESE | EFITLVERTEAEE R I XY ) v A ORIV
— b ORISR LM A AR Lf:i’é%?ﬁi*i%@% XY U A D FEA SE - NHCs Ofih
L U COMEREAREE L2, Z Z2ITHET 5,
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B IO

2002 4, Enders H13(9)-tert- = A o v ZJFEHZ “IRMWEEK 2R OX T A7 YV U U LR
EEBL., RV A KRS OfERTEE AR & LTS5 2 & TR 95% D) v F AR
Pz VD, ZOA XY U U LAHEIT Breslow FEEE D L. X TNAVRE LD -7 F v
EMZFHEOT7 AT RO SITEPLOBEREZTHZ 6T T VT 4 —%FET 5 &
HENTND,

ZDORISRDEN 23T T, 2D X 9 72 ZERMED Enders BA X ¥ U U AHI1T % < OHF
RETHRIN, AR AFNCHEA ST 2, 22 CEnT o F AR % 2T
B L L TR, WAV RBAITICAFIRFE LA T Z & T Breslow THIA LD
ﬂiﬁ@iﬁ@?— IARE RS LOBEMBILAZRETH N TEmABET oD, £o, Iy

W LTe~T a i % SO NFEFICEX T2 L TN RICEE Bz
%)\ﬁ‘é_kﬁlﬁf EL72n . IIEEHRICEDETEZOND K )T/ -7 8 Y Enders
WA IZTY) T LEOERO—RNTHLEZEZLND,

IS OWEEZIT T, YAFFEETIX NHCs il e LT T 07w U ¥ U fik

A XY —VOERKEZBT L7 9(Scheme 2-1),

Scheme 2-1
HOOC OHC
\ﬁ\q \/\q R1MgBI‘ m
R ——
N NH - = N Tr THF
X 4 steps N —40 °Ctort HO Ny
9 10 11
1) SOCI,, CH,Cl,, resolution via
40 °C ~ gij7::\ chiral HPLC gij7__\ <ij7__\
2) A, CHiCN, MeOH NN N N o N N
R
12 (racemic) (single enantiomers)
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Fo . Bx OMRETIIE L 8BS 24— /Ll NHC 28848 EEEo ) 4
YRELTHEHTARHABIToTEY, IT<&k, MEIZEHIE L7z NHCs-1 U 27 AGHAK
MW7 R DOARFKRBBESICB W TENT-MREEZRET S 2 & 2 R LTV A (Scheme
2-2,2-3) 9,

Scheme 2-2
R?
— RXX O:\ 1) Ag,0 4 j\
NN N oN-R? "2) [IrCi(cod)] N it
R1 R1 ® 2 Cl ~ |
R']
12 13 14
Scheme 2-3
R?
7/ N
E/{/Klr/ |
- CI/ \l o,
0 1 1 (0.01 mol %) OH
Me > Me
t-BuOK (0.1 mol %)
i-PrOH
70°C, 1h 97% ee
R' = 2,4,6-tricyclohexylphenyl 4,500 TON

R? = bis(4-(trifluoromethyl)phenyl)methyl

11



U EDOFRERNOEREO L 1 U U URMERA I XY — L OF AMENRFEIES M, AT
WFFEIZ 1) % Scheme 2-1 127 LT ARIETIX SR E RIEE1F5 7-012% 7 V4 U HPLC
WX DHENENEATHOLERH . HEHOKESRDREE RIS 72,

ZITEEIT., ¥7/VHPLC ICX 25 nHIZRMT 52 L FEXTI LR P
UHREERA X F Y =V ESD FIEEMEST L R 2 F YU T MO RA I A AN AT
REIZ7Z2 D EHIFFL, BElL— FOWRICETF LT,

12



B M UORFBILERE LIRS IF S —LOREFER

Je9%E#E 1L Scheme 2-1 TEM LIZGHLV— FEEIC LT, ZBRIMEA I ¥V —/L 12 DRl
R THDE M7 a—n 11 ZE LGN b 16 DI NVKR = ViRFEE =TT
ABINANTETT L, ZHEDFHN SN2 SO L 0 BIbT 5 &) FIE TR 12 24
3% Z & &7z (Scheme 2-4),

T UOIZT Va2 —/b 11 % Dess-Martin i34 HWVCTEE L, 1ZIFEED T F o 15 245
7z D% Corey-Bakshi-22HiEIL 9 #1T-o72 L ZARMWIETHRHO T L2 —/L 11 8
/o Ten, =F U FABRMIE 37% & W O IRWMEICK D -7 (Scheme 2-5) . Z DR
BIRMEORFIL, ¥TVRE FICHE T 2oV 4 I XY — LI ORF RIS
FOERINCENZEAERVETEDTHLEEXTND, ZOR/BREND ZOXIHERTT
FUFABRIRMEE 99%LL L E CHEC Z L FBEENTIEARWEHE L), EFILZO
Corey-Bakshi-42HiE T & V7o G pkL— b OBRFE 2 Wris L=,

Scheme 2-4

Inversion Asymmetric

S\2 reaction reduction

— ot 0, el e
1Q\_¢\N HO N\VNTr NTr
R

O Ny HO Ny NTr

12 11 15 11 (racemic)
(single enantiomer)

Scheme 2-5
Dess-Martin
Ph/ﬂ:\ periodinane Ph@:\ 16, BH; - SMe, Ph/ﬂ:\
CH,Cl,, rt O Nx THE. 60 °C
11 15 (S)-11
> 99% yield 90% yield
H Ph 37% ee
i Ph
N. O

B

Me
16

13



Corey-Bakshi-2EHiE LD KINAE 1T, EHITIHKIEICIC L DR T L a—1 11
DER A R T- (Scheme 2-6) O, L L Z DA77 5 1% HINOW@)-11 1356 EBIRI = T,
JFERDZBEIN S D LN D FERICKED STz, ZO/RRND Z OIS THW SV il X
EETHLT b 15 I LTARIENETH D Z RS 72, BRIGE AW T=ARL—

s DRI bW LT,

Scheme 2-6

g

O N\VNTr
15

RuCl,[(S)-binap](dmf)n®
KOH, (S)-diamine
H, (4 atm)

Ph

HO N NTr
iPrOH/MeCN, 65 °C
(R)-11

14



B=E RMEA I F YRR DN

HITET T ORI LD “BRIEA X & — LRIBER 11 O ARF G AU ARBED SOSPEN FEH 12
W, ETIEBOGTEIZ R W S O OBERPEDSEN & W D FERICK D o 72720 EFIT 1L O—TJ5
DTF o FA~—ZMEICHBT 2 FEL LT, 11 20 EER D VR B E 12137

A RERIESE, BONTFEZATIILVOEY T AT LAY —2 U BX VIS A7a~ N

T4 =X EIL, ZNEFHONKMET D &) FiEER A7 (Scheme 2-7),

Scheme 2-7
- Separation of —
Hydrolysis diastereomers Esterification
R! — W*[ﬂ¥q — w*(ﬂﬁq —_— Wﬂ(ﬂFH
O N NTr NTr o HO Ny NTr

R™ OH 11 (racemic)

1
17 17 17
(diastereomeric)

QON;NH o~ o N
W4% W*% U

15



MHiI T A DT I BOFHERTH LN FTEERSERIE 17T 2T llad= A7 L
LZITV, BN ATV 1TO TLCIZRB T A YT AT LA~—0 REEOZEZRIET
HEEBIWZVIITNAT A~ NI T T 4 —ZEDBTT AT LA~ —05E R -
(Table 2-1), L7 LWFNOSERRIEZ FHWZHETH REEOZENNERATHE, £721L Rf
EOETHEFRE TH 72 b DDOZOHMER/NE L EBEOGEERH2IAT2 20 E0n D
FEREIpoTziznd, ZOFIEIZE D HFENENIRETH D EHE LT,

16



Table 2-1

X
R OH ﬂ_\
— 17 Ph/m:\ Ph— -
Ph .~ .
Ho NVNTI’ > f0) NVNTr + (0] NVNTr
Method R~ R
11a o) o)
(R)-1T' (S)17"
Entry 17 Method Conversion (%) ARf
o)
1 Ph/\i)kOH Ad 51 0.044
NHTs
17a
o)
2 Ph\;)J\OH A 60 N.D. ¢
NHTs
17b
o)
3 / OH A 55 N.D.
HN NHFmoc
17c
Cbz O
Nl ,
4 < 7 oH B 90 N.D.
17d

@ Method A = SOCI,, CHCI3, 70 °C then pyridine, CH,Cl,, rt. > Method B = DCC, DMAP
CH,Cl,, rt.  N.D. = Not detected.

17



BIOET A IF S —NVELL L E R TNV — LN DOARR

AT CORMZ5 1T T, 241X Scheme 2-1 X° Scheme2-4 D X972y =89 % H
RWE L Lo FED D KIERER 2 M2 Io G RiEE E%2 Uiz (Scheme 2-7), #Hi7-72 FET
AR5 T Va2 — VEL 18 & A I X — LERAL 19 Z BN AR L, WiE %R
BHC 7 B ZAA BRI AT HIETH TV 7SR, TOBRBRTCERTHNE TS
BYEAIZ Y=V 125 BE—Dx=F v FF~—L LTHS (Scheme 2-7).

WHICIE, B FRECBIT AR RE —RTI AT La— L 18 B LU =LA I XY
—/V 19 OERRORIEZ T 5,

Scheme 2-7
Inversion cross-metathesis
SN2 reaction followed by reduction
1 OH —_—
NN HO N WLV/+ N NTF
12 1 18 19

(single enantiomer)

18



R IFTEERE BT VAT VA=V OEMIEL LT, EENRI T a—L L
LU 7ol 2 FE O BB O Y BN AW B IV BRI IER I @\ =) o F A @R T 45
WZRRE LT ERED & 5 R, FE I FHEIPH YA < IREi 72 % 7 /VIRSE EOBEHRIEDO Y =—
3 U EFFO TRMEA I XY NV OEMIZHET H LB Z IS REORIENLAT TAFRE
5T D EMND, Sharpless-FHA ARF AR ALEERHA L 7,

A I = NVEML19ZB L TR D RN I A 24— 21 O b Y TR 22 % 3
B L LT Wittig )G EAITH Z & TAKRT S Z LN TE 72 (Scheme 2-8),

Scheme 2-8

Ti(OiPr), (cat.)
(L)-DIPT (cat.)

RN ref 7 RN R NS

o
18a: R' = Ph 20a-d 18a-d
18b : R' = C4H,CF4 (>99% ee)
18c: R' = iPr
18d:R'=Cy

OHC OHC MePPh,Br —
Y= TrCl, EtzN Y= nBuli /\q

_— —_—
NoNH DMF, rt. No NP 1HE 0 °C Ny NTF
21 82% vyield 22 93% yield 19

19



Sharpless-&H REF TR X AMUIZ K D5 M7 VA7V 32— L OB R0 EIC B
LCi, WREEOKEICK L TRBEIZITo 2R, WinbEn= ) o F AR THK
WMEHFDH Z LN T 7z (Table 2-1), 18a (2B L Ti& Table 2-1, Entry 1 O TG Z1T
STRICE SN =T v a— A EFOEEE LT4.0 mol%DF X7 b7 A4 Y T aRFy
K& 4.5 mol% D (L)-DIPT, 15 mol%® TBHP % VT & H O =R F AL EFTV, F i)
(2 99%LL E ) > FATERIRNET 18a 2157,

BRI R NERE b U LEE, AT I 26- VA FFX U7 2 = VORI N DK
ISNE & A EHETIT Lie o T,

Table 2-1
Ti(OiPr)4 (0.4 eq.)
(L)-DIPT (0.45 eq.)
OH TBHP (1.5 eq.), MS4A OH OH
)\/ > : * /'\/
RITNF RN R'
CH,Cl,, =20 °C, 24 h O
18a-d (rac) 20a-d 18a-d
Yield of
Ently R received 18 (%) ee of 18 (%) S
1 Ph 37 96 86
2 CgH4CF; 49 > 99 751
3a iPr 21 > 99 257
4 Cy 45 > 99 500

a8 performed under the conditions; 0.2eq. of Ti(OiPr),, 0.22 eq. of (L)-DIPT
and 0.7 eq. of TBHP.

20



BHE BRI NaA—NEAIFI—NEFNDITORRAFZEZT R

WWTEFIIE =LA I XY — )L ENPESERE R T IALT VT — DI a AR H k&
> 2 &R 7= (Table 2-2),

F 7" Grubbs 5 A 6 A W TE R T7 La— 1 18a L 19 DA XL AZ{ToT2
2. BEWIIAE ST, JFEHENR & W ) fERICK D - 72 (Entry 1), BOGEE %2 ERH S,
FOSHIZ 10 mol% D filt 6 23801 L CHERIZIE D S /e~ 7= (Entry 2),

ZZTHEEO e Fax U ENKSEREL TWDOTIERWNEE X T 18a DT AT )L
bk 182’k L 1M 18a” 2 o D ITHW 2 & T A Fil# Tldi K 15%, #%#H T 23%DINEHET
Hiom»fs oz (Entry 4, 7)., £io, BERMEEMELEE L LI/ m AA 28V AEITH
BUCLA AR 8, 7L ATy FlE 9 BT 7L 10 20z 5 & S TRERAIZ )
FTRE VWO MEEASEICTFE T FIA YT aRXY R, p-bLT s ZLR R L ONE
AL & E NI Z CTAH TN ROGHELS KT L7z (Entry 6, 9, 10, 11),

21



Table 2-2

R® s I\
3 6 (10 mol % Ph 7NN s
L N emm T ERTAS
P(r;gsa% ee) NOATE o 40 N AT L
18a:R3=H 19 23a:R%=H PCy,
18a': R®=Ac 23a':R%=Ac
18a" : R? = C(0)i-Pr 232" : R? = C(O)i-Pr 6
Entry R® 18 Solvent Temp. (°C) Product  Yield (%)
1 H 18a (2.0 eq.) CH,Cl, 40 23a N.D.2
2b H 18a (2.0 eq.) CHCly 70 23a N. D.
3 Ac 18a' (3.0 eq.) CH,Cl, 40 23a’ N. D.
4 Ac 18a' (3.0 eq.) CICH,CH,CI 60 23a’ 15
5 Ac 18a’' (3.0 eq.) toluene 80 23a' N. D.
6° Ac 18a’ (3.0 eq.) CICH,CH,CI 40 23a’ N. D.
7 Cc(O)Pr  18a" (3.0eq.) CH,Cl, 40 23a" 23
8 C(O)Pr  18a"(3.0eq.)  CICH,CH,CI 60 23a" 31
9° c(O)Pr 18a" (3.0eq.) CH,Cl, 40 23a" 22
109 c)pPr 18a"(3.0eq.) CH,Cl, 40 23a" N. D.
11°  cO)yPr 18a"(3.0eq.) CH,Cl, 40 23a" N. D.

aN. D. = not detected. ? Another 10 mol% of catalyst was added. ° 0.2 eq. of Ti(OiPr), was
used as an additive. ¢ 1.0 eq. of TSOH was used as an additive. © 0.15 eq.of Cul was used
as an additive.
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e TR O REE & A B OMF %17 > 7= (Table 2-3), Table 2-2 TH\ /= Grubbs % —
TEARARAE 6 D1F M Grubbs 8 —HHAUfREE 24 2 W TH HIOWIZIZ L A ERE SN2 -
727 (Entry 1), Hoveyda-Grubbs % AUl 7 2 W CUb 2Rl Al L 2 A, L0 B4
RN THIBRE LT (Entry 2vs 4), £72, Mz 2o 2E% 3550 132120517
T 15 B XI5 Z & TINRE I EE&EDZ LN TE7- (Entry 4 vs 5), TAT )L
18" DEEA V=LA I XY =L LD 25 LRI RESIKT LD, YRR
TIEA R E Y — VEME RO RIE 2SS LTnb EE 255 (Entry 7). kst
IFE = A XY=L 1912xF LT AT /L 18”08 1.5 2 & filiit)3 30 mol% /- ofillit 2 3
FNZ T THRmT 2 b0 L7257 (Entry 8),
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Table2-3
0O
o)
J oK
o iPr e= Ru-catalyst iPr
SO -
Ph

NVNTr CH2C|2 —
(>99% ee) reflux, 40 h N NTT
19 e
X eq.
23a"
18a"
I \ S N’ ‘o
L_N_ N> 3 N>
el e
‘\\CI \Cl \CI
Ru=— Ru=—\, Ru—
a” | Ph c”| Ph c” |
PCy3 F’Cy3 O
24 \<
6 7
Entry Ru-calalyst x (eq.) Yield (%)
1 24 (15 mol%) 3.0 N.D.2
2 6 (10 mol%) 1.5 10
3 6 (10 mol%) 3.0 23
4 7 (10 mol%) 15 29
5 7 (15 mol%) 1.5 45
60 7 (15 mol%) 15 62
7b 7 (10 mol%) 0.66 16
8» 7 (30 mol%) 1.5 99 <

aN. D. = not detected. ? The catalyst was added in 3 portions.
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Entry 2-2 T 7= X 5 ICU KGR TIEE =LA 2 ¥V —)L 19 NRRBED JE DO JRIA & 7
STWDAREMERH D, ZOBRICEEL T, BEREREI 2 FHOEEE A F IR
FOSZ AW 25 B TE R OER LB ORFER %27 v ulkd 25 2 & TG ZEitE
SHLZENHETHDLEVI ARG ) E=LAf IXY— /LD 2(LDRHE
FAZ7uafbSETAZ B ARISERSTZ, L LR, KSITEETLR)1o
7= (Scheme 2-9),

Scheme 2-9
=:\>_\ nBuLi, Cl3CCCl, ::“>::\
= NTr
NS NTT THF, -78 °C NS
19 74% yield cl
25

(0]
o)J\ipr — Ru-catalyst Ph O/Z<iPr
)\/ " /\:\ /Qﬁ\_\
Ph

~ NTr CH,Cl, —
(>99% ee) Y reflux, 40 h N
Cl

1.5 eq.

