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fEH b, ARGSCRBIC B TU MR TIEEE, B XU Z v 7z,

Ac acetyl

aq. aqueous

Ar aryl

p-ABSA 4-acetamidobenzenesulfonyl azide
BINAP 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
Bn benzyl

BTEA benzyltriethylammonium

‘Bu tertiary butyl

Bz benzoyl

caled calculated

cat. catalyst

CP compound

dba dibenzylideneacetone

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DFT density functional theory

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

dr diastereomeric ratio

ee enantiomeric excess

eq. equation

equiv. equivalent

h hour(s)

HDAC histone deacetylase

HFIP hexafluoroisopropanol

HOMO highest occupied molecular orbital
HRMS high resolution mass spectrometry
ICso half maximal inhibitory concentration
ICT intramolecular charge-transfer
INT intermediate

IR infrared

J coupling constant (in NMR)

Ki inhibitory constant



LUMO lowest unoccupied molecular orbital

M mol/L

Me methyl

m.p. melting point

MS molecular sieve

n normal

N normality

NBS N-bromosuccinimide

NMR nuclear magnetic resonance
NOESY nuclear Overhauser effect and exchange spectroscopy
Ph phenyl

PIFA bis(trifluoroacetoxy)iodo)benzene
PMB para-methoxybenzyl

Pr isopropyl

PRO product

py pyridine

quant. quantitative yield

R/ rate of flow

rt room temperature

TBA tetrabutylammonium

TBS tert-butyldimethylsilyl
TEA triethylamine

temp. temperature

Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid

THF tetrahydrofuran

TIPS triisopropylsilyl

tol tolyl

TRIP 3,3’-bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl hydrogenphosphate
Ts tosyl

TS transition state

uv ultraviolet
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HIE AFRER

B1E A EENA e B{LEG

W5 B AL HE . ATFAS e VililhE 2 f 3 2 5 ERLEY D O ik E 2 Fio LG
M SKARERIETH Y, K DL IV —T D HEHZED TS, You b, Luan b,
Johnson &, % L CHAREILX, 7 =/ =20 F 7 F =34 4 v F =S kA I 5 &I
LEVDOBTEBLRIGZFFEL TE 72, 8 ZOHTH, BRA AEYEEYE S BEA EE 5
TICEEND A uFKZ GRTRE AT &R A v e B{LR)GIE. Bl Ic B W TH
M7aFETH 2, 2014 FD Tong HICKDE, PiA Vv ILZ Vv Fv A ALREEEHT S
Spirooliganone B’D & EMZE Cld, AMOMKBICUHERIGZEH L Ay Za~F3
T/ vEKEREE L (Scheme 1), 8

Scheme 1

Dearomative

OH O spirocyclization
dLOH 1) PIFA
2) HF-
oH ) Py

Spirooliganone B
(2% yield in total 12 steps)
potent activity against coxsackie virus B3
and influenza virus A (H3N2) (IC5¢ 3.20-5.05 uM)

el D X 5T, MATFEE TIEIMT G A ¥ u BAURIC DRSNS ICE ) A T & 72, °
2010 ¥ 7 2 Ll % v 72 ipso-Friedel-Crafts 7 V¥ AMALIGIC X 5, 7 = 7 — VA
DR A v n BURIG 2 FFE L 72 (Scheme 2), *

Scheme 2
Me
COZME
CO,Me Pd(dba);
PPh;
HO =
MeO,CO 97% (93:7 dr)

X5, [FRDMEER % 4 v F— VOB RN A © aBY{LEOG~ & JSH L7z (Scheme
3)0 9e



Scheme 3

Ts Ts

A, FIEEY 2 b —ZICHBRIE A v e LG G RER Z L b, p—F 7 F
— VHEOBTHHENA € e B LE3ERH 28D T3, 4101112 9019 4212 Luan & 13 -¥
FZYY LRy TV VORI X B, f—F 7 b= A DT ERN A v a Rl
KIe%ZFAF L 72 (Scheme4), %

Scheme 4
Me Me Pd(OAc),, P(p-F-CgHy)3
OO (Bno)2P°2H, C52CO3
+ -
HO
H 1
| Br

FIFFHAIC Sarkar B IZ AT =7 LfEZR W27 2 2{LRIGIC XD, ~Tulftr2Eah A
o EREMEE AL 72 (Scheme 5), 108

Scheme 5
RuCl,-3H,0 \
H,0, BTEACI ‘O PN
HO™ > Bn—N7 Bn i
Bn. v/ BTEACI
N 95%

B D p—F 7 b —AFHD BT BRI A & v BUE)G O SOGTERIE, 77N EB X ORI

JED VT NG | ESEEAE T CHES TR S 22y T v I RIG deinea T L)

ERIG, =7 WUERIG. 77 b ALRICHETRTD 5, KFHMIC X 2 EITOS % R

L BERRIGIEWTRS 7 2 — AV BRERGFERILL CE Y, RISHIR Cl fLicRon 2
(Scheme 6) .



Scheme 6
Transition metal cat.

OO Transition metal cat. ‘O or organocat. OO
HO™ 5 R=—=—R’* o HO

R or Ar—I Y 1 1
or Ar—OH X

(Y = 0, NR%, CR5RS) (X = OH, NHR?, Br)




28 BEAVXVIRIG

WHFFLE Tl IR TR 7B RE AR % F\» 22 5 F RN 2 v e BE RS D BFE I
Mz T, BEBAARVRIGHOFRFEICH Y FHA TE 72y AN VITERMZ R R ftEo
{CFETH Y, A 277y VRIS RV e OoEEERE LTINS, AL~ v F4
FO—2 T VLAY ERCIETEAMONTE Y, &2 CERBEEZ REL 72
BE. BEANLRVEERBERT 2, @EAINARVEHEIZ, IARVIREL LESBIRT D d
HiE~D o 5 L BB T2 DNV VIRFD p MIE~D ¢ #iffi5.1C X W EEER S
Toe AN VEMiATH B (Figure la), FFic, (LAVIOREWED? L. @BV IED
BELE LTV TV ANF =AY —ICH oS, Z D5, “BEAIL U7
“EREANR A FIRFEIFETHOW O TE 7223, Pérez b 1% 1L L% Figure 1b © X 5 ICE
Fllo B Ihbb, EEINVRVIEETED X5 ICRE L VR VREN ZEHEGHKO W
BuRTAUEETH Y, BB AL 4 Vi3, @RFET L REBBEFVPEMEAZAELTEY
DOANR) A FREFEPGEEREZHT 2L FETH 5, Lo T, RKiwsCic ﬁwf%%®i
I THHAT 2, EEAAVRVIZZ DOEWIRIGERIC, AEERFES L D RS LE
R&EH & LT C—HIFEAKRIG® X—H ARG, Biichner BRILKSIG, 7 v 7 u/\vﬂc}i
BT L5,

Figure 1
c-donation n-backdonation
H><R3 H X
b. R'" “CcoRr? R1><COR2
C-H insertion X—H X-H insertion

T (X =0, NR?
© R3—H

”@ I'ill@ Metal salt N,(LG)

N N [M] M ﬁz ‘ [M]

R2 e R2 —_—
R1ll\ﬂ/ R1J\( R1><C0R2 R1JJ\COR2 ©
o

0e metal carbenoid metal carbene
l AR
Q R'" “COR?
" “cor? Biichner ring
cyclopropanation expansion

BIFANANVIGTIERE LY LD IR 5 5 23, BB E TR~ v

7



OFFRAWETICEH LI 2D T & 72,2017 FFICERAMIE % F W 7 (L@ IR e 7 = 7 —
WD AREWIT B A € v BULRIG Z BAFE L 72 (Scheme 7). 18 @ o7 Lfill 2 Fvs 2 & |
C—H i ARG Biichner BRILAK SIS HSHEI T 2 DIt L, #RAMEZ v 2 & X v o BR{LI
JOASEIRINICHEIT S5 2 L 2 W L 72, BERAATIC K DV RANAVR VDT r Y LA~
ICHRTRETETH 2 2 L MU FBEIREORIUCEHF S LT3 LIHL 2Tk - T2,

Scheme 7
J\ ’Pr ip
N Metal cat. N~ r
o )
HO (o}
| (o]
N, o (o]
Spirocyclization C-H insertion Biichner
ring expansion
Rh,(0,CCPh;3), 0% 17% 26%
[(S)-TRIP-Ag], 89% (90% ee) 0% 0% [(S)-TRIP-Ag],

X 51T, 2020 FICITERAMEEOEHEA 4 v F — VO AR F R EFEN X v a B G~ &5
FAL 7= (Scheme 8), 1°

Scheme 8

b
N
“pmB  Metal cat. Z
—_— >
N8y ,)—Bu Ny
N N N
H H

Spirocyclization Biichner ring expansion
Rh,(OAc), 0% 84%
[(S)-TRIP-Ag], 87% (90% ee) 0%

T WALV ER O FRIIGIC S PR L, =7 v F 48R 72507 O—H i AKX
JG%BHAFE L7 (Scheme 9), 20 AJER TIXERMHE A\ 2 & Sl & 13 57 2 L 7HEIR
Hrrdo ez AL, AFKREREZFEH S 2 2 cod v F HEREOFKIICHK
hi,

Scheme 9
N

©)f\n/0Me
° Metal cat.

+

o, l O
4 AuCI
Bu By

OH
©/ Au cat.
O-H insertion C-H functionalization Ar Ar Nsz
Au cat./AgSbFg (1/1) 0% 99% 4 Ag
P Ag

AgNTF/(S)-XylyIBINAP (211)  82% (86% ee) 0%
Nsz

AgNTf,/(S)-XylyIBINAP



FH2 RMBEORERZTER L 72— 7 7 b — ASHO IR 7 B AL SOS D BASE

FHIE RER

1 TRz X ST, IR E CIER BB Z W TRk & B ROGTE R o il ik
Ao B LRIEZBRL CE 7, AR LR Y O R ANE ICR D EE 2L, 2%
LIt D HFHECAV OB BEHEN A € aB{LOC~ L JSHERT 2 2 2E 27, %
TC, el X5 ic, MERENICHERA v e B LAV ERATRETH 2 Z b, f—F 7
—VHEICER L2, BEAIOp—F 7 F = AEOBIAEHEN A ©uBHL 61 C1 A2 ToKIG
KIREINT WS, b LMD KIGAE D 5 D 2 v u B KIGAETT L., 2 E CER R
TH o AR AV 2 EHENICE K TRETH 2, FAIZp—F 7 b — OB KIGHE %
R 7wic, ~ V7 VETEERNIT2%{T 572 (Figure2a), BT HEMITOME L 0, &K
FIRTOFTIE ClLIL, C3HIEETIEARVWD DD, C6MLICETBHEN, RELL Tw3
cRHEN, T2, DTHUEOMITFER X Y. C6H7icd HOMO OHUIED LA > THED |
BIEW k2 H 35 2 L 3 FllE 7z (Figure 2b),

Figure 2
a. b.
-0.123 -0.120
_0.218% 6_0.150 A '
+0.218
-0.123 5 9 ;
HO @ i
_0.276 —0.191 -0.132
®b97xd/cc-pVTZ HOMO LUMO

TR T — 2 2 £ 2 ¢, SEfA. RISER & SOGEIC B W Tt & By
FIFRALCE ZEL L7 (Scheme 10), FE 1 Z i e Kt ¢ 5L T, 77 b—1D6
MIRFEBY T VAR T 2REFE~RKEIKLE L A BEBENA € B U3 HE#ETT 2, £ L
7RI USkGHI 2 FR &2 2 2 & ©, BRSO R v ¥ 7 4 FERALA 5 &L &
N=2%BoN2 L FPHLE, 610, RSO RKICHERZEHHELFIC X VT L, $RA v
RYBLPIRAINR 4 FICBAT2HIRAE2 L2 HINE Lz, 2 R0 R rEiKIT,
AR IV H3ZERT I = X P B3 HDAC6 [HEA, a4 v VEEMESICE NS Z LA
b, Yo RRMbIHRFCTE 5 (Figure 3).

Scheme 10

N2§)I\ R AR | Nucleophile Nu R
N —N No) —N




Figure 3

HO’NH

NC

Histamine H; receptor agonist Histone deacetylase 6 (HDAC6) inhibitor
(human Hj Ki 14.5 nM) (IC50 <0.1 uM)

10

MeO

(+)-Conessine precursor



FH2E MISEMFoRE L

EFIDIC, KA LT Y ZF Ay 7 VIFE T, 1a OBITERIA v o BRI D
St f#{t L7z (Table 1), entry 1 2> 5 4 T34 O &JEE % A\ CIITEBELG % R
L7z, BY Y AMBAAE T Tl v 27 v 7 uoxvfbfk 3a L CERLEY) 4a 2EKL 72
(entry 1), &fliECclz, PO 2 v o BUE 2a Z—UIE S 0T, HAEECI3 2a BEL R
72 b O DAL EERIEIZK A > 72 (entries 2 and 3), —/57 T, SRAMME < I3 PAEE D mo by
RET 222380 N/2720, FHEWTHEDO Y v 2 =T =A4 v ZHET L7z (entry4), % Ol
B AgNTE Z W72 BRICIEE 80% T 2a 23S 6417z (entry 6), X LR 5HRENIC T, 7 a b
VAEHITH 2L BEHFHES L UKREAITHZ F )z Fre T ik, meLERE TG
EITT 27201 HTH S LDHIAL 72 (entries 7and 8), ¥ 7 Vbt&WOEALZITL
WELEREIKIEEBRELY Y VORY TER WA, RICEEZHET5 2 8T entry
6 CFRIFDOERPEON, LELEAEDL, la ORMHEOKI LY, HEREECZ Lo 7
(entry 10),

Table 1

Metal cat. (10 mol %)

_Bu  PhCO,H (1 equiv.)
HO (go

CH,CI, (0.2 M)
N, 0 °C, time

1a N‘Bu
HO

entry Metal cat. time (h) 2a (%) 3a (%) 4a (%)
1 Rh,(OAc), 0.5 0 88 9
20l Ph;PAuCI/AgSbF ¢ (1/1) 24 0 0 0
3kl CuOTfe1/2toluene 3 32 12 10
4 AgOTf 0.5 70 0 (]
5 AgCIO, 0.5 55 0 (]
6 AgNTf, 0.5 80 0 (i}
7lbl AgNTf, 0.5 64 7 0
gl AgNTf, 1 0 0 0
gl AgNTf, 0.5 30 0 0
10[d-el AgNTf, 0.5 63-80 0 0

[a] Run at rt. [b] without PhCO,H. [c] without Et;SiH.
[d] 1a was added via a syringe pump over 0.5 h. [e] CH,Cl,: 0.02 M.

RIS, AEWTEBRNA € a B LIS ZMET L 72 (Table 2), A ABUNL T OB % F 58
L. KIGHEEX 002 M ICiEd 7, 72/ =24 v F—LORFHEFKRN A v ok
JEBIC B THRIE T B o 72[(S)-TRIP-Ag, & AV 7225, KIGSEHEL L., 2a 2SEIFEHR >N 3

11



DHTH o7z (entry 1), Cat.1 T b RIFRICHE FECSOG D EIT IXMER X e v 5 72 (entry
2)o IRIEIR & AFHBCALT L1 ZIRA L. AAIREEAZ ARFHE LRSI W8 25, 2a i
BHNT, 3a 2 61%., 4a 28 28%1F H 7z (entry3), AgNTEH & (S)-BINAP 35 X UM L2 2 3
WL 24K Z Z W ZZBICiE, T 2a BERNICEO N DD F v T
AERPEIZRBL b0 72 (entries4to6)o TN DREEER K O . RRICOAFAC 1L R
TH 5 EHWTL 7,

Table 2
‘Bu PhCO,H (1 equiv.)

Chiral Ag complex O‘ °
N~ Et;SiH (3 equiv.) HO
3 2a
HO S0 CHiCl, 0.02M) 2

rt, time

N ‘Bu
1a 2 N Bu Q N
HO HO I
3a 4a
entry Chiral Ag complex time (h) 2a (%) eeof2a(%) 3a(%) 4a(%) 1a(%)
1 [(S)-TRIP-Ag], (5 mol %) 24 0 - trace 0 0
2 Cat.1 (10 mol %) 24 0 - 0 0 12
3 Ag,CO3/L1 (2/1, 10 mol %) 24 0 - 61 28 0
4 AgNTf,/(S)-BINAP (2/1, 10 mol %) 4 77 0 0 0 0
5 AgNTf,/L2 (2/1, 10 mol %) 24 56 3 0 0 0

o

CF,
NH HN
CF,4
PPh, PPh,
CF,

[(S)-TRIP-Ag],

12



3 E RITHBT E AL RS OB ik oGt

7 VHE 1a 1B 2 RESM (Method A: entry 6, Table 1 D&fF) ZHWWT, 1H7ICT
INE G T 2 HE OB EHRM A v BYLRISZ A L7z & 2 A, IRIT S3%ICH -
7o AEEIZY 700X R VIR L 72720, B2 ) VIR Y 7T N T % Method B
(entry 10, Table 1 D5fF) MGt L7z, Z DAER. 2b DULE D 78%ICKE L 72, £ Oftho
HEL 700 XX VICEMEL 72720, Method B THiETZ2{To72, 1 fLICT Y —VERH
TGk BB FEEAREVIZLE 2 DIERITE» 07, 7 r S FEARETH
D, MICREBEREE WIEE T 2g BUICK 65% TR LNz, TAFAiey ) AR CiR#E
L7zF 7 b —=AbEIET2h B L2 ZEKL, 7 = 7 — VEHOPSEBEN A v a BR{LX
JEE B ZERER L, B BIAESIITH S 32 43500, MBS LER
TEDSRR I Tz,

Scheme 11

Method A
AgNTf, (10 mol %) Bu

R! ‘Bu .
N~ PhCO,H (1 equiv.), Et;SiH (3 equiv.) R! :’N
CH,CI; (0.2 M),0°C,0.5h 8 [0}
R20 (go >
R20

Method B
AgNTf, (10 mol %)
1 PhCO,H (1 equiv.), Et;SiH (3 equiv.) 2

CH,Cl, (0.02 M), 0°C, 0.5 h
HO

1 was added via a syringe pump over 0.5 h
2a: 80% (A) 2b: 53% (A) 2c (R=H): 73% (B) 2f: 48% (B)?
63-80% (B) 78% (B) 2d (R = 4-OMe): 76% (B)
2e (R = 3,5-(CF3),): 47% (B)

’Bu ‘Bu
MeO I I TBSO I I

[a] with 1 g/mmol of MS 3A
2g: 65% (B)[® Pl 2h: 76% (B)? 2i: 96% (B)? [b] CH,CI, (0.01 M)

‘Bu

Bu
’

13



FHAaE ICHERERT

SO % EE B X OCEHEALEZ T L 72, $£9°. 3a & 4a DIEEY % Method
ADEMITH LT (eq D)o LALZARDS, 2a 34K THEYWEABINE N, 2707
O XN VEORBERBEM I N o722 6 2133 ZRHETICL 2 OEENICELOND
T EDBHS DL 7572 (Scheme 12), KIT, DFT #H5 % F s CEEM 72 SO fRAT %2 1T - 72

(Figure4), 1a & AgNTH DG L., SRANALR I 4 PR T 2, 5 2 0%, A
AT 2RISR RS2 55, AL 4 F bR M fE > CEBENICER{L A
HETT 2 ERIGBERO R BRKD SNz, A OBEERICE T 2EBIREEIL TS2, & TS2¢ D
QEENEZOND, Wy v X =T =Fd v F 7 = VKEEIKE-EICE VHAERL
72 TS2¢ 1Z. TS24 & HEZ L 12.5 keal/mol & T AL ¥ —23E < . AMIGICEH T 5 TS24 DFEH
DRBI NIz, THUE, F7 b —NKEEE 2 R L 2R EH b EMRECh o 72 2 & BT
5, a7 us Lk CP2 BEKT R0 T AL ¥ —[REEIX 21.8 keal/mol TH Y, A Y
oL X VD 1.04 kcal/mol B> 770 & DI 3N F—ZER[EERE D FH KK L Cwn»
%,

Method A

323 + 4a —4 > 2a eq. 1)
(3a:4a =10:1)

Scheme 12

f
/Bu
1 ~/N
N,Bu directly o
HO (go HO
N, ] 2a
1a

via cyclopropane

14



Figure 4
AG & TS2¢

(kcalimol) N ~Bu
cal/mo! P
H‘O N 24‘1‘:}/&0 =S<,/
H NS+ . 70,20 %
. H H

19%
OFx |0
O CF; CF,

_ TS2,
L~~z+
g.28
26i /0
5+ I /\ Bu
'N N—
7
O
HO
TS1
—
+8.1 7.0 B
1ta+ I3
AgNTf, . . CP1 [/
fo) (0.0)
L =NTf, NZQ)I\ Bu
N - ..Ag
L 2

1a CP1 HO % PRO2
Ag carbenoid PRO2
rb3pw91/SDD/6-311++G**//Irb3lyp/LanL2DZ/6-31G* in CH,ClI, solvent (cpcm)

15



S5 KAl oG

fth D KAIZH 2 o 7 rh A INT1 QR 2 BEt L 72, 1e OFiI7 &R R v r BRILRGIC
BT, PV ZFAr 7 voffbYICKE 10 EEBRMLZL A, EBT ra—L 5cp
VT AT LA~ —BAEERTIEE 65%I1C T L7z (Scheme 13), & Hi2, b~y H vic
KX BBALBOSITHT LR, 7 8 v 6e MR 61%TRON, 7 F =L 5S5H~DAHNLK=
NEEDE AN L 72, ke T, A4 v F=A%RKEANCH W72 (Scheme 14), FINET 7a
BFoNT=72%, DDQ ML MGt L7z 2 A, p~F 7 b =1 D 2 0DV VERDHT &
QWFHEBALZ, 7217 v 8aBIENU%THRELNAE, B X 51T, 7VYHRY P TD 1a
DA & v 7 LRI T AL SOGIC BRER L 7= 455, 8a 28K 97% T bz, ¥, H
NMR 25 VT 8a IV T AT LAY—REEYE LTBMlEI N, ZDfthd FOCEHTHEK
L728a DY VI N THYTRATLAY—RAKP -ETH S L, BLURETFFIREILYIC
L) BEH SN AREEREREDS 22.8 keal/mol TH o722 &b, EEmWAYBERE [ Vv F
—VERAL & DNIAREFEIC KL D BT 5 o EOERTOMERLSHECTSH 2720, BEY
ELTBIHE N ETFHIL7Z, 7 8a DFEIEIR, 8a DAV F— A IffiCp—TuvEXRV A
NFLZEA L7z 92 D X MRS RSN, B X AP v =T 27 LA ~— DL
IZ NOESY HHBE#HTIC TIRE L 72 (Scheme 15), TN F TIT, 7 b v 7 EHER D & HGE XK
HHI3H 5 H DD, 820 FEFEN A rBLICE LTI e — 2~ —%2 &KL 7=
BLERE 237\ 8a DBUBRZEWHEE & H MR EZ AT 2700, I LT s 2L
L7,

Scheme 13
o

OH ,‘Bu
N2 _!Bu AgNTf, (10 mol %) _N
N PhCO,H (1 equiv.) S
(30 equiv.)

H,0 (10 equiv.)
_—

g
—_——

OO CH,CI, (0.02M) HO

HO rt,2 h Ph rt,12 h

MnO,

CH,Cl, (0.02 M) HO

Ph (1c was added
1c over 0.5 h) 5c: 65% (76:24 dr) 6c: 61%

Scheme 14 . -
Rotational activation energy

AG* = 22.8 kcal/mol (0b97xd/6-311+G*)

o AgNTf;, (10 mol %) NH
NzQ)I\ Bu PhCO.H (1 equiv.) DDQ (1.2 equiv.)
N indole (3 equiv.) 7 :Bu TEA (7.2 equiv.)
_—

HE —N _—
CH,Cl, (0.2 M) O CH,Cl,/MeOH
r,2h “ (9/1, 0.008 M)
0°C,0.5h
HO HO o

1a 7a: 97% (62:38 dr) 8a: 92% (86:14 dr)

97% (86:14 dr) (One-pot)
i) AgNTf;, (10 mol %), PhCO,H (1 equiv.)
indole (3 equiv.), CH,Cl, (0.02 M), rt, 2 h

ii) DDQ (2 equiv.), TEA (8 equiv.)
CH,Cl,/MeOH (9/1, 0.01 M), 0 °C, 0.5 h

16



Scheme 15

p-Br-BzClI
(2.2 equiv.)
NaH (1.5 equiv.)
8a — 3
THF (0.02 M)
rt,6 h

9a: 84% (91:9 dr) é\k |
¢

9a i
X-ray crystallographic analysis 0 : NOESY correlation

(major diastereomer)

17



6 ML X v F LRI EREUS DR E o Bt

ALY 2 v 7 2 TS AL D HEET ek % et L 72 (Scheme 16) % k% 7e iHfa
A v F=r% i, BrftGEs X BRI MERIGCGETTTRETH Y, 5. 6. 7o
WFNICERERZH L T THICRICKE 2R RITE h 57 (8b-8h), 4 ¥ F—1D
EBFRFT VROV TREINLEEEL, 7 b | fLICERE 2 OB 2 vz
BRd . IR T 8i-8k 23MF b Tz, 4 ¥ F—n 2 fLIC X F AR E RO 81 % w7zl LR
D[RRI DBERECH 5 7z, TN, F 7 XL VAN DOKFRFRT & X F LA O
RREEEICX D, AV F—A—F7 2L VIEAOBERESEICNE  iote ot & B
L7,

Scheme 16
1) R2

R!
N
22 (3 equiv.)

3 AgNTf, (10 mol %), PhCO,H (1 equiv.)

R tBu
CO N~ CH,CI, (0.02 M), rt,2 h
HO o 2) DDQ (2 equiv.), TEA (8 equiv.)
| CH,CI,/MeOH (9/1, 0.01 M)

N 0°C,0.5h
One-pot

Separable atropisomers
8i: 79% (80:20 dr) 8j: 84% (89:11 dr)® 8k: 74% (87:13 dr)® 8l: quant. (58:42 dr)

[a] DDQ: 3 equiv. [b] 1 was added via a syringe pump over 0.5 h

18



HE JyvETFvery¥—L L OB AMEEE

bt v =B HTHET A vy H =337 =FvOeHELZEEN»OERN
CHITERTRET H b | AW LB K UBREI L LM RSB B W THENEE > T %,
Fric, a7 =Av vy -3z onfEoEs I roEHZEDTH2, ® 2o DLA
M. EDOT =4 v OMHEFRIC XY 5 FHNEMPZE (ICT: Intramolecular Charge-
Transfer) Z 75| X232 & cirZ{Ld % (Figure Sa), 2006 £FIC Shao & I L €2 £ 2
ZYNARMACEMD 7 v FRT = vevH—L LCHANETHLLEZRABLE

(Figure 5b) A4 ¥ F—AEIBEFHEGHAME LT, 4 v FL = Vv AETZAEAL L
LTEIC L CICT BRI 572 B2 5, FAAK L7282 B ICT 25| X LG58
&, Ihbb, B HEGEMTH LA v PG EFRAGMNTH L 7u~FHT T
J UG, 2L TENL 2B E AT 5 (Figure 5¢)o X o T, T4 v v —
CLCoMRER T cE 2720, ST 2B L -,

Figure 5
a. One of principles of anion sensors

e e
Electron Conjugating Electron
donor (D) :> bridge acceptor (A)
Intramolecular charge-transfer (ICT)

b. Shao's report c. Dearomatized compound with an indole-naphthalenone unit

8a D 0.05SmM DTk =tYEEREFTHL, T=A4VJHEE LTF, Cl, Br, &7
F7FAT vEZY L, BXOEBERO NI ZFAT IVvEZNLTN 10 YERML /-
(Figure 6a), =~ b o — AR E I L 72 & 25, TBAF ZFIN L 728K D HiEE G &
O E L7z, 51T, a v bua—iEkKE TBAF 2L EROWIEEZ 2 h %
WHIE L 72453, 320nm 225 564 nm ~DREZ ZREEE Y 7 F 238l & v/ (Figure 6b),
COEOEADIFEHEZHL 2T 2L, 82’8 10a DIRTEMEZFIEICL Y Ko 7%
(Figure 6¢), RIEAMERI D, 7vFET =4 & 8a DAV F—NH & DHAEERHICLY,
F7 2L VEHE A Y F = FHRIO A 78505 39.5°~E /NI o TnB T
BIHS2E T o T2, T 72, FEEBIEEREEE (X 16.4 keal/mol & 8a D& [HIEA[EEE X 0 (K < RAE
O, AV F——FT7 XL ) VEEEPERTHELTE 2 LRI N, THIT 10a D
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'HNMR HIEIcCTH—DftEME LCBllENZ2 b, AV F—A—FT7 2L ) VA
DEEEHEL Ir o722 & 2K FFL T3 (Figure 6d), - T, 7v:RT7 =4 V2’ MHAEH
T3 CHER(LLIEEZBIAN - MR, arZftLze#Ezxon 5,

Figure 6

a. Colorimetric tests b. UVlivis spectra
0.8 564 nm

0.7

0.6
o 05 ~FF
Qo

free F cr Br - TEA
(8a only) 01

Conditions': 8a (0.5 pmol)

TBAX (X = F, Cl, Br, I) or TEA (10 equiv.), MeCN (0.05 mM) 250 350 450 550 650 750

A/ nm
Conditions: MeCN (0.017 mM)

c. Computational study

8a' (major diastereomer) 10a
Rotational activation energy
AG¥ = 22.8 kcal/mol AG¥ = 16.4 kcal/mol

[ : naphthalenone plane
0
785 39-5°E é BN : indole plane

®b97xd/6-311+G*
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d. "H NMR experiments (in CD3CN)
Samples (1.9 mg, 0.005 mmol) were dissolved in acetonitrile-d6 (1 mL, 5 mM). TBAF+3H,0 (15.8

mg, 10 equiv.) was used as F anion.

UV o UL

|
L

5.9 S5

10a . |
(8a with TBAF-3H,0) ‘

\
I . P \‘WW_J \

0 7.9 7.8 7.7 7.6 75 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.

