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Scheme 1. Generation of benzynes 1 and their reactions.
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9D K 72 1,3-BUhR+145 1 & D (B+2)F MBS 13A D X 5 72 3REZVEME & D o KA TERK
FOSIE, B EEARMEL 55,2 20T THRICRE REIE 2 505 B+2)NBR LG
AW RS EBRBREA WA RIEOME £ LU FISR 2%, 1974 45, Shechter 5%, «
S NUT LA IBAFIE T, TV b T =R da L HREER A Y T 2 V% THF W IR
FTHZELICE S TL-T -1H-A v ¥V — L 20aA RGBS = & &4 L7 (Scheme 2) 2> i
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Scheme 2. (3+2) Cycloaddition reactions of benzyne 1la with a-diazoketones 18A.
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7T 9T —TVFE T, 21 O MeCN & H, CsF &Mz /=& 2 A, la KD 22 DFAEL %
D (3+2) FHMBALSIG A FIRFICHEEIT L, 1IH-+A > % —)L 23a NG 6ni-, —FH, 7V K 9
LD (3+2) B RS EIDRFSE 7 V— T Db RiE &ul= (Scheme 3-3) ™ A%
VAT, RS T. FBax OB E O Y N 7Y — L 10a I EICART S 2 L
D CTX D, £7- Larock HIE AP THRAZIEZ= NI ALAFFT R2B5°= b 27 LD (3+2)
FIMBALES 21TV, ENENR Y A VX W — )L FH 268, XYV A Y AxH )
Bk 28a A TE 5 2 L AHE L7~ (Schemes 3-4 and 3-5) ' %2
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Scheme 3. (3+2) Cycloaddition reactions of benzyne 1a, generated from 5a, with diazo compounds

18B, nitrileimines 22, azides 9, nitrile oxides 25 and nitrones 27.
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BIZK R A URORICE DD 2 DDRFE E pHBEDETHEICKREIREZNELDT-D &
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LU, Brown i, 1c &= M U4 K 25A & D (3+2) (B LASIE, B g it
ARV &2 A LT D (Scheme 4-3),'% Z 0fb L, FLmBEOE FH0R AR & &
BELE O LONKHEEAEMAMK L, BLmEIENMET L2 B2 6D,
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1b (R = Me) Arl Ar
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distal-10bA : proximal-10bA =1 : 1
distal-10cA : proximal-10cA = >99 : 1
R
G)cl) R R Mes
®N 0,
o -0 O o
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1b, 1c Mes Mos
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R = Me (26b) or OMe (26¢)
distal-26bA : proximal-26bA = 3 : 2
distal-26¢A : proximal-26¢cA = 4 : 1

Scheme 4. Reactions of 3-methyl-benzyne 1b or 3-methoxy-benzyne 1c with 1,3-dipoles 22A, 9A and
25A.
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distal-28eA : proximal-28eA = 1 : >99 (total 91%)

Scheme 5. (3+2) Cycloaddition reactions of 3-silylbenzyne 1d or 3-(methoxymethoxy)benzyne le
with nitrone 27A.
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Lo (3+2) FIMBHLRIGIT 30T 2B EEE 2 BI% L (Scheme 6).7 F72bb, 7 K,
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WA B 2 LIS Ko TR ORBRIEROIED I AR o7, 7 &7z, 20O 7
N—FICE ST, BYHRR RS BRI K5 (3+2) MBS O LR 03 A S

NTWDHD, ZOFEMIIATR R — =TIk~ D,
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R-XYZ p R Bpin R
29 ©| ?g . ©:X‘Y 1)
RMgX R 12 iy Z//
M
OR L 1 29 J proximal-30f
proximal-41 : distal-41 = up to >50 : 1
R' X - e
3 Si(R?)Me i(R2
_ R-XYZ (R*)Me, Si(R?)Me,
M = Si(tBu)Me, (39) 29 .;. z
M = SiMe; (3d) - | YO [— v
M = Bpin (3f) R )'(‘@ R X
R \
1d, 1 R
19 29 distal-30d, 30g

distal-30d, g : proximal-30d, g = up to >50 :1
Scheme 6. (3+2) Cycloaddition reactions of 3-silylbenzynes 1d, 1g or 3-borylbenzynes 1f with
1,3-dipoles 29.
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7 L ONLERING Diels-Alder S5 % B%% L 7= (Scheme 7) 2088 = 0 & SO Gl KIS BB EL R A3 i
7= distal BRL{R 2 IR A A L 7=,

O R2

PHLe
R @ - D - X

-78°C
3 1for1g

M = Si(tBu)Me, (3g) or Bpin (3f)
M = Si(tBu)Me, (1g) or Bpin(1f)

distal- 8 proximal-8
M = Si(tBu)Me, (8g) or Bpin (8f)
regioselectivity up to >50 : 1

Scheme 7. Diels—Alder reactions of 3-silylbenzynes 1g or 3-borylbenzynes 1f with furans 7.
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Scheme 8. [2+2] Cycloaddition reaction of 3-alkoxy benzyne 1h and silyl enol ether 11A.
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R BEHILD R TR S Table LIZFE & iz, A TFAEEET HEA . 50:50 ONALE
BVERREME S5 25 (entryl), —F. A M VREREZETIHA, wRREIMNRIRMEZ RS
HLOD (entry 2), N YA U USRICAERD D A b VA RBEREIL L L O o B~

BT D LIILT LHERESD TRV, 7 A FE (entry 3R VR EREMR (entry ) DAL,
E OB [E A 2N EE AR S v, BRSO U R ERERIT proximal (K& i IRIIC S 2 72, F£7-. Rk
W LD A FRR Y RILEBGRBMEEZ AN Y 7 ) RIS E o T, SRHEOTEE
BIEA~EWRRETH D, DI, RSN T-HEIT, distal (K2R 2. HHOZEHaRE
IR B OB TH D,

Table 1. The regioselectivity of (3+2)cycloaddition reactions between 3-substituted benzynes 1 and
azide 9A.

R CHC) R R R A
3 Ar—N-N=N N A
2 9A I N, N,
| —_— | N®|>™ N + N
" Ar=CgHg-4-OMe NO N N
1 1 Mar Ar
9A distal-10A  proximal-10A
1 10A
entry - - -
R R distal : proximal further transformation of R
111d 1b Me 10bA  Me 50:50 not easy
211d 1c  OMe 10cA OMe >98 : 2 partly
3'7 1d SiMe; 10dA SiMeg 85:15 partly
417 1f Bpin 10fA  Bpin 2:>08 excellent

o, ZEEADD S BICHEE 4 (1O B X2 RISALERIE O 71— 710 &
STRAHLN TS, ° (LEERIEIZAED T (Scheme 9 I2Z O—flZ R ),

BnN3

. Bn
X SiMe3 CsF | X N X N
- O
e . )
OoTf Bn N N
5 9B
X =CN (5i, 1i) distal-10B proximal-10B
CO,Me (5j, 1j)
Br (5k, 1k) distal-10B : proximal-10B = up to 2 : 1

Scheme 9. The regioselectivity of the (3+2) cycloaddition reactions between 4-substituted benzynes
1 and the azide 9B.
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X, RN oOREE IR D &5 2 72 (Scheme 10), & H1Z, TfO BT =HEHEG OB L2 1T
TR EWROL D D SOSALERIE S AIREIC 2 5 & P L -, TfO BTSN E R~
WAETdH D Z &b P AREIAEDIE Y E O BRIELOMRN R TEL LTI/ TE 5,

1) Regioselective (3+2) Cycloaddition 2) Transformation of TfO
Tfox< I'? TfO A
r
/\’ | | " z\/ Z‘\ z\/ | Z
) T ) (R Y
NS ! > NS X, > NS Xl
11 (3-TfO-benzyne) 29 R R
1m (4-TfO-benzyne) 301 (4-TfO-benzoazole) 31a (4-Ar-benzoazole)
Y 30m (5-TfO-benzoazole) 31B (5-Ar-benzoazole)

Scheme 10. Concept of this work.
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distal- 30I distal- 31 o
SlMe3R X Y Z |1f0 1 TfO Z g M z
‘,Y e ) Y
R R
distal-30m distal-31B

e —
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BB TT VR IERLT U — VIRICEWT 5 2 & CRIRT 2 Z LR HkD, —F, 3T =
X R A T, 3V IAR R TERY A OB AFHIE AT o T E . Ak -
RSN T A ax U EOEHITIR S Thnizd, BB OMIRRIZIT R 52, D7z
W, Tk L RRRICEFRGIMEFEREZA L, HOo@BMESGIT X > TR AT
REZ28T LWEL MR DB N MLE TH D, £ I TRETEHIX
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2 29 Z
| ———— 0 @)
1 A
r
3-MeObenzyne 1c distal-30c
3M Ar— X Y=Z
2
| ——— @)
1
3-silyl-benzyne 1d (M = TMS)  proximal-30d (M TMS) prox:mal 31(1

3-boryl-benzyne 1f (M = Bpin)  proximal-30f (M = Bpin)

TfO :
TO___siR, TiO 3 Ar=X-YZZ z i
X 4N, 2 29 | vy
N [ > | [ Ut e A (4)
X Py X

OoTf H H
3-TfObenzyne precursor 51 3-TfObenzyne 1l distal- 30| distal- 3o ;
4-TfObenzyne precursor 5m 4-TfObenzyne 1m distal-30m i distal-31B !

Figure 1. Concept of regiocontrolled reactions of TfO-benzynes 11, 1m with 1,3-diploles 29 and

design of TfO-benzyne precursors 5I, 5m.
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L BIEROSIC K o TEBE G 72 B ) 7 VLA (TFO)HA Bk oo B I 5 Bl i) 5E i 7
HEEZ INELIZANICTIO KEZHT 591 2 1, Im & AV 2 EL A I ETE O B3I
EHF LI (Fig. 1-4), **

4 FBHDAWFGEEBIAA L1Z 2013 4RI Garg H 1%, EFREIMBEBELHTEIA LT 7 BA VATV

(Me;NSO0) A HT B 7 WA v In 234 L, EMBIRNe G@+2)MMNBR LIS & 25 L7 (Scheme
11).22 £ 7=, A4 28nA D Me,NS0,0 HiT Ni il ST & - TRFBERER A~ L MM ARETH 5 25,

Ni fii 2 iU 72 ZE MRS P filtdt 2 FF N 72 284 R 0 B P A L 24

tBu\@
N=
MesNSO,0 ed _\Ph MesNSO,0 Ph Me,NSO,0 Ph MesNSO,0
NN G NED TRRNC N7 NP0
| — S Il N—tBu| > [ N—tBu + | ‘N—tBu
NS ) NS o’ NS OI NS
SiMe3 ) e
5n n 27A ) _ Ph
proximal-28nA distal-28nA
91.5 : 8.5

Scheme 11. (3+2) Cycloaddition reaction of 2-Me,NSO,0-azabenzyne 1n and nitrone 27A.
Fio, ~aRUY S K BRIEERIE S Z< 07— Tk o TSN TR, BT 7 rAdn

NUYA 10,7 B RV A 2 Ap EE OELFREIRIE 2 JE BT A Z L S Sz (Scheme 12)29 L L
ek ERediaBiimiE s LTHOWDEA LB L, WA U HibER 50, 5p DAL EE L,

BnN3
OTf CsF ©| @: @:

$
SiMe3
50 (X =F) 10 (X =F) distal-100B (perfect selectivity, 68%, X = F))
5p (X=Cl) 1p (X =ClI) distal-10pB  proximal-10pB (>16:1, 53%, X = Cl)
5q (X =Br) 1q (X =Br) distal-10qB  proximal-10gB (12:1, 45%, X = Br)

Scheme 12. (3+2) Cycloaddition reaction of 3-halobenzynes 10, 1p and 1qg and benzyl azide 9B.
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B (F) 7V NAFXY) RUPFSL VHIBREO AR

EFIT, BT AR TFO B AT 20 WA v A, Im 2R AESE DR A RiEA
51 O bm 3%t L7z (Figure 1-4), 245 Bl XM (L7 v R T =A4 > & Wil 504
T, TfO-RUHA 1, Im ~ & BT E 5 72 DRIV RISIZHE A ATRE & & 2 bz,

UYLy ) =L 32 RS L, BiBEA 51 &Rk E iR 7- (Scheme 13), £3°. B#E
ERVTR1E 2-TuELY AL )= 335578 %ic, NV AFALILVEEAETS
AIBRIAR BIA OARKZ B LT, 2 2O 7 =/ —WMEKEEEZ N U AF L U ek, 750
VF ML a - F 7 DD retro-Brook (7 s ik 7=, UL, AL
THIEAY BA IFELBONT, 36 PEAFME L THLNEZ®Z 2T, 3BICLVLER
TBDMS L7238 A L 7=%% . retro-Brook &7 & Z A2 5| & e < KEEIE Eoo o U VIO LR E A 1T
ST A, PUEBWTIB AT DI LM TE e, ®ZIZ, 35B D 2 >DKEEHEEZ Y

TNABAL L ZNVR BRI E YV EA N 7T — MET 52T, HIIOR A v
HTBRA 5IB 2 Ak L7z,

OSi(R)Me, OSiMes
B MesSiCl, EtsN (for 34A) @:Br @[H
Me,(tBu)SiCl, imidazole (for 34B) OSiRMe, OH
36
3 (60%) 34A (100%, R = Me)

34B (100%, R = tBu)

[Si(R)Me, = SiMe,tBu]

OH oTf oTf

R = Me, . Tf,0 (3.0 eq) , _

nBulLi (2.0 eq) Si(R)Me; DIPEA (3.0 eq) @[SI(R)MGZ SiMe;
’

R =B

nButLiu(1 2 eq); OH CHyCl, oTf OTf

TBAF (1.0 eq)  35A (0%, R = Me from 34A) O °C to rt, 30 min 5IB (R = tBu, 86%) 51A

35B (85%, R = tBu from 34B)

Scheme 13. Synthesis of a 3-TfO-benzyne precursor 51B.

WIZ, & Ra¥x /2 37 ZH3EERE L, 4-TIO-_ Y1 UHIBRIA 5m DA Z R AT
(Scheme 14), FF°, 37 DE / 7 Efbic LV 38 2 A L7, T 2 Sk kA R
U AF L) b4, retro-Brook BA(TIZ LV 40 ~ LM LT R BEIC, 40 DER RY 75
— MEick->TB m A& &R LT,
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TMSCI (3.0 eq)

HO\©\ Bry (1.0 eq) HO\@Br Et;N (3.0 eq) 'V'essio\@[Br
[N >
OH CHCl; OH THF OSiMes

0 °C, 30 min 0°Ctort,1h
56% 38 100% 39

37

Tf,0O (3.0 eq)

nBuLi (2.0 eq) - HO\@:SIMes pyridine (4.5eq) Tf0\©:S|Me3
THF OH CH,Cl, oTf

_78°Ctort, 1 h 0°Ctort, 19 h
89% 40 95% Sm

Scheme 14. Synthesis of a 4-TfO-benzyne precursor 5m.

Lol EREAEOLy— MIEAIO 38 DINENMEL . B2RIET 5 V7 v RO E B
BAEWE DSBENKG TiRinoTz, £ 2T, 40 DI B ARIEAZ EZR LT (Scheme 15), £,
37 D2 DOKEEIEN THP L CR#ESNI-E FuXx /) V41 2ARLTZ, I, 7V Fo
KEANTEANL B FAEE 0%, TMSCHICT R T v 7252 LT, MU AFAL U LHER
1D ASIT 42A %172, fetkls, THP LA BifR#E L, 40 ZARL7c, ZOTEICLY K
AT —/LTO M OENAREE 72 o7z, [FERIZ LT, 5m @ TMS K4 TBDMS HIZ#E &
az 7= BIERAR DA R A 7RI 7278, 41~ TBDMS D A 134 < #IT LR 72D THra L
77

DHP (2.5 eq) nBuLi (1.1 eq); .
a7 PPTS (0.1eq) THPO\@\ Mey(R)SICl _ THPO\@S'(R)MG2
CH,ClI, (0.2 M) OTHP THF (0.2 M) OTHP
rt, 10 h 0°Ctort,11h
96% 4 42A (90%, R = Me)

42B (0%, R = tBu)

TsOH+H,O (0.1 eq)
MeOH (0.2 M)
rt, 24 h
94% from 42A

40

Scheme 15. An alternative route for the synthesis of 2-(trimethylsilyl)dihydroquinone 40.
B 3(FUT7UNZHRY) XRUFAL U DRREL G+FMBRLRIE OBLFIER

WEIZ 3-TIO-R A o 1 &34 SIS 5 27200 F° RE T &9, 8
TR LTZHRAR YA HIBRABIB 206 1l OFRAED AR & ZF ORG#ER A2 A
L7z, I, NP A AIEFICALE CTHEES 2 Z EHRZRNW2D, DAF LT T TA
& @ Diels-Alder G TEDORAEZBH LT (Table2), T 72bH, 3 4ED 7A DIF(E T, 5IB
DEWETIZT7 v | T =AM, WL, TOME. BuNF (TBAR)Z HW-HEIZIE,
O MERALIR 8IA X2 ERR Lo 7228 (entry 1), CsF 27 v HFE L THWDL Z &
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T, BIAZ/HFLZ ENTER (entry 2), SHIZ, WIET, MEVZEE L7= CsF & 7A @ MeCN
R HIT, =R CHIBKIA BIB O MeCN Imik ANz 72 & &, bR LI UNRFEAL, 8IA L
PR T79%TH 2 72 (entry 3), 1> T, ZORISEMZ LSRR OF#ESM L L, KIT 13-
Tor1- & D @+2FHMBMEUS 2 Bt Lz,

Table 2. Diels—Alder reactions of 3-TfO-benzyne 11 and 2,5-dimethylfuran 7A.
o)

Me Me
o U OTf Me OTf Me
i SiMe,tBu 7A (3.0 eq) | g —
OTf F~ source

1l
518 solvent Me7A SIA Me
entry F- source solvent temp time (h) Isolated yield (%) of 81A
1 TBAF (1.0 eq) THF 0°C 0.5 0
2 CsF (3.0 eq) MeCN 60 °C 1 56
3 CsF (3.0 eq)? MeCN rt 3 79

8CsF was dried over a flame under reduced pressure 1 mmHg before use.

HE5 FEDE - EORRZHICER LIZEMNC, AL S 3TIO XA NN ORELT Y R ED(E+2)
FMBALBOS & Uz, 7o, 51k, 3l 2RISR L L. trimethylsilylmethyl Grignard SO&#lA VT
11 %/ L7= (Scheme 16), 24

BnN; 9B
oTf (5.0 eq) oTf oTf
| N N
TMSCH,MgCI (1.1 eq) \
@K 2Et 0 > | o> A
oTf e NO N
3l 11 Bn Bn

9B 101B (70%)

Scheme 16. Hosoya’s related work.

F D% D 2015 4, Shi & IFHIBRA BIA I CsF % it S/ T 3-TfO XU A 2 FBAEL, 47 I K458 &
D R RIS & L7z (Scheme 17).2

A JL
Ph
oTf (6] tBu
SiMes 45B NH N
___CsF o | / = S—Ph
OTf dioxane, 80 °C S
51A 461B

Scheme 17. Domino benzyne reaction of 3-TfO benzyne 1l and thioamide 45B.

T2, ZOH, MALRB IV Shi HIiX 3-TFO XU WA U ERWEZYT 2 LG, 3 R BIG e & &2 His
L/f:o 24c¢-f
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EFT.UETYRMEAEWI LD (3+2) MIMBRILBUSZ /R L7z (Table3), +°72bbH, 7v
=R T MeCN Hi, 3-TfO-~_ 1 L HIBEA BIB L X D7 R 9 & CsF & =i T
Lz, TOME, JOSRFTRAELEZU L 9 LD (3+2) MIBELEUGHETT L, > K
U7 Y —/vdistal-101 Z/Epk L7z, 7235, BlMEBRMEIX 9 O@BEHE R ICE T, WThofs
, distal (DB 2F BTz (entries 1-4) . = D WOECARRIRME L, 3-MeO- 1 > 1c 27T
PR EDRIITHANESRE LIZEREORKETH S (entry 5),

Table 3. (3+2) Cycloaddition reactions of 3-TfO-benzyne 11 or 3-MeO-benzyne 1c with azides 9.

oTf OMe . X X X R
; RN3 9 (3.0 eq) '
SiMe,tB OTf 3
B CsF (3.0 eq) N N, N,
or MeCN (0.1 M |- N <N
oTf siMe;  MOCN (O-TM) N, N N
5B 5¢ ’ 1 R R .
9 distal-10 proximal-10
entry 5 1 9 10 . C
X R X R distal : proximal® yield (%)
1 51B 11 OTf 9A CgHy-4-OMe 101A OTf CeHy-4-OMe >08:2 48
2 5B 11 OTf 9B Bn 10IB OTf Bn >08:2 74
3 5B 1 OTf  9C CHyCqHs4-NO,  10IC  OTf  CHyCgHs4-NO, >98:2 70
4 5B 1 OTf 9D Cyclohexyl 101D OTf Cyclohexyl >08: 2 63
5 5¢c? 1c OMe 9B Bn 101B OMe Bn >08:2 784

a1.2 eq of 5¢ and 2.0 eq of CsF were used. PDetermined by "H NMR analysis of a crude product. ®Isolated yield of distal-10.
9The vyield is based on 9B.

WIZ, = hUAAFRT R 25 LD (3+2) MIBERIEEZRET Lz, £7°. EEmdLER=
U A X K 25A-C ZFRMCHR L. £ LTT7 L2 U FHA T, MeCN i, ~_u
“HIBR{A BIB & 25A-C & CsF #=RiR T L7- (Table 4) . TOfER., RNTRAELE U
L 25 LD (3+2) FIMBRALSSSEE AR A I T L, TFO ££%2 495 proximal-261 % A=Ak L
72 (IR 65~T7%), Z D & & WD 25 % AW 7Z8-A 12 b proximal-261 0 4534 U | distal-261
T B SR o7 (entries 1-3), KIZ, 25A & W T 3-MeO-X A o 1c & DOfHIN
BRALBIS ZAT - 72 & 2 5,20:80 O HLTHHINER LA distal-26cA & proximal-26¢A % 5- Z 7= (entry
4), U EOFERID, XUV 0 (3+2) MR EISIZENT, U 7 U A% 5%,
A NFUHEIY G ARENIEE LTI Z E B LMNT R T,
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Table 4. (3+2) Cycloaddition reactions of 3-TfO-benzyne 1l or 3-MeO-benzyne 1c with nitrile oxides
42

OTf OMe

SiMe,tBu oTf AFCC"g (22503e°)eq |||
or v N I(\lll || N @ —>
oTf SiMe, MeC 0 05 )
5B 5¢c distal-26l, 26c proximal-261, 26¢
261, 26¢
entry 5 —1 25 Ar — - - 5
X X  distal : proximalP yield (%)
1 51B 11 oTf 25A CgH>-2,4,6-Me3 261A oTf <2:98 77
2 5B 11 OTf 25B CgH»-2,4,6-OMe; 261B OTf <2:98 69
3 5B 11 OTf 25C CgH,-2,4-OMey-6-Me 26IC OTf <2:98 65
4 5¢ 1c  OMe 25A CgHo-2,4,6-Me3 26cA OMe 20:80 67

@Determined by "H NMR analysis of a crude product. Plsolated yield of proximal-26l or 26c.

—F., 7= b BICEBIEN N MY VAT R 25D XA L EIRICRPTTHRA X
T, GHMIBRLEZTT 5 FiES Larock HICE > THRESN TSP 22 TEHHE LA
BRIZ, Z7mmd 24D ZJEkE L, 2 HEOX A UEIEA BIB, 7.5 &0 CsF %
MeCN iR L7 2 A, KINERNS TIO K2 HT LN VA VX% — L
proximal-261D % & hkd %5 Z & 233k 7Z (Scheme 18), & HIZZ DOEAEIEINMVEIZZZETH Y |
ZDOBAITB W T TIO 2 X B SIS EHEN ATHETH D 2 Lotz 7ed, (RIE
DAL, 25D BRFUIHAETHRNC UNEAEL, L TCLESEHEEEILND,

OTf
SiMe,tBu
OoTf pp,
cle ph oTf (2.0eq) ‘
5IB | \

N sF (7.5 eq) o

HO' MeCN (0.05 M)
24D r, 3 h 250 proximal-261D

23%

Scheme 18. (3+2) Cycloaddition reactions of 3-TfO-benzyne 1l with nitrile oxide 25D, generated
from chloro oxime 24D.
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F=H (R ZUNAFEFY) RUFAL V EMDRRUTFA AR E DR

ZDE D IREWEUCLERIETE ) 2 AT HTIOR YA 1D, X A EBRUNA DL
BWERA~DERAERR Lz, XUV Aa LT T L ODiels-Alder s iiE, F7 % L B
EWET HENI R E LTHETH D, MR (T aF NP A ek 2- A hx v
7 5 L IC & D[A+2) B L, proximal-8cCD 7% 5-%2 % (Table 5, entry 1) * 726, L
FLRERRIOEERICHA SN TEL® 220, EELULIENHET T 078D [4+2)4F
BV 25 L7z (entries 3~6), T 726, It~ 7 2 7C, 7D, TE & L2, 5IB & CsF%
MeCNH', SR TR L7-, ZTORER, WTINOHA H3-TIO-X A1 L 11E 7L DDiels-Alder
OSB8I 2 N T71~86% CTh- 272, LovL, Be@IRMEIR <. FRIC7C E O gL
Ji~ClX. distal-8IC & proximal-8IC % 21:79DLETAET (entry5). ZLiE3-MeO-~<1 A >
1c & Bt &V 7254 O3EIRPE (entry 1, distal-8¢C : proximal-8cC =<2 :98) L W K ~72, Zi
OORERIL, BT IREEBRILEL O LONEKKBICE DR PHK LmdEE 2B
Lo T, ZODEEWBUEEF TS 7T VIBEARKIGICHEMA L7-E Z 4, distal{k8IBD
AERREEREEIM U7 (entry 6) ., Z DOFERIZ. 3-MeOX WA L 1c & 7BD i Cproximal{A8cB
DEERD) & 72 DR (entry 2) L3R TH B,

P EOFER I D | TIOXV A V1IN 7 F 27 & ODiels-AlderSUGIZ B W T, B E H Lo
SR NBEE RN D T2, BAAIIRNREZEE L, BLAEIMEME N2 Z L0300 o
7o

Table 5. Diels—Alder reactions of 3-TfO-benzyne 1l with furans 7.
o

wr

OTf OMe 30
SiMe,Bu OTf 7 (30eq)
CsF (3 0 eq) | O
or

oTf SiMe; MeCN (0 05 M)

51B 5¢ distal- 8 proximal-8
enty 5 1 7 8 . _
R R X R distal : proximaP vyield (%)

1 5¢c 1c  OMe 7C  OMe 8cC OMe OMe <2:98 75(ref:30)
2 5¢ 1c  OMe 7B tBu 8B OMe tBu 15:85 34/(ref:3c)
3 5B 11 OTf 7D  nBu 8ID OTf nBu 38:62 81
4 5B 11 OTf 7E  Ac 8IE  OTf Ac 46 :54 71
5 5B 11 OTf 7C  OMe 8Ic  OTf OMe 21:79 85
6 5B 1 OTf 7B {Bu 8B  OTf tBu 75:25 86

3|solated product ratio. °Total isolated yield of distal-8 and proximal-8.
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FENT, BFEE T VT 2 & ORI SS ZiFT L7 (Table 6), 7 /L= AT,
MeCNH1, 5IBX D %‘éiév&f:B-TfO/\/%4’ YUE T U TR A NVUBELSED &
TIOR A H T HEH Y V7 v 7T proximal-12IB/R B —OfrE SR E L TE LN, —
F. =/ —NxT—7)L11C, =F I UDEDOKINFEML Lz, LLEORERNL, TIOXY
PA D [R+2AMMBILSITIE, BERDBANMLETH 5,

Table 6. [2+2] Cycloaddition reaction of 3-TfO-benzyne 11 with olefins 11.

Ri< Rz

\E (4.0 eq) ort
L SiMe,fBu i Rs Lo
@i 2 CsF _CsF0eq) | | R2 . Ry
OTf MeCN 0 1 M) R2R1 Rs
5B distal-12l proximal-12I
entr: 1 121
Y Product distal : proximal® yield (%)°
oTf OEt
EtO__ _OEt OEt
1 \n/ <2:98 72%
1B 12I1B
MeO
o \@ complex mixture
11C
N
3 i complex mixture
11D

aDetermined by "H NMR analysis of a crude product. Plsolated yield of proximal-12I.

BUET 4 (MU 7 U AFHD) RUFA U DRRAE L G+HINBRV R b OB A R

—WXEIZ, ZHEAEE D DEENT 4 (OZEWRIEE AT DA 2 O SO B [ IR A 5
BLIZ WD ERFIHA TN D, O

EHIC, WBECESNTERUT A1 ERUULT YR 9B OB+ BRI O F
Z Table7\2E & 072" Z D Table L0, A MR R MR AR=VHEL, 41T

T E ML UTHERE L 220N (entriesland2) 7 /A7 oK TlE, £2:1 0
PRIMEEZELC D Z L0005 (entries3and4) , F& 1T, MAOREFRGMEEZ A L, 32 THEW
Boan®IMEZ B L7 Y 7 U A% (TfO) D, 4G0IZHB W TH @O EL A SR 3 1
ks LB 27,
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Table 7. (3+2) Cycloaddition reactions of 4-substituted benzynes 1 and benzyl azide 9B.
BnNj3 (3.0 eq)

9B X N Bn
- X
X SiMes CsF ©| N® \©: "y X N
—_—> \ > N+ .
MeCN N‘@ N N’
rt 1 Bn Bn

oTf
5 )
9B distal-10B proximal-10B
10B
entry 5 1 X ref
distal : proximal® yield (%)
1 5r 1r OMe 10rB 52 :48 80 —c
2 5j 1j CO,Me? 10jB 50 : 50 67 19)
3 5i 1i CN@ 10iB 67 :33 65 19)
4 5k 1k Br2 10kB 67 :33 70 19)

aA regioisomer mixture of 4- and 5-substituted material was used as a benzyne precursor.
bDetermined by 'H NMR. °Our result.

TE6: RHPE —EDY AT Tk L2 & 912,360 MeO BT WA o OELAHIEIC D THZTH 50
4 f70 MeO Hi3F4 E R AT T, £ < OIS TIEE 11 OALBERMEKIESW & 725 (Scheme 19), 19 1%

CO,Me
N—co,Me MeO
: MeO_ 4 2 O COMe MeO
BA  TvAF | ~r 2
4 HN —> (M
THF 1

MeO SiMe;
X s
OTf
5r
F MeO
Cs MeO 4_~2 H__NMe, | —»
DMF ©| g
1

o
L 1r 45A 46rAc 46rAB
52:48

Scheme 19. Cycloaddition reactions of 4-methoxybenzyne 1r.

. AR URBBRASUY A 2 Ls ORUED Pilarski 12 £ > TEREAICHFZES TV B2, FIRRIS®RIREZ
IFE A EFBLLZ (Scheme 20), 1818

%
27A
. X CsF . o . Ph
Bpin SiMes 18_crown-6 Bpin 4 2 0, Bpin o) Bpin
—_— - > ‘N— —
\©: N ©| S N—Bu + O'N tBu
OTf 600 T ¢
5s 1s Ph Ph
27A distal-28sA proximal-28sA
60 : 40

Scheme 20. (3+2) Cycloaddition reaction of 4-borylbenzyne 1s and nitrone 27A.
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Z T, BT TAM LT 4-TFO-X ¥ A UHIBEA 5m 2, 7Y K 9B | CsF & & bic
MeCN IR TR LI- L Z A BN TANIZ TIO 2 H T 50 A > Im 234 L. (3+2)
FEMBAC RS AT L C TFO-R_ > b U 7 Y — )L D7 & B R IR fl?@ distal-10mB .
proximal-10mB % 75:25 O ThH- % 7= (Table 8, entry 1) ., Z OELARNMEZ, wEICHE S
N A PLEHAS YA D (3+2) [HNER LG (Scheme 20, Table 7) @#Tﬂi%miﬂo 7
Wi, BFEIFRTL EORY 7 U LEOHEEZRANDT2DIC, 4407IC MsO #&2AF4 5 1t #° TJF
BROBISEAT T2, £ ORGHR, TIO S LITIEFHFD 72 @ 28 DT 10tB OALERIEKIEEY
ZE LT (entry2), ZOfEHE-L Table 7,entry 1, Table 8, entry 1 OfER 2 &b TE XD

Table 8. (3+2) Cycloaddition reactions of 4-TfO-benzyne 1m and azides 9.

. . RN3 9 (12 eq)
Tf0\©iS|Me3 M30\©[S|Me3 CsF (3 0 eq) @l ,“ \@
or | |
rt, 3 h
sm 3t 9 distal-1 0 proximal-10
5 1 9 10

t
enty X R X R distal : proximal® yield (%)°

1 5m 1m oTf 9B CgH4CH» 10mB OTf CgH4CH, 75:25 60

2 5t 1t OMs 9B? CgH4CH» 10tB OMs CgH4CH, 72:28 65

3 5m 1m oTf 9A p-MeO-CgHy 10mA oTf p-MeO-CgH, 76:24 61

4 5m 1m oTf 9C p-NO,-CgH4CH, 10mC OTf  p-NO,-CgH,CH, 77 :23 53

5 5m 1m OTf 9D cyclohexyl 10mD OTf cyclohexyl 76:24 60

3.0 eq of azide 9B was used. "lIsolated product ratio. °Total isolated yield of distal-10 and proximal-10.

. BPRBIEA VA= VI E WY A a A TV AR R B B e e E 2 T
LTWDZEDRMMIZR Tz, DI, Im EORINITMOT ¥ R 9A, 9C, 9D &\ 7=
ATHLRILDLETTIO-XV Y ~ U T V' —/L 10m OO E BERIE S W % 5 2. 7= (entries 3~5),
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1 7: 4-MeO XA L HBRIA 5r 1% p-MeO 7 = / —/L 47 726 4 TFETHR L= (Scheme21) .

TMSCI (2.5 eq)

Meo\@\ TBABry (1016q) Meo\( IBr EtsN (2.0eq) Meo\(IBr
OH CH,Cl / MeOH = 3/ 2 (0.08 M) OH THF(02M) OSiMe,

rt, 1h rt,1h

4 69% 48 100% 49
. Tf,0 (2.0 eq) .
nBuLi (1.0 eq) Meo\@S'MeS DIPEA (3.5eq) _ MeO SiMes
THF (0.2 M) CH,Cl, (0.2 M)
—78°Ctort,1h OH rt, 1h oTf
50 91% 5r
Scheme 21. Synthesis of 4-MeO-benzyne precursor 5r.
4-MsO X U HIBEMA 5t 1% 5m DA RLHFIA 40 735 2 TR TEL L7 (Scheme 22),
MsCI (5.0 eq) ) Tf,0 (5.0 eq) .
Pyridine (6.5 eq) MsO SiMe; Pyridine (6.5 eq) MsO SiMey
40 > >
CH,Cl, (0.2 M) CH,Cl, (0.2 M)
0°C,2h OH 0°Ctort, 3h oTf
51 52% 5t

over 2 reactions

Scheme 22. Synthesis of 4-MsO-benzyne precursor 5t.
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BHE AR EOERELE

R TR A= LI BEED/NSNT L FILEESLT U — VNSNS LIz _ A
Y DORIEALEREZITH 2 EIXREECTH D, Lo, TIOXE CRUSIERIE & 1T 72 > 2%, 4
BSOS K o> THRBALAHAZ G Z & T, FE, Z b DRFBEHRILIC X o TRIGIE
HE L7722 & ERURREED 2 LRk D,

Z 2T & T BRBE (distal-101B, proximal-261A) (IR W T, MY 7 U LA F 2 (TO)
Eno 7V = NVHEADER AT, £ OREE. PA(OAC), PCys, KiPOMFME T, BRILIK
distal-10IB & AN & U FES2AD 7 # ) — VIR &, 100 °CIT L2 NEE#3 2 2 & TR b
o PV TN BIFCET L AT V=V ERNEA SN U T Y —L53%75% DX
BCEKT HZENTET (Scheme 23) , £z, L 0 SKHITIAZA - T=proximal-261A D35
AlE, il & UCPA(PPhs)s 2 WD Z & T, M7 V— NV EHT L A VXY — )1
SANINERT6% T H L7z (Scheme 24)

OMe CI)H

B\
OH

(1.5eq)
52A O
OTf Pd(OAc), (10 mol %) OMe

\ PCys (20 mol%) N
N KsPO, (2.0 eq) O N
N nBUOH (0.1 M) N

Bn  100°C.12h Bn
distal-101B 75% 53

Scheme 23. Suzuki-coupling reaction of distal-10IB.

OH

B\
Me /©/ OH Me® Me
MeO (2.0 eq)
52B
TfO Me Pd(PPh3)4 (10 mol%) Me

Me K,CO;(3.0eq) Me
O N DMF (0.15 M) O N
g 100 °C, 10 h ol
proximal-261A 76% 54

Scheme 24. Suzuki-coupling reaction of proximal-26IA.

S 5T E AR ARdistal-10mBIZ DWW T b [RE I B RE LA 2 3 I 72 F DFE R
Pd(OAC),, PCys, KsPOLFAE T, BRfbiAdistal-10mB & 7R 1 U BE52AD 7' % ) — Vi %, 100 °C
(CCL2EERMBME RS 5 2 & TEARD v 7V U 71X BAHCHEIT L. AT U — /LA S
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NI~ YT —55%88%DINRTHEMT H Z L3 TE 7 (Scheme 25)

OMe QH

B\
OH

(1.5eq)
52A

Pd(OAc), (10 mol%) OMe
THO N T(Cg% (201 r7510I%) .
\©: "N P04 (1.5eq) O N
{' T ‘
Bn ) i3n
distal-10mB 88% 55

Scheme 25. Suzuki-coupling reaction of distal-10mB.

DX, BLFBEREAN A RS &t < BRESEZEHRIL, ASRINEE 2 RREREREZ
WS A TREIC L7e Z L LR UERZ R L TR KIEOFA A Z RT Z LN TE T,

FRE ELrBRSUMEREBURAE O B R FROMRAT

RUPA VIRIZDOWNWT, 2 E TS < OFBERMFER SO IRNT OMFZE R #Hl ST &
Teo ZDERFIEL Figure 2 IZE &7, HHMMD DR G ILFIH SN TEZFIEL LT,
EATRLE T L (Figure 2-(i)) & STARRESE £ 71 (Figure 2-(i)) DMLAADERZET b 5.0 &
fif XELE T VI, B EE R RER DR A COIEICHEE L B G RE KRR ET
HEEBRDETNTHDLN, XUVPA v EOEHIE (M) 125> TEL D RHE EOERITHH
O TN, BLAEIRMBBLOEFRIZ/R D 9 5 D0, S BT, —RITHIZRIEN Y Z R
IRV EHREA R B L O REM BN A O FOGMEZ TEREIC R LTV D 0MERWTEER T
oD, —H. MEEFEET VL, BEOICHEME LT WET A TIEH L0, EEIICEHET
DT LT, Fo, BAHDRA WIS B Z < AFET D,

— 0. FEHOWIEE TIISLHRFE A O FAEFZEEE & JL[H T, natural bond orbital (NBO)
et ¥ VT, NS CORIGHE p BUEOE FREAHE T IHEE FEEE T L
(Figure 2-(ili)) Z 2 L, MAEETT L E OMAG DRI LD XU WA v O ERED
P2 fEHT LT 2, 2% REE I, SWOeHICIEN 2 BB O E 15 &2 E R b L, REFHIN &
D EFEEDOR p HLE S HAEHT 5 & OGHA RIS BENATRETH 5, FEE,
B BT TV CIEBM A AT D RK%E LHEE FHEEET LV CETEEORWELEZ o=
EREAGRBII—BET, PLEE FEEETT LV EHWTEGE OGP ZBRAE FL 4 FL B /T 6E
RFUSHEET 5.5 - T, PUEBTHETT I L ERICERGERZMTT 5 LT
HThbobLE 2%,

—74 . Garg, Houk 51X, FEXIFRRERA A L OFIRE . 2 OGS OBL AR (2 AH B
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WD ZLITIER L, 774 Y ERETT /N (Figure 2-(iv))ZBA%E L72.% +72bb, ik
NI_U A v DN ERD, L0 KE RN E = B ORFEASRE T & 2 58 L
WITE T Dy T IA VBEBET NI, F O FIENBD THEETH D &5 KX 727
SRERLTOBAE, ZOBMIELANSTHREORINS ), £TOREAFA L OK
RSV e & 5 IR T B,

(i) Charge- " . (iii) Orbital Electron (iv) Aryne
Controlled Model (ii) Steric Model Density Model Distortion Model

T || e | M
i[Ok |16 || Oa

uc Nuc Nuc Nuc

Figure 2. Various models for analyzing benzyne reaction.