Y

18a" 25 26a"

Flo, HNARURF L FTIOVIRSE EOBEILN X0 EPHAFAET 5720 X0 filfif & LT
DOYERBENTHAIAIFXY VT LEOREELZ G AH, A I XY —/VERDANEER &
BLIEERY DUMERA I XY — L 2T DG E AT (Scheme 2-10) 12 , LM LT AT
18" T U NA I XY =29 DI O AAR BV ANTELEMEIT LT, BN
UV UAMERA XY — DA RRV— b OBFEIEWTE L7z (Scheme 2-11), Z ORISR TIET
A 2 E ) — U R G RN L, 2D X 9 A NiEME AL 35 I SN TV 5
L% 2 T A (Figure 2-1),
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Scheme 2-10

Inversion cross-metathesis
SN2 reaction followed by reduction
Hom §H \
= p e GRS
1 % R N vNTr R N NTr
R 28
18 29

27
(single enantiomer)

Scheme 2-11

N\
@ N~ ©® = @ =@ \/ﬁq

‘_
HN\7N HN\(N HN\¢N NVNTF NVNTr
30 | 32 33 29
31

(@) 1, KI, NaOH, H,0, rt, 47% yield. (b) Na,SO5, EtOH/H,0, 100 °C, 93% yield. (c) TrCl, Et;N, THF
70 °C, 96% yield. (d)(i)EtMgBr, THF, rt. (ii) allyl bromide, CuCN, LiCl, THF, rt, 71% yield. (2 steps)

O
Ph
O)J\,-Pr H_\ Ru-catalyst 1\
+ — > s
Ph/k/ CH,Cl, , —
NvNTr iPr
(>99% ee) reflux, 40 h 43 NVNTr
1.5 eq.
a 34a"

18a" 29

Figure 2-1

s [\
\ -
T
u=
a” |
4 \
N
Tr
35
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KNTEHIFTINVIRELONY 2= g VAT I Z2HMELTE -BITERL
T-FixDOE _FE= LT L= LD AT /LI L E= LA IFY—L 19D T B ARXF T
v A Ze ik xi=(Table 2-4), filifi% Table 2-3 @ Entry 7, 8 T1T - 72 & 5 I ZENS0 1T THERA
U7z, ¥ TWVRERIZT U — 3 ZFD 182”8 LN 18" O %A1 E P REEE L E DI THBY
WHtE S (Entry 1, 2), LZLF T RE RICT AFLEE S ¢, 0B L TIHEIR

&b o7 (Entry 3, 4),

Table 2-4
O O \: N ”,
R N 2
O \
o e — 7 (15 mol%) //<iPr K T
/k/ + /§:\ > - R ‘\\CI
R N NTF CH,Cl, — c” |u_
(>99% ee) reflux, 40 h NwNTr o
1.5eq. 19 \<
18all_dll 23a 'd
18a" :R = Ph 7
18b" ‘R= C6H4CF3
18c" :R=/Pr
18d" :R = Cy
Entry 18 Product Yield (%)
1 18a" 23a" 62
2 18b" 23b" 58
3 18c" 23c" 27
4 18d" 23d" 17
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BAM BIRIEE KORIERE

EHIIHE HECTEONTE BT AT VDT AT E A LT 4 DRI
W N

FTNTVUL - JEERFEZMOCT ZEEGOETEZITToE 2 A, B 11a 134556
T THEORIERY 86 & 87T DAL T (Scheme 2-12), AW “FOMEEND, 4
FOSRTIIANT VUL -IEERBONRT T APREE LIS L Tn=7 U AT 20 LHfH
RAFAE L, BRSO A FF 27 =4 N EITORBIRAOWTHNIREKES 5
ZLETINLDRIERNBER LT EZZ BiLD (Scheme 2-13), DL EOFERNG ., LItk
IA V7 o N DR TE A T AT VERRL O K DTAT 5 J7$t 232 Tz,

Scheme 2-12
OMe

oA
; OMe
— > _ + _
— MeOH, rt, 24 h

N NTr Y Ny NTF N NTr

36 37

36:37~1:0.3

Scheme 2-13

©
(a)/ OMe
M) w
\_

Ph
— 36(a) + 37(b)

NVNTr
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Scheme 2-12, Scheme 2-13 TE & L7cfiR &% 1T T, EZ LT R T /L 23 DANKGFED
St 2552 L7z (Scheme 14),

BRONZIKEET U U D& FWTK - 78 M ARG CRIGE TS T2 2 A, EOK
EEVERY 38 ICAEBINTZ, S HICWAERY DT F o FAEIRM4A4 *F 7 /L HPLC 12X
STHMLIZEZA, MFEBICTEIMLLTHD I ENHHLE, UEORERID, =
AT NVARRL DI NT IR T U 0 2 W2 FIEIIA#E T 5 & LT,

Scheme 2-14

o4 d OH

Ph Ph
Ph iPr K2003 /Q;\_\ N /\/g_\

- ! H,O/acetone, rt, 24 h N NTF N NTF

23a 38
20% vyield 56% vyield
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RNWTEZITYFULTAVI=ULEt FU KN (LAH) (2 X2 =27 )VERLO MK fif %
RArdz, LovL, RIAR B ST P REEOINEECHEY 28a BEbzboD, =
T FABRPFVEOL T B S 7z (Scheme 2-15),

T TCHBBERO 7 B ARA X2 ALY 28a” L RER)ND 10 A#%E L7 288D =F
FAERM AT TV HPLC IC k> T L7z & 2 A, WRE% O 23a” 1 XIEIEHE D= )
FAY—DOHPBEHI NI b b3 5 10 AR L7 288”3~ A F—1ko =
FUTFAT=REMLTEY, T IMEREITLTWDLZ ERRBINTE, ZOMEES
T EHT /e AA X AL LAHIZE D AT VOB E Y ARy N TITH 2 &
ELTe, TOME, H 28 2 — D) v FA~—L LTHEDLZ LICHI Lz, 2O
WCIROBHMTHDHA L7 4 OIRTTR 11a BN 11b & —FEIE L TW e, Wind
TS U F RO F B S 7z (Scheme 2-16), LA ED S G, FE Il 6 DO
FIRF N LAHIZ X o TKBIRFICEBR SN2 OR—HMOLEDOF L7 ¢ LIS L
T=DBICB—KREMBEARBHT AL T FUDBREIAELTVWADTIIEELZ TS, T3
fbLiz7nra—n11iE, ZOXICAER LY N LAH K> GE TSN TELED
DEHELTND,

Scheme 2-15
O
o« OH
Ph P LAH Ph
- THF,0°C,1h T
NwNTr N vNTr
23a" 23a
60% yield
91% ee

Scheme 2-16

o)
]
O/M\lPr ::xv__\ 6 (30 mol %)  LAH R'/<y::\>__\ 23a -
+ — = >
er\<¢? CH,Cl, THF —

N NTE rofiax, 40 h 0°C,1h Ny NTr 23b:
(1.5eq.) 19
+
18a" (> 99% ee) : R' = Ph
18b" (> 99% ee) : R' = C4H,CF; OH
1
R 11a:
NVNTF 11b:

30

30% yield (2 steps)
>99% ee
23% yield (2 steps)
>99% ee

14% vyield (2 steps)
79% ee
11% vyield (2 steps)
31% ee



BRI A VT o CENEDIZETT & BRAUBUL DRRET 21T - 72,

X IIVIRFERICT UV — VAR kT L a—/123a, 28b 2B L Lzl ZANTRE
T U FARPWE LR L OO BIFRICE CHIM 12 2155 Z L3 T T,
BACROSICBE L CTiE, H—ox)F o FA~—Tho 12a 2 HE L L THEF A=k
%7 aufbzREA ST G E I To7- 8 AT MERBLRIENT272® SN2 UG TH H &
R o N UbERBTARINCER Lz, 2 2 CRENEGERLAEMOLEITK
JISRICEREU EO M) ZF AT I LR Y AT AT I U N Z 5 L RS
MICHETT 5 WY MANE LN B, ZOFEEZYRISIZHET Lz, 35 & 12a,
12b WTHNOGE S TREL EOIR THIW 2155 2 LN TE i v F 4R
PEH 99%LL E&HERFT 5 2 LN TE 7= (Scheme 14),

Scheme 2-14
OH
1
R\ H,, Pd/C
— — = 11a (77% yield)
EtOA R :
N NTF ) 2: h HO N NTr 11b (>99% yield)

23a-d
TsCl, Et;N,
MesN-HCI _ —\  12a(67% yield): R' = Ph
CH,Cl,, CH4CN, NN 126 (66% yield): R" = C4H,CF,
rt, 1h CH,OH, R

75°C,20h  (>99% ee)
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BEH K

AIETIX, NHC fitfit & 7213 NHC- BB &JBEEIAD U 77> R & LU THIH [ Re72 0 B O
EROAIEME R Y e U D URERA I XY DTS U F RN ARRIE AR T S &
WD LTz,

ARFROZEANC Sharpless-FHH AF LRI IACZBEHAT 52 & TRV > F AR
ERHZENTEIN, A IX Y —VBRERFOLENMZ G SE 5 Z LICRENT 57
HBARL YV ADRIGHEDIR S BNFRE E 72 o7, BKCIIfEEZ NS E 52 LT
DX T RE FICT ) — VRSO HEICOW TR Z PR EL Bicm EEws 2 &
MTEIEN, TAFNEEFORZTICE L CTONRRIFEFITELS o T LIz, &
NHOEBEIZEH LTI/ m AA X B AUANDFEEZTRD AND Z L 2BEIC AL X
Th D,
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B—H AROTR

WUHF5EE TiX NHCs {2 53 21dh720 . ZORIBEMAE LT Y UUHEERA I &4
V=12 EAEEOT AN T R REMELIZOBLIZ Y & —T =F v e~F T 0F4
B VBT A BT A ETAIA YV T AI18 AR T A LW FIEEHRA LT
7= (Scheme 3-1) D,

— T A XXV U LNEEAERTEMA L Lo, p-AREEafI T VT e KEST R Dy-F 7 R
{LERETE 2004 212 Glorius B2 K > THRANSHE SAL72H3 AF RIS IZE L TIEsmEF o
DTN LIPMONTEL T, ZOBRRMESCKISHES +0RbDITEZMOENL TR
(Scheme 3-2) 2

MEFFETILZ @m;ne BIFDHAIFV Y UL 1854 Uz NHCs Offlfit & LTk
BEZMGETAZ LA HME LT FY LU P 7R LT 5o RE0fI7 LT b
RET R DRFYy-F 7 N ALRISIZA I XY VU L 18 A2 Z & ARz,

Scheme 3-1
©Br OPFy

O:\ RBr O—:\ KPFg O:\

~—N__N - “—N_ _N- - N_ _N-

S o S Z & R

PR PR @ R PR 7@
12 13' 13

Scheme 3-2

o o Imidazolium salt Q
Base ( :
/\)J\ * )k > o + o
Ph H  Ph™ "CF, i N

Solvent, Temp, 24 h P G CF4 < =Ph

39 40 Ph Ph CF,
trans-41 cis-41
2004 Glorius 2008 Ishida & Saigo 2012 Fiksdahl
iPr
07_(02 © PFq . @/ \
ﬁ B Me 7 N§/N
ol BN N%/N/\\
iPr o Me @ O - OH
iPr
OTf ©PFg
70% yield 33% yield 69% yield
ee (trans/cis) = 12/25 ee (trans/cis) = 74/94 ee (trans/cis) = 50/19
dr (trans:cis) = 2.8 : 1 dr (trans:cis) =1 :1 dr (trans:cis) = 3.3 : 1
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BE HHRAIZY Y U LBEDOERR

EFIIATHIIE 10 & [FERIZ T LT & R 10 & Ffix O Grignard s3E% VT k7 L=
—LEAEHRL., INETE =N AR TCERILESE D Z L TRFIRE LOBEBILN RS
PR e U O UAMEERA 2 XY — &G L7 (Scheme 3-3), R\W\NTH:517- 12e, 12f, 12¢g
BLO12h (IZfEA DT X NALAI R2Br 72V L 2- R U AF L U LT 2 =)o I XV A )L
RAE— R ZMA THEEDRISFHETT X kL, BRIOA I XY VUL 18 A LT
(Table 3-1),

Scheme 3-3
Ph3q Ph3q
N (@), (b), (c) or (d) N
<\ M a ]\/\f
N H N R

O
10

(rac)-12

HO

R'=3,5-tBu,CgHs, 11e, 45% vyield
R'=Mes, 11f, 61% vyield
R'=2,6-iPr,CgH3, 119, 15% vyield
R'=2,4,6-Cy;CgH,, 11h, 24% yield

R NN

9

—_—

(S)-12

R'=3,5-tBu,CgHs, 12e, 33% vyield
R'=Mes, 12f, 84% vyield
R'=2,6-iPr,CgH3, 129, 51% vyield
R'=2,4,6-Cy;CgH,, 12h, 61% yield

(a) 3,5-tBu,CgH3sMgBr (b) MesMgBr (c) 2,6-iPr,CgH3MgBr (d) 2,4,6-Cy3;CgH,MgBr (e) SOCI, (f) heat
(g) resolution via chiral HPLC
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Table 3-1

0SO0,lm o
R2Br or ©i Br or ImSO3
e e (e
—N__N > +—N__N-p2
R! h Conditions R TR
12 13'
Entry R' R? Condition Product  Yield (%)
Ph
1 Ph toluene, 100 °C, 21 h 13a’ 74
Ph
2 Ph Bn CH3CN, 70 °C, 40 h 13b’ 85
3 Ph CH,CqF5 aCH4CN, 50 °C, 3days  13c' >99
4 Ph Ph b CH3;CN, 75°C, 7 h 13d’ 34
2-naphthyl
5 Ph toluene, 100 °C, 4 days 13e’ 74
2-naphthyl
Ph
6 3,5-tBu,CgHs toluene, 100 °C, 5 days 13f 90
Ph
Ph
7 Mes \fs\( toluene, 100 °C, 40h  13g’ 77
Ph
8 Mes Bn toluene, 100 °C, 48 h 13h’ 72
9 Mes CH,CgF5 @ CH3CN, 80 °C, 3 days 13i' >99
. Ph .
10 2,6-iPryCoHs \fﬁ/ toluene, 100 °C, 40 h 13 >99
Ph
) 4-CF;CgH3
11 2,6-iPryCgHs toluene, 100 °C, 5 days 13k’ 93
4-CF3CgH3
12 2,6-iPr,CeHs 2-naphthyl 4 1uene, 100 °C, 48 h 131 34
2-naphthyl
Ph
13 2,4,6-CysCeH, g toluene, 100 °C,40h  13m’ 90
Ph
4-CF3CeH
14 2,4,6-Cy3CgH, 376 toluene, 100 °C, 3 days 13n’ >99
4-CF3CgH,
15 2,4,6-Cy3CqH, 2-naphthyl 4 iene, 100 °C, 5 days 130" >99
2-naphthyl