21



F3ER AT R P 22 T B R v u BRAE G D B FE

FHIE RER

52 TR RZRICEIRD &L, AL VYRISIEY T LAY L GER SRl %
TEREE. RBIVRYBIURBEAVR ) 4 FEREI R FENTERTH S, L2 LI
FLFTRE L L CEBRBMEARER O ICHBACHE SN Tw 2, ThFE Tty T V1L
EBPTH LT Bronsted FE3CHHET A RtFES, 238, FEOENR O AEH 4 5 LA
MEINTWS, BIFFEETIE, 2018 FIT~L 4 V[EL Schreiner’s thiourea 7% fiftiiE Vs
72y 7z /) —NVEORGEREN A vl G 2 #HE L7z (Scheme 17), %

Scheme 17
maleic acid (10 mol %) , HO,C ~ COM
_ipr Schreiner's thiourea JPr maleic acid
N (10 mol %) —N CF; CF3

(g > ° s
HO (o]

l N

N, o F5C N” °N CF;

H H

0,
85% Schreiner's thiourea

¥ 7z, Wang % Battilocchio H 238E8HE 72 O . K 7 VLAY ZH W2 FEOHEINTE /2, 8
FRICUTAE, Lewis B4 e LTV T VEOIEWALDAIHEZ B(CeFs)® 3 H A D T 5, %
2016 4EIC Zhang &1, B(CeFs); il 2 iGH LittoBE I VXV IETIRAEETCH - 72, 7
/= NDFA N MOER 7 C—H BRI LS ZFAF L 72 (Scheme 18), 62

Scheme 18
OH Ph
N, OH  B(C4Fs); (5 mol %)
)]\ + > CO,Me
Ph” “CO,Me
1 12 C-H Functionalization
(1.5 equiv.) 13: 75%

2020 F 1T Wilkerson-Hill 51X, HARVYEIGICEX K BoNd v 7 v 7 a s ALRIG DS
%, B(CeFs)s il % I\ CER L 72 (Scheme 19), 46

Scheme 19
N>
/@*cozm ©/\ B(CgFs)3 (10 mol %)
+ >
Br
(2 equiv.) Cyclopropanation

75%
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[ HA IC Dasgupta © 1%, B(CoFs); lAATE T, 7 VY T AT Vv ~7 v i BER & FRENIC K
JGEETz, ¥ f v F—levm—L Tl C—H ERERELEIG (Scheme 20). £ ¥ 7 v~
v 7 vcikyrzaravAtE (Scheme21) BAENZIEITT L2 L ERL T2,

Scheme 20
MeO,C
R .o~ B(CgFs)3 Ar Ar
N Hdd :]\/\>—R2 (10 mol %) RS or ®_<
+ :~:~ K —_— \ 2
Ar)J\COZMe N R N CO,Me
R’ N R
R1
C-H Functionalization
Scheme 21
B(CeFs)3 H Ar
N, R3 (10 mol %) 3 J..CO,Me
K " =
Ar CO,Me X « oy
(X =CH,, O) Cyclopropanation

TN ERIFD L LTz B(CeFs) ikl e ¥ 7 VALAYI D RKIGICDWT, BiA e RIG A H =X s
BIRIEBEN T3, ZA&Y, Liu, Jang, Wu 513, E7L¥EHREICIY 72/ —1rD C—
H EBRERELFIED A =X L %S 212 L7z (Scheme22), 4748 & v ZfilliERny 7 vV = 275
NETEHALT 2BRDMEGE 2 — v I3RS 2 L 3D 2, Thbb, FVE-BEEA.
TR KBGO, T L CH VR -BRMEARERT L3002 —vRE2 N5, b
I E ORI DTE L = AL F— 2B L 245580, v R -BREAIC X 0 EE2 ST
L. 7Y — AR VARRZRIC C—H BREEALSUC DS EST 3 2 R A3 b ARICH 2 & fbamiT
J7z,

Scheme 22. Computational studies based on M06-2X/6-311++G**//rb3lyp/6-31G* in CH,Cl, solvent (smd)

(CeF5)3B.
B(CgF5)3/C=0 Ny 24.4 kcal/mol . 6508 \0-'H
bondin OMe OMe N\,
9 Ph)\lr —_— Ph/Y — 3 MeO—” O
o o
(CeFs)sB” “B(CeFs)s Ph™H O
Béce';sg)sfc _ 41.8 keallmol MeO_ _O MeO. _OH
onding . o
M — ph" Sco,Me — > BlCeFel on OH 5 v —13
+

Ph CO,Me (CeFs)sB H Ph ‘
CeF5);B
N,B(Cst)s (CeFs)s \N’H‘\ 44.9 kcal/mol Ph OH
/ 8
| —_— NI [o] —

N
B(CgF5)3/N v | MeO.,C
bonding )\ Ph ez H
Ph” “CO,Me MeO,C H
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L2 LA, SNETHEINAZRIGTCTNOEERY T VT AT AEE*H T %
B 7 VLAY O TRIKIGICR O N TE Y & v EBiE o Bk o @I I3 R 72 A+ T
Hb, UEOMEERZH T 2T, SRIFA, 2 THOW KRS TFHNICY T VT I M
EEAET 2 ERCEYICE Y B ZEH X8 % 2 & T, Lewis BRI % F 72848
7 U — S EREN A e a B LRI ORI RETH 5 & TR L 72 (Figure 7a), #7727 fi
i%%%a>ﬁ£ﬁﬁ IC X0 BB BCSOCIC 31 2 BV E SO & 8 L Wb EHE R o 568

REMERS R 2, ARG IR, FEARG S 7 V7 2 MEE2E T2 520 THRRIGTH
5£ﬁ%ﬂ@ﬁiWk§tb v RO PRI R~OFEMR DX 5, T2, AK
JGD A S =X L E BRI X VTS 2 LT, B i tERE o R A 2 HIRE LIS
WET L7 (Figure 7b),

Figure 7

Activated species

R
a. N,
R
N7 o
N N Spirocyclization? /\ R
HO o
I N, ; /g
N, N Biichner [BI..
Il, I

H Borane cat.
ring expansion?

—_— II+

N
B
OO N~ R Cyclopropanation? "— [B] | I “_
R'O l/go C-H insertion? *[B]
|

B-0 bond? B-N bond? B-C bond?

N2 *Transition-metal-free
*Terminal diazoamide
*Intramolecular
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FH2E MISEMFoRE L

EFAREL LT, BEFFLICRVILAREEPET S 72/ — L 14a #x%EF L 72 (Table

2) AIE L, B VAENERE O A RERZ CREFICHT 70, @A~V
TR NEETH O . PRI EE B 5, FERRIC, A E T TR, 7 = 2 — VR

236 A a B LSEIT L7 15a & X v Y L Biichner BRIE R ASHETT L 72 16a 234K L.
0 Yy LIRAEE T Tl 16a 25 IRAVICAER L 72 (entries 1 and 2), —J7 T, B(CeFs); & 1E
F&EE7zt 25 152 DADBPEK 79% THRH N7z (entry 3), DR 7 Vil Lewis Mfili
EBREIL 72 DD, entry3 A BHFERIZES N2 572 (entries4to7), F 72, Wikl &
LTCELF 2T =2 =T R3AZHRML R, JREOERELBIMI S N7z (entry8), LA L
7u bt VIREITH B 2,6-di-tert-butylpyridine Z flERBAIM L 72 & 25, DT I ﬁ
L7 (entry 9), B(CeFs); &K & DKIGIC & D FET 5 Brensted FEOIRIC L b . BIKIG
ZHNHI L 72720 & FE L 72 (Scheme23), ¥ X o T, entry9 D% Bl s ICHE L 72,

Table 2

Cat. (10 mol %)

BepasE = @f Repse

rt, time

entry Cat. additives time (h) 15a (%) 16a (%) 14a (%)
1 AgSbFg - 3 39 6 0
2 Rh,(OAc),[?! - 3 0 38 0
3 B(C¢Fs)s - 3 79 0 0
4 BPh; - 72 0 0 81
5 BF(mesityl), - 72 26 0 25
6 BF3°Et,0 - 72 63 0 7
7 Sc(0Tf);3 - 72 49 0 trace
8 B(CeFs)s MS 3A (1 g/mmol) 72 35 0 35
9 B(C¢Fs)s 2,6-'Buypy (10 mol %) 48 86 0 0

[a] cat.: 5 mol %

Scheme 23
a. without 2,6-'Bu,py

B(CeFs)s + 2H,0 ——— B(C4F5);0H + Hi0'

b. with 2,6-'Bu,py

B(CeFs)s + 2H,0 + |N\ — > B(C,Fg),0H + H0 +
=

2,6-'Bu,py

ZI
+

N\ /
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FH3E EE oG

BB T IC TRy B2 72 7 = 7 — VORI FIR 2 v o B OG D HE —
%A L 7= (Scheme24), & F o f#EHL ICOWT pr D BEHAIEETH - 7228 (15b).
EEOCERECIRNESPREECEE -7~ (15¢), 7=/ —A2ficzeud 3fiice=
NEEZRFFORE T RIGITET L, SICRT 15d 3 X U 15e 2577, —RERR L 7-3H
Tlx. NERA o LEW 15f BERIIC, 15g 23K 79% T b L7z,

Scheme 24
1 2
R _R?  B(C¢Fs)s (10 mol %) N/R
nN 2,6-Bu,py (10 mol %) R (3 o
HO (&o CH,CI, (0.05 M) K)\/b
N, rt,48 h o
14 15

15b: 98% 15c: 41% 15d: 83%
oo ,-
~"~N- Pr _/\N,PMB
o H H
o aliie s
(o} (o} (o}
15e: 82% 15f: quant. 159: 79%

RIS, A v F—=VFHICH LT B(CeFs); Z1EFH X272 (Scheme25), 2 fi7iC Me 3, ERFE T
FICPMBEEZH TS24 v F—AFEERICT = 7 —VEDORGESEFEZ V72, PREED 18a
MFE S, [(S)-TRIP-Agl, Z{EH & & 72F8 X b @ LB IR c A v a B LA EfT L 7z, 1°
oo CHE AR L 72, ERET L ORERD PriE o E TIXEINEE T 18b 55
Nize THIC, SHEWA v F—r2, 2 fioEHESEE WHEE S EHARETH 5 72,

B—F 7 =N DRI FFRACRICDRET L 72 & &5, FrE o 2a 23U 2% TRbh

72 £ o T, B(CeFs)s 2 1EH L 725 B/IECICIZ, f—F 7 b —AFHIC b H A EET
»HBZLPREBINT (Scheme 26),
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Scheme 25

RZ
N B(CeFs); (10 mol %)
O  2,6-'Buypy (10 mol %)
R N R3\N2 CH,Cl, (0.05 M) R
” rt,24 h
17 18

18a: 84% 18b: 97%? 18c: 87% 18d: 83%?

with [(S)-TRIP-Ag],
60%, 16% ee

[a] Reaction was carried out for 48 h.

Scheme 26
By B(CgFs)3 (10 mol %) JBu
N7 2,6-Bu,py (10 mol %) —N

Et;SiH (3 equiv.) o

HO I (] >
N, CH,Cl, (0.05 M) HO
rt, 48 h
1a 2a: 63%
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FHAaE ICHERERT

BLFEE 2 VT, 14a DB BT R © aB{URED A 1 = X LB 21T o 720 e
HNC, MEFI DB 2RV H-—BEEEEKT AR LICOWTHELZEZ A, 2D
D JOCRREEREH T 7z (Figure 9). 101k, ERMBWHEL 72035 > 7 v 7 a3 VERHITEAL
T 288 (CP15.0—TS25.0—PRO1s0) . b 5 —TIZERMPWBEL 7V —h AR v BERKL 72
®ic, vr7u7a VBB 5 %H (CP13.0>TS35.0—>CP25.0—TS45.0->PRO139) T
Hb, LLaHb, &b b0 RIS RO ENL & V¥ — 25 35.0kcal/mol LA ETH
D, MHOBRKRAEEYB A o B UEATR I b, TR AKIGD RIGRE Tld R w»
T EDRE I NI,

Figure 9
AG
(kcal/mol) N _BAr3
1l o
* s+N O5* TS3z.0
1.9 /X ,Bn
HalV/ N
2.9,
l 124
Aaézz HO
r
0 TS25.0
&+ ==
N7 N—Bn +45.7 +37.9
! . I " ,-60.9
; 4 H Bn * .
HO N e - . '
TS15.0 HE - N N
+12.1 7 84
T4a+ . N BAr . CP1g i N -BAr + BAry,
i 3 B-0 \ HO _BArg.
B(CgFs); - W, Ois " cm— 5J>\N 015 CP25.0 0|1_6 o

‘ N i
1:’%N /Bn 2'1‘.' —
Ar = C6F5

TS35. TS4
CP1g,0 B-0 B-0 rb3lyp/6-31G*

RIT, FUFE-RBHEEAEIRT 2 A= XL %HE L7 (Figure 10), ALY —F 7 H
MRS FAE T B8R HS 2 ~ 2 —vEB I N, —213F VR - REBEEAVPERL 2RI
ERDMEE S D B 7248 8E (14a + B(CeFs)3>TS15.c—>CP1p.c—>TS25.c—>CP2s.0) . b 5 —
T d v R - RFRES OER & RRICERNEEES 2 52210 70888 (14a+ B(CeFs);—TS35.
c—CP2c) TH 5, mni:smmmaiy71wwy7/Xﬂ/aB@Jm%¢%é&
3L, ERGBEEHRERNICT YR -RBBEPER LG L 2B LYEREICIVRL
7= (Figure 11), % #5113 % @‘{E‘l‘i@’%ﬁﬂﬂ*“/—ﬂ?‘?i‘%ﬁﬁﬂﬁi (carbene-borane adduct) &
ML T2, RRIGTIIIE D DGR & 138 b . BRI iR D77 2B 7% X 0 b
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WL A F =2 E W70, BRI R += YR

yayﬁﬂWKL#&
c—TS4p.c—INTlp0). Z DEOEMAL = 4L ¥ —

5, FDH%, AV T F XA —

v AR

ES e

SNz, Tz, KR oEH it 4 v ¥ —
PRI N D GEDO R LD d BEROER b= A v ¥ —23ME w2 & P

=rAN

1% 3.3 keal/mol & {K <

BETIZZDA D= RLBERNTH B & EEL 7=,

. BTt
1% 27.6kcal/mol TH o7z, TV E—E

HO DERBHENTH L LEZ LN
T u BRALSOG 28T

T4 25 (CP2.
T+5%c

b, BB

Figure 10 Carbene- borane adduct
\G (o} 8:‘2
(kcalimol) 0 & B"~N o B Ar3B\)I\
? Bns :l425— TS3p.¢ H "
N “BAr, —
H WA p
; HO
-43.0 TS2 CP2
+43.8 B-C B-C
HO P .. TS2¢
TS1p.c K +7.5 .‘:_" " Ar;;Byl\N Bn
TS1g CPlgc .-~ 5 RS
— ......... ‘n “‘ \
Ar = C¢F5 K K -1.8 \‘. ‘\_27'0 S+..c O
HO”
E o & [
at0 s N+ N, N TS4g.c
Y Bn 1.9.N2 Bn &2
;. ',' ~N oH N "'lBAr3 AN TS4g ¢ BAr3
3.4 H"® . +N;
1da+ 5% N CP2gc . INT1
; BAr, LN B-C
B(CeFs)s - 2433 a5 *N,
HO HO
TS3p¢ CP1g¢ rb3lyp/6-31G*
Figure 11
) 5— A
Arad— Ar
"B 'Pn
Ph AF
Ara,_ _Ar B
:B/ ®)\ 8+N Ph
N N’
Ar = C¢F5
19.4 ’_“,
) T8 ' Ny +
Ph,C: +
B(CeFs)3
— 10.0
0 0~—'"" dissociated ‘.‘
Ph‘ van der Waals . Ara=_Ar
' ~B
DNy Comerex ‘.tijﬁﬁr\rﬂﬁ’ Ph
- e
B(CeFs)3

Ph
by +Ny

-33.0
Carbene-borane adduct
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aul
oM

FAIAGCHIC T, UToC e 2o/,

F1EICT, TN E CHMFIREIC T MHA TE 72, B EFEN A ©aBHLKIGE X U4
JBA N YRR IC DWW TR, BRI IC BT 2 2 b O EEPEER L 72,

28T, M A L 72 p— 7 7 b — VO JEER T A IRAL KOG D BRFENTIEIC
DWTih 72 (Scheme 27), {HFEWDB—F 7 b = HlBEOR V¥ ) 4 FEBORIF &L
I L, A e u BRI 2 % REIGR 96% CAM L 72, & bIcB LR R AT AR
(CRIERRA NS 4 P bEESET L T2 2 e 2SI Lz, T2 4 ¥ F—afb
RIGICHE K BILRIG L W F7 217 v 8 BAML 2. AL T 8 DL niEits X okt
LB A2IEH L. 8O 7 vET A v v H—L LCOERE®BHL -,

Scheme 27
o t
AgNTf, (cat.) %, 9
NZQ)I\N,'BU PhCO,H [A_]—‘A)LN’IBU
2 Et,SiH e "y
R10 R10

1) AgNTf, (cat.)
PhCO,H, indole

2) DDQ, TEA

up to quant.
up to 89:11 dr

H3 iCT, KT VER VB EIR 7 ) — AT E R R © u B O B
LI DWW TR~ 72 (Scheme 28). EMEEAMBAFE T Tl Biichner BRIAKSIG 23 HEIT 3 % K
BT LTh, B(CeFs)s ZfFH &2 5 Z & T, BHEEFBEN AR v u B L RGMEEF IR i
T3l L7, 20 = X LMHTIC X o T REUCIEBERIOHEEH] & 13875 0 |
R R IKFEREA T AT DIETERE O BRI R BRI X e, AR (R E R 2 RO
T7x/)—NRA V= f—F 7 PN EeRRA BT ERLEYICER TS 5 2 & bifEREL
726
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Scheme 28
Transition-~ Carbene-borane adduct

metal-free (o} E
B(CeFs)s (cat) = A Bn
N Ar;B-% -
2,6-Bu,py (cat.) e N —N
—_— H S (o]
HO | o
N2
(o)
14a HO *N, 15a
(Ar = C¢Fs)
Transition-metal cat. /©/\N
HO o)
16a

31



FEBR DL

F%
1.General INfOrMAtION. . ...ecverriireiieeee sttt sr e r e e sr e e resresreennenrenreas P33
2. Characterization of Dearomatized Products 4a—41, 5a, 6a, 7¢, 8¢, 9a-91. 10a.........cccounnn.... P34
3. Xray CryStalloOGraphic DaAta........eeecersrrieerrerrreeeeeeeeteeeeertestseeeessseessntnntsieasssssssreeseesrreeeeeeee P51
4. Additional Studies 0n F~ ANION SENSOTL.......ccoiiiieeeerirenre e e P57
5. Synthesis and Characterization of SUBStrates 1a-La. .. .uuuenenee e, P58
6.Caomputational Details 0f Part 2.............ccouviiiieeiiieiie e P68
7.Characterization of Dearomatized Products 15a-15g, 18a-18d.........cccevvviiiiiiiniiininnne. P102
8. Synthesis and Characterization of Substrates 14a-14g, 17a-17d...........coceevvriiinininnnn P106
9.Computational Details Of Part 3...........c.ocuvuniuiiiiii e P108

32



1. General Information

NMR spectra were recorded at 400 MHz or 600 MHz for *H NMR, 100 MHz or 150 MHz for 3C
NMR, and 564 MHz for **F NMR Chemical shifts in CDCl;, CD;0D, or DMSO-d6, were reported
downfield from TMS (= 0 ppm) or solvent signals [CH3;0H (3.31 ppm), DMSO (2.50 ppm)] for 'H
NMR. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,

sep = septet, m = multiplet, and br = broad), integration and coupling constants in Hz. For 3C NMR,
chemical shifts were reported in the scale relative to the solvent signal [CHCl; (77.16 ppm), CH;0H
(49.00 ppm), DMSO (39.52 ppm)] as an internal reference. ESI mass spectra were measured on JEOL
AccuTOF LC-plus JIMS-T100LP. Optical rotations were measured on a JASCO P-1020 polarimeter.
Melting points were measured with a SIBATA NEL-270 melting point apparatus. The UV-Vis
spectrometer was a JASCO V-730 spectrometer. Analytical thin layer chromatography was performed
on Kieselgel 60F254, 0.25 mm-thick plates. Column chromatography was performed with silica gel
60 N (spherical, neutral 63-210 mesh). Reactions were conducted in dry solvent. Other reagents were

purified by the usual methods.
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2. Characterization of Dearomatized Cyclic Products 4a—4i, 5a, 6a, 7c. 8c, 9a-91, 10a

General Procedure A for Reductive Dearomatization

Method A
AgNTf, (10 mol %)
PhCOOH (1 equiv.)
R Et3SiH (3 equiv.)

f IBU
N“BY CH,Cl, (0.2 M), 0°C, 0.5 h R N
> (0]
R?0 0

| Method B
N AgNTf, (10 mol %) R?0
1 PhCOOH (1 equiv.) 2
Et3SiH (3 equiv.)
CH,Cl, (0.02 M), 0°C, 0.5 h
1 was added over 0.5 h

4
’
‘

Method
A: A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with
AgNTf (3.9 mg, 0.01 mmol, 10 mol%), benzoic acid (12.2 mg, 0.1 mmol, 1 equiv.), and triethylsilane
(47.9 pL, 0.3 mmol, 3 equiv.), which were subsequently dissolved partially in CH,Cl, (0.5 mL) under
an argon gas atmosphere. Diazo compound 1 (0.1 mmol) was added to the suspension at 0 °C in an
ice bath, and the reaction mixture was stirred for 0.5 h at the same temperature. The reaction was
quenched with the addition of water and 1 M TBAF in THF (0.1 mL), and stirred for 15 min at room
temperature. The aqueous solution was extracted with CH,Cl>%2. The combined organic layers were
washed with brine, dried over Na;SOs, and concentrated under reduced pressure. The obtained crude
residue was purified by flash column chromatography (column condition; gradient elution: n-

hexane/EtOAc, 3/1 — 1/1) to afford spirocyclic compound 2.

Method B: A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged
with AgNTf; (3.9 mg, 0.01 mmol, 10 mol%), benzoic acid (12.2 mg, 0.1 mmol, 1 equiv.), and
triethylsilane (47.9 pL, 0.3 mmol, 3 equiv.), which were subsequently dissolved partially in CH>Cl,
(1 mL) under an argon gas atmosphere. Diazo compound 1 (0.1 mmol) in CH>Cl, (4 mL) was added
slowly over 0.5 h via a syringe pump to the suspension at 0 °C in an ice bath, and the reaction mixture
was stirred for 0.5 h at the same temperature. The reaction was quenched with the addition of water
and 1 M TBAF in THF (0.1 mL), and stirred for 15 min at room temperature. The aqueous solution
was extracted with CH,Clbx2. The combined organic layers were washed with brine, dried over
NayS04, and concentrated under reduced pressure. The obtained crude residue was purified by flash
column chromatography (column condition; gradient elution: n-hexane/EtOAc, 3/1 — 1/1) to afford

spirocyclic compound 2.
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1'-(tert-Butyl)-6-hydroxy-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2a)

Prepared according to the general procedure A (Method A) using 1a (29.7 mg), and isolated as white
solid (21.6 mg, 80% yield).: m.p. 220-221 °C; Ry= 0.4 (n-hexane/EtOAc, 1/1); 'H NMR (600 MHz,
CDCl) 6 6.95 (d, J = 9.6 Hz, 1H), 6.63 (d, J = 9.6 Hz, 1H), 6.58 (s, 1H), 6.39 (d, /= 9.6 Hz, 1H),
5.86 (d, /J=9.6 Hz, 1H), 5.67 (br s, 1H), 3.37 (d, /= 10.8 Hz, 1H), 3.30 (d, /= 10.8 Hz, 1H), 2.81 (d,
J=15.6 Hz, 1H), 2.77 (d, J=15.6 Hz, 1H), 2.38 (d, /= 18.6 Hz, 1H), 2.35 (d, /= 18.6 Hz, 1H), 1.39
(s, 9H); 3C NMR (150 MHz, CDCls) 8 174.1, 155.1, 134.9, 134.3, 129.4, 128.5, 124.9, 114.2, 113.5,
55.8, 54.2, 45.5, 38.6, 36.8, 27.9 (3C); IR (ATR) 3113, 2970, 2928, 1730, 1650, 1601, 1445, 1421,
1365, 1284, 1218 cm™!; HRMS (ESI-TOF) [M + Na]* caled for C17H21NNaO2" m/z 294.1465, found
m/z 294.1465.

5-Allyl-1'-(tert-butyl)-6-hydroxy-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2b)

Prepared according to the general procedure A (Method B) using 1b (33.7 mg), and isolated as yellow
solid (24.3 mg, 78% yield).: m.p. 69-71 °C; Ry= 0.5 (n-hexane/EtOAc, 1/1); '"H NMR (600 MHz,
CDCL) 6 6.84 (d, J= 7.8 Hz, 1H), 6.66 (d, J= 9.6 Hz, 1H), 6.65 (d, J= 7.8 Hz, 1H), 5.95 (ddt, J =
16.8,9.6, 6.0 Hz, 1H), 5.88 (d, /=9.6 Hz, 1H), 5.01 (dd, /= 9.6, 1.8 Hz, 1H), 4.92 (dd, /= 16.8, 1.8
Hz, 1H), 3.47 (d, J = 6.0 Hz, 2H), 3.37 (d, /= 10.2 Hz, 1H), 3.31 (d, /= 10.2 Hz, 1H), 2.79 (d, J =
15.6 Hz, 1H), 2.75 (d, /= 15.6 Hz, 1H), 2.36 (d, /= 16.8 Hz, 1H), 2.33 (d, J=16.8 Hz, 1H), 1.39 (s,
9H); '*C NMR (150 MHz, CDCl3) & 174.4, 153.6, 136.4, 134.8, 132.3, 127.3, 125.6, 125.0, 122.0,
115.3, 114.2, 55.9, 54.3, 44.9, 39.6, 36.1, 29.6, 27.9 (3C); IR (ATR) 3275, 2971, 2926, 2876, 1739,
1649, 1365, 1217 cm™'; HRMS (ESI-TOF) [M + Na]" caled for C20H2sNNaO>" m/z 334.1778, found
m/z 334.1770.

35



1'-(tert-Butyl)-6-hydroxy-5-phenyl-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2¢)

Prepared according to the general procedure A (Method B) using 1¢ (37.3 mg), and isolated as yellow
solid (25.4 mg, 73% yield).: m.p. 225-227 °C; Ry= 0.4 (n-hexane/EtOAc, 2/1); 'H NMR (600 MHz,
CDCl) 6 7.50 (dd, J = 8.4, 8.4 Hz, 2H), 7.43 (dd, J = 8.4, 8.4 Hz, 1H), 7.29 (d, J = 8.4 Hz, 2H), 7.03
(d,J=9.6 Hz, 1H), 6.83 (d, /J=9.6 Hz, 1H), 6.16 (d, /= 10.8 Hz, 1H), 5.76 (d, /= 10.8 Hz, 1H), 5.26
(brs, 1H), 3.41 (d,J=10.8 Hz, 1H), 3.28 (d, /= 10.8 Hz, 1H), 2.87 (d, /= 15.6 Hz, 1H), 2.84 (d, /=
15.6 Hz, 1H), 2.39 (s, 2H), 1.39 (s, 9H); 3*C NMR (150 MHz, CDCl;3) § 174.0, 152.1, 135.0, 134.3,
131.7,130.9, 130.8, 129.4, 129.3, 128.8, 128.4, 126.3, 125.6, 125.1, 114.0, 55.5, 54.1,45.6, 39.3, 36.1,
27.9 (3C); IR (ATR) 3030, 2970, 2934, 2710, 1745, 1644, 1568, 1432, 1364, 1279, 1215 cm™!; HRMS
(ESI-TOF) [M + Na]" caled for C23H2sNNaO>" m/z 370.1778, found m/z 370.1778.