ZTIZTARETIE, P ZUAAFIRUP A VI ImET L ax R P A e, Irdfd
MR | WUEE FHBREET VR OT 74 VERET VOMHE % FV Tt L7z (Figures 4
and 5),

FARARATAE A AR T D I, ST Calkim L 7ofi 4 XA e, 1, Am, 1rdd (3+2) £+

BALBOS ORCEREIRME (FEBRFE ) ZFigure 3ICE L7z, 1 137 Y R & OAIMBRALESIZH
W T3-MeOR A > 1c L [AEDOEWWELERMEZ 7R3 (Table3) | 1E= kU LA F
R25A L DRJSIZEBWT 1o £ 0 @Bl 2 7~3 (Table4) . —F ., 4-TfO-~2 A1 >
Im (31ck v BIRMEIME < (Table 8), 4-MeOX> A > 1r 13 < OIS TEIME T & A
ERBLL 72 (Table 7,entry 1) . G- T, (3+2) FHIMERALEGOECERERMEIZIr < 1m < 1c <
UDNEIZREL D EF A Do

OMe OTf
MeO_ 4 2 TfO 4 2 3 2 3 2
T < A < | < |
1. 1 AN TS
1r 1m 1c 11
(52 : 48)2) (77 : 23)@ (>98: 2)» (>98: 2)
(80 : 20)? (>98 : 2)®)

a) Experimental result of the reaction with benzyl azide
b) Experimental result of the reaction with mesitylInitrileoxide

Figure 3. The more electrophilic site of 1c, 11, 1m and 1r based on experimental results and the order

of the regioselectivity with benzyl azide and mesitylnitrooxide.

ETNE, PuEEFHEEET VEHW TN 21T -7 (Figure 4), 1c, 11, 1m, 1r OffiE%
density functional theory (DFT) FHHIZ L Y fi{btt [B3LYP/6-31G(d)]. SAtE p #E DO
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B NBO6 (2 & 1 sk 7=, 04 B8 2 i B 1, 1, Im, 1r 1%, Wb CLBLE D E 1745
FEIX C2HLEDE FHEE L VKo7, £, TNENOEFEEZ (C2-C1) 1E, 1Ir<im<
1c<1l TH Y | Figure 3 (T FHEEEDOBLAEIRMED K/ NEEIR L IFIERIEFECTH -T2, - T, A
X R A D (3+42) HMBRALEOG DSEL LRI ET LB & LT, K EFEED
IRWEOSHE p BB 2o _ WA v UL SE & 1,3- BB T4 F D KRB FHIERALT Y 28 RIRAIS
IGST 52 &, BT EEATERIRMECHBENRD S Z ERBINT, i, B 5 LK

[B3LYP/6-311+G(d,p), M06-2X/aug-cc-pVDZ] % FV>ClalkED DFT

. NBO fEtT 21770~ 7=

D, THAVD OFERITKR AT 22 < o AT OFE RITEERIEBIK AR RN L 2R LTV D,

NLMO?//OptP
OMe oTf
4 2 TfO 4 3 3
B3LYP/6- Meo\@@ 0.9313 \@E 0.953 ) 1.010 2 ) 1.031
31G(d)//B3LYP/6- 0.907 0.826
31G(d) D 0.9308 N 0. S o S 0781
r 1m 1c 11
C2-C1=0.0005 C2-C1=0.046 C2-C1=0.184 C2-C1=0.250
OMe oTf
MeO. 4 2 TfO 4 3l 2 3l o
B3LYP/6. 0.9238 \@E 0.949 1.010 1.034
311+G(d,p)/B3LYP/6 O 0.9230 O 0.898 S 0814 0.768
-31G(d.p) 1r 1m 1c 1’
C2-C1=0.0008 C2-C1=0.051 C2-C1=0.196 C2-C1=0.266
OMe oTf
42 Tfo 4 3 3
MO06-2X/aug-cc- Meo 0.9284 \@E 0.952 ¥ ) 1.006 2 ) 1.027
2\1/32(1//53'-YP/6- O 0.9269 D 0.903 Q0823 0.778
1
(d r 1m 1c 11
C2-C1=0.0015 C2-C1=0.049 C2-C1=0.183 C2-C1=0.249
OMe oTf
4 2 TfO 4 3 3
MO06-2X/aug-cc- MeO 0.9283 o 0.955 2 1.011 2 ) 1.035
pVDZ//M06-2X/aug-
oo-pVDZ D 09278 O 0.900 D 0819 S 0770
1r 1m 1c 11
C2 - C1=0.0005 C2-C1=0.055 C2-C1=0.192 C2-C1=0.265

3Basis set for Natural Localized Molecular Orbital (NLMO) caluculation. PBasis set for structure optimization.

Figure 4. Natural bond orbital (NBO) analysis of substituted benzynes 1c, 11, 1m and 1r.

10

8 NUH A CEHEEARE CAA=10r2ICHBIT 5 "NBO  (BUSHE n #5H) OB FHEEIL, ploa=n;
xdea (ZZTON EIXIMNBO D EHEHREZF L., dealZ i"NBO 1T B REFTF Ca b DHERE
#3) CEMME L7z,




¥ 9:9B & 25D O EM A LU I RT,

N —0.070
@I,ill
@l}l —-0.339
Bn

9B

7 10: NBO 12555 < NLMO 13, KL Bk fE s 2 4
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WIZ, T4V EBRET NERNTHRNT 21T > 7= (Figure5) . 3 72b b, b Sz~
YA 1e, U Im, Ir ONAEZRD, TLEHK LT, ZOREE, 1c, 1, Im TV
b, LMONAR 2MONAL Y KEL, ZTOETRIREREWVIZERE < RDMHEAIZH
STz, ZOFE/BEIE, IMBEVREFHOTHS Z & 1, Lo, Im ONEIZEL AR AH
BLRLTWIEAEHRLTEBY, ERERE KL, —FH, Iric oW T 2ioNMAD 1
MOWNALYREL, 2MNRBFEHMNTHDL LW HEREEL 27, UL, EREER
DOIZDOT NN LALO N LV REFHTH Y (Table 7, entry 1), T HiE—F L7,
£, NAE (C2-C1) MR 2.2°0 Im ORLFLRERMEII RIS A2 LD 5T, 2.0°0
Ir DGAIFITE A ERBL LN E WD RUTITEMENE D, YL EORER I, 7T 4 L EH
ETVIINAZENNE WS GEIRMEDMERVGS) OEBEMEICRIT TR Y | ARG R OMENT
WZIERECh -7,

OMe oTf
MeO_4 2 TfO 4 2 3l 2 32
\©| 128.1° \©| 126.4° /121.7° | 118.4°
| 126.1° 1 128.6° 1 13290 1 13000
10 1m 1c 11
C2-C1=+20° C2-C1=-22° C2-C1=-112° C2-C1=-16.0°

Figure 5. Aryne distortion analysis of substituted benzyneslc, 11, 1m and 1r.
UL, FHRBIFRIITIZ LY . XUV A OROGHE p BB OB EE DR Y 73(3+2)

MBS OFLARPEIC R E S EL TWDH 2 & &, ZhaRRE T 2H0EER T HET
TADPBISIRITICRE T 5 Z L 2 BN L,
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BE (M TZINFRY) RUFALS A IFV YD) UFEEERAWE
RS DT OABRIEEK

BBICBW IRV B VBRICN, f, SNERMER LILEmE AR LT, AETES
X, AEMEEE O T, LERA SRV HAEHERL L THAONAIR YU T P
., U ZUAFR P A /%ﬂ%b\fé\ﬁkﬁ‘éﬁ%@%% IZETF LT,

LA, & H OISR HEBRILEY, NN-U A F A I XY VY 7 (LT DMI &)
13A FICRUYA U ERESED L, 2 DOEFRFT LI Me BEFTHX Y UTEE Y
L4A DRSNS Z & 238G L7z (Scheme 26),% AL TIEA_ U A L OZERHEANA I XV
T UFEEIRD C-No fERICHAT AN EIT L, XY UTEE %2 1 TRTAKT S
BN FETIEH D0, PR TH M A I X U ¥ UFFEER 13A OAHA PRGN,
AR O YT AT T EEICIRE ST e, £, 18A BRBEE L TREICHN
TV, £ I TEHITAEL L0 ZHEREHIRAOR Y U7 B OE IR T~ <
1) ZEERIERFRA R XYY ¥ URBERB6 & AV, 2 DDOEEFF D ) B A NTREE
N 2ERZL2HE L, H—DERWEERLIZ L, 2) BEEFAL WA I YY)
VIHER A DBMBIEICH ST & 2 BEEIC, fEx OF%EE1T72 572 (Scheme 27),%

O

Me\N)J\

R (solvent)
SiMej;
<X @I - @fL
OTf

5 13A

14A

Scheme 26. ¢ bond insertion reaction of benzynes 1 with symmetrical imidazolidinone 13A.

o)
R Jj\ N-EWG
X X Q ewe/ X § &
SiR, N N
CsF I N \ > 2 l
oTf =~ N— R2 N— R2
1 [
5 R EWG
57lo 5718

Scheme 27. Concept for benzodiazepines.

B Y TUNAEFRIROPA L ORESEORST

IR LIS, RV UT R 2B OMERMER L LTERT 7200, A

171
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Z)N D) CHEEERNET S 2 ODBERIRFD I L, RUVA NRIEKEEE 5 EFE A
T A2LERNHDH, £TI1E, ERRTOEFEEICENVEZELDHZ L T2 DOERRFEX
BEL X 9 &I T,

ZO—HlE LT, 2 O0ERFF LI Me 5k & Fib (Ts) A AT 5 56A AL, FH—
TR L7z TIO-_U A v U & DRSO FTHEMEIC D\ TIRBE O TR & SOG IR E % f 4 25
2 THE L7=(Table 9), 726, JJE T, MNEGZE: L 7= CsF (3.0 ¥ &)IZ 56A Z Nz, 1l @
WikE H=alb—ya L, —ERECTHEI L, ZOMS. MeCN 1 Ci, UL 56% T TfO
HEHTHRX VT EBEYSAa 3G LIV (entry 1), TLC EICRIAEKRD D AR~ b5
BER LN, G a7 BT, 56A & CsF 23T & A CTRiEET, JFUE5IB 23RN S
Fu7=(entries 2 and 3), — 5, ¥ A Y L H TIXIRE OEEANZLEVBTIA o DILEM A L (entries
4-6), 80°C THbmEWINEEE 2 7= (entry6), Lo>L. [FL=—7/LC% cyclopentyl methyl
ether (CPME) 1 Tl CsF DIRFEMEDME N T2 D _ WA L DAREE L | 57IA o DIR K
ST (entry7), THHDFER LY | entry 6 ZlgiEsctt L Lz,

Table 9. Optimization of generation conditions of TfO benzyne 1l and its reaction with 56 A

X
Me~N N/Ts
TfO / TfO TTO O 14
. 56A (3.0 eq) N’
SitBuM
@ 1BUMe2  CsF (3.0 eq) | )
> —
OTf solvent (0.1 M) N
5B temperature 11 Mé
57I1A
entry solvent temperature time (h) yield (%)
1 MeCN rt 3 56
3 (CHCIy), 80 °C 24 no reaction
4 dioxane rt 49 14
5 dioxane 50 °C 14 30
6 dioxane 80 °C 1 69
7 CPME 80°C 300 33

B AIFV YV UHEE EOBREOKR
WIZ, ZBH LI Me 55 &, ZRRRE T REIEEZGT2IEGHA I XYY U0 UiFEEE U
EDORRIZHEA L, B TKEH (electron withdrawing group: EWG) D giifl & 7k #7= (Table

10), EDFERANKR=NVIEEHTHA I XYV V) i8R 56B-56D % HV 2354 (entries
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1-3) Vb, ANK=VEEETHAIFX VYY) UiBER B6A, 56E~561 & AV -HE
(entries 4~9) DI NERE L TEWINER TSN a 25225 Z L0 0 o 70, I8 Ts Jea A
T2 56A DA bEWIERE 5 272 (entry 6), & HICFFETREHIT. WTHhoBEAEL.
Me JEDVEHE U 7o SRR 2SR L2 B 5Tl Z H— DA E LTH 2, TOME
BVER BTI B 1T Bl IS N2 o T,

Table 10. Optimization of electron withdrawing group on imidazolidinones 56 for the reaction with
1l..

Io
Me\N)\N,EWG
TfO . \/ (3.0eq) TfO EWG TfO 9 Me
SitBuMe; 56 N
CsF (SOeq) )
OTf dloxane N
80 °C )
5IB EWG
57|0, 571p
56 571 : 56 571
entry : entry
EWG yield (%) EWG yield (%)2
) § 0,0
I~ 57IB : S
56B %
1 * S0 ph 23 6P s6A \©\ 571A 69
Me
o :
2 s6C }HlLo ~F SO 0,0
b7 566 % \©\ 571G 68
3 56D 1OL 57ID 42 ; c
* Me : P
o\\s,lo iPr
8 56H % :@\ 57H 55
4 56E Y 57IE 43
25 Ve iPr iPr
“" 5 QP N° 5711
5 56F 57IF 56 9 34

NO,
561 ‘\SI’
O

EE S NEIRD 2 00T NFAEEETSHA
% 80:20 MIEIRMET 14IB o & 14IB B D7 & HEM:

L
OMe

3|solated yield of 57la.. PThe result of Table 9, entry 6 is reposted.

—Ji, BTREZIZEEEDLRNBOD,
2N /m%% BB ZEMLIZE ZA,
RIR G % #5372 (Scheme 28),

TfO TfO O TfO O
; CsF (3.0 eq)
@isnBuMez N Me~NJLN—Bn
\ / dioxane
OTf 80 °C
518 13B

(3.0eq) 14IBa 14IB[3
(43%) (11%)

Scheme 28. The regioselectivity of the reaction of imidazolidinone 13B with TfO-benzyne generated from 5IB..
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PLEDRER NG, A XX VY VHBROKISMIEHIENCIEL, 2 DOERFRADEFE
FEDOENVBUNETHALZ EBDOnoT2, LLFOMZRIX Ts RE#L A I 4V ) Y ) UiFER%E2
VC?‘T 5 ~— k a: L/f:o

B RS EOBBEHR

AREITIIRY A 2 1 O SNEBRIEONEEZFIRD 2D, flix DR A 1 & Ts B
AIXV YY) UFHEIKB6A L OIS ERA T (Table 11), AIfiCHik~7- XL 9z, TfO
EHTLHNPA 2 U IT56A ERIFICKIGL, XY UTEBE Y BNAaZ 525 DITkL
(entry 1), HEE LA YA HTEEA Sa 2 OY MeO X o1 L HITBEA 5¢ & 56A & O i i
Lzt 2 A, ELELEMRREMEE 2, XY VT 57aAa ., 5TcA a4 < Bl &
N7z -o 7= (entries 2 and 3), LA EOFEFRNG, TIO DR 7B R IMEF BRI L - T
If O =HFEAIT la, lc D=EHREE LV bREFEREE > TV D720, FEFITTHV SRR T
HDHB6A EHLRIGTH I ENHRIEEEZOND, T L, RRISIZHBNT 1 Lo TfO
X, XUV A U ORISAERIETZ T T, ZEHEEAORETER EE WD 2 2O%E %
RICLTWDLZ N gholz, 2B, FERICHRNREFRIIMEEZAET L7 A XU A
10 H 56A LG L TRy Y U7 EE Y 570Aa ZH— O ERMEARE LTHEXTZ0n, 1 OK
Nt & i35 LRI KRR T L7z (entry 4),

Table 11. Substituent effects of X on benzynes 1 for the reaction with 56A.

i
Me~ N N ~Ts o
X X 56A (3.0 eq) X 1 e
. U eq N
SiMe,tB oTf
@[ iMe,tBu @[ CsF (3.0 eq) @ @f‘:)
or —_— | >
OTf SiMes dioxane, 80 °C ;\l
518 5 1 Me
57Aa
5 1 57Aa
entry -
X X X yield
12 5IB OTf 11 oTf 571Aac  OTf 69%
2 5a H 1a H 57aAa H N.D.
3 5¢c OMe 1c OMe 57cAoc OMe N.D.
4 50 F 10 F 570Aa F 34%

8The result of Table 9, entry 6 is reposted.
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EIE ZELBEASV YT EPEUOERKR

JTIO RV A LU ENTs A I XY VY UFHEER 56 2 HWT, ZEke@Efi~ > o7
B 5Tla O EBRE L7- (Table 12), £3°, 7AF L LTMe ik, 7V LE, Bn
ERTLHA IV YT B B6A, 56, 56K D, FNENARL Y UTEE Y §TlA,
57a. 57IKo Z &5 2 L HSKETZ (entries 1~3), E7=. BRI Me J&, iPrikafF4 5 A
IEVY Y UFHFER (R)-56L, (£)-56M 225, XUV VT B E L (R)-57ILa, (£)-57IMa A
BRIz (entries 4, 5), — 7. HLEBRMHEER L7 ZBRYMEA I XYY O UEFER (R)-56N
DHITE D EWVNR TR TP E U (R)-5TINe AT 5 Z LK (entry 6),
B, AEFERE LORTAT DHFIEMEA I XYY U7 ViFER (R)-56L, (R)-56N Ol
X, N A UROSAERMI(R)-57ILa, (R)-57INa (AW THEEITHET-11 T /= (entries 4 and
6). S HIZ.ACO T B X — LD L) REREEATHA IX VY T VFEK 560, 56P,
(5)-56Q X°, mmEWEMAHTHA IX VUV UFER (£)-56R, (£)- 56S b BRAFIZK
JE L, ®d BT 57100, 571Pa. (S)-571Qa. (F)-57IRa. (+)-571Sa Z 4% L
72 (entries7-11), —J5. 7 b7k Fut U IV VEFEEIK BT 1 HiE, xHed 5 /\B8R{LE
Y 57MTa 132< G o7, EHRIEGME S5 272 (entry 12), F7=, 2 DOERFATD I B
TR @ -7 F 7 VU ¥ FEK 56U IXEHE IR AW % 5- % 7= (entry 13),
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Table 12. Synthesis of benzodiazepines 571 @ using 3-TfO benzyne 11 and asymmetrically
substituted N-Ts-imidazolidinones 56.

(0]

TfO )OJ\ TfO ™ /xS

. N
SitBuMe _
2 . :"\N N-TS CsF (3.0 eq) d\’)—R
o /0 ]l —

OTf A : . N7

I R dioxane, 80 °C 1 / N
5B 56 (3.0 e et

( ) 57la
entry 56 product, yield Eentry 56 product, yield E entry 56 product, yield

TfO O TfO @)

: 0

o : O O

)L : JL N ; Ts

R-n” N-Ts ) : "R : o] N

o - o i ;
: PhM/ N

a 56A (R=M 57IA %) ! P
1 ( e) a(R Me: 69%) | brc |

571Ja (R = Allyl : Ph H Ph
o ( 4 i 7 560 (R=0Ac) 57I0a (R = OAc: 63%)

Ph

2 56J (R =Allyl
( v 43% (11%)P : sop , (£)-568 (+)-57ISct (49%)
3 56K(R=Bn) 57IKa(R=Bn:69%) @ © (R=H)  87IPa (R=H:73%) :
: TfO 0 i
o) :
(0] TO Ts ; )OJ\ 0 TfO O Ts
Me X Ts N : N-Ts
~N N— fMe : O Me\NJLN/TS
& 'O . J
e $
4 (R)156L (R =Me) (R)-57ILa (R = Me: 44%)5
(89% ee) (89% ee) E (5)-56Q (S)- 57|Qa (77% 56T 57”“ (0%)
5 (+)-56M (R = iPr) (+)-57IMo. (R = iPr: 24%)5 o O . :
T O o o N o O QO
o N s N e 5 i N
W e 0 N N e g J
6 (}JV £§H s ()C%J 5 - s
> N H H H
H : 56U 571Uc (0%)
(R)-56N (R)-57INa (70%) ()-56R (£)-57IRa. (75%)
(88% ee) (88% ee) H :

aThe result of Table 9, entry 6 is reposted. °The corresponding phenol 571Ja’, generated by hydrolysis of the TfO group, was also isolated in 11% yield.

WA, FTATA R LT o BiiBRAAR 5u =1 7 55384 L 7= 3-methoxy-6-(triflyoxy)benzyne
w&%QﬁYUV/Vﬁﬁﬁ(W%N%ﬁ%@%ﬁTﬁﬁﬁéﬁtF% 9-MeO-6-TfO X
VT B EV(R)-5TuNe & B — DN E FRMER & L TH72 (Scheme 29), Z DfEHIX
6-MeO-3-TfO U P A L WU NBFTRAELTLZZ LA 5/)///W%WGQ%N®*#
YU TFO FoD A XA CRINAICHEIT LT 2 L AR LTV D, I HICER T & AL, TfO
A MO LY LA BTRIIREZALTCNDZETH D, ROT, HHNZERIBEK
(msmmkbowo%%PM%%&E?&%T%:& XY, LI E RN E L L7 58
EEINCIGD Z &R, MEAMIE, XY VT EE U (R)-57INa (Table 12, entry 6) @

~£%@%@u HMAETHY, RUAIFV VY UiFER (R)-56N & MUt S5
A LEENFITHZ LT, WMEBEBLIEY 3T 22 &Rk,
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o

)j\ ~Ts
NN HCOOH (1.5 eq)
= (R)-56N o Pd(OAc), (5 mol%) o
o H (3.0eq) o PPhs (10 mol%) Ts
OTf  CsF3.0eq) Et;N (1.5eq) N
dioxane, 80 °C DMF, 60°C
SiMe3 N—N'H
MeO MeO MeO
5
Y (R)-57uNa 58
(41%) (100%)

Scheme 29. Regiocontrolled synthesis of 9-methoxy-1,4-benzodiazepine 58 by the reaction of
6-MeO-3-TfO benzyne 1u and asymmetrical imidazolidinone (R)-56N.

7 11: 6-MeO-3-TfO X WA EiBRA 5u 1%, TSN TNBERU X7 )LT ke K59 vt 5 TRTAMK L
(Scheme 30),

IO 42) HO ? HO Me3SiO
Br, (1.0 eq) H,0, (1.2 eq) OH TMSCI (3.0 eq) OSiMe
AICl5 (1.0 eq) NaOH (1.2 eq) Et3N (3.0 eq) 3
—_— —_——
CH,Cl, THF/H,O THF
—20°C, 1t Br  o°Ctort Br rt, 1.5 h Br
MeO 24 MeO 40 min MeO MeO
59 60 61 62
46% (2 steps)
HO TfO
on TRO(22eq) oTf
nBuLi (1.1 eq) Pyridine (4.6 eq),
—_—
THF . CH,Cl, i
—78°C, 1 h SiMes 0°Ctort SiMe;
MeO 19h MeO
63 5u (58%)

96% (2 steps)

Scheme 30. Synthesis of 6-MeO-3-TfO-benzyne precursor 5u.
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B ARY EOBERELR

B CER L=y U7 BV 5TIA e, 57TIPa D EHFE D2 T4 gt LTz, £9°,
571Aa @ TfO %% Pd filliiz WV CRITHICERE L, 57aAa 2 EEMICED Z & 03 k=
(Scheme 31), F7=, 88AKN v 7V U IISICE O T V— NI~ LEEHL, BTV —/L 64 &
B, 20X 91T, TIO AU P A UGS ONLE I & o B~ 252 2 [[]
FIHT D E WIS RIEOFRAMEZFZRET 2 Z LR, S HI264 DN-Tsx NaF 74 L=
Rzl vBrEL, 65 2457,

HCO,H (2.0 eq)

Pd(OAC), (10 mol%) H Q15
PPhs (20 mol%) N
Et;N (3.0 eq) ‘ J
DMF, 60 °C o

N
10h e
TfO O 57aAa
N,TS (100%)
| | J OMe OMe
N
Mé
S71Aa 4-MeO-CgH,B(OH), (1.5 eq)
Ph(PPhg3), (5 mol%) o Ts Na naphthalenide Q H
K2CO3 (1.5 eq) - N (10 eq) N
DMF, 80 °C g O ) THF, 1t O J
15h N N
Mé Mé
64 65
(100%) (63%)

Scheme 31. Transformations of product 571A ¢ .

F7-. 57IPa 0> AcO JEiT ZnTAC il 2 % W CERANCHiE#E L, 7L 2—/L 66 ~4
#i 1l 7= (Scheme 32), —7J7, 57IPa % CsF & IL|TNEEHET 5 &0 AcO a2k L7 £ TfO
FEDIAKGIREN, 7= )=V 67 2155 Z LRk, E5I1T, 57IPa % DDQ & TsOH %
HAWTEEL, Bl PrRE2Ea—/VE 68 ~EH Lz, ZOXIICAEICI - TERLE
BALIRD G, SRk _ Yy UT R ERKT D 2 kT,
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s
N
ZnTAC (8 mol%) o
MeOH N—H
reflux
9h
66
(96%)

1O O Ts HO O Ts
N NI
CsF(3.0eq)

NTXH dioxane, 80 °C N—SH
13 h
57IPo, OAC 67 OAc
(79%)
O O Lo
DDQ (10 eq) N
TsOH-H,0 (10 eq)
MeCN,rt N
36h O
68

(66%)

Scheme 32. Transformations of product 57IP ¢ .

BARE FHERZEROERIC KD RIGHEE O

FP, MR ALCEORE SNERD 350 Ts EHLEY 56A. 56N, 56T OfiE4 .
BRZEROTHEL, 2D ER_UPA v EDRIEPEDENIONTELE LT,

FEHEIOEFAE RN XA L ORISDOIERIT, 56T <56A < 56N DIEIZKE < 7g-
TNDZ ENynotz, ZiUE, BEEIZL Y 7 I NERFBAKRO FHEEE» AT
BTy FREARTZET, INEEFINHEH LIRS Z & & sp’ IRAIIE OVEE 2 F o
Zllicky, RKEIMMELEREOTHEDLEEZILND,

Z T, ZNBERIMEAY ORISR T & JE EHIE O SRS A S RBFEIC LD fif
a2 T, ERRTFOET Iy FELRMRIUEA RO D Z L2 Lz, Thbb, IR
=VHIRFE (C2), R (N1), BRANOMRE L7 RER T (C3) O 3 DD 6 7825 Wik
a b, TRV OEHILR (C4). N1, C3nH72 5 H BT AR 0 55 L7z (Table 13), b
L6 7b>/J\éb\iE'/\ L EBRFETIE s’ L sp MG OME EFEO, —F . 0 BREVEA, &
FRFITEHNC PP A L. REMA#H VS,

F72 3 OO)LMMI:A% 56A, 56N, 56T D&% DFT (density functional theory) FHEICEY
ifl [B3LYP/6-31G(d)] L. fA%E 0 ZRKeb7= (Table 13), Z Z T, H#D7=HIZ NN- 2 F
NNV LT 2K (DMRP)ASA IZOW T b [RIBRICEE L7z, £, DMF 45A @%é’%)ﬁi% v
R VIRFFR T, 150 Me B2 F— P LICES, TOFHEE, 250 Me K&, R 1)
ROV EPLTAE ) ZRDIZEZA, THREY 0.1° WO THhSWAETH- T,
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723, DMF 45A OZEHRF AT A 0 LIS U CRERBEZ B Z S0 2 & BEICHE &
NTWB P Wiz, Ts BT ot NuEe ) 227 ViFHEK 56T O 0 Z2RDi=L 25, 3.7°
T o1z, Lo T.56T DEFFFIL DMF 45A DEFFF L TV SUEEZHF L TW5D, —J,
Ts @A I XV VY ) UHERBBA I OWTRIBRIZ 0 2RI 2 A, 271.1°Th o7z, OF
D, ZOEFRFFIIET Iy MREZRLTEY ., I sp’ICE o TS, &BIT, 5
PA I Y7 UFFERBEN D 013 406°THY ., Ixkb KEXhoto, 2FV ., ZORFFT
2D 3 ODFEMEOF TR Y sp’ OME BN, REMELEWNEE XD,

VIEOFHHEFERZE DD L, Ts MEHBLIRILEY 56A, 56N, 56T DLUSMEZEFRFF 23
729 0 1% 56T < 56A < 56N DJEIZ K &\, Z DFFNIR WA U SUSAER 571 DULERD K/
BMRICTERIZ KL, ZNOOMICITMHEENH D Z &g nol,

Table 13. Correlation between the dihedral angle 6 of N-Ts-compounds 56 and isolated yield of
benzyne reaction products 571.

entry 5] isolated yield of 571

JJ\ .Me e _ 19)

3 N~ N-Me 27.1° 69%

56A

i
TS\N N
4 \70 40.6° 70%
H

56N

BB GERE DB R 21T o 7=, URTEH SR A > 1 & DMI13A L ORI W
T, T T IBAOEZRTMHINMLEE, NP rB AR LET =F B R =V iRE
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R BE L, mZICTHEER 7T0A OBRILRPEIT T2 2L TRV OT B WA 525
& FRUSHERE 21298 L7285, 2 A EBAT Té%%%?@ 17272572 (Scheme 33), ¥ %7, —
iz, BREFEID OMBIRFOHFNREIVEFEETHY . D720 DMFASA [FEEFRF 12
BRUY A NREKBEE B Z TS b %19“ (Scheme 34).*" 1 I ¥V U ¥ LK
13,56 & DUNIERIFEAF DO UIZESI OB % 52 5 Z L7 &0 R ENRZN,

(R) (R) R) O
OG- CEg @m ~ )
N -Me

69A 14A

Scheme 33. Putative mechanism of the reaction of benzynes 1 and imidazolidinone 13A proposed by
Yoshida et al.

OMe
NMe NMe;
@ /\ I/ 2 @jr HZO @O
| —
\\/ OH
1c 45A 71cA 46¢cA

Scheme 34. The reaction of benzyne 1¢ and DMF 45A.

ZITEHII A IXV VY UHEBROERFA & IR = VIRBDHRNATINT B
FOGHERE & . BRI OMME T = =)V T =A 2B VIR =)V fR 3~ D REE B A EERE
NS T4 D kR D 2 3@ 0 2 48E L7 (Scheme 35), & L CEILEND G HERE DB IR
&% B3LYP-D3/6-31G(d) & IV CEME L=, £, HEMISSHEEICIWT, XU Hf v =
FREGEAIZXY VY UFFERO N—C fEEMIRITFATICN o TEO < EBIKRE TS-1 23
ROy, ZOEM b= 3L F—X 7.92kecal/mol ThH 7=, ZDH%, XV VT E L BTIA
e DGOz, —F, BEBENROSHEMETIE, U O TIO KO A XA I XV VY7 ViFE
ROBRFT NS EBIRRE TS-Nl NAO0 | ZOIEMEL= /L —(% 0.95 kcal/mol T
HoTlz, #tW\WT, C-CREGZEIZ LT T21A B L7k, E U727 =4 U BV =)V
(T D BBIREE TS-1 232720 | £ OiEMA L= /L% —(3 2.52 keal/mol TH -7z, %
FHOHA, 2 B HICAEBEEAFET D2 00, TS- &l 25 L LI TS-H D50
ARTHY | AEISITBEBEAICHEIT L TW D AREERE W EEZ NG, T ek #HD
it T21A DR VB EOT =4 T ET D TIO OBt A > T, Bilc o ¥ A v
TBAZFAET DN —FEBEZLNDNR, 2 OEBIREE TS-IV OIEMEL =1L £ — (3458 TR
VN (92.2 keal/mol) 7= 8>, XA v T3A RO AIREME IS TIRWE B 2 B b,
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(i) Concerted mechanism

\ O
»\ Ts
TS-IV ®/=N
oTf R \)
(@] 'TS ' \\ Me’ @
i""%"N : L 73A oTf
e :
/ : 92.2 kcal/mol
Ts-| Me oo
/' 7.92 kcal/mol OTf o
,’I OTf e U\ T
/ = s
! : N
OTf o e me \)
! - N. TS-I
| Me~p” SN-TS / Me Ts S
* TSl O ! /252 kealimol}
1 56A /- 0.95kcalimol 4
0.00 kcal/mol
) , _ —2.15 keal/mol oTf Q16
(ii) Stepwise mechanism OTf \ N
° KL
-MIVV\Il\I\I\,
®) / Mé
/N N )
. 4
Me )// Ts

72IAO

571Aa
—63.13 kcal/mol

Scheme 35. Plausible reaction mechanisms for the formation of benzodiazepines 57IA « via benzynes 11

E12: I b BPERI RS EZ & > TS LB X BN TN DX A U RISITHFTET
R, § (EsaN

RY, AL A v ET I AT ) — L2 —TF )V UE & O 242 INBRAL B T, BAEA A2 R REA
TAVE 2B LTS EEELTWD

(Scheme 36),%P
MeO OSlMeztBu
O/\(\) Me o OMe o d
oTf B1 1LE SlMeztBu OM
— B OSlMeztBu OMe OMe
TH': OMe OMe
3v ! -r8’c Meo OMe OMe OSIMeszU
12vEa. 12vEB
Scheme 36. [2+2] Cycloaddition reaction of benzyne 1v with silyl enol ether 11E
F£7-. Houk 1%, _o¥ A la b &BNE 7T —1L 75 L 242 INB LIS, BT 2Lk
76a % #RH D B BER SO HEE Z & 5 T D 2 & ZFFRERERIC IS T 72 (Scheme 37).%°
09
©| + | M3N@Cgo | —> > O. M3N@Cgo
M3N@Csg
1a
75A (M = Sc) 77aA (M = Sc)
75B (M =Y) | 76aA (M =Sc) _ 77aB (M =)
76aB (M = Y)

45 - -

Scheme 37. [2+2] Cycloaddition reactions of benzyne 1a and endohedral metallofullerenes MsN@C80 75
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W, BOCHEICB L CHAR DA E S D720, 2FEOA I 4V Y ¥/ UFFEKB6A &
13A Z W=t HZBR ATV, SUGHEDE W LLEE L7= (Scheme 38), 72 H. [Fl—KGE
¥, TIO XU WA L EIERA BIB, 3.0 & CsF, %415 48D Ts L@EHRAIF VP
VIREIR56A LONDMI 13A, VA X U E A, ZORGER%Z 80 ° C TH{¥E L7z (Scheme
38-1), T DFEE, 56A M HE UK 57TIAe & 13A 2254 U =B kil 141A OIRE N
15:85 Dk, FULHE 34% THA Uiz, T 78 H. DMI 13A ORI HMNIE L AR % 5 2
oo —H. ENENDAIFXY YD UFEAK 3.0 YEAZFMT, U EORKISITHW:, %
DOFERE, Ts FEHA I XV ¥ VEFEIKB6A 1D IXAERY 5TIA a 28 69%, DMI 13A 75
AR 14IA 73 48% T 5 417- (Scheme 38-2), T 72 H, A LI Ts HE#a A I 4V ) ¥
J URRERBEA DN L L DERME S 2T,

Scheme 38-1 128317 % 57IA . 14IA DUNZRDOAFE)S Scheme 38-2 D H D L D RWEIR & L
T, UTFD2o9MBzx b5, 12HELT, AIX YUY UFFERBA, 13A LT
15 YELPANTWHRNZD, 3.0 YEHAWVTU D Scheme 38-2 & [Hld 5 & RAIIZIY
KMETFLIEEBEZ DD, 22H & LT, Scheme 38-1 CidsRiZMED lkAY =\ DMI 13A
PN A 2 U BT D, LU, ZOIGEOFRRITERICERE NS AR 727280, @il
KT LA ZART 2 2 LITHRZR U, if:\ FEINEERE AN 56A 13, 11 20 & Liife ¢
TN D . EIRINER T 57IA e 4T 5, Lo T, Scheme 38-2 LV | ARAYIZITEN
KFLZEBEZOND,

0
TfO O TfO O
Me\NJJ\N/Ts Me\N)J\NzMe
TfO w/ /
SiMe,tBu 56A 13A J )
(1.5 eq) (15eq) (1)
OTf CsF (3.0 eq)
5B dioxane, 80 °C 57|Aa (5%) 14IA (29%)
a) Determined by '°F NMR. 15 : 852
o)
N 2
Me\N N/TS TfO O

X @fL
56A (3.0 eq) -
CsF (3.0 eq) ,)

dioxane, 80 °C

TfO
57IA 69%
SiMe,tBu ¢ ( 2 @
X
OTf
Me< -Me 0
5B N N TfO N'Me
13A (3.0 eq) -
CsF (3.0 eq) N)
dioxane, 80 °C !
Me
141A (48%)

aThe result of Table 9, entry 6 is reposted.
Scheme 38. Competition experiment between Ts-substituted imidazolidinones 56A and DMI 13A

and reactions carried out separately.
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72%, DMI 13A & XA 1 OFINBRAL B IS DWW T RERIZ FHE R PRI AT 2 3R 2 72
N, B TIEBIREEN B> TV W dIZ, ARISAREED 2 Bl T L ¢
WDMNE I, Fo, BACHERERERH D008 9 AR TH DA, 13A & 56A HEELO K
JCHE CHEATL CW A EIRET H &, AT DX HICHEET H T L3 TE S (Scheme 39), 56A

TIE Ts OB RGBT L0 REMEERFFRNE L RRICR > TEY ., kUOKRE:
MINEE, —F . ZO%O T21A OBLIGIE, BRI Ts B LV {EESIN D -0
W, ETo, ARBUSITZ O 2 B B ICHRBPENAET D728 (Scheme 35), 56A % HUTH]
W SEBRTIE, 13A B CTHWAKIS LV BV TESME G 27 E 205, —7F,
13A ORZEMEERIA 1L 56A OZN LY BHMIICE FEE Th D7D, Ry OREMMIX
13A DFH 56A L0 BV, Ko THFFERIZH O TL, WRIEFET D 13A 28 TfO N
PA U % B56A KV IEICHIIRET 5720, LD %b\ﬂi@f‘éﬁk% BIAZHEzT-tEZEZBND,
—J7, BHEEEFEHIC BT, 69IA DERLIL T21A 1T EMRHE STV RN 2D, 13A 2 BT
AWI=GE1E 56A A FMTHWESGA LD bRIGEENREIT LS5 2o TE Y A
14IA DILENER N EEZ 2 B D,

TfO TfO TfO O
Q X Q "rate-limiting step"
Py _ OV x
N i & "N ,)
N slow (56A, X = Ts) N fast (72IA, X = Ts
1 Me fast (13A, X = Me) Me slow (69IA, X = Me)
56A (X =Ts) 72IA (X = Ts) 57IAa (x Ts)

13A (X = Me) 69IA (X = Me) 141A (X = Me)

Scheme 39. Plausible reaction mechanisms of reactions of two different imidazolidinones 13A and 56A.

oA I FZV VY ) UFERLE R A A E DORIGHEENSBADZEN LR L TH D LR
E LTS aIc, BEHASRICET 28203, 5 _Hi THEERMSERLE b —8T 2, T2b5b,
Ts X VRN REAFREINVEZ AT D Ns B, I XY U D UFFEEK 561 ORISTHOILD
R VT EE Y 5T DUHE(B4%) L Ts B A I X U 2 ) i8R B56A 3RS 5 BTIA
o DULH(69%) & bbifs LT 520K, Z OERF X, 561 1% Ns JEDiR 1) 728 1R 5 | A 2h
BIZEY, REMEEEFETOBTBEMIT L, ZORE, XUFa 2 Wiaxhd 5 RkE0
KL/ Th D EE 2 HiLd(Figure 7).