20.01 eq. of Nal was added. ? 2.0 eq. of CsF was added.
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FEEICE L U CARFISICHEA T 212H70 . SR TAR LA I 4V Y U LD
T =AU RBEIT, TRET =4 v EAXTTAA R VIRT =AU NIERLIZE A
HHIDA I XY ) U LENEBEICG DI, MEEROREFHIIZZIN O DA IF Y ) T4
iz M= (Scheme 3-4),
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Scheme 3-4

© Br or IMSO5 © PR,
= KPF =
O_\ R 6 O_\ =3
NN —————— “N__N
RT 79 R2 H,Ofacetone R’ v@\gz
rt, 8 h
13 >99% yield 13
F
© PFq F
OPFg OPFg O_\ F OPFg
B Ph B Ph o F o
NN NN NN SN_N-pp,
P T ® P T ® P T ® F P
13a Fh 13b 13c 13d
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B /57— MEHOIBRT 7 bk

LHEITIIATEI TR LA IF Y Y v atfiz v, v F L7 A7k K389 & MU
FuNry 72 )0 BEEE LELART 7 FALEITO) ZE T A XY U UL 13
NHAET % NHC Ofifiit & U COMEREZ RGE L 7=,

FTA I YV UL 18a AW TRIGEFEOKE 21T > 7= (Table 3-2), HEEDOMGF %
1Tol A, AKX RAF LDV ITH D) T LERHND EHEWITIZE A EBHIESN
7T (Entry D, H VU U L7 F X2 K2RV & X ITRROIGE49% 035 57 (Entry 4),
FOSRE Z RN DR TS E D EINRITIE T T2 —FHTOT AT LA« =) U F ARk
WIFYEE TR b o7z (Entry 4-6), IO 21T olc & 2AYVZF LT —T L%
W2 & X2 THF % LR B FERBZE 7228 (Entry 4 vs 7). fBERABLICIE T TR O T/
BRSO D7 THF ZigiE & Lz, 2 b DOFERNG, Entry 4 Z Sk E LTI
DRRFIEAT o T2,

Table 3-2

o o 13a (20 mol %) o
Base (20 mol %) o)
NN + )J\ >
R/\)J\H i

Solvent R\\ - R - .
39a 40 ~78 °C, 30min. Ph CFs Ph
then Temp, 24 h  (4S, 5S)-41a (4S, 5R)-41a 13a
(trans) (cis)
Temp  Yield dr ee
Entry Base Solvent (°C) (%) (trans : cis, %) (trans/ cis, %)
1 KN(SiMe3), THF rt 0 .- -/ -
2 DBU THF rt 17 53:1 51751
3 Cs,CO4 THF rt 34 53:1 39/67
4 tBuOK THF rt 49 57:1 55/50
5 tBuOK THF 0 33 6.7 : 1 58 /65
6 tBuOK THF —-40 16 3.6:1 35/38
7 tBuOK Et,O rt 50 7.3:1 57 /16
8 tBuOK toluene rt 13 4.0:1 52 /36
9 tBuOK CH,Cl, rt 14 6.7 : 1 46/ 38
10 tBuOK MeOH rt 12 3.8:1 35/26
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RN TR DI 21T > 72 (Scheme 3-5),

BHRFA ECT V=N HEAEFEF 18d VW2 L SRR E 22D 64%DINERT H NG
SN, TOZF T DT AT UARREITE BITRNE WS RER E o T, R
JFA BIZE D @@ WERRIL Y -2-F 7 F A ATFAREAE SO 18e ZH WD L VT AT L AR
PERRE WM kL7,

TV FARRIEOM B & FIAA TH TV EORBIEE 7 = = VIEDD A VTV
WCEZ T 2 A, FAEBRY TH 5 AS, 59-41a D) FAERVEICAE 2 m LN R ST
(13a vs 13g, 13b vs 13h, 13c vs 13i),

[FERIC ¥ T ViR FE EOBEHILEZ S HICEE 2,6-0 4 Y 7 a7 o= Vi z 7 b
TAHTFUTFABRIEICEAL TIA T AEEZFEOLO L T 5 EAERE(LITA DR
ol VT AT LA RPN EL72(18g vs 18)), 512 2,4,6-F U v aAaFy
N7 2= VHEEBEBALTELOTHEDOT RN b= U FARRMEOR LR AL, R
T EIZT-2-F 7 F N AT NVIEEEAN LT 180 & W TR R & & 725 T1% D) > FF
BPPENBIHI S, L L. RICK 3,5Vt 7 F N7 o=V AE AL 13f 2B L Tl
HHERIED ] BIXR N0 o727 WHERPED ] RIZIEF 7 VR R T B
EPIET DL ENLETHDLEBEXBND,

T AT LAIZEA L TIE 18e BEL W 18m ZAWZRICEm & 725 1001 &0 D
b7z,

INDORERND, FTIVEKHE E L EBRF EOBEHIELNERIEICEES LT 5 FEIT
RBINTNWDR, MEHRLEZNENOER SCEFEELL RIS R P COME#RIED
FLESCHENRRESEEBLTCND EEZOLND,
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Scheme 3-5

©pF
13 (20 mol %) 6
/\ji . j\ £-BUOK (20 mol %) é & Oﬂ
AN
Ph H  Ph™ "CFs  THF it 24h Zon RT \/o\(
39a 40
(4S, 55)- 41a (s, 5R)-41a 13
(trans) (cis)
Oj@PFG OjPFG Oﬂ OPFs OPFs
_CeFs B
B o \/ o R N ~Ph
o @W/ NS PR o
13a 13b 13c 13d
. 56% yield 44% yield ;
499 Id . 64% Id
ee é‘rgss lcis)=55/50  ° (trans cis) = 34/31 e (trans /cis) = 35/50 o ((;r);fs Icis) = 18/40
dr (trans :cis) = 5.7:1 dr (trans :cis) = 5.7:1  dr (trans :cis) = 3.2:1 dr (trans :cis) = 4.0:1
@PFG OPFe
D = W o W oo
OYe ~\,_ _Ph Ph CeFs
\\ Ph & N b7 N \\: N Z N\/ \\c N p7 N\/
Fh es \/@\( Mes Yo Mes Yo
O 13g " 13h 13i
Q Bu 13f 31% yield 42% yield 53% yield
13e 62% yield ee (trans /cis) = 61/30  ee (trans /cis) = 45/24  ee (trans /cis) = 42/27
27% yield ee (trans /cis) = 33/18 dr (trans :cis) = 6.7:1 dr (trans :cis) = 4.8:1 dr (trans :cis) = 2.9:1
ee (trans /cis) = 49/40 dr (trans :cis) = 4.8:1
dr (trans :cis) = 10:1 o CF3 o
P .
\ iPr, 5 N\¢l\<j9 iPr, & N\&%
©\ iPr O iPr O
13k CF 131 Q
3
35% yield

17% vyield
ee (trans /cis) = 65/48
dr (trans :cis) =

52% yield
ee (trans /cis) = 62/37
dr (trans :cis) = 7.7:1

7.1:1

OPFg

ee (trans /cis) = 62/72
dr (trans :cis) = 8.

3:1

CF4
13n 130
39% yield 43% yield 39% yield
ee (trans /cis) = 64/28 ee (trans /cis) = 66/50 ee (trans /cis) = 71/36
dr (trans :cis) =5.6:1 dr (trans :cis) = 7.1:1

dr (trans :cis) = 10:1
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Ph
40

B2 LN DT, £3 NHC AAfaf7 L7k K 89 ICRBEHEBEEITH 2L T
Breslow A E 720 . IRWTPALA D 7 b 40 ~DsREZZE L NHC OBiEEZ R THBY
MO AL PEHELNDENI LD THD,

Breslow HERICZAHE SN DRI O X TV iRE BICh D EHREOE R S ORBL %
TR R oM T VRFEOMNZMN D X OIMEL, 7 b 40 38687 HBRIC
HWOT Y= VEBOr-rAZ v X 7 ORELZ T TRRENELDL EZEZOND
(Figure 3-1),

RY "
o OH P OH R'—.
= N
N / N /
R'/@ R,/

CF;

Breslow
intermediate
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fe T, EWEOBMEZ1T o7,

WIS BT D RS I Lo, p—FREEf T LT 8 R 89 OHIVR=JVIRFEIZT V' U U L
18 B4 U772 NHC DSREEKBEE T 25BN OHBEL O TH A0, KISEOm EZ b
K ARTIVTE RIQDOPALOBEMRIER EZ 7 = =L LB WS IEO B W EHRELICH
TRINERAT-, L)L R=4-FCeHs TH DA 41b IXMEEDOENIZ LA ER LT
T AT UABI O U FAERRMET 41a LR LU TIR T L, 41e 1B L TIRIGE, U7
AT VA RO F o F AR L IR T 5 L0 S fERICKD 572 (Table 3-3),

Table 3-3

13k (20 mol %) Q Q
t-BuOK (20 mol %) &o &o
> +
THF, rt, 24 h ST OCF < 2vph
R pPh° R Cr

Ph CF3
39 40
trans-41 cis-41 © PFs
P\ N__N_Ph
8 N
) Ph
iPr
13j
Entry R Product Yield (%)  dr (trans:cis, %) ee (trans/ cis, %)
1 Ph 41a 52 7.7:1 62 /37
2 4-FCgHy4 41b 53 6.3:1 54/ 41
3 4-CF3CgHy4 41c 19 6.9:1 49/ 41
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BUE AR

ZOFEIZBWTER T, MO M EA2 RIAA THRITHETAR L b DO X bl
WF T VERSE ERB XOEFREF OB A RO A2 OF#lA I 4V ) U ARG L.
INHNBRAESH T NHCs itz o, B—ARffnr L7 e K& oz e LTEARFHE
7 7 b ALRIGE~HW T, ZOFER, IR OM EiXb T Th o= o F A3,
T AT UAERIEIZIIAE B R ER R T,

LA IH YU U AEOHE L EIRMEO BN SOW TRt o % Z vV ikFE EB LW
EFRIF A EOBEBRIENSEE I E B ERMETA B9 528 2 UL B o R A BIELE IR IS
HEHL TR, ZHEBHT 5703 GRS Z AW ERZRLETHL L5
ZTW5,
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ABFFETIE, YMFFEETHRE L7 U U UMEERA I ¥ —LOEGRIEORR & 2z
P LT/ NHCs il i OVERED M) b 27k A2 7z,

BTz LB NHCs & B8R £ 7213 NHCs A HEAEE O BRS (T ITAEFRIE A & 72
S TWAH, GRFZEER TIZLAT L 0 M E o NHCs filifil 2 ARk 9™ 5 72912 % ORIBHAIZ S 7=
D BRMEA XY VOB BIEDORFICE D A TE o, AFRICBNWTEE - HTID
Er U UUMRERA XY D X0 REARICHE L2 A BIEDOBRRE 21T, =
BECIO BMEAIF Y — L EFE L T LN NHCs AR OMER-EAZRGET D & & b
WXL DI ONTT — ¥ S EB I TOME A % 5 2 & CRUETE M3 X ORIRIE % [h]
bExE5Z L ERlAT,

B R TIIE=AA I =V EERT IAT Vv a— L EEEE Lc, 7/ HPLC
IZEDHFRFNERE LW F T 7 TRMEA I XY — VO RIEZRRE Lz, AEFL
DI AIZ Sharpless-F H REF TR ¥ AU E BT 5 2 & CIEFIT@mV I O
K18 2D ENTE, EBICI8 L 192/ U AR A BV AL S ThHy TV T T52
ETCHFMERL R LT EHMOE Y DUREERA I XY — L EERT DN TE
(Scheme 4-1),
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Scheme 4-1

Previous work

resolution via

gjj7::\ chiral HPLC __ /(T—ﬂ>__\
) —
N. N <« N\7N ————— R

R1 R1 HO NQ/NTr
12
(single enantiomers)

12 (racemic) 11

HOOC

OHC,
R'IMgBr \/\_\ \5\_\
< — — —
N NTr N NH

10 9

This work

Inversion cross-metathesis
SN2 reaction followed by reduction

OH =

-\ — R, — — —
R! N N HO N NTr R1)\/ * N NTr

12 1 18 19
(single enantiomer)

JaARAZETADEBETIE, KENGERILAVTHLIHETSUSENMETT 5 &0
) —REIZREE O & B Y EWIEREFS S 72 DI 13 fEE A% 30 mol%lZ £ Thl& EiF 5
WEIN G ST, ETAER TH D 28"1L 7' 1 b AFE F TIEIAELETT B #7572
W, JTRARZVLALROEETH DT AT VM OETIZY Ry TITOLEND
- 72 (Scheme 4-2),

S BT AT IVEMLOETCEME TIIEOBEISICHIT 2 AR TH 5 11 bRIZERM & LT
BoNR, ZZ2THLNZ 1L O—FIZT B IR RELTEBY ., Z0HRBOFKIZEG
FHIZFEATF LT- Hoveyda-Grubbs fiifif & #&ocic W2 LAH & ORICA U7l H 0O &8
BEANBES LTS b0 EEXBND,
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Scheme 4-2

O o)
oJ\iPr ﬂ:\ 7 (30 mol%) O™\, OH
- G
J - ' NONTr __ _
A e CH:Cly THF, 0°C
(>99% ee) reflux, 40 h - ' —
15 19 N NTr N NTF
5eq.
23" 23
18" o~
— S NN A 23a: 30% yield (2 steps)
132-- : E: th CF L DS >99% ee
e «Cl 23b : 23% yield (2 steps)
,R‘U— >99% ee
cl
\<O
7

F U7 4 VENEDIRTT & BRALDBRETITW LS RAFRIGE TSP EIT L, BRI
R TBRMEA I XY BB/ L N TER, BRIEOBMICE L Tk I E THUFEE
TERAL QW T A=V 2 AW ENLE Rex o b il L SN2 K
JRIZE R 5 2 & THEME Z4EFF 5 2 A TX 72 (Scheme 4-3),

Scheme 4-3
OH
1
RN H,, Pd/C
— W R1 5 — 12a (77% yleld)
N NTF 1t 24h HO N NTr 12b (>99% yield)

23a-d
TsCl, Et;N,
MesN-HCI . =\ 11a (67% yield): R' =Ph
CH,Cl,, CH4CN, NN 11b (66% yield): R = CoH,CF4
rt, 1h CH;OH, R

75°C,20h  (>99% ee)
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CETITEFEOWMEOMRICIEHE, UMEETHER LR Y DUMEERA I XY
%N@%ﬁﬁ%L%TW%WM¢5 LTAIFYV I ULRICHEEL, IS LARFT
WRAMAx 52 & THUT NHCs Zo,p-Aafn7 L7k R&EFr N OAFHEERZ 7 b
LS OffE & U TRV, Z OMERED RN & S 2 il A 7=,

EFOFATHE TR O % Z ViR B L BRI EOBEILN & & WAL 2 v 5 &
BRMEDR M BT MmN LN TE 72D, AR TE ) mEmWEREZEAT 52 LIk
V. BHimRE Y WERYEOm EEERT D 2 ENTE T, R F ARSI LT
3R T1% DR % 26 L7 (Scheme 4-4),

Scheme 4-4
o o 13 (20 mol %)
t-BuOK (20 mol %
%/\/MH+ A fl ii,
Ph™ CFs  THF,1t, 24 n SCFs S
39a (4 equiv.) CF3
40 4S, 58)-41a (4S, 5R)-41a
(trans) (cis)

-
o

39% yield
ee (trans /cis) = 64/28 39% vyield
dr (trans :cis) = 10:1 ee (trans Icis) = 71/36

dr (trans :cis) = 7.1:1
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VLB X5 IZANIZE T, Sharpless- & H AFTARF ALl 7 v 2 A X2 ZEFIHT 2
ZETE R Y VUMEREA I = LVOERIEORR R L IZ S EETHEL TS
NHCs Ao MRE DM E A i A7z,
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Supporting information

1. General information

All anaerobic and moisture-sensitive manipulations were carried out with standard
Sc techniques under pre-dried argon or glove box techniques under prepurified argon.
NMR spectra were recorded on a JEOL JNM-ECS 400 spectrometer (400 MHz for 'H
and 100 MHz for 13C). Chemical shifts are reported in & ppm referenced to an internal
SiMes standard for 'H NMR, and chloroform-d (§ 77.0) for 13C NMR. High performance
liquid column chromatography (HPLC) experiments were performed on a HITACHI
L-6000 HPLC pump equipped with a HITACHI L-4000 UV detector. Gel permeation
chromatography (GPC) experiments were performed on a Japan analytical industry co.
Itd. LC-908 GPC pump equipped with a Japan analytical industry co. 1td. UV detector
310.