Bu
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1'-(tert-Butyl)-6-hydroxy-5-(4-methoxyphenyl)-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one
2d)
Prepared according to the general procedure A (Method B) using 1d (40.3 mg), and isolated as yellow
solid (28.5 mg, 76% yield).: m.p. 199-201 °C; Ry= 0.4 (n-hexane/EtOAc, 1/1); '"H NMR (600 MHz,
CDCL) 6 7.21 (d, J=9.0 Hz, 2H), 7.04 (d, /= 9.0 Hz, 2H), 7.01 (d, J= 7.8 Hz, 1H), 6.81 (d,J=7.8
Hz, 1H), 6.18 (d, J=9.6 Hz, 1H), 5.77 (d, J= 9.6 Hz, 1H), 5.04 (br s, 1H), 3.87 (s, 3H), 3.40 (d, J =
10.8 Hz, 1H), 3.27 (d, /= 10.8 Hz, 1H), 2.86 (d, J = 15.6 Hz, 1H), 2.83 (d, J=15.6 Hz, 1H), 2.37 (s,
2H), 1.38 (s, 9H); '3C NMR (150 MHz, CDCl3) & 173.9, 159.7, 152.3, 135.0, 135.0, 132.1, 132.0,
128.6,126.4,125.9, 125.2,125.1, 114.9, 114.8, 113.8, 55.5, 55.5, 54.1, 45.7, 39.4, 36.1, 27.9 (3C); IR
(ATR) 2956, 2829, 1749, 1648, 1601, 1514, 1444, 1430, 1364, 1281, 1243, 1218 cm™!; HRMS (ESI-
TOF) [M + H]" calcd for C24H2sNO3* m/z 378.2064, found m/z 378.2065
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5-(3,5-Bis(trifluoromethyl)phenyl)-1'-(fert-butyl)-6-hydroxy-1H-spiro[naphthalene-2,3'-
pyrrolidin]-5'-one (2e)

Prepared according to the general procedure A (Method B) using le (30.0 mg), and isolated as
colorless oil (13.4 mg, 47% yield, 0.059 mmol scale).; Ry= 0.5 (n-hexane/EtOAc, 1/1); 'H NMR (600
MHz, CDCls) & 7.88 (s, 1H), 7.77 (s, 1H), 7.74 (s, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.78 (d, J = 8.4 Hz,
1H), 6.32 (br s, 1H), 6.08 (d, J=9.6 Hz, 1H), 5.84 (d, /= 9.6 Hz, 1H), 3.41 (d, /= 10.2 Hz, 1H), 3.35
(d, J=10.2 Hz, 1H), 2.88 (d, /= 15.0 Hz, 1H), 2.82 (d, /= 15.0 Hz, 1H), 2.38 (d, /= 17.4 Hz, 1H),
2.35 (d, J = 17.4 Hz, 1H), 1.40 (s, 9H); 3*C NMR (150 MHz, CDCls) § 174.1, 152.4, 137.9, 136.0,
131.9,131.8 (J=27.3 Hz, 2C), 131.3, 129.8, 125.5, 125.3, 123.5 (/= 270.0 Hz, 2C), 123.2, 121.5 (J
=3.0 Hz, 2C), 114.5, 55.9, 54.4, 44.7, 39.3, 36.2, 27.9 (3C); ’F NMR (564 MHz, CDCI3) § -62.6; IR
(ATR) 3331, 1659, 1577, 1456, 1424, 1369, 1279, 1218, 1176 cm™!; HRMS (ESI-TOF) [M + Na]*
caled for CasHasFeNNaO»" m/z 506.1525, found m/z 506.1536

t
/Bu

1'-(tert-Butyl)-6-hydroxy-3-phenyl-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2f)

Prepared according to the general procedure A (Method B) using 1f (37.3 mg), CH»Cl (0.01 M), and
MS 3A (100 mg) and isolated as white solid (22.5 mg, 65% yield).: m.p. 230-232 °C; R;= 0.3 (n-
hexane/EtOAc, 1/1); 'TH NMR (600 MHz, CDCl3)  7.37 (dd, J= 8.4, 7.2 Hz, 2H), 7.32 (t, /= 7.2 Hz,
1H), 7.22 (d, J= 8.4 Hz, 2H), 7.03 (d, J= 8.4 Hz, 1H), 6.66 (d, J= 8.4 Hz, 1H), 6.62 (s, 1H), 6.42 (s,
1H), 5.00 (br s, 1H), 3.51 (d, J=9.0 Hz, 1H), 3.38 (d, /= 9.0 Hz, 1H), 2.97 (d, /= 15.0 Hz, 1H), 2.90
(d, J=15.0 Hz, 1H), 2.74 (d, J = 15.6 Hz, 1H), 2.32 (d, J= 15.6 Hz, 1H), 1.32 (s, 9H); 3C NMR (150
MHz, DMSO-d6) 6 172.4, 156.4, 145.4, 140.1, 134.3, 128.9, 128.4 (2C), 127.9, 127.8 (2C), 127.5,
123.2, 114.3, 113.5, 53.3, 53.0, 43.8, 40.6, 38.1, 27.2 (3C); IR (ATR) 2956, 2829, 1749, 1648, 1601,
1514, 1444, 1430, 1364, 1281, 1243, 1218 c¢cm™'; HRMS (ESI-TOF) [M + Na]® caled for
C23H2sNNaO»" m/z 370.1778, found m/z 370.1762

37



5-Bromo-1'-(zert-butyl)-6-hydroxy-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2g)

Prepared according to the general procedure A (Method B) using 1g (37.6 mg) and MS 3A (100 mg)
and isolated as white solid (16.7 mg, 48% yield).: m.p. 205-207 °C; Rr= 0.5 (n-hexane/EtOAc, 1/1);
'"H NMR (600 MHz, CD30D) & 6.96 (d, J= 8.4 Hz, 1H), 6.91 (d, /=9.6 Hz, 1H), 6.73 (d, /= 8.4 Hz,
1H), 6.06 (d, J=9.6 Hz, 1H), 3.45 (d, /= 10.2 Hz, 1H), 3.41 (d, /= 10.2 Hz, 1H), 2.85 (d, J=16.2
Hz, 1H), 2.78 (d, /= 16.2 Hz, 1H), 2.37 (d, /= 16.2 Hz, 1H), 2.31 (d, /= 16.2 Hz, 1H),1.39 (s, 9H);
BC NMR (150 MHz, CDsOD) 8 176.0, 154.5, 137.4, 134.1, 129.0, 128.2, 127.0, 115.5, 111.1, 56.4,
55.4,45.9,39.7,37.4, 27.9 (3C); IR (ATR) 3373, 2973, 2925, 2485, 2077, 1651, 1471, 1418, 1295,
1217, 1117 cm™'; HRMS (ESI-TOF) [M + Na]* calcd for C17H20BrNNaO," m/z 372.0570, found m/z
372.0572

Bu
7
/N
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1'-(tert-Butyl)-6-methoxy-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2h)

Prepared according to the general procedure A (Method B) using 1h (31.1 mg) and MS 3A (100 mg),
and isolated as colorless oil (21.6 mg, 76% yield).; Ry = 0.6 (n-hexane/EtOAc, 1/1); '"H NMR (600
MHz, CDCl3) 6 7.03 (d, J = 8.4 Hz, 1H), 6.65 (d, J=2.4 Hz, 1H), 6.44 (d, J=9.6 Hz, 1H), 5.88 (d, J
=9.6 Hz, 1H), 5.71 (dd, J= 8.4, 2.4 Hz, 1H), 3.80 (s, 3H), 3.37 (d, /= 8.4 Hz, 1H), 3.27 (d, /= 8.4
Hz, 1H), 2.83 (d, J=16.2 Hz, 1H), 2.81 (d, /= 16.2 Hz, 1H), 2.41 (d, /= 16.8 Hz, 1H), 2.35 (d, J =
16.8 Hz, 1H), 1.38 (s, 9H); *C NMR (150 MHz, CDCl3) § 173.9, 158.9, 135.1, 134.1, 129.2, 128.5,
125.2, 112.6, 112.2, 55.5, 55.5, 54.1, 45.8, 38.6, 36.7, 27.9 (3C); IR (ATR) 3352, 2971, 2871, 1682,
1604, 1573, 1494, 1404, 1364, 1300, 1261, 1222 cm™!; HRMS (ESI-TOF) [M + Na]* caled for
CisH23NNaO," m/z 308.1621, found m/z 308.1635

~
S
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1'-(tert-Butyl)-6-((tert-butyldimethylsilyl)oxy)-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (2i)
Prepared according to the general procedure A using 1i (41.2 mg) and MS 3A (100 mg), and isolated
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as colorless oil (37.2 mg, 96% yield).; Ry= 0.8 (n-hexane/EtOAc, 1/1); 'H NMR (600 MHz, CDCl3)
8 6.95 (d,J=8.4 Hz, 1H), 6.63 (dd, J= 8.4, 3.0 Hz, 1H), 6.56 (d, /= 3.0 Hz, 1H), 6.39 (d, /= 9.6 Hz,
1H), 5.84 (d, J=9.6 Hz, 1H), 3.36 (d, /= 9.6 Hz, 1H), 3.27 (d, /= 9.6 Hz, 1H), 2.81 (d, /= 15.6 Hz,
1H),2.78 (d, J=15.6 Hz, 1H), 2.39 (d, /= 16.2 Hz, 1H), 2.34 (d, /= 16.2 Hz, 1H), 1.38 (s, 9H), 0.98
(s, 9H), 0.20 (s, 6H); *C NMR (150 MHz, CDCl3) & 173.9, 154.8, 134.7, 134.1, 129.2, 128.5, 125.8,
118.8, 118.1, 55.6, 54.1, 45.8, 38.7, 36.7, 27.9 (3C), 25.8 (3C), 18.3, -4.3 (2C); IR (ATR) 2957, 2929,
2858, 1747, 1688, 1604, 1568, 1492, 1401, 1363, 1277 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for
C23H35NNaO,Si™ m/z 408.2329, found m/z 408.2343

Characterization of 3a and 4a

2-(tert-Butyl)-7-hydroxy-2,3,9b,9c-tetrahydro-1H-naphtho[2',1':1,3]cyclopropa[1,2-c]pyrrol-1-
one (3a)

Prepared according to general procedure A using Rho(OAc)4 (4.4 mg) instead of AgNTT,, and isolated
yellow solid (23.7 mg, 88% yield) (preparative thin layer chromatography condition: toluene/EtOAc
2/1).: m.p. 206-208 °C; Ry= 0.4 (n-hexane/EtOAc, 1/1); '"H NMR (600 MHz, CDCls) § 7.25 (d, J =
8.4 Hz, 1H), 6.77 (dd, J = 8.4, 2.4 Hz, 1H), 6.62 (d, J=2.4 Hz, 1H), 6.29 (d, /= 9.6 Hz, 1H), 6.08 (br
s, 1H), 6.08 (d, /J=9.6 Hz, 1H), 3.76 (d, /= 10.8 Hz, 1H), 3.59 (d, /= 10.8 Hz, 1H), 2.56 (d, /= 1.8
Hz, 1H), 1.41 (s, 9H), 0.72 (d, J = 1.8 Hz, 1H); '3C NMR (150 MHz, CDCls) § 175.7, 154.9, 132.4,
130.0, 126.1,125.4, 124.1, 115.5, 114.7, 54.0, 52.1, 33.4, 28.0, 27.8 (3C), 26.3; IR (ATR) 3250, 2967,
2927, 1708, 1636, 1562, 1486, 1417, 1365, 1277, 1216 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for
Ci17H1oNNaO,* m/z 292.1308, found m/z 292.1310.
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2-(tert-Butyl)-7-hydroxy-1,10a-dihydrobenzo[4,5]cyclohepta[1,2-c]|pyrrol-3(2H)-one (4a)

Prepared according to general procedure A using Rho(OAc)4 (4.4 mg) instead of AgNTH, and isolated
yellow solid (2.4 mg, 9% yield) (preparative thin layer chromatography condition: toluene/EtOAc
2/1).: m.p. 216218 °C; Ry= 0.4 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCl3) § 7.72 (d, J =
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7.6 Hz, 1H), 7.71 (br s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.48 (d, J = 8.8 Hz, 1H), 7.16 (s, 1H), 7.13 (d,
J=8.8 Hz, 1H), 5.21 (s, 1H), 4.70 (dd, J = 5.2, 2.4 Hz, 1H), 3.28 (dd, J = 14.8, 5.2 Hz, 1H), 2.74 (dd,
J=14.8,2.4 Hz, 1H), 1.26 (s, 9H); '*C NMR (150 MHz, CDCls) § 167.7, 154.0, 136.2, 134.6, 129.8,
128.8, 127.5, 126.0, 124.3, 118.5, 109.7, 54.9, 53.5, 45.9, 28.3 (3C); IR (ATR) 3287, 2973, 2929, 1711,
1635, 1607, 1446, 1366, 1287, 1226 cm™'; HRMS (ESI-TOF) [M + Na]* caled for Ci7H;0NNaO,* m/z
292.1308, found m/z 292.1315.

Procedure for Dearomatizative Spirocyclization with Water and Oxidation

AgNTf, (10 mol %)
PhCOOH (1 equiv.)

H,O (10 equiv.) O Mno, (30 equiv.)

1c > —_—
CH.,Cl, (0.02 M) HO CH,Cl, (0.02 M) O
i, 2 h it, 12 h
5¢: 65% (76:24 dr) 6c: 61%

A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with AgNTf,
(5.8 mg, 0.015 mmol, 10 mol%), benzoic acid (18.3 mg, 0.15 mmol, 1 equiv.), and H,O (27 pL, 1.5
mmol, 10 equiv.), which were subsequently dissolved partially in CH>Cl, (1.5 mL) under an argon gas
atmosphere. Diazo compound 1¢ (56.0 mg, 0.15 mmol) in CH>Cl, (6 mL) was added slowly over 0.5
h via a syringe pump to the suspension at room temperature, and the reaction mixture was stirred for
0.5 h at the same temperature. The reaction was quenched with the addition of water. The aqueous
solution was extracted with CH2Clyx2. The combined organic layers were washed with brine, dried
over NaySQys, concentrated under reduced pressure. The obtained crude residue was purified by flash
column chromatography (column condition; gradient elution: n-hexane/EtOAc, 1/1 — 1/3) to afford
spirocyclic compound Sc as colorless oil (35.5 mg, 65% yield, 76:24 dr).

A pre-dried 30 mL eggplant-shaped flask were equipped with a magnetic stir bar was charged with 7¢
(35.3 mg, 0.098 mmol), which was subsequently dissolved in CH>Cl, (4.9 mL) under an argon gas
atmosphere. To a stirred solution was added MnO> (252.1 mg, 2.9 mmol, 30 equiv.), and the reaction
mixture was stirred for 12 h at room temperature. The reaction was diluted with CH>Cl,, filtrated
through Celite®. The filtrate was concentrated under reduced pressure, and purified by flash column
chromatography (n-hexane/EtOAc, 1/2) to afford spirocyclic compound 6¢ as pale yellow solid (21.8
mg, 61% yield).
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1'-(tert-Butyl)-1,6-dihydroxy-5-phenyl-1H-spiro[naphthalene-2,3'-pyrrolidin]-5'-one (5¢)

Ry= 0.2 (n-hexane/EtOAc, 1/2); '"H NMR (600 MHz, CD3OD) § 7.40 (br s, 1H), 7.40 (dd, J="7.8, 7.8
Hz, 2H), 7.33 (d, /= 7.8 Hz, 1H), 7.26 (t, /= 7.8 Hz, 1H), 7.22 (d, J=9.6 Hz, 1H), 7.26-7.19 (m, 1H),
7.16 (d, J=9.6 Hz, 1H), 6.80 (d, /= 7.8 Hz, 1H), 6.19 (d, /= 9.6 Hz, 1H), 5.81 (d, /= 9.6 Hz, 1H),
4.44 (s, 1H), 3.97 (d, J=10.2 Hz, 1H), 3.39 (d, /= 10.2 Hz, 1H), 2.51 (d, J=16.2 Hz, 1H), 2.12 (d,
J =162 Hz, 1H), 1.41 (s, 9H); '*C NMR (150 MHz, CD;0D) § 176.1, 155.9, 137.5, 134.8, 132.6,
132.0, 131.9, 131.8, 129.4, 129.3, 129.0, 128.1, 128.0, 126.6, 115.2, 74.7, 55.5, 53.1, 44.1, 42.3, 27.9
(3C) (NMR data of major diastereomer of 7¢ were shown.); IR (ATR) 2970, 2950, 1746, 1714, 1666,
1646, 1369, 1316, 1284 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for C23HosNNaOs™ m/z 386.1727,
found m/z 386.1727.

1'-(tert-Butyl)-6-hydroxy-5-phenyl-1H-spiro[naphthalene-2,3'-pyrrolidine]-1,5'-dione (6¢)

m.p. 235-237 °C; Ry= 0.4 (n-hexane/EtOAc, 1/2); 'H NMR (600 MHz, CDCls) 6 8.07 (d, J= 7.8 Hz,
1H), 7.55 (d, J= 6.0 Hz, 1H), 7.53 (d, /= 6.0 Hz, 1H), 7.48 (t, /= 7.2 Hz, 1H), 7.31 (d, J=7.2 Hz,
1H), 7.30 (d, J=7.2 Hz, 1H), 7.03 (d, /= 7.8 Hz, 1H), 6.69 (br s, 1H), 6.32 (d, /= 10.2 Hz, 1H), 6.18
(d,J=10.2Hz, 1H), 3.86 (d,J=9.6 Hz, 1H), 3.33 (d, /=9.6 Hz, 1H), 2.94 (d, /= 16.2 Hz, 1H), 2.30
(d, J=16.2 Hz, 1H), 1.42 (s, 9H); '3*C NMR (150 MHz, CDCls) & 198.7, 172.4, 159.6, 137.6, 136.8,
133.2,131.0, 130.8, 129.6, 129.5 (2C), 128.9, 125.8, 122.4, 122.2, 115.7, 55.3, 54.7, 47.0, 44.4, 27.8
(30); IR (ATR) 2971, 2751, 2702, 2665, 1745, 1656, 1565, 1434, 1409, 1304, 1262, 1207, 1088 cm™!;
HRMS (ESI-TOF) [M + Na]* calcd for C23H23NNaOs* m/z 384.1570, found m/z 384.1572.
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General Procedure B for One-pot Tandem Oxidative Dearomatizing Spirocyclization

1) RrR2 3

R
N
2~ (3 equiv.)

AgNTf, (10 mol %)

R By PhCOOH (1 equiv.)
N CH,Cl, (0.02 M), rt, 2 h
HO (&o
2) DDQ (2 equiv.), TEA (8 equiv.)

CH,Cl,/MeOH (9/1, 0.01 M) 1)
1 0°C,0.5h 8

|
Ny

A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with AgNTf,
(3.9 mg, 0.01 mmol, 10 mol%), an indole derivative (0.3 mmol, 3 equiv.), benzoic acid (12.2 mg, 0.1
mmol, 1 equiv.), and 1 (0.1 mmol), which were subsequently dissolved partially in CH>Cl, (5 mL)
under an argon gas atmosphere. The reaction mixture was stirred for 2 h at room temperature, and then
cooled to 0 °C in an ice bath. TEA (111.5 uL, 0.8 mmol, 8 equiv.), MeOH (1 mL), and DDQ (45.4 mg,
0.2 mmol, 2 equiv.) in CH>Cl, (4 mL) was added dropwise to the reaction mixture, and stirring was
continued for 0.5 h at the same temperature. The reaction was quenched with the addition of 1 N
aqueous NaOH. The aqueous solution was extracted with CH>Cl>%3, and the combined organic layers
were washed with brine, dried over Na,SOj4, concentrated under reduced pressure. The obtained crude
residue was purified by flash column chromatography (column condition; diol SiO,, gradient elution:

n-hexane/EtOAc, 2/1 — 1/4) to afford 8.

NMR data of major diastereomers of 8a-i, k, 1 and 9a were shown.

1'-(tert-Butyl)-1-(1 H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione (8a)

Prepared according to the general procedure B using 1a and indole, and isolated as orange solid (37.4
mg, 97% yield).: m.p. 159-161 °C; Ry= 0.2 (n-hexane/EtOAc, 1/3); 'H NMR (600 MHz, CDCls) &
9.32 (brs, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.33 (d, J= 1.8 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.27 (dd,
J=8.4,72Hz, 1H), 7.16 (dd, J= 8.4, 7.2 Hz, 1H), 7.01 (d, /= 9.6 Hz, 1H), 6.66 (d, J=9.6 Hz, 1H),
6.35(d,J=9.6 Hz, 1H), 6.29 (d, J= 1.8 Hz, 1H), 6.24 (d, /=9.6, 1.8 Hz, 1H), 3.51 (d, /= 10.8 Hz,
1H), 3.45 (d, J=10.8 Hz, 1H), 2.91 (d, J= 18.0 Hz, 1H), 2.80 (d, /= 18.0 Hz, 1H), 0.84 (s, 9H); '3C
NMR (150 MHz, CDCl3) 6 187.9, 172.3, 153.8, 140.2, 139.6, 137.4, 135.6, 129.5, 128.7, 128.1, 126.1,
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124.0,123.4,123.3,121.3,118.9,111.9, 110.5, 54.8, 54.2, 44.5, 43.1, 27.0 (3C); IR (ATR) 3134, 2971,
2923, 1748, 1672, 1621, 1549, 1509, 1453, 1410, 1217 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for
C25H24N2NaO2" m/z 407.1730, found m/z 407.1739.

1'-(tert-Butyl)-1-(7-methoxy-1H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
(8b)

Prepared according to the general procedure B using 1a and 7-methoxyindole, and isolated as orange
solid (39.6 mg, 95% yield).: m.p. 155-156 °C; Ry= 0.2 (n-hexane/EtOAc, 1/3); 'H NMR (600 MHz,
CDCl) 6 8.81 (brs, 1H), 7.29 (d, /= 1.8 Hz, 1H), 7.08 (dd, J=7.8, 7.2 Hz, 1H), 7.00 (d, /= 10.2 Hz,
1H), 6.87 (d, /= 7.8 Hz, 1H), 6.71 (d, J= 7.2 Hz, 1H), 6.64 (d, /= 9.0 Hz, 1H), 6.35 (d, /= 9.0 Hz,
1H), 6.28 (d, J= 1.8 Hz, 1H), 6.23 (dd, /= 10.2, 1.8 Hz, 1H), 3.99 (s, 3H), 3.47 (d, /= 10.2 Hz, 1H),
3.44 (d,J=10.2 Hz, 1H),2.91 (d, J= 17.4 Hz, 1H), 2.73 (d, J= 17.4 Hz, 1H), 0.88 (s, 9H); 3C NMR
(150 MHz, CDCl3) 6 187.8,172.1, 153.5, 146.5, 140.5, 139.6, 137.4,129.9, 129.4, 128.2, 126.2, 125.9,
124.0,122.8,121.1, 111.5, 111.1, 102.9, 55.7, 54.7, 54.2, 44.5, 43.0, 27.1 (3C); IR (ATR) 3204, 2925,
2853, 1746, 1668, 1620, 1544, 1420, 1366, 1217 cm™!; HRMS (ESI-TOF) [M + Na]* caled for
C26H26N2NaOs*™ m/z 437.1836, found m/z 437.1843.

Methyl  3-(1'-(tert-butyl)-5',6-dioxo-6 H-spiro[naphthalene-2,3'-pyrrolidin]-1-yl)-1 H-ind ole-6-
carboxylate (8¢)

Prepared according to the general procedure B using 1a and methyl indole-6-carboxylate, and isolated
as orange solid (36.1 mg, 82% yield).: m.p. 155-156 °C; Ry = 0.1 (n-hexane/EtOAc, 1/2); '"H NMR
(600 MHz, CDCls) 6 10.21 (br s, 1H), 8.28 (d, J= 1.8 Hz, 1H), 7.86 (dd, /= 10.2, 1.8 Hz, 1H), 7.50
(d,J=3.0Hz, 1H), 7.34 (d, /= 10.2 Hz, 1H), 6.93 (d, /= 10.2 Hz, 1H), 6.67 (d, J= 9.6 Hz, 1H), 6.35
(d, J=9.6 Hz, 1H), 6.30 (d, J = 1.8 Hz, 1H), 6.24 (dd, J=10.2, 1.8 Hz, 1H), 3.97 (s, 3H), 3.55 (d, J
=11.4 Hz, 1H), 3.43 (d, J=11.4 Hz, 1H), 2.90 (d, J= 17.4 Hz, 1H), 2.85 (d, /= 17.4 Hz, 1H), 0.82
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(s, 9H); *C NMR (150 MHz, CDCl;) & 187.8, 172.4, 168.0, 152.6, 140.0, 139.5, 137.0, 135.1, 132.0,
129.7,128.3, 126.8, 126.3, 124.9, 124.2, 122.2, 118.5, 114.6, 110.6, 54.8, 54.3, 52.4,44.4,43.2, 27.0
(3C); IR (ATR) 3208, 2972, 2918, 1709, 1661, 1618, 1544, 1434, 1311, 1274, 1214 cm™'; HRMS
(ESI-TOF) [M + Na]* calcd for C27H26N2NaO4* m/z 465.1785, found m/z 465.1774.

1'-(tert-Butyl)-1-(5-fluoro-1H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
8d)

Prepared according to the general procedure B using 1a and 5-fluoroindole, and isolated as pale orange
solid (34.9 mg, 87% yield).: m.p. 206-208 °C; Ry= 0.2 (n-hexane/EtOAc, 1/3); '"H NMR (600 MHz,
CDCls) 6 9.56 (br s, 1H), 7.42 (dd, J=9.0, 5.4 Hz, 1H), 7.37 (d, J= 2.4 Hz, 1H), 7.02 (ddd, J = 9.0,
9.0, 1.8 Hz, 1H), 6.98 (d, J = 10.2 Hz, 1H), 6.95 (dd, J= 9.0, 1.8 Hz, 1H), 6.66 (d, J = 9.6 Hz, 1H),
6.34 (d, J=9.6 Hz, 1H), 6.29 (d, J = 1.8 Hz, 1H), 6.26 (dd, J = 10.2, 1.8 Hz, 1H), 3.53 (d, /= 10.8
Hz, 1H), 3.41 (d, /= 10.8 Hz, 1H), 2.89 (d, /= 17.4 Hz, 1H), 2.82 (d, J= 17.4 Hz, 1H), 0.86 (s, 9H);
BC NMR (150 MHz, CDCls) § 187.8, 172.4, 158.1, 152.9, 140.0, 139.5, 137.1, 132.1, 129.7, 129.0
(dd, J=10.1 Hz), 128.1, 126.2, 125.2, 124.2, 112.9 (d, J=10.1 Hz), 111.9 (d, J = 25.8 Hz), 110.5 (d,
J=4.4Hz), 103.7 (d,J=24.5Hz), 54.8, 54.3,44.4,43.2,27.1; "F NMR (564 MHz, CDCl3) 4 -121.9;
IR (ATR) 3167, 3111, 2971, 2926, 1739, 1669, 1615, 1542, 1417, 1231 cm™!'; HRMS (ESI-TOF) [M
+ Na]* caled for C2sH23FN2NaO,* m/z 425.1636, found m/z 425.1632.

1'-(tert-Butyl)-1-(5-chloro-1H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
(8e)

Prepared according to the general procedure B using 1a and 5-chloroindole, and isolated as pale orange
solid (34.6 mg, 83% yield).: m.p. 235-237 °C; Ry= 0.1 (n-hexane/EtOAc, 1/3); '"H NMR (600 MHz,
CDCl) 6 9.79 (brs, 1H), 7.42 (d, /= 9.0 Hz, 1H), 7.34 (d, J=2.4 Hz, 1H), 7.27 (s, 1H), 7.22 (d, /=
9.0 Hz, 1H), 6.95 (d, J=10.2 Hz, 1H), 6.67 (d, J=9.6 Hz, 1H), 6.34 (d, J=9.6 Hz, 1H), 6.30 (s, 1H),
6.27 (d, J=10.2 Hz, 1H), 3.55 (d, /= 10.2 Hz, 1H), 3.43 (d, /= 10.2 Hz, 1H), 2.87 (d, J= 17.4 Hz,
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1H), 2.83 (d,J= 17.4 Hz, 1H), 0.86 (s, 9H); *C NMR (150 MHz, CDCl5) § 187.8, 172.4, 152.6, 140.0,
139.5, 137.0, 134.0, 129.8, 129.6, 128.3, 127.1, 126.3, 124.8, 124.2, 123.7, 118.1, 113.2, 110.0, 54.9,
54.3,44.3,43.3,27.0 (3C); IR (ATR) 3104, 2971, 2924, 2877, 1739, 1668, 1612, 1541, 1508, 1416,
1217 em™!; HRMS (ESI-TOF) [M + Na]* calcd for CasHp3CINoNaO,™ m/z 441.1340, found m/z
441.1336.

1-(5-Bromo-1H-indol-3-yl)-1'-(fert-butyl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
(8f)

Prepared according to the general procedure B using 1a and 5-bromoindole, and isolated as pale orange
solid (36.6 mg, 79% yield).: m.p. 238-240 °C; Ry= 0.2 (n-hexane/EtOAc, 1/3); 'H NMR (600 MHz,
CDClL) 6 9.54 (br s, 1H), 7.43 (s, 1H), 7.36 (d, J = 2.4 Hz, 1H), 7.38-7.35 (m, 1H), 7.32 (d,/=2.4
Hz, 1H), 6.94 (d, J=10.2 Hz, 1H), 6.66 (d, /= 9.6 Hz, 1H), 6.33 (d,/=9.6 Hz, 1H), 6.30 (d, /= 1.8
Hz, 1H), 6.27 (dd, J=10.2, 1.8 Hz, 1H), 3.54 (d, /= 10.2 Hz, 1H), 3.43 (d, /= 10.2 Hz, 1H), 2.86 (d,
J=17.4Hz, 1H), 2.81 (d,J= 17.4 Hz, 1H), 0.85 (s, 9H); *C NMR (150 MHz, CDCls)  187.8, 172.3,
152.4,140.0,139.4, 136.9, 134.3, 130.2, 129.9, 128.4, 126.3, 126.3, 124.7, 124.3, 121.2, 114.5, 113.5,
110.0, 54.9, 54.3, 44.3, 43.3, 27.0 (3C); IR (ATR) 3213, 2971, 2924, 1746, 1673, 1610, 1541, 1507,
1413, 1218 cm™!; HRMS (ESI-TOF) [M + Na]* caled for C2sH23BrNoNaO,™ m/z 485.0835, found m/z
485.0842.

1'-(tert-Butyl)-1-(5-methoxy-1H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
(8g)

Prepared according to the general procedure B using 1a, 5-methoxyindole, and 3 equiv. of DDQ and
isolated as orange solid (34.2 mg, 82% yield).: m.p. 173-175 °C; Ry= 0.2 (n-hexane/EtOAc, 1/3); 'H
NMR (600 MHz, CDCl3) 6 9.06 (brs, 1H), 7.36 (d, J= 8.4 Hz, 1H), 7.28 (s, 1H), 7.04 (d, /= 10.2 Hz,
1H), 6.93 (d, J= 8.4 Hz, 1H), 6.65 (s, 1H), 6.65 (d, J=9.6 Hz, 1H), 6.35 (d, /= 9.6 Hz, 1H), 6.29 (s,
1H), 6.26 (d, J=10.2 Hz, 1H), 3.76 (s, 3H), 3.50 (d, /= 10.8 Hz, 1H), 3.42 (d, /= 10.8 Hz, 1H), 2.90
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(d, J = 16.8 Hz, 1H), 2.78 (d, J = 16.8 Hz, 1H), 0.88 (s, 9H); '*C NMR (150 MHz, CDCls) & 187.9,
172.3,157.0, 155.5, 140.3, 139.7, 137.5, 130.7, 129.4, 129.1, 127.8, 126.1, 124.1, 124.0, 113.5, 112.7,
110.3, 100.4, 56.1, 54.9, 54.3, 44.5, 43.1, 27.1 (3C); IR (ATR) 3647, 3469, 3229, 2939, 1739, 1658,
1616, 1544, 1486, 1422, 1288, 1217 cm!; HRMS (ESI-TOF) [M + Na]* caled for CasHaeN,NaOs"
miz 437.1836, found m/z 437.1849.

1'-(tert-Butyl)-1-(5-((triisopropylsilyl)oxy)-1H-indol-3-yl)-6 H-spiro[naphthalene-2,3'-
pyrrolidine]-5',6-dione (8h)

Prepared according to the general procedure B using 1a and 5-((triisopropylsilyl)oxy)-indole, and
isolated as orange solid (47.1 mg, 83% yield).: m.p. 156-158 °C; Ry= 0.3 (n-hexane/EtOAc, 1/2); 'H
NMR (600 MHz, CDCls) 6 8.98 (br s, 1H), 7.30 (d, /= 1.2 Hz, 1H), 7.30 (d, /= 9.0 Hz, 1H), 7.03 (d,
J=9.6 Hz, 1H), 6.88 (dd, /=9.0, 1.8 Hz, 1H), 6.68 (d, /= 1.8 Hz, 1H), 6.65 (d, J=9.6 Hz, 1H), 6.35
(d,J=9.6 Hz, 1H), 6.29 (d, /= 1.8 Hz, 1H), 6.23 (dd, J=9.6, 1.8 Hz, 1H), 3.48 (d, /= 10.2 Hz, 1H),
3.35(d,J=10.2 Hz, 1H), 2.93 (d, J=18.0 Hz, 1H), 2.78 (d, J=18.0 Hz, 1H), 1.20 (sep, J= 7.8 Hz,
3H), 1.05 (d, J=7.8 Hz, 18H), 0.91 (s, 9H); 3*C NMR (150 MHz, CDCl3) 4 187.8, 172.3, 153.7, 151.3,
140.2, 139.6, 137.6, 130.7, 129.6, 129.4, 127.7, 126.0, 124.2, 123.9, 117.5, 112.2, 110.2, 107.7, 54.8,
54.3,44.4,43.0,27.1 (3C), 18.1 (6C), 12.7 (3C); IR (ATR) 2942, 2865, 1746, 1672, 1621, 1543, 1469,
1419, 1365, 1217 cm™!; HRMS (ESI-TOF) [M + Na]* calcd for C34H44N>NaOsSi* m/z 579.3013, found
m/z 579.3002.