—J7. Ts H X0 LB FRKBIMEMER Ac FEASEHL L 7= 56D <° Cbz £E23 @ #2 L 7= 56B 7352
LRV UTEE L 5TIDa, 57IBa DILHEIL, ZiLEI 42%, 23% L RIT VKV, ZOFH
13, ARBUGRD 2 BEFE BICHAE T DR BEE 2 Ts RO L 9 ITBE L TR Th b EE X
Lbivd,
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O (0] (0] O
Me\NJ\N-Ns Me\N)J\N/Ts Me\N)J\N.Ac Me\NJ\N,Cbz

561 56A 56D 56B

Strength of EWG high 1 low

Nucleophilicity of N low [ > high

Promotion of
]
cyclization step Strong < Weak

Isolated yield (%) of 57la, 34 69 42 23

Figure 7. Substituent effects of EWG on cyclic imidazolidinones 56.

PLEb, REIZBWTEERIZTIO XU YA U EEFRIEBETA IXV Y Y UiFEEE T
WS BN T P ARRIER BRI Lo, ARIEICBWT TIO I s O EHIE 721
T ISOETICBWTHMETHY . TFO XUV A OB LMAEZBL Z Lk
776
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BHT, wmAORERSIMEER L, HoSRMEESSIC Lo Tl BE LI 2 iE 7 b
U7 U FFy (TIO)REZAWTRU YA U RISOMERIEIZITS &) a7 hE2IE
L., ZHUT L > TEL OEWIEHEME O BKEIEE Th AN i ERR T RHEICEKT D
Woe a1 o7, TDORER, LT OEEET-,

1) SALEZIT AN B U 7 VAT X RUOVA URIEMEET VA L, AL, 2B =
BTT7vET=F L ZHWDIRMRRIGRMZ > T, ZNE 3L, 400 TfO Aaxf
THERUWA U BRE LT,

2) 3-TFO RUH¥A a7V RR= MU AAFU D @GMMELSUSITEMR Lz, £ D
f, TfO a3 20y P T Y =R Y A YA XS — L B—OfE R
Pefhk e LTID Z Lich Lz, E72, TfO ek~ ¥ 1 v oldmiEs LTS
TE7-MeO L LA REAFIEHENZ A L TnD Z EBHLMIRST,

3) 4-TfO XU A 2TV RED C+MMBRLISIZHEA L, EOREHR, ZivE THliE
SNTWVD AALEIAR YA D (B+2)MBRALEUR DO H The b i WO BLIANE R 2 FEBL L |
TFO EEN 4BV TH EmWELHSIEBE 1A B LTV D Z ERH LMo T,

D IMLENLANML N 7V AT _XP A o OERMMERIE SIS ERM D TIO FBITRFBE
REFE~E ARG, TfO SA A U UG OBC A il A & BRI 2 [BIVE
TAHKEIT, (ECRRETH T RETRERIC L AW v ORASIEICE D 5 H0 7 F
BERTHLOTH D,

5) FHERFFEIC X DT OFERL, TIO FBII XUV A L ORIGHE p LED B FHEZ K& Wb
HDHZETRISMEZHIHL TWD Z ERHELNIR-T,

6) 3-TFO XU WA FfE L D 1-TIVFN-3-b LA I LY 2 F L LIS L, Ry PT
BB —OMEREARE LTEKRT D ERbhotz, £, ZOKGTIE, #8172
WA REIMEZ AT 5 TFO K523, FUSMERIEZ T T, RISOETIZEWTHLAEATH
LT EaERM LTz, EHIT, ERYOEELERZITV, TIO E2ENTLLEH~ Y Y
TR OHARIEOAH AL ERE LT,

7) 3-TfO XU P A L 3-b A 2 E VY v2-0 v DGR 2 SRR K> TR L
TAER. 2 DO G B FERIITHEIT L T D AIREMES BN 2 & b o T,
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General considerations:

Reagents: All reactions were carried out under an argon or nitrogen atmosphere. A round-bottomed
flask containing a stir-bar with a three-way stopcock was used as a reactor. 1.6 and 2.3 M solutions of
nBuLi in hexane were purchased from Kanto Chemical. Anhydrous THF, CH,Cl, and MeCN were
obtained from Wako Pure Chemical Industries or Kanto Chemical and used without further
purification. Anhydrous DMF was purchased from Kanto Chemicals, and purified by Glass Contour
solvent dispensing system (Nikko Hansen & Co., Ltd., Osaka, Japan) using two packed columns of
activated molecular sieves and an isocyanate column. 4-Methoxy-2-(trimethylsilyl)phenyl

4647 4-methoxyphenyl azide 9B,* 4-nitrophenylmethyl

trifluoromethanesulfonate 5r (Table 7, entry 1),
azide 9C,* cyclohexyl azide 9D, 2,4,6-trimethylbenzonitrile oxide 25A 2-(trimethylsilyl)phenyl
trifluoromethanesulfonate 5a,% 3-methoxy-2-(trimethylsilyl)phenyl trifluoromethanesulfonate 5c,*

2,6-bis(trifluoromethansulfonyloxy)phenyl trimethylsilyl ether 5I1A%®

and 1-methyl-2-imidazolidone
S8>2were prepared according to the literatures.>® CsF was dried over a flame in vacuobefore use. All
other reagents were purchased from Wako Pure Chemical Industries, Tokyo Chemical Industry,
Aldrich Chemical, and Kishida Chemical and used without further purification. Flash
chromatography®* was performed with Silica gel 60N, spherical neutral (40-50 um), purchased from

Kanto Chemical.

Analytical methods: Elemental analyses were performed by YANACO CHN CORDER MT-5
instrument. Melting points were recorded on a Yanagimoto melting point apparatus and are
uncorrected. IR spectra were obtained on a SHIMADZU FTIR-8400S. *H NMR and **C NMR spectra
were recorded on a JEOL JMN-ECA-500 (*H: 500 MHz, **C: 125 MHz) or a JEOL JMNECS-400
(*H: 400 MHz, *C: 100 MHz) or a JEOL AL-300 (*H: 300 MHz, *C: 75 MHz) instrument with
chemical shifts reported in ppm relative to the residual deuterated solvent. GC spectra were taken on
SHIMADZU GC-2010. The mass spectra were recorded on a JEOL JMS-S3000 (MALDI), or a
JMS-T100TD (APCI) spectrometer. Yield refers to isolated yields of compounds greater than 95%
purity as determined by ‘*H NMR analysis. ‘H NMR and melting points (where applicable) of all
known compounds were taken. All new products were further characterized by high resolution mass
spectrum (HRMS) or Elemental analysis. Each regiochemistry of representative cycloaddition
products (distal-8IB, distal-101B, distal-10mA, distal-10mB, 14IBa, 571Aa, (R)-57uNe) was
confirmed by NOESY or dNOE experiment and that of proximal-261A was confirmed by NOESY
experiment of 54. The regiochemistries of all other cycloaddition products were predicted by the
similarity of "H NMR data.
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Synthesis of 3-TfO-benzyne precursor 5IB (Scheme 13):

OH
Br

OH

33

2-Bromoresorcinol (33):55 To a solution of resorcinol 32 (11 g, 0.10 mol) in CHCl; (63 mL, 0.50 M)
was added Br;, (15 mL, 0.30 mol) at 0 °C. After stirring for 10 h at rt, the mixture was concentrated in
vacuo. The residue was recrystallized from CHCI; to give 2,4,6-tribromoresorcinol (27 g, 77%). To a
solution of 2,4,6-tribromoresorcinol (17 g, 50 mmol) in H,O/MeOH (0.35 L, H,O/MeOH = 6:1, 0.14
M) were added NaOH (4.0 g, 0.10 mol) and Na,SO5 (13 g, 0.10 mol) at rt. After stirring for 10 h at rt,
the reaction was quenched by adding 1IN HCI (20 mL) and the mixture was extracted twice with
EtOAc. The combined organic extracts were washed with brine, dried over MgSO, and concentrated
in vacuo. The residue was purified by flash column chromatography on silica gel (hexane/EtOAc =
4:1) to provide the titled compound 33 (7.3 g, 78%) as a colorless solid. Mp: 101-102 °C (Lit. 101-
102 °C).” 'H NMR (300 MHz, CDCl3) &: 5.39 (2 OH, s), 6.60 (2 H, d, J = 8.5 Hz), 7.11 (1 H, t, J =
8.5 Hz).

OSiMe,tBu
Br

OSiMe,tBu

34B
1,3-Bis(tert-butyldimethylsilyloxy)-2-bromobenzene (34B): To a solution of 33 (6.0 g, 32 mmol) in
DMF (63 mL, 0.50 M) were added imidazol (6.5 g, 95 mmol) and TBSCI (14 g, 95 mmol) at 0 °C.
After stirring for 1 h at rt, the reaction was quenched by adding a saturated aqueous solution of NH,C1
and the mixture was extracted twice with hexane. The combined organic extracts were washed with
brine, dried over MgSO,4 and concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (hexane/EtOAc = 20:1) to provide the titled compound 34B (13 g, quant)
as a colorless solid. Mp: 4042 °C. "H NMR (500 MHz, CDCl3) &: 0.23 (12 H, s), 1.04 (18 H, s), 6,51
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(2 H, d,J=8.5Hz),6.99 (1 H, t, J= 8.5 Hz). °C NMR (75 MHz, CDCl;) §: -4.22, 18.4, 25.8, 109.3,
113.0, 127.3, 154.1. IR (neat): 1252, 1464 cm'. HRMS (MALDI) Caled for C;gH;,0,Si,Br [M+H]":
417.1275, found 417.1257.

OSiMe,Bu
SiMe,tBu

OH

S1
2-(tert-Butyldimethylsilyl)-3-[(zert-butyldimethylsilyl)oxy|phenol (S1): To a solution of 34B (10 g,
24 mmol) in THF (0.12 L, 0.20 M) was added 1.6 M nBuLi in hexane (18 mL, 29 mmol) slowly at —
78 °C. After stirring for 40 min, the reaction was stopped by adding a saturated aqueous solution of
NH,4CI and the mixture was extracted twice with hexane. The combined organic extracts were washed
with brine, dried over MgSO, and concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (hexane/EtOAc = 15:1) to provide the titled compound S1 (8.1 g, 85%)
as a colorless solid. Mp: 57-60 °C. "H NMR (500 MHz, CDCl5) &: 0.31 (6 H, s), 0.37 (6 H, s), 0.93 (9
H, s), 1.00 (9 H, s), 4.87 (OH, s), 6.30 (1 H, d, /= 8.0 Hz), 6.40 (1 H,d, J=8.0 Hz), 7.05 (1 H, t, J =
8.0 Hz). ®C NMR (125 MHz, CDCl;) &: —2.95, —1.37, 18.6, 19.5, 26.9, 27.0, 107.8, 110.5, 112.0,
130.6, 162.3, 162.3. IR (neat): 1254, 1437, 3512 cm'. HRMS (MALDI) Caled for C;sH350,Si
[M+H]":339.2170, found 339.2170.

OH
SiMe,Bu

OH

35B

2-(tert-Butyldimethylsilyl)benzene-1,3-diol (35B): To a solution of S1 (2.0 g, 5.0 mmol) in THF (50
mL, 0.10 M) was added 1.0 M TBAF in THF (5.0 mL, 5.0 mmol) slowly at 0 °C. After stirring for 30
min, the reaction was stopped by adding a saturated aqueous solution of NH,Cl and the mixture was
extracted twice with EtOAc. The combined organic extracts were washed with brine, dried over
MgSO, and concentrated in vacuo. The residue was recrystallized from CHCI; to provide the titled
compound 35B (0.86 g, 77%) as a colorless solid. Mp: 128-131 °C. 'H NMR (500 MHz, CDCls) d:
0.41 (6 H, s), 0.94 (9 H, s), 4.90 (2 OH, s), 6.29 (2 H, d, J = 8.0 Hz), 7.07 (1 H, t, J = 8.0 Hz). °C
NMR (125 MHz, CDCl;) 8: —2.09, 18.4, 26.8, 107.7, 108.0, 131.4, 162.1. IR (neat): 1263, 1327, 1445,
3518 cm™'. HRMS (MALDI) Caled for C1,H,,0,Si [M+H]": 225.1305, found 225.1298.
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OTf
SiMe,Bu

OTf

51B

2-(tert-Butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB): To a solution of
35B (0.20 g, 0.89 mmol) in CH,Cl, (4.5 mL, 0.20 M) were added DIPEA (0.47 mL, 2.7 mmol) and
T£,0 (0.45 mL, 2.7 mmol) at 0 °C. After stirring for 30 min at rt, the reaction was stopped by adding
NaHCOj; aq. and the mixture was extracted twice with EtOAc. The combined organic extracts were
washed with brine, dried over MgSO, and concentrated in vacuo. The residue was purified by flash
column chromatography on silica gel (hexane/EtOAc = 20:1) to provide the titled compound SIB (0.37
g, 86%) as a yellow oil. "H NMR (500 MHz, CDCl3) &: 0.53 (6 H, s), 0.98 (9 H, s), 7.49 2 H, d, J =
9.0 Hz), 7.56 (1 H, t, J= 9.0 Hz). ®C NMR (125 MHz, CDCl) 8: —2.00, 18.6, 26.5, 117.9, 118.6 (q, J
=318 Hz), 122.4, 132.3, 156.0. ’/F NMR (280 MHz, CDCl;) &: —73.8. IR (neat): 1215, 1424 cm .
Anal. Calcd for C4H 3FsO¢S,Si: C, 34.42; H, 3.71. Found: C, 34.54; H, 3.72.

Synthesis of 4-TfO-benzyne precursor 5m (Scheme 14):

HO\©[Br
OH

38
2-Bromohydroquinone (38):* To a solution of hydroquinone 37 (6.4 g, 58 mmol) in CHCl5 (0.29 L,
0.20 M) was added Br, (3.0 mL, 58 mmol) at 0 °C. After stirring for 30 min at rt, the mixture was
concentrated in vacuo. The residue was purified by flash column chromatography on silica gel
(hexane/EtOAc = 3:1) to provide the titled compound 38 (6.0 g, 56%) as a colorless solid. Mp: 111-

114 °C (Lit. 112 °C).* 'H NMR (300 MHz, CDCls) &: 5.12 (2 OH, brs), 6.73 (1 H, dd, J = 3.0, 9.0 Hz),
6.90 (1 H, d,J=9.0 Hz), 6.99 (1 H, d, J= 3.0 Hz).

Me3SiO\©:Br
OSiMej3

39
1,4-Bis(trimethylsilyloxy)-2-bromobenzene (39): To a solution of 38 (2.5 g, 13 mmol) in THF (65
mL, 0.20 M) were added Et;N (5.4 mL, 39 mmol) and TMSCI (4.9 mL, 39 mmol). After stirring for 1
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h at rt, the mixture was concentrated in vacuo. The residue was filtered through Celite pad (washed
with hexane) and concentrated in vacuo to provide the titled compound as a colorless oil (4.3 g, quant).
This compound 39 was used for next reaction without purification due to the instability on silica gel

column chromatography.

HO\@SiMe3
OH

40
2-(Trimethylsilyl)hydroquinone (40):57
For Scheme 21: To a solution of 39 (4.3 g, 13 mmol) in THF (65 mL, 0.20 M) was added 2.3 M
nBuLi in hexane (11 mL, 26 mmol) slowly at =78 °C. After stirring for 1 h at rt, the reaction was
stopped by adding a saturated aqueous solution of NH,4Cl and the mixture was extracted with EtOAc.
The combined organic extracts were washed with brine, dried over MgSO,4 and concentrated in vacuo.
The residue was purified by flash column chromatography on silica gel (hexane/EtOAc = 5:1) to
provide the titled compound 40 (2.1 g, 89%) as a colorless solid.
For Scheme 22: To a solution of 42A (13 g, 36 mmol) in MeOH (0.18 L, 0.2 M) was added TsOH -
H,0 (0.68 mg, 3.6 mmol) at rt. After stirring for 90 min at rt, the reaction was stopped by adding a
saturated aqueous solution of NaHCO; and the mixture was concentrated in vacuo. The mixture was
extracted with EtOAc. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated in vacuo. The residue was purified by flash column chromatography on silica gel
(hexane/EtOAc = 3:1) to provide the titled compound 40 (6.1 g, 94%) as a colorless solid. Mp: 126—
127 °C (Lit. 126-127 °C).”” 'H NMR (500 MHz, CDCl5) 8: 0.30 (9 H, s), 4.49 (OH, s), 4.54 (OH, s),
6.57 (1 H, d, J= 8.5 Hz), 6.70 (1 H, dd, J = 3.5, 8.5 Hz), 6.82 (1 H, d, J = 3.5 Hz). °C NMR (125
MHz, CDCl;) 8: —1.08, 115.5, 116.2, 117.0, 121.4, 149.0, 154.2. IR (neat): 1362, 3349 cm . HRMS
(MALDI) Calcd for CoH 40,Si [M+H]": 182.0758, found 182.0759.

Tfo\<j[snvle3
OTf

Sm
1,4-Bis(trifluoromethanesulfonyloxy)-2-(trimethylsilyl)benzene (Sm): To a solution of 40 (1.0 g,
5.5 mmol) in CH,Cl, (28 mL, 0.20 M) were added pyridine (2.0 mL, 25 mmol) and Tf,O (2.8 mL, 17
mmol) at 0 °C. After stirring for 19 h at rt, the reaction was stopped by adding a saturated aqueous

solution of NH4Cl and the mixture was extracted with Et,O. The combined organic extracts were

washed with brine, dried over MgSO, and concentrated in vacuo. The residue was purified by flash
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column chromatography on silica gel (hexane/EtOAc = 15:1) to provide the titled compound 5m (2.3
g, 95%) as a yellow oil. "H NMR (300 MHz, CDCls) 8: 0.39 (9 H, s), 7.34 (1 H, dd, J = 3.0, 9.0 Hz),
7.38 (1 H, d, J=3.0 Hz), 7.44 (1 H, d, J= 9.0 Hz). °C NMR (75 MHz, CDCL3) &: —1.21, 118.4 (q, J =
318 Hz), 118.7 (q,J =319 Hz), 121.5, 123.9, 128.6, 136.7, 147.9, 153.3. "’F NMR (280 MHz, CDCl;)
8: —73.7,—72.6. IR (neat): 1427 cm '. HRMS (APCI) Calcd for C,,H 3F404S,Si [M+H]": 446.98270,
found 446.98508.

Synthesis of 4-TfO-benzyne precursor 5m (Scheme 15):

THPO. ::
OTHP

41

1,4-Bis((tetrahydro-2 H-pyran-2-yl)oxy)benzene (41): To a solution of hydroquinone 37 (0.77 g, 7.0
mmol) in CH,CI, (35 mL, 0.20 M) was added DHP (1.5 mL, 18 mmol) and PPTS (0.18 g, 0.70 mmol)
at rt. After stirring for 10 h at rt, the reaction was stopped by adding a saturated aqueous solution of
NaHCOj; and the mixture was extracted with Et,0. The combined organic extracts were washed with
brine, dried over MgSO, and concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (hexane/EtOAc = 8 : 1) to provide the titled compound 41 (1.9 g, 96%)
as a colorless solid. '"H NMR (500 MHz, CDCl;) &: 1.57-1.70 (6 H, m), 1.83-1.86 (4 H, m), 1.95-2.02
(2 H, m), 3.57-3.61 (2 H, m), 3.91-3.96 (2 H, m), 5.30-5.31 (2 H, m), 6.97 (4 H, s). °C NMR (125
MHz, CDCl;) ¢: 18.9, 25.2, 30.4, 62.0, 97.1,97.1, 117.5, 117.5, 151.8, 151.8.

THPO SiMe;

\[::I:OTHP

42A

1,4-Bis((tetrahydro-2H-pyran-2-yl)oxy)-2-(trimethylsilyl)benzene (42A):To a solution of 41 (11 g,
40 mmol) in THF (0.20 L, 0.20 M) was added 2.7 M nBulLi in hexane (16 mL, 43 mmol) slowly at
0 °C. After stirring for 8 h at rt, TMSCI (7.5 mL, 59 mmol) was added at rt. After stirring for 2 h at rt,
the reaction was stopped by adding a saturated aqueous solution of NH4Cl and the mixture was
extracted with EtOAc. The combined organic extracts were washed with brine, dried over MgSO,4 and
concentrated in vacuo. The residue was purified by flash column chromatography on silica gel
(hexane/EtOAc = 8:1) to provide the titled compound 42A (13 g, 90%) as a colorless solid. "H NMR
(500 MHz, CDCl3) 8: 0.29 (9 H, s), 1.58-1.73 (6 H, m), 1.84-1.88 (4 H, m), 1.96-2.02 (2 H, m), 3.57—
3.63 (2 H, m), 3.86-3.97 (2 H, m), 5.29-5.32 (1 H, m), 5.37-5.38 (1 H, m), 7.00-7.05 (3 H, m). °C
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NMR (125 MHz, CDCl;) 6: —0.78, 18.7, 19.0, 25.3, 30.4, 30.5, 61.5, 61.5, 62.1, 96.1, 96.2, 97.2, 97.3,
113.2,113.3,118.0, 118.2, 123.4, 123.6, 129.0, 151.1, 151.2, 156.8, 156.8.

Synthesis of 4-MsO-benzyne precursor 5t (Scheme 22):

MsO SiMe;
5t

1-(Methanesulfonyloxy)-3-(trimethylsilyl)-4-(trifluoromethanesulfonyloxy)benzene (5t): To a
solution of 40 (0.90 g, 4.9 mmol) in CH,Cl, (25 mL, 0.20 M) were added pyridine (2.6 mL, 32 mmol)
and MsCl (1.9 mL, 25 mmol) at 0 °C. After stirring for 2 h at rt, the reaction was stopped by adding
H,0 and the mixture was extracted with Et,O. The combined organic extracts were washed with brine,
dried over MgSO, and concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (toluene/EtOAc = 6:1) to provide the mixture of
3-(trimethylsilyl)-4-(methansulfonyloxy)phenol 51 and
1,4-bis(methansulfonyloxy)-3-(trimethylsilyl)benzene (1.3 g). To a solution of the mixture in CH,Cl,
(14 mL) was added pyridine (1.9 mL, 24 mmol) and Tf,0 (3.1 mL, 18 mmol) at 0 °C. After stirring
for 3 h at rt, the reaction was stopped by adding H,O and the mixture was extracted with Et,O. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated in vacuo. The
residue was purified by flash column chromatography on silica gel (hexane/EtOAc = 5:1) to provide
the titled compound 5t [1.0 g, 52% (2 steps)] as a yellow oil. 'H NMR (500 MHz, CDCl;) &: 0.38 (9 H,
s), 3.18 3 H, s), 7.36 (1 H, dd, /= 3.0, 8.5 Hz), 7.21 (1 H, d, J= 8.5 Hz), 7.40 (1 H, d, J = 3.0 Hz).
C NMR (125 MHz, CDCl3) 8: —1.21, 37.6, 118.3 (q, J = 317 Hz), 121.2, 124.5, 129.3, 135.9, 147.5,
152.7. "F NMR (470 MHz, CDCl3) &: —73.8. IR (neat): 1373, 1420 cm'. HRMS (APCI) Calcd for
C11H6F306S,Si [M+H]": 393.01097, found 393.01356.
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Synthesis of 2,4,6-trimethoxybenzonitrile oxide (25B):

OH
OMe OMe O NH,OH-HCI (1.3 eq) OMe NI‘
POCI; (1.0 eq) _ H Na,CO;3 (0.70 eq) H
e Hzo
MeO OMe DMF MeO OMe reflux MeO OMe
0°C 12 h, 97%
1h, 78% I
s2 ’ s3 sS4
NCS (2.0 eq) OMe ’*\'I,O
EtN (2.1eq) Z
CH,Cl,
rt MeO OMe
1 h, 68%
258
Scheme 40
OMe O
H
MeO OMe
S3

2,4,6-Trimethoxybenzaldehyde (S3):58 To a solution of 1,3,5-trimethoxybenzene S2 (0.80 mg, 4.8
mmol) in DMF (15 mL, 0.30 M) was added POCI; (0.45 mL, 4.8 mmol) at 0 °C. After stirring for 1 h
at 0 °C, the reaction was stopped by adding a saturated aqueous solution of NH4Cl and the mixture
was extracted with EtOAc. The combined organic extracts were washed with brine, dried over MgSO,
and concentrated in vacuo. The residue was purified by flash column chromatography on silica gel
(EtOAc/hexane = 1:1) to provide the titled compound S3 (0.73 g, 78%) as a colorless solid. Mp:
119-120 °C (Lit. 119-121 °C).”® "H NMR (300 MHz, CDCl;) &: 3.87 (9 H, s), 6.06 (2 H, s), 10.3 (1 H,
s).

OH
OMe N|’

MeO OMe

S4
2,4,6-Trimethoxybenzaldehyde oxime (S4): To a solution of S3 (0.69 g, 3.5 mmol) in H,O (35 mL,
0.10 M) was added Na,CO; (0.27 g, 2.5 mmol) and NH,OH-HCI (0.32 g, 4.6 mmol) at rt. After
stirring for 12 h at rt, the reaction was stopped by adding a saturated aqueous solution of NH,Cl and
the mixture was extracted with Et,O. The combined organic extracts were washed with brine, dried

over MgSO, and concentrated in vacuo. The residue was purified by flash column chromatography on
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silica gel (EtOAc/hexane = 1:15) to provide the titled compound S4 (0.72 g, 97%) as a colorless
solid. Mp: 216-218 °C. "H NMR (300 MHz, DMSO-dg) &: 3.77 (6 H, s), 3.80 (3 H, s), 6.26 (2 H, s),
8.13 (OH, s), 10.8 (1 H, s). °C NMR (125 MHz, DMSO-dq) &: 55.4, 55.8, 91.0, 102.4, 142.4, 159.2,
161.6. IR (neat): 1464, 1611, 3181 cm . HRMS (MALDI) Calcd for C1oHsNO, [M+H]": 212.0917,
found 212.0919.

MeO OMe

25B

2,4,6-Trimethoxyphenylnitrile oxide (25B): To a solution of S4 (0.22 g, 1.1 mmol) in CH,CI, (11
mL, 0.10 M) was added Et;N (0.30 mL, 2.2 mmol) and N-chlorosuccinimide (0.28 g, 2.1 mmol) at rt.
After stirring for 1 h at rt, the reaction was stopped by adding H,O and the mixture was extracted with
EtOAc. The combined organic extracts were washed with brine, dried over MgSO, and concentrated
in vacuo. The residue was purified by flash column chromatography on silica gel (CH,Cly/hexane =
2:1) to provide the titled compound 25B (0.15 g, 68%) as a colorless solid. Mp: 164-167 °C. 'H
NMR (300 MHz, CDCl;) 8: 3.83 (9 H, s), 6.06 (2 H, s). >C NMR (125 MHz, CDCl3) &: 55.6, 55.9,
84.3,90.4, 163.4, 163.7. IR (neat): 1333, 1582 cm'. HRMS (MALDI) Calcd for CoH;;NO, [M+H]":
209.0683, found 209.0683.

B, ZHORUYTA U RIGO—REREE

Arynophile

Y 7,9,11,25 Y Y Ri-,
SiRs csF | AN Ri, Riv, :
MeCN [ ST Ry’
OoTf ert Ry 2’ v
5¢, 5IB Te,1¢ 7.9 11,25 distal-8, 10, 12, 26  proximal-8, 10, 12, 26

General Procedure I: CsF (2.0-3.0 equiv) was flame-dried under reduced pressure in a flask
equipped with a three-way stopcock, and back-filled with Ar. Furan 7 or azide 9 or nitrile oxide 25 or
alkene 11 (3.0-4.0 equiv) with a stir bar was loaded into the flask and evacuated and backfilled with
Ar (This process was repeated three times). MeCN (One-fifth of its total volume) was added into the
flask via a syringe. A solution of precursor 5¢ or 5IB (1.0 equiv) in anhydrous MeCN (one-fifth of its
total volume) was added to the flask through a cannula and washed with MeCN (three-fifth of its total

volume). The mixture was stirred at rt for the period shown in Tables 1-6 and 30. H,O and EtOAc
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were added to the reaction mixture, and the aqueous phase was extracted thrice with EtOAc. The
combined organic phase was washed with a saturated aqueous NaCl solution (brine). The organic
phase was dried over anhydrous MgSQ,, and the solvent was removed under reduced pressure. The
residue was subjected to *H NMR analysis for calculating the ratio of the two regioisomers (distal-
and proximal-8, 10, 12 or 26). The crude product was purified by flash column chromatography on
silica gel (hexane, a mixture of hexane and EtOAc, or CH,Cl,) to afford distal- and proximal-8, 10, 12
or 26.

B
Diels—Alder reaction of 3-TfO-benzyne 1l with furan 7A (Table 2):

OTf Me

Me
8IA

1,4-Dimethyl-1,4-dihydro-1,4-epoxy-5-(trifluoromethanesulfonyloxy)naphthalene 8lA (Table 2,
entry 3): Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol), 2,5-dimethylfuran 7A
(32 uL, 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 51B
(50 mg, 0.10 mmol) was stirred in MeCN (1.0 mL, 0.10 M) for 3 h at rt. The crude product was
purified by flash column chromatography on silica gel (hexane/EtOAc = 5:1) to provide the titled
compound 8IA (25 mg, 79%) as a red oil. ‘H NMR (300 MHz, CDCl3) &: 1.91 (3 H, s), 2.03 (3 H, s),
6.78-6.89 (3 H, m), 7.03-7.13 (2 H, m). °C NMR (75 MHz, CDCl,) &: 15.0, 16.3, 88.8, 89.3, 118.1,
118.4, 118.5 (q, J = 318 Hz), 127.7, 142.2, 144.1, 146.3, 146.7, 157.5. ’F NMR (280MHz, CDCl;) &
—72.9.

Reaction of 3-triflyloxybenzyne 11 with azides 9 (Table 3):

OTf

OMe

distal-101A
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1-(4-Methoxyphenyl)-4-(trifluoromethanesulfonyloxy)benzotriazole (distal-101A) (Table 3, entry
1): Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol), 4-methoxyphenyl azide
9A°" (45 mg, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (1.0 mL, 0.10 M) for 3 h at rt. The crude product (distal-101A/proximal-101A = >98:2,
determined by 300 MHz '"H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:3) to provide the titled compound, distal-10lIA (18 mg, 48%) as a colorless
solid. Mp: 109-111 °C. *H NMR (300 MHz, CDCl3) &: 3.92 (3 H, s), 7.13 (2 H, d, J = 8.0 Hz), 7.36 (1
H, d, J = 7.0 Hz), 7.54-7.70 (4 H, m). >C NMR (75 MHz, CDCl;) &: 55.7, 110.9, 115.1, 116.5 118.8
(q, J =318 Hz), 124.9, 128.3, 129.1, 135.2, 139.0, 139.6, 160.3. ’F NMR (280MHz, CDCl5) &: —72.4.
IR (neat): 1423 cm . HRMS (MALDI) Calcd for Ci4H;;N3O4F;S [M+H]": 374.0417, found 374.0416.

distal-10IB

1-Benzyl-4-(trifluoromethanesulfonyloxy)benzotriazole (distal-101B) (Table 3, entry 2): Following
General Procedure I, a mixture of CsF (46 mg, 0.30 mmol), benzyl azide 9B (37 pL, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (distal-10IB/proximal-10IB = >98:2,
determined by 300 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:4) to provide the titled compound, distal-10IB (26 mg, 74%) as a colorless
solid, and its regiochemistry was determined by dNOE experiments. Mp: 84-86 °C. *H NMR (300
MHz, CDCl,) &: 5.86 (2 H, s), 7.25-7.44 (8 H, m). *C NMR (125 MHz, CDCls) &: 52.8, 110.4, 116.2,
118.8 (q, J = 318 Hz), 127.7, 127.7, 128.8, 129.1, 133.8, 135.3, 139.1, 139.6. °F NMR (280 MHz,
CDCly) 5: —72.6. IR (neat): 1427 cm . HRMS (MALDI) Calcd for Cy4H1;N3O3FsS [M+H]": 358.0468,
found 358.0471.

oTf

distal-10IC
1-(4-Nitrobenzyl)-4-(trifluoromethanesulfonyloxy)benzotriazole (distal-10IC) (Table 3, entry 3):
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Following General Procedure 1, a mixture of CsF (46 mg, 0.30 mmol), 4-nitrobenzyl azide 9C*° (53
mg, 0.30 mmol), and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50
mg, 0.10 mmol) was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product
(distal-101C/proximal-10IC = >98:2, determined by 500 MHz *H NMR analysis) was purified by flash
column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound,
distal-10IC (28 mg, 70%) as a colorless solid. Mp: 106-109 °C. *H NMR (500 MHz, CDCls) &: 5.98
(2H,s),7.32(1H,d,J=40Hz),7.34-7.45(3H, m), 751 (L H,t,J=75Hz),821(2H,d, J=9.0
Hz).*C NMR (125 MHz, CDCls) &: 51.6, 109.7, 116.7, 118.8 (q, J = 320 Hz), 124.4, 128.4, 128.5,
135.1, 139.2, 139.8, 140.8, 148.1. "*F NMR (280 MHz, CDCls) 5: —72.5. IR (neat): 1424, 1522 cm .
HRMS (MALDI) Calcd for C14H10N4OsF5S [M+H]": 403.0319, found 403.0321.

Cy
distal-101D
1-Cyclohexyl-4-(trifluoromethanesulfonyloxy)benzotriazole (distal-10ID) (Table 3, entry 4):
Following General Procedure 1, a mixture of CsF (46 mg, 0.30 mmol), cyclohexyl azide 9D*° (38 mg,
0.30 mmol), and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg,
0.10 mmol) was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (distal-101D/proximal-10I1D
= >98:2, determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:6) to provide the titled compound, distal-10ID (22 mg, 63%) as a yellow
oil. 'H NMR (500 MHz, CDCl5) 8: 1.32-1.61 (4 H, m), 1.81-2.20 (6 H, m), 4.62-4.73 (1 H, m), 7.28
(1H,d, J=8.0Hz),7.49 (L H,t J=8.0Hz), 7.61 (1 H,d, J=8.0 Hz). ®C NMR (125 MHz, CDCl5)
8: 25.1, 25.4, 32.5, 59.7, 110.4, 116.0, 118.8 (q, J = 320 Hz), 127.0, 134.8, 138.8, 139.7. °F NMR
(280 MHz, CDClg) &: —72.6. IR (neat): 1427 cm*. HRMS (MALDI) Calcd for Ci3H:5N3O3FsS
[M+H]": 350.0781, found 350.0783.

Reaction of 3-triflyloxybenzyne 1l with nitrile oxides 42 (Table 4 and Scheme 18):

proximal-261A

3-(2,4,6-Trimethylphenyl)-4-(trifluoromethanesulfonyloxy)-1,2-benzisoxazole ~ (proximal-26lA)
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(Table 4, entry 1): Following General Procedure I, a mixture of CsF (30 mg, 0.20 mmol),
2,4,6-trimethylphenylnitrileoxide 25A (48 mg, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (2.0 mL) for 3 h at rt. The crude product (proximal-26lA/distal-261A = >98:2,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (CH,Cly/hexane = 2:5) to provide the titled compound, proximal-261A (30 mg, 77%) as a colorless
solid. Mp: 102-104 °C. *H NMR (300 MHz, CDCls) &: 2.12 (6 H, s), 2.38 (3 H, s), 7.03 (2 H, s), 7.23
(LH,d, J=85Hz),7.65 (1 H,t J=85Hz),7.72 (L H, d, J = 85 Hz). *C NMR (125 MHz, CDCl5)
8:19.9, 21.1, 110.6, 115.7, 116.1, 118.4 (q, J = 320 Hz), 122.8, 128.5, 130.9, 137.7, 139.9, 142.0,
155.5, 164.9. F NMR (280 MHz, CDCl,) &: -73.2. IR (neat): 1435, 1626 cm . HRMS (MALDI)
Calcd for C;7H;1sNO4F5S [M+H]": 386.0668, found 386.0668.

proximal-261B

3-(2,4,6-Trimethoxyl)phenyl-4-(trifluoromethanesulfonyloxy)-1,2-benzisoxazole (proximal-261B)
(Table 4, entry 2): Following General Procedure I, a mixture of CsF (30 mg, 0.20 mmol),
2,4,6-trimethoxyphenylnitrileoxide 25B (63 mg, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (2.0 mL) for 3 h at rt. The crude product (proximal-26IB/distal-261B = >98:2,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:2) to provide the titled compound, proximal-26IB (30 mg, 69%) as a colorless
solid. Mp: 108-110 °C. 'H NMR (500 MHz, CDCl5) 8: 3.73 (6 H, s), 3.87 (3 H, s), 6.25 (2 H, s), 7.16
(1H,d, J=85Hz),755(LH,t J=85Hz),7.62 (1 H,d,J=85Hz).*C NMR (125 MHz, CDCl5)
d: 55.4,55.7, 90.8, 97.0, 110.2, 115.2, 116.6, 118.4 (g, J = 318 Hz), 130.0, 142.4, 150.6, 159.8, 163.5,
164.7. *F NMR (470 MHz, CDCl3) &: —73.3. IR (neat): 1340, 1429 cm *. HRMS (MALDI) Calcd for
C17H15NO-F3S [M+H]": 434.0516, found 434.0521.
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proximal-261C

3-(2,4-Dimethoxyl-6-methyl)phenyl-4-(trifluoromethanesulfonyloxy)-1,2-benzisoxazole
(proximal-26IC) (Table 4, entry 3): Following General Procedure I, a mixture of CsF (30 mg, 0.20
mmol),  2,4-dimethoxy-6-methyl-phenylnitrileoxide 25C (58 mg, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (2.0 mL) for 3 h at rt. The crude product (proximal-26IC/distal-261C = >98:2,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:8) to provide the titled compound, proximal-261C (27 mg, 65%) as a colorless
solid. Mp: 108-110 °C. *H NMR (500 MHz, CDCls) 8: 2.23 (3 H, s), 3.70 (3 H, s), 3.87 (3 H, s), 6.43
(1H,d,J=25Hz),6.50(1H,d,J=25Hz),7.18(1H,d,J=8.0Hz),7.61 (1 H,t,J=8.0Hz),7.67
(1 H,d, J=8.0Hz). ®F NMR (280 MHz, CDCl5) 8: —73.2.

OTf  pp

SN

4

0]

proximal-261D
3-Phenyl-4-(trifluoromethanesulfonyloxy)-1,2-benzisoxazole (proximal-261D) (Scheme 18): CsF
(0.11 g, 0.75 mmol) was flame-dried under reduced pressure in a flask equipped with a three-way
stopcock, and back-filled with Ar. N-hydroxybenzimidoyl chloride 24D (16 mg, 0.10 mg) with a stir
bar was loaded into the flask and evacuated and backfilled with Ar (this process was repeated three
times). MeCN (one-fifth of its total volume) was added into the flask via a syringe. A solution of
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (98 mg, 0.20 mmol) in
anhydrous MeCN (one-fifth of total volume) was added to the flask through a cannula and washed
with MeCN (three-fifth of its total volume). The mixture was stirred at rt 3 h. H,O and EtOAc were
added to the reaction mixture, and the aqueous phase was extracted thrice with EtOAc. The combined
organic phase was washed with a saturated aqueous NaCl solution (brine). The organic phase was
dried over anhydrous MgSQ,, and concentrated in vacuo. The crude product was purified by flash
column chromatography on silica gel (EtOAc/hexane = 1:15) to provide the titled compound,
proximal-261D (18 mg, 48%) as a colorless solid. '"H NMR (300 MHz, CDCls) &: 7.32 (L H, d, J = 8.0
Hz), 7.54-7.59 (3 H, m), 7.68 (1 H, t, J = 8.5 Hz), 7.72 (1 H, d, J = 8.5 Hz), 7.75-7.77 (2 H, m). °C
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NMR (125 MHz, CDCly) &: 110.6, 114.2, 116.2, 118.3(q, J = 320 Hz), 127.1, 128.8, 129.3, 130.5,
130.9, 142.2, 156.9, 165.4."F NMR (470 MHz, CDCls) &: —72.7.