2. Materials information

Tetrahydrofuran was distilled from sodium benzophenone-ketyl under argon prior to
use. Toluene was distilled from sodium benzophenone-ketyl under argon and stored in a
glass flask with a Teflon stopcock under argon. Dichloromethane and 1,2-dichloroethane
were distilled from CaHz under argon and stored in a glass flask with a Teflon stopcock
under argon. All solvents used in reactions were dried and purified according to
standard procedure. Silica gel (Kanto Chemical, Silica Gel 60N for flash
chromatography) was used for column chromatography. Grubbs-1st 24, Grubbs-2rd 6 and
Hoveyda-Grubbs 2nd 7 were prepared by the reported procedures. The procedure of
compounds 10 was previously reported V. Benzaldehyde, cinnamaldehyde,
2,2,2,-trifluoroacetophenone and acetylacetone were passed through silica gel column

before use. The other reagents were used as received.
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3. Experimental section

3-1. Experimental details for the synthesis of pyrrolidine-fused imidazole

3-1-1.  3-(1-Trityl-1 H-imidazol-4-yl)-propiophenone (15)

Dess-Martin

Ph/(/\:\ periodinane Ph@q
HO Ny NTr > N _NTr
CH,Cly, rt O Ny
11 15

To a solution of Dess-Martin periodinane 2 (0.611 g, 1.44 mmol) in CH2Cls (10 mL) was
added 5 (0.320 g, 0.720 mmol) in CH2Cl2 (7 mL) at 0 °C. After being stirred for 1 hour at
room temperature, the mixture was added to Et20 (20 mL) and the obtained mixture
was poured into aqueous solution of NaHCOs3 and Na2S20s. The solution was extracted
with 3 x 10 mL of Et20 and washed with brine. The organic phases were dried over
Na2S04, filtered and concentrated under reduced pressure. The residue was
chromatographed on silica gel (EtOAc) to give 17 (0.319 g) as white solid; 'H NMR
(CDCl3) §7.94 (d, J= 7.2 Hz, 2H), § 7.52 (t, J= 7.4 Hz, 1H), § 7.42 (t, J = 7.6 Hz, 2H),
§7.28-7.36 (m, 10H), 5 7.08-7.13 (m, 5H), 5 6.57 (s, 1H), § 3.33 (t, J = 7.4 Hz, 2H), § 2.97
(t, J= 7.4 Hz, 2H).

3-1-2. Experimental detail for the CBS reduction of a ketone 15

H Pn
16, BH; - SMe D:\ WPh
Ph/oq R NT N.5-©
0 N NTr HO Ny NIT B
THF, 60 °C Me
15 (S)-11
16

CBS catalyst 16 was prepared according to the reported procedures .

To a solution of 15 (0.864 g, 1.95 mmol) in CH2Cl2 (10 mL) was added 16 (0.1 M in THF,
0.29 mmol) and BHs- SMez (0.6 mL, 5.86 mmol) at 0 °C. After being stirred for 1 hour at
room temperature, the mixture was quenched with methanol in dropwise and
concentrated under vacuum. The residue was dissolved in acetone/1IN HCl aq. = 1/1 (v/v)
solution. After being stirred for 1 hour at room temperature, the mixture was
evaporated and poured into aqueous solution of NaHCOs. The solution was extracted

with 3 x 10 mL of CH2Cl2 and washed with brine. The organic phases were dried over
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Na2SO0s4, filtered and concentrated under reduced pressure. The residue was
chromatographed on silica gel (EtOAc) to give (9-11 (0.781 g, 90% yield, 37% ee) as

white solid

3-1-3. Experimental detail for the Noyori reduction of a ketone 15

RuCl,[(S)-binap](dmf)n®
KOH, (S)-diamine

@_\ o (4 atm) Phﬂ:\
Ph - HO N NTr

iPrOH/MeCN, 65 °C
15 (R)-11

RuCl2[(S)-binapl(dmf)» was prepared according to the reported procedures .

Potassium hydroxide (0.1 mg, 1.9 umol) in a schlenk flask was dried with heat-gun
under vacuum and added (9)-diamine (0.2 mg, 1.0 umol) and RuClz[(.9)-binapl(dmf), (0.9
mg, 1.0 umol) in 2-propanol (1 mL). This mixture was added ketone 15 (2.11g, 4.77 mg)
in CH2Clz (5 mL) and poured into autoclave under Hz (4 atm.). After being stirred 24

hours, the mixture was dried under vacuum.

3-1-4. Experimental detail for the chiral resolution with 17

O

N

1 P P .

HO N NTF > (o) NVNTr + (o) N\VNTr
X Method R~ R
11a O
(R)T" (8)-17"

The amino acid derivatives 17a, 17b, 17c¢ were prepared according to the reported

procedures ?. 11d was purchased from TCI fine chemicals.
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Method A (for 17a’, 17b’ 17¢")

Ph
HO N\VNTr
0 — ﬂ:\
,)k —>SOCI2 i e > Ph{z_\NTr Ph ',/O N NTr
> ~ + ~
R* OH CHCl, R™ Cl pyridine, CH,Cl, R*/Q e R’ A
17 70°C, 2 h 17" 40°C,24h 5 o
(RT" (S)-17"

To 17 (2.28 mmol) in CHCls (9.0 mL) was added SOCIz (0.25 mL, 3.42 mmol) at room
temperature. Stirred at the same temperature for 1 hour, the temperature was risen to
70 °C and stirred for 2 hours. The solution was distilled and the residue was added
CH2Cl2 (9.0 mL) and pyridine (0.30mL, 3.80 mmol). After stirring for 24 h at 40 °C, the
reaction was quenched with aqueous solution of NaHCOs. The solution was extracted
with 3 x 10 mL of CH2Cl2 and washed with brine. The organic phases were dried over
Na2S04, filtered and concentrated under reduced pressure. The residue was
chromatographed on silica gel (hexane/EtOAc/EtsN = 50/49/1 =v/v/v) to give 17.

Method B (for 17d")

B
R "OH
17 { = =
— Ph Ph—".
Phﬂ_\ - 0 N NTF  + O N NTr
HO NVNTr DCC, DMAP R*/Q X o N4
11a CH20|2, rt, 3 h O O
(R)-1T' (S)17

To 17 (2.28 mmol) in CH2Clz (9.0 mL) was added DCC (0.629 g, 3.05 mmol) and DMAP
(17.0 mg, 0.139 mmol) at 0 °C. Stirred at the room temperature for 3 hour, the reaction
was quenched with aqueous solution of NaHCO3 and filted out the white residue. The
solution was extracted with 3 x 10 mL of CH2Cl2 and washed with brine. The organic
phases were dried over Na2SOy, filtered and concentrated under reduced pressure. The
residue was chromatographed on silica gel (hexane/EtOAc/EtsN = 50/49/1 =v/v/v) to give
17.
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N-p-Tosyl-(I)-phenylalanine (17a)

77% yield, crystallized in Et20/EtOH = 1/1 (v/v), white solid; "H NMR (CDCls) § 7.58 (d,
J=8.2Hz, 2H), § 7.27-7.18 (m, 5H), § 7.10-7.05 (m, 2H), § 5.20-5.05 (m, 1H), § 4.20 (dd,
J=14.6 Hz, 6.2 Hz, 1H), § 3.04 (ddd, <~ 41.4 Hz, 14.2 z, 5.5 Hz, 1H), § 3.29 (s, 3H).

N-p-Tosyl-(I)-2-phenylglycine (17b)

0
Ph% oH
NHTs
17b

77% yield, crystallized in Et20, white solid; 'H NMR (CDCls) & 7.61 (d, &~ 8.2, 2H),
8 7.40-7.35 (m, 2H), 8 7.27-7.24 (m, 2H), § 7.19 (d, = 8.3 Hz, 2H), § 7.16 (m, 2H), § 5.05
(s, 1H), 5 2.37 (s, 3H).

N9-Fluorenylmethyloxycarbonyl-(D)-2-tryptophane (17c)

O
l OH
HN NHFmoc
17c

68% yield, crystallized in EtOAc/hexane = 2/3 (v/v), white solid; 'H NMR (CDCls) & 7.86
(d, &= 8.2 Hz, 2H), 5 7.72-7.62 (m, 3H), 5 7.56 (d, J= 8.4 Hz, 1H), § 7.42-7.23 (m, 5H),
57.16 (s, 1H), § 7.07 (t, &= 7.5 Hz, 1H), §6.97 (t, & 7.5 Hz, 1H) § 4.26-4.15 (m, 4H),
§3.19 (dd, J= 14.6 Hz, 6.2 Hz, 1H), § 3.01 (ddd, <= 41.4 Hz, 14.2 z, 5.5 Hz, 1H).
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3-1-5. General experimental procedure for Sharpless-Katsuki asymmetric

epoxidation
Ti(OiPr), (cat.)
(L)-DIPT (cat.)
)Oi/ TBHP, MS4A OH . )Oi/
P - ' P
R' CH,Cly ~20°c R <) R’
(rac)-18 method A, B, C 20 18a-d

Method A (procedure for 18a and 18b)

Ti(OiPr), (0.4 eq.)
(L)-DIPT (0.45 eq.)

OH TBHP (1.5 eq.), MS4A OH
Z > P
R CH,Clp, —20 °C R1J\/
(rac)-18 18
18a: R' = Ph

18b : R' = C4H,CF;

()-DIPT (1.4 mL, 6.65 mmol) in CH2Cl2 (20 mL) was treated with powdered 4A
molecular sieves (0.75 mg) and then cooled to —20 °C. Ti(OiPr)s+ (1.7 mL, 5.91 mmol) was
slowly dropped. After being stirred at —20 °C for 10 minutes, (rac)-18 (14.8 mmol) in
CH:Cl: (20 mL) was slowly dropped and stirred at —20 °C for 45 minutes. The mixture
was added TBHP (4.0 mL, 22.1 mmol). After being stirred at —20 °C for 24 hours, the
reaction was quenched with 30% aqueous NaOH and water at —20 °C, followed by
stirring at room temperature for 24 hours. The mixture was extracted with CH2Cls (3 x
10 mL) and washed with brine. The organic phase was over Na2SOs, filtered and
concentrated under vacuum. The residue was chromatographed on silica gel (hexane /
EtOAc = 4/1, v/v) to afford alcohol (8)-18a (0.731 g, 37% yield, 96% ee) and (S)-18b (1.45
g, 49% yield, >99% ee). Afforded alcohol ($-18a was treated with the above same
manner with Ti(O7Pr)s (40 mmol), (Z)-DIPT (45 mmol) and TBHP (0.15 eq.) to afford
alcohol (9)-18a (34% yield, >99% ee) in two steps.
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Method B (procedure for 18c)

o)
Ti(OiPr), (0.2 eq.) Ph)kCI (1.3eq.)
(L)-DIPT (0.22 eq.) .
OH TBHP (0.7 eq.), MS4A OH pyridine (1.6 eq.) Ph)J\O
- = - = -
iPr CH,Cl,, — 20 °C iPr CH,Cl,, 1t ,-Pr)\/
(rac)-18c (R)-18¢c

(2)-DIPT (0.65 mL, 3.08 mmol) in CH2Cl: (20 mL) was treated with powdered 4A
molecular sieves (0.35 mg) and then cooled to —20 °C. Ti(O1Pr)4+ (0.8 mL, 2.80 mmol) was
slowly dropped. After being stirred at —20 °C for 10 minutes, (rac)-18c (1.4 g, 14.0 mmol)
in CH2Clz (20 mL) was slowly dropped and stirred at —20 °C for 45 minutes. The
mixture was added TBHP (1.8 mL, 9.79 mmol). After being stirred at —20 °C for 24
hours, the eaction was quenched with 30% aqueous NaOH and water at —20 °C, followed
by stirring at room temperature for 24 hours. The mixture was extracted with CHzCl: (3
x 10 mL) and washed with brine. The organic phase was over Na2SQs, filtered and
concentrated under vacuum. The residue was chromatographed on silica gel (hexane /
EtOAc = 4/1, v/v) to afford alcohol (R)-18¢ (0.296 g, 21% yield) as colorless liquid.

To a solution of the alcohol (B)-18c¢ (71 mg, 0.711 mmol) in CH2Clz (5.0 mL), pyridine
(92 pL, 1.14 mmol) was added at room temperature. Then benzoyl chloride (0.10 mL,
0.925 mmol) was added. After stirring at room temperature for 24 hours, the reaction
was quenched with water. The mixture was extracted with CH2Cls (3 x 10 mL) and
washed with brine. The organic phase was over Na2SQu, filtered and concentrated
under vacuum. The residue was chromatographed on silica gel (hexane / EtOAc = 20/1,

viv) to afford ester (&B)-c (61.0 mg, 42% yield, >99% ee) as colorless liquid.
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Method C (procedure for 18d)

0
Ti(OiPr), (0.4 eq.) Ph)J\CI (1.3 eq.)
(L)-DIPT (0.45 eq.) .
OH TBHP (1.5 eq.), MS4A OH pyridine (1.6 eq.) Ph)ko
)\/ > /'\/ >
Cy CH,Cl,, — 20 °C Cy CH,Cly, rt Cy/K/
(rac)-18d (R)-18d

(L)-DIPT (0.60 mL, 2.71 mmol) in CH2Clz (20 mL) was treated with powdered 4A
molecular sieves (0.35 mg) and then cooled to —20 °C. Ti(OiPr)4 (0.7 mL, 2.41 mmol) was
slowly dropped. After being stirred at —20 °C for 10 minutes, (rac)-18c (0.85 g, 6.03
mmol) in CH2Clz (20 mL) was slowly dropped and stirred at —20 °C for 45 minutes. The
mixture was added TBHP (1.6 mL, 9.06 mmol). After being stirred at —20 °C for 24
hours, the eaction was quenched with 30% aqueous NaOH and water at —20 °C, followed
by stirring at room temperature for 24 hours. The mixture was extracted with CHzCl: (3
x 10 mL) and washed with brine. The organic phase was over Na2SQs, filtered and
concentrated under vacuum. The residue was chromatographed on silica gel (hexane /
EtOAc = 4/1, v/v) to afford alcohol (£)-18d (0.384 g, 45% yield) as colorless liquid.

Afforded alcohol (9)-18d was treated with the same manner of (£)-18c to afford the
ester (&)-d (0.105 g, 79% yield, >99% ee).

(9-1-Hydroxy-1-phenyl-2-propene [(S)-18a]

Y
(S)-18a

37% vyield, colorless liquid, Rt 0.50 (hexane/EtOAc = 4/1 (v/v); 'H NMR (CDCls)
87.41-7.33 (m, 4H), & 7.42-7.24 (m, 1H), § 6.06 (ddd, = 17.2 Hz, 10.8 Hz, 6.0 Hz, 1H),
85.36 (d, J=15.7 Hz, 1H), 8 5.24-5.18 (m, 1H), § 5.21 (d, J= 15.7 Hz, 1H), § 1.92 (s, 1H).
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(9-1-Hydroxy-1-(4-trifluoromethylphenyl)-2-propene [(:5-18b]

OH

/@/’\/
F5;C

(5)-18b

49% vyield, pale-yellow liquid, Rr 0.50 (hexane/EtOAc = 4/1 (v/v); 'TH NMR (CDCls)
817.60 (d, &= 8.74 Hz, 2H), § 7.50 (d, = 8.74 Hz, 2H), § 6.01 (ddd, <= 17.2 Hz, 10.8 Hz,
6.0 Hz, 1H), § 5.37 (d, J= 15.7 Hz, 1H), § 7.28 (s, 1H), § 5.23 (d, /= 15.7 Hz, 1H), § 1.83
(s, 1H).