1-(1-Benzyl-1H-indol-3-yl)-1'-(tert-butyl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
(8i)

Prepared according to the general procedure B using 1a and N-benzylindole, and isolated as pale
orange solid (37.4 mg, 79% yield).: m.p. 90-91 °C; Ry = 0.2 (n-hexane/EtOAc, 1/3); '"H NMR (600
MHz, CDCls) 6 7.38-7.34 (m, 3H), 7.30 (dd, J= 7.2, 7.2 Hz, 2H), 7.29 (s, 1H), 7.24 (d, /= 7.2 Hz,
2H), 7.16 (d, J = 6.6 Hz, 1H), 7.16 (t, /= 7.2 Hz, 1H), 7.03 (d, /= 9.6 Hz, 1H), 6.63 (d, J= 9.6 Hz,
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1H), 6.35 (d, J=9.6 Hz, 1H), 6.27 (d, J= 2.4 Hz, 1H), 6.25 (dd, J=9.6, 2.4 Hz, 1H), 5.39 (d, J= 15.0
Hz, 1H), 5.32 (d, J = 15.0 Hz, 1H), 3.47 (d, J = 10.4 Hz, 1H), 3.43 (d, J = 10.4 Hz, 1H), 2.91 (d, J =
17.4 Hz, 1H), 2.72 (d, J = 17.4 Hz, 1H), 0.86 (s, 9H); 13C NMR (150 MHz, CDCls) & 187.8, 172.0,
153.5, 140.2, 139.6, 137.4, 136.4, 135.9, 129.4, 129.4, 129.1 (2C), 128.2, 128.1, 127.4, 127.3 (2C),
125.8,123.9, 123.1,121.2, 119.3, 110.5, 109.8, 54.7, 54.1, 50.7, 44.4, 42.9, 27.0 (3C); IR (ATR) 3029,
2970, 2927, 1746, 1680, 1625, 1550, 1455, 1415, 1218 cm™'; HRMS (ESI-TOF) [M + Na]* calcd for
C3,H30N;NaO,* m/z 497.2199, found m/z 497.2210.

5-Allyl-1-(5-bromo-1H-indol-3-yl)-1'-(zert-butyl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-
dione (8j)

Prepared according to the general procedure B using 5-bromoindole and 1b which was added slowly
over 0.5 h via a syringe pump at room temperature, and isolated as yellow solid (42.2 mg, 84% yield).:
m.p. 187-189 °C; Ry= 0.4 (n-hexane/EtOAc, 1/3); 'H NMR (400 MHz, CDCl3) § 9.78 (br s, 1H), 7.43
(s, 1H), 7.35 (d, J=4.0 Hz, 1H), 7.35 (d, /= 2.8 Hz, 1H), 7.29 (d, /= 2.8 Hz, 1H), 6.98 (d, J=10.4
Hz, 1H), 6.93 (d, J=10.0 Hz, 1H), 6.34 (d, J=10.0 Hz, 1H), 6.28 (d, J=10.4 Hz, 1H), 5.90 (ddt, J
=17.2,10.0, 6.4 Hz, 1H), 5.09 (dd, J=17.2, 2.4 Hz, 1H), 5.05 (dd, J=10.0, 2.4 Hz, 1H), 3.53 (d, J=
10.8 Hz, 1H), 3.46 (d, /= 6.4 Hz, 2H), 3.44 (d, /= 10.8 Hz, 1H), 2.84 (d, J=18.4 Hz, 1H), 2.80 (d, J
=18.4 Hz, 1H), 0.84 (s, 9H); '3*C NMR (100 MHz, CDCls) 8 186.4, 172.5, 151.1, 139.4, 136.5, 135.7,
134.8, 134.4, 131.7, 130.4, 129.0, 128.7, 126.1, 124.6, 123.3, 121.3, 115.6, 114.3, 113.5, 110.3, 55.0,
54.2, 43.6, 28.8, 27.8, 27.0 (3C); IR (ATR) 3214, 2979, 2922, 1667, 1617, 1548, 1419, 1361, 1210
cm'; HRMS (ESI-TOF) [M + Na]" calcd for C2sH27BrN>NaO>" m/z 525.1148, found m/z 525.1172.

1-(5-Bromo-1H-indol-3-yl)-1'-(¢ert-butyl)-5-phenyl-6 H-spiro[naphthalene-2,3'-pyrrolidine]-
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5',6-dione (8k)

Prepared according to the general procedure B using 5-bromoindole and 1¢ which was added slowly
over 0.5 h via a syringe pump at room temperature, and isolated as pale orange solid (40.2 mg, 74%
yield).: m.p. 185-186 °C; Ry= 0.4 (n-hexane/EtOAc, 1/3); 'H NMR (600 MHz, CDCls) 8 10.07 (br s,
1H), 7.49 (s, 1H), 7.46 (dd, J= 6.0, 7.2 Hz, 2H), 7.40-7.32 (m, 4H), 7.26 (s, 2H),0.85 (s, 9H), 7.03 (d,
J=9.6 Hz, 1H), 6.65 (d, J=9.6 Hz, 1H), 6.37 (d, J=9.6 Hz, 1H), 6.22 (d, /= 9.6 Hz, 1H), 3.51 (d, J
=10.8 Hz, 1H), 3.46 (d, J = 10.8 Hz, 1H), 2.89 (d, J = 17.4 Hz, 1H), 2.88 (d, J = 17.4 Hz, 1H); 13C
NMR (150 MHz, CDCl3) 6 186.3, 172.4, 152.8, 139.5, 136.8, 135.0, 135.0, 134.5, 134.4, 130.7, 130.6,
130.3, 129.4, 128.6, 128.4, 128.3, 128.0, 126.0, 124.8, 124.6, 121.2, 114.3, 113.7, 110.0, 55.0, 54.3,
43.9,43.4,27.0 (3C); IR (ATR) 3238, 2972, 2923, 2864, 1745, 1669, 1622, 1541, 1456, 1415, 1362,
1215 cm™!; HRMS (ESI-TOF) [M + Na]* calcd for C3;H27BrNoNaO>™ m/z 561.1148, found m/z
561.1135.

1-(1-Benzyl-1H-indol-3-yl)-1'-(tert-butyl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-5',6-dione
8D

Prepared according to the general procedure B using 1a and 2-methylindole.

Major atropisomer: Orange solid (22.6 mg, 58% yield): m.p. 174-176 °C; Ry= 0.2 (n-hexane/EtOAc,
1/3); "H NMR (600 MHz, CDCls) & 8.44 (br s, 1H), 7.37 (d, J= 7.8 Hz, 1H), 7.20 (dd, J= 7.8, 7.2 Hz,
1H), 7.15(d,J=7.2 Hz, 1H), 7.10 (dd, J=7.2, 7.2 Hz, 1H), 6.82 (d, /= 9.6 Hz, 1H), 6.67 (d, J=10.8
Hz, 1H), 6.50 (d, /= 9.6 Hz, 1H), 6.29 (d, /= 2.4 Hz, 1H), 6.22 (dd, J=10.8, 2.4 Hz, 1H), 3.87 (d, J
=9.6 Hz, 1H), 3.42 (d, J=9.6 Hz, 1H), 2.83 (d, /= 16.8 Hz, 1H), 2.45 (d, /= 16.8 Hz, 1H), 2.33 (s,
3H), 1.05 (s, 9H); '*C NMR (150 MHz, CDCls) & 187.9, 172.0, 153.5, 140.0, 139.7, 136.6, 135.6,
133.5,131.3,129.9,129.5, 125.8, 124.0, 122.4, 120.8, 118.5, 111.1, 108.0, 54.3, 54.2,47.4,43.4, 27 .3
(30), 13.4; IR (ATR) 3272, 2973, 2925, 1747, 1670, 1621, 1524, 1456, 1228 cm™'; HRMS (ESI-TOF)
[M + Na]* calcd for Co6H2sN2NaO»* m/z 421.1886, found m/z 421.1893.

Minor atropisomer: Orange solid (16.7 mg, 42% yield): m.p. 183-184 °C; Ry= 0.3 (n-hexane/EtOAc,
1/3); '"H NMR (600 MHz, CDCl3) & 8.46 (brs, 1H), 7.38 (d, /= 7.8 Hz, 1H), 7.21 (dd, J="7.8, 7.8 Hz,
1H), 7.16 (d,J= 7.8 Hz, 1H), 7.10 (dd, J=17.8, 7.8 Hz, 1H), 6.78 (d, /= 9.6 Hz, 1H), 6.67 (d, J=10.8
Hz, 1H), 6.61 (d, J=10.2 Hz, 1H), 6.30 (s, 1H), 6.23 (d, /= 9.6 Hz, 1H), 3.70 (d, J = 9.0 Hz, 1H),
3.29 (d,J=9.0 Hz, 1H), 3.14 (d, J = 15.6 Hz, 1H), 2.33 (d, J = 15.6 Hz, 1H), 2.26 (s, 3H), 1.31 (s,
9H); '*C NMR (150 MHz, CDCl3) & 187.9, 171.9, 153.1, 139.8, 139.6, 136.6, 135.5, 132.9, 132.4,
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130.0, 129.4, 125.4, 123.9, 122.7, 121.2, 119.4, 110.9, 108.4, 54.5, 53.7, 48.0, 43.7, 27.8 (3C), 13.0;
IR (ATR) 3272, 2972, 2924, 1746, 1671, 1621, 1523, 1456, 1228 cm™'; HRMS (ESI-TOF) [M + Na]*
caled for CosHasN2NaO»* m/z 421.1886, found m/z 421.1882.

The relative configurations of 81 were determined by NOESY experiments.

Preparation of 9a

Br

p-BzCl (2.2 equiv.)
NaH (1.5 equiv.)

e

THF (0.02 M)
rt, 6 h

9a: 84% (91:9 dr)

A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with 8a (19.2
mg, 0.05 mmol), which was subsequently dissolved in THF (2.5 mL) under an argon gas atmosphere.
NaH (5 mg, 0.125 mmol, 1.5 equiv.) was added to the solution at 0 °C in an ice bath, and the reaction
mixture was stirred for 0.5 h at room temperature. The resulting solution was cooled to 0 °C in an ice
bath, para-bromo-benzoyl chloride (24.2 mg, 0.11 mmol, 2.2 equiv.) was then added, and stirring was
continued for 6 h at room temperature. The reaction was quenched with the addition of water. The
aqueous solution was extracted with EtOAcx2. The combined organic layers were washed with brine,
dried over Na;SOs, concentrated under reduced pressure. The obtained crude residue was purified by
flash column chromatography (column condition; diol SiO», gradient elution: n-hexane/EtOAc = 3/1

— 2/1) to give 9a as yellow solid (23.8 mg, 84% yield).

O - NOESY correlation
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1-(1-(4-Bromobenzoyl)-1H-indol-3-yl)-1'-(zert-butyl)-6 H-spiro[naphthalene-2,3'-pyrrolidine]-
5',6-dione (9a)

m.p. 157-159 °C; Ry= 0.4 (n-hexane/EtOAc, 1/3); 'H NMR (600 MHz, CDCls) & 8.54 (d, /= 7.8 Hz,
1H), 7.81 (d, J=9.0 Hz, 2H), 7.75 (d, J = 9.0 Hz, 2H), 7.51 (dd, J= 7.8, 7.2 Hz, 1H), 7.39 (dd, J =
7.8,7.2 Hz, 1H), 7.35 (s, 1H), 7.33 (d, /= 7.8 Hz, 1H), 6.89 (d, /= 9.6 Hz, 1H), 6.65 (d, J= 9.6 Hz,
1H), 6.30 (d, J=9.6 Hz, 1H), 6.27 (d, /= 1.2 Hz, 1H), 6.23 (dd, J=9.6, 1.2 Hz, 1H), 3.56 (d, /= 10.4
Hz, 1H), 3.53 (d, /= 10.4 Hz, 1H), 2.80 (d, /= 17.4 Hz, 1H), 2.64 (d, /= 17.4 Hz, 1H), 0.84 (s, 9H);
13C NMR (150 MHz, CDCls) & 187.5, 172.0, 167.9, 149.6, 139.6, 138.9, 136.0, 135.7, 132.4 (2C),
132.4,131.5, 131.3 (2C), 130.2, 128.7, 127.7, 126.6, 126.5, 125.5, 125.4, 124.5, 119.2, 117.3, 116.5,
54.5, 54.1, 44.3, 43.3, 27.0 (3C); IR (ATR) 2976, 1690, 1670, 1626, 1585, 1450, 1362, 1332, 1261,
1224 ¢cm™!; HRMS (ESI-TOF) [M + Na]* calcd for CsHz7BrN2NaOs* m/z 589.1097, found m/z
589.1105.
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3. X-ray Crystallographic Data

ORTEP of 9a, CCDC No. 2031608
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The ellipsoid contour probability level in the ORTEP is 50%. Experimental
Data Collection

A colorless block crystal of C32H29BrN204 having approximate dimensions of 0.200 x
0.200 x 0.100 mm was mounted on a glass fiber. All measurements were made on a Rigaku R-AXIS
RAPID diffractometer using multi-layer mirror monochromated Cu-Ka radiation.

The crystal-to-detector distance was 127.40 mm.

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

monoclinic cell with dimensions:

a 7.77343(14) A
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b = 13.7756(3) A b = 90.465(6)°
c = 2484335 A
V = 2660.22(8) A3

For Z = 4 and F.W. = 585.50, the calculated density is 1.462 g/cm3. The reflection conditions of:

hOl: 1=2n
0k0: k=2n

uniquely determine the space group to be:

P2 /c (#14)

The data were collected at a temperature of -180 + 1°C to a maximum 2q value of 136.49.
A total of 45 oscillation images were collected. A sweep of data was done using w scans from 80.0 to
260.00 in 20.00° step, at ¢=54.0° and f = 0.00. The exposure rate was 6.0 [sec./®]. A second sweep
was performed using w scans from 80.0 to 260.0° in 20.00° step, at ¢=54.00 and f = 90.00. The
exposure rate was 6.0 [sec./®]. Another sweep was performed using w scans from 80.0 to 260.0° in
20.000 step, at ¢=54.0° and f = 180.0°. The exposure rate was 6.0 [sec./C]. Another sweep was
performed using w scans from 80.0 to 260.0° in 20.000 step, at ¢=54.0° and f= 270.0°. The exposure
rate was 6.0 [sec./9]. Another sweep was performed using w scans from 80.0 to 260.0° in 20.00° step,
at ¢=0.00 and f= 0.09. The exposure rate was 6.0 [sec./]. The crystal-to-detector distance was 127.40

mm. Readout was performed in the 0.100 mm pixel mode.
EXPERIMENTAL DETAILS
The sample for X-ray crystal structure analysis was prepared by condensation method. A pre-dried 1

mL sample tube was charged with 9a, which was dissolved in CH,Cl». The sample tube was left to

stand in a 5 mL sample tube charged with argon gas until a single crystal forms.

A. Crystal Data
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Empirical Formula

Formula Weight

Crystal Color, Habit

Crystal Dimensions

Crystal System

Lattice Type

Lattice Parameters

Space Group

Z value

Dcalc

Fooo

m(CuKa)

Diffractometer

C32Hp9BrN2O4

585.50

colorless, block

0.200 X 0.200 X 0.100 mm

monoclinic
Primitive
a= 7.77343(14) A
b= 13.7756(3) A
c= 2484335 A
b= 90.465(6) ©

V =2660.22(8) A3

P2 /c (#14)

1.462 g/em3
1208.00

24.469 cm-1

B. Intensity Measurements

R-AXIS RAPID
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Radiation

Voltage, Current

Temperature

Detector Aperture

Data Images

w oscillation Range (c=54.0, £=0.0)

Exposure Rate

w oscillation Range (c=54.0, {=90.0)

Exposure Rate

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

Exposure Rate

w oscillation Range (c=54.0, f=270.0)

Exposure Rate

w oscillation Range (c=0.0, {=0.0)

Exposure Rate

Detector Position

Pixel Size

2dmax
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CuKa (1= 1.54187 A)

multi-layer mirror monochromated

40kV, 30mA

-180.00C

460.0 x 256.0 mm

45 exposures

80.0 - 260.00

6.0 sec./©

80.0 - 260.00

6.0 sec./©

80.0 - 260.00

6.0 sec./©

80.0 - 260.00

6.0 sec./©

80.0 - 260.00

6.0 sec./©

127.40 mm

0.100 mm

136.40



No. of Reflections Measured

Corrections

Total: 29736
Unique: 4860 (Rijpt = 0.0614)

Lorentz-polarization
Absorption
(trans. factors: 0.582 - 0.783)

C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

2qmax cutoff

Anomalous Dispersion

No. Observations (All reflections)

No. Variables

Reflection/Parameter Ratio

Residuals: R1 (I>2.00s(1))

Residuals: R (All reflections)

55

Direct Methods
Full-matrix least-squares on F 2
Sw (Fo2 - Fcz)2
w = 1/[ s2(Fo2) + (0.0461 - P)2
+2.4256- P]
where P = (Max(Foz,O) + 2F02)/3
136.40
All non-hydrogen atoms
4860
360
13.50

0.0501

0.0801



Residuals: wR2 (All reflections)

Goodness of Fit Indicator

Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map
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0.1172

1.047

0.000

0.82 e”/A3

10.57 e/A3



4. Additional Studies on F- Anion Sensor

Figure S1. Additional Colorimetric Experiments

T o

free (8aonly) F(leq.) F (10eq.)
conditions: 8a (0.19 mg, 0.5 umol), TBAF (1 M in THF) (0.5 pL, 0.5 umol, 1 equiv. or 5 puL, 5 umol,
10 equiv.), MeCN (10 mL, 0.05 mM)

Figure S2. Additional UV/vis Spectra Experiments
UV/vis spectra of 8a recorded in MeCN (0.017 mM) after addition of TBAF (1 M in THF, 0-6 equiv.).
0.6

0.5
0.4

0.3

Absorbance

0.2

0.1

0

250 300 350 400 450 500 550 600 650 700 750

0 equiv. 1 equiv. 2 equiv. 4 equiv. 6 equiv.
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5. Synthesis and Characterization of Substrates 1a-1i

1) 'BuNH;, (3 equiv.)
MS 4A (300 g/mol)

o]
CH2Cl (0.5 M) TBSCI (1.2 equiv.)
OO H rt, 25 h; filt.; evap. imidazole (1.5 equiv.)  diketene (1.2 equiv.)
HO 2) NaBH, (1.2 equiv.) TtHF (0.3 M) THF (0.4 M)

MeOH (0.5 M) 16 h 0°C,1h
0°C,1h

p-ABSA (2 equiv.) 16% KOH aq./MeCN NJBU

TEA (2 equiv.) (1/1, 0.3 M) OO

MeCN (0.3 M) i, 15 h HO (KO

r, 24 h N,

1a: 39% (5 steps)

To a stirred suspension of 6-hydroxy-2-naphthaldehyde (860.9 mg, 5 mmol) and activated MS 4A
(1500 mg, 300 g/mol) in CH>Cl, (10 mL) was added ‘BuNH> (1.6 mL, 15 mmol, 3 equiv.), and the
reaction mixture was stirred for 25 h at room temperature. The mixture was then filtered through
Celite® and concentrated under reduced pressure to remove CH,Cl,. MeOH (10 mL) was added to the
residue. The resulting solution was cooled to 0 °C in an ice bath, NaBH4 (227 mg, 6 mmol, 1.2 equiv.)
was then added, and stirring was continued for 1 h at 0 °C. The reaction was quenched with the addition
of water and concentrated under reduced pressure to remove most of the MeOH. The aqueous solution
was extracted with EtOAcx3, and the combined organic layers were washed with brine, dried over
NayS0Oy4, and concentrated under reduced pressure to afford crude secondary amine (750.4 mg), which
was used for the next step without further purification.

To a stirred solution of crude secondary amine and imidazole (333.6 mg, 4.9 mmol, 1.5 equiv.) in
THF (11 mL) was added TBSCI (587.8 mg, 3.9 mmol, 1.2 equiv.) at 0 °C in an ice bath. After being
stirred for 16 h at room temperature, saturated aqueous NH4Cl was added. The reaction mixture was
extracted with EtOAcx3, washed with brine, dried over NaxSOa, and concentrated under reduced
pressure to afford the crude mixture, which was used for the next step without further purification.
To a stirred solution of the crude residue obtained above in THF (8.3 mL) was added diketene (0.31
mL, 4.0 mmol, 1.2 equiv.) at 0 °C in an ice bath, and the reaction mixture was stirred for 1 h at 0 °C.
The reaction was quenched with the addition of 1 N aqueous KHSOj4 and the aqueous layer was
extracted with EtOAcx2. The combined organic layers were washed with brine, dried over Na>SOs,
and concentrated under reduced pressure. The resulting residue was passed through a short pad of
silica to remove polar compounds (n-hexane/EtOAc = 3/1). The filtrate was concentrated to give crude
mixture, which was used for the next step without further purification.

The crude residue obtained above was dissolved in MeCN (11 mL), and para-

acetamidobenzenesulfonyl azide (1585.6 mg, 6.6 mmol, 2 equiv.) and EtzN (0.92 mL, 6.6 mmol, 2
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equiv.) were added at 0 °C in an ice bath. After being stirred for 24 h at room temperature, the reaction
mixture was quenched with the addition of saturated aqueous NH4Cl and the aqueous layer was
extracted with EtOAcx2. The combined organic layers were washed with brine, dried over Na;SOs,
and concentrated under reduced pressure. The resulting residue was passed through a short pad of
silica to remove polar compounds (rn-hexane/EtOAc = 2/1) and concentrated to give crude mixture
(987.0 mg), which was used for the next step without further purification.

A solution of the crude residue obtained above in 16% aqueous KOH/CH3CN (1/1, 7.4 mL) was stirred
for 15 h at room temperature. The reaction was quenched with the addition of saturated aqueous NH4Cl
and diluted with EtOAc. The aqueous layer was extracted with EtOAcx3, and the combined organic
layers were washed with brine, dried over Na;SOs, concentrated under reduced pressure, and purified
by recrystallization (n-hexane/ CH,Cl,) to afford diazocarbonyl compound 1a as yellow solid (585.8
mg, 39% yield (5 steps)).

N-(tert-Butyl)-2-diazo-N-((6-hydroxynaphthalen-2-yl)methyl)acetamide (1a)

m.p. 147-149 °C; Ry = 0.4 (n-hexane/EtOAc, 1/3); 'H NMR (400 MHz, DMSO-d6) 4 9.71 (s, 1H),
7.76 (d, J= 8.8 Hz, 1H), 7.68 (d, J= 8.8 Hz, 1H), 7.55 (s, 1H), 7.26 (d, J= 8.8 Hz, 1H), 7.10 (s, 1H),
7.06 (dd, J= 8.8, 2.4 Hz, 1H), 5.62 (s, 1H), 4.54 (s, 2H), 1.39 (s, 9H); '3C NMR (150 MHz, DMSO-
d6) 5 167.0,155.2,134.0, 133.7,129.2, 127.7, 126.5, 124.6, 123.9, 118.9, 108.6, 57.7, 48.4, 48.2, 28.6
(30C); IR (ATR) 3157, 3095, 2960, 2098, 1632, 1575, 1415, 1393, 1365, 1220, 1189, 1172 cm™!; HRMS
(ESI-TOF) [M + Na]" caled for C17H19N3NaO," m/z 320.1369, found m/z 320.1363.

N allyl bromide (3 equiv.)
H K>COj3 (1 equiv.)
X Ienes 0 4M OO
HO acetone (0.35 M) \/\O y ( )

reflux, 4 h
|

$1:97% $2: 91%

A pre-dried 100 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with 6-
hydroxy-2-naphthaldehyde (1721.8 mg, 10 mmol) and K»CO3 (1382.1 mg, 10 mmol, 1 equiv.), which
were subsequently dissolved partially in acetone (28.6 mL) under an argon gas atmosphere. To the
stirred suspension was added allyl bromide (2.6 mL, 30 mmol, 3 equiv.) at room temperature. The
reaction mixture was refluxed for 4 h in an oil bath. The reaction mixture was then cooled to room
temperature, diluted with Et,O, and quenched with the addition of water. The aqueous layer was
extracted with Et,0%2 and the combined organic layers were dried over Na;SOs, filtered through a

plug of cotton, and concentrated under reduced pressure. The resulting residue was purified by flash
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chromatography on silica gel (n-hexane/EtOAc = 6/1) to afford S1 as beige solid (2.1 g, 97% yield).

A pre-dried 100 mL Schlenk tube equipped with a magnetic stir bar was charged with S1 (2.1 g, 9.7
mmol), which was subsequently dissolved in xylenes (24.3 mL) under an argon gas atmosphere. A fter
being stirred for 2 days at 210 °C, the reaction mixture was then cooled to room temperature, and
concentrated under reduced pressure. The aqueous layer was extracted with Et;Ox2 and the combined
organic layers were dried over Na,SQy, filtered through a plug of cotton, and concentrated under
reduced pressure. The resulting residue was purified by flash column chromatography (n-

hexane/EtOAc = 3/1) to afford S2 as green solid (1.9 g, 91% yield).

6-(Allyloxy)-2-naphthaldehyde (S1)

m.p. 56—58 °C; Ry= 0.6 (n-hexane/EtOAc, 3/1); '"H NMR (400 MHz, CDCls) § 10.09 (s, 1H), 8.24 (d,
J=1.6Hz, 1H), 791 (dd, /= 8.8, 1.6 Hz, 1H), 7.89 (d, /= 8.8 Hz, 1H), 7.78 (d, J= 8.8 Hz, 1H), 7.26
(dd, J=8.8,2.4 Hz, 1H), 7.18 (d, /= 2.4 Hz, 1H), 6.12 (ddt, J=17.2, 10.4, 5.6 Hz, 1H), 5.49 (dd, J
=17.2, 1.6 Hz, 1H), 5.36 (dd, J = 10.4, 1.6 Hz, 1H), 4.69 (d, J = 5.6 Hz, 2H); '3C NMR (100 MHz,
CDCl3) 6 192.2, 159.3, 138.3, 134.4, 132.7, 132.5, 131.3, 128.1, 127.9, 123.7, 120.3, 118.4, 107.3,
69.1; IR (ATR) 2915, 2831, 2725, 2119, 1907, 1678, 1620, 1474, 1420, 1383, 1360, 1333, 1264, 1240,
1178, 1150 cm™!; HRMS (ESI-TOF) [M + Na]" caled for C14H12NaO2" m/z 235.0730, found m/z
235.0735.

5-Allyl-6-hydroxy-2-naphthaldehyde (S2)

m.p. 122—124 °C; Ry= 0.3 (n-hexane/EtOAc, 3/1); 'H NMR (400 MHz, CDCl3) & 10.11 (s, 1H), 8.28
(d,/J=1.6 Hz, 1H), 7.99 (d, /= 9.2 Hz, 1H), 7.95 (dd, /= 9.2, 1.6 Hz, 1H), 7.85 (d, /=9.2 Hz, 1H),
7.22 (d, J=9.2 Hz, 1H), 6.07 (ddt, /= 17.2, 10.0, 4.0 Hz, 1H), 5.60 (s, 1H), 5.14 (dd, J=10.0, 1.6
Hz, 1H), 5.06 (dd, /= 17.2, 1.6 Hz, 1H), 3.85 (dd, J=4.0, 1.6 Hz, 2H); '*C NMR (100 MHz, CDCls)
01924, 1544, 137.0, 135.4, 135.3, 131.9, 130.4, 128.6, 124.3, 123.7, 119.2, 117.8, 116.5, 29.4; IR
(ATR) 2970, 1747, 1670, 1488, 1426, 1365, 1285, 1230 cm™!; [M + Na + 2H,O]" caled for
Ci1sH16NaO4" m/z 271.0941, found m/z 271.0946.

Pd(PPhg3)4 (5 mol %)
0 0 Na,CO3 (2.1 equiv.) 0

i PhB(OH), (2 equiv.
H NBS (1.1 equiv.) H (OH)2 (2 eq ): "
DMF (0.17 M) toluene/EtOH/H,0
HO r, 2 d HO (5/1/1, 0.14 M) HO
Br 80 °C, 16 h Ph

$3: 44% S$4: 33%

S3 was synthesized with reported procedure.>!
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A pre-dried 50 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with
toluene/EtOH/H,0 (5/1/1, 14.3 mL) and the solvents were degassed by bubbling with argon gas
over 0.5 h. To the stirred solution were added Pd(PPhs)s (115.6 mg, 0.1 mmol, 5 mol%), Na,COs
(22.3 mg, 0.21 mmol, 2.1 equiv.), S3 (502.2 mg, 2 mmol), and PhB(OH), (607.8 mg, 4 mmol, 2 equiv.)
at room temperature. After being stirred for 16 h at 80 °C, the reaction mixture was then cooled and
diluted with water. The aqueous layer was extracted with EtOAcx3 and the combined organic layers
were dried over Na SOy, filtered through a plug of cotton, and concentrated under reduced pressure.
The resulting residue was purified by flash column chromatography (gradient elution: toluene/ EtOAc
= 15/1 — 5/1) and recrystallization (n-hexane/EtOAc) to afford as white solid S4 (162.3 mg, 33%
yield). 'H and '3 C NMR, and other data are identical to those reported.?!

H,N CO,H (0.8 equiv.)
o iodobenzene (2 equiv.) o

Pd(OAc), (20 mol %)
AgTFA (1 iv.
y A9 (1 equiv.) _ H
HFIP/TFA (9/1, 0.2 M)
HO HO Ph

100 °C, 16 h
$5: 36%

A 100mL Schlenk tube equipped with a magnetic stir bar was charged with 6-hydroxy-2-
naphthaldehyde (516.5 mg, 3 mmol), iodobenzene (0.67 mL, 6 mmol, 2 equiv.), PA(OAc), (134.7
mg, 0.6 mmol, 20 mol%), 2-aminoisobutyric acid (247.5 mg, 2.4 mmol, 0.8 equiv.), and AgTFA
(662.6 mg, 3 mmol, 1 equiv.), which were subsequently dissolved in HFIP/TFA (9/1, 15 mL) under
an argon gas atmosphere. After being stirred for 16 h at 100 °C, the reaction mixture was then cooled,
diluted with EtOAc, filtrated through Celite®, and concentrated under reduced pressure. The resulting
residue was purified by flash column chromatography (n-hexane/EtOAc = 6/1) to afford S5 as white
solid (270.6 mg, 36% yield).

6-Hydroxy-3-phenyl-2-naphthaldehyde (S5)

m.p. 147-149 °C; Ry= 0.1 (n-hexane/EtOAc, 5/1); 'H NMR (600 MHz, CDCl;3) & 10.06 (s, 1H), 8.51
(s, IH), 7.95 (d, J = 9.6 Hz, 1H), 7.68 (s, 1H), 7.51-7.48 (m, 1H), 7.49 (d, J = 6.0 Hz, 1H), 7.46 (s,
1H), 7.45-7.46 (m, 1H), 7.46 (d, J = 6.0 Hz, 1H), 7.20-7.18 (m, 2H), 5.51 (br s, 1H); '3C NMR (150
MHz, CDCl3) 6 192.7, 156.7, 141.8, 138.5, 137.5, 132.2, 130.2 (2C), 130.2, 130.0, 128.6 (2C), 128.2,
128.0, 127.4, 119.5, 109.6; IR (ATR) 2970, 1746, 1661, 1610, 1430, 1396, 1366, 1282, 1229, 1145
cm'; HRMS (ESI-TOF) [M + Na]" caled for Ci17H12NaO," m/z 271.0730, found m/z 271.0735.
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o 1) 'BUNH; (3 equiv.)