Reaction of 3-methoxybenzyne 1c with nitrile oxide 25A (Table 4, entry 4):

proximal-26¢cA

3-(2,4,6-Trimethyl)phenyl-4-(methoxy)-1,2-benzisoxazole (proximal-26cA) (Table 4, entry 4):
Following  General Procedure I, a mixture of CsF (93 mg, 0.61 mmol),
2,4,6-trimetylphenylnitrileoxide 25A%) (74 mg, 0.46 mmol), and
1-methoxy-2-(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5c¢*®® (50 mg, 0.15 mmol) was
stirred in MeCN (1.5 mL) for 3 h at rt. The crude product (proximal-26cA/distal-26cA = 85:15,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:15) to provide the titled compound, proximal-26cA (23 mg, 57%) as a
colorless solid. Mp: 140-141 °C. *H NMR (500 MHz, CDCl3) &: 2.10 (6 H, s), 2.35 (3 H, ), 3.73 (3 H,
s), 6.62 (1 H,d, J=85Hz),695(2H,s),7.22 (LH,d, J=85Hz), 748 (L H, t, J = 85 Hz).°C
NMR (75 MHz, CDCl3) 8: 20.0, 21.2, 55.7, 102.6, 103.3, 112.4, 125.6, 128.0, 131.3, 137.4, 138.5,
155.1, 156.5, 165.1. IR (neat): 1283, 1360, 1501 cm . HRMS (MALDI) Calcd for Cy;H1gNO,
[M+H]": 268.1332, found 268.1331.

distal-26cA
3-(2,4,6-Trimethyl)phenyl-7-(methoxy)-1,2-benzisoxazole (distal-26¢cA) (Table 4, entry 4) was

obtained from the above-mentioned reaction mixture by flash column chromatography on silica gel
(3.8 mg, 9.5%) as a colorless solid. Mp: 116-119 °C. '*H NMR (500 MHz, CDCl;) &: 2.08 (6 H, s),
2.36 (3H,s),410(3H,s),6.94(1H,d,J=75Hz),6.99(2H,s),7.01 (LH,d,J=75Hz),7.20 (1 H,
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t, J = 7.5 Hz). ®*C NMR (75 MHz, CDCls) 8: 20.0, 21.2, 56.5, 111.0, 113.4, 124.0, 124.1, 124.7, 128 4,
137.7, 139.2, 144.7, 153.7, 158.1. IR (neat): 1273, 1371, 1505 cm . HRMS (MALDI) Calcd for
C17H1sNO, [M+H]": 268.1332, found 268.1328.

B DER
Diels—Alder reactions of 3-TfO-benzyne 11 with furans 7 (Table 5):

OTf

proximal-8ID

1-Butyl-1,4-dihydro-1,4-epoxy-8-(trifluoromethanesulfonyloxy)naphthalene (proximal-8ID)
(Table 5, entry 3): Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol),
2-butylfuran 7D (42 pl, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (proximal-8ID/distal-8ID = 61:39,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:8) to provide the titled compound, proximal-8ID (11 mg, 31%) as a colorless
oil. 'H NMR (500 MHz, CDCl3) 8: 0.96 (3 H, t, J = 7.5 Hz), 1.42-1.61 (4 H, m), 2.41-2.48 (2 H, m),
571(1H,s), 6.83(2H,d, J=85Hz),6.87 (1H,d, J=5.0Hz),7.04 (1H,d,J=7.0Hz), 7.04 (1L H,
dd, J=5.0,8.5Hz),7.20 (1 H, d,J = 7.0 Hz).

OoTf

90

distal-8ID
1-Butyl-1,4-dihydro-1,4-epoxy-5-(trifluoromethanesulfonyloxy)naphthalene (distal-81D) (Table 5,
entry 3) was obtained from the above-mentioned reaction mixture by flash column chromatography
(17 mg, 50%) as a colorless oil. *H NMR (500 MHz, CDCl3) &: 0.95-1.01 (3 H, m), 1.44-1.62 (4 H,
m), 2.22-2.39 (2 H, m), 5.85 (1 H, s), 6.81-6.83 (2 H, m), 7.06-7.09 (2 H, m), 7.14 (1 H, d, 6.5 Hz).
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OTf ©

proximal-8IE
1-Acetyl-1,4-dihydro-1,4-epoxy-8-(trifluoromethanesulfonyloxy)naphthalene (proximal-8IE)
(Table 5, entry 4): Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol),
2-acetylfuran 7E (30 ul, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (proximal-8IE/distal-8IE = 54:46,
determined by 300 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:8) to provide the titled compound, proximal-8IE (11 mg, 38%) as a colorless
solid. Mp: 84-86 °C. 'H NMR (300 MHz, CDCls) &: 2.41 (3 H, s), 5.87 (1 H, d, J = 1.5 Hz), 6.90 (1 H,
d, J=85Hz),7.07-7.14 (2H, m), 7.24 (L H, d, J=55Hz) , 7.29 (L H, d, J = 7.0 Hz). °C NMR (125
MHz, CDCly) &: 26.8, 82.7, 95.4, 118.6 (g, J = 320 Hz), 119.0, 120.2, 128.7, 140.1, 141.2, 142.3,
143.6, 153.3, 201.7. *F NMR (280 MHz, CDCls) §: —72.5.

OoTf

@)

distal-8IE
1-Acetyl-1,4-dihydro-1,4-epoxy-5-(trifluoromethanesulfonyloxy)naphthalene (distal-81E) (Table 5,
entry 4) was obtained from the above-mentioned reaction mixture by flash column chromatography
(11 mg, 33%) as a colorless solid. Mp: 91-93 °C. *H NMR (500 MHz, CDCl5) &: 2.40 (3 H, s), 6.06 (1
H, d, J=1.5Hz), 6.88 (1 H, d, J = 8.0 Hz), 7.06-7.12 (3 H, m), 7.31 (1 H, J = 7.0 Hz). *C NMR (75
MHz, CDCly) 3: 26.9, 80.4, 95.7, 118.7 (q, J = 317 Hz), 118.9, 119.5, 128.2, 140.4, 142.3, 142.5,
143.1, 151.4, 204.3. ">F NMR (280 MHz, CDCl5) 8: —72.5.

OTf OMe

OH
proximal-8IC
4-Methoxy-5-(trifluoromethanesulfonyloxy)naphthol  (proximal-8IC) (Table 5, entry 5):

63



Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol), 2-methoxyfuran 7C (28 L,
0.30 mmol), and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg,
0.10 mmol) was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (proximal-8IC/distal-8IC =
79:21, determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:4) to provide the titled compound, proximal-8IC (22 mg, 67%) as a
colorless solid, and its regiochemistry was determined by dNOE experiments. ‘H NMR (500 MHz,
CDCl) 4: 3.93 (3H,s),5.78 (L OH, s), 6.67 (L H,d, J=8.5Hz),6.70 (1 H,d, J=8.5Hz), 7.31 (1 H,
d, J=80Hz),7.43 (1 H,t J=80Hz),819 (1L H,d J=80Hz). *F NMR (470 MHz, CDCl3) &: —
73.5.

OTf OH

OMe
distal-8IC
4-Methoxy-8-(trifluoromethanesulfonyloxy)naphthol (distal-8IC) (Table 5, entry 5) was obtained
from the above-mentioned reaction mixture by flash column chromatography (EtOAc/hexane = 1:4) to
provide the titled compound, distal-81C (5.7 mg, 18%) as a colorless solid, and its regiochemistry was
determined by dNOE experiments. *H NMR (500 MHz, CDCl5) &: 3.95 (3 H, s), 5.70 (1 OH, s), 6.74
(1H,d,J=85Hz),6.84(1H,d,J=85Hz),7.36 (1H,d,J=8.0Hz),7.44(1H,t, J=8.0Hz),8.29
(1 H,d,J=8.0Hz). F NMR (470 MHz, CDCly) &: -72.9.

TfO

proximal-8IB
1-Butyl-1,4-dihydro-1,4-epoxy-8-(trifluoromethanesulfonyloxy)naphthalene (proximal-8IB)
(Table 5, entry 6): Following General Procedure |, a mixture of CsF (46 mg, 0.30 mmol),
2-tbutylfuran 7B (43 pl, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10 mmol) was
stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (proximal-8IB/distal-81B = 25:75,
determined by 500 MHz *H NMR analysis) was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:20) to provide the titled compound, proximal-8IB (7.4 mg, 21%) as a colorless
solid. '"H NMR (500 MHz, CDCl,) &: 1.27 (9 H, s), 5.84 (1 H, d, J = 1.5 Hz), 6.82 (1 H, d, J = 8.0 Hz),
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6.99 (LH, d, J=55Hz), 7.03-7.07 (2 H, m), 7.38 (L H, d, J = 7.0 Hz).

OTf

distal-8IB
1-Butyl-1,4-dihydro-1,4-epoxy-5-(trifluoromethanesulfonyloxy)naphthalene (distal-8IB) (Table 5,
entry 6) was obtained from the above-mentioned reaction mixture by flash column chromatography
(23 mg, 65%) as a colorless solid. "H NMR (500 MHz, CDCl5) 8: 1.27 (9 H, s), 5.68 (L H, d, J =15
Hz), 6.96 (1 H, d, J = 5.0 Hz), 7.02-7.07 (3H, m), 7.16 (1L H, dd, J = 4.5, 6.0 Hz).

Reaction of 3-triflyloxybenzyne 1l with alkenes 11 (Table 6):

OTf

OEt
OEt

proximal-121B

1,1-Diethoxy-6-(trifluoromethanesulfonyloxy)benzocyclobutene (proximal-12IB) (Table 6, entry
1): Following General Procedure I, a mixture of CsF (46 mg, 0.30 mmol), 1,1-diethoxyethylene 11B
(54 uL, 0.40 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB
(50 mg, 0.10 mmol) was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product
(distal-121B/proximal-12IB = 2:>98, determined by 500 MHz *H NMR analysis) was purified by flash
column chromatography on silica gel (EtOAc/hexane = 1:20) to provide the titled compound,
proximal-12IB (25 mg, 72%) as a colorless solid. '"H NMR (500 MHz, CDCl;) &: 1.25 (6 H, t, J = 7.5
Hz), 3.41 (2 H, s), 3.66-3.79 (4 H, m), 7.15 (1 H, d, J = 8.0 Hz), 7.24 (1 H, d, J = 8.0 Hz), 7.39 (1 H, t,
J = 8.0 Hz). ®*C NMR (125 MHz, CDCl,) &: 15.1, 44.3, 60.0, 104.0, 118.6 (q, J = 318 Hz), 119.5,
124.2,131.9, 137.0, 140.7, 145.0. *°F NMR (280 MHz, CDCls) &: —73.5.
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T 9 distal-10r, 10m, 10t proximal-10r, 10m, 10t

General Procedure Il: CsF (3.0 equiv) was flame-dried under reduced pressure in a flask equipped
with a three-way stopcock, and back-filled with Ar. Azide 9 (3.0 or 12 equiv) with a stir bar was
loaded into the flask and evacuated and backfilled with Ar (This process was repeated three times).
MeCN (one-fifth of its total volume) was added into the flask via a syringe. A solution of precursor
(5r, 5m, 5t) (1.0 equiv) in anhydrous MeCN (one-fifth of its total volume) was added to the flask
through a cannula and washed with MeCN (three-fifth of its total volume). The mixture was stirred at
rt for the period shown in Table 13. H,O and EtOAc were added to the reaction mixture, and the
aqueous phase was extracted thrice with EtOAc. The combined organic phase was washed with a
saturated aqueous NaCl solution (brine). The organic phase was dried over anhydrous MgSO,, and the
solvent was removed under reduced pressure. The residue was subjected to *H NMR analysis for
calculating the ratio of the two regioisomers (distal- and proximal-10r, 10m, 10t). The crude product
was purified by flash column chromatography on silica gel (hexane, a mixture of hexane and EtOAc,
or CH,CI,) to afford distal- and proximal-10r, 10m, 10t.

(3+2) Cycloaddition reaction of 4-MeO-benzyne 1r with azide 9B (Table 7):

distal-10rB

1-Benzyl-5-methoxybenzotriazole (distal-10rB) (Table 7, entry 1): Following General Procedure II,
a mixture of CsF (91 mg, 0.60 mmol), benzyl azide 9B (56 uL, 0.45 mmol) and
1-methoxy-4-(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5r (50 mg, 0.15 mmol) was
stirred in MeCN (1.5 mL, 0.10 M) for 3 h at rt. The crude product (distal-10rB/proximal-10rB =
52:48, determined by 500 MHz *H NMR analysis) was purified by preparative TLC (EtOAc/toluene =
1:5) to provide the titled compound, distal-10rB (15 mg, 42%) as a colorless solid. Mp: 135-137 °C.
'H NMR (300 MHz, CDCl;) &: 3.87 (3 H, 5), 5.80 (2 H, s), 7.05 (1 H, dd, J = 2.0, 9.0 Hz), 7.19-7.37
(7 H, m). ®C NMR (75 MHz, CDCl5) &: 52.4, 55.7, 98.7, 110.4, 120.3, 127.5, 128.3, 128.5, 129.0,
134.7, 147.3, 157.2. IR (neat): 1205 cm . HRMS (MALDI) Calcd for C14H14N5O [M+H]": 240.1131,
found 240.1131.
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Bn

MeO N
N

proximal-10rB
1-Benzyl-6-methoxybenzotriazole (proximal-10rB) (Table 7, entry 1) was obtained from the
above-mentioned reaction mixture by preparative TLC (14 mg, 38%) as a colorless solid. Mp: 91—
93 °C. "H NMR (300 MHz, CDCl5) 8: 3.72 (3 H, 5), 5.72 (2 H, s), 6.53 (L H, d, J = 2.0 Hz), 6.91 (1 H,
dd, J=2.0, 9.0 Hz), 7.18-7.28 (5 H, m), 7.85 (1 H, d, J = 9.0 Hz). **C NMR (75 MHz, CDCl,) 5: 51.9,
55.7, 90.0, 116.1, 120.7, 127.4, 128.4, 129.0, 133.9, 134.8, 141.7, 159.9. IR (neat): 1232 cm . HRMS
(MALDI) Calcd for C14H14N50 [M+H]": 240.1131, found 240.1134.

(3+2) Cycloaddition reactions of 4-substituted-benzyne 1m, 1t and azides 9 (Table 8):

distal-10mB

1-Benzyl-5-(trifluoromethanesulfonyloxy)benzotriazole (distal-10mB) (Table 8, entry 1):
Following General Procedure I, a mixture of CsF (50 mg, 0.33 mmol), benzyl azide 9B (0.16 mL, 1.3
mmol), and 1,4-bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5m (50 mg, 0.11 mmol)
was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product (distal-10mB/proximal-10mB = 75:25,
determined by 500 MHz *H NMR analysis) was purified by column chromatography on silica gel
(Et,O/hexane = 3:5) to provide the titled compound, distal-10mB (18 mg, 45%) as a colorless solid,
and its regiochemistry was determined by dNOE experiments. Mp: 108-110 °C. *H NMR (300 MHz,
CDCl) 8:5.82 (2 H, t, J = 7.5 Hz), 7.24-7.40 (7 H, m), 7.93 (1 H, s). *C NMR (125 MHz, CDCl;) &:
52.7, 111.3, 112.7, 118.6 (g, J = 318 Hz), 121.5, 127.6, 128.8, 129.1, 131.8, 133.8, 145.7, 145.9. =
NMR (470 MHz, CDCl3) &: —72.5. IR (neat): 1421 cm *. HRMS (MALDI) Calcd for C14H;;N303FsS
[M+H]": 358.0468, found 358.0470.

proximal-10mB
1-Benzyl-6-(trifluoromethanesulfonyloxy)benzotriazole (proximal-10mB) (Table 8, entry 1) was

obtained from the above-mentioned reaction mixture by flash column chromatography on silica gel
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(5.8 mg, 15%) as a colorless solid. Mp: 88-90 °C. *H NMR (300 MHz, CDCl5) &: 5.86 (2 H, s), 7.23—
7.39 (7H, m), 8.14 (1 H, d, J = 9.0 Hz). *C NMR (125 MHz, CDCls) 5: 52.8, 103.3, 118.0, 118.6 (q, J
= 318 Hz), 122.0, 127.7, 129.0, 129.3, 132.6, 133.6, 145.1, 148.2. **F NMR (280 MHz, CDCls) &: —
72.4. IR (neat): 1219, 1427 cm™*. HRMS (MALDI) Calcd for Cy,H11N3O3FsS [M+H]": 358.0468,
found 358.0468.

TfO N
N

OMe

distal-10mA

1-(4-Methoxyphenyl)-5-(trifluoromethanesulfonyloxy)benzotriazole (distal-l10mA) (Table 8,
entry 2): Following General Procedure Il, a mixture of CsF (50 mg, 0.33 mmol), 4-methoxyphenyl
azide 9A (0.19 g, 1.3 mmol), and 1,4-bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5m
(50 mg, 0.11 mmol) was stirred in MeCN (1.0 mL) for 3 h at rt. The crude product was purified by
flash column chromatography on silica gel (EtOAc/hexane = 1:4) to provide the titled compound,
distal-10mA (19 mg, 46%) as a colorless solid and its regiochemistry was determined by NOESY
spectra. Mp: 94-95 °C. *H NMR (300 MHz, CDCl,) 5: 3.91 (3H, s), 7.12 (2H,d, J= 7.5 Hz), 7.45 (1
H,d,J=9.0Hz),7.62 2 H,d,J=75Hz),7.73 (1 H, d, J = 9.0 Hz), 8.05 (1 H, 5). °C NMR (75 MHz,
CDCly) 6: 55.7, 111.8, 112.9, 115.1, 118.7 (q, J = 318 Hz), 122.1, 124.7, 129.1, 131.8, 145.8, 145.9,
160.3. °F NMR (280MHz, CDCl3) 8: —72.4. IR (neat): 1209, 1427 cm . HRMS (MALDI) Calcd for
C14H11N304FS [M+H]": 374.0417, found 374.0417.

OMe

TfO N
L
N

proximal-10mA
1-(4-Methoxyphenyl)-6-(trifluoromethanesulfonyloxy)benzotriazole (proximal-10mA) (Table 8,
entry 2) was obtained from the above-mentioned reaction mixture by flash column chromatography
on silica gel (6.1 mg, 15%) as a colorless solid (distal-10mA:proximal-10mA = 76:24, determined by
isolated product yield). Mp: 91-94 °C. *H NMR (300 MHz, CDCl3) &: 3.92 (3 H, s), 7.15 (2 H, d, J =
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9.0 Hz), 7.34 (2 H, dd, J = 2.0, 9.0 Hz), 7.61-7.63 (3 H, m), 8.22 (1L H, d, J = 9.0 Hz). *C NMR (125
MHz, CDCl) &: 55.7, 103.9, 115.3, 118.3, 118.7 (g, J = 320 Hz), 122.1, 124.7, 129.0, 132.6, 145.0,
148.8, 160.4. “°F NMR (280 MHz, CDCl3) &: ~72.4. IR (neat): 1211, 1425 cm . HRMS (MALDI)
Calcd for C14H11N3O4FS [M+H]": 374.0417, found 374.0416.

distal-10mC

1-(4-Nitrobenzyl)-5-(trifluoromethanesulfonyloxy)benzotriazole (distal-10mC) (Table 8, entry 3):
Following General Procedure Il, a mixture of CsF (50 mg, 0.33 mmol), 4-nitrobenzyl azide 39c (0.23
g, 1.3 mmol), and 1,4-bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5m (50 mg, 0.11
mmol) was stirred in MeCN (1.1 mL) for 3 h at rt. The crude product was purified by flash column
chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound, distal-10mC (17
mg, 39%) as a colorless solid. Mp: 80-82 °C. *H NMR (500 MHz, CDCl5) &: 5.98 (2 H, s), 7.38-7.46
(4 H, m), 8.02 (1 H, d, J =25 Hz), 821 (2 H, d, J = 85 Hz). *C NMR (125 MHz, CDCl5) &: 51.5,
110.7, 113.1, 118.6 (q, J = 320 Hz), 122.1, 124.3, 128.3, 131.8, 140.9, 145.9, 145.9, 148.0. °F NMR
(280 MHz, CDCls) &: —72.4. IR (neat): 1348, 1424, 1526 cm . HRMS (MALDI) Calcd for
C14H10N,O5F3S [M+H]": 403.0319, found 403.0315.

TfO N
T
N

proximal-10mC

1-(4-Nitro)benzyl-6-(trifluoromethanesulfonyloxy)benzotriazole (proximal-10mC) (Table 8, entry
3) was obtained from the above-mentioned reaction mixture by flash column chromatography on silica
gel (5.9 mg, 13%) as a colorless solid (distal-10mC:proximal-10mC = 75:25, determined by isolated
product yield). Mp: 121-123 °C. 'H NMR (500 MHz, CDCl3) &: 5.97 (2 H, s), 7.29-7.33 (2 H, m),
7.43 (2 H, d, J=9.0Hz), 819 (1 H, d, J = 9.0 Hz), 8.23 (2 H, d, J = 9.0 Hz). *C NMR (125 MHz,
CDCl,) 6: 51.4, 102.7, 118.4, 118.6 (q, J = 320 Hz), 122.4, 124.4, 128.4, 132.6, 140.7, 145.0, 148.1,
148.6. F NMR (280 MHz, CDCls) &: —72.4. IR (neat): 1348, 1424, 1524 cm . HRMS (MALDI)
Calcd for C14H1oN4OsF3S [M+H]": 403.0319, found 403.0321.
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distal-10mD

1-Cyclohexyl-5-(trifluoromethanesulfonyloxy)benzotriazole (distal-10mD) (Table 8, entry 4):
Following General Procedure 1, a mixture of CsF (50 mg, 0.33 mmol), cyclohexyl azide 9D*® (0.16 g,
1.3 mmol), and 1,4-bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5m (50 mg, 0.11
mmol) was stirred in MeCN (1.1 mL) for 3 h at rt. The crude product was purified by flash column
chromatography on silica gel (EtOAc/hexane = 1:8) to provide the titled compound distal-10mD (18
mg, 46%) as a colorless solid. Mp: 98-101 °C. *H NMR (300 MHz, CDCl;) &: 1.32-2.19 (10 H, m),
4.61-4.72 (1 H, m), 7.39 (1 H, brd, J = 9.0 Hz), 7.65 (1 H, d, J = 9.0 Hz), 7.98 (1 H, brs). *C NMR
(75 MHz, CDCly) é: 25.1, 25.4, 32.6, 59.6, 111.2, 112.8, 118.7 (q, J = 319 Hz), 121.0, 131.4, 145.6,
145.7. F NMR (280 MHz, CDCl5) 8: —72.4. IR (neat): 1223, 1416 cm *. HRMS (MALDI) Calcd for
C13H15N303F3S [M+H]": 350.0781, found 350.0783.

proximal-10mD

1-Cyclohexyl-6-(trifluoromethanesulfonyloxy)benzotriazole (proximal-10mD) (Table 8, entry 4)
was obtained from the above-mentioned reaction mixture by flash column chromatography on silica
gel (5.6 mg, 15%) as a colorless oil (distal-10mD : proximal-10mD = 76:24, determined by isolated
product yield). "H NMR (300 MHz, CDCls) &: 1.33-2.20 (10 H, m), 4.58-4.68 (1 H, m), 7.27 (1 H, dd,
J=25,85Hz), 752 (L H, d, J =25 Hz), 8.14 (1 H, d, J = 8.5 Hz). ®C NMR (75 MHz, CDCl;) &:
25.1, 25.4, 32.6, 59.5, 103.2, 117.7, 118.7 (q, J = 318 Hz), 121.9, 132.1, 144.8, 147.9. °F NMR
(280MHz, CDCls) &: —72.4. IR (neat): 1425 cm*. HRMS (MALDI) Calcd for Cy3H;sN3O3FsS
[M+H]": 350.0781, found 350.0781.

distal-10tB
1-Benzyl-5-(methanesulfonyloxy)benzotriazole (distal-136) (Table 8, entry 5): Following General
Procedure Il, a mixture of CsF (58 mg, 0.38 mmol), benzyl azide 9B (47 uL, 0.38 mmol) and
1-methanesulfonyloxy-4-(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)benzene 5t (50 mg, 0.13
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mmol) was stirred in MeCN (1.3 mL) for 3 h at rt. The crude product (distal-10tB/proximal-10tB =
72:28, determined by 300 MHz *H NMR analysis) was purified by preparative TLC (only CH,Cl,) to
provide the titled compound, distal-10tB (18 mg, 47%) as a colorless oil. *H NMR (300 MHz, CDCl5)
8:3.19 (3H,s),5.86 (2 H, s), 7.27-7.37 (7 H, m), 7.97 (1 H, 5). *C NMR (125 MHz, CDCl5) &: 37.4,
52.7, 111.0, 112.9, 123.0, 127.6, 128.8, 129.2, 131.6, 134.1, 1454, 146.3. IR (neat): 1364 cm .
HRMS (MALDI) Calcd for C14H14N303S [M+H] *: 304.0750, found 304.0756.

Bn

’

MsO N
g !
N

proximal-10tB
1-Benzyl-6-(methanesulfonyloxy)benzotriazole (proximal-10tB) (Table 8, entry 5) was obtained
from the above-mentioned reaction mixture by preparative TLC (7.0 mg, 18%) as a colorless oil. *H
NMR (500 MHz, CDCl3) 6: 3.14 (3 H, s), 5.85 (2 H, s), 7.24-7.38 (7 H, m), 8.11 (2 H, d, J = 8.5 Hz).
3C NMR (125 MHz, CDCly) &: 37.7, 52.6, 103.6, 119.0, 121.6, 127.7, 128.8, 129.2, 132.9, 134.0,
144.8, 148.0. IR (neat): 1364 cm '. HRMS (MALDI) Calcd forCi4H1N3O5S [M+H]": 304.0750,
found 304.0745.

L EN-GOES

Suzuki-coupling reaction of cycloaddition products distal-10IB, proximal-261A and distal-100B
(Schemes 23-25):

MeO I
N\
Ly
N

\\Ph

53
1-Benzyl-4-(2-methoxyphenyl)-benzotriazole (53) (Scheme 23):An oven dried Schlenk tube was
charged with Pd(OAc), (1.3 mg, 5.6 umol), PCy; (3.1 mg, 11 pmol), 2-methoxyphenylboronic acid
52A (13 mg, 84 umol), K;PO,4 (23 mg, 0.11 mmol) and distal-10IB (20 mg, 56 umol) and evacuated
and back-filled with argon. Anhydrous #-BuOH (0.56 mL) was added via a syringe, and the reaction
mixture was stirred at 100 °C for 14 h and filtered through a pad of silica gel cake using EtOAc. The

eluent was concentrated in vacuo. The residue was purified by flash column chromatography on silica

71



gel (EtOAc/hexane = 1:3) to provide the titled compound 53 (13 mg, 75%) as a colorless solid. Mp:
92-94 °C. '"H NMR (300 MHz, CDCl;) : 3.82 (3 H, s), 5.87 (2 H, s), 7.08 (1 H, d, J = 8.5 Hz), 7.12
(1H,t,J="7.5Hz), 7.30-7.50 (9 H, m), 7.68 (1 H, dd, J = 1.5, 7.5 Hz). °C NMR (75 MHz, CDCl;) &
52.3, 55.7, 108.4, 111.5, 120.7, 125.0, 125.8, 127.1, 127.6, 128.4, 128.9, 129.6, 130.9, 132.2, 133.1,
134.9, 145.1, 156.9. IR (neat): 1244, 1489 cm'. HRMS (MALDI) Calcd for CyH{gNsO [M+H]™:
316.1444, found 316.1446.

54
3-(2,4,6-Trimethylphenyl)-4-(4-methoxyphenyl)-1,2-benzisoxazole (54) (Scheme 24): An oven
dried Schlenk tube was charged with proximal-261A (20 mg, 52 umol), 4-methoxyphenylboronic acid
52B (16 mg, 0.10 mmol), Pd(PPh;), (6.0 mg, 5.2 umol), K,CO; (22 mg, 0.16 mmol) and evacuated
and back-filled with Ar. Anhydrous DMF (0.15 mL) was added via a syringe, and the reaction mixture
was stirred at 100 °C for 10 h and filtered through a pad of silica gel cake using EtOAc. The eluent
was concentrated in vacuo. The residue was purified by flash column chromatography on silica gel
(CH,Cly/hexane = 1:2) to provide the titled compound 54 (14 mg, 76%) as a colorless solid and its
regiochemistry was determined by NOESY spectra. Mp: 116-118°C. '"H NMR (300 MHz, CDCl5) &:
1.89 (6 H, s),2.25 (3 H, s),3.71 3H,s), 6.51 (2H,d, J=8.5Hz), 6.70 2 H, s), 6.89 2 H,d, J=8.5
Hz), 7.22 (1 H, dd, J = 2.5, 5.0 Hz), 7.60-7.62 (2 H, m). >C NMR (125 MHz, CDCl;) &: 20.0, 21.0,
55.2,108.4, 112.5, 119.5, 124.1, 125.7, 127.9, 129.1, 129.7, 129.8, 137.0, 138.5, 138.6, 157.3, 158.9,
163.8. IR (neat): 1252, 1518 cm . HRMS (MALDI) Calcd for Cp3Hp,NO, [M+H]+: 344.1645, found
344.1648.

55
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1-Benzyl-5-(2-methoxyphenyl)-benzotriazole (55) (Scheme 25): An oven dried Schlenk tube was
charged with Pd(OAc), (1.3 mg, 5.6 umol), PCy; (3.1 mg, 11 pumol), 2-methoxyphenylboronic acid
52A (13 mg, 84 umol), K3PO, (23 mg, 0.11 mmol) and distal-10mB (20 mg, 56 umol) and evacuated
and back-filled with argon. Anhydrous #nBuOH (0.56 mL) was added via a syringe, and the reaction
mixture was stirred at 100 °C for 11 h and filtered through a pad of silica gel cake using EtOAc. The
eluent was concentrated in vacuo. The residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:4) to provide the titled compound 55 (16 mg, 88%) as a colorless solid. Mp:
104-105 °C. '"H NMR (300 MHz, CDCl;) &: 3.81 (3 H, s), 5.86 (2 H, s), 7.03 (1 H, t, J = 8.5 Hz), 7.06
(1 H,t,J=6.0 Hz), 7.33-7.38 (8 H, m), 7.61 (1 H, dd, J = 1.0, 8.5 Hz), 8.19 (1 H, s). °C NMR (125
MHz, CDCl;) é: 52.3, 55.5,108.9, 111.2, 120.3, 121.0, 127.6, 128.5, 129.0, 129.0, 129.8, 129.9, 131.1,
131.9, 134.8, 146.7, 156.4. IR (neat): 1244, 1456 cm'. HRMS (MALDI) Calcd for CyH;sN;O
[M+H]": 316.1444, found 316.1444.

ANEDER

All calculations were performed using the Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F,; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N.; Millam, M. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian, Inc., Wallingford CT, 2009.

For a natural bond orbital (NBO) method, see: (a) Wiberg, K. B. Tetrahedron 1968, 24, 1083—
1096; (b) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211-7218; (c) Reed, A.
E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735-746.

For NBO6, see: Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J.

A.; Morales, C. M.; Weinhold, F. Theoretical Chemistry Institute, University of Wisconsin,
Madison, 2013.
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The natural “localized” molecular orbital (NLMO) based on the natural bond orbital (NBO)
interpretations could give chemists actual chemical and even quantitative insights without
methodology/basis set-dependency. For a review on NBO analysis, see: Reed, A. E.; Curtiss,
L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899-926.

Electron density p'ca of the i (reacting ) NBO of carbon atom Ca (A = 1 or 2) was evaluated as
follows,

piCA =n; X dca 1)

where n; is occupancy of the i™ NBO and dca is percentage contribution from each carbon atom
Ca for the i"™ NBO (Figure 4).

Validation of basis-set independency of NBO analyses of benzynes 1c, 1I, 1m, 1r:

We have performed validation of the independency for our NBO results by using some DFT
methods ~ with  more  flexible basis sets (B3LYP/6-31G(d), B3LYP/6-311+G(d,p),
MO06-2X/aug-cc-pVDZ). These results indicate that actual computational levels would hardly affect
the results of NBO analysis.
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Table 14. Validation of basis set independency of electron densities of benzynes 1c, 11, 1m, 1r .

NLMO%/Opt” 1c 11 1m Ir
B3LYP/6-31G( OMe oTf TfO 0.953
d)/B3LYP/6-3 ©| 1.010 ©| 1.031 Meo©l 0.9313 @l 0.907
0.826 0.781
1G(d) N N &9308 N
C2-Cl1 0.184 0.250 0.0005 0.046
B3LYP/6-311+ OMe oTt . o
G(dp)/B3LY ©| 1010 @I 103 | meo._~ ooz I oass
P/6-31G(d,p) NGy 768 \©|§9230 N
C2-Cl1 0.196 0.266 0.0008 0.051
MO06-2X/aug-c OMe oTf 0 0.952
c-pVDZ//B3L ©| 1.006 ©| 1.027 Meo\©| 0.9284 \©| 0.903
0.823 0.778
YP/6-31G(d) S N Q9269 =
C2-Cl1 0.183 0.249 0.0015 0.049
MO06-2X/aug-c
c-pVDZ//M06- OMe oTf 0 0055
0.819 0.770
DZ ~ ~ IS S
C2-Cl1 0.192 0.265 0.0005 0.055

“Basis set for Natural Localized Molecular Orbital (NLMO) calculation. "Basis set for structure

optimization.

Cartesian coordinates of benzynes 1c, 11, 1m, 1r optimized by DFT [B3LYP/6-31G(d)]:

OoTf
)

1l
1 C 4.3439170 -0.2734480 0.1237090
2 C 3.6576610 0.8861480 -0.3087160
3 C 3.4306290 -1.2899530 0.2561410
4 C 2.2733950 0.8935130 -0.5421010
5 C 2.1922790 -1.3843920 0.0853730
6 C 1.4991100 -0.2667160 -0.3443450
7 0 0.1273570 -0.2625480 -0.6436730
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-0.8790360
-0.6407650
-0.9431840
-2.4299840
-2.5560360
-2.3725230
-3.4608530
5.4112710

4.2260420

1.7826580

1m
4.,1542530
3.5231410
3.6682440
2.1624450
2.2777630
1.5721070
0.1882850
-0.8166170
-0.7760820
-0.6777500
-2.3795120
-2.3990000
-2.4395190
-3.4078130
4.2368590
1.5776020
1.7221380

0.4800390
-0.0237720
1.9058860
-0.3205410
-0.0344860
-1.6356990
0.1810980
-0.3017160
1.7989860
1.7996830

0.1867320
1.2591820
-1.0721760
1.4323430
-1.0170790
0.1972860
0.1985220
-0.3014280
-1.7512270
0.5676940
0.1685260
1.4792340
-0.4861010
-0.1779310
-1.9912340
2.3405960
-1.9121290
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0.4392730
1.7819550
0.1551360
-0.2419350
-1.5332930
-0.0688780
0.4358830
0.3051570
-0.4693410
-0.8836890

0.0374970
0.1528490
-0.2749900
-0.0206410
-0.4805580
-0.3554460
-0.6399990
0.5746410
0.6944780
1.7326400
-0.3456610
-0.5627340
-1.5001040
0.4257360
-0.3644410
0.0703910
-0.7415520
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1c
-1.4012340
-1.9158900
-1.3844100
0.0000000
0.6889330
0.0065520
0.5727830
1.9923020
-1.9371320
1.7741190
0.5924200
2.2351920
24178110
24178110

Me0\©|

1r
-0.0432360
-1.4114160
0.6633850
-1.9883820
-1.4185880
0.0000000
0.6476630
2.0659780
0.4687220
1.7473430
-1.9064250
2.3537110
2.4744510
2.4744510

-1.9820040
-0.7017010
0.4289210
0.5868860
-0.6532870
-1.8841970
1.8141540
1.8880390
-2.9231500
-0.6693630
-2.8015940
2.9518010
1.4165660
1.4165660

-2.0214650
-1.8134740
-0.8007590
-0.7032780
0.5496390
0.4510130
1.6538600
1.6683100
-2.9788100
-0.8334450
1.5181370
2.7213890
1.1809660
1.1809660
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0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.8952410
-0.8952410

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.8953100
-0.8953100
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Synthesis of benzyne precursor 50 and 5u
F

i LOTHP

S5

2-(2-Fluorophenoxy)tetrahydro-2H-pyran (S5): To a solution of 2-fluorophenol (1.4 mL, 15 mmol)
in CH)Cl, (75 mL, 0.2 M)were added dihydropyran (25 mL, 30 mmol) and
pyridinium p-toluenesulfonate (0.19 g, 0.75 mmol). After stirring for 12 h at room temperature, the
reaction was quenched by adding NaHCO; ag. and the mixture was extracted with CH,Cl, twice. The
combined organic layers were washed with brine, dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtsN/hexane = 1:19) to give the titled compound S5 as a colorless oil (2.7 g, 92%). *H NMR
(400 MHz, CDCly) 8: 1.59-1.76 (3 H, m), 1.84-2.10 (3 H, m), 3.62 (1 H, tdd, J = 2.0, 4.5, 11.0 Hz),
3.96 (1 H, dt, J=3.0, 11.0 Hz), 5.44 (1 H, t, J = 3.0 Hz), 6.93-6.97 (1 H, m), 7.02-7.10 (2 H, m) ,
7.20 (1 H, dt, J = 2.0, 8.0 Hz). *C NMR (100 MHz, CDCls) 8: 18.4, 25.1, 30.1, 61.9, 97.5, 116.2 (d, J
= 18.0 Hz), 118.6, 122.2 (d, J = 7.5 Hz), 124.2 (d, J = 4.0 Hz), 144.8 (d, J = 10.5 Hz), 153.3 (d, J =
245 Hz). "*F NMR (376 MHz, CDCl5) &: —133.5-(~133.4) (m). IR (neat): 2946, 1505 cm . HRMS
(MALDI) Calcd for C1;H;30,FNa [M+Na]": 219.0792, found 219.0785.

F
@iOTHP
SiMej;

S6
(3-Fluoro-2-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)trimethylsilane (S6): To a solution of S5 (2.7
g, 13.8 mmol) in THF (46 mL) at O °C under argon n-BuLi (2.6 M in THF, 5.6 mL, 14.4 mmol) was
added dropwise over 10 min. The reaction mixture was warmed to ambient temperature and stirred rt
for 5 h. TMSCI (1.9 mL, 15.2 mmol) was added dropwise over 10 min at 0 °C. The mixture was
allowed to warm to ambient temperature for 30 min and quenched with NH4CI ag. The aqueous layer
was separated and extracted with EtOAc. The combined organic layers were washed with brine, dried

over Na,SO, and concentrated under reduced pressure. The residue was purified by flash column

chromatography (EtsN/hexane = 1:19) to provide the titled compound S6 as a colorless oil (3.6 g,

78



98%). '"H NMR (500 MHz, CDCls) &: 0.33 (9 H, s), 1.57-1.65 (3 H, m), 1.83-1.86 (1 H, m), 1.94—
1.98 (2 H, m), 3.54-3.58 (1 H, m), 3.98-4.02 (1 H, m), 549 (1 H, d, J = 6.0 Hz), 6.95-6.99 (1 H, m),
7.06 (1 H, ddd, J = 1.5, 8.5, 13 Hz), 7.15 (1 H, dd, J = 2.0, 7.5 Hz). *C NMR (125 MHz, CDCl;) &: —
0.41, 20.0, 25.1, 30.9, 64.1, 100.3 (d, J = 9.5 Hz), 118.3 (d, J = 20.0 Hz), 123.1 (d, J = 7.0 Hz), 130.1
(d, J = 3.5 Hz), 147.7, 153.6 (d, J = 247 Hz). **F NMR (470 MHz, CDCls) &: —129.84—(~129.80). IR
(neat): 2952 cm*. HRMS (MALDI) Calcd for Cy4H»;0,FNaSi [M+Na]*: 291.1187, found 291.1169.