(R)-1-Hydroxy-1-(2-propyl)-2-propene [(£)-18c]

OH

iPr)\/

(R)-18¢

21% yield, colorless liquid, Rt 0.50 (hexane/EtOAc = 4/1 (v/v); TH NMR (CDCls) § 5.86
(ddd, = 17.2 Hz, 10.8 Hz, 6.0 Hz, 1H), § 5.21 (dt, J=17.6 Hz, 1.6 Hz, 1H), § 5.16 (dt, J=
17.6 Hz, 1.6 Hz, 1H), 5 3.88-3.84 (m, 1H), & 1.74 (septet, J= 6.8 Hz, 1H), § 1.47 (d, J= 4.4
Hz, 1H), § 0.92 (dd, J= 12.0 Hz, 7.2 Hz, 1H).

(R)-1-Hydroxy-1-cyclohexyl-2-propene [(S)-18d]

OH

%
Cy

(R)-18d

45% yield, colorless liquid, Rr 0.50 (hexane/EtOAc = 4/1 (v/v); TH NMR (CDCls) § 5.86
(ddd, = 17.2 Hz, 10.8 Hz, 6.0 Hz, 1H), § 5.21 (dt, J=17.6 Hz, 1.6 Hz, 1H), § 5.14 (dt, J=
17.6 Hz, 1.6 Hz, 1H), § 3.87-3.83 (m, 1H), § 1.89-1.81 (m, 1H), § 1.81-1.61 (m, 4H), § 1.49
(d, J= 4.4 Hz, 1H), § 1.46-1.35 (m, 1H), § 1.34-1.11 (m, 3H), § 1.07-0.87 (m, 2H).
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3-1-6. Procedure for 1-trityl-4-formyl-imidazole 22

OHC OHC
):\ TrCl, Et;N ):\
—_—
NoNH DMF, rt. Ny NTF
21 22

To a solution of 21 (1.00g, 10.4 mmol) and trityl chloride (3.20 g, 11.5 mmol) in DMF
(10 mL) was added triethylamine (2.9 mL, 20.9 mmol) at room temperature. After being
stirred at room temperature for 24 hours, the mixture was filtrated. The residue was
washed with diethyl ether and dried under vacuum to furnish 22 as a white solid (2.94 g,
82% yield); 'TH NMR (CDCls) § 9.88 (s, 1H), § 7.61 (s, 1H), § 7.53 (s, 1H), § 7.38-7.33 (m,
9H), 5 7.14-7.09 (m, 6H).

3-1-7. Procedure for 1-trityl-4-vinyl-imidazole 19

OHC MePPhsBr =
Y= nBuLi /3:\
NVNTT THF, 0 °C NVNTr
22 19
To methyltriphenylphosphonium bromide (1.15 g, 3.21 mmol) in THF (15 mL) was

slowly added n-buthyllithium (1.6 M, 2.0 mL, 3.21 mmol) at —78 °C. After being stirred
at 0 °C for 1 hour, 22 (0.985 g, 2.91 mmol) in THF (5.0 mL) was added at 0 °C. After
being stirred at the same temperature for 3 hours, the reaction was quenched with the
aqueous solution of ammonium chloride. The mixture was extracted with diethyl ether
(3 x 10 mL). The organic phases were dried over NasSO4, filtered and concentrated
under vacuum. The residue was dried under vacuum to afford 19 (1.08 g, 93% yield) as a
white solid; TH NMR (CDCls) § 7.38-7.31 (m, 9H), § 7.18-7.11 (m, 6H), § 6.77 (d, J= 1.2
Hz, 1H), § 6.55 (dd, = 17.6 Hz, 10.8 Hz, 1H), § 5.82 (dd, <= 17.6 Hz, 1.6 Hz, 1H), § 5.11
(dd, &~ 10.8 Hz, 1.6 Hz, 1H).
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3-1-8.

ester moiety

o)
Ny
R1)\/ N NTT
(>99% ee) hd
18" 19

Y A U
S NN~

Experimental details for one-pot reaction of cross metathesis and reduction of

Ny

7
- . R
CHzclz THF, 0 °C
reflux, 40 h NTr
23" 23
+
OH
R'l
11

19 (34.0 mg, 0.101mmol) and 18” (0.152 mmol) in CH2Cl: (0.5 mL) were stirred at 40 °C
for 10 minutes, then added Hoveyda-Grubbs 2rd 7 (19.0 mg, 30.0 pmol) in CHzCl: (0.5
mL) into three portions every 1.5 hours. After being stirred at 40 °C for 40 hours, the

mixture was evaporated under vacuum. The residue was dissolved in THF (5.0 mL)

without purifying. After being stirred at 0 °C for 10 min, LAH (8.7 mg, 0.228 mmol) was

added slowly at 0 °C. After being stirred at the same temperature for another 1 hour,

the reaction was quenched with Na2SO4- 10H20 and EtOAc (5.0 mL). The mixture was

filted out and evaporated under vacuum. The residue was purified with silica gel

chromatography (hexane / EtOAc = 1/2, v/v then EtOAc only) to afford 23 and 11.

3-1-9.

Ph

Procedure for 18a’

OH

18a

=

Ac,0 (1.0 eq.)
DMAP (0.1 eq.)
Et;N (1.5 eq.) OAc

> =

Ph
CH,Cly, rt

18a’

The alcohol 18a (0.20 g, 1.49 mmol) in CH2Clz (3.0 mL) was added DMAP (18.0 mg,
0.149 mmol), acetic anhydride (0.14 mL, 1.49 mmol) and triethylamine (0.31 mL, 2.24
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mmol) at room temperature. After being stirred at room temperature for 12 hour, the
reaction was quenched with water. The solution was extracted with CH2Clz (3 x 5 mL).
The organic phases were dried over Na2SQy, filtered and concentrated under vacuum.
The residue was chromatographed on silica gel (hexane / EtOAc = 20/1, v/v) to give the
ester 18a’ (0.157 g, 60% yield) as colorless liquid; R 0.45 (hexane/EtOAc = 20/1 (v/v); 1H
NMR (CDCls) § 7.36-7.29 (m, 5H), § 6.26 (dt, = 5.6 Hz, 1.2 Hz, 1H), § 6.00 (ddd, J= 17.2
Hz, 10.8 Hz, 6.0 Hz, 1H), § 5.29 (dt, /= 17.6 Hz, 1.6 Hz, 1H), 5 5.24 (dt, J=17.6 Hz, 1.6
Hz, 1H), § 2.11 (s, 1H).

3-1-10. General procedure for 18a”-d”

(iPrC0),0 (1.0 eq.)

DMAP (0.1 eq.) o)
OH EtzN (1.5 eq.) ]
_ - iPr o
1
R CHyCly, rt. RJ\/
18
18"

The alcohol 18 (1.41 mmol) in CH2Cl2 (3.0 mL) was added DMAP (17.0 mg, 0.140 mmol),
isobutylic anhydride (0.23 mL, 1.41 mmol) and triethylamine (0.30 mL, 2.12 mmol) at
room temperature. After being stirred at room temperature for 12 hour, the reaction
was quenched with water. The solution was extracted with CH2Clz (3 x 5 mL). The
organic phases were dried over Na2SOy, filtered and concentrated under vacuum. The

residue was chromatographed on silica gel (hexane / EtOAc = 20/1, v/v) to give the ester
18”.

(9-1-Phenyl-2-propen-1-yl isobutylate [(S)-18a”]

(S)-18a"

82% yield, colorless liquid, Rf 0.50 (hexane/EtOAc = 20/1 (v/v); 'TH NMR (CDCls)
5 7.36-7.29 (m, 5H), § 6.25 (dt, = 5.6 Hz, 1.2 Hz, 1H), § 6.00 (ddd, <~ 17.2 Hz, 10.8 Hz,
6.0 Hz, 1H), 5 5.29 (dt, /= 17.6 Hz, 1.6 Hz, 1H), § 5.23 (dt, /= 17.6 Hz, 1.6 Hz, 1H),
52.61 (septet, /= 6.8 Hz, 1H), 5 1.19 (dd, J= 10.3 Hz, 6.8 Hz, 6H); 13C NMR (CDCls)
§175.91, §139.10, §136.44, §128.48, 5128.00, 5126.94, 5116.66, &75.74, & 34.13,
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5 18.90, & 18.86; [a]20p = -33.2 (¢ 0.5, DCM); HRMS (ESI) calcd for C13sH1602 (M* + Na)
227.1073, found 227.1046.

(9-1-(4-Trifluoromethylphenyl)-2-propen-1-yl isobutylate [(S)-18b”]

(S)-18b"

>99% yield, pale yellow liquid, Rt 0.50 (hexane/EtOAc = 20/1 (v/v); 'TH NMR (CDCls)
57.61 (d, J= 8.4 Hz, 2H),  7.46 (d, J= 8.4 Hz, 2H), 5 6.28 (d, = 6.0 Hz, 1H), 5 5.97 (ddd,
J=17.2 Hz, 10.8 Hz, 6.0 Hz, 1H), §5.34-5.26 (m, 2H), § 2.63 (septet, J= 6.8 Hz, 1H),
51.21 (dd, &~ 10.3 Hz, 6.8 Hz, 6H); 3C NMR (CDCls) & 143.09, § 135.69, & 130.17
(qualtet, & 32.4 Hz), §127.16, §125.53, §125.49, §123.98 (qualtet, J= 276.4 Hz),
§117.60, & 75.10, & 34.08, & 18.83; [a]20p = -13.2 (c 1.0, DCM); HRMS (ES]) calced for C-
14H15F502 (M* + Na) 295.0916, found 295.0903.

(R)-1-(2-isopropyl)-2-propen-1-yl isobutylate [(£)-18¢”]
0]

PN

iPr (@]

iPr)\/
(S)-18¢c"

52% yield, colorless liquid, Rt 0.50 (hexane/EtOAc = 20/1 (v/v); 'H NMR (CDCls) H
NMR (CDCls) § 5.75(ddd, <= 17.2 Hz, 10.8 Hz, 6.0 Hz, 1H), § 5.20 (dt, J= 17.6 Hz, 1.6 Hz,
1H), § 5.16 (dt, J = 17.6 Hz, 1.6 Hz, 1H), § 2.56 (septet, = 6.8 Hz, 1H), § 2.78-2.69 (m,
4H), §1.67-1.49 (m, 1H), §1.17 (dd, <&~ 10.3 Hz, 6.8 Hz, 6H), §1.33-1.12 (m, 4H),
5 1.06-0.94 (m, 2H).

(R)-1-Cyclohexyl-2-propen-1-yl isobutylate [(£)-18d”]
(0]

N

iPr (@]
=
Cy)\/
(S)-18d"
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>99% yield, colorless liquid, Rf 0.50 (hexane/EtOAc = 20/1 (v/v); 'TH NMR (CDCls)
8 5.76(ddd, J= 17.2 Hz, 10.8 Hz, 6.0 Hz, 1H), § 5.22 (dt, J= 17.6 Hz, 1.6 Hz, 1H), § 5.18
(dt, J=17.6 Hz, 1.6 Hz, 1H), 5 2.57 (septet, = 6.8 Hz, 1H), § 1.87 (septet, /= 6.8 Hz, 1H),
§1.19 (dd, J= 10.3 Hz, 6.8 Hz, 6H), § 0.88 (dd, <~ 10.3 Hz, 6.8 Hz, 6H).

3-1-11. Procedure for 1-trityl-4-allyl-1 A-imidazole 29

Ip, K | |
= NaOH '\/_\/ Na,SO; N TrClLEGN \
HN N ———= NN 7 HNN " NNTF
H,0, 1t Y EuOM0 N7 THFR, 70°c N
30 | 100 °C
32 33
31
allyl bromide N\
EtMgBr LiCl, CuCN
THF, it THF, rt N NTF
29

2,4,5-triiodoimidazole 31 and 4-iodo-1H-imidazole 32 ©), 4-iodo-1-tritylim-1H-imidazole
33 7 1-trityl-4-allylimidazole 29 ® were prepared according to the reported procedures.

2,4,5-triiodoimidazole (31)
| |

HN_N

Y

1
31

47% yield, white solid; "H NMR (ds DMSO) & 7.62-7.58 (m, 10H), & 7.32-7.25 (m, 5H).

4-iodo-1H-imidazole (32)
|

=
HN\¢N
32

93% yield, white solid; 'H NMR (ds DMSO) 8 7.76 (s, 1H), 8 7.61-7.58 (m, 10H),
8 17.33-7.26 (m, 6H),.
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4-iodo-1-tritylim-1 H-imidazole (33)

NVNTr

33

96% yield, white solid; 1H NMR (CDCls) § 7.37-7.30 (m, 10H), § 7.13-7.08 (m, 6H), 5 6.91
(d, o= 1.6 Hz, 1H).

1-trityl-4-allylimidazole (29)

NwNTr

29

71% yield, white solid; 'H NMR (CDCls) § 7.37-7.30 (m, 10H), § 7.17-7.10 (m, 6H), § 6.57
(s, 1H), 8 6.00-5.93 (m, 1H), 8 5.10 (d, = 17.2 Hz, 1H), § 5.03 (d, &~ 10.0 Hz, 1H), § 3.32
(d, J=6.4 Hz, 1H).

3-1-12. Procedure for 1-trityl-2-chloro-4-vinyl-1 H-imidazole 25

ﬂ_\ nBuLi, Cl;CCCl, 5\_\

N NTF N NTr
Cl

THF, -78 °C
19
25

The vinylimidazole 19 (1.53 g, 4.55 mmol) in THF (45 mL) was added nbutyl lithium
(1.61 M, 5.6 mL, 9.10 mmol) at —-78 °C and the mixture was stirred at the same
temperature for 1 hour. Then, hexachloroethane (2.26 g, 9.56 mmol) in THF (10 mL)
was added at —78 °C. After being stirred at —78 °C for 1 hour, the reaction was quenched
with aqueous solution of ammonium chloride. The solution was extracted with CH2Cls
(3 x 10 mL). The organic phases were dried over Na2SOs, filtered and concentrated
under vacuum. The residue was purified by recrystallization in EtOAc to give 25 (1.24 g,
74% yield) as a white solid; 'H NMR (CDCls) & 7.37-7.28 (m, 10H), & 7.21-7.14 (m, 5H),
§6.73 (s, 1H), §6.42 (dd, = 17.6 Hz, 11.2 Hz, 1H), §5.83 (dd, ¢~ 17.6 Hz, 1.6 Hz,
1H), § 5.12 (dd, <= 11.9 Hz, 2.8 Hz, 1H).
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4-(3-Phenyl-3-hydroxy-1-propen-1-yl)-1-trityl-1 A-imidazole (23a)

OH
Ph

NVNTr

23a

30% yield (2 steps from 19), white solid: mp 126-128 °C; 'H NMR (CDCls) & 7.42-7.25
(m, 15H), § 7.13-7.08 (m, 6H), §6.76 (s, 1H), § 6.50 (d, J= 6.0 Hz, 1H), §6.48 (s, 1H),
§5.33 (d, J= 5.6 Hz, 1H); 13C NMR (CDCls) & 143.13, 5142.14, §139.10, & 138.46,
§130.58, 8129.67, 5128.32, §128.01, §127.91, & 127.33, & 126.37, 5 122.30, & 119.53,
5 75.28, 8 74.81; [a]2op = -5.4 (c 0.5, DCM); HRMS (ESI) caled for Cs1H27ONz (M++H)
443.2118, found 443.2112.