MeOH (0.5 M) TBSCI (1.2 equiv.) diketene
R Lo rt23h imidazole (1.5 equiv.) (1.2 or 2.4 equiv.)
OQ 2) NaBHy4 (1.2 equiv.)  THF (0.3 M) THF (0.4 M)
HO 0°C,1h rt, 16 h 0°C,1h

S2, S4-5

R _Bu
p-ABSA (2 equiv.) N
TEA (2 equiv.)
- > HO 0

MeCN (0.3 M) 16% KOH aq./MeCN

t, 24 h 11,03 M
ﬁt, 15h ) 1b-c, 1f

|
\P)

To a stirred solution of S2 or S4-5 in MeOH was added ‘BuNH; (3 equiv.), and the reaction mixture
was stirred for 23 h at room temperature. The reaction mixture was cooled to 0 °C in an ice bath,
NaBH4 (1.2 equiv.) was then added, and stirring was continued for 1 h at 0 °C. The reaction was
quenched with the addition of water and concentrated under reduced pressure to remove most of the
MeOH. The aqueous solution was extracted with EtOAcx3, and the combined organic layers were
washed with brine, dried over Na;SO4, and concentrated under reduced pressure to afford crude
secondary amine, which was used for the next step without further purification.

1b-c and 1f were synthesized from secondary amine under the same conditions as synthesis of 1a.

_Bu
HO (go
N,

|

N-((5-Allyl-6-hydroxynaphthalen-2-yl)methyl)-/V-(tert-butyl)-2-diazoacetamide (1b)

5 mmol of S2 and 2.4 equiv. of diketene were used and 1b was afforded as pale yellow solid (197.2
mg, 12% yield (5 steps)).: m.p. 133-135 °C; Ry= 0.6 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz,
CDCl) 6 7.90 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.60 (s, 1H), 7.31 (d, J = 8.8 Hz, 1H),
7.15 (d, J= 8.8 Hz, 1H), 6.07 (ddt, J=17.2, 10.4, 5.6 Hz, 1H), 5.37-5.51 (m, 1H), 5.11 (d, J=10.4
Hz, 1H), 5.08 (d, /= 17.2 Hz, 1H), 4.81 (s, 1H), 4.57 (s, 2H), 3.83 (d, /= 5.6 Hz, 2H), 1.53 (s, 9H);
BC NMR (150 MHz, CDCls) & 168.4, 151.7, 135.9, 133.3, 132.7, 129.5, 128.1, 125.1, 124.4, 124.1,
118.8, 117.3, 116.0, 58.6, 49.2, 49.0, 29.5, 29.2 (3C); IR (ATR) 3155, 2971, 2926, 2098, 1745, 1574,
1413, 1379, 1218, 1193 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for C20H23N3NaO»" m/z 360.1682,
found m/z 360.1686.

_Bu
HO (go
o
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N-(tert-Butyl)-2-diazo-N-((6-hydroxy-5-phenylnaphthalen-2-yl)methyl)acetamide (1c)

1.8 mmol of S4 was used and 1c¢ was afforded as pale yellow solid (146.6 mg, 33% yield (5 steps)).:
m.p. 225-227 °C; Ry= 0.5 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCls) 6 7.78 (d, J = 7.2 Hz,
1H), 7.63 (d, J=7.2 Hz, 1H), 7.60 (dd, J = 6.8, 6.0 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.53 (ddd, J =
7.6,7.6,1.6 Hz, 1H), 7.43 (s, 1H), 7.42 (d, J= 6.8 Hz, 1H), 7.40 (d, /= 6.0 Hz, 1H), 7.29 (d, /= 9.2
Hz, 1H), 7.18 (dd, J=9.2, 1.6 Hz, 1H), 5.15 (a, 1H), 4.79 (s, 1H), 4.55 (s, 2H), 1.56 (s, 9H); '3C NMR
(150 MHz, CDCl3) 6 168.2, 150.4, 134.0, 133.8, 132.6, 131.2 (2C), 129.9 (2C), 129.4, 129.0, 128.8,
125.7,124.6,124.5,121.2,118.2, 58.5,49.0, 48.9, 29.1 (3C); IR (ATR) 3372, 3113, 2955, 2112, 1739,
1613, 1598, 1405, 1380, 1217, 1191, 1159, 1138 ¢cm™!'; HRMS (ESI-TOF) [M + Na]* caled for
C23H23N3NaO>" m/z 396.1682, found m/z 396.1686.

1Bu
/‘\CCN
HO (Ko
Phll
N2

N-(tert-Butyl)-2-diazo-N-((6-hydroxy-3-phenylnaphthalen-2-yl)methyl)acetamide (1f)

1.1 mmol of S5 was used and 1f was afforded as pale pink solid (60.1 mg, 15% yield (5 steps)).: m.p.
161-163 °C; Ry= 0.3 (n-hexane/EtOAc, 3/1); '"H NMR (600 MHz, CDCls) 8 7.76 (d, J=9.0 Hz, 1H),
7.71 (s, 1H), 7.54 (s, 1H), 7.49 (t, /= 7.8 Hz, 1H), 7.47 (d, /= 7.8 Hz, 1H), 7.43 (dd, J= 7.8, 9.0 Hz,
1H), 7.32 (d,J=7.8 Hz, 2H), 7.18 (s, 1H), 7.17 (dd, /= 8.4, 2.4 Hz, 1H), 6.03 (br s, 1H), 4.80 (s, 1H),
4.31 (s, 2H), 1.46 (s, 9H); 3*C NMR (150 MHz, CDCls)  168.4, 154.5, 140.4, 139.2, 133.7, 131.6,
129.7, 128.9 (2C), 128.8 (2C), 128.2, 127.9, 127.8, 125.1, 118.7, 109.4, 58.5, 49.1, 48.4, 29.0 (3C);
IR (ATR) 3220, 3099, 2956, 2925, 2109, 1746, 1588, 1415, 1372, 1212 cm™!'; HRMS (ESI-TOF) [M
+ Na]* caled for C23H23N3NaO»" m/z 396.1682, found m/z 396.1684.

Pd(OAc); (1 mol %)
P(o-tol)3 (5 mol %) 1) ‘BuNH, (3 equiv.)

2 M K,CO3 aq. (2 M) MeOH (0.5 M) TBSCI (1.2 equiv.)

ArB(OH);, (1 equiv.) rt, 23 h imidazole (1.5 equiv.)
S3 > > -

toluene/EtOH 2) NaBH,4 (1.2 equiv.)  THF (0.3 M)

(1/1,0.2 M) 0°C,1h rt, 16 h

reflux, 16 h

_Bu
p-ABSA (2 equiv.) OO N
diketene (1.2 equiv.)  TEA (2 equiv.)
> > > HO” ! ' (&o

THF (0.4 M) MeCN (0.3 M) 16% KOH aq./MeCN Ar N
0°C,1h rt, 24 h (11, 0.3 M) 2

rt, 15 h 1d (Ar = 4-OMe-CgHjy-)
1e (Ar = 3,5-CF3-C6H3-)

A 50 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with S3 (749.9 mg, 3
mmol), ArB(OH); (3 mmol, 1 equiv.), P(o-tol); (45.7 mg, 0.15 mmol, 5 mol%), and 2 M aqueous
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K>COs (1.5 mL), which were subsequently dissolved partially in toluene/EtOH (1/1, 15 mL) under
an argon gas atmosphere. After being refluxed for 16 h, the reaction mixture was then cooled, diluted
with EtOAc and water. The aqueous layer was extracted with EtOAcx3 and the combined organic
layers were dried over Na SOy, filtered through a plug of cotton, concentrated under reduced pressure,
and passed through a short pad of silica to remove borane reagents (n-hexane/EtOAc) to give the crude
mixture.

1d and 1e were synthesized from the crude aldehyde with the same conditions as synthesis of 1c.

1Bu
HO (go
SR

OMe

N-(tert-Butyl)-2-diazo-N-((6-hydroxy-5-(4-methoxyphenyl)naphthalen-2-yl)methyl)acetamide
(1d)

3 mmol of S3 was used and 1d was afforded as pale yellow solid (77.3 mg, 6% yield (6 steps)).: m.p.
199-201 °C; Ry= 0.6 (n-hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCls) 8 7.76 (d, J = 8.8 Hz, 1H),
7.63 (s, 1H), 7.42 (d, /= 8.8 Hz, 1H), 7.34 (d, /= 8.8 Hz, 2H), 7.28 (d, /= 8.8 Hz, 1H), 7.17 (d, J =
8.8 Hz, 1H), 7.13 (d, J= 8.8 Hz, 2H), 5.21 (br s, 1H), 4.79 (s, 1H), 4.55 (s, 2H), 3.92 (s, 3H), 1.51 (s,
9H); '*C NMR (150 MHz, CDCl3) 8 168.2, 160.0, 150.7, 133.7, 133.0, 132.4 (2C), 129.2, 129.1, 125.7
(20), 124.6, 124.4, 120.9, 118.1, 115.3 (2C), 58.5, 55.6, 49.0, 49.0, 29.1 (3C); IR (ATR) 3296, 2970,
2107, 1739, 1596, 1515, 1406, 1379, 1217 c¢cm™'; HRMS (ESI-TOF) [M + Na]® caled for
C24H25N3NaOs" m/z 426.1788, found m/z 426.1798.

_Bu
HO (&o
4
FsC CFs

N-((5-(3,5-Bis(trifluoromethyl)phenyl)-6-hydroxynaphthalen-2-yl)methyl)-N-(zert-butyl)-2-
diazoacetamide (1e)

3 mmol of S3 was used and 1e was afforded as pale yellow solid (79.0 mg, 6% yield (6 steps)).: m.p.
136-138 °C; Ry= 0.6 (n-hexane/EtOAc, 1/1); 'H NMR (600 MHz, CDCl3) § 7.92 (s, 2H), 7.81 (d, J =
9.0 Hz, 1H), 7.80 (s 1H), 7.66 (s, 1H), 7.31 (d, /= 7.2 Hz, 1H), 7.30 (d, J=9.0 Hz, 1H), 7.23 (d, J=
7.2 Hz, 1H), 6.10 (br s, 1H), 4.80 (s, 1H), 4.57 (s, 2H), 1.53 (s, 9H); '*C NMR (150 MHz, CDCls) &
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168.5, 151.0, 137.8, 134.1, 132.4 (J = 34.5 Hz, 2C), 132.3, 131.7 (2C), 130.5, 129.1, 127.8, 125.3,
124.9, 124.4,122.6, 122.0, 118.8, 118.6, 58.7, 49.3, 49.0, 29.2 (3C); '°F NMR (564 MHz, CDCl5) § -
62.6; IR (ATR) 3296, 2970, 2107, 1739, 1596, 1515, 1406, 1379, 1217 cm™!; HRMS (ESI-TOF) [M
+ Na]* caled for CosH2iFsN3sNaO2™ m/z 532.1430, found m/z 532.1437.

1) 'BuNH, (3 equiv.)

TBSCI (1.2 equiv.) MeOH (0.5 M)
imidazole (1.5 equiv.) rt, 23 h diketene (1.2 equiv.)
S3 > b= >
THF (0.3 M) 2) NaBH4 (1.2 equiv.) THF (0.4 M)
rt, 16 h 0°C,3h 0°C,1h
Bu
p-ABSA (2 equiv.) N
TEA (2 equiv.) ‘O
- > HO | e}
MeCN (0.1 M) 16% KOH aq./MeCN Br N
rt, 24 h (1/1,0.3 M) 2
t, 16 h 19

To a stirred solution of S3 (2510.8 mg, 10 mmol) and imidazole (1021.2 mg, 15 mmol, 1.5 equiv.)
in THF (33.3 mL) was added TBSCI (1808.6 mg, 12 mmol, 1.2 equiv.) at 0 °C in an ice bath. After
being stirred for 16 h at room temperature, saturated aqueous NH4Cl was added. The reaction mixture
was extracted with EtOAcx3, washed with brine, dried over Na,SOj4, and concentrated under reduced
pressure. The resulting residue was passed through a short pad of silica to remove excessive imidazole
(n-hexane/EtOAc = 5/1) and azeotropically distilled with toluene to remove fert-butyldimethylsilanol
and give crude silylated product (913.4 mg), which was used for the next step without further
purification.

To a stirred solution of the silylated product in MeOH was added ‘BuNH> (0.79 mL, 7.5 mmol, 3
equiv.), and the reaction mixture was stirred for 23 h at room temperature. The reaction mixture was
cooled to 0 °C in an ice bath, NaBH4 (113.5 mg, 3 mmol, 1.2 equiv.) was then added, and stirring was
continued for 1 h at 0 °C. The reaction was quenched with the addition of water and concentrated
under reduced pressure to remove most of the MeOH. The aqueous solution was extracted with
EtOAcx3, and the combined organic layers were washed with brine, dried over Na;SO4, and
concentrated under reduced pressure to afford crude secondary amine, which was used for the next
step without further purification.

1g was synthesized from silylated product under the same conditions as synthesis of 1a.

/’Bu
OO |
HO (go
Br N2
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N-((5-Bromo-6-hydroxynaphthalen-2-yl)methyl)-N-(tert-butyl)-2-diazoacetamide (1g)

1g was afforded as beige solid (69.8 mg, 3% yield (5 steps)).: m.p. 112-114 °C; Ry = 0.7 (n-
hexane/EtOAc, 1/1); 'H NMR (400 MHz, CDCls) 6 8.04 (d, J= 8.4 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H),
7.61 (s, 1H), 7.41 (d, J=8.4 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 4.78 (s, 1H), 4.59 (s, 2H), 1.51 (s, 9H);
13C NMR (100 MHz, CDCls) & 168.1, 150.8, 134.8, 131.7, 129.8, 129.2, 127.8, 126.4, 125.8, 118.0,
106.1, 58.5, 49.0, 48.8, 29.1 (3C); IR (ATR) 3095, 2969, 2925, 2105, 1714, 1584, 1416, 1362, 1329,
1296 ¢cm™!; HRMS (ESI-TOF) [M + Na]* caled for Ci17H;sBrN3sNaO," m/z 398.0475, found m/z
398.0495.

DMF (1.8 M)
rt, 24 h

K,CO3 (1 equiv.) JBu

Mel (1.2 equiv.) N
12 ————>

MeO (&o
N2
1h

A 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with 1a (61.5 mg, 0.21
mmol) and K,CO3 (34.6 mg, 0.25 mmol, 1.2 equiv.), which were subsequently dissolved in DMF
(0.12 mL) under an argon gas atmosphere. To the stirred solution was added dropwise Mel (15.6 uL,
0.25 mmol, 1.2 equiv.) at room temperature. After being stirred for 24 h, the reaction mixture was
quenched with the addition of water. The aqueous layer was extracted with EtO%3 and the combined
organic layers were dried over Na,SOs, filtered through a plug of cotton, concentrated under reduced
pressure, and purified by flash column chromatography (n-hexane/EtOAc = 6/1) to afford 1h as yellow
oil (64.7 mg, 99% yield).

N-(tert-Butyl)-2-diazo-N-((6-methoxynaphthalen-2-yl)methyl)acetamide (1h)

Ry= 0.6 (n-hexane/EtOAc, 3/1); '"H NMR (400 MHz, CDCl3) 6 7.74 (d, J= 8.4 Hz, 1H), 7.71 (d, J =
9.2 Hz, 1H), 7.59 (s, 1H), 7.28 (d, /=9.2 Hz, 1H), 7.18 (dd, J= 8.4, 2.4 Hz, 1H), 7.14 (d, /= 2.4 Hz,
1H), 4.81 (s, 1H), 4.56 (s, 2H), 3.93 (s, 3H), 1.52 (s, 9H); '3C NMR (150 MHz, CDCls) § 168.2, 157.9,
134.1, 133.9, 129.3, 129.1, 127.7, 124.4, 124.3, 119.4, 105.9, 58.5, 55.5, 49.0, 49.0, 29.1 (3C); IR
(ATR) 2963, 2101, 1739, 1607, 1484, 1400, 1360, 1264, 1210, 1194, 1171 cm™!; HRMS (ESI-TOF)
[M + Na]* caled for CisH21N3NaO;" m/z 334.1526, found m/z 334.1541.

TBSCI (1.2 equiv.) N~ B
imidazole (1.5 equiv.) OO
1a >
THF (0.3 M) TBSO Kgo

I
rt, 24 h P
1i

A 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with 1a (89.2 mg, 0.3
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mmol) and imidazole (30.6 mg, 0.45 mmol, 1.5 equiv.), which were subsequently dissolved in THF
(1 mL) under an argon gas atmosphere. To the stirred solution was added TBSCI (54.3 mg, 0.36
mmol, 1.2 equiv.) at 0 °C in an ice bath. After being stirred for 24 h at room temperature, the reaction
mixture was quenched with the addition of water. The aqueous layer was extracted with Et,Ox3 and
the combined organic layers were dried over Na,SOs, filtered through a plug of cotton, concentrated
under reduced pressure, and purified by flash column chromatography (n-hexane/EtOAc = 8/1) to
afford 1g as yellow oil (99.4 mg, 80% yield).

N-(tert-Butyl)-N-((6-((tert-butyldimethylsilyl)oxy)naphthalen-2-yl)methyl)-2-diazoacetamide
Q)

Ry= 0.7 (n-hexane/EtOAc, 2/1); '"H NMR (600 MHz, CDCl3) § 7.69 (d, J= 9.0 Hz, 1H), 7.69 (d, J =
9.0 Hz, 1H), 7.59 (s, 1H), 7.25 (dd, J = 9.0, 2.4 Hz, 1H), 7.19 (d, J = 3.0 Hz, 1H), 7.10 (dd, J = 9.0,
3.0 Hz, 1H), 4.81 (s, 1H), 4.55 (s, 2H), 1.52 (s, 9H), 1.02 (s, 9H), 0.25 (s, 6H); *C NMR (150 MHz,
CDCl) 8 168.2, 153.8, 134.3, 133.9, 129.4, 129.2, 127.6, 124.2, 124.1, 122.9, 115.0, 58.5, 49.1, 49.0,
29.2(3C),25.9(3C), 18.4,-4.2 (2C); IR (ATR) 2952, 2929, 2858, 2098, 1602, 1482, 1399, 1380, 1264,
1232, 1216 cm™'; HRMS (ESI-TOF) [M + Na]J" caled for C23H33N3NaO,Si* m/z 434.2234, found m/z
434.2241.
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6. Computational Details of Part2

All the calculations were performed with Gaussian 16 program.5?

Mulliken Charge Distribution and Frontier Molecular Orbital of h»-Naphthol

The molecular structure optimizations were carried out using the hybrid density functional method
based on wB97XD functional and the cc-pVTZ basis set for H, C, and O. The vibrational frequencies
were computed at the same level to check whether each optimized structure is at an energy minimum
on the potential energy surfaces (no imaginary frequency), and to evaluate its zero-point vibrational

energy (ZPVE) and thermal corrections at 298.15 K.

-0.123 -0.120
-0218 % 2
3 6 -0.150
+0-27 -0.123
HO™ 2 ™~ -
“0276 5191 -0132
HOMO LUMO
Energy (RwB97XD): -461.107554 A.U.
Zero-point correction= 0.153124 (Hartree/Particle)
Thermal correction to Energy= 0.161079
Thermal correction to Enthalpy= 0.162023
Thermal correction to Gibbs Free Energy= 0.120520
Sum of electronic and zero-point Energies= -460.954430
Sum of electronic and thermal Energies= -460.946475
Sum of electronic and thermal Enthalpies= -460.945531
Sum of electronic and thermal Free Energies= -460.987033
Cartesian Coordinates
Atom X Y V4

C 1.852093 1.260232  -0.000084
C 2.678805  -0.99614 0.000102
C 0.522034 0.779055 0.000090
H 2.018765 2.330236 0.000089
C 1.407348  -1.490583 0.000109
H 3.521431  -1.674438 0.000723
C 0.290043  -0.619732  -0.000080
C -0.592807 1.646779 0.000130
H 1.234947  -2.559283 0.000307
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-1.034759
-1.865408
-0.425732
-2.090174
-1.223861
-2.711026
-3.349814
-3.984483

2.907404

3.921000

-1.105582
1.157536
2.716379

-0.236866

-2.170492
1.835595

-0.745755

-0.028991
0.396008
0.772798

-0.000168
0.000025
0.000182

-0.000051

-0.000166

-0.000075

-0.000137
0.001163

-0.000154
-0.000639

The molecular structure optimizations were carried out using the hybrid density functional method

based on Becke’s three-parameter exchange function and the Lee-YangParr nonlocal correlation

functional (B3LYP)® and the LANL2DZ basis set for Ag, and the 6-31G* basis set for H, C, N, O, F

and S. The vibrational frequencies were computed at the same level to check whether each optimized

structure is at an energy minimum on the potential energy surfaces (no imaginary frequency) or a

transition state (one imaginary frequency) and to evaluate its zero-point vibrational energy (ZPVE)

and thermal corrections at 298.15 K. The intrinsic reaction coordinate (IRC) method was used to track

minimum energy paths from transition structures to the corresponding local minima.>® Single point
energies were calculated at the RB3PWO1 level using SDD basis set®® for Ag and 6-311++G** basis
set for H, C, N, O, F and S in CH»Cl; solvent using CPCM model.

E(RB3LYP/6-31G%)

Thermal Correction

Sum of Electronic and

(A.U) to Free Energy Thermal Free Energies
(A.U) (A.U)

la+AgNTf, -2946.817203 0.310667 -1848962.316
TS1 -2946.802981 0.311878 -1848952.632
CP1 -2946.809715 0.311874 -1848956.86
TS2A -2946.780869 0.309385 -1848940.321
TS2B -2946.779106 0.309294 -1848939.272
TS2C -2946.764332 0.312167 -1848928.198
INT1 -2946.829151 0.303944 -1848974.033
CP2 -2946.874147 0.304287 -1849002.053
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E(RB3PWO91/ Thermal Correction to | Sum of Electronic and
6-311++G**) Free Energy Thermal Free Energies
(A.U) (A.U.) (A.U)
1la+AgNTHhH -2947.926064 0.310667 -1849658.138
TS1 -2947.91443 0.311878 -1849650.077
CP1 -2947.925639 0.311874 -1849657.114
TS2A -2947.890114 0.309385 -1849636.383
TS2B -2947.888362 0.309294 -1849635.341
TS2C -2947.872962 0.312167 -1849623.874
INT1 -2947.944093 0.303944 -1849673.67
CP2 -2947.985516 0.304287 -1849699.448
F3c—\éfo
FsC. /N---AJg'\
Y% sz\ .
N
S
1a + AgNTf, (Figure 4)

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

0.390951 (Hartree/Particle)

0.430293
0.431237
0.310667
-2946.426252
-2946.386910
-2946.385966
-2946.506536

Atom X Y Z
Ag 1.49104 -1.46036 -0.18948
C -1.48621 -2.16885 -2.06415
H -2.33682 -1.61238 -2.42909
C -1.26056 -2.6282  -0.69343
o -0.09204 -2.97063 -0.33981
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-2.32359
-2.13828
-3.67166
-3.69404
-4.37478
0.39987
-0.47955
-4.15307
-3.33363
-5.51744
-3.8237
-2.28855
-6.02221
-6.16995
-5.19708
-7.06731
-5.68771
-6.72633
-4.84692
-2.98598
-3.48503
-2.8342
-1.94142
-5.36378
-4.66519
2.56893
4.20053
1.6897
4.93914
4.60206
2.22896
0.28339
1.84451
4.24268
3.69579
5.51046

-2.68468
-3.03901
-2.47467
-2.92182
-3.06816
-2.39546
-2.28128
-1.03097
0.0547
-0.80367
1.38561
-0.08141
0.4704
-1.65614
1.60786
0.62447
2.93164
3.11632
4.00329
2.50936
3.78744
4.64231
2.34832
5.26252
5.90968
0.3732
0.40551
1.62512
1.37145
-1.0008
2.94953
1.30252
1.35738
1.02203
2.23183
1.07095

0.14594
1.61876
-0.40926
-1.40985
0.17487
-3.60577
-2.89649
-0.46931
-0.2389
-0.80928
-0.33546
0.02419
-0.90934
-0.98923
-0.67761
-1.16651
-0.77477
-1.03223
-0.54403
-0.10578
-0.20804
-0.03228
0.14771
-0.65018
-0.46622
0.18311
-0.12816
0.80429
0.67531
-0.2126
0.5228
0.51386
2.65017
-1.89452
-1.98486
-2.30411
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3.5609 0.17222
1.3543 0.14716
3.11404  1.4268
1.13049  2.29092
-3.46846 -2.86325
-4.21872 -3.61105
-3.26469 -3.00005
-3.89315 -1.86377
-1.10849 -2.09664
-0.09872 -2.27029
-1.36803 -1.04563
-1.09693 -2.2799
-1.69324  -4.50975
-1.59412  -4.78681
-2.43756 -5.17402
-0.73259 -4.66933

T D T AT T AT T T Am ™ omom

(Figure 4)
Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

Atom X Y
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-2.67592
2.96501
3.0348
3.28244

2.37811
2.10256
3.44396
2.24484
2.27511
1.9041

2.1153

3.35455
1.72707
2.78265
1.27297
1.23442

0.390225 (Hartree/Particle)

0.428914

0.429858

0311878

-2946.412756
-2946.374067
-2946.373122
-2946.491102
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0.87109
-1.3719
-1.92279
-1.49866
-0.55046
-2.59754
-2.6568
-3.7849
-3.83984
-4.66813
-0.57946
-0.95573
-3.86151
-2.88764
-5.00432
-3.00613
-2.00607
-5.14828
-5.77614
-4.15821
-6.02796
-4.27904
-5.14637
-3.2918
-2.01053
-2.14964
-1.37999
-1.13497
-3.45067
-2.68623

2.27953

3.6623

1.9849

4.85565

3.63009

-1.1831
-1.63938
-0.71592
-2.55054
-3.32707
-2.40805
-3.10594
-1.72816
-1.95574
-2.20123
-2.70138
-2.20993
-0.22142

0.5151
0.45133
1.92482
0.03142
1.81126
-0.12534
2.59539
2.30774
3.99744
4.51935

4.71647

2.69347

4.05623

4.63595
2.19107
6.06713
6.43799
0.14215
0.46808
0.57253
0.64095
-0.46826

-0.96533
-2.09569
-2.23308
-0.89968
-0.67078
-0.1201

1.23695
-0.6695

-1.74008
-0.23682
-4.16749
-3.21921
-0.46693

0.17476
-0.98764
0.32608
0.58653

-0.85782
-1.49434
-0.19909
-1.26005
-0.05226
-0.44526

0.59383
0.98569
1.11629
1.62304
1.38747
0.7113
1.17911
0.05343
-0.7984
1.61704
0.02035
-1.92913
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2.70544
0.52833
2.66923
3.2766
3.05256
4.30988
2.18699
2.04535
3.97465
2.43953
-3.87908
-4.83017
-3.80062
-3.91066
-1.39565
-0.48862
-1.28712
-1.49106
-2.77976
-2.86699
-3.67598
-1.90372

T D T o@D T o @D o= == "9 ™3 000 0

(Figure 4)

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

1.75742
0.46073
-0.88117
2.136
3.04251
2.51829
2.03041
-2.00377
-1.01147
-0.68968
-2.60913
-2.96789
-3.00635
-1.51785
-2.76851
-3.15385
-1.68837
-3.22783
-4.6237
-5.13622
-4.8581
-5.01362

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

2.06677
1.79183
2.57708
-1.55409
-0.60603
-2.30505
-2.32776
2.18377
2.36592
3.87679
2.03322
1.62698
3.04941
2.10279
2.05811
1.59477
2.19981
3.04771
1.00832
1.97292
0.42151
0.48639

0.390225 (Hartree/Particle)
0.428914
0.429858
0.311878
-2946.412756
-2946.374067

74



Sum of electronic and thermal Enthalpies= -2946.373122
Sum of electronic and thermal Free Energies= -2946.491102
Cartesian Coordinates

Atom X Y Z
Ag -0.90295 -0.21523  1.07009
C 1.05377 -0.94454  1.85897
H 1.72566 -0.16636  1.48874
C 1.27523 -2.40101  1.40964
O 1.04409 -3.29049  2.22285
N 1.71601 -2.57576  0.12843
C 1.88021 -4.00523 -0.37949
C 1.79594 -1.41841 -0.78752
H 1.88527 -1.81098 -1.7975
H 0.84508 -0.87296 -0.78936
N 0.96341 -0.91219 4.33792
N 1.02077 -0.90234  3.21843
C 2.93593 -0.44208 -0.53737
C 2.74282  0.90229 -0.80565
C 4.21257 -0.8796  -0.09398
C 3.793 1.84415 -0.65685
H 1.77113  1.25116 -1.15263
C 5.24998  0.0121 0.06395
H 4.36584 -1.931 0.13217
C 5.07901  1.39601 -0.21189
H 6.22109 -0.33885  0.40525
C 6.12839  2.33858 -0.05719
H 7.1049 1.99547  0.28124
C 591476  3.6738  -0.33467
C 3.61226  3.22901 -0.9311
C 4.64174  4.12368 -0.77656
H 4.5136 5.1808  -0.98597
H 2.63918  3.57302 -1.27222
o 6.87664 4.6327  -0.20977
H 7.70218  4.21947  0.08923
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N -2.5336 0.53423
S -2.24376  0.73353
S -4.01698  0.64243
(0] -3.21091  1.57575
(0] -0.79859  0.97118
(0] -5.14698  0.3573
(0] -3.84292  -0.04068
C -4.10436  2.46211
C -2.46617 -1.00437
F -3.69565 -1.45011
F -2.21803 -1.01034
F -1.58406 -1.82453
F -3.08431  2.77439
F -4.03342  3.20663
F -5.25411  2.70005
C 2.43562 -4.01813
H 3.37088 -3.45537
H 2.65248 -5.05834
H 1.71924 -3.6483
C 0.50442 -4.70101
H 0.10032 -4.78008
H -0.20548 -4.14591
H 0.6007  -5.71113
C 2.89004 -4.75929
H 2.99906 -5.78428
H 3.87637 -4.28248
H 2.56123 -4.80034
7 o
TN,
H  H Agwo
sl / N—Bu
LI
TS24 (Figure 4)

Zero-point correction=

-0.13531
-1.74853
0.60239
-2.43869
-1.86596
-0.27248
1.88906
1.03044
-2.41056
-2.18254
-3.71997
-1.80039
1.84114
-0.06948
1.66167
-1.81533
-1.90912
-2.07686
-2.55613
-0.37967
0.63078
-1.00379
-0.79345
0.51102
0.1401
0.46768
1.54828