F
@EOH
SiMes

S7

2-Fluoro-6-(trimethylsilyl)phenol (S7):*° To a solution of S6 (3.1 g, 11.5 mmol) in MeOH (30 mL,
0.38 M) was added TsOH-H,0 (0.11 g, 0.58 mmol) at room temperature. After stirring for 30 min, the
reaction was quenched by adding a saturated aqueous solution of NaHCO; and the mixture was
concentrated under reduced pressure. The mixture was extracted with EtOAc. The combined organic
extracts were washed with brine, dried over MgSQO,4 and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 1:8) to provide
the titled compound S7 as a colorless oil (2.0 g, 94%). *H NMR (400 MHz, CDCl5) &: 0.31 (9 H, s),
5.26 (1 H, d, J = 6.0 Hz), 6.84 (1 H, ddd, J = 4.5, 7.0, 8.5 Hz), 7.04-7.11 (2 H, m). *C NMR (100
MHz, CDCls) &: -1.15, 116.1 (d, J = 18.0 Hz), 120.4 (d, J = 5.5 Hz), 128.3, 129.9 (d, J = 5.0 H2),
147.7 (d, J = 11.5 Hz), 150.5 (d, J = 237.5 Hz). **F NMR (376 MHz, CDCl5) &: —143.1-(~143.0) (m).
IR (neat): 3586 cm ™.

F
@[OTf
SiMe3
50
2-Fluoro-6-(trimethylsilyl)phenyl trifluoromethanesulfonate (50) (Table 1):? To a solution of S7
(2.0 g, 10.9 mmol) in CH,CI, (36 mL, 0.30 M) were added pyridine (1.3 mL, 16 mmol) and Tf,0 (2.2
mL, 13 mmol) at 0 °C. After stirring for 100 min at room temperature, the reaction was quenched by
adding a saturated aqueous solution of NaHCO; and the mixture was extracted with CH,Cl,. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced

pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
1:8) to provide the titled compound 50 as a yellow oil (2.9 g, 83%). 'H NMR (500 MHz, CDCl5) &:
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0.40 (9 H, s), 7.23 (1 H, ddd, J = 1.5, 8.0, 9.5 Hz), 7.28-7.30 (1 H, m), 7.32-7.36 (1 H, m). °C NMR
(100 MHz, CDCls) &: 0.62, 118.4 (d, J = 19.0 Hz), 118.7 (g, J = 318.5 Hz), 129.2 (d, J = 4.0 Hz),
130.9 (d, J = 4.0 Hz), 137.2 (d, J = 3.0 Hz), 140.6 (d, J = 11.5 Hz), 153.2 (d, J = 250 Hz). *°F NMR
(376 MHz, CDCly) §: ~125.9-(~125.7) (m), —71.9 (d, J = 22.0 Hz). IR (neat): 2961, 1578 cm *.

OH

Br
OMe

60

3-Bromo-2-hydroxy-4-methoxybenzaldehyde (60):** A solution of aldehyde 59 (0.61 g, 4.0 mmol)
in dichloromethane (24 mL) was cooled to —20 °C. Then aluminum chloride (0.53 g, 4.0 mmol) was
added in three portions. The suspension was stirred for 15 min before a solution of bromine (0.21 mL,
4.0 mmol) in dichloromethane (10 mL) was added over 10 min. After stirring for 2 days at room
temperature, the reaction was quenched by adding 1N HCI and Na,SO3 ag. The mixture was extracted
with CH,ClI, twice. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:3) to provide the titled compound 60 as a colorless solid (0.66 mg, 71%).
Mp: 115-117 °C. "H NMR (500 MHz, CDCl5) &: 4.00 (3 H, s), 6.63 (1 H, d, J = 8.5 Hz), 7.51 (1 H, d,
J=85Hz),9.72 (1 H, s), 11.9 (OH, s). IR (neat): 1636 cm ™.

OH
OH

Br
OMe

61
3-Bromo-4-methoxy-resorcinol (61): A solution of aldehyde 60 (0.23 g, 1.0 mmol) in THF (5.0 mL,
0.20 M) was cooled to 0 °C. Then NaOH ag. (0.80 mL, 1.5 M) and H,0, (0.13 mL, 1.2 mmol) was
added in two portions. After stirring for 40 min, the reaction was quenched by adding a saturated
aqueous solution of Na,SO3; and 1N HCI and the mixture was extracted with EtOAc. The combined
organic extracts were washed with brine, dried over MgSO, and concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 1:1) to
provide the titled compound 61 as a colorless oil (0.14 g, 65%). "H NMR (400 MHz, CDCls) &: 3.84
(3H,s),5.11 (OH, s), 5.61 (OH, s), 6.42 (1 H, d, J = 9.0 Hz), 6.84 (1 H, d, J = 9.0 Hz). *C NMR (100
MHz, CDCl) 3: 56.6, 99.7, 103.4, 113.7, 138.4, 141.1, 149.9. IR (neat): 3435, 3414 cm . HRMS
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(MALDI) Calcd for C;H;03Br [M+H]": 217.9573, found 217.9574.

OSiMe3
OSiMe3

Br
OMe

62
1,2-Bis(trimethylsilyloxy)-3-bromo-4-methoxybenzene (62): To a solution of 61 (2.1 g, 9.7 mmol)
in THF (48 mL, 0.20 M) were added Et;N (4.0 mL, 29 mmol) and TMSCI (3.7 mL, 29 mmol). After
stirring for 1.5 h at room temperature, the mixture was concentrated under reduced pressure. The
residue was filtered through Celite pad (washed with hexane) and concentrated under reduced pressure
as a colorless oil (3.5 g, quant). This compound 62 was used for next reaction without purification due

to the instability on silica gel column chromatography.

OH
OH

SiMe3
OMe

63
3-(Trimethylsilyl)-4-methoxyresorcinol (63): To a solution of 62 (4.3 g, 9.7 mmol) in THF (48 mL,
0.20 M) was added 2.6 M n-BuLi in hexane (4.1 mL, 11 mmol) slowly at —78 °C. After stirring for 1 h,
the reaction was quenched by adding a saturated aqueous solution of NH4CI and the mixture was
extracted with EtOAc. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:3) to provide the titled compound 63 as a colorless solid (2.0 g, 96%).

This compound 63 was used for next reaction as soon as it has been purified due to the instability.

OoTf
OoTf

SiMe3
OMe

5u
1,2-Bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)-4-methoxybenzene (5u) (Scheme 29): To
a solution of 63 (2.0 g, 9.2 mmol) in CH,Cl, (23 mL, 0.40 M) were added pyridine (3.3 mL, 42 mmol)
and Tf,0 (3.4 mL, 20 mmol) at 0 °C. After stirring for 19 h at room temperature, the reaction was
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quenched by adding a saturated aqueous solution of NH,CI and the mixture was extracted with Et,0.
The combined organic extracts were washed with brine, dried over MgSO,4 and concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel
(EtOAc/hexane = 1:15) and (CH,Cly/hexane = 1:4) to provide the titled compound 5u as a collarless
0il (2.5 g, 58%). 'H NMR (400 MHz, CDCl3) &: 0.39 (9 H, s), 3.86 (3 H, s), 6.87 (1 H, d, J = 9.0 Hz),
7.39 (1 H, d, J = 9.0 Hz). *C NMR (125 MHz, CDCl,) &: 0.41, 56.0, 110.1, 118.5 (q, J = 320 Hz),
118.6 (q, J = 320 Hz), 124.6, 126.4, 134.6, 143.2, 163.9. °F NMR (376 MHz, CDCl;) &: —72.45 (q, J
= 8.0 Hz), —72.90 (q, J = 2.5 Hz). IR (neat): 2591, 1597 cm . HRMS (MALDI) Calcd for
C1,H1407F¢NaSiS; [M+Na]": 498.9747, found 498.9733.

Synthesis of imidazolidinones 56
X
Me\N N/Ts
/

56A

1-Methyl-3-tosyl-2-imidazolidone (56A) (Table 9): To a solution of 1-methyl-2-imidazolidinone
(S8)* (0.29 g, 2.9 mmol) in THF (15 mL, 0.20 M) were added 60% NaH (0.58 g, 15 mmol) and TsClI
(0.93 g, 4.9 mmol) at 0 °C. After stirring for 3 h at room temperature, the reaction was quenched by
adding NH4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled
compound 56A as a colorless solid (0.72 g, 98%). Mp: 185-188 °C. 'H NMR (300 MHz, CDCls) §:
242 (3H,s),2.75(3H,s),3.36 (2H, dd, J=6.5,9.5Hz),3.82 (2H, dd, J=6.5,8.0 Hz), 7.32 (2 H, d,
J=85Hz), 7.92 (2 H, d, J = 8.5 Hz). ®C NMR (100 MHz, CDCls) &: 21.6, 30.7, 41.7, 43.7, 128.1,
129.6, 134.8, 144.7, 154.1. IR (neat): 1728 cm . HRMS (MALDI) Calcd for Ci;H14N,03NaS
[M+Na]*: 277.0617, found 277.0619.

Ph

56B
1-Methyl-3-benzyloxycarbonyl-2-imidazolidone (56B) (Table 10, entry 1): To a solution of
1-methyl-2-imidazolidone (S8)** (0.60 g, 6.0 mmol) in THF (30 mL, 0.20 M) were added 60% NaH
(0.48 g, 12 mmol) and CbzClI (1.3 mL, 9.0 mmol) at 0 °C. After stirring for 16 h at room temperature,
the reaction was quenched by adding NH,4CI ag. and the mixture was extracted with EtOAc twice. The

combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
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pressure. The residue was purified by flash column chromatography on silica gel (only EtOACc) to
provide the titled compound 56B as a colorless solid (1.0 g, 74%). Mp: 63-65 °C. *H NMR (500 MHz,
CDCly) 4: 2.85(3H,5s),3.37(2H,t,J=8.0Hz),3.81 (2H,t,J=8.0Hz),527 (2H,s), 7.28-7.36 (3
H, m), 7.42 (2 H, d, J = 7.5 Hz). ®*C NMR (125 MHz, CDCl,) &: 30.7, 40.4, 43.2, 67.6, 127.9, 128.1,
128.5, 135.7, 152.0, 153.9. IR (neat): 1780, 1742 cm . HRMS (MALDI) Calcd for C;,Hy,N,OsNa
[M+Na]": 257.0897, found 257.0902.

56C

1-Methyl-3-allyloxycarbonyl-2-imidazolidone (56C) (Table 10, entry 2): To a solution of
1-Methyl-2-imidazolidone S8 (0.60 g, 6.0 mmol) in THF (30 mL, 0.20 M) were added NaH (0.48 g,
12 mmol) and AllocClI (0.95 g, 9.0 mmol) at 0 °C. After stirring for 16 h at rt, the reaction was stopped
by adding NH,4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO,4 and concentrated in vacuo. The residue was purified by
flash column chromatography on silica gel (EtOAC) to provide the titled compound 56C (0.72 g, 65%)
as a colorless solid. *H NMR (400 MHz, CDCl,) &: 2.82 (3 H, s), 3.37 (2 H, t, J = 8.0 Hz), 3.79 (2 H, t,
J=8.0Hz), 4.68 (2 H, dt, J = 1.0, 10.5 Hz), 5.21 (1 H, dg, J = 1.0, 10.5 Hz), 5.37 (1 H, dqg, J = 1.0,
17.0 Hz), 5.88-5.97 (1 H, m). *C NMR (100 MHz, CDCl3) &: 30.6, 40.3, 43.1, 66.6, 118.3, 131.6,
151.8, 153.8. HRMS (MALDI) Calcd for CgH3;N,03Na [M+H]": 207.0740, found 207.0738.

9 o
Me‘NJLNJk

/

56D
1-Methyl-3-acetyl-2-imidazolidone (56D) (Table 10, entry 4): To a solution of
1-methyl-2-imidazolidinone S8°% (0.25 g, 2.5 mmol) in THF (13 mL, 0.20 M) were added 60% NaH
(0.20 g, 5.0 mmol) and AcClI (0.27 mL, 3.8 mmol) at 0 °C. After stirring for 13 h at room temperature,
the reaction was quenched by adding NH,CI ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
3:1) to provide the titled compound 56D as a colorless solid (0.26 g, 72%). Mp: 71-74 °C. 'H NMR
(400 MHz, CDCly) 8: 2.47 (3 H,s), 2.86 (3H,s),3.39 (2 H,t,J=8.0Hz),3.80 (2 H, t, J = 8.0 Hz).
BC NMR (125 MHz, CDClg) 8: 23.1, 30.6, 39.2, 42.9, 154.9, 170.7. IR (neat): 1724, 1668 cm .
HRMS (MALDI) Calcd for CgH1oN,0,Na [M+Na]": 165.0634, found 165.0635.

83



fj\ Q.0
Me~ N~ N-SC

_J/ Me

56E
1-Methyl-3-(methanesulfonyl)-2-imidazolidone (56E) (Table 10, entry 4): To a solution of
1-methyl-2-imidazolidinone $8 (0.40 g, 4.0 mmol) in CH,CI, (20 mL, 0.20 M) were added Et;N (1.7
mL, 12 mmol) and MsCI (0.93 mL, 12 mmol) at room temperature. After stirring for 15 h at room
temperature, the reaction was quenched by adding H,O and the mixture was extracted with EtOAc
four times. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound 56E as a colorless solid (0.46 g,
65%). Mp: 147-149 °C. 'H NMR (300 MHz, CDCl5) &: 2.86 (3 H, s), 3.27 (3H, 5), 3.45 (2 H, t, J =
7.5 Hz), 3.85 (2 H, t, J = 7.5 Hz). ®*C NMR (100 MHz, CDCls) &: 30.7, 40.2, 40.7, 44.0, 154.8. IR
(neat): 1715 cm*. HRMS (MALDI) Calcd for CsH1oN,03NaS [M+Na]*: 201.0304, found 201.0303.

9 o
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1-Methyl-3-(p-methoxybenzenesulfonyl)-2-imidazolidone (56F) (Table 10, entry 5): To a solution
of S8% (0.25 g, 2.5 mmol) in THF (13 mL, 0.20 M) were added NaH (0.20 g, 5.0 mmol) and
p-MeO-CgH,;SO,CI (0.79 g, 3.8 mmol) at 0 °C. After stirring for 13 h at rt, the reaction was stopped by
adding NH4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO, and concentrated in vacuo. The residue was purified by
flash column chromatography on silica gel (EtOAc/hexane = 3:1) to provide the titled compound 56F
(0.51 g, 75%) as a colorless solid. *"H NMR (400 MHz, CDCl,) &: 2.75 (3 H, s), 3.36 (2 H, dd, J = 7.0,
8.5 Hz), 3.81 (2 H, dd, J = 7.0, 8.5 Hz), 6.98 (2 H, d, J = 9.0 Hz), 7.97 (2 H, d J = 9.0 Hz). *C NMR
(100 MHz, CDCly) 6: 30.7, 41.7, 43.7, 55.6, 114.1, 129.2, 130.3, 154.3, 163.7. HRMS (MALDI)
Calcd for C1H14N,0,Na S[M+Na]": 293.0566, found 293.0565.
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1-Methyl-3-(p-chloro-benzenesulfonyl)-2-imidazolidone (56G) (Table 10, entry 7): To a solution
of S8% (0.25 g, 2.5 mmol) in THF (13 mL, 0.20 M) were added NaH (0.20 g, 5.0 mmol) and
p-Cl-CsH4SO,CI (0.80 g, 3.8 mmol) at 0 °C. After stirring for 13 h at rt, the reaction was stopped by
adding NH4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO,4 and concentrated in vacuo. The residue was purified by
flash column chromatography on silica gel (EtOAc/hexane = 3:1) to provide the titled compound 56G
(0.48 g, 70%) as a colorless solid. *"H NMR (500 MHz, CDCl5) &: 2.76 (3 H, s), 3.37-3.40 (2 H, m),
3.81-3.84 (2 H, m), 7.49 (2 H, d, J = 9.0 Hz), 7.98 (2 H, d, J = 9.0 Hz). *C NMR (125 MHz, CDCls)
5:30.7, 41.7, 43.7, 129.3, 129.6, 136.2, 140.4, 153.9. HRMS (MALDI) Calcd for C1oH1;N,03NaSCI
[M+H]": 297.0071, found 297.0072.

iPr
56H

1-Methyl-3-(2,4,6-triisopropylbenzenesulfonyl)-2-imidazolidone (56H) (Table 10, entry 8): To a
solution of S8 (0.25 g, 2.5 mmol) in THF (13 mL, 0.20 M) were added NaH (0.20 g, 5.0 mmol) and
2,4,6-Triisopropylbenzenesulfonyl Chloride (1.2 g, 3.8 mmol) at 0 °C. After stirring for 13 h at rt, the
reaction was stopped by adding NH,CI ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSQO,4 and concentrated in vacuo. The
residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 3:1) to provide
the titled compound 56H (0.98 g, 70%) as a colorless solid. *H NMR (400 MHz, CDCls) &: 1.24 (6 H,
d, J=7.0Hz),1.27 (12 H, d, J = 7.0 Hz), 2.77 (3 H, 5), 2.88 (1 H, sep, J = 7.0 Hz), 3.44 (2 H, dd, J =
7.0, 9.0 Hz), 3.94 (2 H, dd, J = 7.0, 9.0 Hz), 4.13 (2 H, sep, J = 7.0 Hz), 7.17 (2 H, 5). *C NMR (100
MHz, CDCly) &: 23.5, 24.5, 29.3, 30.6, 34.1, 40.2, 44.2, 123.8, 131.7, 151.3, 153.5, 155.0. HRMS
(MALDI) Calcd for C1gH3N,03NaS [M+Na]": 389.1869, found 389.1870.
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561
1-Methyl-3-(2-nitrobenzenesulfonyl)-2-imidazolidone (561) (Table 10, entry 9): To a solution of
1-Methyl-2-imidazolidone $8> (0.25 g, 2.5 mmol) in dioxane (46 mL, 0.20 M) were added 60% NaH
(0.74 g, 18 mmol) and NsCI (3.1 g, 14 mmol) at 0 °C. After stirring for 2 h at 65 °C, the reaction was
cooled to 0 °C. To the solution was added NsCI (3.1 g, 14 mmol). After stirring for 11 h at rt, the
reaction was stopped by adding NH4CI ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSQO,4 and concentrated in vacuo. The
residue was recrystallized from MeOH to provide the titled compound 561 (1.3 g, 45%) as a colorless
solid. *H NMR (400 MHz, CDCl3) 8: 2.79 (3 H, s), 3.52 (2 H, dd, J = 6.5, 8.5 Hz), 4.07 (2 H, dd, J =
6.5, 8.5 Hz ), 7.67-7.78 (3 H, m), 8.43-8.48 (1 H, m). *C NMR (125 MHz, CDCls) &: 30.6, 41.5, 44.3,
123.9, 131.8, 131.9, 134.0, 134.5, 147.8, 153.5. HRMS (MALDI) Calcd for CioHi3N3OsNaS
[M+Na]": 308.0312, found 308.0309.

O
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13B
1-Methyl-3-benzyl-2-imidazolidone (13B) (Scheme 28): To a  solution of
1-methyl-2-imidazolidinone $S8°% (0.56 g, 5.6 mmol) in THF (30 mL, 0.20 M) were added 60% NaH
(0.45 g, 11 mmol) and BnBr (0.88 mL, 7.3 mmol) at 0 °C. After stirring for 11 h at room temperature,
the reaction was quenched by adding NH,4CI ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
2:1) to provide the titled compound 13B as a colorless oil (0.98 g, 91%). *H NMR (400 MHz, CDCl,)
5:2.80 (3 H,s), 3.11-3.16 (2 H, m), 3.22-3.26 (2 H, m), 4.35 (2 H, s), 7.21-7.26 (3 H, m), 7.28-7.33
(2 H, m).®*C NMR (100 MHz, CDCl5) 8: 31.3, 41.9, 44.9, 48.3, 127.2, 128.0, 128.4, 137.2, 161.4. IR
(neat): 2855, 1695 cm . HRMS (MALDI) Calcd for C1;H1sN,0 [M+H]": 191.1179, found 191.1180.
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1-Allyl-2-imidazolidone (S9): A solution of 2-imidazolidinone (0.40 g, 4.7 mmol) in 47 ml of
1,4-dioxane was prepared in a 100 ml 3-neck flask. 60% NaH (0.22 g, 5.6 mmol) was added slowly
under an atmosphere of Ar with vigorous stirring. The milky solution was heated to 65 °C and stirred
at this temperature for 2 h and then cooled to 0 °C. Allylbromide (0.47 mL, 5.6 mmol) was added
slowly via syringe and the resulting mixture was stirred at room temperature for 14 h. The reaction
was quenched by adding 1N HCI ag. and the mixture was concentrated under reduced pressure. The
residue was purified twice by flash column chromatography on silica gel (MeOH/CH,CI, = 1:10) to
provide the titled compound S9 as a colorless solid (0.21 g, 36%). Mp: 55-57 °C. *H NMR (500 MHz,
CDCly) é: 3.36-3.44 (4 H, m), 3.79 (2 H, d, J = 6.0 Hz), 4.81 (NH, brs), 5.16-5.22 (2 H, m), 5.76 (1 H,
tdd, J = 6.0, 10.0, 17.0 Hz). *C NMR (125 MHz, CDCl,) &: 38.1, 44.7, 46.4, 117.5, 133.3, 162.6. IR
(neat): 3296, 1684 cm . HRMS (MALDI) Calcd for CgH13N,0 [M+H]": 127.0866, found 127.0864.

56J

1-Allyl-3-tosyl-2-imidazolidone (56J) (Table 12, entry 2): To a solution of S9 (0.86 g, 6.8 mmol) in
THF (34 mL, 0.20 M) were added n-BuLi (2.7 mL, 7.2 mmol, 2.65 M) at —78 °C. After stirring for 10
min, a solution of TsClI (1.7 g, 8.9 mmol) in THF (17 mL, 0.4 M) was added to the flask through a
cannula. The mixture was stirred at room temperature for 30 min. The reaction was quenched by
adding NH4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled
compound 56J as a colorless solid (1.5 g, 77%). Mp: 96-98 °C. *H NMR (400 MHz, CDCls) &: 2.41
(3H,s),3.29-3.33 (2H, m), 3.73 (2 H, dt, J = 6.5, 1.5 Hz), 3.79-3.83 (2 H, m), 5.11-5.18 (2 H, m),
5.64 (1 H, tdd, J = 6.5, 10.0, 16.5 Hz), 7.31 (2 H, d, J = 8.5 Hz), 7.90 (2 H, d, J = 8.5 Hz). *C NMR
(100 MHz, CDCl,) 8: 21.6, 41.1, 41.8, 46.4, 119.0, 128.0, 129.6, 131.5, 134.7, 144.7, 153.7. IR (neat):
1786 cmt. HRMS (MALDI) Calcd for C13H:7N,05S [M+H]": 281.0954, found 281.0951.
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S10

1-Benzyl-2-imidazolidone (S10):® A solution of 2-imidazolidinone (0.40 g, 4.7 mmol) in 47 ml of
1,4-dioxane was prepared in a 100 ml 3-neck flask. 60% NaH (0.22 g, 5.6 mmol) was added slowly
under an atmosphere of Ar with vigorous stirring. The milky solution was heated to 65 °C and stirred
at this temperature for 2 h and then cooled to 0 °C. BnBr (0.67 ml, 5.6 mmol) was added slowly via
syringe and the resulting mixture was stirred at room temperature for 14 h. The reaction was quenched
by adding 1IN HCI ag. and the mixture was concentrated under reduced pressure. The residue was
purified twice by flash column chromatography on silica gel (MeOH/CH,CI, = 1:10) to provide the
titled compound S10 as a colorless solid (0.28 g, 34%). Mp: 128-130 °C. *H NMR (400 MHz, CDCl3)
5:3.29-3.62 (4 H, m), 4.39 (2 H, s), 7.27-7.41 (5 H, m).
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56K

1-Benzyl-3-tosyl-2-imidazolidone (56K) (Table 12, entry 3): To a solution of S10 (0.20 g, 1.1
mmol) in THF (6.0 mL, 0.20 M) were added 60% NaH (0.23 g, 5.7 mmol) at 0 °C. After stirring for
10 min, TsCI (0.26 g, 1.4 mmol) was added. The mixture was stirred at room temperature for 18 h. The
reaction was quenched by adding NH4CI ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
1:2) to provide the titled compound 56K as a colorless solid (0.29 g, 78%). Mp: 119-122 °C. *H NMR
(400 MHz, CDCl,) 8: 2.45 (3 H, s), 3.22 (2 H, dd, J = 6.5, 7.5 Hz), 3.81 (2 H, dd, J = 6.5, 7.5 Hz),
7.15-7.20 (2 H, m), 7.27-7.32 (3H, m), 7.35 (2 H, d, J = 8.0 Hz), 7.95 (2 H, d, J = 8.0 Hz). ®C NMR
(100 MHz, CDCly) 6: 21.7, 41.0, 41.8, 47.9, 128.0, 128.2, 128.3, 128.8, 130.0, 134.8, 135.3, 144.8,
154.0. IR (neat): 1732 cm™. HRMS (MALDI) Calcd for C17H1sN,O3NaS [M+Na]*: 353.0930, found
353.0929.

(R)-S11
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(5R)-5-Methylimidazolidine-2,4-dione ((R)-S11): A round bottomed flask equipped with a reflux
condenser was loaded with D-alanine (0.29 g, 3.3 mmol) and potassium cyanate (0.36 g, 4.4 mmol).
Water was added (20 mL, 0.16 M) and the mixture stirred at 90 °C for 2 h. After the solution was
cooled to room temperature, conc. HCI (20 mL) was added and heating continued at 90 °C for 1 h. The
solvent was evaporated under reduced pressure until a white solid appeared. The crude product was
purified by column chromatography on silica gel (MeOH/CH,CIl, = 1:5) to provide the titled
compound (R)-S11 as a colorless solid (0.33 g, 88%). Mp: 140-142 °C. *H NMR (500 MHz, CD;0D)
8:1.36 (3 H, d, J = 7.0 Hz), 4.10 (1 H, g, J = 7.0 Hz). *C NMR (125 MHz, CDCls) &: 18.4, 56.4,
160.6, 180.0. IR (neat): 3458, 3401, 1695 cm . HRMS (MALDI) Calcd for C4H;N,0, [M+H]":
115.0502, found 115.0503. The absolute configuration was assigned on the basis of that of D-alanine.

(0]

HN  NH

4

(@) Me

(#)-S11

(2)-5-Methylimidazolidine-2,4-dione ((x)-S11): A round bottomed flask equipped with a reflux
condenser was loaded with DL-alanine (0.29 g, 3.3 mmol) and potassium cyanate (0.36 g, 4.4 mmol).
Water was added (20 mL, 0.16 M) and the mixture stirred at 90 °C for 2 h. After the solution was
cooled to room temperature, conc. HCI (20 mL) was added and heating continued at 90 °C for 1 h. The
solvent was evaporated under reduced pressure until a white solid appeared. The crude product was
purified by column chromatography on silica gel (MeOH/CH,CIl, = 1:5) to provide the titled
compound (+)-S11 as a colorless solid (0.33 g, 88%). Mp: 141-143 °C. *H NMR (500 MHz, CD;0D)
8:1.36 (3 H, d, J = 7.5 Hz), 4.10 (1 H, q, J = 7.5 Hz). ®*C NMR (125 MHz, CDCls) &: 18.4, 56.4,
160.6, 180.0. IR (neat): 3458, 3410, 1695 cm . HRMS (MALDI) Calcd for C4H;N,0, [M+H]":
115.0502, found 115.0508.

(R)-S12
(5R)-3,5-Dimethylimidazolidine-2,4-dione ((R)-S12): To a solution of
(5R)-5-methylimidazolidine-2,4-dione ((R)-S11) (0.30 g, 2.6 mmol) in DMF (13 mL, 0.20 M) were
added 60% NaH (0.11 g, 2.6 mmol) and Mel (0.17 mL, 2.8 mmol) at 0 °C. After stirring for 11 h at

room temperature, the reaction was quenched by adding 1N HCI and the mixture was evaporated
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under reduced pressure until a white solid appeared. The residue was purified by flash column
chromatography on silica gel (MeOH/CH,CIl, = 1:15) to provide the titled compound (R)-S5 as a
colorless solid (0.31 g, 91%). Mp: 106-108 °C. *H NMR (400 MHz, CDCl5) &: 1.44 (3 H, d, J = 7.0
Hz), 2.92 (3 H, s), 3.93 (L H, g, J = 7.0 Hz), 8.78 (NH, s). *C NMR (100 MHz, CDCl5) &: 14.8, 27.1,
58.4, 155.9, 174.1. IR (neat): 3277, 1699 cm ‘. HRMS (MALDI) Calcd for CsHgN,O, [M+H]":
129.0659, found 129.0660. The absolute configuration was assigned on the basis of that of (R)-S12,
which was synthesized from D-alanine.

O

Me~N“ “NH

o

(@) Me

(#)-S12

()-3,5-Dimethylimidazolidine-2,4-dione ((+)-S12):* To a solution of
(x)-5-methylimidazolidine-2,4-dione ((+)-S11) (0.67 g, 5.8 mmol) in DMF (14 mL, 0.41 M) were
added 60% NaH (0.26 g, 5.8 mmol) and Mel (0.40 mL, 6.4 mmol) at 0 °C. After stirring for 13 h at
room temperature, the reaction was quenched by adding 1IN HCI and the mixture was evaporated
under reduced pressure until a white solid appeared. The residue was purified by flash column
chromatography on silica gel (EtOAc only) to provide the titled compound (+)-S12 as a colorless solid
(0.35 g, 47%). Mp: 110-112 °C. *H NMR (500 MHz, CDCls) &: 1.44 (3 H, d, J = 7.0 Hz), 3.00 (3 H,
s), 4.09 (1 H, g, J = 7.0 Hz), 6.64 (NH, brs). IR (neat): 3277, 1699 cm*. HRMS (MALDI) Calcd for
CsHgN,0, [M+H]": 129.0659, found 129.0663.

O
Me*N’lLNH
Me
(R)-S13

(4R)-1,4-Dimethylimidazolidin-2-one ((R)-S13): To a solution of NaBH, (0.18 g, 4.7 mmol) in THF
(6.0 mL, 0.40 M) were added BF;-OEt, (0.71 mL, 5.7 mmol) at 0 °C. After stirring for 0.25 h, A
solution of (5R)-3,5-dimethylimidazolidine-2,4-dione ((R)-S12) (0.30 g, 2.4 mmol) in anhydrous THF
(6.0 mL, 0.40 M) was added to the flask through a cannula and washed with THF (12 mL, 0.20 M).
After stirring for 11 h, the reaction was quenched by adding MeOH and 1N HCI. The mixture was
evaporated under reduced pressure until a white solid appeared. The residue was purified by flash
column chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound (R)-S13
as a colorless solid (0.17 g, 64%). Mp: 106-108 °C. 'H NMR (500 MHz, CDCl3) 8: 1.23 (3H, d, J =
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5.5 Hz), 2.76 (3 H, s), 2.95 (1 H, dd, J = 7.0, 8.5 Hz), 3.51 (1 H, dd J = 8.5, 8.5 Hz), 3.73-3.80 (1 H,
m), 4.65 (NH, brs). ®C NMR (125 MHz, CDCl3) &: 21.4, 30.5, 45.4, 54.7, 162.2. IR (neat): 3422,
1655 cm . HRMS (MALDI) Calcd for CsH3N,O [M+H]": 115.0866, found 115.0869. The absolute
configuration was assigned on the basis of that of (R)-S13, which was synthesized from D-alanine.

O

Me‘NJLNH
-)

Me

(£)-S13

(3)-1,4-Dimethylimidazolidin-2-one ((£)-S13): To a solution of NaBH, (0.20 g, 5.3 mmol) in THF
(7.0 mL) were added BF;-OEt; (0.80 mL, 6.4 mmol) at 0 °C. After stirring for 5 min, a solution of
3,5-dimethylimidazolidine-2,4-dione ((x)-S12) (0.34 g, 2.7 mmol) in anhydrous THF (7 mL, 0.39 M)
was added to the flask through a cannula. After stirring for 3 h, the reaction was quenched by adding
MeOH and 1N HCI. The mixture was evaporated under reduced pressure until a white solid appeared.
The residue was purified by flash column chromatography on silica gel (MeOH/CH,CI, = 1:12) to
provide the titled compound (+)-S13 as a colorless solid (0.23 g, 75%). Mp: 105-108 °C. *H NMR
(500 MHz, CDCl3) 6:1.23 (3H, d, J=6.5Hz), 2.76 (3H,s), 2.95 (1 H, dd, J = 6.5, 8.5 Hz), 3.51 (1 H,
dd J = 8.5, 8.5 Hz), 3.73-3.80 (1 H, m), 4.73 (NH, brs). *C NMR (125 MHz, CDCl;) &: 21.4, 30.5,
454, 547, 162.3. IR (neat): 3422, 1655 cm . HRMS (MALDI) Calcd for CsH;;N,O [M+H]":
115.0866, found 115.0862.

0]
Me\N)J\N/Ts
Me
(R)-56L
(4R)-1,4-Dimethyl-3-tosyl-imidazolidin-2-one ((R)-56L) (Table 12, entry 4): To a solution of
(4R)-1,4-dimethylimidazolidin-2-one ((R)-S13) (0.17 g, 1.5 mmol) in THF (8.0 mL, 0.20 M) were
added 60% NaH (0.30 g, 7.6 mmol) and TsClI (0.35 g, 1.8 mmol) at 0 °C. After stirring for 10 h at
room temperature, the reaction was quenched by adding NH,ClI ag. and the mixture was extracted with
EtOAc twice. The combined organic extracts were washed with brine, dried over MgSO,4 and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (MeOH/CH,CI, = 1:20) to provide the titled compound (R)-56L as a colorless solid (0.32 g,
79%). Mp: 83-85 °C. [a]2 = +7.4 (¢ 0.15, CHCI3). "H NMR (400 MHz, CDCls) &: 1.49 3 H, d, J =
6.0 Hz), 2.40 (3 H, s), 2.73 (3 H, 5), 2.92 (1 H, dd, J = 4.0, 8.5 Hz), 3.55 (1 H, dd J = 8.5, 8.5 Hz),
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4.31-4.39 (1L H, m), 7.29 (2 H, d, J = 8.0 Hz), 7.92 (2 H, d, J = 8.0 Hz). **C NMR (100 MHz, CDCls)
8:21.6, 21.7, 30.5, 50.2, 51.9, 128.1, 129.4, 136.4, 144.4, 153.9. IR (neat): 2924, 1732 cm *. HRMS
(MALDI) Calcd for C1,H17N,03S [M+H]": 269.0954, found 269.0956. The enantiomeric excess of the
product (R)-56L was determined to be 89% by HPLC with CHIRALCEL® AD-3 (Eluent:
hexane/2-PrOH = 90/10, Flow rate: 1.0 mL/min, Retention time: tg of (S)-isomer = 35.0 min, tr of
(R)-isomer = 38.2 min). The absolute configuration was assigned on the basis of that of (R)-S13,
which was synthesized from D-alanine.

(£)-56L

(¥)-1,4-Dimethyl-3-tosyl-imidazolidin-2-one ((x)-56L): To a solution of
()-1,4-dimethylimidazolidin-2-one ((x)-S13) (0.22 g, 2.2 mmol) in THF (11 mL, 0.20 M) were added
60% NaH (0.13 g, 3.3 mmol) and TsCI (0.52 g, 2.7 mmol) at 0 °C. After stirring for 10 h at room
temperature, the reaction was quenched by adding NH,CI ag. and the mixture was extracted with
EtOAc twice. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:1) to provide the titled compound (%)-56L as a colorless solid (0.45 g,
75%). Mp: 83-85 °C. 'H NMR (400 MHz, CDCls) &: 1.48 (3 H, d, J = 6.0 Hz), 2.40 (3 H, s), 2.73 (3
H,s), 2.92 (1 H, dd, J=4.5,9.0 Hz), 3.54 (1 H, dd, J = 9.0, 9.0 Hz), 4.31-4.39 (1 H, m), 7.29 (2 H, d,
J=8.0Hz),7.92 (2 H, d, J = 8.0 Hz). ®*C NMR (100 MHz, CDCls) &: 21.6, 21.7, 30.5, 50.2, 51.9,
128.0, 129.4, 136.3, 144.4, 153.9. IR (neat): 1734 cm '. HRMS (MALDI) Calcd for Ci,H16N,035NaS
[M+Na]": 291.0774, found 291.0771.

O

HN  NH

Vans

0] iPr
(+)-S14
(+)-5-1sopropylimidazolidine-2,4-dione ((+)-514):% A round bottomed flask equipped with a reflux
condenser was loaded with DL-valine (1.1 g, 9.8 mmol) and potassium cyanate (1.1 g, 13 mmol).
Water was added (60 mL, 0.16 M) and the mixture stirred at 90 °C for 2 h. After the solution was
cooled to room temperature, conc. HCI (60 mL) was added and heating continued at 90 °C for 1 h. The

solvent was evaporated under reduced pressure until a white solid appeared. The crude product was
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purified by column chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled
compound (+)-S14 as a colorless solid (1.3 g, 94%). Mp: 140-142 °C.

(0]

Me~N“ SNH

=,

(@) iPr

(£)-S15
()-5-1sopropyl-3-methylimidazolidine-2,4-dione ((+)-S15): To a solution of (+)-S14 (2.0 g, 14
mmol) in DMF (47 mL, 0.30 M) were added 60% NaH (0.56 g, 14 mmol) and Mel (0.92 mL, 15
mmol) at 0 °C. After stirring for 12 h at room temperature, the reaction was quenched by adding 1N
HCI and the mixture was evaporated under reduced pressure. The residue was purified by flash
column chromatography on silica gel (EtOACc) to provide the titled compound ()-S15 as a colorless
solid (1.8 g, 80%). Mp: 108-110 °C. 'H NMR (400 MHz, CDCls) &: 0.86 (3 H, d, J = 7.5 Hz), 1.03 (3
H,d, J =75 Hz), 2.15-2.25 (1 H, m), 2.96 (3 H, s), 3.92 (1 H, dd, J = 1.0, 3.5 Hz), 7.16 (NH, brs). *C
NMR (100 MHz, CDCls) &: 15.9, 18.7, 24.2, 30.1, 62.6, 158.8, 173.8. IR (neat): 3227, 2957, 1702 cm™
'. HRMS (MALDI) Calcd for CsHgN,0, [M+H]": 129.0659, found 129.0660.

O]

Me‘N)LNH
—,

iPr
(*)-S16

(2)-4-1sopropyl-1-methylimidazolidin-2-one ((+)-S16): To a solution of NaBH, (0.77 g, 4.9 mmol)
in THF (12 mL, 0.40 M) were added BF;-OEt, (1.5 mL, 12 mmol) at 0 °C. After stirring for 0.25 h, A
solution of (+)-S15 (0.30 g, 2.4 mmol) in anhydrous THF (24 mL, 0.2 M) was added to the flask
through a cannula. After stirring for 11 h, the reaction was quenched by adding MeOH and 1N HCI.
The mixture was evaporated under reduced pressure until a white solid appeared. The residue was
purified by flash column chromatography on silica gel (EtOAc) to provide the titled compound
(+)-S16 as a colorless solid (0.43 g, 61%). Mp: 80-82 °C. *H NMR (400 MHz, CDCl,) 5: 0.86 (3 H, d,
J=7.0Hz),0.91 (3H,d, J=7.0Hz), 1.58-1.68 (1 H, m), 2.75 (3 H, s), 3.04 (L H, dd, J = 7.0, 9.0 Hz),
3.35 (1 H, dt, J = 9.0, 7.0 Hz), 3.44 (1 H, dd, J = 9.0, 9.0 Hz), 4.97 (NH, brs). *C NMR (100 MHz,
CDCl3) &: 17.8, 18.4, 30.4, 33.0, 51.3, 55.7, 162.4. IR (neat): 3220, 2965, 1696 cm ‘. HRMS
(MALDI) Calcd for CsH;;:N,O [M+H]": 115.0866, found 115.0869.
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(2)-4-1sopropyl-1-methyl-3-tosylimidazolidin-2-one ((£)-56M) (Table 12, entry 5): To a solution of
(+)-S16 (0.43 g, 3.0 mmol) in THF (15 mL, 0.20 M) were added 60% NaH (0.60 g, 15 mmol) and
TsCI (0.69 g, 3.6 mmol) at 0 °C. After stirring for 7 h at room temperature, the reaction was quenched
by adding NH,4CI ag. and the mixture was extracted with EtOAc twice. The combined organic extracts
were washed with brine, dried over MgSO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled
compound ()-56M as a colorless solid (0.71 g, 79%). Mp: 150-152 °C. *H NMR (400 MHz, CDCls)
$:0.72(3H,d,J=7.0Hz),0.90 (3H, d, J=7.0Hz), 2.41 (3H, s), 243-2.51 (1 H, m), 2.74 (3 H, s),
3.08 (1 H,dd,J=3.5,9.5Hz),3.37 (1 H,dd J=9.5,9.5 Hz), 427 (1 H, dt, ) =9.5,3.5 Hz), 7.30 (2 H,
d, J=85Hz), 7.94 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl,) &: 13.9, 17.7, 21.6, 30.3, 30.3,
44.7,58.3, 128.0, 129.4, 136.5, 144.3, 154.2. IR (neat): 2966, 1724 cm . HRMS (MALDI) Calcd for
C12H17N,03S [M+H]": 269.0954, found 269.0956.