4-[3-(4-Trifluoromethylphenyl)-3-hydroxy-(1-propen)-1-yll-1-trityl-1 A-imidazole (23b)

OH
FsC

NVNTr
23b

23% yield (2 steps from 19), white solid: mp 158-160 °C; 'H NMR (CDCls) § 7.56 (dd, J=
21.6 Hz, 6.4 Hz, 4H), § 7.40-7.31 (m, 10H), § 7.16-7.09 (m, 6H), § 6.77 (s, 1H), 5 6.50 (d,
J= 10.4 Hz, 1H), §6.47 (s, 1H), §5.38 (s, 1H); 13C NMR (CDCls) & 147.03, & 142.06,
§139.25, §138.06, 5129.95, §129.66, 5129.40, & 128.10, 5 127.95, & 126.58, & 125.26,
§124.17, §122.98, §119.91, § 75.40, & 74.29; [a]20p = -8.6 (¢ 0.5, DCM); HRMS (ESID
calcd for C32H260N2Fs (M++H) 511.1992, found 511.1986.

3-1-13 Reduction of 23
OH
1
RN H,, Pd/C
= EtOAc R— I
23 11
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The secondary alcohol 11a, 11b were prepared according to the reported procedures 9.

4-(3-Phenyl-3-hydroxyprop-1-yl)-1-trityl-1 H-imidazole (11a)

OH
Ph

NwNTr
11a

77% yield, white solid; H NMR (CDCls) § 7.39-7.30 (m, 14H), 5 7.22 (t, &= 6.0 Hz, 14H),
§7.16-7.12 (m, 6H), 5 6.53 (s, 1H), & 4.81 (dd, <= 5.6 Hz, 3.6 Hz, 1H), § 2.68 (t, &= 5.2 Hz,
2H), § 2.09-2.03 (m, 2H); [a]20p=-8.1 (¢ 1.0, DCM).

4-[3-(4-Trifluoromethylphenyl)-3-hydroxyprop-1-yll-1-trityl-1 F-imidazole (11b)

OH
FsC

N\VNTr

11b

>99% yield, white solid: mp 150-151 °C; 'TH NMR (CDCls) § 7.54 (dd, J= 23.2 Hz, 6.4 Hz,
4H), § 7.36-7.30 (m, 10H), 5 7.16-7.10 (m, 6H), & 6.55 (s, 1H), & 4.92 (dd, J= 5.6 Hz, 3.6
Hz, 1H), § 2.69 (t, = 5.2 Hz, 2H), § 2.06-1.97 (m, 2H); 13C NMR (CDCls) § 147.03; [a]20p
= -11.3 (c 0.2, DCM); HRMS (ESI) calcd for Cs2H27FsN2O (M*+H) 513.2148, found
513.2142.

3-1-14 Annulations of 11

TsCl, EtsN,
o _ Me3N+-HCI R —
HO NaNTr  CHCl, CH4CN, NN
i, 1h CH,OH, R
1 75°C, 20 h 12
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11 (0.119 mmol) in CH2Clz (10 mL) was added TsCl (34.0 mg, 0.178 mmol), MesN « HCI
(1.0 mg, 0.012mmol) and EtsN (33.0 pL, 0.238 mmol). After stirring for 1 hours at toom
temperature, the reaction was quenched with NaHCOs. The mixture was extracted with
CH:Cl: (3 x 10 mL) and washed with brine. The organic phase was over Na2SOy, filtered
and concentrated under vacuum. The residue was chromatographed on silica gel (CHCls
/ MeOH = 20/1, v/v) to the imidazole 12.

5-Phenyl-6,7-dihydro-5 A-pyrrolol1,2-climidazole (12a)

N N

7
Ph

12a
67% yield, pale yellow solid, Rr 0.25 (CHCls/MeOH = 20/1 (v/v); 'H NMR (CDCls)
87.37-7.27 (m, 4H), §7.12-7.10 (m, 2H), §6.80 (s, 1H), §5.29 (t, = 6.8 Hz, 1H),

5 3.07-2.83 (m, 3H), § 2.55-2.47 (m, 1H).

5-Phenyl-6,7-dihydro-5 Apyrrolo[1,2-climidazole (12a)

F 12b

66% yield, pale yellow solid, Rr 0.25 (CHCIs/MeOH = 20/1 (v/v); TH NMR (CDCls) & 7.62
(d, &= 8.4 Hz, 2H), 8 7.30 (s, 1H), § 7.21 (d, .~ 8.4 Hz, 2H), § 6.82 (s, 1H), 8 5.37 (dd, J~=
8.0 Hz, 6.0 Hz, 1H), 6 3.15-3.06 (m, 1H), & 3.00-2.87 (m, 2H), & 2.55-2.47 (m, 1H).

3-2. Experimental details for the annulations of an aldehyde 39 and a ketone 40

o
PFe
o o 13k (20 mol %) 0 7 O:\
t-BUOK (20 mol %) o o P \N__N_PN
A~ > boor, > { Ve
R "OPNTCRs thE2an Lor o/ Lepn ©\ipr Ph
CF
39 40 ®
trans-41 cis-41
13k

3-2-1. Procedure of 5-membered lactone 41a
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To a suspension of ¢£-potassium butoxide (2.20 mg, 0.02 mmol) in dry THF (1.0 mL) was
added a THF solution of imidazolium salt 13c (9.90 mg, 0.02 mmol) at —78 °C and the
mixture was stirred at the same temperature for 1 hour. Then,
2,2,2-trifluoroacetophenone (40, 54.0 pL, 0.40 mmol) and cinnamaldehyde (89a, 13.0 uL,
0.10 mmol) were successively added to the mixture at —78 °C. The mixture was stirred
at the temperature for 30 minutes, and then allowed to worm to room temperature.
After being stirred at room temperature for 24 hours, the mixture was poured into
water (20 mL) and extracted with CH2Clz (3 x 5 mL). The organic phases were dried
over Na2S04, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (hexane / CH:2Clz = 2/1, v/v) to give a mixture of trans-
and cis41la as a pale yellow oil (52% yield, 15.8 mg, 0.051 mmol, R¢= 0.4).

The ratio of trans- and cis4la was 7.7:1 (estimated by a 'H NMR measurement) and
the enantiomeric excesses of trans- and cis4la were 62 and 37%, respectively
(estimated by a chiral HPLC measurement). Chiral HPLC conditions: column, Daicel
CHIRALCEL AS-H (4.6 x 153 mm); eluent, hexane / 2-propanol (90:10, v/v); flow rate,
0.9 mL min'1; detection, UV absorption at 210 nm.

trans-4la

1H NMR (CDCls) & 6.82-7.59 (m, 10H), & 4.28 (dd, J= 9.6, 5.6 Hz, 1H), §3.34 (dd, J =
18.9, 9.6 Hz, 1H), § 2.77 (dd, J=18.9, 5.6 Hz, 1H).
Chiral HPLC retention time: 6.78 and 9.74 min (62% eeo).

cis4la
'H NMR (CDCls) § 6.82-7.59 (m, 10H), § 4.01 (¢, = 9.0 Hz, 1H), § 3.16 (dd, J=17.3, 9.0
Hz, 1H), § 2.92 (dd, J/=17.3, 9.0 Hz, 1H).
Chiral HPLC retention time: 10.56 and 16.77 min (37% ee).
3-2-2. Procedure of 5-membered lactone 41b

The same procedure was employed for the annulations of 39a and 40. 53% yield, dr=
6.3 : 1 (trans : cis), Re= 0.4 (hexane/EtO2 = 2/1, v/v), chiral HPLC conditions: column,

Daicel CHIRALCEL AS-H (4.6 x 153 mm); eluent, hexane / 2-propanol (90:10, v/v); flow

rate, 1.0 mL min'1; detection, UV absorption at 220 nm.
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trans-41b

1H NMR (CDCls) & 7.27-7.12 (m, 5H), § 6.80 (d, /= 8.6, Hz, 4H), 5 4.28 (dd, /= 9.6, 5.6
Hz, 1H), 5 3.32 (dd, J=18.9, 9.6 Hz, 1H), § 2.73 (dd, J= 18.9, 5.6 Hz, 1H).
Chiral HPLC retention time: 10.07 and 11.06 min (54% ee).

cis41b

1H NMR (CDCls) § 7.27-7.12 (m, 5H), § 6.80 (d, /= 8.6 Hz, 4H), § 3.99 (t, J= 9.6 Hz, 1H),
83.12(dd, J=17.3,9.0 Hz, 1H), $ 2.93 (dd, /= 17.3, 9.0 Hz, 1H).
Chiral HPLC retention time: 9.01 and 13.13 min (41% ee).

3-2-3. Procedure of 5-membered lactone 41c

The same procedure was employed for the annulations of 39a and 40. 19% yield, dr =
6.9 : 1 (¢trans: cis), Re= 0.4 (hexane/EtOz = 2/1, v/v), chiral HPLC conditions: column,
Daicel CHIRALCEL OD-H (4.6 x 153 mm); eluent, hexane / 2-propanol (90:10, v/v); flow

rate, 0.8 mL min'l; detection, UV absorption at 220 nm.

trans-41b

IH NMR (CDCls) § 7.37 (d, J = 8.6, Hz, 2H), § 7.27-7.12 (m, 5H), 5 6.98 (d, /= 8.6, Hz,
2H), 5 4.35 (dd, J= 9.6, 5.6 Hz, 1H), § 3.38 (dd, J=18.9, 9.6 Hz, 1H), § 2.75 (dd, J= 18.9,
5.6 Hz, 1H).

Chiral HPLC retention time: 7.73 and 11.87 min (49% ee).

cis41b

1H NMR (CDCls) § 7.37 (d, J= 8.6, Hz, 2H), § 7.27-7.12 (m, 5H), § 6.98 (d, J = 8.6, Hz,
2H), 5 4.08 (t, J= 9.6 Hz, 1H), § 3.14 (dd, /= 17.3, 9.0 Hz, 1H), § 2.97 (dd, J= 17.3, 9.0
Hz, 1H).

Chiral HPLC retention time: 16.17 and 17.49 min (41% ee).

3-2-4. Preparation of 39

39a was purchased from Kanto chemical. 39b was purchased from TCI. 39¢ 19 were

prepared according to the reported procedures.
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trans-3-(4-Trifluoromethylphenyl)-2-propenal (39c)

0

@A\* :
F,;C

39c

87% yield, colorless needle crystal; 'TH NMR (CDCls) §9.75 (d, &= 7.6 Hz, 1H),
8 7.66-7.72 (m, 4H), 5 7.52 (d, /= 8.8 Hz, 1H), § 6.78 (dd, J= 16.4, 8.0 Hz, 1H).

Procedures for the new imidazoles and imidazolium salts.

1-Bromo-2,6-diisopropyl benzene 19, 1-bromo-2,4,6-trycyclohexyl benzene 12
bis-(1-naphtyl)-methylbromide 13), bis-(2-naphtyl)-methylbromide 14),
di-(4-trifluoromethylphenyl)-methylbromide 19, were prepared according to the reported

procedures.
4-[3-(3,5-Di- tbutylphenyl)-3-hydroxyprop-1-yll-1-trityl-1 A-imidazole (11e)

Pth tBu
N
Q|
N

tBu
HO

11e

To magnesium (1.42 g, 58.5 mmol) in THF (100 mL), A drop of 1,2-dibromoethane and
THF solution (50 mL) of 3,5-di-¢butylphenylmagnesium bromide (3.27 g, 12.1 mmol)
was added slowly at 70 °C. After stirring at the same temperature for 2 h, a THF
solution (50 mL) of 3-(1-tritylimidazol-4-yl)-propionaldehyde (10) (3.94 g, 10.7 mmol)
was added. The stirring mixture was gradually cooled to room temperature. After being
stirred for 18 hours, the mixture was cooled to 0 °C and quenched by addition of
saturated NH4Cl and brine. The solution was extracted with EtOAc (3 x 10 mL). The
organic phases were dried over Na2SOy, filtered and concentrated under vacuum. The
residue was chromatographed on silica gel (EtOAc) to give 1le (2.55 g, 45% yield) as
white solid; 1H NMR (CDCls) § 7.37 (d, &= 1.6 Hz, 1H), § 7.35-7.30 (m, 10H), § 7.20 (d, =
1.6 Hz, 1H) § 7.16-7.12 (m, 6H), § 6.55 (s, 1H), § 4.76 (t, J= 6.0 Hz, 1H), § 2.72 (t, /= 6.8
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Hz, 2H), § 2.06 (dd, = 13.6 Hz, 6.0 Hz, 2H), & 1.31 (s, 1H).

4-(3-Mesityl-3-hydroxyprop-1-yl)-1-trityl-1 A-imidazole (11f)

Ph3Q
N
Qo
N Mes
HO
119

To magnesium (0.112 g, 4.59 mmol) in THF (25 mL), A drop of 1,2-dibromoethane and
THF solution (30 mL) of mesitylphenylmagnesium bromide (0.7 mL, 4.59 mmol) was
added slowly at 70 °C. After stirring at the same temperature for 2 h, a THF solution
(30 mL) of 3-(1-tritylimidazol-4-yl)-propionaldehyde (10) (0.840 g, 2.29 mmol) was added.
The stirring mixture was gradually cooled to room temperature. After being stirred for
18 hours, the mixture was cooled to 0 °C and quenched by addition of saturated NH4Cl
and brine. The solution was extracted with EtOAc (3 x 10 mL). The organic phases were
dried over Na2SOs4, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (EtOAc) to give 11g (0.68 g, 61% yield) as colorless
crystal; TH NMR (CDCls) § 7.35-7.31 (m, 10H), § 7.16-7.12 (m, 6H), § 6.78 (s, 2H), 5 6.59
(s, 1H), §5.12 (dd, <= 10.0, 3.6 Hz, 1H), §2.73 (t, /= 6.8 Hz, 2H), §2.34 (s, 6H),
8 2.30-2.23 (m, 1H), 8 2.22 (s, 3H), § 1.93-1.84 (m, 1H).

4-[3-(2,6-Diisopropylphenyl)-3-hydroxyprop-1-yll-1-trityl-1 H-imidazole (11g)

PhyC
N iPr
S
N
HO jpr
11g

To magnesium (0.617 g, 24.5 mmol) in THF (100 mL), A drop of 1,2-dibromoethane and
THF solution (30 mL) of 2,6-diisopropylphenylmagnesium bromide (6.12 g, 25.4 mmol)
was added slowly at 70 °C. After stirring at the same temperature for 2 h, a THF
solution (30 mL) of 3-(1-tritylimidazol-4-yl)-propionaldehyde (10) (4.65 g, 12.7 mmol)

was added. The stirring mixture was gradually cooled to room temperature. After being
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stirred for 18 hours, the mixture was cooled to 0 °C and quenched by addition of
saturated NH4Cl and brine. The solution was extracted with EtOAc (3 x 10 mL). The
organic phases were dried over NazSOy, filtered and concentrated under vacuum. The
residue was chromatographed on silica gel (EtOAc) to give 11g (2.07 g, 15% yield) as
white solid; 1H NMR (CDCls) § 7.37-7.31 (m, 10H), § 7.16-7.10 (m, 9H), § 6.58 (s, 1H),
85.36 (dd, J=10.0 Hz, 3.6 Hz, 1H), § 4.06 (s, 2H), § 2.79 (t, /= 7.2 Hz, 2H), § 2.38-2.28
(m, 1H), 5 1.97-1.88 (m, 1H), § 1.20 (d, /= 6.8 Hz, 1H).