0.388381 (Hartree/Particle)
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Thermal correction to Energy= 0.427673
Thermal correction to Enthalpy= 0.428618
Thermal correction to Gibbs Free Energy= 0.309385
Sum of electronic and zero-point Energies= -2946.392488
Sum of electronic and thermal Energies= -2946.353195
Sum of electronic and thermal Enthalpies= -2946.352251
Sum of electronic and thermal Free Energies= -2946.471484
Cartesian Coordinates
Atom X Y Z
Ag -0.30376 -0.42018  0.72663
C 1.69885 -0.59646 1.4147
H 2.24657 0.31133  1.6559
C 2.53344 -1.85482  1.2085
o 2.64728 -2.65166 2.14204
N 3.06145 -2.0547 -0.04105
C 3.70056 -3.40497 -0.34215
C 2.71984 -1.11631 -1.12892
H 33826  -1.3315 -1.96454
H 1.69438 -1.28662 -1.48612
N 0.91598 -0.9946 4.31753
N 1.36259 -0.89019  3.31116
C 2.89047  0.34139 -0.75415
C 1.9051 1.26398 -1.0763
C 4.10832  0.80771 -0.17683
C 2.07015  2.64588 -0.81178
H 0.98233  0.93964 -1.55095
C 4.29588  2.14279  0.0904
H 4.88808  0.09002  0.0648
C 3.28816  3.10496 -0.21317
H 522818  2.48347 0.53454
C 345012  4.48575 0.05273
H 4.37567 4.83734  0.50586
C 2.44251  5.37954 -0.26293
C 1.05292  3.59349 -1.1199
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1.23194
0.46588
0.12818
2.53308
3.39405
-2.28691
-2.46474
-3.52679
-3.8024
-1.27858
-4.65901
-2.86601
-4.12086
-2.18656
-3.08561
-2.26365
-0.95494
-3.11757
-4.53194
-5.1268
4.21376
4.97361
4.68825
3.41233
2.65314
2.28674
1.80326
3.10295
4.91493
5.39863
5.6511
4.62041

4.9283
5.66203
3.23866
6.71866
6.92009

-0.1821

0.18891

-0.64453
0.62717
0.97023

-1.26211

-1.2928
1.00083

-1.46906

-2.35869

-1.3215

-1.92032

1.60176
1.78863
0.78293
-3.45825
-2.69606
-4.43356
-3.37635
-4.52275
-4.56327
-4.36744
-5.49144
-3.6152
-4.56694
-2.81603
-3.6359

-0.85298
-1.08162
-1.56686
-0.03651
0.36372
-0.11768
-1.71641
0.88653
-2.0905
-2.09111
0.20807
2.02535
1.55188
-2.53933
-2.13259
-3.86178
-2.22573
2.20539
0.56172
2.39967
-1.79256
-1.99896
-1.9387
-2.53394
-0.16241
0.86381
-0.83746
-0.40726
0.58584
0.33907
0.43887
1.634
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(Figure 4)

Zero-point correction=

0.388891 (Hartree/Particle)

Thermal correction to Energy= 0.427726
Thermal correction to Enthalpy= 0.428670
Thermal correction to Gibbs Free Energy= 0.312167
Sum of electronic and zero-point Energies= -2946.375441
Sum of electronic and thermal Energies= -2946.336606
Sum of electronic and thermal Enthalpies= -2946.335662
Sum of electronic and thermal Free Energies= -2946.452165
Cartesian Coordinates
Atom X Y Z
Ag 0.24449 -0.64637  0.85368
C 2.22494 -0.27896  1.50736
H 243947  0.56977  2.15521
C 3.36904 -0.9192 0.74828
o 3.50577 -2.14003  0.8119
N 4.10735 -0.07925 -0.04679
C 5.05085 -0.67532 -1.07717
C 4.15527  1.34697 0.32136
H 4.50345  1.44982  1.35943
H 4.92086  1.82277 -0.28935
N 2.06093 -2.20953  3.86389
N 2.29882 -1.48157  3.06604
C 2.84421  2.09582  0.15734
C 1.89699  1.74154 -0.79058
C 2.61431  3.24956  0.96079
C 0.70505  2.49479 -0.96237
H 2.05709  0.87222 -1.42285
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1.47419
3.35735
0.47828
1.31266
-0.7182
-0.91022
-1.67148
-0.28553
-1.4466
-2.20935
-0.13711
-2.82016
-3.42219
-1.77156
-3.00273
-1.9788
-4.24868
-2.39386
-3.2189
-0.68277
-2.10054
-3.32444
-3.70791
-4.28423
-2.20698
-0.98374
-3.14981
-2.22074
5.59687
6.31816
6.12723
4.79577
4.27439
3.8703
3.45073
4.9526

4.00166
3.53636
3.65053
4.87578
4.38701
5.25723
3.98755
2.12602
2.85219
2.54226
1.23789
4.71241
4.28414
-0.98033
-0.71111
-1.41356
-1.38973
-0.82543
-0.93202
-1.16721
-3.28006
1.12223
1.40619
1.48773
1.8071
-3.76845
-3.65309
-3.75766
0.42572
1.08601
-0.05983
1.03316
-1.67624
-2.50415
-1.17547
-2.08469

0.81314
1.70231
-0.14435
1.43895
-0.29256
0.32757
-1.21187
-1.91089
-2.03248
-2.74361
-2.51655
-1.30065
-1.92966
0.14748
1.22479
-1.43533
0.89045
2.55282
-2.03568
-2.0829
-1.3464
1.02188
-0.22437
1.87298
1.302
-0.79347
-0.62042
-2.58693
-2.00509
-1.51186
-2.82981
-2.44091
-1.95863
-1.37755
-2.48016
-2.71535
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Zero-point correction=

6.22755 -1.36434
6.92965 -1.76827
6.77395 -0.64799
5.87261 -2.18297

-0.35915

-1.0975
0.2662
0.26914

0.387681 (Hartree/Particle)

Thermal correction to Energy= 0.427160
Thermal correction to Enthalpy= 0.428104
Thermal correction to Gibbs Free Energy= 0.309294
Sum of electronic and zero-point Energies= -2946.391425
Sum of electronic and thermal Energies= -2946.351946
Sum of electronic and thermal Enthalpies= -2946.351002
Sum of electronic and thermal Free Energies= -2946.469812
Cartesian Coordinates
Atom X Y Z
Ag 0.86997 -0.8617 -0.21971
C 2.77702 -0.41864  0.65883
H 2.76124  0.30644 146751
C 4.12937 -0.77904  0.05433
O 443708 -1.97446  0.07229
N 4.94333  0.19849 -0.45818
C 6.26284 -0.24551 -1.08787
C 447416  1.5659  -0.8011
H 528893  2.25447 -0.57273
H 4.3094 1.61049 -1.88563
N 2.52431 -2.65175  2.60972
N 2.77308 -1.8331 1.90734
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3.23384
2.01723
3.29582
0.82779
1.96498
2.15677
4.25678
0.87814
2.21389
-0.32311
-0.30994
-1.54615
-0.43046
-1.5875
-2.54733
-0.47373
-2.67863
-3.41533
-2.91194
-4.4849
-2.41336
-5.35447
-4.50144
-3.30875
-1.03441
-2.07462
-5.05023
-4.88532
-6.33926
-4.3397
-1.13456
-3.17898
-1.61042
7.09038
7.3485
8.02952

2.05513
2.07473
2.59858
2.51511
1.72978
3.02595
2.64616
2.95865
3.41469
3.26349
3.55945
3.10821
2.46703
2.75649
2.6795
2.16288
3.30271
2.82188
-0.18493
0.20919
-1.67083
-0.86133
1.51665
-2.59387
-1.54312
-2.43545
0.61968
-0.42697
0.95941
1.65324
-1.71484
-2.4603
-3.67607
0.97658
1.63581
0.60095

-0.10153
-0.76923
1.21826
-0.1432
-1.80092
1.85776
1.72574
1.22249
2.87145
1.8958
2.94045
1.25547
-0.79998
-0.12384
-0.61944
-1.84293
1.95721
1.52041
-0.13607
0.07929
-0.45426
0.5575
0.75834
-1.14073
-1.03857
1.2234
-1.65662
-2.4633
-1.62343
-2.13361
1.87397
1.95695
1.05801
-1.5377
-0.70173
-1.95491
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HOF - A9

Zero-point correction=

6.6054 1.56702
5.97275 -1.11982
5.42989 -2.02484
5.38503 -0.56348
6.91571 -1.41158
7.11528 -0.99788
8.09511 -1.22264
7.27723  -0.36886
6.65027 -1.93083
\/N/'Bu
TN
INT1+ N, (Figure 4)

-2.32015
-2.32393
-2.04895
-3.06441
-2.79964
-0.04445
-0.48006

0.83861
0.26699

0.388117 (Hartree/Particle)

Thermal correction to Energy= 0.428748
Thermal correction to Enthalpy= 0.429692
Thermal correction to Gibbs Free Energy= 0.303944
Sum of electronic and zero-point Energies= -2946.441034
Sum of electronic and thermal Energies= -2946.400403
Sum of electronic and thermal Enthalpies= -2946.399459
Sum of electronic and thermal Free Energies= -2946.525207
Cartesian Coordinates

Atom X Y Z
Ag -0.18357 -0.36575  0.66453
C 1.95797 -0.52876  1.04082
H 2.12329 -0.00011  1.97841
C 2.2978  -1.98607  1.08987
o 2.02349 -2.72908  2.02572
N 2.98456 -2.34597 -0.06365
C 3.1343  -3.777465 -0.48418
C 2.97436 -1.25001 -1.01885
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3.87284
2.09613
-0.77907
-0.51511
2.89704
2.06585
4.20479
2.33366
1.19239
4.50221
4.89488
3.57134
5.44408
3.84429
4.775
2.92591
1.42291
1.70993
1.0308
0.49191
3.14634
3.99654
-2.16104
-2.18692
-3.50632
-3.45674
-0.93521
-4.61475
-2.99659
-4.04649
-1.90944
-2.84826
-1.92093
-0.70496
-3.07155
-4.31285

-1.24055
-1.28083
-2.30992
-1.30219
0.02371
1.10541
0.46631
2.45291
0.85124
1.76847
-0.31504
2.81459
2.06237
4.16336
4.45833
5.14424
3.47385
4.79792
5.59133
3.17629
6.45714
6.59546
0.05774
0.65972
-0.48208
1.23594
1.41959
-0.87635
-1.36848
1.0688
-0.86677
-1.77824
-0.52221
-1.39787
1.47182
2.04383

-1.63941
-1.68307
4.25465
3.88681
-0.12849

-0.6535
0.42556
-0.40014
-1.24731
0.6197
0.73274
0.24189
1.07536
0.45757
0.93826
0.05582
-0.80659
-0.58235
-0.87411
-1.28133
0.24747
0.69776
-0.22385
-1.75182
0.58756
-2.17429
-1.92582
-0.27401
1.63593
1.48351
-2.80039
-2.57122
-4.08914
-2.50803
2.30837
0.61493
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-5.1396 0.79728  2.19822
39093  -3.83837 -1.81147
4.89863 -3.37425 -1.72449
4.05879 -4.88847 -2.08164
3.36847 -3.36245 -2.6369
1.73746  -4.40208 -0.66627
1.1815  -4.38337  0.2747
1.15898 -3.8612  -1.42525
1.82814 -5.44442 -0.99222
3.93814 -4.53347  0.58869
4.06374 -5.57852  0.28311
4.93341 -4.08905  0.70598
3.42759 -4.50413  1.55162

T D T QO & & & O @D T @ O ™

CP2 + [\PY

(Figure 4)
Zero-point correction= 0.389350 (Hartree/Particle)
Thermal correction to Energy= 0.429881
Thermal correction to Enthalpy= 0.430825
Thermal correction to Gibbs Free Energy= 0.304287
Sum of electronic and zero-point Energies= -2946.484797
Sum of electronic and thermal Energies= -2946.444267
Sum of electronic and thermal Enthalpies= -2946.443323
Sum of electronic and thermal Free Energies= -2946.569861

Cartesian Coordinates

Atom X Y V4
Ag -0.44564 -1.24761 0.62415
C 2.66284  0.13886  0.69992
H 2.1638 0.59769 1.54676
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2.56962
1.58968
3.69578
3.91375
4.74559
5.5674
5.15976
-1.04643
-0.63866
4.05896
2.84534
4.83764
2.47337
2.63514
442718
5.7594
3.22962
5.01052
2.85153
3.41866
1.74156
1.37545
1.00449
0.13575
0.78191
1.42648
0.63182
-2.29338
-3.59178
-2.26209
-4.87628
-3.36524
-3.16091
-0.83949
-2.91159
-3.26395

-1.3293
-2.03996
-1.80488
-3.24889
-0.77336
-0.99514
-0.73675
-1.73659
-1.29289
0.53409
0.92966
1.61438
2.36841
0.3702
2.89569
1.34114
3.31893
3.66643
4.66783
5.40973
5.08118
2.8007
4.14381
4.45864
2.07689
6.40915
6.55808
-0.40421
-0.27187
0.14128
-0.15341
-1.26227
1.25642
0.21084
-1.33042
1.37512

0.52109
0.85927
-0.05978
-0.41276
-0.16033
0.53463
-1.17183
4.62437
3.69863
0.22208
-0.59889
0.85837
-0.6308
-1.50957
0.81955
1.36717
0.09763
1.31742
0.07705
0.63159
-0.66112
-1.38022
-1.3963
-1.97094
-1.93199
-0.63225
-1.16848
-0.13247
0.89108
-1.69324
0.21262
1.94633
-1.96767
-2.0602
-2.64964
1.71659
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-3.23974  2.3595 0.82113
-4.22203  1.60998  2.61418
-2.07842  1.32825  2.34641
-2.10728 -2.3825  -2.44331
-4.14473  -1.63907 -2.26082
-2.91249 -1.03118 -3.95035
5.2506  -3.39919 -1.15917
6.10524 -3.0733  -0.55748
5.39863 -4.45821 -1.39107
5.25605 -2.85054 -2.10687
2.77887 -3.72988 -1.33728
1.80987 -3.68751 -0.83817
2.73364 -3.11807 -2.24516
2.96838 -4.76664 -1.63553
3.95653 -4.07535  0.88755
4.12195 -5.13234  0.65192
4.77528 -3.74081 1.53514
3.01653 -3.98679 1.43684

T m T QT D D Q@D T D@m aam ™ oo™

Calculation of Axial Rotation of 8a and 10a

The molecular structure optimizations were carried out using the hybrid density functional method
based on wB97XD functional and the 6-311+G* basis set for H, C, N, O, and F. The vibrational
frequencies were computed at the same level to check whether each optimized structure is at an energy
minimum on the potential energy surfaces (no imaginary frequency) or a transition state (one
imaginary frequency) and to evaluate its zero-point vibrational energy (ZPVE) and thermal corrections
at 298.15 K. The intrinsic reaction coordinate (IRC) method was used to track minimum energy paths

from transition structures to the corresponding local minima.
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Figure S3
AG (kcal/mol)

(Figure S3)

Zero-point correction= 0.440038 (Hartree/Particle)
Thermal correction to Energy= 0.464539

Thermal correction to Enthalpy= 0.465484

Thermal correction to Gibbs Free Energy= 0.385051

Sum of electronic and zero-point Energies= -1226.506488

Sum of electronic and thermal Energies= -1226.481987

Sum of electronic and thermal Enthalpies= -1226.481043

Sum of electronic and thermal Free Energies= -1226.561476

Cartesian Coordinates

Atom X Y V4
O -3.59463 -1.59654 1.96351
O 5.84025 -2.33083 -0.69463
N -2.69622 -1.00913 -0.09089
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3.31718
3.1976
0.68505
0.51451
3.51483
3.65165
-1.41023
-1.36018
-1.21538
2.11184
0.69852
0.77464
0.78236
0.93073
-1.20385
-0.93817
-1.11463
0.52138
0.46021
1.09271
1.22228
-4.86923
-5.79758
-5.11262
-4.36763
-0.37778
0.42862
0.2962
0.72479
-2.65147
-4.65236
-4.00313
-4.88304
-5.58585
4.53441
5.42679

-0.00991
1.01846
2.19813
3.37165

-2.70467

-3.73134

-0.52138
0.57408

-0.83706

-0.83088
3.54058
3.63363
2.29228
1.39793

-1.22526

-2.05913

-0.29623
4.70044
5.66646

-3.04962

-4.07641

-1.97583

-1.78996

-2.21449

-2.83837

-1.16785
4.6359
5.53231
1.08868

-1.32199
0.48025
1.36163
0.27917
0.71012

-0.49171
0.1215

0.31161
0.63646
-0.02922
0.73533
-0.5257
-0.85403
-0.57153
-0.53062
-1.5986
0.20951
-2.01377
-3.0926
-1.42523
-2.02426
1.70439
2.35691
2.27628
-1.23395
-1.72558
-0.34748
-0.6789
-0.72302
-1.27379
0.31256
-1.17499
0.39948
0.14521
0.74361
0.89242
1.24242
-0.16341
-0.22131
0.88543
-0.68809
0.01688
0.09304
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-3.96761 -0.73638 -0.80389
-3.67444 -0.44159 -2.27936
-3.0613 0.45617 -2.41015
-4.62299 -0.27182 -2.79745
-3.17424 -1.28561 -2.76629
4.73131 -1.88656 -0.42653
2.28683 -2.22317 -0.23197
0.59254  1.62671  2.14423
0.60304  1.13681 3.10784
-0.11986 -2.57415 -0.06422
-0.99819 -3.20783 -0.16566
0.88453 -0.33414  0.51033
0.46488  2.99297  2.05705
0.35883  3.61492  2.84081

C
C
H
H
H
C
C
C
H
C
H
C
N
H

TSga (Figure S3)
Zero-point correction= 0.441555 (Hartree/Particle)
Thermal correction to Energy= 0.464633
Thermal correction to Enthalpy= 0.465578
Thermal correction to Gibbs Free Energy= 0.390535
Sum of electronic and zero-point Energies= -1226.474182
Sum of electronic and thermal Energies= -1226.451104
Sum of electronic and thermal Enthalpies= -1226.450160
Sum of electronic and thermal Free Energies= -1226.525202

Cartesian Coordinates

Atom X Y V4
O -3.00083 -1.5689 2.02116
O 6.36581 -1.05285 -1.02103
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-1.90419
3.65185
3.52199

-0.79755

-0.76382
4.26112
4.55817

-0.69206

-0.88984

-0.20004
2.54671

-3.20762

-4.17981

-2.08989

-2.26798

-0.79368

-0.43668

-1.05092

-3.11457

-4.00833
2.12092
2.52827

-3.40901

-4.18277

-3.79681

-2.54755
0.2161

-1.877

-1.76008
0.60715

-2.03953

-4.1886

-3.9093

-4.52721

-5.0217
4.89169

-1.65804 -0.01521
0.98479  0.11
2.0094 0.40055
2.17487  0.01831
3.58474 -0.10382

-1.71817 -0.16399

-2.763 -0.18599

-1.12085 -0.61832

-0.23438 -1.23183

-1.85826 -1.2551
0.03449  0.25925
2.40791 -0.24899
1.92703 -0.29825
1.61385 -0.06563
0.55744  0.0133

-0.57249  1.75988

-0.97159  2.71193
0.47512  1.92474

3.80192 -0.36249
4.40076 -0.50426

-2.41418  0.70411

-3.40792  0.86519

-3.60415 -0.13754

-4.09245 -0.73963

-3.43364  0.86711

-4.27796 -0.07397

-0.80847  0.6143

4.40553 -0.29018
5.48203 -0.37453
1.71196  0.19259

-1.32829  1.31233

-1.31292  -0.86911

-0.39707 -1.40278

-1.05289  0.13688

-1.77714  -1.40745
0.64814 -0.28428
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5.67513
-2.99807
-2.50771
-2.18914
-3.33313
-1.68257

5.27138

3.01785

1.33388

2.38416

0.84316

0.1566

1.19859

0.54362

0.87603

8aminor

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

1.39542
-2.28199
-2.58
-1.67485
-3.01957
-3.29967
-0.74456
-1.3708

2.89353
3.08398
-2.14209
-2.91503
0.34439
3.97915
4.92738

(Figure S3)

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Atom

Cartesian Coordinates

X

-0.36635
-0.80095
-2.22223
-2.74938
-2.79006
-2.22483
-0.56435

0.24803

0.14895
0.21626
0.9203

1.25676
0.35739

-0.01285
-0.07429

0.440237 (Hartree/Particle)

0.464653

0.465597

0.385441

-1226.504993
-1226.480577
-1226.479632
-1226.559789

3.48166

0.41467
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-5.18087
2.96022
-3.11062
-3.15345
-1.30509
-1.22745
-2.89135
-2.86811
1.75951
1.61484
1.79783
-1.82617
-2.22113
-2.61923
-1.81509
-1.89219
1.16556
0.84799
0.87602
-2.12972
-2.45674
-0.51446
-0.48441
5.28085
6.28295
5.3329
4.94278
0.61364
-1.63549
-1.56959
-0.80496
2.67754
4.77799
4.08982
4.81122
5.77705

-3.56154
-0.59571
-0.69634
0.31587
2.13002
3.27504
-3.31627
-4.32909
-0.76766
0.08498
-1.68191
-1.17033
3.49128
3.6013
2.2467
1.37046
0.08095
-0.20057
1.12388
4.62471
5.58833
-3.02225
-4.035
-1.32233
-1.35931
-0.80395
-2.34971
-0.84978
4.536
5.41078
1.01681
-0.00465
0.84191
1.35179
1.39447
0.856

0.20367
-0.08542
0.72386
1.11215
-0.06628
0.75396
-0.31975
-0.71249
0.72097
1.39657
1.31655
0.21091
-1.81156
-2.81531
-1.36765
-2.00521
-1.43511
-2.44105
-1.26697
-0.9797
-1.35792
-0.84828
-1.24116
-0.46427
-0.02358
-1.42181
-0.63765
-0.32822
0.30954
0.94954
0.70381
-1.29129
0.7407
1.4252
-0.2011
1.18935
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-4.20756
-5.15903
4.32322
4.3082
3.67151
5.32599
3.97445
-4.18389
-1.78447
-0.46556
-0.08381
0.57712
1.51625
-0.71967
-0.7136
-0.55328

T Z O @&mn o@D o0 oo @om T OO0 0

Figure S4
AG (kcal/mol)

-1.46923
-1.11332
-0.6049
-1.36865
-0.88703
-1.3954
-2.40312
-2.85084
-2.54109
1.52211
1.01131
-2.25752
-2.63943
-0.38312
2.87412
3.47119

0.72242
1.10475
0.49732
1.82632
2.57601
2.22672
1.69197
0.20145
-0.32155
1.92994
2.80291
-0.85425
-1.24859
0.22403
1.96592
2.75965
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10a

(Figure S4)

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

0.438313 (Hartree/Particle)
0.464260
0.465204
0.381072
-1326.457501
-1326.431554
-1326.430609
-1326.514741

Atom X Y Z

o 3.13664 -2.53287 -1.70496
(0] -6.24052 -1.86716 -0.13849
N 2.57182 -1.22476  0.12246
C -3.23497 -0.01827 -0.81756
H -2.90314  0.87037 -1.34509
C -1.04406  2.14813 -0.00512
C -0.0668 3.1395  -0.29036
C -4.00699 -2.39863  0.43451
H -4.34037 -3.32426  0.89841
C 1.39593 -0.99548  0.95066
H 1.28053  0.06139  1.18901
H 1.48711 -1.54488  1.89802
C -2.22797 -0.82523 -0.1742
C -2.42122  3.86931 0.96331
H -3.33846  4.16717  1.4653
C -2.22262 253229  0.65287
H -2.97758  1.79847  0.91708
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0.81577
0.48844
0.57686
-1.46146
-1.64805
-1.688
-2.03971
4.59236
5.59949
4.66592
4.00452
0.17399
-0.27618
0.49012
-0.44022
2.31803
4.75516
4.31092
4.82306
5.76632
-4.54697
-5.28018
3.93401
3.84111
3.42036
4.85551
3.26104
-5.04312
-2.68593
0.838
1.61588
-0.38589
0.3526
-0.88663
1.06726
2.58759

-2.02425
-3.03005
-1.36533
4.84454
5.88574
-2.96916
-3.86885
-2.10507
-1.86872
-2.89408
-2.47961
-1.52432
4.48585
5.22014
0.88487
-1.98939
-0.31698
0.61469
-1.0463
-0.08524
-0.35274
0.25691
-0.85881
0.27071
1.17339
0.5141
-0.01057
-1.5614
-2.06931
1.26792
0.61468
-2.72855
-3.44202
-0.45126
2.57406
2.85762

-1.19615
-1.46757
-2.03672
0.64147
0.89288
0.9839
1.4834
1.18402
1.54603
0.43012
2.03114
0.1344
0.02025
-0.21297
-0.4005
-0.97744
-0.60494
-0.96932
-1.412
-0.25012
-0.82511
-1.34535
0.57556
1.61032
1.15523
1.94332
2.4956
-0.16525
0.41504
-0.87873
-1.25618
0.84699
1.21063
-0.15437
-0.84137
-0.80407
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3.57186

TS10a

2.79499

(Figure S4)

Zero-point correction=

-0.69091

0.439236 (Hartree/Particle)

Thermal correction to Energy= 0.464418
Thermal correction to Enthalpy= 0.465363
Thermal correction to Gibbs Free Energy= 0.383143
Sum of electronic and zero-point Energies= -1326.432471
Sum of electronic and thermal Energies= -1326.407289
Sum of electronic and thermal Enthalpies= -1326.406344
Sum of electronic and thermal Free Energies= -1326.488564
Cartesian Coordinates
Atom X Y Z
O -3.37508 -1.69624  2.12647
o 6.0245  -2.72506 -0.505
N -2.65725 -1.11467 -0.00956
C 3.45104 -0.2402 -0.01812
H 3.36755 0.81744  0.09422
C 1.32258 236101  0.15493
C 0.26054  3.33201  0.11907
C 3.67275 -2.98368 -0.282
H 3.77448 -4.06265 -0.38233
C -1.40215 -1.10994 -0.76589
H -1.2569  -0.17505 -1.30749
H -1.39897 -1.92071 -1.50632
C 2.2308 -0.99191 0.03329
C 2.82482  4.29632  0.00117
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3.84764
2.62118
3.52579
-1.01368
-0.71447
-0.84923
1.75704
1.94274
1.28105
1.45043
-4.55749
-5.53603
-4.6776
-3.89085
-0.26198
0.46037
-0.40578
0.6365
-2.49363
-4.94222
-4.53292
-5.10405
-5.90611
4.69114
5.5729
-3.98984
-3.81986
-3.45554
-4.80112
-3.15166
4.90156
2.42757
-0.74057
-1.60549
0.0582
-0.80598

4.66582
2.92058
2.33815
-1.2746
-2.0693
-0.32154
5.19899
6.26658
-3.31626
-4.38579
-2.42
-2.37509
-2.91833
-3.0261
-1.36164
4.7091
5.36528
1.03383
-1.40646
-0.14168
0.86793
-0.58208
-0.06464
-0.77507
-0.13865
-1.00223
-0.2763
0.7436
-0.20787
-0.80573
-2.20926
-2.43289
1.4405
0.81366
-2.82675
-3.48767

-0.0243
0.11604
0.19853

1.66844

2.35653

2.17888

-0.07147

-0.16456

-0.04707

-0.15287

-0.88051

-1.37403
0.08604

-1.50697

0.30158

-0.00328

-0.03105
0.26606
1.32453

0.17911
0.28551
1.1626

-0.33955
-0.18895
-0.21366
-0.67747
-2.02552
-1.86297
-2.50847
-2.71351

-0.34265

-0.10443
0.34676
0.46937
0.1438
0.20525
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0.9593  -0.38432 0.194
-0.97703  2.73533  0.24209
-2.47176  2.93291 -0.15071
-3.40918  2.76898 -0.44958

C
N
H
F

10ainor (Figure S4)
Zero-point correction= 0.438603 (Hartree/Particle)
Thermal correction to Energy= 0.464628
Thermal correction to Enthalpy= 0.465573
Thermal correction to Gibbs Free Energy= 0.381001
Sum of electronic and zero-point Energies= -1326.455404
Sum of electronic and thermal Energies= -1326.429378
Sum of electronic and thermal Enthalpies= -1326.428434
Sum of electronic and thermal Free Energies= -1326.513006

Cartesian Coordinates

Atom X Y Z
(0] -3.53885 -0.65644  2.20213
o 5.7776  -2.64158 -0.89876
N -2.69315 -1.06244  0.08858
C 3.03259 -0.3229  -0.91247
H 2.76728  0.64958 -1.31253
C 1.34491  2.09346  0.22187
C 0.51631  3.22096 -0.032
C 3.60318 -2.90554 -0.00358
H 3.84705 -3.9195 0.30567
C -1.44528 -1.51491 -0.50213
H -1.17594 -0.92959 -1.38384
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-1.51867
2.02796
3.10289
4.11289
2.64498
3.29265

-1.14075

-0.97816

-0.8748
2.2864
2.67535
1.33514
1.60253

-4.81724

-5.7713

-5.01947

-4.28944

-0.3534
0.98879
0.33448
0.50255

-2.60573

-4.71444

4.11548

-4.96473

-5.64311
4.25598
4.98199

-3.97221

-3.68713

-3.10109

-4.64151

3.16512
4.65446
2.36693

-0.75092

-2.56435
-1.02967
3.60131
3.76459
2.3041
1.46412
-0.78015
-1.33161
0.26507
4.70796
5.71377
-3.20464
-4.21356
-2.24129
-2.24564
-2.20316
-3.17541
-1.36991
4.52594
5.36837
0.93189
-0.8287
0.28561
1.15844
0.3595
0.30665
-0.84029
-0.29472
-1.02786
-1.07783
-0.21058
-1.04914
-1.99304
-2.16661
-2.38733
1.50198

-0.817
-0.15385
0.87915
1.24704
0.70687
0.94017
1.81883
2.74808
1.99898
0.58578
0.72469
0.86295
1.16849
-0.24292
-0.78264
0.83044
-0.47096
0.62319
0.13586
-0.07137
-0.00654
1.43288
-0.36087
-0.64474
0.69773
-0.94361
-1.17152
-1.76757
-0.65732
-2.16368
-2.48498
-2.69882
-2.46283
-0.69757
0.23532
-0.34773
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-1.66709
0.09118
-0.68768
0.78926
-0.754
-2.18247
-3.10405

0.97951
-2.7546
-3.39299
-0.46477

2.82678

3.24683

3.19371

-0.58857
1.00719
1.42332
0.13735

-0.40108

-0.91535

-1.26108
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7. Characterization of Dearomatized Products 15a-15¢, 18a-18d

Procedure A for Dearomative Spirocyclization of Phenols and Indoles

1

R 2 R?
_R%Z  B(C4Fs)s (10 mol %) \
nN 2,6-Bu,py (10 mol %) R (O o
HO (&O K)\/):
o)

CH,Cl, (0.05 M)

N, rt, 48 h
14 15
R2
N B(CgFs)3 (10 mol %)
O  2,6-'Buypy (10 mol %)
R’ N NN,  CHCl; (0.05 M)
N RT™2 .
rt, 24-48 h
H
17 18

A pre-dried 30 mL eggplant-shaped flask equipped with a magnetic stir bar was charged with
B(C¢Fs); (10.2 mg, 0.02 mmol, 10 mol%), diazo compound 14 or 17 (0.2 mmol), and 2,6-fert-

butylpyridine (4.5 pL, 0.02 mmol, 10 mol%), which were subsequently dissolved partially in CH>Cl,

(4 mL) under an argon gas atmosphere. After being stirred for 24-48 h at room temperature, the

reaction mixture was concentrated under reduced pressure. The obtained crude residue was purified

by flash column chromatography (column condition; gradient elution: n-hexane/EtOAc, 1/1 — 1/3) to

afford spirocyclic compound 15.