@)

o
(R)-S17

(R)-Tetrahydro-1H-pyrrolo[1,2-c]imidazole-1,3(2H)-dione ((R)-S17): A round bottomed flask
equipped with a reflux condenser was loaded with D-proline (2.0 g, 17 mmol) and potassium cyanate
(1.9 g, 24 mmol). Water (0.11 L, 0.15 M) was added and the mixture stirred at 100 °C for 13 h. After
the solution was cooled to room temperature, HCI (0.11 L, 6 N) was added and heating continued at
100 °C for 2 h. The solvent was evaporated under reduced pressure until a white solid appeared. The
crude product was purified by column chromatography on silica gel (MeOH/CH,Cl, = 1:20) to
provide the titled compound (R)-S17 as a colorless solid (1.3 g, 55%). Mp: 156-159 °C. *H NMR (500
MHz, CD;0D) &: 1.72 (1 H, tt, J = 8.0, 11.5 Hz), 2.01-2.22 (3 H, m), 3.23 (1 H, ddd, J = 4.5, 8.0, 11.0
Hz), 3.59 (1 H, ddd, J = 8.0, 8.0, 11.0 Hz), 4.17 (1 H, dd, J = 8.0, 8.0 Hz). *C NMR (125 MHz,
CD;0D) &: 29.0, 29.1, 47.1, 67.0, 164.1, 178.6. IR (neat): 3188, 1759 cm *. HRMS (MALDI) Calcd
for CgHgN,O, [M+H]": 141.0659, found 141.0658. The absolute configuration was assigned on the
basis of that of D-proline.
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(x)-Hexahydropyrrolo[1,2-c]imidazol-1,3-dione ((x)-S17): A round bottomed flask was loaded with
DL-proline (5.0 g, 43 mmol) and potassium cyanate (4.3 g, 52 mmol). Water (0.26 L, 0.17 M) was
added and the mixture stirred at 95 °C for 10 h. After the solution was cooled to room temperature,
HCI(0.26 L, 1 N) was added and heating continued at 95 °C for 1 h. The solvent was evaporated
under reduced pressure until a white solid appeared. The crude product was purified by column
chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound (+)-S17 as a
colorless solid (3.7 g, 60%). Mp: 158-160 °C. *H NMR (300 MHz, CD;0D) &: 1.66-1.78 (1 H, m),
1.98-2.24 (3 H, m), 3.14-3.22 (1 H, m), 3.59 (1 H, ddd, J = 7.5, 7.5, 10.5 Hz), 4.17 (1 H, dd, J = 7.0,
9.5 Hz). *C NMR (125 MHz, CD50D) &: 29.0, 29.1, 47.1, 67.0, 164.1, 178.6. IR (neat): 3188, 1755
cm . HRMS (MALDI) Calcd for CgHgN,0, [M+H]": 141.0659, found 141.0662.

O

NH

Q

(R)-S18
(R)-Hexahydropyrrolo[1,2-c]imidazol-3-one ((R)-S18): To a solution of NaBH, (0.65 g, 17 mmol)
in THF (21 mL, 0.81 M) was added BF;-OEt, (2.6 mL, 21 mmol) at 0 °C. After stirring for 20 min, a
solution of (S)-S17 (1.2 g, 8.6 mmol) in THF (42 mL, 0.20 M) was added to the flask through a
cannula. The mixture was stirred at room temperature for 2 days. The reaction was quenched by
adding MeOH and the mixture was evaporated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound
(R)-S18 as a colorless solid (0.82 g, 76%). Mp: 172-174 °C. 'H NMR (300 MHz, CDCls) &: 1.40 (1 H,
tt, J = 8.5, 11.5 Hz), 1.74-1.97 (3 H, m), 2.98-3.06 (1 H, m), 3.28 (1 H, dd, J = 1.5, 8.5 Hz), 3.55-3.64
(2 H, m), 3.69-3.77 (1 H, m), 5.70 (NH, brs). *C NMR (75 MHz, CDCl5) &: 25.2, 30.4, 42.9, 45.1,
59.4, 165.9. IR (neat): 3265, 1682 cm . HRMS (MALDI) Calcd for CgH1N,O [M+H]": 127.0866,
found 127.0865. The absolute configuration was assigned on the basis of that of (R)-S10, which was

synthesized from D-proline.
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(x)-Hexahydropyrrolo[1,2-c]limidazol-3-one ((+)-S18): To a solution of NaBH, (1.6 g, 43 mmol) in
THF (70 mL, 0.30 M) was added BF;-OEt, (6.5 mL, 51 mmol) at 0 °C. After stirring for 20 min, a
solution of (£)-S17 (3.0 g, 21 mmol) in THF (143 mL, 0.15 M) was added to the flask through a
cannula. The mixture was stirred at room temperature for 19 h. The reaction was quenched by adding
MeOH and the mixture was evaporated under reduced pressure. The residue was purified by flash
column chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound (£)-S18
as a colorless solid (2.2 g, 80%). Mp: 171-174 °C. *H NMR (500 MHz, CDCl5) 8: 1.39-1.47 (1 H, m),
1.78-1.86 (1 H, m), 1.92-1.99 (2 H, m), 3.04 (1 H, ddd, J = 4.0, 9.0, 13.5 Hz), 3.29 (1 H, dd, J = 2.0,
9.0 Hz), 3.59-3.65 (2 H, m), 3.73-3.78 (1 H, m), 5.09 (NH, brs). *C NMR (125 MHz, CDCl5) &: 25.2,
30.5, 42.9, 45.1, 59.4, 165.8. IR (neat): 3266, 1705 cm . HRMS (MALDI) Calcd for CgHyN,0
[M+H]": 127.0866, found 127.0866.

O

JJ\N/TS

N

IQ

(R)-56N
(R)-2-Tosylhexahydro-3H-pyrrolo[1,2-climidazole-3-one ((R)-56N) (Table 12, entry 6): To a
solution of (S)-hexahydropyrrolo[1,2-c]imidazol-3-one ((R)-S18) (0.81 g, 6.4 mmol) in THF (32 mL,
0.20 M) were added 60% NaH (1.3 g, 32 mmol) and TsCI (1.5 g, 7.7 mmol) at 0 °C. After stirring for
12 h at room temperature, the reaction was quenched by adding NH,Cl ag. and the mixture was
extracted with EtOAc twice. The combined organic extracts were washed with brine, dried over
MgSO, and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (EtOAc/hexane = 3:2) to provide the titled compound (R)-56N as a
colorless solid (1.6 g, 91%). Mp: 111-113 °C. [a]® = +9.4 (c 0.15, CHCI3). 'H NMR (300 MHz,
CDCly) &: 1.29-1.40 (1 H, m), 1.80-1.88 (1 H, m), 1.94-2.05 (2 H, m), 2.42 (3 H, s), 2.99-3.07 (1 H,
m), 3.51-3.71 (2 H, m), 3.76 (1L H, dd, J = 3.5, 9.5 Hz), 3.98 (1 H, dd, J = 8.5, 9.5 Hz), 7.32 (2 H, d, J
=8.5Hz), 7.91 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl5) &: 21.6, 25.0, 30.7, 44.7, 47.0, 55.6,
127.9, 129.6, 135.0, 144.8, 156.5. IR (neat): 1748 cm *. HRMS (MALDI) Calcd for C13H:6N,OsNaS
[M+Na]": 303.0774, found 303.0775. The enantiomeric excess of the product (R)-56N was determined
to be 88% by HPLC with CHIRALCEL® OD-3 (Eluent: hexane/2-PrOH = 90/10, Flow rate: 1.0
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mL/min, Retention time: tg of (S)-isomer = 44.5 min, tg of (R)-isomer = 48.5 min). The absolute

configuration was assigned on the basis of that of (R)-S18, which was synthesized from D-proline.

(£)-56N
(2)-2-Tosylhexahydro-3H-pyrrolo[1,2-climidazole-3-one  ((x)-56N): To a solution  of
hexahydropyrrolo[1,2-c]imidazol-3-one ((x)-S18) (2.0 g, 16 mmol) in THF (80 mL, 0.20 M) were
added 60% NaH (2.5 g, 64 mmol) and TsCI (3.9 g, 21 mmol) at 0 °C. After stirring for 12 h at room
temperature, the reaction was quenched by adding NH,CI aq. and the mixture was extracted with
EtOAc twice. The combined organic extracts were washed with brine, dried over MgSO,4 and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:1) to provide the titled compound (%)-56N as a colorless solid (3.1 g,
70%). Mp: 111-113 °C. '*H NMR (400 MHz, CDCl5) 8: 1.30-1.38 (1 H, m), 1.81-2.01 (3 H, m), 2.42
(3H,s),3.03(1H,ddd, J=4.0,9.5, 11.0 Hz), 3.55 (1 H, ddd, J = 8.0, 8.0, 12.0 Hz), 3.64-3.70 (1 H,
m), 3.76 (1 H, dd, J = 3.5, 10.0 Hz), 3.98 (1 H, dd, J = 8.0, 10.0 Hz), 7.32 (2 H, d, J = 8.5 Hz), 7.91 (2
H, d, J = 8.5 Hz). ®*C NMR (100 MHz, CDCl,) &: 21.6, 25.0, 30.7, 44.7, 47.0, 55.6, 127.9, 129.6,
135.0, 144.8, 156.5. IR (neat): 1732 cm '. HRMS (MALDI) Calcd for C;3HyN,OsNaS [M+Na]":
303.0774, found 303.07609.

O

i
oL

H O

S19
(6R,7aS)-6-Hydroxytetrahydro-1H-pyrrolo[1,2-c]imidazole-1,3(2H)-dione  (S19): A  round
bottomed flask was loaded with trans-4-hydroxy-L-proline (0.13 g, 1.0 mmol) and potassium cyanate
(0.11 g, 1.4 mmol). Water was added (6.0 mL, 0.16 M) and the mixture stirred at 90 °C for 10 h. After
the solution was cooled to room temperature, 1N HCI (6.0 mL) was added and heating continued at
90 °C for 1 h. The solvent was evaporated under reduced pressure until a white solid appeared. The
crude product was purified by column chromatography on silica gel (MeOH/CH,CI, = 1:7) to provide
the titled compound S19 as a colorless solid (0.12 g, 74%). Mp: 171-173 °C. 'H NMR (500 MHz,
DMSO-dg) &: 1.77 (1 H, ddd, J = 5.0, 11.5, 12.5 Hz), 1.93 (1 H, dd, J = 7.0, 12.5 Hz), 2.89 (1 H, d, J =
11.5 Hz), 3.62 (1 H, dd, J = 5.0, 11.5 Hz), 4.26 (1 H, dd, J = 7.0, 11.5 Hz), 4.44 (1 H, s), 5.20 (OH,
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brs), 10.7 (NH, brs). *C NMR (125 MHz, CD,0D) &: 38.3, 55.9, 65.8, 75.4, 163.8, 178.4. IR (neat):
3503, 1717 cm *. HRMS (MALDI) Calcd for CgHgN,O3 [M+H]": 157.0608, found 157.0608. The
absolute configuration was assigned on the basis of that of trans-4-hydroxy-L-proline.

O

)J\N/TS

N
o

H O

S20
(6R,7aS)-6-Hydroxy-2-tosyltetrahydro-1H-pyrrolo[1,2-c]imidazole-1,3(2H)-dione (S20): To a
solution of S19 (1.2 g, 7.7 mmol) in CH,CI, (80 mL, 0.10 M) were added Et;N (2.0 mL, 15 mmol),
TsClI (1.5 g, 7.7 mmol) and DMAP (96 mg, 0.77 mmol) at room temperature. After stirring for 80 min,
the reaction was quenched by adding H,O and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
5:1) to provide the titled compound S20 as a colorless solid (0.66 g, 28%). Mp: 153-156 °C. *H NMR
(300 MHz, CDCls) &: 1.72 (1 H, ddd, J = 5.0, 11.0, 14.5 Hz), 2.26 (1 H, dd, J = 6.0, 14.5 Hz), 2.45 (3
H,s),3.21 (1 H,d,J=125Hz),3.87 (1 H, dd, J=5.0, 12.5 Hz), 4.45 (1 H, dd, J = 6.0, 11.0 Hz), 4.68
(1H,t,J=50Hz),7.36 (2H, d, J=8.0 Hz), 8.02 (2 H, d, J = 8.0 Hz). ®C NMR (125 MHz, CDCl5)
8: 21.8, 37.3, 54.5, 61.6, 72.8, 128.6, 130.0, 134.7, 146.4, 153.6, 168.4. IR (neat): 3516, 1734 cm .
HRMS (MALDI) Calcd for Cy3H14N,OsNaS [M+Na]™: 333.0516, found 333.0519. The absolute
configuration was assigned on the basis of that of S19, which was synthesized from

trans-4-hydroxy-L-proline.

PN

N N/Ts
HO’er“

H OH

S21
(6R,7aS)-1,6-Dihydroxy-2-tosylhexahydro-3H-pyrrolo[1,2-c]imidazole-3-one (S21): To a solution
of NaBH, (0.23 g, 6.1 mmol) in THF (5.0 mL, 1.2 M) were added BF;-OEt, (0.92 mL, 7.3 mmol) at
0 °C. After stirring for 10 min, a solution of S20 (0.63 g, 2.0 mmol) in THF (5.0 mL, 0.40 M) was
added to the flask through a cannula. The mixture was stirred at room temperature for 8 h. The
reaction was quenched by adding MeOH and the mixture was evaporated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (EtOAc) to provide the titled
compound S21 as a colorless solid (0.57 g, 90%). Mp: 157-160 °C. 'H NMR (400 MHz, CD30D) §&:
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1.28-1.36 (0.5 H, m), 1.73-1.78 (0.5 H, m), 1.98-2.09 (1 H, m), 2.42 (3H, d, J = 3.5 Hz), 2.89 (0.5 H,
d, J=12.0 Hz), 2.98 (0.5 H, d, J = 12.0 Hz), 3.51 (0.5 H, dd, J = 4.5, 12.0 Hz), 3.70-3.77 (1 H, m),
4.28-4.34 (0.5H, m), 4.41 (0.5 H, dd, J =5.0, 5.0 Hz), 4.48-4.50 (0.5 H, m), 5.72 (0.5 H, s), 5.90 (0.5
H, d, J = 6.0 Hz), 7.35-7.39 (2 H, m), 7.91-7.96 (2 H, m). *C NMR (125 MHz, CD;0D) &: 21.5, 21.6,
34.1, 38.8, 53.7, 55.8, 61.5, 66.0, 72.1, 73.9, 82.0, 83.2, 129.4, 129.7, 130.3, 130.5, 137.7, 138.4,
145.9, 146.4, 1555, 158.4. IR (neat): 3474, 3335, 1713 cm*. HRMS (MALDI) Calcd for
Ci13H16N,0sNaS [M+Na]": 335.0672, found 335.0673. The absolute configuration was assigned on the
basis of that of S20, which was synthesized from trans-4-hydroxy-L-proline.

O

)J\N/TS

N
ACO’C/\_/

H OAc

560
(1R,6R,7aS)-3-Oxo0-2-tosylhexahydro-1H-pyrrolo[1,2-c]imidazole-1,6-diyl diacetate (560) (Table
12, entry 7): To a solution of S21 (0.90 g, 2.9 mmol) in CH,Cl, (30 mL, 0.10 M) were added Et;N
(2.0 mL, 14 mmol), Ac,0 (1.4 mL, 14 mmol) and DMAP (35 mg, 0.29 mmol) at room temperature.
After stirring for 3 h, the reaction was quenched by adding H,O and the mixture was extracted with
EtOAc twice. The combined organic extracts were washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:1) to provide the titled compound 560 as a colorless solid (0.59 g, 52%).
Mp: 145-147 °C. [a]® = -24.3 (c 0.15, CHCI5). *H NMR (300 MHz, CDCl,) &: 1.72-1.82 (1 H, m),
1.94 (1 H, dd, J = 6.0, 14.0 Hz), 2.02 (3 H, s), 2.06 (3 H, s), 2.42 (3 H, s), 3.15 (L H, d, J = 12.5 H2),
3.74 (1 H, dd, J=5.0,12.5 Hz), 4.36-4.43 (1 H, m), 5.36 (1 H, brs), 6.69 (1 H, d, J = 6.5 Hz), 7.32 (2
H, d, J = 8.0 Hz), 7.92 (2 H, d, J = 8.0 Hz). ®*C NMR (125 MHz, CDCl,) &: 20.3, 20.8, 21.6, 31.7,
50.2, 58.8, 74.9, 79.9, 128.4, 129.4, 135.8, 145.1, 152.3, 168.9, 170.0. IR (neat): 1744 cm . HRMS
(MALDI) Calcd for C17H,0N,0-NaS [M+Na]*: 419.0883, found 419.0883. The absolute configuration

was assigned on the basis of that of S21, which was synthesized from trans-4-hydroxy-L-proline.

O

NJJ\NH
Aco’Qr<\

H O

S22
(6R,7aS)-1,3-Dioxohexahydro-1H-pyrrolo[1,2-c]limidazol-6-yl acetate (S22): To a solution of S19
(2.0 g, 13 mmol) in CH,Cl, (0.13 L, 0.10 M) were added Et3N (3.5 mL, 25 mmol) and Ac,0 (1.3 mL,
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14 mmol) at room temperature. After stirring for 22 h, the reaction was quenched by adding H,O and
the mixture was extracted with CH,ClI, twice. The combined organic extracts were washed with brine,
dried over MgSQO, and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (MeOH/CH,CI, = 1:20) to provide the titled compound S15 as a
colorless solid (2.4 g, 95%). Mp: 148-150 °C. *H NMR (300 MHz, CDCl5) &: 1.95 (1 H, ddd, J = 5.5,
11.0, 14.0 Hz), 2.09 (3 H, s), 2.37 (1 H, dd, J = 6.5, 14.0 Hz), 3.25 (1 H, d, J = 13.0 Hz), 4.02 (1 H, dd,
J=6.5,13.0 Hz), 4.38 (L H, dd, J = 6.5, 11.0 Hz), 5.50 (1 H, dd, J = 5.5, 5.5 Hz), 8.30 (NH, brs). **C
NMR (125 MHz, CDCly) &: 20.9, 34.2, 51.6, 63.3, 75.6, 159.4, 170.1, 173.1. IR (neat): 3210, 1732
cm. HRMS (MALDI) Calcd for CgH1N,O, [M+H]": 199.0713, found 199.0712. The absolute
configuration was assigned on the basis of that of S19, which was synthesized from

trans-4-hydroxy-L-proline.

O

NJLNH
ACO’Qr/

H

S23
(6R,7aS)-3-Oxohexahydro-1H-pyrrolo[1,2-c]limidazol-6-yl acetate (S23): To a solution of S22
(0.98 g, 5.0 mmol) in THF (33 mL, 0.15 M) were added BH3-SMe, (0.94 g, 9.9 mmol) at room
temperature. After stirring for 12 h at 60 °C, the reaction was quenched by adding MeOH and the
mixture was evaporated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (MeOH/CH,CI, = 1:15) to provide the titled compound S23 as a
colorless oil (0.72 g, 78%). "H NMR (500 MHz, CD;0D) &: 1.66-1.72 (1 H, m), 2.03 (3 H, s), 2.07 (1
H, dd, J = 5.0, 13.5 Hz), 2.98 (1 H, dd, J = 1.0, 13.5 Hz), 3.28-3.31 (1 H, m), 3.63 (1 H, dd, J = 8.5,
8.5 Hz), 3.93 (1 H, dd, J = 6.5, 13.0 Hz), 3.99-4.04 (1 H, m), 5.28 (1 H, dd, J = 5.5, 5.5 Hz). °*C NMR
(125 MHz, CD;0OD) &: 21.0, 37.8, 43.0, 53.6, 59.3, 76.2, 167.4, 172.2. IR (neat): 3265, 1732 cm .
HRMS (MALDI) Calcd for CgHisN,O; [M+H]": 185.0921, found 185.0921. The absolute
configuration was assigned on the basis of that of S22, which was synthesized from

trans-4-hydroxy-L-proline.
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56P
(6R,7aS)-3-Ox0-2-tosylhexahydro-1H-pyrrolo[1,2-c]limidazol-6-yl-acetate (56P) (Table 12, entry
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8): To a solution of S23 (22 mg, 0.12 mmol) in THF (1.2 mL, 0.10 M) were added 60% NaH (12 mg,
0.30 mmol) and TsCI (31 mg, 0.16 mmol) at 0 °C. After stirring for 3 h at room temperature, the
reaction was quenched by adding NH4Cl ag. and the mixture was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (EtOAc/hexane =
2:3) to provide the titled compound 56P as a colorless solid (27 mg, 68%). Mp: 124-127 °C. [a]® = -
17.1 (¢ 0.15, CHCl5). *H NMR (400 MHz, CDCl3) &: 1.52-1.60 (1 H, m), 2.02 (3 H, s), 2.12 (1 H, dd,
J=5.0,80Hz),242 (3H,s),3.00 (1 H,dd, J =15, 13.5 Hz), 3.80 (1 H, dd, J = 2.5, 9.5 Hz), 3.90-
4.04 (3H, m),5.28 (LH, dd, J = 5.5, 5.5 Hz), 7.32 (2 H, d, J = 8.0 Hz), 7.90 (2 H, d, J = 8.0 Hz). ®°C
NMR (125 MHz, CDCly) &: 20.9, 21.6, 37.5, 46.2, 52.3, 54.0, 74.1, 127.9, 129.7, 134.8, 145.1, 156.3,
170.1. IR (neat): 1732 cm ™. HRMS (MALDI) Calcd for C15H1sN,0sNaS [M+Na]*: 361.0829, found
361.0834. The absolute configuration was assigned on the basis of that of S23, which was synthesized
from trans-4-hydroxy-L-proline.

O
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S24
(6R,7aS)-6-Hydroxy-2-tosylhexahydro-3H-pyrrolo[1,2-c]imidazol-3-one (S24): A round bottomed
flask equipped with a reflux condenser was loaded with 56P (0.15 g, 0.45 mmol) and ZnTAC¥ (8.0
mg, 5 wt%), MeOH (9.0 mL, 0.05 M) at room temperature. After stirring for 22 h at reflux, the
mixture was concentrated under reduced pressure. The residue was filtered through Celite pad
(washed with CH,CI,) and concentrated under reduced pressure as a colorless solid (0.12 g, 93%).
This compound S24 was used for next reaction without purification due to the instability on silica gel
column chromatography. Mp: 95-98 °C. "H NMR (400 MHz, CDCls) &: 1.45-1.52 (1 H, m), 2.03 (1 H,
dd, J = 4.5, 13.5 Hz), 2.43 (1 H, s), 2.96 (L H, d, J = 13.0 Hz), 3.75-3.81 (1 H, m), 3.86 (1 H, dd, J =
5.5, 13.0 Hz), 4.00-4.06 (2 H, m), 4.55 (1 H, dd, J = 5.5, 5.5 Hz), 7.32 (2 H, d, J = 8.5 Hz), 7.89 (2 H,
d, J = 8,5 Hz). *C NMR (125 MHz, CDCl5) 8: 21.6, 40.6, 46.5, 53.8, 54.9, 71.8, 127.9, 129.7, 134.9,
145.0, 156.5. IR (neat): 3476, 1726 cm™. HRMS (MALDI) Calcd for Cy3H16N,04NaS [M+Na]™:
319.0723, found 319.0721. The absolute configuration was assigned on the basis of that of 56P, which

was synthesized from trans-4-hydroxy-L-proline.
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(S)-S25
(S)-2-Tosyltetrahydro-3H-pyrrolo[1,2-climidazole-3,6(5H)-dione ((S)-S25): To a solution of S24
(0.72 g, 2.4 mmol) in CH.Cl, (24 mL, 0.10 M) were added Celite (4.2 g, 600 wt%) and PCC (1.0 g,
4.7 mmol) at room temperature. After stirring for 25 h at room temperature, the reaction mixture was
directly applied on silica gel of flash column chromatography and purified (EtOAc/hexane = 3:2) to
provide the titled compound (S)-S25 as a colorless solid (0.71 g, 100%). Mp: 72-74 °C. *H NMR (400
MHz, CDCly) &: 2.32 (1 H, dd, J = 9.5, 18.0 Hz), 2.34 (3 H, s), 2.63 (1 H, dd, J = 5.5, 18.0 Hz), 3.29
(1H,d,J=19.0Hz),393 (1 H,d,J=7.5Hz),4.00 (1 H, d, J=19.0 Hz), 4.14-4.22 (2H, m), 7.34 (2
H, d, J = 8.0 Hz), 7.91 (2 H, d, J = 8.0 Hz). ®C NMR (125 MHz, CDCls) &: 21.7, 42.8, 47.6, 52.2,
52.5,128.0, 129.8, 134.5, 145.4, 155.7, 209.6. IR (neat): 2922, 1734 cm . HRMS (MALDI) Calcd for
C13H1aN,0,4NaS [M+Na]": 317.0566, found 317.0557. The absolute configuration was assigned on the
basis of that of S24, which was synthesized from trans-4-hydroxy-L-proline.

0]
TP
(S)-56S

(S)-2-Tosyltetrahydro-3H,5H-spiro[pyrrolo[1,2-c]imidazole-6,2” -[1,3]dioxolan]-3-one ((S)-56S)
(Table 12, entry 9): A round bottomed flask equipped with a reflux condenser was loaded with
(S)-S25 (0.71 g, 2.4 mmol) and TsOH-H,O (46 mg, 0.24 mmol), toluene (6.0 mL, 0.40 M) and
ethylene glycol (6.0 mL, 0.40 M) at room temperature. After stirring for 11 h at reflux, the reaction
was quenched by adding NaHCO; ag. and the mixture was extracted with EtOAc twice. The combined
organic extracts were washed with brine, dried over Na,SO,4 and concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 3:2) to
provide the titled compound (S)-56S as a colorless solid (0.76 g, 92%). Mp: 108-109 °C. [a]® =
+202.5 (¢ 0.15, CHCI3). "H NMR (300 MHz, CDCl3) &: 1.71 (1 H, dd, J = 9.0, 13.0 Hz), 2.15 (1 H, dd,
J=6.0,13.0 Hz), 2.42 (3H, 5), 3.02 (L H, d, J = 12.5 Hz), 3.63 (1 H, d, J = 12.5 Hz), 3.71 (1 H, dd, J
= 3.5, 9.0 Hz), 3.76-4.06 (6 H, m), 7.31 (2 H, d, J = 8.0 Hz), 7.89 (2 H, d, J = 8.0 Hz). **C NMR (100
MHz, CDCl,) 6: 21.6, 41.4, 47.7, 53.5, 54.0, 64.8, 64.9, 115.8, 127.9, 129.6, 134.8, 144.8, 156.1. IR
(neat): 2924, 1732 cm™*. HRMS (MALDI) Calcd for CisHiN,OsS [M+H]": 339.1009, found

339.1011. The absolute configuration was assigned on the basis of that of S25, which was synthesized
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from trans-4-hydroxy-L-proline.

NC

S26

(+)-1-Allylcyclohexane-1-carbonitrile (526):% To a solution of LHMDS in THF (11 mL, 1.0 M) was
added cyclohexane carbonitrile (1.2 mL, 9.9 mmol) dropwise at —78 °C. The resulting mixture was
stirred at the same temperature for 30 min. Allyl bromide (1.2 mL, 14.0 mmol) was added to the
reaction mixture dropwise before allowing the reaction mixture to warm up to room temperature. After
stirring for overnight, the reaction was quenched by adding NH,CI ag. and the mixture was extracted
with EtOAc twice. The combined organic extracts were washed with brine, dried over Na,SO, and
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (EtOAc/hexane = 1:15) to provide the titled compound S26 as a colorless oil (1.5 g, 100%).
'H NMR (400 MHz, CDCls) &: 1.14-1.27 (3 H, m), 1.56-1.77 (5 H, m), 1.96 (2 H, d, J = 12.5 Hz),
2.28 (2H,d, J =75 Hz), 5.14-5.22 (2 H, m), 5.83 (1 H, tdd, J = 7.5, 10.0, 17.0 Hz). *C NMR (125
MHz, CDCl,) &: 23.0, 25.3, 35.4, 38.8, 44.6, 119.6, 123.4, 132.0. IR (neat): 2934 cm*. HRMS
(MALDI) Calcd for C1oH;sNNa [M+Na]*: 172.1097, found 172.1100.

S28
(+)-N-(((1-Allylcyclohexyl)methyl)carbamoyl)-4-methylbenzenesulfonamide (S28):% To a solution
of LiAIH, (2.5 g, 66 mmol) in Et,O (28 mL, 2.4 M) was added a solution of S26 (2.5 g, 16 mmol) in
Et,O (56 mL, 0.30 M) through a cannula at 0 °C and then warmed slowly to room temperature and
stirred overnight. The resulting suspension was cooled to 0 °C and quenched by slow addition of 6M
NaOH (54 mL). The resulting mixture was extracted with ether (3x80 mL) and the combined ether
extracts were dried (MgSO,) and concentrated to give (1-allylcyclohexyl)methanamine (S27) (2.0 g)
as a pale yellow. This compound S27 was used for next reaction without purification. A round
bottomed flask was loaded with S27 (2.0 g, 13.0 mmol) and TsSNCO (2.1 mL, 13.7 mmol) and CH,Cl,
(43 mL, 0.30 M) at room temperature. After stirring for 20 h, the reaction was quenched by adding

H,0 and the mixture was extracted with CH,CI, twice. The combined organic extracts were washed
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with brine, dried over Na,SO,4 and concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound S28
as a colorless solid (3.2 g, 56%, 2 steps). Mp: 112-114 °C. *H NMR (500 MHz, CDCl5) &: 1.16-1.44
(10H, m), 1.98 (2H,d, J=7.5Hz),2.44 (3H,s),3.12(2H, d, J=6.5Hz), 5.06-5.10 (2 H, m), 5.76
(1H,tdd,J=75,95,18.0Hz),6.59 (1 H,t,J=55Hz),7.32(2H,d,J=80Hz),7.77 (2H,d,J =
8.0 Hz), 8.24 (NH, s). *C NMR (125 MHz, CDCl3) &: 21.3, 21.6, 26.0, 33.2, 36.8, 40.6, 46.4, 117.9,
126.8, 129.9, 134.0, 136.7, 144.8, 151.6. IR (neat): 3362, 2926, 1667 cm *. HRMS (MALDI) Calcd
for C1gH2sN,03NaS [M+Na]": 373.1556, found 373.1555.

(£)-56R
(2)-2'-Tosyltetrahydro-3'H,5'H-spiro[cyclohexane-1,6'-pyrrolo[1,2-c]imidazol]-3'-one  ((%)-56R)
(Table 12, entry 10):*® A suspension of S28 (2.3 g, 6.5 mol), NIS (2.9 g, 13 mmol), and NaHCO4
(0.57 g, 6.8 mmol) in toluene (65 mL) was stirred at room temperature for 3 h. The reaction was
quenched by adding Na,SO; ag. and the mixture was extracted with EtOAc twice. The combined
organic extracts were washed with brine, dried over Na,SO,4 and concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 1:2) to
provide the titled compound (+)-56R as a colorless solid (1.4 g, 60%). Mp: 138-140 °C. *H NMR
(300 MHz, CDCl3) 6: 1.16-1.50 (11 H, m), 1.90 (1 H, dd, J = 6.5, 12.5 Hz), 2.42 (3 H, 5), 2.79 (1 H, d,
J=12.0Hz),3.39 (1 H,d, J=12.0 Hz), 3.65 (1 H, dd, J = 4.0, 9.5 Hz), 3.82-3.87 (1 H, m), 4.00 (1 H,
dd, J=9.5, 9.5 Hz), 7.31 (2 H, d, J = 8.5 Hz), 7.91 (2 H, d, J = 8.5 Hz). ®*C NMR (125 MHz, CDCls)
5:21.6,23.1,23.7, 255, 36.3, 37.7, 43.9, 44.7, 48.0, 54.1, 56.4, 128.0, 129.6, 134.9, 144.7, 156.3. IR
(neat): 2924, 1732 cm . HRMS (MALDI) Calcd for CigH,sN,03NaS [M+Na]": 371.1400, found
371.1397.

7
NC
Ph Ph
S29
2,2-Diphenylpent-4-enenitrile (529):% To a solution of LHMDS in THF (7.2 mL, 1.0 M) was added
diphenylacetonitrile (1.3 g, 6.6 mmol) dropwise at —78 °C. The resulting mixture was stirred at the

same temperature for 30 min. Allyl bromide (1.2 mL, 14 mmol) was added to the reaction mixture
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dropwise before allowing the reaction mixture to warm up to room temperature. After stirring for
overnight, the reaction was quenched by adding NH4CI ag. and the mixture was extracted with EtOAc
twice. The combined organic extracts were washed with brine, dried over Na,SO, and concentrated
under reduced pressure. The residue was purified by flash column chromatography on silica gel
(EtOAc/hexane = 1:15) to provide the titled compound S29 as a colorless oil (1.6 g, 100%). *H NMR
(400 MHz, CDCly) &: 3.14 (2 H, dt, J=7.0, 1.0 Hz), 5.16-5.24 (2 H, m), 5.71 (1 H, tdd, J = 7.0, 10.0,
17.0 Hz), 7.28-7.41 (10 H, m). ®*C NMR (100 MHz, CDCls) &: 43.9, 51.7, 120.4, 121.9, 127.0, 127.9,
128.8, 131.7, 139.7. IR (neat): 3061, 1493 cm . HRMS (MALDI) Calcd for C;7H;sNNa [M+Na]":
256.1097, found 256.1093.

O
Ts,
N 7
H NH
Ph Ph
S31

N-((2,2-Diphenylpent-4-en-1-yl)carbamoyl)-4-methylbenzenesulfonamide (S31) (Table 4):** To a
solution of LiAIH,4 (0.13 g, 3.3 mmol) in Et,O (1.4 mL, 2.4 M) was added a solution of S29 (0.19 g,
0.81 mmol) in Et,0 (2.8 mL, 0.30 M) through a cannula at 0 °C and then warmed slowly to room
temperature and stirred overnight. The resulting suspension was cooled to 0 °C and quenched by slow
addition of 6 M NaOH (5 mL). The resulting mixture was extracted with ether (3 x 30 mL) and the
combined ether extracts were dried (MgSO,) and concentrated to give 2,2-diphenylpent-4-en-1-amine
(S30) (0.18 g) as a pale yellow. This compound S30 was used for next reaction without purification. A
round bottomed flask was loaded with S30 (0.18 g, 0.75 mmol) and TsSNCO (0.17 mL, 1.1 mmol) and
CH,CI, (4 mL, 0.20 M) at room temperature. After stirring for 2 h, the reaction was quenched by
adding H,O and the mixture was extracted with CH,CI, twice. The combined organic extracts were
washed with brine, dried over Na,SO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled
compound S31 as a colorless solid (0.24 g, 67%, 2 steps). Mp: 117-120 °C. '"H NMR (400 MHz,
CDCls) : 2.40 (3H,s),2.80 (2H,d,J=7.0Hz), 3.89 (2 H, d, J =5.5 Hz), 4.88-4.95 (2 H, m), 5.33
(1 H, tdd, J = 6.5, 10.0, 16.5 Hz), 6.27 (1 H, t, J = 5.0 Hz), 7.13-7.39 (14 H, m), 8.82 (NH, s). °C
NMR (100 MHz, CDCl,) &: 21.6, 41.7, 46.9, 49.5, 118.7, 126.6, 126.8, 127.8, 128.4, 129.7, 133.3,
136.5, 144.5, 144.8, 151.7. IR (neat): 3370, 3059, 1684, 1541 cm*. HRMS (MALDI) Calcd for
CusH26N,03NaS [M+Na]": 457.1556, found 457.1558.
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()-6,6-Diphenyl-2-tosylhexahydro-3H-pyrrolo[1,2-c]limidazol-3-one ((£)-56S) (Table 12, entry
11):%® A suspension of S31 (1.4 g, 3.2 mol), NIS (1.5 g, 6.4 mmol), and NaHCO; (0.27 g, 3.2 mmol) in
toluene (20 mL) was stirred at room temperature for 3 h. The reaction was quenched by adding
Na,SO; ag. and the mixture was extracted with EtOAc twice. The combined organic extracts were
washed with brine, dried over Na,SO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled
compound (+)-56S as a colorless solid (0.57 g, 41%). Mp: 183-185 °C. *H NMR (300 MHz, CDCl5)
$:2.23(1H,dd,J=9.5,115Hz),2.44 (3H,s),2.54 (1H, dd, J=5.0,11.5 Hz), 3.63 (1 H, dd, J = 5.5,
9.5Hz),3.84 (1 H, d,J=11.5Hz), 3.86-3.95 (L H, m), 3.06 (1 H, t,J=9.0 Hz), 3.06 (L H, d, J =115
Hz), 7.08-7.33 (12 H, m), 7.89 (2 H, d, J = 8.0 Hz). *C NMR (125 MHz, CDCl3) &: 21.6, 43.6, 48.0,
54.0, 56.1, 56.8, 126.4, 126.70, 126.73 128.0, 128.5, 129.6, 134.9, 144.8, 145.2, 145.4, 156.2. IR
(neat): 1732 cm ' HRMS (MALDI) Calcd for CosH,sN,05NaS [M+Na]*: 455.1400, found 455.1403.

0]

Me. JL

N° NH

S32

1-Methyltetrahydropyrimidin-2(1H)-one (S32): A round bottomed flask equipped with a reflux
condenser was loaded with urea (1.57 g, 26 mmol) and N-Methyl-1,3-propanediamine (2.9 mL, 26
mmol), Pyridine (10 mL, 2.6 M) at room temperature. After stirring for 24 h at reflux, the mixture was
concentrated under reduced pressure. The residue was purified by flash column chromatography on
silica gel (MeOH/CH,CI, = 1:10) to provide the titled compound S32 as a colorless solid (0.97 g,
33%). Mp: 87-90 °C. 'H NMR (400 MHz, CDCls) &: 1.86 (2 H, quint, J = 6.0 Hz), 2.84 (3 H, s), 3.17
(2H,t,J=6.0Hz), 3.19-3.24 (2 H, m), 5.68 (NH, s). *C NMR (100 MHz, CDCl) 5: 22.0, 34.8, 40.2,
47.3, 156.9. IR (neat): 3383, 1643 cm . HRMS (MALDI) Calcd for CsH1,N,O [M+H]": 115.0866,
found 115.0865.