4-[3-(Tricyclohexyl)-3-hydroxyprop-1-yll-1-trityl-1 A-imidazole (11h)

Ph3C\
N Cy
C
Q| Y
N
HO Cy
11h

To magnesium (0.398 g, 16.4 mmol) in THF (100 mL), A drop of 1,2-dibromoethane and
THF solution (50 mL) of 2,4,6-tricyclohexylphenylmagnesium bromide (6.60 g, 16.1
mmol) was added slowly at 70 °C. After stirring at the same temperature for 2 h, a THF
solution (20 mL) of 3-(1-tritylimidazol-4-yl)-propionaldehyde (10) (3.00 g, 8.19 mmol)
was added. The stirring mixture was gradually cooled to room temperature. After being
stirred for 18 hours, the mixture was cooled to 0 °C and quenched by addition of
saturated NH4Cl and brine. The solution was extracted with EtOAc (3 x 10 mL). The
organic phases were dried over Na2SOy, filtered and concentrated under vacuum. The
residue was chromatographed on silica gel (EtOAc) to give 11h (1.38 g, 24% yield) as
white solid; 'H NMR (CDCls) § 7.37 (d, J= 1.2 Hz, 1H), § 7.34-7.30 (m, 9H), § 7.17-7.12
(m, 6H), § 6.94 (s, 2H), § 6.58 (s, 1H), § 5.31 (dd, /= 10.0 Hz, 4.8 Hz, 1H), § 3.58 (s, 1H),
53.56 (s, 1H), 8 2.79 (s, 1H), § 2.79 (dq, /= 10.0 Hz, 4.8 Hz, 1H), § 2.74 (dq, J= 14.4 Hz,
7.2 Hz, 1H), § 5.31 (tt, J= 11.2 Hz, 2.8 Hz, 1H), § 2.27 (ddt, J= 13.6 Hz, 10.0 Hz, 6.8 Hz,
1H), § 1.98 (dtd, = 14.4 Hz, 7.6 Hz, 4.4 Hz, 1H), § 1.91-1.64 (m, 15H).
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5-(3,5-Dimethoxyphenyl)-6,7-dihydro-5 H-pyrrolo[1,2-climidazole (12¢)

< o
tBu\Q

tBu
(S)-12e

To a solution of 1le (2.55 g, 4.58 mmol) in CH2Cl: (30 mL) was added thionyl chloride
(1.2 mL, 16.0 mmol). The resulting mixture was heated to 40 °C and stirred for 1 hour.
The mixture was cooled to 0 °C and poured into NaHCOs. The organic phases were
dried over Na2S04, filtered and concentrated under vacuum to give crude
4-[3-(3,5-di- t buthylphenyl)-3-chloroprop-1-yll-1-trityl-1 A-imidazole. The product was
dissolved in CH3CN (70 mL) and refluxed for 20 hours. The mixture was added to
CH30H (70 mL) and the obtained mixture was refluxed for an additional 11 hours. After
concentration, the residue was partitioned between Et20 and H20. The organic phases
were extracted with 1 N HCI (2 x 30 mL). The combined aqueous phase was adjusted to
pH=8 by addition of KOH and extracted with CH2Clz (3 x 30 mL). The organic phase
was dried over Na2SOs, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (CHCls / CHsOH = 20/1, v/v) to give racemic 12e(0.448 g,
33% yield) as slight brown solid; 'H NMR (CDCls) & 7.38 (t, = 1.6 Hz, 1H), & 7.30 (s, 1H),
§6.94 (d, J= 2.0 Hz, 2H), 5 6.79 (s, 1H), § 5.26 (t, J = 6.8 Hz, 1H), § 3.06-2.92 (m, 2H),
§2.91-2.82 (m, 1H), § 2.56-2.48 (m, 1H), § 1.29 (s, 18H).

5-Mesityl-6,7-dihydro-5 Hpyrrolo[1,2-climidazole (12f)

(S)-12f

To a solution of 11f (0.545 g, 1.12 mmol) in CH2Clz (10 mL) was added thionyl chloride
(0.28 mL, 3.92 mmol). The resulting mixture was heated to 40 °C and stirred for 1 hour.
The mixture was cooled to 0 °C and poured into NaHCOs. The organic phases were
dried over Na2S0s4, filtered and concentrated under vacuum to give crude

4-(3-mesityl-3-chloroprop-1-yl)-1-trityl-1 #-imidazole. The product was dissolved in
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CH3sCN (20 mL) and refluxed for 20 hours. The mixture was added to CH3OH (20 mL)
and the obtained mixture was refluxed for an additional 11 hours. After concentration,
the residue was partitioned between Et20 and H20. The organic phases were extracted
with 1 N HCI (2 x 10 mL). The combined aqueous phase was adjusted to pH=8 by
addition of KOH and extracted with CH2Clz (3 x 10 mL). The organic phase was dried
over Na2S04, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (CHCls / CHsOH = 20/1, v/v) to give racemic 12f (0.213 g,
84% yield) as slight brown solid; TH NMR (CDCls) & 7.15 (s, 1H), 8 6.92-6.81 (d, = 25.4
Hz, 2H), § 6.73 (s, 1H), § 5.68 (t, &= 8.5 Hz, 1H), § 3.08-2.90 (m, 3H), 5 2.75-2.64 (m, 1H),
8 2.40 (s, 3H), § 2.26 (s, 3H), § 1.70 (s, 3H).

5-(2,6-Diisopropylphenyl)-6,7-dihydro-5H-pyrrolo[1,2-climidazole (12g)

(S)-12¢g

To a solution of 11g (2.48 g, 4.67 mmol) in CH2Cl:2 (30 mL) was added thionyl chloride
(1.2 mL, 16.4 mmol). The resulting mixture was heated to 40 °C and stirred for 1 hour.
The mixture was cooled to 0 °C and poured into NaHCOs. The organic phases were
dried over NazSOQy, filtered and concentrated under vacuum to give crude
4-[3-(2,6-diisopropylphenyl)-3-chloroprop-1-yll-1-trityl-1 H-imidazole. The product was
dissolved in CH3CN (70 mL) and refluxed for 20 hours. The mixture was added to
CH30H (70 mL) and the obtained mixture was refluxed for an additional 11 hours. After
concentration, the residue was partitioned between Et20 and H20. The organic phases
were extracted with 1 N HCI (2 x 30 mL). The combined aqueous phase was adjusted to
pH=8 by addition of KOH and extracted with CH2Cl2 (3 x 30 mL). The organic phase
was dried over Na2SQy4, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (CHCls/ CHsOH = 20/1, v/v) to give racemic 12g (0.648 g,
51% yield) as slight brown solid; "H NMR (CDCls) § 7.31 (t, J= 4.0 Hz, 1H), § 7.21 (t, J=
8.0 Hz, 2H), § 7.11 (s, 1H), § 6.77 (s, 1H), § 5.87 (t, J= 6.8 Hz, 1H), § 3.32 (septet, = 7.2
Hz, 1H), § 3.12-2.95 (m, 2H), § 2.82-2.72 (m, 1H), § 2.46 (septet, J= 7.2 Hz, 1H), § 1.32
(dd, =~ 6.8Hz, 4.8 Hz, 6H), § 1.14 (d, = 6.8 Hz, 3H), § 0.87 (d, = 6.8 Hz, 3H).
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5-(2,6-Tricyclohexylphenyl)-6,7-dihydro-5 H-pyrrolo[1,2-climidazole (12g)

Cy (S)-12g

To a solution of 11g (1.38 g, 2.00 mmol) in CH2Cl2 (25 mL) was added thionyl chloride
(0.51 mL, 7.0 mmol). The resulting mixture was heated to 40 °C and stirred for 1 hour.
The mixture was cooled to 0 °C and poured into NaHCOs. The organic phases were
dried over Na2S04, filtered and concentrated under vacuum to give crude
4-[3-(2,4,6-tricyclohexylphenyl)-3-chloroprop-1-yll-1-trityl-1 #-imidazole. The product
was dissolved in CH3CN (60 mL) and refluxed for 20 hours. The mixture was added to
CH30H (60 mL) and the obtained mixture was refluxed for an additional 11 hours. After
concentration, the residue was partitioned between Et20 and H20. The organic phases
were extracted with 1 N HCI (2 x 20 mL). The combined aqueous phase was adjusted to
pH=8 by addition of KOH and extracted with CH2Clz (3 x 20 mL). The organic phase
was dried over Na2SOs, filtered and concentrated under vacuum. The residue was
chromatographed on silica gel (CHCls/ CH30H = 20/1, v/v) to give racemic 12g (0.520 g,
61% yield) as slight brown solid; "H NMR (CDCls) & 7.12 (s, 1H), § 6.99 (d, &~ 1.5 Hz,
1H), 8 6.98 (d, J= 2.0 Hz, 2H), 5 6.78 (s, 1H), § 5.78 (t, J = 8.5 Hz, 1H), § 3.12-2.95 (m,
3H), 5 2.81 (tt, = 11.5 Hz, 2.5 Hz, 1H), § 2.78-2.68 (m, 1H), § 2.46 (tt, J= 11.5 Hz, 3.5 Hz,
1H), § 2.02 (tt, &= 11.0 Hz, 3.5 Hz, 1H), § 1.92-1.67 (m, 12H), § 1.62-1.07 (m, 17H), § 0.75
(qt, &= 10.4Hz, 3.2 Hz, 1H).
(9-2-Diphenylmethyl-5-phenyl-6,7-dihydro-5H-pyrrolol1,2-climidazolium

hexafluorophosphate (13a)
- Ph
~—N__N
i’ YO
13a Ph

A mixture of (5-12a (21.8 mg, 0.118 mmol) and diphenylmethylbromide (49.7 mg, 0.194
mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 21 hours under Ar
atmosphere. After cooling to room temperature, the mixture was concentrated under
reduced pressure. The residue was dissolved in CH2Cls, poured into aqueous solution of

NaHCOs, and extracted with CH2Clz (3 x 10 mL). The organic phases were dried over
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Naz2S0y, filtered and concentrated under vacuum. The residue was reprecipitated by
Et2O/hexane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 13a’ (43.4 mg, 74% yield). The imidazolium bromide was dissolved in H20 /
acetone = 1/1 (v/v) solution and the obtained mixture was added to potassium
hexafluorophosphate (39.6 mg, 0.215 mmol). After being stirred for 8 hours at room
temperature, the residue was filtered and the solvent was removed under reduced
pressure. The product 18a was obtained as slight brown solid (49.9 mg, 74% yield); 'H
NMR (CDCls) §8.06 (s, 1H), §7.45-7.31 (m, 9H), & 7.30-7.21 (m, 6H), §6.87 (s, 1H),
8 6.76 (s, 1H), 5 5.80 (t, = 5.4 Hz, 1H), § 3.19-3.12 (m, 3H), § 2.67-2.60 (m, 1H).

(9-2-Benzyl-5-phenyl-6,7-dihydro-5H-pyrrolo[1,2-climidazolium hexafluorophosphate
(13b)

N Ph

NN
P T®

13b

A mixture of (9)-12a (40.2 mg, 0.176 mmol) and benzylbromide (0.42 mL, 3.52 mmol) in
dry CH3CN (1.0 mL) was heated to 70 °C and stirred for 40 hours under Ar atmosphere.
After cooling to room temperature, the mixture was concentrated under reduced
pressure. The residue was dissolved in CH2Cls, poured into aqueous solution of NaHCOs,
and extracted with CH2Cl2 (3 x 10 mL). The organic phases were dried over Na2SOs4,
filtered and concentrated under vacuum. The residue was reprecipitated by
Et20/hexane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 13b’ (53.1 mg, 85% yield). After anion exchange according to the procedure of
13a, the product 13b was obtained as white solid (62.8 mg, 85% yield); 1H NMR (CDCls)
§8.07 (s, 1H), 5 7.45-7.32 (m, 8H), § 7.26-7.21 (m, 2H), § 6.06 (s, 1H), § 5.60 (t, /= 7.2 Hz,
1H), 5 5.23 (s, 2H), § 3.11-3.00 (m, 3H), § 2.66-2.51 (m, 1H).

(9-2-(2,3,4,5,6-Pentafluoro)-benzyl-5-phenyl-6,7-dihydro-5 H-pyrrolo[1,2-climidazolium
hexafluorophosphate (13c)

F
© PFg F
O
- F
NN
PH \/@ E
13c

81



A mixture of (9-12a (96.6 mg, 0.427 mmol), sodium iodide (1.00 mg) and
2,3,4,5,6-pentafluorobenzylbromide (0.13 mL, 0.854 mmol) in dry CH3sCN (2.5 mL) was
heated to 50 °C and stirred for 3 days under Ar atmosphere. After cooling to room
temperature, the mixture was concentrated under reduced pressure. The residue was
dissolved in CHzCls, poured into aqueous solution of NaHCOs, and extracted with
CH:Cl: (3 x 10 mL). The organic phases were dried over Na2SOs, filtered and
concentrated under vacuum. The residue was reprecipitated by Et2O/hexane, filtered,
washed with Et20 and dried under vacuum to give the azolium bromide 13¢’ (190 mg,
>99% yield). After anion exchange according to the procedure of 13a, the product 13¢
was obtained as white solid (219 mg, >99% yield); TH NMR (CDCls) § 8.41 (s, 1H),
87.47-7.41 (m, 3H), § 7.29-7.26 (m, 2H), 5 7.07 (s, 1H), § 5.74 (t, &= 7.4 Hz, 1H), § 5.51 (s,
2H), 5 3.17-3.07 (m, 3H), § 2.70-2.63 (m, 1H).

(9-2-Benzyl-5-phenyl-6,7-dihydro-5H-pyrrolo[1,2-climidazolium hexafluorophosphate
(13d)

OPFg
¢ N N-ph
P T®
13d

2-(Trimethylsilyl)phenyl imidazosulfonate was prepared according to the reported
procedures 16,

A mixture of (5-12a (92.1 mg, 0.499 mmol), cesium fluoride (0.152 mg, 2.00 mmol) and
2-(Trimethylsilyl)phenyl imidazosulfonate (0.30 g, 1.01 mmol) in dry CHsCN (2.5 mL)
was heated to 75 °C and stirred for 7 hours under Ar atmosphere. After cooling to room
temperature, the mixture was concentrated under reduced pressure. The residue was
dissolved in CH:Cls, poured into aqueous solution of NaHCOs, and extracted with
CH2Clz (3 x 10 mL). The organic phases were dried over Na2SOs, filtered and
concentrated under vacuum. The residue was reprecipitated by Et20/hexane, filtered,
washed with Et20 and dried under vacuum to give the azolium bromide 13d’ (57.9 mg,
34% yield). After anion exchange according to the procedure of 13a, the product 13d was
obtained as brown solid (68.9 mg, >99% yield); 'TH NMR (CDCls) & 8.41 (s, 1H), 8 7.70 (d,
J=17.2,1H), § 7.55-7.48 (m, 5H), § 7.43-7.38 (m, 3H), § 7.36-7.32 (m, 2H), § 5.92 (t, = 7.4
Hz, 1H), § 3.31-3.10 (m, 3H), § 2.75-2.68 (m, 1H).

(9)-2-Bis-(2-naphtyl)-methyl-5-phenyl-6,7-dihydro-5H-pyrrolo[1,2-climidazolium
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hexafluorophosphate (13¢)

auey
NN
h\ A4 @
13e Cb
A mixture of (9-12a (45.9 mg, 0.249 mmol) and bis-(2-naphtyl)-methylbromide (95.2
mg, 0.274 mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 4 days

P

under Ar atmosphere. After cooling to room temperature, the mixture was concentrated
under reduced pressure. The residue was dissolved in CH:Cls, poured into aqueous
solution of NaHCOs, and extracted with CH2Clz (3 x 10 mL). The organic phases were
dried over Na2SQO4, filtered and concentrated under vacuum. The residue was
reprecipitated by Et2O/pentane, filtered, washed with Et20 and dried under vacuum to
give the azolium bromide 13e’ (98.1 mg, 74% yield). After anion exchange according to
the procedure of 13a, the product 13e was obtained as pale brown solid (148 mg, >99%
yield); TH NMR (CDCls) & 7.86-7.71 (m, 10H), & 7.51-7.27 (m, 10H), & 7.19 (d, = 6.6 Hz,
2H), §7.05 (s, 1H), §6.94 (s, 1H), §5.70 (t, & 7.3 Hz, 1H), §3.10-2.95 (m, 3H),
§2.62-2.53 (m, 1H).