2-benzyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (15a)

Prepared according to the general procedure A using 14a (56.3 mg), and isolated as pale brown solid
(43.4 mg, 86% yield).; Ry= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCl;) 6 7.38-7.28 (m,
3H), 7.26 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 10.0 Hz, 2H), 6.27 (d, J = 10.0 Hz, 2H), 4.52 (s, 2H), 3.30
(s, 2H), 2.63 (s, 2H); '*C NMR (100 MHz, CDCls) & 184.7, 171.3, 149.7 (2C), 135.4, 129.2 (2C),
128.9 (2C), 128.2 (2C), 128.0, 53.6, 46.7, 41.0, 40.9; IR (ATR) 3030, 2921, 1681, 1658, 1622, 1486,
1443, 1431, 1274, 1258 cm™ " HRMS (ESI-TOF) [M + Na]" calcd for C16H;sNNaOx" m/z 276.0995,

found m/z 276.1006.
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2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (15b)

Prepared according to the general procedure A using 14b (46.7 mg), and isolated as orange solid (40.3
mg, 98% yield).

'H and *C NMR, IR, and MS were identical to those reported.*?

2-(2-phenylpropan-2-yl)-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (15¢)

Prepared according to the general procedure A using 14¢ (61.9 mg), and isolated as beige o0il (23.3 mg,
41% yield).; Ry= 0.3 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCls3) § 7.37 (d, J = 4.8 Hz, 4H),
7.30-7.25 (m, 1H), 6.93 (d, /= 10.0 Hz, 2H), 6.30 (d, /= 10.0 Hz, 2H), 3.35 (s, 2H), 2.57 (s, 2H), 1.81
(s, 6H); *C NMR (100 MHz, CDCls) 6 184.9, 171.6, 149.9 (2C), 145.4,129.4 (2C), 128.6 (2C), 127.2,
125.0 (2C), 59.6, 53.8, 42.6, 41.0, 27.4 (2C); IR (ATR) 2978, 2932, 1687, 1660, 1626, 1403, 1387,
1270, 1254, 1179 cm™'; HRMS (ESI-TOF) [M + Na]* calcd for C1sH;9NNaO>" m/z 304.1308, found
m/z 304.1310.

7-chloro-2-isopropyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (15d)

Prepared according to the general procedure A using 14d (53.5 mg), and isolated as beige solid (39.9
mg, 83% yield).

'H and '3C NMR, IR, and MS were identical to those reported.'8

t
,Bu

—N

o
2-(tert-butyl)-6-vinyl-2-azaspiro[4.5]deca-6,9-diene-3,8-dione (15¢)

Prepared according to the general procedure A using 14e (54.7 mg), and isolated as yellow oil (40.0
mg, 82% yield).

'H and '3C NMR, IR, and MS were identical to those reported.*?
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3-isopropyl-3-azaspiro[5.5]Jundeca-7,10-diene-2,9-dione (15f)

Prepared according to the general procedure A using 14f (49.5 mg), and isolated as pale yellow solid
(43.8 mg, quant.).

'H and *C NMR, IR, and MS were identical to those reported.*?

—~n-PMB

3-(4-methoxybenzyl)-3-azaspiro[5.5]undeca-7,10-diene-2,9-dione (15g)

Prepared according to the general procedure A using 14g (65.1 mg), and isolated as white solid (46.7
mg, 79% yield).; Ry= 0.2 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCls) 8 7.24 (d, J = 8.4 Hz,
2H), 6.89 (d, J = 8.8 Hz, 2H), 6.80 (d, J = 10.0 Hz, 2H), 6.31 (d, J = 10.0 Hz, 2H), 4.62 (s, 2H), 3.82
(s, 3H), 3.38 (t, J = 6.8 Hz, 2H), 2.50 (s, 2H), 1.91 (t, J = 6.8 Hz, 1H); 3C NMR (100 MHz, CDCl;) &
185.0,166.2,159.2,150.6 (2C), 129.6 (2C), 129.5 (2C), 128.6, 114.1 (2C), 55.2,49.5,43.6,40.2, 39.7,
32.1; IR (ATR) 2962, 2925, 1658, 1620, 1510, 1467, 1243, 1172, 1033, 959 cm™'; HRMS (ESI-TOF)
[M + Na]* caled for CisH19NNaOs" m/z 320.1257, found m/z 320.1267.

1'-(4-methoxybenzyl)-2-methylspiro[indole-3,3'-pyrrolidin]-5'-one (18a)

Prepared according to the general procedure A using 17a (35.0 mg), and isolated as yellow oil (28.6
mg, 87% yield, 0.083mmol scale).

IH and 3C NMR, IR, and MS were identical to those reported. *°

1'-isopropyl-2-methylspiro[indole-3,3'-pyrrolidin]-5'-one (18b)
Prepared according to the general procedure A using 17b (27.0 mg), and isolated as yellow solid (24.9
mg, quant., 0.1 mmol scale): Ry= 0.2 (EtOAc); '"H NMR (400 MHz, CDCl3) & 7.55 (dt, J = 8.0, 0.8
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Hz, 1H), 7.39-7.35 (m, 2H), 7.24 (dt, J = 8.0, 0.8 Hz, 1H), 4.55 (sept, J = 6.8 Hz, 1H), 3.50 (d, J =
10.0 Hz, 1H), 3.46 (d, J = 10.0 Hz, 1H), 2.71 (d, J= 16.8 Hz, 1H), 2.65 (d, J= 16.8 Hz, 1H), 2.33 (s,
3H), 1.23 (dd, J = 6.8, 2.8 Hz, 6H); 13C NMR (100 MHz, CDCLs) & 182.7, 171.3, 154.0, 141.8, 128.7,
126.1, 121.0, 120.3, 55.4, 47.8, 43.0, 38.9, 19.7, 19.6, 15.8 ; IR (ATR) 2972, 2932, 2875, 2359, 1682,
1612, 1578, 1486, 1458, 1424, 1379 cm™'; HRMS (ESI-TOF) [M + H]" caled for CisH1oN,O" m/z
243.1419, found m/z 243.1493.

MeO

2-(tert-Butyl)-5-methoxy-1'-(4-methoxybenzyl)spiro[indole-3,3'-pyrrolidin]-5'-one (18¢)
Prepared according to the general procedure A using 17c¢ (35.0 mg), and isolated as yellow oil (28.6
mg, 87% yield, 0.083mmol scale).

IH and 3C NMR, IR, and MS were identical to those reported. *°

1'-(4-methoxybenzyl)-2-(4-(trifluoromethyl)phenyl)spiro[indole-3,3'-pyrrolidin]-5'-one (18d)
Prepared according to the general procedure A using 17d (17.0 mg), and isolated as pale pink solid
(13.3 mg, 83% yield, 0.036 mmol scale): Ry= 0.4 (n-hexane/EtOAc, 1/1); '"H NMR (400 MHz, CDCl3)
0 7.88(d,J=8.4Hz, 2H), 7.67 (d,/=8.0 Hz, 1H), 7.61 (d, J= 8.4 Hz, 2H), 7.43-7.39 (m, 1H), 7.35-
7.31 (m, 2H), 7.28 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.81 (d, /= 14.0 Hz, 1H), 4.41 (d, J
=14.0 Hz, 1H), 3.80 (s, 3H), 3.76 (d, J = 10.8 Hz, 1H), 3.55 (d, J= 10.8 Hz, 1H), 3.11 (d, /= 18.0
Hz, 1H), 2.85 (d, /= 18.0 Hz, 1H); *C NMR (100 MHz, CDCls) § 177.6, 171.6, 159.5, 152.9, 146.0,
134.1, 132.5 (d, /= 32.4 Hz), 130.0 (2C), 128.9, 127.9 (2C), 127.7, 127.3, 1259 (d, J = 2.9 Hz, 2C)
123.6 (d, J=271.8 Hz), 121.6, 120.5, 114.3 (2C), 55.2, 53.3, 53.0, 46.6, 40.2; '°F NMR (376 MHz,
CDCl3) -62.9; IR (ATR) 2938, 1688, 1615, 1585, 1513, 1495, 1444, 1420, 1409, 1325, 1248 cm™;
HRMS (ESI-TOF) [M + Na]* calcd for CosH21F3N2NaO,* m/z 473.1447, found m/z 473.1469.
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8. Synthesis and Characterization of Substrates 14a-14q, 17a-179

14a-14g were synthesized with reported procedure and 'H and '*C NMR, IR, and MS of 14b,*

14d.'® 14, and 14f'® were identical to those reported.

N2
N-benzyl-2-diazo-N-(4-hydroxybenzyl)acetamide (14a)
Pale yellow solid (816.5 mg, 62% yield).; Ry = 0.5 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz,
CDCl3) 6 7.35-7.26 (m, 3H), 7.20 (br s, 2H), 7.02 (br s, 2H), 6.81 (d, J = 8.4 Hz, 2H), 5.01 (s, 1H),
4.41 (br s, 4H), OH peak was not detected.; *C NMR (100 MHz, CDCls) 8 167.1, 156.0 128.8 (4C),
127.6 (3C), 115.8 (4C), 49.1 (2C), 47.4; IR (ATR) 3182, 3114, 2105, 1587, 1577, 1514, 1469, 1438,
1428, 1351, 1216 cm™'; HRMS (ESI-TOF) [M + Na]* calcd for Ci6H1sN3NaOx" m/z 304.1056, found
m/z 304.1053.

N2

2-diazo-N-(4-hydroxybenzyl)-N-(2-phenylpropan-2-yl)acetamide (14c)

Yellow solid (179.2 mg, 16% yield).; Ry= 0.5 (n-hexane/EtOAc, 1/2); 'H NMR (400 MHz, CDCIs) &
7.35-7.30 (m, 4H), 7.23 (d, /= 8.8 Hz, 2H), 7.22 (d, J= 8.8 Hz, 1H), 6.83 (d, /= 8.8 Hz, 2H), 4.75 (s,
2H), 4.64 (s, 3H), 1.67 (s, 6H); '3*C NMR (100 MHz, acetonitrile-d3) § 167.9, 156.9, 150.3, 131.8,
129.1 (2C), 128.8 (20), 126.8, 125.3 (2C), 116.2 (2C), 63.0, 49.8, 48.9, 29.6 (2C); IR (ATR) 3163,
3105, 2102, 1572, 1513, 1416, 1361, 1276, 1204, 1161 cm™'; HRMS (ESI-TOF) [M + Na]" calcd for
CisH19N3NaO>" m/z 332.1369, found m/z 332.1375.

Hom\PMB

/
N, O

2-diazo-NV-(4-hydroxyphenethyl)-NV-(4-methoxybenzyl)acetamide (14g)

Yellow solid (46.7 mg, 79% yield).; Ry= 0.2 (n-hexane/EtOAc, 1/2); '"H NMR (400 MHz, CDCl;) &
7.13-7.00 (m, 3H), 7.04 (d, /= 5.2 Hz, 1H), 6.85 (d, J=5.2 Hz, 2H), 6.75 (d, /= 6.4 Hz, 1H), 4.87 (s,
1H), 3.78 (s, 3H), 3.52 (br s, 2H), 2.81 (br s, 2H); '3*C NMR (100 MHz, CDCl3) 6 185.0, 166.2, 159.2,
150.6 (2C), 129.6 (20), 129.5 (2C), 128.6, 114.1 (2C), 55.2, 49.5, 43.6, 40.2, 39.7, 32.1; IR (ATR)
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3158, 2109, 1562, 1513, 1456, 1416, 1363, 1350, 1242, 1197 cm™!; HRMS (ESI-TOF) [M + Na]*
caled for Ci1sH19N3NaOs* m/z 348.1319, found m/z 348.1318.

17a-17d were synthesized with reported procedure and 'H and '3C NMR, IR, and MS of 17a and 17¢

were identical to those reported.'®

/’Pr
N
O
L
N MeN2
H
2-Diazo-N-isopropyl-N-((2-methyl-1H-indol-3-yl)methyl)acetamide (17b)
yellow solid (25.4 mg, 73% yield).: R;= 0.5 (EtOAc); '"H NMR (400 MHz, CDCls) & 8.43 (br s, 1H),
7.53(d,J=7.6 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.11 (dt, /= 7.6, 1.2 Hz, 1H), 7.06 (dt, /= 8.0, 1.2
Hz, 1H), 5.06 (s, 1H), 4.58 (br s, 2H), 4.25 (br s, 1H), 2.39 (s, 3H), 1.12 (d, J= 6.8 Hz, 6H); 3C NMR
(100 MHz, CDCls) 6 166.2, 135.1, 131.8, 127.5, 121.1, 119.4, 118.3, 110.3, 107.6, 47.7, 47.5 (2C),

20.4, 12.0 (2C); IR (ATR) 3270, 3107, 2975, 2931, 2366, 2099, 1576, 1460, 1425, 1368, 1302 cm™;
HRMS (ESI-TOF) [M + Na]" calcd for C;sH;sN4NaO" m/z 293.1373, found m/z 293.1378.

PMB
\ O

e

o~

N O CF;

H
2-Diazo-N-(4-methoxybenzyl)-N-((2-(4-(trifluoromethyl)phenyl)-1 H-indol-3-
y)methyl)acetamide (17d)
yellow solid (25.4 mg, 73% yield).: Ry= 0.4 (n-hexane/EtOAc, 2/1); '"H NMR (400 MHz, CDCls) &
8.49 (brs, 1H), 7.77 (d, J= 7.6 Hz, 1H), 7.59 (d, /= 8.4 Hz, 2H), 7.46 (d, J= 8.4 Hz, 2H), 7.42 (d, J
= 8.0 Hz, 1H), 7.28 (dt, /= 8.0, 0.8 Hz, 1H), 7.17 (dt, J = 8.0, 0.8 Hz, 1H), 6.68-6.61 (m, 4H), 5.03
(brs, 1H), 4.89 (br s, 2H), 3.97 (br s, 2H), 3.73 (s, 3H); '3*C NMR (100 MHz, CDCl3) 8 165.9, 158.8,
136.2,135.7 (d, J=9.5 Hz), 130.0, 129.7, 128.6 (2C), 128.2, 128.0, 127.8, 127.7, 121.7, 125.7 (d, J=
3.8 Hz, 2C), 123.9 (d, J=270.8), 122.0 (d, J = 277.5 Hz, 2C), 120.2, 113.8 (2C), 111.0, 55.1 (2C),
47.6,47.1; ’F NMR (376 MHz, CDCl;3)  -62.4; IR (ATR) 3257, 2935, 2838, 2105, 1614, 1579, 1511,
1434, 1418, 1353, 1320 cm™!; HRMS (ESI-TOF) [M + Na]" calcd for C2¢HaiN4sNaO," m/z 501.1509,
found m/z 501.1542.

107



9. Computational Details of Part 3

Mechanistic Studies on Dearomative Spirocyclization of Phenol with B(CeFs)3

The molecular structure optimizations were carried out using the hybrid density functional method

based on Becke’s three-parameter exchange function and the Lee-YangParr nonlocal correlation

functional (B3LYP), and the 6-31G* basis set for H, B, C, N, O, and F. The vibrational frequencies

were computed at the same level to check whether each optimized structure is at an energy minimum

on the potential energy surfaces (no imaginary frequency) or a transition state (one imaginary

frequency) and to evaluate its zero-point vibrational energy (ZPVE) and thermal corrections at 298.15

K. The intrinsic reaction coordinate (IRC) method was used to track minimum energy paths from

transition structures to the corresponding local minima.

E(RB3LYP/6-31G") Thermal Correction | Sum of Electronic and
(A.U) to Free Energy Thermal Free Energies
(A.U) (A.U)

14a+B(CsFs)s -3141.547067859 0.326483 -3141.289561
TS1g0 -3141.61831801 0.353702 -3141.254664
CPlgo -3141.62254440 0.355313 -3141.281448
TS2g0 -3141.56969410 0.309385 -3141.223391
PRO13.0 -3032.04884517 0.350878 -3031.798504
TS35.0 -3141.55699726 0.350952 -3141.210921
CP2z0 -3032.04884517 0.344841 -3031.704224
TS4g.0 -3032.04886142 0.347328 -3031.701518
TS1p.c -3141.60824706 0.353702 -3141.254664
CPl3.c -3141.60683022 0.355601 -3141.257575
TS2p.c -3141.59352372 0.352214 -3141.245647
TS3p.c -3141.56149691 0.341656 -3141.219841
CP2.c -3032.09413429 0.345884 -3031.751719
TS35.c -3032.09415907 0.347711 -3031.746448
INT13.c -3032.09413035 0.351938 -3031.753646
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Ar3B..,:o
8+N2““,..... N/Bn
HO
T$15.0 (Figure 9)
Zero-point correction= 0.439260 (Hartree/Particle)
Thermal correction to Energy= 0.487890
Thermal correction to Enthalpy= 0.488834
Thermal correction to Gibbs Free Energy= 0.352141
Sum of electronic and zero-point Energies= -3141.183262
Sum of electronic and thermal Energies= -3141.134632
Sum of electronic and thermal Enthalpies= -3141.133688
Sum of electronic and thermal Free Energies= -3141.270380
Cartesian Coordinates
Atom X Y Z
C 0.93596 -2.01069 -1.39415
H 1.94463 -2.39497 -1.44202
C 0.59935 -0.59301 -1.39651
O -0.54482 -0.14872 -1.16213
N 1.6363 0.25361 -1.71044
C 1.35272  1.69011 -1.88853
C 2.93351 -0.21973 -2.21029
H 2.77791 -0.87263 -3.08088
H 3.44739  0.67167 -2.58427
N -0.71958 -3.79171 -1.16645
N 0.01901 -2.93613 -1.25937
C 3.84628 -0.92 -1.21132
C 3.77454 -0.70052  0.17089
C 4.83713 -1.78277 -1.69419
C 4.6693  -1.31437 1.04217
H 3.00032 -0.05688  0.57259
C 5.74406 -2.39924 -0.83259
H 491012 -1.97786 -2.76253
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5.66305
6.50682
7.15091
-2.07856
-1.73012
-1.69928
-1.53022
-1.46059
-1.29378
-1.25602
-3.33827
-4.46926
-3.46679
-5.60097
-4.56006
-5.63798
-1.66894
-2.53741
-0.39958
-2.19702
0.01102
-0.90786
-1.90292
-1.59546
-2.46545
-4.49943
-3.8065
0.52216
2.20384
3.13548
2.05661
3.91175
3.24971
2.83141
1.32877
3.76227

2.16325
-3.06695
-3.29424
-0.07645
1.36786
2.5219
1.63966
3.80941
2.9043
3.99715
-0.14578
0.66099
-1.01952
0.65101
-1.07268
-0.22248
-1.36664
-2.43392
-1.53102
-3.56239
-2.63342
-3.66109
2.39049
0.62534
-1.89444
1.50588
-2.38347
-0.54562
2.58998
3.46302
2.5786
4.30665
3.49036
3.41766
1.91424
4.28354

0.54329
-1.22944
0.97069
0.29789
0.88887
0.09189
2.25023
0.55364
2.78187
1.9198
-0.68406
-0.49518
-1.77055
-1.30325
-2.62653
-2.38707
1.13756
1.40686
1.71108
2.1481
2.44624
2.66395
-1.24297
3.14424
-2.03032
0.56499
0.94567
1.53242
-1.01426
-1.58646
0.3809
-0.78757
-2.66854
1.17982
0.83842
0.59846
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4.63054
2.70208
4.36414
6.51373
0.2922
1.51828
4.61148
-1.44333
-1.02769
-1.12444
-6.62589
-6.71906
-4.5516
-3.12392
-0.54797
1.2693

ST T T I T - I - T - I > I« =« = = I @ B« =« =

N _BAr
W, O% 3
N

HO
CP150 (Figure 9)

Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

4.97852
3.40136
4.93768
-2.73837
1.82711
1.94321
-1.14655
4.83486
5.23582
3.03363
1.47919
-0.2552
-1.95247
-4.52439
-4.74702
-2.67662

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

Atom X

-1.24935
2.25869
1.22375
1.44563

-1.68534

-2.94462
2.11301

-0.32424
2.40567
4.11495

-1.00974

-3.19497

-3.65044

2.34282

3.3807
2.93343

0.440722 (Hartree/Particle)
0.489287

0.490231

0.355313
-3141.196040
-3141.147474

-3141.146530
-3141.281448
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1.43625
2.43583
1.05664

-0.07472
2.0211
1.66476
3.28188
3.06172
3.74109

-0.1172
0.57619
4.29136
4.40296
5.1876
5.37971
3.70861
6.17793
5.11985
6.27741
6.86474
7.76901

-1.48808

-1.0658

-1.1184

-0.69704

-0.79506

-0.37645

-0.42304

-2.82345

-3.90179

-3.03371

-5.08191

-4.19026

-5.22478

-0.98515

-1.82592

-1.93235
-2.28308
-0.52791
-0.1451

0.36802
1.79484
-0.02972
-0.60804
0.90583
-3.76278
-2.88613
-0.78913
-0.61504
-1.65891
-1.28222
0.03793
-2.32728
-1.81817
-2.13868
-2.999
-3.32625
-0.09342
1.3301
2.49168
1.54556
3.75853
2.80057
3.91523
-0.1448
0.71659
-1.06184
0.70069
-1.10109
-0.21086
-1.4085
-2.4866

-1.78969
-2.00304
-1.70125
-1.32401

-2.08905
-2.19718
-2.73793
-3.64647
-3.07269
-1.33938
-1.53726
-1.88837
-0.50178
-2.5204
0.2295
0.01499
-1.80051
-3.59491
-0.41857
-2.31221
-0.21516
0.3346
0.91595
0.13292
2.25047
0.60325
2.76501
1.9355
-0.53663
-0.29424
-1.57291
-1.03349
-2.34448
-2.07334
1.07393
1.37818
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0.34552
-1.3854
0.82758
-0.04864
-1.4844
-0.6603
-2.09868
-3.8557
-3.13513
1.24649
2.55139
3.3057
2.60904
4.10265
3.26335
3.40651
2.02545
4.15572
4.6805
3.44059
4.77471
7.21564
0.62176
1.72381
5.45917
-0.84724
-0.11299
-0.03221
-6.07607
-6.34615
-4.32039
-2.23699
0.39294
2.11611

-1.56793
-3.64197
-2.70706
-3.75604
2.41951
0.52929
-1.98056
1.61166
-2.44789
-0.58578
2.70927
3.71106
2.58761
4.57675
3.82202
3.4474
1.8162
4.44545
5.35039
3.34238
5.11628
-2.76517
1.88121
2.08352
-1.15461
4.82289
5.12303
2.9401
1.55145
-0.23929
-1.99484
-4.63784
-4.85796
-2.80398

1.48445
2.02212
2.11592
2.38664
-1.16223
3.13229
-1.87236
0.71218
1.07596
1.26353
-1.37414
-1.99403
0.02247
-1.24045
-3.0757
0.77621
0.51776
0.14644
-1.73884
1.85734
0.73577
0.35024
-1.89899
-3.25505
1.30426
-0.20641
2.41109
4.05194
-0.74801
-2.79809
-3.33394
2.29106
2.9965
2.46813

113



18250 (Figure 9)
Zero-point correction= 0.436586 (Hartree/Particle)
Thermal correction to Energy= 0.485526
Thermal correction to Enthalpy= 0.486470
Thermal correction to Gibbs Free Energy= 0.350952
Sum of electronic and zero-point Energies= -3141.137756
Sum of electronic and thermal Energies= -3141.088816
Sum of electronic and thermal Enthalpies= -3141.087872
Sum of electronic and thermal Free Energies= -3141.223391

Cartesian Coordinates

Atom X Y V4

@!

1.20006 -1.63507 -1.19915
1.31188 -2.13633 -0.23792
0.81148 -0.21356 -1.13543

-0.34473  0.25297 -0.88703
1.75996  0.66076 -1.54564
1.46955  2.08749 -1.77521
3.05231  0.13861 -1.99231
2.98104 -0.19724 -3.03649
3.75774  0.97578 -1.95523

-0.88109 -3.44922 -2.1345

-0.46533 -2.58202 -1.57944
3.53392  -0.99692 -1.11672
3.57648 -0.85877  0.28802
4.11691 -2.14521 -1.68893
4.1408 -1.84396  1.08835
3.1398 0.0197 0.75344
4.69346 -3.12744 -0.89947
4.09538 -2.27027 -2.76787

T O T OO0 00z zZ2 oD K 00z 0 0T
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4.70521
5.12549
5.59245
-1.56759
-1.92887
-2.05964
-2.24041
-2.40561
-2.599
-2.67788
-2.83819
-4.09716
-2.8765
-5.28277
-4.026
-5.24086
-1.04599
-1.58721
0.03565
-1.13921
0.54276
-0.0676
-1.83376
-2.20748
-1.721
-4.16826
-2.60237
0.68332
2.28944
3.27215
2.06328
4.02233
3.44568
2.81362
1.29606
3.79525

-2.98122
-4.01493
-4.65175
-0.09537
1.36802
2.52015
1.60117
3.78437
2.83627
3.93969
-0.50422
-0.67167
-0.59414
-0.90918
-0.82888
-0.98505
-1.207
-2.47716
-0.93005
-3.37332
-1.76869
-3.01017
2.42299
0.56994
-0.47402
-0.60257
-2.91991
0.26608
3.00963
3.83778
3.05461
4.69532
3.81998
3.90774
2.42506
4.72964

0.49767
-1.35743
0.80152
0.06826
0.74064
-0.04573
2.08627
0.41795
2.62115
1.77574
-0.874
-0.28374
-2.26734
-0.96507
-3.01921
-2.35759
1.155
1.38503
1.99947
2.35505
2.98195
3.1647
-1.38833
2.96458
-2.98164
1.07059
0.60582
1.83947
-0.89415
-1.44789
0.48985
-0.63904
-2.52216
1.2978
0.93088
0.73633
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4.78022
2.62532
4.37573
5.2451
0.40095
1.67554
4.15629
-2.486
-3.02358
-2.87081
1.58687
0.38492
-1.75859
-3.92721
-6.37133
-6.42994

H
H
H
o
H
H
H
F
F
F
F
F
F
F
F
F

PRO15.0 (Figure 9)

Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

5.3341
3.93771
5.39602
-3.91297
2.22716
2.29911
-1.7509
4.81024
5.14908
2.92201
-1.36136
-3.85592
-4.56659
-0.89798
-1.21306
-1.05686

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

Atom X

Y

-1.08477
2.36764
1.36876
1.32618

-1.61729

-2.83266
2.16902

-0.4559
2.266
3.94072
3.73455
4.11467
2.47747

-4.36381

-3.0594

-0.26888

0.432694 (Hartree/Particle)
0.478382

0.479326

0.350878
-3031.716688
-3031.671000

-3031.670056
-3031.798504

C 1.69708

-0.7309

1.39314
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1.16411
-0.00689
1.86337
2.7647
1.02109
-1.12085
-2.05214
-2.51522
-3.25739
-3.59222
-3.17594
-2.42511
-1.85387
-1.09155
-1.52527
-2.87202
-3.70953
-3.19921
-0.42504
-0.90697
-0.3149
0.81676
1.32723
0.68874
-2.26061
-2.07528
0.24786
-4.09291
1.23171
-2.00941
-4.30889
-3.66305
-3.49445
-0.82651
1.40655
2.42321

0.44462
0.56267
2.40236
2.33389
2.03647
-0.48648
0.38112
1.6469
2.48449
2.05115
0.79417
-0.00995
-0.82632
-1.28387
-1.51335
-1.29493
-0.86377
-0.64434
-1.79946
-3.09867
-4.22422
-4.07525
-2.79949
-1.70746
2.11232
-1.21381
-1.63421
-0.2476
-0.49378
-3.32478
2.83529
3.68882
0.36174
-5.4448
-5.14333
-2.6302

0.81754
0.28931
-0.51884
-1.13805
-1.10421
-0.08131
-1.10825
-0.7332
-1.55617
-2.83642
-3.25615
-2.3962
1.35524
2.41781
3.71532
3.99117
2.96682
1.68522
-0.76226
-0.59063
-1.16087
-1.95544
-2.17284
-1.59822
0.5144
-2.89181
2.19196
0.76482
-1.88372
0.15569
-3.64898
-1.12767
-4.48408
-0.95048
-2.50297
-2.92913
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-0.69204
-3.35217
-5.00615
2.20711
2.03531
3.28828
3.5725
3.07374
1.64483
0.43944
2.64261
0.24308
-0.3483
2.44521
3.57506
1.24532
-0.69796
3.22655
1.0871
4.43208
5.64095
4.33824
6.72456
5.74284
5.41519
3.41755
6.6144
7.65484
5.33179
7.63739
8.40334

-1.9508
-1.50552
-0.66093
-0.71858
1.46905
1.56691
2.62462
1.3429
3.83255
4.21203
4.79498
5.53098
3.47808
6.11703
4.51207
6.48587
5.81652
6.85467
7.51375
0.6942
0.69997
-0.10386
-0.06682
1.31193
-0.87744
-0.14483
-0.86183
-0.0502
-1.502
-1.63758
-1.54108

4.66643
5.21957
3.21974
2.35146
0.62278
1.37378
1.34579
2.42657
-0.06857
0.53966
-0.26349
0.94508
0.68085
0.14255
-0.74791
0.74987
1.40716
-0.01909
1.06478
0.86757
1.57503
-0.28091
1.15626
2.46933
-0.70867
-0.85218
0.00769
1.72116
-1.59217
-0.45419
0.13291
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N 5+ _BAr,

W Ol

3+N
2455

HO
TS3g.0 (Figure 9)

Zero-point correction= 0.435328 (Hartree/Particle)
Thermal correction to Energy= 0.485085
Thermal correction to Enthalpy= 0.486029
Thermal correction to Gibbs Free Energy= 0.346108
Sum of electronic and zero-point Energies= -3141.121701
Sum of electronic and thermal Energies= -3141.071944
Sum of electronic and thermal Enthalpies= -3141.071000
Sum of electronic and thermal Free Energies= -3141.210921

Cartesian Coordinates

Atom X Y Z

C -0.86323 -1.15742 -2.72196
C -1.04101 -0.19647 -1.65892
o 0.15186 -0.19089 -1.19788
C -2.07666  1.0646 0.18752
H -2.75205  0.49922  0.83724
H -1.07426  0.96323  0.59644
B 1.27424 -0.13769 -0.02378
C 1.51933  1.47567  0.0755
C 2.01667  2.16982 -1.03588
C 2.2625 3.53861 -1.04908
C 1.99764  4.28972  0.09348
C 1.48176  3.65653  1.21708
C 1.24614 228183  1.183
C 2.51937 -0.99923 -0.64086
C 22994  -2.28797 -1.13802
C 3.30662 -3.1124  -1.63084
C 4.62274 -2.66155 -1.6119
C 49001 -1.39879 -1.10084
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3.85911
0.79817
1.67754
1.46463
0.32116
-0.57967
-0.32061
2.29488
0.68268
1.04943
4.2213
-1.25581
2.80698
-0.17714
-2.10532
-3.43029
-3.83185
-3.27104
-2.49112
-1.78047
-3.57826
-2.15202
-0.9296
-3.94766
-4.13516
-3.23626
-1.59021
-4.79059
-3.52139
-4.40649
-5.67394
-4.08831
-6.61133
-5.93992
-5.00981
-3.10492