1-Methyl-3-tosyltetrahydropyrimidin-2(1H)-one (56T): To a solution of S32 (0.82 g, 7.2 mmol) in
THF (24 mL, 0.30 M) were added NaH (0.86 g, 22 mmol) and TsClI (1.6 g, 8.6 mmol) at 0 °C. After
stirring for 13 h at room temperature, the reaction was quenched by adding NH,ClI ag. and the mixture
was extracted with EtOAc twice. The combined organic extracts were washed with brine, dried over
MgSO, and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (only EtOAc) to provide the titled compound 56T as a colorless solid
(1.4 g, 74%). Mp: 165-167 °C. "H NMR (300 MHz, CDCl5) &: 2.07 (2 H, quint, J = 6.0 Hz), 2.41 (3 H,
s), 287 (3H,s),3.26 (2H,t,J=6.0Hz),3.97 (2H,t,J=6.0Hz),7.29 (2H, d, J=8.0 Hz), 7.87 (2 H,
d, J = 8.0 Hz). ®*C NMR (125 MHz, CDCl,) &: 21.6, 22.6, 35.4, 44.8, 47.9, 128.2, 129.2, 137.4, 143.9,
151.5. IR (neat): 1682 cm*. HRMS (MALDI) Calcd for C1,H1gN,03NaS [M+Na]*: 291.0774, found
291.0779.

General Procedure for the synthesis of 1,4-benzodiazepines 4 by the reaction
between benzynes 3 and cyclic ureas 2 (Tables 1-3 and Scheme 2)

General Procedure: CsF (3.0 equiv) was flame-dried under reduced pressure in a flask equipped with
a three-way stopcock, and back-filled with Ar. Cyclic urea 56 (3.0 equiv) with a magnetic stir bar was
loaded into the flask and evacuated and backfilled with Ar (This process was repeated three times).
Dioxane (One-fifth of its total volume) was added into the flask via a syringe. A solution of precursor
5a, 5¢, 5IB, 50, 5u (1.0 equiv) in anhydrous dioxane (one-fifth of its total volume) was added to the
flask through a cannula and washed with dioxane (three-fifth of its total volume). The mixture was
stirred at 80 °C for 30-60 min. After completion of the benzyne reaction by monitoring TLC, the
reaction was quenched by the addition of H,O. EtOAc was added to the reaction mixture, and the
aqueous phase was extracted three times. The combined organic phase was washed with a saturated
aqueous NaCl solution (brine). The organic phase was dried over anhydrous MgSQ,, and the solvent
was removed under reduced pressure. The crude product was purified by flash column

chromatography on silica gel (a mixture of hexane and EtOAc) to afford 57.
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571Aa
1-Methyl-4-tosyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5-0
ne (571Aa) (Table 9, entry 6): Following General Procedure, a mixture of CsF (46 mg, 0.30 mmol),
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1-methyl-3-tosyl-2-imidazolidone (56A) (76 mg, 0.30 mmol), and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (51B) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound 571Aa as a
colorless solid (33 mg, 69%) and its regiochemistry was determined by NOE experiments. Mp: 47—
50 °C. 'H NMR (400 MHz, CDCl;) &: 2.44 (3 H, s), 2.87 (3 H, s), 3.36 (2 H, t, J = 5.5 Hz), 4.11 (2 H,
t,J=5.5Hz),6.84 (1H,d, J=8.0Hz),6.96 (LH,d, J=8.0Hz),7.33 (2H,d, J=85Hz),7.42 (1 H,
dd, J = 8.0, 8.0 Hz), 7.97 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl3) &: 21.7, 40.5, 44.1, 58.6,
115.6, 118.4 (q, J = 319 Hz), 118.6, 122.7, 128.8, 129.3, 133.1, 135.3, 145.1, 147.3, 149.4, 164.3. °F
NMR (376 MHz, CDCl;) &: -73.0. IR (neat): 1697 cm*. HRMS (MALDI) Calcd for
C1sH17N,0sF3NaS, [M+Na]": 501.0372, found 501.0371.

TfO O %LO
N
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1-Methyl-4-benzyloxycarbonyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-ben
zodiazepin-5-one (571Ba) (Table 10, entry 1): Following General Procedure, a mixture of CsF (46
mg, 0.30 mmol), 1-methyl-3-benzyloxycarbonyl-2-imidazolidone (56B) (70 mg , 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 1 h at 80 °C . The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound 571Ba as a yellow
0il (10 mg, 23%). "H NMR (300 MHz, CDCl;) &: 2.82 (3 H, s), 3.19 (2 H, t, J = 6.0 Hz), 4.01 (2 H, t,
J=6.0Hz),5.39 (2 H,s),6.93 (1 H, d, J =5.0Hz), 6.96 (1 H, d, J = 5.0 Hz), 7.30-7.50 (6 H, m). **C
NMR (125 MHz, CDCls) &: 40.1, 43.7, 56.7, 68.8, 115.7, 118.1, 118.5 (q, J = 319 Hz), 123.8, 127.7,
128.2, 128.5, 132.8, 135.2, 147.3, 148.7, 152.9, 164.3. *F NMR (470 MHz, CDClj) 6: -73.0. IR
(neat): 1715 cm®. HRMS (MALDI) Calcd for CioHi;N,OgFsNaS [M+Na]*: 481.0652, found
481.0651.
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571Ca

1-Methyl-4-allyloxycarbonyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benzo
diazepin-5-one (571Ca) (Table 10, entry 2): Following General Procedure B, a mixture of CsF (46
mg, 0.30 mmol), urea 56C (55 mg, 0.30 mmol) and 5IB (50 mg, 0.10 mmol) was stirred in dioxane
(2.0 mL, 0.10 M) for 40 min at 80 °C. The crude product was purified by column chromatography on
silica gel (EtOAc/hexane = 1:2) to provide the titled compound 571Ca as a colorless solid (14 mg,
34%). *C NMR (125 MHz, CDCls) &: 40.1, 43.7, 56.7, 67.8, 115.7, 118.1, 118.5 (q, J = 318 Hz),
118.6, 123.9, 131.2, 132.8, 147.3, 148.7, 152.8, 164.3. "*F NMR (470 MHz, CDCls) 5: —73.0. HRMS
(MALDI) Calcd for C15H;5N,0gF3sNaS [M+H]": 431.0495, found 431.0489.
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571Da
1-Methyl-4-acetyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5-
one (571Do) (Table 10, entry 3): Following General Procedure, a mixture of CsF (46 mg, 0.30 mmol),
1-methyl-3-acetyl-2-imidazolidone (56D) (43 mg, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL, 0.10 M) for 45 min at 80 °C. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound 57IDa.
as a colorless oil (15 mg, 42%). *H NMR (400 MHz, CDCls) &: 2.69 (3 H, s), 2.83 (3 H, s), 3.18 (2 H,
t,J = 6.0 Hz), 4.05 (2 H, t, J = 6.0 Hz), 6.94 (1 H, d, J = 8.5 Hz), 6.97 (1 H, dd, J = 1.0, 8.5 Hz), 7.46
(1 H, dd, J = 8.5, 8.5 Hz). *C NMR (100 MHz, CDCl,) &: 27.7, 40.2, 41.0, 56.8, 115.5, 118.1, 118.6
(9, J = 318 Hz), 123.8, 132.9, 147.3, 148.8, 166.8, 172.2. F NMR (376 MHz, CDCls) &: —-73.1. IR
(neat): 1699 cm®. HRMS (MALDI) Calcd for Ci3Hi3N,OsFsNaS [M+Na]®: 389.0389, found
389.0389.
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1-Methyl-4-(methanesulfonyl)-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benz
odiazepin-5-one (571Ea) (Table 10, entry 4): Following General Procedure, a mixture of CsF (46 mg,
0.30 mmol), 1-methyl-3-(methanesulfonyl)-2-imidazolidone (56E) (53 mg, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL, 0.10 M) for 40 min at 80 °C. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled compound 571Ea.
as a colorless solid (17 mg, 43%). Mp: 94-96 °C. *H NMR (500 MHz, CDCl5) &: 2.88 (3 H, s), 3.30 (2
H,t,J=55Hz),3.45(3H,s),4.03(2H,t,J=55Hz),6.92(1H,d,J=8.0Hz),7.00(1H,d, J=8.0
Hz), 7.48 (1 H, dd, J=8.0, 8.0 Hz). *C NMR (125 MHz, CDCl,) &: 40.4, 42.1, 43.5, 58.7, 115.6,
118.6 (q, J = 320 Hz), 118.8, 122.3, 133.5, 147.5, 149.5, 166.1. “°F NMR (470 MHz, CDCls) 5: —72.8.
IR (neat): 1684 cm*. HRMS (MALDI) Calcd for Ci,H13N,06FsNaS, [M+Na] *: 425.0059, found
425.0056.
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1-Methyl-4-(p-methoxy-benzenesulfonyl)-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1

H)-1,4-benzodiazepin-5-one (571Fa) (Table 10, entry 5): Following General Procedure A, a mixture
of CsF (46 mg, 0.30 mmol), 1-Methyl-3-(p-methoxybenzenesulfonyl)-2-imidazolidone 56F (81 mg,
0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5I1B (50 mg,
0.10 mmol) was stirred in dioxane (1.0 mL, 0.10 M) for 40 min at 80 °C. The crude product was
purified by column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled
compound 571Fe. as a colorless solid (28 mg, 56%) and its regiochemistry was determined by NOESY
spectra. "H NMR (300 MHz, CDCl;) &: 2.86 (3 H, s), 3.35 (2 H, t, J = 5.5 Hz), 3.87 (3 H, 5), 4.10 (2 H,
t,J=5.5Hz), 6.83 (L H, d, 8.5Hz),6.95 (1 H, d, J=8.5Hz),6.99 (2H,d,J=9.0Hz), 7.41 (1 H, t, J
= 8.5 Hz), 8.03 (2 H, d, J = 9.0 Hz). *C NMR (100 MHz, CDCl5) &: 40.4, 44.0, 55.7, 58.7, 113.9,
115.6, 118.4 (g, J = 319 Hz), 118.5, 122.8, 129.6, 131.2, 133.0, 147.3, 149.3, 164.0, 164.3. *°F NMR
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(283 MHz, CDCl;) &: —73.0. HRMS (MALDI) Calcd for CyigH17N,0,F3NaS, [M+Na]": 517.0321,
found 517.0325.
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1-Methyl-4-(p-chloro-benzenesulfonyl)-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-
1,4-benzodiazepin-5-one (571Ga) (Table 10, entry 7): Following General Procedure A, a mixture of
CsF (46 mg, 0.30 mmol), 1-Methyl-3-(p-chloro-benzenesulfonyl)-2-imidazolidone 56G (82 mg, 0.30
mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene 5IB (50 mg, 0.10
mmol) was stirred in dioxane (1.0 mL, 0.10 M) for 40 min at 80 °C. The crude product was purified
by column chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled compound 571Ga
as a colorless solid (34 mg, 68%). "H NMR (300 MHz, CDCl5) &: 2.88 (3 H, s), 3.36 (2 H, t, J = 6.0
Hz), 411 (2 H,t,J=6.0 Hz), 6.85 (L H, d, J = 8.0 Hz), 6.97 (L H, d, J = 8.0 Hz), 7.44 (1 H, t, J = 8.0
Hz), 7.51 (2 H, d, J = 8.5 Hz), 8.03 (2 H, d, J = 8.5 Hz). ®C NMR (125 MHz, CDCl5) &: 40.5, 44.2,
58.6, 115.7, 118.4 (q, J = 316 Hz), 118.7, 122.5, 129.0, 130.3, 133.3, 136.7, 140.7, 147.3, 149.4, 164.5.
F NMR (283 MHz, CDCl3) &: —72.9. HRMS (MALDI) Calcd for C17H:4N,06F3sNaS,Cl [M+Na]*:
520.9826, found 520.9815.

571Ha
1-Methyl-4-(2,4,6-triisopropyl-benzenesulfonyl)-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahy
dro-(1H)-1,4-benzodiazepin-5-one (571Ha) (Table 10, entry 8): Following General Procedure A, a
mixture of CsF (46 mg, 0.30 mmol), 1-Methyl-3-(2,4,6-triisopropylbenzenesulfonyl)-2-imidazolidone
56H (0.11 g, 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene
5IB (50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL, 0.10 M) for 1 h at 80 °C. The crude product
was purified by column chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled
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compound 571Ha as a colorless solid (33 mg, 55%). *H NMR (300 MHz, CDCls) &: 1.25 (6 H, d, J =
7.0 Hz), 1.29 (12 H, d, J = 7.0 Hz), 2.87 (3 H, s), 2.84-2.95 (L H, m), 3.41 (2 H, t, J = 5.5 Hz), 4.03—
4.20 (4H, m), 6.90 (L H, d, J=8.0Hz), 694 (LH, d, J=8.0Hz),7.18 (2 H, ), 742 (LH,t,J = 8.0
Hz). F NMR (376 MHz, CDCl5) : —73.6. HRMS (MALDI) Calcd for CpgH33N,0OgNaS, [M+Na] *:
613.1624, found 613.1635.

Me
571a

1-Methyl-4-(2-nitro-benzenesulfonyl)-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1
,4-benzodiazepin-5-one (57lla) (Table 10, entry 9): Following General Procedure A, a mixture of
CsF (46 mg, 0.30 mmol), urea 561 (90 mg, 0.30 mmol) and 5IB (50 mg, 0.10 mmol) was stirred in
dioxane (1.0 mL, 0.10 M) for 1 h at 80 °C. The crude product was purified by column chromatography
on silica gel (EtOAc/hexane = 2:3) to provide the titled compound 5711a as a colorless solid (18 mg,
34%) and its regiochemistry was determined by NOESY spectra. ‘H NMR (400 MHz, CDCl3) &: 2.91
(3H,s),341(2H,t,J=6.0Hz),423(2H,t,J=55Hz),6.83 (1 H,d,J=85Hz),6.99 (1H,d,J=
8.5 Hz), 7.46 (1 H, t, J = 8.5 Hz), 7.78-7.86 (3 H, m), 8.61-8.67 (1 H, m). *C NMR (100 MHz,
CDCly) &: 40.5, 45.1, 58.8, 115.4, 118.3 (q, J = 319 Hz), 118.7, 121.9, 124.5, 131.8, 132.1, 133.6,
134.9, 135.6, 147.6, 147.8, 149.8, 164.9. "°F NMR (280 MHz, CDCls) : ~73.3. HRMS (MALDI)
Calcd for C;7H14N30gF3NaS, [M+H]": 532.0067, found 532.0067.
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1-Methyl-4-benzyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5
-one (141Ba) (Scheme 28): Following General Procedure, a mixture of CsF (46 mg, 0.30 mmol),
1-methyl-3-benzyl-2-imidazolidone (13B) (57 mg, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (51B) (50 mg, 0.10 mmol)
was stirred in MeCN (1.0 mL) for 3 h at room temperature. The crude product was purified by column

chromatography on silica gel (EtOAc/hexane = 1:3) to provide the titled compound 141Ba as a
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colorless solid (18 mg, 43%) and its regiochemistry was determined by NOE experiments. Mp: 104—
106 °C. 'H NMR (400 MHz, CDCls) &: 2.77 (3 H, s), 3.01 (2 H, t, J = 6.0 Hz), 3.40 2 H, t, J = 6.0
Hz), 4.84 (2 H, s), 6.91 (2 H, d, J = 8.5 Hz), 7.28-7.44 (6 H, m). *C NMR (100 MHz, CDCls) 5: 40.2,
44.7, 49.3, 57.8, 115.1, 117.9, 118.6 (q, J = 319 Hz), 123.7, 127.7, 128.4, 128.6, 131.8, 136.9, 147.6,
148.6, 165.5. **F NMR (376 MHz, CDCl5) &: —73.3. IR (neat): 1651 cm*. HRMS (MALDI) Calcd for
C1sH17N,0,4F3NaS [M+Na]": 437.0753, found 437.0754.
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1-Benzyl-4-methyl-6-(trifluoromethanesulfonyloxy)-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5
-one (14IBP) (Scheme 28) was obtained from the above-mentioned reaction mixture as a colorless
solid (4.4 mg, 11%). Mp: 6973 °C. "H NMR (400 MHz, CDCl5) &: 3.15 (3 H, s), 3.16 (2 H, t, J = 6.0
Hz), 3.46 (2 H, t, J = 6.0 Hz), 4.30 (2 H, s), 6.91 (1 H, d, J = 8.0 Hz), 6.96 (1 H, d, J = 8.0 Hz), 7.22—
7.25 (1 H, m), 7.26-7.35 (5 H, m). *C NMR (125 MHz, CDCls) &: 33.6, 47.4, 54.5, 56.7, 115.7, 118.6
(9, J = 318 Hz), 119.2, 124.7, 127.5, 127.9, 128.7, 131.6, 137.0, 147.3, 148.1, 165.2. '°F NMR (470
MHz, CDCl3) 6: -73.4. IR (neat): 1653 cm™. HRMS (MALDI) Calcd for CygHi7N,0O4F3NaS
[M+Na]": 437.0753, found 437.0755.

Me

5710a
1-Methyl-4-tosyl-6-fluoro-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5-one (5710a) (Table 11,
entry 4): Following General Procedure, a mixture of CsF (46 mg, 0.30 mmol),
1-methyl-3-tosyl-2-imidazolidone (56A) (76 mg, 0.30 mmol), and 2-fluoro-6-(trimethylsilyl)phenyl
trifluoromethanesulfonate (50) (50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at
80 °C. The crude product was purified by column chromatography on silica gel (EtOAc/hexane = 1:2)
to provide the titled compound 570Aa as a colorless solid (19 mg, 34%). Mp: 47-50 °C. 'H NMR
(500 MHz, CDCl3) &: 2.42 (3 H, s), 2.80 (3 H, ), 3.30 (2 H, t, J = 5.5 Hz), 4.10 (2 H, t, J = 5.5 H2),
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6.68 (L H,d,J=85Hz),6.71 (L H, d, J = 8.5 Hz), 7.30-7.34 (3 H, m), 7.97 (2 H, d, J = 8.5 Hz).“C
NMR (100 MHz, CDCly) §: 21.7, 40.4, 44.1, 58.2, 110.1 (d, J = 21.5 Hz), 114.1 (d, J = 3.5 Hz), 116.6
(d, J = 13.0 Hz), 128.7,129.3, 133.5 (d, J = 10.5 Hz), 135.7, 144.8, 149.1 (d, J = 3.5 Hz), 161.2 (d, J =
255 Hz), 164.4.°F NMR (376 MHz, CDCly) &: ~112.29-(~112.26) (m). IR (neat): 1695, 1612 cm .
HRMS (MALDI) Calcd for C17H17N,05FNaS [M+Na]*: 371.0836, found 371.0829.

TfO O Ts

57Ja

1-Allyl-5-oxo0-4-tosyl-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yl

trifluoromethanesulfonate (571Ja) (Table 12, entry 2): Following General Procedure, a mixture of
CsF (46 mg, 0.30 mmol), 1-allyl-3-tosyl-2-imidazolidone (56J), (84 mg , 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 50 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 2:7) to provide the titled compound 571Ja as a
colorless solid (22 mg, 43%). Mp: 96-98 °C. 'H NMR (400 MHz, CDCl5) 8: 2.43 (3 H, s), 3.33 (2 H, t,
J=6.0Hz),3.76 (2H,d,J=6.0Hz),4.12 (2 H, t,J =6.0 Hz), 5.23-5.31 (2 H, m), 5.75 (1 H, tdd, J =
6.0, 10.5, 17.0 Hz), 6.87 (L H, d, J=8.0 Hz), 6.97 (1 H, d, J = 8.0 Hz), 7.33 (2 H, d, J = 8.5 Hz), 7.40
(1 H, dd, J =8.0,8.0Hz), 7.97 (2 H, d, J = 8,5 Hz). ®*C NMR (125 MHz, CDCl3) &: 21.6, 44.0, 55.6,
55.7, 116.2, 118.4 (q, J = 322 Hz), 119.0, 119.9, 123.7, 128.9, 129.2, 132.9, 133.5, 135.4, 145.0, 147.1,
148.7, 164.2. *F NMR (282 MHz, CDCl;) &: —73.0. IR (neat): 1697 cm*. HRMS (MALDI) Calcd for
CaoH19N,0sF3NaS, [M+Na]*: 527.0529, found 527.0533.

57T’
1-Allyl-6-hydroxy-4-tosyl-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one (571J0’) (Table 12,
entry 2) was obtained from the above-mentioned reaction mixture as a colorless solid (4.2 mg, 11%).
Mp: 80-82 °C. 'H NMR (400 MHz, CDCl,) &: 2.44 (3H, s),3.36 (2H,t,J=5.5Hz),3.75(2H, d, J =
6.5 Hz), 4.03 (2 H, t, J = 5.5 Hz), 5.24 (1 H, dd, J = 1.5, 10.0 Hz), 5.28 (1 H, dd, J = 1.5, 17.5 Hz),
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5.80 (1 H, tdd, J = 6.5, 10.0, 17.0 Hz), 6.46 (1 H, d, J = 8.5 Hz), 6.57 (L H, d, J = 8.5 Hz), 7.26 (1 H,
dd, J = 8.5, 8.5 Hz), 7.34 (2 H, d, J = 8.0 Hz), 7.96 (2 H, d, J = 8.0 Hz), 9.57 (OH, s). °C NMR (125
MHz, CDCly) &: 21.7, 4.8, 56.0, 56.5, 111.8, 111.9, 112.5, 118.5, 128.7, 129.5, 134.3, 134.8, 135.6,
145.1, 149.4, 160.6, 171.9. IR (neat): 2359 cm’. HRMS (MALDI) Calcd for CioHoN,O4NaS
[M+Na]*: 395.1036, found 395.1032.

Bn

571Ka

1-Benzyl-5-oxo0-4-tosyl-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yl
trifluoromethanesulfonate (571Ka) (Table 12, entry 3): Following General Procedure, a mixture of
CsF (46 mg, 0.30 mmol), 1-benzyl-3-tosyl-2-imidazolidone (56K) (99 mg , 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 1:3) to provide the titled compound 571Ke as a
colorless oil (17 mg, 30%). ‘*H NMR (400 MHz, CDCls) &: 2.44 (3 H, s), 3.29 (2 H, t, J = 5.0 Hz),
412 (2H,t,J=5.0Hz),431(2H,s),6.89 (1 H,d,J=85Hz),7.02(1H,d J=285Hz),7.21-7.30
(5H,m),732(2H,d J=85Hz),7.38 (1 H,t,J=85Hz),7.95(2H,d, J=85Hz).*C NMR
(100 MHz, CDCl,) é: 21.7, 43.9, 56.0, 56.7, 116.5, 118.4 (q, J = 319 Hz), 120.0, 124.1, 127.7, 128.0,
128.7,128.9, 129.3, 132.9, 135.5, 136.2, 145.0, 147.0, 148.6, 164.1. "°F NMR (376 MHz, CDCl3) &: —
73.0. IR (neat): 1695 cm . HRMS (MALDI) Calcd for Cy4H,1N,0¢F3sNaS, [M+Na]": 577.0685, found
577.0691.

!
Me

(R)-57ILa
(R)-1,3-Dimethyl-5-ox0-4-tosyl-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yI
trifluoromethansulfonate ((R)-571La) (Table 12, entry 4): Following General Procedure, a mixture
of CsF (46 mg, 0.30 mmol), (4R)-1,4-dimethyl-3-tosyl-imidazolidin-2-one ((R)-56L) (80 mg , 0.30
mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (51B) (50 mg,
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0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled compound (R)-571La.
as a colorless oil (22 mg, 44%). [a]® = +5.5 (¢ 0.15, CHCl5). *H NMR (300 MHz, CDCl3) &: 1.33 (3
H,d,J=7.0Hz), 243 (3H,s),2.90 (3H,s),3.33 (1 H,dd, J=55,12 Hz), 3.51 (1 H, dd, J =55, 12
Hz), 4.84-4.94 (1 H, m), 682 (1 H,d,J=80Hz),691(1H,d, J=80Hz),7.32(2H,d, J=85
Hz), 7.39 (L H, dd, J = 8.0, 8.0 Hz) , 7.98 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl5) &: 18.4,
21.6, 41.0, 51.3, 63.2, 114.9, 117.7, 118.3 (q, J = 318 Hz), 121.5, 128.7, 129.2, 132.8, 136.2, 144.8,
147.9, 149.6, 164.4. F NMR (282 MHz, CDCls) &: —73.4. IR (neat): 1688 cm*. HRMS (MALDI)
Calcd for CyoH19N,O6FsNaS, [M+Na]™: 515.0529, found 515.0537. The enantiomeric excess of the
product (R)-57ILe. was determined to be 89% by HPLC with CHIRALCEL® AD-3 (Eluent:
hexane/2-PrOH = 90/10, Flow rate: 1.0 mL/min, Retention time: tg of (R)-isomer = 26.5 min, tr of
(S)-isomer = 31.3 min). The absolute configuration was assigned on the basis of that of (R)-56L,

which was synthesized from D-alanine.

Me

(3)-57ILa
(2)-1,3-Dimethyl-5-ox0-4-tosyl-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yl
trifluoromethansulfonate ((£)-571La): Following General Procedure, a mixture of CsF (46 mg, 0.30
mmol), (£)-1,4-dimethyl-3-tosyl-imidazolidin-2-one ((£)-56L) (80 mg , 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled compound (£)-571La as a
colorless oil (22 mg, 44%). 'H NMR (500 MHz, CDCl5) &: 1.33 (3 H, d, J = 7.5 Hz), 2.43 (3 H, s),
2.90 (3 H,s),3.33 (1 H, dd, J = 5.5, 11.0 Hz), 3.50 (1 H, dd, J = 5.5, 11.0 Hz), 4.87-4.91 (1 H, m),
6.82 (1 H,d, J=8.0Hz),6.90 (1 H,d, J=8.0Hz),7.32(2H,d, J=85Hz),7.38 (1 H, dd, J =8.0,
8.0 Hz), 7.98 (2 H, d, J = 8.5 Hz). *C NMR (125 MHz, CDCl,) &: 18.3, 21.4, 40.9, 51.1, 63.0, 114.8,
117.5, 118.2 (q, J = 318 Hz), 121.3, 128.5, 129.1, 132.7, 136.1, 144.6, 147.8, 149.4, 164.2. F NMR
(470 MHz, CDCly) &: —73.4. IR (neat): 1688 cm . HRMS (MALDI) Calcd for CygH1oN,06FsNaS,
[M+Na]*: 515.0529, found 515.0521.
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Mé

(3)-57IMa
()-3-1sopropyl-1-methyl-5-oxo-4-tosyl-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yl
trifluoromethanesulfonate ((x)-571IMa) (Table 12, entry 5): Following General Procedure, a
mixture of CsF (46 mg, 0.30 mmol), (%)-4-isopropyl-1-methyl-3-tosylimidazolidin-2-one ((£)-56M)
(89 mg , 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene
(51B) (50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was
purified by column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled
compound (+)-57IMa as a colorless solid (13 mg, 24%). Mp: 7275 °C. *H NMR (400 MHz, CDCl5)
5:0.89(3H,d,J=6.5Hz),0.96 (3H, d, J=6.5Hz), 2.42 (3H,s),2.91 (3H,s), 3.47-3.77 (2 H, m),
4.31-452 (1 H, m),6.76 (1H,d, J=8.0Hz),6.80 (1 H,d,J=8.0Hz),7.31 (2H, d, I =8.5Hz), 7.32
(1 H, dd, J = 8.0, 8.0 Hz), 8.00 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl3) &: 20.4, 20.6, 21.6,
29.4,41.2,59.1, 113.1, 116.1, 118.3 (q, J = 319 Hz), 127.0, 129.1, 129.5, 132.6, 135.6, 144.9, 148.1,
148.9, 164.2. F NMR (376 MHz, CDCl3) &: ~73.6. IR (neat): 2928, 1684 cm'. HRMS (MALDI)
Calcd for CyH,3N,0gF3NaS, [M+Na]*: 543.0847, found 543.0844.

IO O

(R)-57INa
(R)-6-Oxo0-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-7-yl
trifluoromethanesulfonate ((R)-57INa) (Table 12, entry 6): Following General Procedure, a mixture
of CsF (46 mg, 0.30 mmol), (R)-2-tosylhexahydro-3H-pyrrolo[1,2-c]imidazole-3-one ((R)-56N) (84
mg, 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB)
(50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was
purified by column chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled
compound (R)-57INa as a yellow solid (35 mg, 70%). [a]2 = +5.5 (c 0.15, CHCI;). Mp: 141-143 °C.
'H NMR (400 MHz, CDCl5) &: 1.86-1.98 (2 H, m), 2.05-2.16 (2 H, m), 2.43 (3 H, s), 3.24-3.35 (2 H,
m), 3.48-3.52 (1 H, m), 4.07 (1 H, dd, J = 4.5, 16 Hz), 4.24 (1 H, dd, J = 3.0, 16 Hz), 6.67 (1 H, d, J =
8.0 Hz), 6.75 (L H, d, J = 8.5 Hz), 7.29-7.34 (3 H, m), 7.95 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz,
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CDCly) &: 21.6, 22.1, 29.5, 45.1, 48.9, 65.8, 112.6, 116.0, 117.3, 118.4 (q, J = 319 Hz), 129.1, 129.2,
132.7,135.2, 145.0, 146.4, 148.6, 164.9. °F NMR (376 MHz, CDCl5) &: —73.1. IR (neat): 1699, 1684
cm . HRMS (MALDI) Calcd for CyHigN,OgFsNaS, [M+Na]™: 527.0529, found 527.0519. The
enantiomeric excess of the product (R)-57INe. was determined to be 88% by HPLC with
CHIRALCEL® AD-3 (Eluent: hexane/2-PrOH = 90/10, Flow rate: 1.0 mL/min, Retention time: tr of
(R)-isomer = 30.0 min, tg of (S)-isomer = 33.0 min). The absolute configuration was assigned on the
basis of that of (R)-56N, which was synthesized from D-proline.

TfO O Ts

()-57INa.
()-6-Oxo0-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-7-yl
trifluoromethanesulfonate ((x)-57INa): Following General Procedure, a mixture of CsF (46 mg,
0.30 mmol), 2-tosylhexahydro-3H-pyrrolo[1,2-c]imidazole-3-one ((z)-56N) (84 mg , 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 35 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 2:3) to provide the titled compound (+)-57INa as a
yellow solid (35 mg, 70%). Mp: 141-143 °C. 'H NMR (300 MHz, CDCls) &: 1.86-2.05 (2 H, m),
2.09-2.18 (2 H, m), 2.44 (3 H, s), 3.24-3.37 (2 H, m), 3.48-3.54 (1 H, m), 4.07 (1 H, dd, J = 4.5, 16
Hz), 4.25 (1 H, dd, J = 3.0, 16 Hz), 6.67 (1 H, d, J =8.5Hz), 6.75 (1 H, d, J =8.5 Hz), 7.30 (1 H, dd,
J=85,85Hz),7.32 (2H,d J=85Hz),7.96 (2 H, d, J = 8.5 Hz). ®C NMR (100 MHz, CDCls) &:
21.6, 22.1, 29.5, 45.1, 48.9, 65.8, 112.6, 116.0, 117.3, 118.4 (q, J = 319 Hz), 129.1, 129.2, 132.7,
135.2, 145.1, 146.4, 148.6, 164.9. °F NMR (470 MHz, CDCl5) 8: —73.1. IR (neat): 1684 cm *. HRMS
(MALDI) Calcd for CyH1gN,OgF3sNaS, [M+Na]*: 527.0529, found 527.0516.

TfO O

OAc

57100
(2R,3aS,4R)-6-0Ox0-5-tosyl-7-(((trifluoromethyl)sulfonyl)oxy)-2,3,3a,4,5,6-hexahydro-1H-benzo[f
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lpyrrolo[1,2-a][1,4]diazepine-2,4-diyl diacetate (5710a) (Table 12, entry 7): Following General
Procedure, a mixture of CsF (46 mg, 0.30 mmol),
(1R,6R,7aS)-3-0x0-2-tosylhexahydro-1H-pyrrolo[1,2-c]imidazole-1,6-diyl diacetate (560) (0.12 g,
0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (51B) (50 mg,
0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled compound 5710« as
a colorless solid (39 mg, 63%). [a]2 = +69.5 (c 0.15, CHCI3). Mp: 182-184 °C. *H NMR (400 MHz,
CDCly) &: 1.84 (3 H, s), 1.95-2.05 (1 H, m), 2.11 (3 H, s), 2.43 (3 H, s), 2.46 (1 H, dd, J = 5.5, 14.0
Hz), 3.53 (1 H, d, J=11.5Hz), 3.78 (1 H, dd, J = 4.5, 11.5 Hz), 4.41 (1 H, dd, J = 4.5, 11.5 Hz), 5.41
(1H,t,J=3.6Hz),6.56 (2H,t, J=75Hz),7.25-7.29 (2H, m), 7.32 (2H, d, J = 8.0 Hz), 8.04 (2 H,
d, J = 8.0 Hz). ®*C NMR (100 MHz, CDCls) &: 20.3, 21.1, 21.7, 36.2, 56.9, 65.1, 70.3, 72.6, 110.7,
113.1, 113.3, 118.3 (q, J = 319 Hz), 129.1, 130.1, 132.3, 134.4, 145.3, 145.5, 149.2, 163.9, 168.9,
170.5. F NMR (376 MHz, CDCl3) &: —73.0. IR (neat): 1684 cm™. HRMS (MALDI) Calcd for
Ca4H23N,010F3NaS, [M+Na]*: 643.0638, found 643.0643. The absolute configuration was assigned on
the basis of that of 560, which was synthesized from trans-4-hydroxy-L-proline.

TfO O Ts

/

N

OAc

571Pa.
(2R,3aS)-6-Ox0-5-tosyl-7-(((trifluoromethyl)sulfonyl)oxy)-2,3,3a,4,5,6-hexahydro-1H-benzo[f]py
rrolo[1,2-a][1,4]diazepin-2-yl acetate (571Pa) (Table 12, entry 7): Following General Procedure, a
mixture of CsF (46 mg, 0.30 mmol),
(6R,7aS)-3-0x0-2-tosylhexahydro-1H-pyrrolo[1,2-c]imidazol-6-yl acetate (56P) (102 mg, 0.30 mmol)
and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB) (50 mg, 0.10
mmol) was stirred in dioxane (1.0 mL) for 50 min at 80 °C. The crude product was purified by column
chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled compound 571Pa. as a yellow
solid (41 mg, 73%). Mp: 163166 °C. [a]? = -43.3 (c 0.15, CHCI3). *H NMR (400 MHz, CDCls) &:
2.10 (3 H, s), 2.17-2.30 (2 H, m), 2.44 (3 H, s), 3.24 (1 H, dd, J = 2.0, 11.0 Hz), 3.71-3.76 (1 H, m),
3.79 (1 H, dd, J = 6.0, 11.0 Hz), 4.16 (1 H, dd, J = 3.5, 17.0 Hz), 4.20 (1 H, dd, J = 3.5, 17.0 Hz), 5.36
(1H,t J=6.0Hz),6.74 (1 H,d, J=9.0Hz),6.76 (LH,d, J =9.0 Hz), 7.33 (2 H, d, J = 8.5 Hz), 7.36
(1 H, dd, J=9.0,9.0 Hz), 7.95 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl3) &: 21.1, 21.6, 35.9,
44.7,55.4, 63.8, 71.1, 114.0, 116.6, 118.3 (g, J = 319 Hz), 118.8, 129.1, 129.2, 133.0, 134.9, 145.2,
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145.5, 148.5, 164.6, 170.6. "*F NMR (470 MHz, CDCls) 8: —73.0. IR (neat): 2922, 1684 cm . HRMS
(MALDI) Calcd for CyHpN,OgFsNaS, [M+Na]™: 585.0584, found 585.0591. The absolute
configuration was assigned on the basis of that of 56P, which was synthesized from
trans-4-hydroxy-L-proline.

IO O Ts

(S)-571Qa
(S)-6-Oxo-5-tosyl-3a,4,5,6-tetrahydro-1H,3H-spiro[benzo[f]pyrrolo[1,2-a][1,4]diazepine-2,2 '
-[1,3]dioxolan]-7-yl trifluoromethanesulfonate ((S)-571Qa) (Table 12, entry 9): Following General
Procedure, a mixture of CsF (46 mg, 0.30 mmol),
(S)-2-tosyltetrahydro-3H,5H-spiro[pyrrolo[1,2-c]imidazole-6,2 *  -[1,3]dioxolan]-3-one  ((S)-56Q)
(102 mg, 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene
(51B) (50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was
purified by column chromatography on silica gel (EtOAc/hexane = 1:1) to provide the titled
compound (5)-571Qa. as a colorless solid (43 mg, 77%). Mp: 69-73 °C. [a]® = —4.0 (c 0.30, CHCly)
'H NMR (400 MHz, CDCl,) &: 2.00 (1 H, dd, J = 5.5, 12.5 Hz), 2.36 (1 H, dd, J = 12.5, 12.5 Hz), 2.43
(3H,5s),3.36 (1 H,d, J=10.5Hz), 3.46 (LH, d, J = 10.5 Hz), 3.59-3.65 (1 H, m), 3.89-4.07 (5 H, m),
429 (1H,dd, J=3.0,16.0 Hz),6.77 (1 H,d, J=8.0Hz),6.78 (1 H,d, J=80Hz),7.33(2H,d, J =
8.0 Hz), 7.36 (1 H, dd, J = 8.0, 8.0 Hz), 7.96 (2 H, d, J = 8.0 Hz). *C NMR (100 MHz, CDCl3) &: 21.6,
40.6, 44.9, 58.1, 64.6, 64.9, 65.2, 112.9, 114.9, 117.2, 118.4 (q, J = 319 Hz), 120.4, 129.1, 129.2,
133.1, 135.1, 145.1, 146.1, 148.2, 164.6. "*F NMR (376 MHz, CDCl5) 8: —73.0. IR (neat): 2924, 1694
cm. HRMS (MALDI) Calcd for C,HpN,OgFsNaS, [M+Na]™: 585.0584, found 585.0592. The
absolute configuration was assigned on the basis of that of (S)-56Q, which was synthesized from

trans-4-hydroxy-L-proline.
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(3)-57IRa.
()-6-Oxo0-5-tosyl-3a,4,5,6-tetrahydro-1H,3H-spiro[benzo[f]pyrrolo[1,2-a][1,4]diazepine-2,1"'-cycl
ohexan]-7-yl trifluoromethanesulfonate ((+)-57IRe) (Table 12, entry 10): Following General
Procedure, a mixture of CsF (46 mg, 0.30 mmol),
()-2'-tosyltetrahydro-3'H,5'H-spiro[cyclohexane-1,6'-pyrrolo[1,2-c]imidazol]-3'-one ((£)-56R) (105
mg, 0.30 mmol) and 2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5IB)
(50 mg, 0.10 mmol) was stirred in dioxane (1.0 mL) for 40 min at 80 °C. The crude product was
purified by column chromatography on silica gel (EtOAc/hexane = 1:4) to provide the titled
compound (+)-57IRa as a colorless solid (43 mg, 75%). Mp: 83-85 °C. *H NMR (400 MHz, CDCl5)
$:1.39-1.63 (10 H, m), 1.72 (1 H, dd, J = 12.0, 12.0 Hz), 1.99 (1 H, dd, J = 6.0, 12.0 Hz), 2.43 (3 H,
s), 3.04 (1H, d, J=9.0Hz), 3.08 (1 H, d, J = 9.0 Hz), 3.54-3.60 (1 H, m), 4.07 (1 H, dd, J = 3.5, 16.0
Hz), 4.16 (1 H, dd, J = 3.5, 16.0 Hz), 6.67 (1 H, d, J=8.0 Hz), 6.73 (1 H, d, J = 8.0 Hz), 7.29-7.33 (3
H, m), 7.96 (2 H, d, J = 8.0 Hz). *C NMR (100 MHz, CDCl3) &: 21.6, 23.0, 23.6, 25.8, 36.1, 38.2,
39.8, 41.7, 45.4, 60.9, 64.7, 112.7, 116.0, 117.6, 118.4 (q, J = 319 Hz), 129.1, 129.2, 132.7, 135.2,
145.0, 146.5, 148.6, 164.9. °F NMR (376 MHz, CDCl,) 5: -73.1. IR (neat): 2924, 1684 cm '. HRMS
(MALDI) Calcd for CysH,7N,0gF3sNaS, [M+Na]*: 595.1155, found 595.1156.