(9-2-Diphenylmethyl-5-(3,5-di- ¢-butylphenyl)-6,7-dihydro-5 Hpyrrolol[1,2-climidazoliu
m hexafluorophosphate (13f)

o
N NP

S A @
tBU\Q Ph
tBu

13f

A mixture of (9-12e (27.6 mg, 0.093 mmol) and diphenylmethylbromide (27.6 mg,
0.112 mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 5 days under
Ar atmosphere. After cooling to room temperature, the mixture was concentrated under
reduced pressure. The residue was dissolved in CH2Clz, poured into aqueous solution of

NaHCOs, and extracted with CH2Clz (3 x 10 mL). The organic phases were dried over
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Naa2S0y, filtered and concentrated under vacuum. The residue was reprecipitated by
Et2O/pentane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide (45.4 mg, 90% yield). After anion exchange according to the procedure of 13a,
the product 13f was obtained as colorless needle crystal (50.9 mg, >99% yield); "H NMR
(CDCls) §7.83 (s, 1H), §7.37-7.43 (m, TH), §7.24-7.27 (m, 2H), §7.17-7.20 (m, 2H),
56.94 (s, 2H), 5§ 6.89 (s, 1H), 5 6.80 (s, 1H), § 5.76 (t, J= 7.6 Hz, 1H) § 3.10-3.19 (m, 3H),
§2.54-2.63 (m, 1H), § 1.28 (s, 18H).

(9-2-Diphenylmethyl-5-mesityl-6,7-dihydro-5 H-pyrrolo[1,2-climidazolium
hexafluorophosphate (13g)

o Ph
NN
Mes \/@\(

13g Ph

A mixture of (9)-12f (106 mg, 0.468 mmol) and diphenylmethylbromide (232 mg, 0.937
mmol) in dry toluene (3.0 mL) was heated to 100 °C and stirred for 40 hours under Ar
atmosphere. After cooling to room temperature, the mixture was concentrated under
reduced pressure. The residue was dissolved in CH2Cls, poured into aqueous solution of
NaHCOs, and extracted with CH2Cls (3 x 10 mL). The organic phases were dried over
Na2S0y, filtered and concentrated under vacuum. The residue was reprecipitated by
Et20/hexane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 13g’ (170 mg, 77% yield). After anion exchange according to the procedure of
13a, the product 13g was obtained as slight brown solid (194 mg, 77% yield); 'H NMR
(CDCls) 87.72 (s, 1H), §7.44-7.38 (m, 6H), §7.28-7.24 (m, 2H), §7.21-7.18 (m, 2H),
§6.90 (s, 1H), 5 6.78 (s, 2H), § 6.75 (s, 1H), & 6.31(t, = 9.0 Hz, 1H), 5 3.31-3.13 (m, 2H),
§3.12-3.02 (m, 1H), § 2.62 (m, 1H), § 2.51 (s, 3H), 5 2.24 (s, 3H), § 1.77 (s, 3H).

(9-2-Benzyl-5-mesityl-6,7-dihydro-5 H-pyrrolo[1,2-climidazolium hexafluorophosphate
(13h)

N Ph

_N—
Mes e
13h
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A mixture of (9-12f (100 mg, 0.442 mmol) and benzylbromide (0.26 mL, 2.21 mmol) in
dry toluene (1.0 mL) was heated to 100 °C and stirred for 48 hours under Ar atmosphere.
After cooling to room temperature, the mixture was concentrated under reduced
pressure. The residue was dissolved in CH2Cls, poured into aqueous solution of NaHCOs,
and extracted with CH2Clz (3 x 10 mL). The organic phases were dried over Na2SOs4,
filtered and concentrated under vacuum. The residue was reprecipitated by
Et2O/hexane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 13h’ (126 mg, 72% yield). After anion exchange according to the procedure of
13a, the product 18h was obtained as white solid (147 mg, 72% yield); 'H NMR (CDCls)
§7.92 (s, 1H), § 7.43-7.37 (m, 3H), § 7.34-7.30 (m, 2H), 5 6.96 (s, 1H), 5 6.92-6.78 (d, &=
38.9 Hz, 2H), § 6.09 (t, &= 9.0 Hz, 1H), § 5.22(s, 2H), § 3.20-3.13 (m, 2H), § 3.09-3.00 (m,
1H), 5 2.71-2.60 (m, 1H), § 2.44 (s, 3H), § 2.24 (m, 1H), § 1.68 (m, 1H).

(9-2-(2,3,4,5,6-Pentafluoro)-benzyl-5-mesityl-6, 7-dihydro-5 H-pyrrolo[1,2-climidazolium
hexafluorophosphate (13i)

F
© PFg F
.
- F
NN
Mes e F
13i

A mixture of (9-12f (96.0 mg, 0.424 mmol), sodium iodide (1.00 mg) and
2,3,4,5,6-pentafluorobenzylbromide (96 pL, 0.636 mmol) in dry CHsCN (2.5 mL) was
heated to 80 °C and stirred for 3 days under Ar atmosphere. After cooling to room
temperature, the mixture was concentrated under reduced pressure. The residue was
dissolved in CH:Cls, poured into aqueous solution of NaHCOs, and extracted with
CH2Clz (3 x 10 mL). The organic phases were dried over Na2SOs, filtered and
concentrated under vacuum. The residue was reprecipitated by Et20/hexane, filtered,
washed with Et20 and dried under vacuum to give the azolium bromide 131’ (207 mg,
>99% yield). After anion exchange according to the procedure of 13a, the product 13i
was obtained as white solid (234 mg, >99% yield); TH NMR (CDCls) & 7.98 (s, 1H), § 7.10
(s, 1H), 56.84-6.95 (d, &~ 26.0 Hz, 2H), §6.06 (t, /= 9.2 Hz, 1H), §5.38 (s, 2H),
§ 3.24-3.15 (m, 2H), 5 3.06-2.97 (m, 1H), § 2.75-2.63 (m, 1H), 5 2.38 (s, 3H), § 2.24 (s, 3H),
8 1.70 (s, 3H).
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(9-2-Diphenylmethyl-5-(2,6-diisopropylphenyl)-6,7-dihydro-5H-pyrrolo[1,2-climidazoli

um hexafluorophosphate (13;j)
iPr,

Ph
s NN
] Ph
iPr

13

A mixture of (9-12g (41.0 mg, 0.152 mmol) and diphenylmethylbromide (41.5 mg,
0.168 mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 40 hours under
Ar atmosphere. After cooling to room temperature, the mixture was concentrated under
reduced pressure. The residue was dissolved in CHzCls, poured into aqueous solution of
NaHCOs, and extracted with CH2Cls (3 x 10 mL). The organic phases were dried over
Na2S0y, filtered and concentrated under vacuum. The residue was reprecipitated by
Et20/hexane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 13j’ (78.7 mg, >99% yield). After anion exchange according to the procedure of
13a, the product 13j was obtained as pale yellow crystal (88.6 mg, >99% yield); 1TH NMR
(CDCl») & 7.66 (s, 1H), § 7.43-7.35 (m, 6H), § 7.27-7.20 (m, 4H), § 7.14 (d, <= 10.8, 1H),
8 6.89 (s, 1H), 5 6.73 (s, 1H), § 6.37 (t, J= 7.2 Hz, 1H), § 3.27-3.46 (m, 2H), § 3.06-3.22 (m,
2H), § 2.66-2.77 (m, 1H), & 2.24-2.33 (septet, J= 6.8, 1H), § 1.32 (d, = 6.8 Hz, 3H), § 1.20
(dd, & 10.3 Hz, 6.8 Hz, 6H), § 0.73 (d, /= 6.8, 3H).

(9-2-Di-(4-trifluoromethyl)-phenylmethyl-5-(2,6-diisopropylphenyl)-6,7-dihydro-5 H-pyr
rolo[1,2-climidazolium hexafluorophosphate (13k)

CF5
O
iPr. R N v/N

3 g
iPr Q
Bk o

A mixture of (9-12g (33.0 mg, 0.123 mmol) and
bis-(4-trifluoromethylphenyl)-methylbromide (47.0 mg, 0.147 mmol) in dry CH3CN (1.0
mL) was heated to 70 °C and stirred for 5 days under Ar atmosphere. After cooling to

room temperature, the mixture was concentrated under reduced pressure. The residue
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was dissolved in CH2Cls, poured into aqueous solution of NaHCOs, and extracted with
CH:Cl: (3 x 10 mL). The organic phases were dried over Na2SOs, filtered and
concentrated under vacuum. The residue was reprecipitated by Et2O/hexane, filtered,
washed with Et20 and dried under vacuum to give the azolium bromide 18k’ (86.1 mg,
93% yield). After anion exchange according to the procedure of 13a, the product 13k was
obtained as white solid (81.9 mg, >99% yield); 'TH NMR (CDCls) & 7.85 (s, 1H), § 7.68 (d,
J= 8.4 Hz, 4H), § 7.42-7.33 (m, 5H), § 7.23 (d, /= 7.8 Hz, 1H), § 7.15 (d, J= 7.8 Hz, 1H),
56.99 (s, 1H), §6.93 (s, 1H), §6.39 (t, J= 7.2 Hz, 1H), & 3.39 (septet, /&= 6.8 Hz, 1H),
5 3.33-3.18 (m, 2H), § 3.15-3.07 (m, 1H), § 2.80-2.69 (m, 1H), & 2.24 (septet, /= 6.8, 1H),
§1.31(d, & 6.8 Hz, 3H), 5 1.19 (dd, <&~ 10.3 Hz, 6.8 Hz, 6H), 5 0.67 (d, = 6.8, 3H).

(9-2-Bis-(2-naphtyl)-methyl-5-(2,6-diisopropylphenyl)-6, 7-dihydro-5 H-pyrrolo[1,2-climi
dazolium hexafluorophosphate (131)

e
iPr. R N < ’\é.)

=
e

A mixture of (9-12g (21.8 mg, 0.081 mmol) and bis-(2-naphtyl)-methylbromide (31.0
mg, 0.089 mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 48 hours
under Ar atmosphere. After cooling to room temperature, the mixture was concentrated
under reduced pressure. The residue was dissolved in CH:zCls, poured into aqueous
solution of NaHCOs, and extracted with CH2Clz (3 x 10 mL). The organic phases were
dried over Na2SOs, filtered and concentrated under vacuum. The residue was
reprecipitated by Et2O/pentane, filtered, washed with Et20 and dried under vacuum to
give the azolium bromide 131’ (16.8 mg, 34% yield). After anion exchange according to
the procedure of 13a, the product 131 was obtained as colorless needle crystal (21.2 mg,
>99% yield); TH NMR (CDCls) § 7.89-7.78 (m, 7TH), § 7.73 (d, = 5.6 Hz, 2H), § 7.54-7.50
(m, 4H), § 7.39 (dd, J= 22.0 Hz, 2.0 Hz, 2H), § 7.27 (t, /= 8.0 Hz, 1H), 5 7.19 (t, J= 8.0 Hz,
1H), § 7.10 (d, &= 7.6 Hz, 1H), § 7.06 (s, 1H), §6.96 (s, 1H), § 6.43 (d, & 9.2 Hz, 2H),
§3.46-3.30 (m, 2H), 5 3.21-3.08 (m, 2H), § 2.76-2.62 (m, 1H), § 1.31 (septet, J= 6.8 Hz,
1H), § 1.31 (d, = 6.8 Hz, 3H), § 1.19 (dd, <= 10.3 Hz, 6.8 Hz, 6H), 5 0.75 (d, = 6.8, 3H).
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(9-2-Diphenylmethyl-5-(2,4,6-tricyclohexylphenyl)-6,7-dihydro-5 A-pyrrolol1,2-climidaz
olium hexafluorophosphate (13m)

13m

A mixture of (9-12h (44.1 mg, 0.102 mmol) and diphenylmethylbromide (30.3 mg,
0.122 mmol) in dry toluene (1.0 mL) was heated to 100 °C and the obtained mixture
was stirred for 40 hours under Ar atmosphere. After cooling to room temperature, the
mixture was concentrated under reduced pressure. The residue was dissolved in
CH:2Clg, poured into aqueous solution of NaHCOs, and extracted with CH2Clz (3 x 10
mL). The organic phases were dried over Na2SOs, filtered and concentrated under
vacuum. The residue was purified with short silica-gel column chromatography (Et20,
followed by MeOH/CH2Cl: = 1/2, v/v) and dried under vacuum to give the azolium
bromide 13m’ (62.7 mg, 90% yield). After anion exchange according to the procedure of
13a, the product 13m was obtained as white solid (68.7 mg, >99% yield); 'H NMR
(CDCls) & 8.58 (s, 1H), 8 7.55 (s, 1H), § 7.41-7.28 (m, 10H), § 7.03 (s, 1H), § 6.99 (s, 1H),
86.92 (s, 1H), 56.41 (t, J = 6.6 Hz, 1H), § 3.41-3.34 (m, 1H), § 3.24-3.06 (m, 3H),
8 2.76-2.65 (m, 1H), § 2.44 (t, = 12.0 Hz, 1H), § 1.96 (t, /= 12.0 Hz, 1H), § 1.86-1.62 (m,
16H), 5 1.48-1.07 (m, 12H), § 0.94-0.87 (m, 1H), § 0.79-0.69 (m, 1H).

(9-2-Di-(4-trifluoromethylphenyl)-methyl-5-(2,4,6-tricyclohexylphenyl)-6,7-dihydro-5 &
-pyrrolo[1,2-climidazolium hexafluorophosphate (13n)

CF5
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A mixture of (9-12h (31.7 mg, 0.073 mmol) and
bis-(4-trifluoromethylphenyl)-methylbromide (28.3 mg, 0.088 mmol) in dry CH3CN (1.0
mL) was heated to 75 °C and stirred for 3 days under Ar atmosphere. After cooling to
room temperature, the mixture was concentrated under reduced pressure. The residue
was dissolved in CH2Cls, poured into aqueous solution of NaHCOs, and extracted with
CH:Cl: (3 x 10 mL). The organic phases were dried over Na2SOs, filtered and
concentrated under vacuum. The residue was reprecipitated by Et2O/hexane, filtered,
washed with Et20 and dried under vacuum to give the azolium bromide 13n’ (55.3 mg,
>99% yield). After anion exchange according to the procedure of 13a, the product 13n
was obtained as colorless needle crystal (64.6 mg, >99% yield); 'H NMR (CDCls) & 7.89
(s, 1H), § 7.70-7.66 (m, 4H), 5 7.41 (dd, <= 20.6 Hz, 8.5 Hz, 4H), § 7.05 (s, 1H), 5 7.01 (s,
1H), § 6.91 (d, &~ 11.2, 1H), § 6.36 (t, J= 7.2 Hz, 1H), § 3.39-3.32 (m, 1H), 5 3.24-3.11 (m,
2H), §1.95 (t, & 11.9, 1H), §1.70 (m, 1H), §1.44 (m, 1H), §1.88-1.50 (m, 18H),
8 1.42-1.05 (m, 12H), 8 0.72-0.61 (m, 1H).

(9-2-Bis-(2-naphtyl)-methyl-5-(2,4,6-tricyclohexylphenyl)-6,7-dihydro-5 H-pyrrolo[1,2-c]

imidazolium hexafluorophosphate (130)

A mixture of (.9-12h (29.9 mg, 0.069 mmol) and bis-2-naphtyl-methylbromide (28.9 mg,
0.083 mmol) in dry toluene (1.0 mL) was heated to 100 °C and stirred for 5 days under
Ar atmosphere. After cooling to room temperature, the mixture was concentrated under
reduced pressure. The residue was dissolved in CH2Cls, poured into aqueous solution of
NaHCOs, and extracted with CH2Cls (3 x 10 mL). The organic phases were dried over
Na2SO0y, filtered and concentrated under vacuum. The residue was reprecipitated by
Et20/pentane, filtered, washed with Et20 and dried under vacuum to give the azolium
bromide 130’ (53.6 mg, >99% yield). After anion exchange according to the procedure of
13a, the product 130 was obtained as colorless needle crystal (58.1 mg, >99% yield); 1H
NMR (CDCls) & 7.89-7.82 (m, 8H), § 7.69 (s, 1H), § 7.55-7.50 (m, 4H), § 7.39 (dd, = 16.8
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Hz, 1.6 Hz, 2H), § 7.11 (s, 1H), 8 7.95 (s, 2H), 8 6.88 (s, 1H), § 6.39 (t, /= 9.6 Hz, 1H),
53.46-3.37 (m, 1H), §3.19-3.09 (m, 2H), §3.00-3.94 (m, 1H), §2.70-2.61 (m, 1H),
5 2.46-2.35 (m, 1H), 8 1.89-1.60 (m, 12H), 8 1.42-1.21 (m, 18H), 8 0.84-0.72 (m, 1H).
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