-0.60273
-0.90892
-0.89764
-1.60262
-2.38855
-2.44485
-1.71958
1.50471
1.76406
-2.80097
0.59752
-1.83245
-0.16422
-0.78426
0.41148
0.3575
1.37462
0.11674
2.52162
3.44433
2.97035
4.78782
3.11082
4.3173
2.2624
5.22784
5.49358
4.65201
6.27611
-0.59767
-0.14473
-1.94952
-1.01071
0.89962
-2.82017
-2.32587

-0.62446
1.33505
2.42416
3.60256
3.72729

2.67151
1.50849

-2.17573
2.29549

-1.14778

-0.13168

0.53218
2.34865

-3.48534

-1.14014

-1.79006

-1.763

-2.84112
0.13423

-0.64619
0.89223

-0.66665

-1.23481
0.87837
1.5017
0.09738

-1.27225
1.47668
0.0848

-1.13362

-0.755

-0.92216

-0.19184

-0.90196

-0.35423

-1.18854

120



-6.28014
-7.59359
-4.7646
-7.1434
-7.97909
-2.30464
-2.87186
2.75105
2.22118
1.19532
6.165
5.60972
3.02282
2.3447
0.09244
-1.68661

M M m m m m m m M Z Z O T T O

HO
CP2s.0  (Figure 9)
Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

-2.35389
-0.64032
-3.86314
-3.25607
-2.81225
-1.39514
-2.13958
4.1383
5.60793
4.36926
-0.95654
-3.43658
-4.33381
-1.53924
-3.07655
-3.19527

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

Atom X

0.00988
0.09535
-0.1825
0.55747
0.77093
-4.14712
-4.7443
-2.1441
0.10062
2.31414
-1.06736
-2.07575
-2.10673
4.61014
4.85127
2.77198

0.429429 (Hartree/Particle)
0.475984
0.476928
0.344841
-3031.619635
-3031.573081
-3031.572136
-3031.704224
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1.69708
1.16411
-0.00689
1.86337
2.7647
1.02109
-1.12085
-2.05214
-2.51522
-3.25739
-3.59222
-3.17594
-2.42511
-1.85387
-1.09155
-1.52527
-2.87202
-3.70953
-3.19921
-0.42504
-0.90697
-0.3149
0.81676
1.32723
0.68874
-2.26061
-2.07528
0.24786
-4.09291
1.23171
-2.00941
-4.30889
-3.66305
-3.49445
-0.82651
1.40655

-0.7309
0.44462
0.56267
2.40236
2.33389
2.03647

-0.48648
0.38112
1.6469
2.48449
2.05115
0.79417

-0.00995

-0.82632

-1.28387

-1.51335

-1.29493

-0.86377

-0.64434

-1.79946

-3.09867

-4.22422

-4.07525

-2.79949

-1.70746
2.11232

-1.21381

-1.63421

-0.2476

-0.49378

-3.32478
2.83529
3.68882
0.36174

-5.4448

-5.14333

1.39314
0.81754
0.28931

-0.51884

-1.13805

-1.10421

-0.08131

-1.10825

-0.7332

-1.55617

-2.83642

-3.25615

-2.3962
1.35524
241781
3.71532
3.99117
2.96682
1.68522

-0.76226

-0.59063

-1.16087

-1.95544

-2.17284

-1.59822
0.5144

-2.89181
2.19196

0.76482

-1.88372

0.15569

-3.64898

-1.12767

-4.48408

-0.95048

-2.50297
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242321
-0.69204
-3.35217
-5.00615

2.20711

2.03531

3.28828

3.5725

3.07374

1.64483

0.43944

2.64261

0.24308
-0.3483

2.44521

3.57506

1.24532
-0.69796

3.22655

1.0871

4.43208

5.64095

4.33824

6.72456

5.74284

5.41519

3.41755

6.6144

7.65484

5.33179

7.63739

8.40334

-2.6302
-1.9508
-1.50552
-0.66093
-0.71858
1.46905
1.56691
2.62462
1.3429
3.83255
4.21203
4.79498
5.53098
3.47808
6.11703
4.51207
6.48587
5.81652
6.85467
7.51375
0.6942
0.69997
-0.10386
-0.06682
1.31193
-0.87744
-0.14483
-0.86183
-0.0502
-1.502
-1.63758
-1.54108

-2.92913
4.66643
5.21957
3.21974

2.35146
0.62278
1.37378
1.34579
2.42657

-0.06857
0.53966
-0.26349

0.94508
0.68085
0.14255

-0.74791

0.74987

1.40716
-0.01909
1.06478

0.86757
1.57503

-0.28091

1.15626
2.46933

-0.70867

-0.85218

0.00769
1.72116

-1.59217

-0.45419

0.13291
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TS45.0 (Figure 9)

Zero-point correction= 0.429060 (Hartree/Particle)
Thermal correction to Energy= 0.474757
Thermal correction to Enthalpy= 0.475701
Thermal correction to Gibbs Free Energy= 0.347328
Sum of electronic and zero-point Energies= -3031.619785
Sum of electronic and thermal Energies= -3031.574089
Sum of electronic and thermal Enthalpies= -3031.573144
Sum of electronic and thermal Free Energies= -3031.701518

Cartesian Coordinates

Atom X Y V4

1.68414 -0.80478  1.36726
1.19274  0.3803 0.78001
0.02815  0.54155 0.24761
1.97502  2.28667 -0.58453
2.87305  2.16509 -1.20047
1.11775  1.94759 -1.16435

-1.1451  -0.45153 -0.07077

-2.06917  0.4483  -1.07639

-2.4611 1.73727 -0.69937

-3.18838  2.6024  -1.50685

-3.58199  2.17541 -2.77244

-3.23717  0.89737 -3.19329

-2.49842  0.06553 -2.34928

-1.84321 -0.74002  1.39614

-1.06586 -1.23393  2.43005

-1.45273  -1.43128  3.74722

-2.777154  -1.13304  4.07795

-3.6259  -0.65998  3.08607

@!

O O 0 o o o000 w oD @D 00 0
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-3.16038
-0.5441
-1.12103
-0.62532
0.50229
1.10582
0.56378
-2.14572
-2.21854
0.24262
-4.06828
1.19492
-2.22889
-4.28607
-3.52399
-3.61236
-1.2256
0.99973
2.1965
-0.60502
-3.21019
-4.89612
2.21752
2.10236
3.3522
3.65539
3.12668
1.82137
0.63876
2.85731
0.50194
-0.17763
2.71957
3.77306
1.54172
-0.42191

-0.47816
-1.80843
-3.06769
-4.23385
-4.16893
-2.93558
-1.79855
2.20028
-1.15608
-1.66478
-0.03562
-0.63045
-3.2083
2.98583
3.82768
0.47118
-5.41236
-5.27715
-2.84937
-1.91063
-1.30771
-0.38072
-0.80938
1.37039
1.43849
2.49127
1.20732
3.73468
4.17949
4.64887
5.51488
3.48318
5.98748
4.3147
6.4215
5.85095

1.78158
-0.75605
-0.57923
-1.15857
-1.97025
-2.19284
-1.60488

0.53529
-2.84566

2.14476

0.89742
-1.89711
0.18057
-3.57001
-1.07715
-4.40728
-0.94256
-2.52971
-2.96959
4.66432
5.32715
3.39285
2.31166
0.57626
1.3346
1.3197
2.38343
-0.16509
0.44362
-0.39059
0.81856
0.61012
-0.01527
-0.87414
0.5921
1.28137
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3.53019
1.42992
4.48641
5.70951
4.37139
6.78662
5.82797
5.44278
3.4391

6.65581
7.72814
5.34682
7.67179
8.44917

T o T o@D o@D 00 o0o@-mT

0 5+

N
Bn N ':2.425—
".'BAI'3
H

TS1p.c

HO

Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

(Figure 10)

6.68703
7.46241
0.55523
0.58318
-0.27333
-0.1929
1.22074
-1.05442
-0.33073
-1.01785
-0.15836
-1.70006
-1.80283
-1.68869

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

-0.20042
0.88324
0.82568
1.50761

-0.29869
1.08902
2.38178

-0.72754

-0.84996

-0.03566
1.63417

-1.59444

-0.49831
0.07028

0.439757 (Hartree/Particle)
0.488162

0.489106

0.353702

-3141.168609
-3141.120205
-3141.119260
-3141.254664

Atom X Y V4

C 0.3335  -1.28352 -0.83142
H 0.22781 -0.75583 -1.76814
C -0.83325 -1.60273  0.08328

126



oo o @D-@oDIED oD o@D o000 o@mow D o@D oD 000z Z@D T oaZO0o

-0.71186
-1.97078
-3.10104
-2.26971
-1.34537
-2.94137
1.69805
1.05231
-2.90818
-2.38159
-4.02394
-1.5209
-4.59989
-4.45463
-4.06328
-5.4686
2.00188
-4.57941
-5.34284
-2.95132
-2.54566
-4.09425
-3.77644
-5.34333
-4.68864
-2.81245
-6.2588
-5.60224
-5.93242
-4.43207
-7.22571
-6.6434
3.19244
3.20491
4.40946
4.29329

-2.55161
-0.84841
-1.27689
0.15188
0.41251
-0.29191
-3.33008
-2.4127
1.41735
2.08107
1.96986
1.66356
3.15812
1.46979
3.80575
3.57316
-0.01454
4.96831
5.23254
3.25914
3.77199
-2.17005
-3.50759
-1.67545
-4.3255
-3.89884
-2.49483
-0.64201
-3.82171
-5.36116
-2.09614
-4.46223
-0.08063
-0.47291
0.49035
-0.35604

0.85895
0.0063
0.85761
-1.02519
-1.53979
-1.77334
-1.01848
-1.0008
-0.47798
0.64075
-1.11216
1.15444
-0.65858
-1.97687
0.45711
-1.1669
0.01549
0.95963
0.42302
1.10964
1.97583
0.13544
-0.14735
-0.25876
-0.8128
0.16499
-0.92397
-0.03886
-1.2037
-1.02074
-1.22033
-1.71904
-1.08675
-2.42538
-0.68158
-3.28514
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5.53351
5.47034
2.14801
3.176
1.22867
3.31955
1.31019
2.37747
1.39755
1.57999
0.86534
1.23874
0.49399
0.68653
2.15273
0.67325
4.48902
2.08329
4.11295
0.15606
-3.59991
-2.66498
1.46891
0.3428
-0.02981
4.36298
2.48899
0.35602
4.17176
6.54289
6.64374

0.6432
0.20792
-0.83931
-1.75781
-0.72722
-2.45894
-1.39447
-2.26799
1.47776
2.3761
2.09485
3.7248
3.42741
4.25142
1.93779
1.32911
0.94028
-1.03313
-2.0038
0.08923
-0.37396
-1.79507
4.48487
5.55562
3.88373
-3.30369
-2.93856
-1.19191
-0.78898
0.33641
1.20569

-1.47897
-2.80276
1.37093
1.64259
2.42723
2.83548
3.639
3.84239
0.018
1.08333
-1.12117
1.04716
-1.2254
-0.11794
2.22369
-2.23951
0.59587
-2.97362
0.69621
2.25979
1.21703
1.71147
2.13886
-0.17634
-2.38294
297747
5.00875
4.57229
-4.55805
-3.61246
-0.95598
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(o)

+
Bn_ 1.4 Nf
N “BAr,
KAl

HO
CP1g.c (Figure 10)

Zero-point correction= 0.440763 (Hartree/Particle)
Thermal correction to Energy= 0.489254
Thermal correction to Enthalpy= 0.490198
Thermal correction to Gibbs Free Energy= 0.355601
Sum of electronic and zero-point Energies= -3141.172413
Sum of electronic and thermal Energies= -3141.123922
Sum of electronic and thermal Enthalpies= -3141.122978
Sum of electronic and thermal Free Energies= -3141.257575

Cartesian Coordinates

Atom X Y Z

C -0.07037 -1.01701 -1.20571
H -0.23741 -0.34954 -2.04732
C -1.32825 -1.65812 -0.54898
O -1.19422  -2.79248 -0.09501
N -2.49286 -0.96276 -0.51387
C -3.64661 -1.64694  0.12429
C -2.79965  0.26484 -1.26137
H -1.87556  0.66993 -1.67141
H -3.43714 -0.00105 -2.11512
N 1.22197 -3.01076 -2.02391
N 0.61994 -2.11975 -1.72791
C -3.49858  1.3336  -0.43852
C -3.12384  1.62281  0.88228
C -4.51826  2.09263 -1.02018
H -2.34495  1.03608  1.36003
C -5.14278  3.12335 -0.31759
H -4.82999  1.88563 -2.04158
C -4.75807  3.3991 0.99785
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-5.93061
1.18578
-5.33154
-6.00022
-3.74702
-3.46548
-4.55325
-4.18928
-5.77043
-5.02428
-3.25291
-6.60771
-6.06504
-6.23479
-4.73344
-7.54727
-6.88222
2.53443
2.68799
3.65899
3.85069
4.84038
4.93993
1.38558
2.43882
0.42675
2.55702
0.49614
1.57777
0.60532
0.71533
0.14291
0.33107
-0.25659
-0.16333
1.22636

3.70684
-0.21943
4.38391
4.8433
2.63854
2.85686
-2.34889
-3.58827
-1.77087
-4.22832
-4.04748
-2.4121
-0.81359
-3.64142
-5.19078
-1.94932
-4.14141
0.11035
0.11418
0.58051
0.5067
0.98492
0.94669
-1.32703
-2.24684
-1.51049
-3.23855
-2.48557
-3.36052
1.25458
1.80153
2.16404
3.10461
3.46811
3.9454
1.09084

-0.7902
-0.12399
1.74791
1.21637
1.59904
2.62436
-0.86818
-1.41609
-1.25026
-2.33102
-1.11192
-2.16616
-0.82592
-2.70981
-2.74393
-2.45667
-3.42528
-1.01627
-2.40206
-0.32378
-3.06386
-0.9351
-2.32385
1.0577
1.10922
2.06023
2.08182
3.046
3.05976
0.30589
1.59256
-0.65154
1.90981
-0.38326
0.91912
2.61121
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0.05094
3.62176
1.67737
3.41246
-0.67745
-4.20401
-3.23084
0.44698
-0.54091
-0.71718
3.597
1.66313
-0.47286
3.91709
6.0659
5.87715

m ™ =™ ™ ™ ™ ™ ™o ™ o = ™™™ ™" ™

HO

1.78458
0.65668
-0.29935
-2.24237
-0.72692
-0.8838
-2.35244
3.55581
5.19198
4.25797
-4.08314
-4.31638
-2.60202
0.46272
1.32777
1.41281

TS25.¢ (Figure 10)

Zero-point correction=
Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

Atom X

-1.95888

1.02148

-3.22083
0.17026
2.08626
0.67131
0.84298

3.16476

1.21283
-1.36134
2.0666

3.98927
3.96316
-4.40128
-2.93419
-0.20499

0.438286 (Hartree/Particle)
0.487085

0.488029

0.352214
-3141.159575
-3141.110776

-3141.109831
-3141.245647
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0.46086
0.28831
-0.726
-0.54827
-1.92375
-3.02719
-2.27854
-1.38143
-2.97421
1.91784
1.26986
-2.91992
-2.38904
-4.04877
-1.51928
-4.63273
-4.48222
-4.09091
-5.51128
1.75286
-4.6141
-5.38266
-2.96686
-2.55796
-3.95343
-3.55212
-5.22263
-4.40453
-2.57106
-6.07776
-5.54532
-5.66944
-4.08474
-7.06164
-6.33351
3.03659

-0.97143
-0.91109
-1.46877
-2.43642
-0.83588
-1.31978
0.13926
0.38917
-0.34425
-3.63376
-2.74035
1.40771
2.09876
1.93444
1.70386
3.12524
1.41299
3.80201
3.52005
-0.13123
4.96847
5.21723
3.28052
3.81532
-2.28817
-3.61051
-1.87684
-4.49723
-3.93528
-2.76534
-0.85557
-4.07723
-5.52076
-2.43222
-4.77124
-0.14129

-0.65462
-1.72398
0.16921
0.90887
0.04419
0.90174
-0.99579
-1.56328
-1.69472
-0.83625
-0.85553
-0.46042
0.63962
-1.09425
1.15491
-0.65956
-1.94496
0.43646
-1.16692
-0.06501
0.92015
0.38344
1.08878
1.93997
0.18954
-0.0543
-0.23488
-0.71065
0.28025
-0.89139
-0.04418
-1.13159
-0.88834
-1.2114
-1.64
-1.10398
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3.1005
42174
4.19529
5.34956
5.33503
2.06316
3.12409
1.22084
3.38144
1.40732
2.51572
1.25054
1.50921
0.74705
1.25681
0.47169
0.72875
2.06716
0.49384
4.26511
2.01434
3.97393
0.09734
-3.58279
-2.56353
1.55475
0.47523
-0.02345
6.42275
6.41696
4.11804
4.45429
2.73639
0.51597

-0.62046
0.51213
-0.51009
0.66198
0.14031
-0.73005
-1.58455
-0.50458
-2.11089
-0.98885
-1.79896
1.46734
2.42726
2.04064
3.79048
3.38493
4.27239
2.05386
1.21352
1.05037
-1.27663
-1.97759
0.24732
-0.44106
-1.79113
4.60732
5.5899
3.78766
1.30785
0.26739
-1.03127
-2.91247
-2.29293
-0.67502

-2.41343
-0.71931
-3.26543
-1.50838
-2.80179
1.4323
1.74842
2.52571
3.01169
3.81139
4.05574
-0.1304
0.8636
-1.30398
0.7272
-1.50959
-0.46708
2.03175
-2.37121
0.52353
-2.94177
0.76038
2.32133
1.23803
1.76877
1.75992
-0.61679
-2.69918
-1.00476
-3.59914
-4.50837
3.18182
5.29259
4.77549
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H
HO
TS3p.c (Figure 10)

Zero-point correction= 0.435222 (Hartree/Particle)
Thermal correction to Energy= 0.485628
Thermal correction to Enthalpy= 0.486572
Thermal correction to Gibbs Free Energy= 0.341656
Sum of electronic and zero-point Energies= -3141.126274
Sum of electronic and thermal Energies= -3141.075869
Sum of electronic and thermal Enthalpies= -3141.074924
Sum of electronic and thermal Free Energies= -3141.219841

Cartesian Coordinates

Atom X Y Z

N -1.03312  2.48502  1.17095
N -0.68941  2.94489  2.12311
B 2.40566 -0.27268 -0.04601
C 3.03706  1.09839  0.40014
C 2.61449  1.77517  1.55367
C 3.13905 299759  1.95668
C 4.16228  3.5789 1.21127
C 4.63472  2.93659  0.06965
C 4.06678  1.72656 -0.31561
C 2.02573 -1.33611  1.05324
C 0.8961  -2.15956  0.94527
C 0.53883 -3.09126  1.91225
C 1.33722  -3.24604  3.04282
C 247852 -2.46269  3.19103
C 2.79491 -1.52849  2.20965
C 2.24119 -0.61727 -1.56705
C 2.38044 -1.92301 -2.06444
C 221707 -2.25086 -3.40501
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1.88509
1.73349
1.92429
1.63468
4.5733
0.08685
3.91594
1.76535
2.71558
-0.6603
-1.76024
-1.21659
-3.83102
-4.70162
-3.2171
-0.39461
-3.01059
-3.64483
-4.09085
-2.85876
-4.28916
-3.36034
-5.6502
-3.78806
-2.3008
-6.07962
-6.37924
-5.14877
-3.05473
-7.14011
-4.70896
-5.98941
-4.43293
-6.96862
-6.23179
-5.39804

-1.25076
0.06132
0.35276
1.26463
1.15332

-2.05961

-0.81277
1.63953

-2.93268
1.22431
0.47364

-0.03411

-0.72604

-0.16751

-0.99274
2.0512
0.17754
0.75268

-0.07016
1.16966

-1.96691

-2.8225

-2.28374

-3.96941

-2.59153

-3.43781

-1.62388

-4.28216

-4.61845

-3.67185
1.79218
1.6783
2.90192
2.64312
0.82311
3.86879

-4.3151
-3.87484
-2.53101
2.31931
-1.41991
-0.12195
2.40551
-2.17479
-1.24181
-0.26662
-0.84666
-1.85392
-1.25112
-1.61463
-2.11431
-0.92882
-0.42621
0.76108
1.33001
1.39127
-0.5077
0.10127
-0.43469
0.76865
0.05324
0.22508
-0.9003
0.83019
1.23844
0.26944
0.45505
1.0029
-0.35852
0.76129
1.62965
-0.61338
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H -3.44762  3.00937 -0.80531
C -6.67408  3.74289 -0.04895
H -7.96042  2.53561  1.19688
H -5.18548  4.72665 -1.24341
H -5.47999 -5.17835  1.34808
o -7.58318  4.72234 -0.33109
H -8.41863  4.5196 0.118
F -0.56197 -3.84396  1.76629
F 1.01174 -4.14187 3.97524
F 3.2561  -2.61368  4.26908
F 2.37841 -3.51056 -3.82684
F 1.71839 -1.54784 -5.60358
F 1.41301  1.02407 -4.74598
F 5.6242 3.4863  -0.64319
F 4.68627 4.74514  1.58916
F 2.67408  3.61462  3.04947
o
Arss'?'f_;)l\N’ Bn
H
HO
CP2s.c (Figure 10)

Zero-point correction= 0.430844 (Hartree/Particle)
Thermal correction to Energy= 0.477511
Thermal correction to Enthalpy= 0.478455
Thermal correction to Gibbs Free Energy= 0.345884
Sum of electronic and zero-point Energies= -3031.666759
Sum of electronic and thermal Energies= -3031.620093
Sum of electronic and thermal Enthalpies= -3031.619149
Sum of electronic and thermal Free Energies= -3031.751719

Cartesian Coordinates
Atom X Y Z
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-0.64443
-0.59841
-1.88694
-1.7342
-2.93664
-3.00117
-4.06641
-2.54447
-2.35474
-1.44128
-2.79255
-1.09803
-2.31128
-3.52346
-1.38904
-2.65264

0.70855
0.24297
-0.49105
0.47994
-0.9398
0.05478
-0.65777
1.87833
1.8572
3.09394
2.9287
4.18826
4.10717
1.34607
1.92856
1.45387
2.54801
2.06277
2.61401

0.24313
0.9802
-0.52732
-1.34151
-0.38919
0.71644

0.89064
0.41064
1.98849
2.70946
2.57301
2.29511
3.80641
2.05247
4.50192
4.23931
-0.1909
-0.6317
-1.79931
0.12767
-2.2037
-0.23704
-1.41621
0.97308
2.16844
0.72194
3.05936
1.57873
2.76269
-1.43756
-2.5966
-1.3053
-3.56129
-2.24135
-3.3874

-0.84234
-1.63545
-0.86633
-1.79286
-0.05426
0.91474
1.10381
1.86306
0.40011
1.19192
-0.80596
2.13306
-1.21986
-1.42027
-0.42027
-2.15788
-0.04232
1.48679
1.72805
2.63666
2.98133
3.91511
4.09349
-0.09564
-0.81321
0.5532
-0.8771
0.52272
-0.20555
-0.95682
-0.43498
-2.34383
-1.2301
-3.17141
-2.60713
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3.23985
0.75223
1.11414

-0.82442
1.93831
0.96047

-0.96331

-0.24973
-0.88348
-1.21088

-5.28355

-6.44125

-5.29647

-7.59457

-6.44601

-6.44546

-4.4051

-7.59725

-8.48772

-6.44683

-8.49342

-4.02541

422573

-3.63128
2.82604
5.14743
5.31598
0.31394

-1.0817

-1.64265
3.08498
3.20505
2.12613

-0.40974
2.55819
1.3197

-2.61017

-2.84463

-0.2019
3.9505
4.49833
5.7108
5.96624

-0.84124

-0.61616

-0.55485

-0.10931

-0.84762

-0.04682

-0.74534
0.17834
0.0581
0.16447
0.57066

-1.38126

-1.7124

-2.2363
4.19393
3.60249
1.27421
0.55378

-1.77935

-3.3368

-4.65415

-4.30518

-2.04697

1.27291
-1.50348
2.57014
0.69874
0.88694
-2.95548
0.79361
1.39962
-0.76642
-1.6435
-0.75553
-0.00359
-2.12931
-0.60844
1.0595
-2.73301
-2.72271
-1.97282
-0.01284
-3.7989
-2.44549
-0.10759
0.91735
-0.66256
-1.58536
-0.25387
1.17882
4.96601
5.30838
3.12331
-0.6705
-3.37972
-4.49619
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TS4g.c

(Figure 10)

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Sum of electronic and zero-point Energies=

Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=

Sum of electronic and thermal Free Energies=

Cartesian Coordinates

0.429769 (Hartree/Particle)

0.475704

0.476648

0.347711

-3031.664390
-3031.618456
-3031.617511
-3031.746448

Atom X Y Z

C -0.1531 0.21751 -0.65363
H -0.10873  0.95547 -1.44269
C -1.35826 -0.66294 -0.77863
(0] -1.42743 -1.36594 -1.78423
N -2.26777 -0.63064  0.22693
C -2.10213 036119  1.28081
H -3.10109  0.64129 1.63714
H -1.54582 -0.04945  2.13128
C -1.39475  1.59114  0.72767
C -0.40356  2.26519  1.48801
C -2.01612 232019 -0.32622
H 0.06912  1.75789  2.31865
C -1.6156 3.59971 -0.65141
H -2.82177  1.8515  -0.88558
C -0.60047  4.22214  0.10021
H -2.08452  4.13124 -1.47675
B 1.27326 -0.31828 -0.03997
C 0.98396 -1.02232  1.43358
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0.27097
1.35465
-0.04265
1.08037
0.37634
2.47865
2.4839
3.73622
3.57005
4.86322
4.77504
1.77143
2.40441
1.7559
2.93869
2.268
2.86303
3.87895
1.34156
2.00521
-0.17775
2.55032
1.21799
-0.00765
0.77493
-0.16458
-0.62031
-4.69843
-5.72264
-4.9226
-6.95031
-5.56318
-6.14574
-4.13357
-7.16298
-7.73744

-2.22262
-0.49413
-2.85108
-1.06224
-2.26159
0.80695
2.04844
0.48647
2.9168
1.29653
2.53344
-1.40662
-2.63094
-1.08914
-3.4699
-1.87847
-3.09272
-0.71695
2.49917
0.70469
-2.84237
-3.0567
0.10251
3.55273
4.05058
5.47087
5.81856
-1.01805
-0.86037
-0.61131
-0.30416
-1.18212
-0.05491
-0.74765
0.10126
-0.1899

1.57425
2.67563
2.77369
3.91821
3.96533
-0.06316
-0.70382
0.47278
-0.78285
0.43572
-0.20237
-1.229
-0.96674
-2.59265
-1.94183
-3.61384
-3.27889
1.08047
-1.31226
2.7247
0.45041
0.30828
-2.97989
1.18058
1.74239
-0.16878
-0.95259
-0.11381
0.82529
-1.43848
0.45491
1.85251
-1.809
-2.17436
-0.86219
1.19554

140



m m ™ m ™ ™ Mmoo oD T Qo T

+
HO

4

—N

-6.31062
-8.11732
-3.35641
-3.39776
-3.06991
3.42368
5.85019
6.00618
1.51351
0.09873
-0.72254
3.52062
3.37
2.17537

Bn

B_Ar3

INT1g.¢

(Figure 10)

Zero-point correction=

0.24893 -2.83948
0.53197 -1.15321
-1.60699  0.27651
-2.02442  1.28963
-2.41052 -0.40681
4.09392 -1.42742
3.34761 -0.26294
0.86009  1.00638
-0.43688  5.03348
-2.8448 5.15079
-4.01705  2.74608
-4.624 -1.55207
-3.89146 -4.24195
-1.4459  -4.8893

0.432447 (Hartree/Particle)

Thermal correction to Energy= 0.477973
Thermal correction to Enthalpy= 0.478917
Thermal correction to Gibbs Free Energy= 0.351938
Sum of electronic and zero-point Energies= -3031.673138
Sum of electronic and thermal Energies= -3031.627612
Sum of electronic and thermal Enthalpies= -3031.626668
Sum of electronic and thermal Free Energies= -3031.753646
Cartesian Coordinates

Atom X Y Z

C -0.6507 0.24909 -0.83768
H -0.60096  0.98154 -1.63463
C -1.88622 -0.53988 -0.87929
o -1.74598 -1.35652 -1.80308
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-2.93396
-2.98886
-4.05195
-2.53376
-2.33127
-1.42562
-2.76925
-1.08517
-2.29419
-3.49625
-1.37873
-2.63487
0.70229
0.24057
-0.49315
0.48001
-0.94049
0.05602
-0.65713
1.87543
1.85795
3.09057
2.93112
4.18679
4.10854
1.33679
1.92075
1.44408
2.54131
2.05423
2.60683
3.23443
0.75498
1.11536
-0.82679
1.93249

-0.39935
0.70601
0.89233
0.4
1.97073
2.698
2.55588
2.28557
3.792
2.03223
4.49194
4.2245

-0.18176

-0.62814

-1.79628
0.12807

-2.20295

-0.23874

-1.41776
0.97815
2.17101
0.72594
3.05976

1.58027

2.76261
-1.42918
-2.58821
-1.29657
-3.55171
-2.23152
-3.37727

-0.40465
2.56039
1.31985

-2.606

-2.83715

-0.06079
0.90636
1.09661
1.85549
0.3867
1.18356

-0.8205
2.12638

-1.231

-1.43673

-0.42673

-2.16941

-0.03661
1.49187
1.7316
2.64317

2.9847
3.92135
4.09811
-0.09076
-0.81265
0.55864
-0.87805
0.52631
-0.20492

-0.95586

-0.43479

-2.34292

-1.23047

-3.17091

-2.60741
1.28043

-1.50636
2.57829
0.70165
0.88686
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0.9497
-0.95376
-0.24606
-0.87976
-1.20542
-5.28346
-6.43955
-5.29752
-7.59233
-6.44352
-6.44592
-4.40744
-7.59611
-8.48423
-6.44817
-8.49185
-4.02547
-4.22505
-3.63542
2.83105
5.15046
5.31376
0.31696
-1.0801
-1.64318
3.07998
3.19892
2.11737

-0.19363
3.94168
4.49356
5.70366
5.95916

-0.84514

-0.61566

-0.56058

-0.10648

-0.84558

-0.0502

-0.75477
0.17925
0.06424
0.15945
0.57334

-1.38744

-1.71554

-2.24491
4.19264
3.60027
1.27485
0.54991

-1.78302

-3.33628

-4.64396

-4.29395

-2.03646

-2.95451
0.78842
1.3976

-0.76907

-1.64688

-0.75489

-0.00183

-2.12909

-0.60584
1.06162

-2.73197

-2.7232

-1.97062

-0.00927

-3.7982

-2.44265

-0.10813

0.91802

-0.66219

-1.58954

-0.2547
1.18328
4.97348

5.31272
3.12524

-0.67134

-3.38042

-4.49557
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