TfO O Ts

N

PN Ph

(+)-571Sa
(£)-6-Oxo0-2,2-diphenyl-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-7-
yl trifluoromethanesulfonate (()-571Se) (Table 12, entry 11): Following General Procedure, a
mixture of CsF (46 mg, 0.30 mmol), 6,6-diphenyl-2-tosylhexahydro-3H-pyrrolo[1,2-c]imidazol-3-one
((2)-56S) (0.13 g, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (5I1B) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL) for 45 min at 80 °C. The crude product was purified by column

121



chromatography on silica gel (EtOAc/hexane = 2:7) to provide the titled compound (%)-571Sa as a
colorless solid (32 mg, 49%). Mp: 108-111 °C. *H NMR (400 MHz, CDCls) &: 2.39 (3 H, s), 2.53 (1
H, dd, J =115, 11.5 Hz), 2.66 (1 H, dd, J = 4.0, 11.5 Hz), 3.59 (1 H, d, J = 10.0 Hz), 3.60-3.65 (1 H,
m), 3.83 (1 H, dd, J = 8.0, 16.0 Hz), 4.25 (1 H, d, J = 10.0 Hz), 4.65 (1 H, d, J = 15.0 Hz), 6.66 (1 H, d,
J=8.0Hz),6.73 (LH, d, J =80 Hz), 7.13-7.17 (4 H, m), 7.22-7.29 (4 H, m), 7.31-7.36 (5 H, m),
7.82 (2 H, d, J=8.5 Hz). BC NMR (100 MHz, CDCly) &: 21.6, 42.4, 45.0, 51.6, 60.7, 63.7, 111.0,
113.6, 114.2, 118.4 (g, J = 318 Hz), 126.5, 126.7, 126.8, 127.0, 128.6, 128.7, 129.0, 129.2, 132.6,
134.6, 144.4, 144.7, 145.1, 145.3, 149.2, 164.5. F NMR (376 MHz, CDCls) 6: —73.1. IR (neat): 1684,
1612 cm*. HRMS (MALDI) Calcd for C3,H,7N,OgFsNaS, [M+Na]*: 679.1155, found 679.1158.

MeO

(R)-57uNa
(R)-10-Methoxy-6-oxo0-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-7-y
| trifluoromethanesulfonate ((R)-57uNa) (Scheme 29): Following General Procedure, a mixture of
CsF (48 mg, 0.32 mmol), (R)-2-tosylhexahydro-3H-pyrrolo[1,2-c]Jimidazole-3-one ((R)-56N) (88 mg,
0.32 mmol) and 1,2-bis(trifluoromethanesulfonyloxy)-3-(trimethylsilyl)-4-methoxybenzene (5u) (50
mg, 0.11 mmol) was stirred in dioxane (1.1 mL) for 30 min at 80 °C. The crude product was purified
by column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound
(R)-57uNa as a colorless solid (23 mg, 41%) and its regiochemistry was determined by NOE
experiments. Mp: 204-206 °C. [0]? = +193.3 (¢ 0.15, CHCls). *H NMR (400 MHz, CDCl;) &: 1.88—
2.05 (3 H, m), 2.10-2.17 (1 H, m), 2.43 (3 H, s), 3.14-3.19 (1 H, m), 3.58-3.63 (1 H, m), 3.71 (1 H,
dd, J = 3.5, 15.5 Hz), 3.78-3.84 (1 H, m), 3.82 (3 H, s), 449 (1 H, d, J = 15.5 Hz), 6.83 (L H, d, J =
9.0 Hz), 6.86 (L H, d, J = 9.0 Hz), 7.32 (2 H, d, J = 8.0 Hz), 7.93 (2 H, d, J = 8.0 Hz). *C NMR (125
MHz, CDCly) 8: 21.6, 23.3, 27.7, 47.1, 49.3, 55.9, 64.4, 113.8, 117.4, 118.4 (g, J = 320 Hz), 127.2,
129.1, 129.1, 135.2, 135.7, 139.8, 145.0, 155.7, 164.8. F NMR (470 MHz, CDCly) 6: -72.8. IR
(neat): 2924, 1697 cm . HRMS (MALDI) Calcd for Cp1H»1N,O;F3sNaS, [M+Na]*: 557.0634, found
557.0629. The absolute configuration was assigned on the basis of that of (R)-56N, which was

synthesized from D-proline.
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Functional group transformation of benzodiazepines 4e, 49, and 4u (Schemes 28, 30, 31)

Q s
N
N QL H
MeO
58

(R)-10-Methoxy-5-tosyl-1,2,3,3a,4,5-hexahydro-6H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-6-one
(58) (Scheme 29): An oven dried Schlenk tube was charged with (R)-57nNv (50 mg, 94 umol),
Pd(OAC), (2.1 mg, 9.4 umol), PPhz (5.0 mg, 19 umol) and evacuated and back-filled with argon.
Anhydrous DMF (0.22 mL, 0.42 M), EtsN (39 pL, 0.28 mmol) and HCO,H (7.2 pL, 0.19 mmol) were
added via syringes, and the reaction mixture was stirred at 60 °C for 10 h. The mixture was filtered
through a pad of silica gel cake using EtOAc and the eluent was concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 2:3) to
provide the titled compound 58 as a colorless solid (36 mg, quant). Mp: 163-165 °C. [a]% = +206.0
(c 0.15, CHCls). *H NMR (400 MHz, CDCl3) &: 1.90-2.02 (3 H, m), 2.10-2.18 (1 H, m), 2.43 (3 H, s),
3.09-3.15 (1 H, m), 3.61-3.74 (3 H, m), 3.80 (3 H, s), 444 (1 H, d, J = 15.0 Hz), 6.95-7.00 (2 H, m),
7.10 (1 H, dd, J = 3.0, 7.0 Hz), 7.32 (2 H, d, J = 8.5 Hz), 7.96 (2 H, d, J = 8.5 Hz). ®*C NMR (125
MHz, CDCly) &: 21.6, 23.5, 28.1, 47.7, 50.3, 55.9, 64.2, 115.9, 123.2, 123.8, 128.8, 129.2, 132.3,
135.2, 136.4, 1445, 155.6, 169.8. IR (neat): 2926, 1682 cm . HRMS (MALDI) Calcd for
CaoH23N,0,S [M+H]": 387.1373, found 387.1370.

57aA.
1-Methyl-4-tosyl-2,3,4,5-tetrahydro-(1H)-1,4-benzodiazepin-5-one (57aAa) (Scheme 31): An oven
dried Schlenk tube was charged with 571Ao (50 mg, 0.10 mmol), Pd(OAc), (2.5 mg, 11 umol), PPh;
(5.8 mg, 22 umol) and evacuated and back-filled with argon. Anhydrous DMF (0.25 mL, 0.42 M),
EtsN (44 uL, 0.31 mmol) and HCO,H (8.0 pL, 0.21 mmol) were added via syringes, and the reaction
mixture was stirred at 60 °C for 10 h. The mixture was filtered through a pad of silica gel cake using
EtOAc and the eluent was concentrated under reduced pressure. The residue was purified by flash

column chromatography on silica gel (EtOAc/hexane = 2:5) to provide the titled compound 57aAl as a
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colorless solid (35 mg, quant). Mp: 107-110 °C. *H NMR (400 MHz, CDCl3) &: 2.42 (3 H, s), 2.85 (3
H,s),3.39 (2H,t, J=55Hz),4.06 (2H,t, J=55Hz),6.89 (1 H,d, J=75Hz),6.95 (1 H, ddd, J =
15,75,75Hz),7.33(2H,d,J=85Hz),7.41 (1 H,ddd,J=15,75,75Hz),7.53 (1 H,dd, J=1.5,
7.5 Hz), 7.97 (2 H, d, J = 8.5 Hz). *C NMR (100 MHz, CDCl5) &: 21.6, 40.3, 44.5, 58.6, 118.4, 121.6,
127.7, 128.6, 129.4, 130.9, 133.7, 135.9, 144.7, 147.7, 169.3. IR (neat): 1682 cm . HRMS (MALDI)
Calcd for C;7H19N,05S [M+H]™: 331.1111, found 331.1106.

OMe

64
6-(4-Methoxyphenyl)-1-methyl-4-tosyl-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one  (64)
(Scheme 31): An oven dried Schlenk tube was charged with 571A0 (10 mg, 21 pmol), Pd(PPhg), (1.2
mg, 1.1 pmol), 4-MeO-C¢H,;B(OH),52B (4.8 mg, 31 umol), K,CO; (4.3 mg, 31 pumol) and evacuated
and back-filled with argon. Anhydrous DMF (0.10 mL, 0.20 M) was added via syringes, and the
reaction mixture was stirred at 80 °C for 15 h. The mixture was filtered through a pad of silica gel
cake using EtOAc and the eluent was concentrated under reduced pressure. The residue was purified
by flash column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled compound 6
as a colorless solid (9.1 mg, quant). Mp: 224-225 °C. *H NMR (400 MHz, CDCl,) 8: 2.43 (3 H, s),
2.78 (3H,s),3.26 (2H,s),3.79(3H,s),4.29 (2H,s),6.69 (2H,d, J=85Hz),6.87 (1H,d, J=8.0
Hz), 7.01-7.03 (3H, m), 7.26 (2 H,d, J=8.5Hz), 7.38 (1 H, dd, J=8.0, 8.0 Hz), 7.90 (2 H, d, J=8.5
Hz). *C NMR (100 MHz, CDCl,) &: 21.6, 40.3, 44.7, 55.1, 58.0, 113.9, 116.6, 124.7, 128.3, 128.7,
129.1, 131.8, 132.2, 136.0, 142.2, 144.5, 147.6, 159.0, 168.6. IR (neat): 1694 cm*. HRMS (MALDI)
Calcd for Cy4H2sN,0,NaS [M+Na]": 459.1349, found 459.1350.

OMe



65
6-(4-Methoxyphenyl)-1-methyl-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one (65) (Scheme
31): Sodium naphthalenide in dry THF (0.3 M) was prepared in the flask by the treatment of
naphthalene (0.12 g, 0.92 mmol) in THF (3.0 mL) with metallic sodium (25 mg, 1.1 mmol) at room
temperature for 1 h. A solution of 64 (40 mg, 92 pmol) in anhydrous THF (2.0 mL) was added to the
solution of sodium naphthalenide in the flask through a cannula and washed with THF (1.0 mL). The
mixture was stirred for 10 min. Then saturated NH,4CI solution and EtOAc were added to the reaction
mixture, and the aqueous phase was extracted three times with EtOAc. The combined organic phase
was washed with a saturated aqueous NaCl solution (brine). The organic phase was dried over
anhydrous MgSQ,, and the solvent was removed under reduced pressure. The crude product was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:1 ~ 1:0) to provide the
titled compound 65 as a white solid (16 mg, 63%) with 64 (12 mg, 29%) recovered. Mp: 178-180 °C.
'H NMR (500 MHz, CDCls) &: 2.84 (3 H,s), 3.15 (2 H, t, J = 6.0 Hz), 3.48 (2 H, dt, J = 6.0, 6.0 Hz),
3.82 (3 H, s), 6.55 (NH, brs), 6.90-6.92 (3H, m), 6.91 (2H,d,J=9.0Hz),7.05(1H,dd,J=1.0,75
Hz), 7.32 (2 H, d, J = 9.0 Hz), 7.38 (1 H, dd, J = 7.5, 7.5 Hz). *C NMR (125 MHz, CDCls) 5: 40.0,
40.5, 55.2, 59.4, 113.8, 116.7, 124.3, 128.4, 129.3, 130.9, 133.5, 141.8, 147.8, 159.0, 172.9. IR (neat):
3420, 1651 cm *. HRMS (MALDI) Calcd for C17H10N,0, [M+H]": 283.1441, found 283.1445.

TfO O Ts

N

OH

66
(2R,3aS)-2-Hydroxy-6-oxo0-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepi
n-7-yl trifluoromethanesulfonate (66) (Scheme 32): A round bottomed flask equipped with a reflux
condenser was loaded with 57IPa (0.12 g, 0.21 mmol) and ZnTAC* (15 mg, 16 pmol), MeOH (2.0
mL, 0.10 M) at room temperature. After stirring for 9 h at reflux, the mixture was concentrated under
reduced pressure. The residue was purified by flash column chromatography on silica gel
(EtOAc/hexane = 1:1) to provide the titled compound 66 as a colorless solid (0.11 g, 96%). Mp: 158—
160 °C. [0]? =-87.5 (c 0.10, CHCIl5) *H NMR (300 MHz, CDCl5) &: 2.07 (1 H, dd, J = 5.5, 13.0 Hz),
2.19 (1 H, dt, J = 6.5, 13.0 Hz), 2.44 (3 H, s), 3.22 (1 H, dd, J = 2.5, 10.0 Hz), 3.65 (1 H, dd, J = 5.5,
10.0 Hz), 3.76-3.84 (1 H, m), 4.18 (2 H, d, J = 3.0 Hz), 4.65 (1 H, brs), 6.73 (L H, d, J = 8.5 Hz), 6.77
(1H,d, J=85Hz),7.33(2H,d,J=85Hz),7.33 (L H,dd, J=8.5,85Hz),7.95 (2 H, d, J = 8.5 Hz).
3C NMR (125 MHz, CDCl3) &: 21.6, 39.4, 45.0, 57.7, 63.4, 68.4, 113.6, 116.7, 118.4 (q, J = 320 Hz),
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118.7, 129.1, 129.3, 132.9, 135.1, 145.2, 146.0, 148.5, 164.8. °F NMR (470 MHz, CDCly) o: —73.1.
IR (neat): 2924, 1682 cm . HRMS (MALDI) Calcd for CyHisN,0/F;NaS, [M+Na]": 543.0478,
found 543.0480. The absolute configuration was assigned on the basis of that of 571Pa, which was
synthesized by the reaction between 56P and 3-(triflyloxy)benzyne (1I).

HO O Ts

N H

OAc

67
(2R,3aS)-7-Hydroxy-6-oxo-5-tosyl-2,3,3a,4,5,6-hexahydro-1H-benzo[f]pyrrolo[1,2-a][1,4]diazepi
n-2-yl acetate (67) (Scheme 32): A round bottomed flask was loaded with 571Pa (32 mg, 57 umol)
and CsF (26 mg, 0.17 mmol), dioxane (3.0 mL, 20 mM) at room temperature. The mixture was stirred
for 13 h at 80 °C. Then H,O and EtOAc were added to the reaction mixture, and the aqueous phase
was extracted twice with EtOAc. The combined organic phase was washed with a saturated aqueous
NaCl solution (brine). The organic phase was dried over anhydrous MgSQO,, and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 2:3) to provide the titled compound 67 as a yellow solid (19 mg, 79%). Mp:
199-201 °C. [a]® = +180.0 (c 0.10, CHCI3). *H NMR (500 MHz, CDCl3) &: 2.09 (3 H, s), 2.18 (1 H,
ddd, J=5.5, 11.0, 14.0 Hz), 2.34 (1 H, dd, J = 6.0, 14.0 Hz), 2.45 (3 H, s), 3.32 (1 H, d, J = 12.5 Hz),
3.76 (1 H, dd, J = 6.0, 15.5 Hz), 3.81 (1 H, dd, J = 5.0, 10.5 Hz), 3.86-3.90 (1 H, m), 4.44 (1 H, dd, J
=15,15Hz),5.38 (L H,t,J=5.0 Hz), 6.13 (1 H,d, J =8.0 Hz), 6.38 (1 H, d, J = 8.0 Hz), 7.21 (1 H,
dd, J =8.0, 8.0 Hz), 7.34 (2 H, d, J = 8.0 Hz), 7.92 (2 H, d, J = 8.0 Hz), 10.9 (OH, s). *C NMR (125
MHz, CDCly) &: 21.1, 21.7, 36.5, 46.4, 56.6, 62.9, 71.0, 105.6, 106.8, 108.1, 128.8, 129.4, 135.3,
136.0, 145.1, 145.8, 163.3, 170.6, 172.2. IR (neat): 1742, 1594 cm*. HRMS (MALDI) Calcd for
Ca1H2»N,0gNaS [M+Na]": 453.1091, found 453.1088. The absolute configuration was assigned on the
basis of that of 571Pa, which was synthesized by the reaction between 56P and 3-(triflyloxy)benzyne

al.
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68
6-Oxo0-5-tosyl-5,6-dihydro-4H-benzo[f]pyrrolo[1,2-a][1,4]diazepin-7-yl
trifluoromethanesulfonate (68) (Scheme 32): To a solution of 57IPa (9.7 mg, 17 umol) in MeCN
(2.0 mL, 0.01 M) were added DDQ (39 mg, 0.17 mmol) and TsOH-H,O (33 mg, 0.17 mmol) at room
temperature. The mixture was stirred for 36 h at room temperature. Then H,O and EtOAc were added
to the reaction mixture, and the aqueous phase was extracted twice with EtOAc. The combined
organic phase was washed with a saturated aqueous NaCl solution (brine). The organic phase was
dried over anhydrous MgSQ,, and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography on silica gel (EtOAc/hexane = 1:2) to provide the titled
compound 68 as a colorless solid (5.7 mg, 66%). Mp: 63-65 °C. *H NMR (400 MHz, CDCl,) &: 2.37
(3H,s),4.47 (1 H,d, J=16.0 Hz), 559 (1 H, d, J = 16.0 Hz), 6.35 (1 H, dd, J = 2.5, 3.0 Hz), 6.48 (1
H, d, J=25Hz),7.03 (1 H,dd, J=25, 3.0 Hz), 7.21-7.23 (3H, m), 7.36 (1 H, dd, J = 1.0, 8.0 Hz),
7.60 (1 H, dd, J = 8.0, 8.0 Hz), 7.78 (2 H, d, J = 8.0 Hz). *C NMR (125 MHz, CDCl3) &: 21.6, 40.7,
109.7, 111.5, 118.5 (g, J = 320 Hz), 120.1, 120.6, 122.1, 122.7, 129.0, 129.2, 130.2, 133.3, 134.9,
138.2, 145.2, 148.1, 161.7. °F NMR (470 MHz, CDCl,) &: -72.7. IR (neat): 2922, 1682 cm '. HRMS
(MALDI) Calcd for CoH15N,06F3NaS; [M+Na]*: 523.0216, found 523.0220.

TfO O

Y

Me

141A
1,4-Dimethyl-5-0x0-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-6-yl trifluoromethanesulfonate
(141A) (Scheme 36): Following General Procedure, a mixture of CsF (46 mg, 0.30 mmol),
1,3-dimethyl-2-imidazolidinone (13A) (33 pL, 0.30 mmol) and
2-(tert-butyldimethylsilyl)-1,3-bis(trifluoromethanesulfonyloxy)benzene (51B) (50 mg, 0.10 mmol)
was stirred in dioxane (1.0 mL, 0.10 M) for 40 min at 80 °C. The crude product was purified by
column chromatography on silica gel (EtOAc/hexane = 2:1) to provide the titled compound 14lA as a
colorless oil (16 mg, 48%). "H NMR (500 MHz, CDCls) &: 2.83 (3 H,s), 3.20 (3H, s), 3.27 2 H, t, J
= 6.0 Hz), 3.47 (2 H, t, J = 6.0 Hz), 6.88 (L H, d, J = 8.0 Hz), 6.90 (1 H, d, J = 8.0 Hz), 7.37 (1 H, dd,
J =8.0, 8.0 Hz). *C NMR (100 MHz, CDCl5) &: 33.8, 40.3, 47.4, 57.4, 115.0, 117.8, 118.6 (q, J = 319
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Hz), 123.6, 131.7, 147.5, 148.5, 165.3. “°F NMR (470 MHz, CDCly) &: ~73.5. IR (neat): 1655 cm .
HRMS (MALDI) Calcd for C1,H1sN,04FsNaS [M+Na]*: 361.0440, found 361.0446.

s-Character of the orbitals for lone pair electrons on nitrogen atoms of imidazolidinones 56A
and 56N optimized by B3LYP/6-31G(d) and their orbitals were characterized by natural localized
molecular orbitals (NLMO)*

Table 15. Dihedral agle showing pyramidal geometry (N1, C2, C3, C4) and s-character of the orbitals

for lone pair electrons on nitrogen atoms of imidazolidinones 56A and 56N.

dihedral angle* s character p character d character
N-tosyl-N-methyl
o o 271 ° 3.55% 96.41% 0.03%
imidazolidinone 56A
N-tosyl-bicyclic
o o 40.6 ° 6.62% 93.32% 0.06%
imidazolidinone 56N

“Dihedral angles were defined as following two sets of three atoms (N1,C2,C3) and (N1,C3,C4)

shown below.
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Conformation analysis of 3-(triflyloxy)benzyne 1l:
B3LYP-D3/6-31G(d) using GaussianQ9.

The structures were optimized by

The conformations A and B showed very similar free energies (The difference was just 0.10 kcal/mol).

On the other hand, the conformation C showed higher free energy and the difference between Aand C

was 2.375 kcal/mol.

population). Among these three conformations, a transitions state structure made of A was found,

This number is high enough to regard that this conformer is ignorable (<5% of

while those having different conformations B and C had not been obtained so far.

Cartesian coordinates

Z2 Z2 I T T T O O O

G =-1191.669474
(0.000 kcal/mol)

3.44211200
2.57502300
1.82277200
3.19579700
3.09753900
4.51210900
2.24542800
3.07653700
1.43373200

O 3 } 9
B J C

G =-1191.669626
(—0.095 kcal/mol)

O
Me~y )J\ N—TS
56A

0.17180200  -1.26530000
-1.05205900  -0.92354600

0.84443600  0.28532400

0.57457000  -2.26079700
-1.73120900  -0.23990000
-0.05800100  -1.24002600
-1.61217400 -1.79832100

1.11430400 -0.21893600
-0.40509800  -0.25436400
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(2.375 kcal/mol)
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H

1.16271500
3.62172300
3.44460800
3.13278000
4.70044700
0.26360600
0.30805000
0.50148700
-1.26775100
-2.02912900
-1.69288200
-3.23842900
-1.68398300
-2.90347300
-1.07628300
-3.69046200
-3.84346600
-3.24575500
-4.98594100
-4.79993400
-5.66268100
-5.50559400

SCF energy = -1160.95433521
Zero-point electronic energy = -1160.706988
Enthalpy = -1160.689595

Free energy = -1160.752774

I T O O

-2.9945320
-2.0739590
-2.8955810
-2.5519110

154559600  1.02993100
245433400  -0.17858000
2.99062800  -1.12297400
2.99431400  0.63418300
241602400  0.00714300
-1.39400400  0.52498200
-2.63516400  -0.25478100
-1.39865100  1.96709100
-0.54352400  0.18750000
-0.94499500  -0.91056800
0.47657400  1.04063000
-0.29987000  -1.16013800
-1.75746400  -1.54087800
110792000  0.76988400
077066500  1.88051100
073537500  -0.33014600
-0.60976700  -2.00847500
1.90358500  1.42682500
1.45297600  -0.62369000
237746100  -1.18617600
0.83497800  -1.22244600
173394300  0.29858400
0
N )LN ~Ts
oo
H
(R)-56N
0.0554440 -1.2399630
1.2073140 -0.7701180
-0.0752690 -2.3237840
1.8164970 0.0083480
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-1.7638680
-1.3054720
-0.9182650
-0.7153170
-2.4613070
-3.5326700
-3.8861070
-3.1466900
0.2886890
0.2818970
0.0580240
1.7985250
2.5511140
2.2247970
3.7477600
2.2054020
3.4239990
1.6169890
4.2029890
4.3398730
3.7607890
5.5173550
6.3422500
5.5038240
5.7561570
-4.6203910
-5.6234790
-4.4900670
-5.1169720
-4.3969030
-4.7993050

SCF energy = -1238.33871951
Zero-point electronic energy = -1238.055192
Enthalpy = -1238.036882

Free energy = -1238.103136

1.8646940
-0.8413100
0.4675990
-1.5724080
-1.1291160
-1.9249800
-2.6795680
-2.4378930
1.3398300
2.6476790
1.2352520
0.4821880
0.9416290
-0.5950700
0.2994970
1.7923530
-1.2227040
-0.9394970
-0.7880510
0.6514830
-2.0670210
-1.4580060
-0.9893730
-2.5180930
-1.3828170
-0.8739610
-1.3047780
0.1206470
-0.1985920
-0.3744490
1.1356380
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-1.5827350
0.1563100
-0.2254280
0.9283110
-0.5433640
0.0572610
-0.6567830
0.9409120
0.6330030
-0.0303320
2.0727920
0.2160160
-0.8664090
0.9947390
-1.1748950
-1.4434520
0.6664690
1.8221790
-0.4156420
-2.0160710
1.2627440
-0.7376980
-0.1846420
-0.4644160
-1.8035380
0.3486230
0.4249220
-0.8291200
-1.6687330
1.2986020
-0.5596640



OTf

2

1l
C 3.22268400 -0.90613800 0.58804900
C 2.08925000  -1.28383400 0.20913200
C 3.94369000 0.25419300 0.44442400
C 1.30285100  -0.39778000  -0.50444700
C 1.87187400 0.86649200  -0.74699200
C 3.16072600 1.17912000 -0.28752500
H 4.93770800 0.47644000 0.81284200
H 1.29159900 1.59862600  -1.29980700
H 3.57180900 2.16462300  -0.49179500
0o 0.04501000  -0.67360300  -1.05807800
S -1.24754900 -0.90338100  -0.05788800
0o -2.27897800  -1.48824400 -0.88972800
0o -0.82846000  -1.45387000 1.21876200
C -1.69929700 0.89523800 0.23135800
F -0.73649900 1.48144600 0.94564900
F -2.84952700 0.94432600 0.89728000
F -1.82415000 1.51827200  -0.93922500
SCF energy = -1191.72199502
Zero-point electronic energy = -1191.627743
Enthalpy = -1191.614427
Free energy = -1191.669474
TfO O Ts
N
W,
Me
571A
C 1.13194000 1.58201700 2.26159600
C 0.37237600 0.25965300 2.24912500
C -0.11667900 2.26364500 0.25316100
C -0.63095200 1.03093500  -0.22593500
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0.19007300
2.18228600
-0.71046600
0.71740600
0.61588400
-0.81173700
-1.84824500
-2.55143700
-2.00476400
-0.42496900
-3.49535400
-2.52690400
1.10325900
0.71842800
0.40187800
1.88232100
1.92897900
1.48793700
2.90280500
1.98760400
2.46407700
1.49998100
3.24344700
4.17079500
3.27806900
5.14168500
4.14286300
4.26035700
2.54322400
5.19755700
5.87415300
4.29752900
6.23107000
5.83184600
7.12851300
6.53154500

-0.23228500
1.38870100
0.40246100
2.22332600
-0.31210500
3.44791100
1.04151500
2.20759600
3.41862200
4.39944000
2.14699000
4.34689700
2.26543400
-0.54355200
-0.89070800
3.49326100
3.90652900
4.26697200
3.25453200
-1.73294900
-1.58315100
-3.01001200
-1.09399800
-0.17927000
-1.51227200
0.33286900
0.10205300
-0.98906200
-2.22073100
-0.05797600
1.03867200
-1.30940100
0.52854700
1.41101200
0.84458900
-0.19036100
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-0.16971800
2.50590300
2.23324600
3.06086900
3.14413600
-0.04665700
-0.90910100
-1.18412300
-0.76640700
0.29994400
-1.71324200
-0.97867300
0.96041200
1.07236700
-1.17333800
0.96412900
-0.04688500
1.64641700
1.28234500
1.19207200
2.57178700
0.69072100
0.09377400
0.59650700
-1.23641000
-0.25928300
1.64377100
-2.07426500
-1.59721200
-1.60555500
0.12461200
-3.11226400
-2.53659900
-3.05394600
-1.99483900
-3.30587100
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F

-2.39652600
-3.06379700
-2.42652400
-3.22694200
-4.76282500
-4.66219900
-5.56375600
-5.25469700

SCF energy = -2352.80763642
Zero-point electronic energy = -2352.460224
Enthalpy = -2352.430794

Free energy = -2352.522853

Z2 Z2 I T T OO O O T T T T O O O O

0.22760800
0.58667300
-0.76773200
1.65676700
0.89599200
-0.26930000
-0.83591200
0.98680400
-0.56325000
-2.92838100
-2.86929700
-1.66217400
0.38521400
-3.72326700
-1.57459200
0.47626700
1.64143400

-0.15594300 -1.40510300
-1.22658600 -0.35203100
-1.13060500 0.95304000
-2.46337100 -1.08449200
-0.44652200 -0.17707000
0.67847300 0.53502900
-1.30457100 0.44872500
-0.16290300 -1.38290600
OTf
X
Me/ >f N‘TS
(@]
T721A
0.07089900 1.84898300
-0.94176300 0.76299700
1.77685400 0.25641400
1.12526000 0.27208600
0.00744100 2.71110200
-1.14727500 0.11637500
0.03379000 2.10498600
-1.87228700 1.16637900
2.79494000 -0.68144200
1.42772300 -0.35658000
2.41606300 -1.33329300
3.11341700 -1.48075500
3.30567000 -0.81387500
2.63129600 -1.96891800
3.89107900 -2.23353400
1.39713500 1.17808000
-0.21167300 0.03052400
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2.41186700
0.75155600
0.99345800
-0.15753700
1.59140100
-4.17772300
-4.14920500
-4.27120400
-3.22099200
-5.85178000
-6.75360800
-5.85572100
-6.16111500
-1.90263400
2.61941900
2.49282300
2.19749800
4.26385900
4.98698700
4.79554700
6.26878600
4.54579400
6.08066600
4.21660300
6.83472500
6.84165900
6.50776200
8.23983200
8.96691400
8.49799300
8.37298500

SCF energy = -2352.70627842
Zero-point electronic energy = -2352.360922
Enthalpy = -2352.330902

Free energy = -2352.425672

1.98962100
250453100
3.40028000
2.65702800
2.23472000
0.73987700
-0.70969000
-0.58320000
-1.64855800
-1.16456000
-0.26851300
-1.23627500
-2.36167200
1.06186900
-0.95674000
-0.13679700
-2.35266800
-0.79802900
0.37344600
-1.85448000
0.48009500
1.17821100
-1.72428400
-2.75938400
-0.56071800
1.38720000
-2.54089800
-0.44440400
-0.80793800
0.59492000
-1.03841400

135

-0.09337000
2.13730500
1.56824400
2.71986600
2.78223600

-0.26858000

0.49833300

1.94484900
-0.12439100
-0.12972900

0.27221800

-1.46070800

0.37832600

0.49799000
-1.21617200

-2.41165500

-1.15545200

-0.55366700

-0.78974500

0.18923100

-0.25714500

-1.36523100

0.70853100

0.34024000

0.49434200

-0.43067300

1.28471800

1.03235600
0.29450700
1.25960900
1.94218000
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-1.81211700
-1.02670400
-3.14888000
-0.65541300
-1.22319100
-1.67441300
-2.78679500
-0.40433100
-2.96142900
-5.32487100
-5.39237300
-4.06765800
-1.97686300
-6.26105200
-3.90546000
-1.99452200
-0.18861700
-0.26204700
-2.17371300
-2.17857900
-3.12305000
-1.33954300
-4.44261300

0.89363600

0.31529100

0.90171000

2.44849500

2.71738600

3.37903300

3.95360500

1.97721500

4.60767600

AN

73A

1.08599600
-0.22622200
0.54946300
0.82373200
1.90748900
-1.10285200
1.03630000
-0.33434600
-0.51154900
0.09189300
-0.96369800
-1.24772700
-0.79173300
-1.51269800
-2.06363300
1.35958700
-0.06996600
1.20959200
2.81231400
2.90199600
3.14168500
3.37540500
0.83164200
-1.41759300
-1.84352700
-2.25112600
-0.62675600
-0.02323400
-0.63584100
0.58884700
-0.03296000
-0.01910500

136

1.95026400
1.95999500
-0.07008100
-0.13316500
2.36448900
1.86842300
2.43531400
2.84836800
-0.97487100
-0.15935900
-1.02360600
-1.43585000
-1.33548500
-1.36408600
-2.13478100
0.47288900
0.76068800
-1.19511500
0.13670800
-0.94910200
0.55937600
0.55766100
0.34572200
0.22767200
-1.04099800
1.42190400
-0.01891700
-1.25240400
1.02647000
-1.42788400
-2.04374500
0.81952100
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3.14927700
4.91534200
4.18032800
5.34503000
6.26608800
6.97902100
6.22114200
6.67430800

SCF energy = -1391.03063644
Zero-point electronic energy = -1390.714969
Enthalpy = -1390.693059

Free energy = -1390.766580

m m O O O »w O

F

-1.24376600
-0.92747600
-1.24359700
-1.24411200
0.94233100
1.44609500
1.44586000
1.44553700

SCF energy = -961.50343652
Zero-point electronic energy = -961.476227
Enthalpy = -961.468098

Free energy = -961.508780

O O O 0

0.64577400
0.55522900
-1.13725700
-1.30149300

-1.12940800
0.59907700
1.06146300

-0.02329000
1.22959300
0.47974000
2.03012600
1.64077700

TfO™
-1.17022800
-0.00001600

1.32239700
-0.15215800
-0.00002800

0.12894800
-1.14590200

1.01699200

OTf
O]

Me

TS-1

2.58112700
1.04444700
2.50948600
1.28639600
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1.96468700
-0.40416400
-2.37922300

1.61723500
-0.62454600
-0.99118800
-1.36885500

0.30378900

0.85135100
0.00008900
0.58785100
-1.43890900
-0.00003800
1.24862400
-0.51283000
-0.73618600

Ts

NN
N

1.90598800

1.94436300
-0.38579200
-0.72202100
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1.50285600
1.49848500
-0.46902800
-0.26892300
0.99900100
-1.96877200
-2.61309200
-3.62726100
-3.29853400
-1.69598900
-4.65865900
-4.08158500
0.85708200
1.34989300
2.05630000
1.34766500
1.51497900
0.59914600
2.28810400
1.58796700
1.27721600
0.89995800
3.34983400
4.18856600
3.85322100
5.56201700
3.76613400
5.22965200
3.17803200
6.10184000
6.22472700
5.63450200
7.58837700
8.15944100
7.85327500
7.92286400

1.74625000
2.95123000
0.68276200
3.06279900
0.61406600
3.59426600
0.94706700
1.91022100
3.22865900
4.60243600
1.62850900
3.97984500
2.86862400
0.69167100
1.75908700
4.18755900
4.18892200
4.93975700
4.42660500
-0.96738600
-1.67872200
-1.23630800
-1.02473500
-1.39728500
-0.71376100
-1.45164400
-1.65094400
-0.77305500
-0.41794300
-1.14238600
-1.74374800
-0.52887300
-1.23680700
-1.09842300
-2.22244600
-0.48738800

138

-0.11894000
2.49304100
1.83391800
2.26004900
2.84263400

-0.24131000

-0.98589000

-0.89350100

-0.54192200
0.05044500

-1.07953800

-0.48094800
0.47823600
0.75829400

-1.19601600
0.09575700

-0.98185600
0.35563200
0.61100500

0.30662600
1.54622600

-0.94818700
0.02192100
1.07325400

-1.24241100
0.84827500
2.03970900

-1.44297100

-2.03570200

-0.40836300
1.65902800

-2.42181800

-0.65437600
0.26941800

-1.05914500

-1.37949100
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F

-2.99737700
-2.81599100
-2.05465400
-2.53630700
-4.60278900
-4.96680600
-4.72087600
-5.38798900

SCF energy = -961.50343652
Zero-point electronic energy = -2352.345174
Enthalpy = -2352.314902

Free energy = -2352.409634

Z2 Z2 I T T OO O O T T T T O O O O

-0.00835500
-0.39944600
1.13995600
-1.53275700
-0.54138200
0.41934000
1.07658900
-0.72037700
0.72227000
3.26403800
3.05609600
1.79182100
-0.28116700
3.86232900
1.61865300
-0.42888400
-1.53110400

-0.36679800
-1.57570100
-1.14564400
-2.78862500
-1.66175600
-0.47526600
-2.59589300
-1.96306800

OTf

-1.36537200
-0.27175600
0.89129400
-1.01270900
0.28059800
0.78221800
1.22397800
-0.75151300

N
>f Ts
(@)

TS-11

1.06407900
-0.27598200
1.88900900
1.49991900
1.25355800
-0.67958800
1.14583200
-1.02345000
1.92097500
1.30420400
1.27485500
1.60192100
2.12214200
0.97456000
1.57340900
2.03925300
0.13433700

139

-2.07919600
-1.44081100
0.32368200
-0.34654800
-3.01852300
-0.83954500
-2.22310700
-2.16612900
1.63331600
0.59736300
1.98233900
2.49348100
1.98793800
2.64354500
3.56543700
-1.06418300
-0.58385700
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S

-2.28349900
-0.48408000
-0.87979100
0.53244300
-1.12923200
4.57468700
4.72156100
6.14975400
3.82032600
4.05584900
4.55661600
2.72261800
4.42435000
2.25411800
-1.75414500
-1.89862000
-3.96391200
-4.67420600
-4.58956100
-6.04092000
-4.15830500
-5.95859200
-4.01313900
-6.70279500
-6.60518800
-6.45772600
-8.19170900
-8.74085400
-8.52649100
-8.48672500
-2.21382500

SCF energy = -2352.69970664
Zero-point electronic energy = -2352.355845
Enthalpy = -2352.325848

Free energy = -2352.420729

2.14119500
3.45068700
4.01968800
3.77781500
3.59136000
0.92627100
-0.36918000
-0.58114600
-0.31934000
-1.71973900
-1.57570300
-1.65784700
-2.89843400
1.64477100
-2.27558600
-0.50026700
-0.81550700
0.20751900
-1.72770300
0.31335200
0.90812700
-1.60313800
-2.52035900
-0.58582500
1.10858400
-2.30873400
-0.47737100
-1.01934200
0.56471700
-0.90447700
-0.97683800
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0.35821300
-1.44713100
-0.60540700

-1.67597500
-2.32290700

0.16031600
-0.81804300
-0.96139300
-1.95894100

0.31056300

1.53839300

0.36593200
-0.18897100
-0.28277300

0.06858300

1.90321100

0.27022600

0.90200900
-0.58108300

0.66008300

1.54697100
-0.80409700
-1.04583100
-0.18972300

1.14038400
-1.46321600
-0.41245900

0.36861500
-0.38198800
-1.37626700

0.55984000
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0.40078400
0.46176700
-0.87691000
1.20411400
1.25197400
-0.52930600
-0.53693800
0.98293300
-1.33912500
-2.81612900
-3.40308100
-2.63680900
-0.76270600
-4.41825200
-3.05517800
0.52128200
1.26254700
1.67399500
1.38674200
1.47595300
0.92341500
2.37186600
-3.64223800
-3.09969100
-3.00971200
-2.08292200
-4.71184600
-5.72207800
-4.95884600
-4.58954900
-1.53824800

OTf
O

/

@‘ - U\ _Ts
NS

Me

TS-111

1.79471300
0.27418600
2.56388100
1.26796900
2.15176600
-0.15111100
2.12798500
-0.22424500
3.83047000
1.51794900
2.71641900
3.88220300
4.74587300
2.74890400
4.83655900
2.38780300
0.17573500
1.50043500
3.60134500
3.92122800
4.37780800
3.34829000
0.36315200
-0.99064600
-0.81457200
-1.70561900
-1.89042200
-1.25929200
-1.98341800
-3.11746900
1.36453500

141

2.10199300
1.90550600
0.08194100
-0.12108600
2.68728700
1.74266000
2.54264100
2.72431300
-0.28708300
-0.52734200
-0.92351500
-0.80590400
-0.19775400
-1.30851700
-1.11162000
0.70984100
0.67796200
-1.20042400
0.67309100
-0.36397100
1.28237100
1.06948600
-0.65586400
0.10419700
1.55290100
-0.65317600
-0.19955200
0.40178000
-1.50633600
0.31632100
-0.02444700
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1.77767500
1.17634300
1.54585400
3.52893600
4.00446700
4.38938400
5.37450600
3.31192300
5.75615200
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0.89474600

SCF energy = -1191.72261925
Zero-point electronic energy = -1191.628374
Enthalpy = -1191.615074

Free energy = -1191.669626
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SCF energy = -1191.71979733
Zero-point electronic energy = -1191.625820
Enthalpy = -1191.613222

Free energy = -1191.665689
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